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The major issue of energy saving and conservation of the environment in the world is 
being emphasized to us to concentrate on lightweight materials in which aluminium 
alloys are contributing more in applications in the twenty-first century. Aluminium 

and its related materials possess lighter weight, considerable strength, more corrosion 
resistance and ductility. Especially from the past one decade, the use of aluminium 

alloys is increasing in construction field, transportation industries, packaging 
purposes, automotive, defence, aircraft and electrical sectors. Around 85% is being 

used in the form of wrought products, which replace the use of cast iron. Further, the 
major features of aluminium alloy are  recyclability and its abundant availability in 
the world. In general, aluminium and its related materials are being processed via 

casting, drawing, forging, rolling, extrusion, welding, powder metallurgy process, etc. 
To improve the physical and mechanical properties, scientists are doing more research 

and adding some second-phase particles in to it called composites in addition to heat 
treatment. Therefore, to explore more in this field, the present book has been aimed 

and focused to bridge all scientists who are working in this field. The main objective of 
the present book is to focus on aluminium, its alloys and its composites, which include, 
but are not limited to, the various processing routes and characterization techniques in 

both macro- and nano-levels.  
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Preface

In the twenty-first century, aluminium-based lightweight materials are being used for many
commercial applications, which save both the energy and cost. The major features are lighter
in weight, considerable strength, high value of corrosion resistance and considerable ductili‐
ty. Most of the products made from aluminium alloys are from their wrought products that
completely replace the usage of cast iron and steel as these materials would enhance the
weight of the products (both cast iron and steel). Moreover, aluminium alloys can be recy‐
clable, which are available more in the world. The present book has several sections that
address the real research works and review works contributed by several researchers in the
world that cover the latest processing routes of aluminium alloys including composites
through casting, forming, severe plastic deformation, various grain refinement techniques
especially from equal channel angular pressing, friction stir welding and corrosion behav‐
iour, effect of alloying elements on the properties improvement, various characterization
techniques and rapid solidifications. Further, detailed mechanical behaviour of aluminium
alloys is also being incorporated in the present book. This book will help all academicians,
the research community and industries for selection of aluminium-based materials, its proc‐
essing routes, and its appropriate applications.

Dr. S. Sivasankaran
College of Engineering,

Qassim University,
Saudi Arabia
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Abstract

The effects of grain refining in ultra-pure aluminum, commercially pure aluminum 
(1050), and Al-7%Si binary alloy were investigated, using different additions of 
Al-10%Ti, Al-5%Ti-1%B, and Al-4%B master alloys. Thermal analysis and metallog-
raphy were used to assess the variations in microstructure resulting from these addi-
tions, at solidification rates of 0.8°C/s and ~10°C/s. The results revealed that addition 
of Al-4%B to ultra-pure aluminum forms AlB12 and AlB2 which have no grain-refining 
effect. Without grain refiner addition, the pure aluminum microstructure exhibits a 
mixture of columnar and equiaxed grains. Addition of 30ppm Ti is sufficient to pro-
mote equiaxed grains at ~10°C/s but requires addition of 1000 ppm B to obtain sim-
ilar results at 0.8°C/s. Increasing the Si content to 7% reduces the initial grain size 
of pure aluminum from 2800 μm to ~1850 μm, and further to 450 μm with ddition 
of ~500ppm B. In commercial aluminum, the B reacts with traces of Ti forming Al3Ti 
and TiB2 phases which are active grain-refiners. In Al-7%Si, Ti reacts with Si forming 
(Al,Si)2Ti phase, which is a poor refining agent. This phenomenon is termed poisoning. 
No interaction between B and Si is observed in the commercial aluminum or Al-7%Si 
alloy when B is added.

Keywords: aluminum, grain refining, poisoning, columnar-to-equiaxed transition, 
solidification rate, macrostructure

1. Introduction

Master alloys of the type Al-B are largely used in production of ultra-pure aluminum 
to react with transition elements such as V, Cr, and Zr [1]. Boron is not considered as  

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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effective a grain refiner when added to pure aluminum [2]. Once Si is added to Al, grain 
refining is activated together with a change in the α-Al dendritic structure [3]. Two types 
of B-compounds exist in the Al-B master alloys: AlB2 and AlB12 [4]. The AlB2 compound 
is stable at room temperature and contains 44.5% B [5–7]. It is inferred from the Al-B 
binary diagram presented in Figure 1(a) that there is a peritectic reaction at 975°C: L + 
AlB12 → AlB2. A eutectic reaction (liquid → α-Al + AlB2) takes place at 660°C, making 
the maximum solubility of B in Al about 20 ppm where the α-Al grains would precipi-
tate on the AlB2 particles. The melting points of AlB2 and AlB12 are 1665 ± 50°C and 2163 
± 50°C, respectively, resulting in the formation of solid dispersoid particles in the molten 
liquid [8]. Fundamentally speaking, the addition of a grain refiner to the molten metal 
would result in the nucleation of new grains or reaction with other elements in the molten  

Figure 1. (a) Aluminum rich corner of Al-B phase diagram [7]. Broken arrow points to Al + AlB2 eutectic reaction. (b) 
Schematic drawing showing the graphite mold used for thermal analysis. (c) Casting made in steel cups to obtain 
a solidification rate of 10°C/s.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications2

metal to form nucleation sites. When Al-4%B master alloy is added to commercial alu-
minum containing traces of Ti, the B atoms would react with Ti forming TiB2 phase  
(Ti + B → TiB2(s)). The free energy (ΔG) associated with this reaction can be calculated as  
ΔG = −73381 + 38.996T, where T is the liquid temperature [9]. The enthalpy energy associ-
ated with the formation of TiB2 phase particles is fairly large – 326.41 kJ/mol—which allows 
for their stability in the molten metal.

In order to clarify the role of Si in activating the grain refiner, several castings were made 
using pure Al (99.999%), commercially pure aluminum (1050), and a binary Al-7%Si alloy. 
The study was conducted using thermal analysis, whereas another set of castings for grain 
refining was carried out using reduced pressure testing steel cups.

2. Experimental procedure

In this study, pure aluminum (99.999%), commercial pure aluminum (1050), and Al-7%Si 
were used. The compositions of the materials used are shown in Table 1. Each base alloy 
was melted in a resistance-heated clay graphite crucible and held at 750°C. The three grain 
refiners Al-10%Ti, Al-5%Ti-1%B, and Al-4%B were added to each melt in the amounts (Ti 
or B): 0.02–0.4% wt.%. Prior to casting, the liquid metal was held at 750°C for 10, 30, 60, 
90, and 120 min after the grain refiner addition was made and then cast. During the hold-
ing time, the melt was continuously stirred using a graphite impeller to minimize sedimen-
tation of Ti-containing particles and maintain uniformity. Samplings from the different 
melts prepared at 750°C were poured into a preheated (600°C) cylindrical graphite mold 
to achieve near-equilibrium solidification conditions (solidification rate ~0.8°C/s), as shown 
in Figure 1(b). Another set of castings was made using steel cups of the reduced pressure 
testing machine in air. The steel cups were not preheated in order to obtain a high cooling 
rate of about 10°C/s, as shown in Figure 1(c)—solidification rate is about 10°C/s. Castings 
were also made using steel cups preheated at 450°C to represent an intermediate solidifica-
tion rate. Additionally, the microstructure was evaluated at both cooling rates.

The temperature-time data was obtained using a K-type (chromel-alumel) thermocou-
ple inserted through the bottom of the graphite mold along the centerline, its tip reaching 
up to about one-third the height of the mold from the bottom. The cooling curves were 
recorded using a data acquisition system attached to the thermocouple. Chemical analysis 

Alloy Al Si Cu Mg Fe Mn Zn Ti Sr

Al pure 99.998 0 0 0 0 0 0 0 0

1050 Bal. 0.25 0.05 0.05 0.4 0.04 0.07 <0.05 0

Al-7%Si Bal. 6.78 0.02 00 0.03 0.04 0.04 <0.03 0

Table 1. Chemical composition (wt.%).

Effects of Grain Refining on Columnar-to-Equiaxed Transition in Aluminum Alloys
http://dx.doi.org/10.5772/intechopen.70346
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Alloy Al Si Cu Mg Fe Mn Zn Ti Sr

Al pure 99.998 0 0 0 0 0 0 0 0

1050 Bal. 0.25 0.05 0.05 0.4 0.04 0.07 <0.05 0

Al-7%Si Bal. 6.78 0.02 00 0.03 0.04 0.04 <0.03 0

Table 1. Chemical composition (wt.%).
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of all melts/castings was determined using a Spectrolab Jr CCD Spark Analyzer (average 
of three burns per sample).

The solidified castings were sectioned perpendicular to the centerline axis of the cylinder, at 
the level of the thermocouple tip, and polished for metallographic examination, using stan-
dard polishing procedures. The polished samples were examined using an optical micro-
scope and an electron probe micro-analyzer (JEOL JXA-8900L operating at 20 kV), equipped 
with energy dispersive X-ray spectroscopic (EDS) and wavelength dispersive spectroscopic 
(WDS) facilities.

3. Results and discussion

Figure 2 shows the temperature-time curves of pure Al and Al-7%Si binary alloy after differ-
ent melt treatments. Figure 2(a) shows that the addition of B to pure Al reduces the under-
cooling by approximately ~1°C, indicating the relative ineffectiveness of B as a grain refiner 
in the absence of Si. A 300 ppm level of B added to the Al-7%Si alloy eliminated the phenom-
enon of recalescence. Increasing the concentration of B to 800 ppm has minimal further effect 
on the alloy solidification behavior. As shown below, the transformation of AlB12 to a simple 
phase AlB2 is the principal parameter in the disappearance of the observed undercooling 
shown in Figure 2(a).

Figure 2(b) demonstrates the variation in aluminum grain size as a function of Sr-B interac-
tion in the presence of 200 ppm Sr as well as holding time. In the absence of melt treatment, 
the average grain size was about 2900 μm. Once the two agents (B and Sr) were simul-
taneously added to the melt, the grain size dropped to 420 μm at 0.1%B. The observed 
reduction in the grain size may be interpreted in part as due to presence of traces of Ti 
either in the used aluminum or in the added Al-4%B master alloy as shown in Table 2. At 
higher B concentrations, the grain size tended to increase reaching 3300 μm at holding time 
of 120 min. This observation may be explained in terms of agglomeration of the nucleation 
sites [10]. As shown in Table 1, a eutectic reaction takes place at about 660°C; Liquid → 
AlB2 + α (solid). In Si-containing aluminum alloys, i.e., 356 alloy, the melting point is less 
than the eutectic temperature, which facilitates the formation of AlB2, an active nucleation 
agent. The melting temperature of pure Al is about 660.5°C, and hence the reported slug-
gishness of B as a grain refiner in pure Al [11]. Figure 2(c) displays the variation in the grain 
size of Al-7%Si alloy as a function of holding time when the alloy was grain refined using 
Al-4%B master alloy in the presence of 200 ppm Sr. Due to high Si content, the initial grain 
size dropped to approximately 1850 μm. With the addition of approximately 500 ppm B, 
the grain size was reduced to about 450 μm (~75%). Holding time up to 120 min seems 
to have a marginal effect on further decrease in the alloy grain size. These findings are 
in good agreement with the abovementioned discussion.

Figure 3 reveals the possibility of the coexistence of the two B-based compounds in pure 
aluminum. The composition of these two phases was confirmed using the WDS technique 
as shown in Table 3. Figure 4 shows the distribution of B- (black), and Si-phases (light gray) 
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in Al-7%Si alloy. As can be seen, these elements tend to precipitate away from each other 
(marked zones A and B in Figure 4). This observation is confirmed by the X-ray elemental 
distribution for each zone shown in Figure 5, indicating that there is no affinity for reaction 

Figure 2. (a) Temperature-time solidification curves obtained from pure Al and Al-7%Si alloy following different melt 
treatments. (b) Effect of Sr-B interaction on the pure aluminum grain size as a function of holding time. (c) Effect of Sr-B 
interaction on the grain size of Al-7%Si alloy as a function of holding time.
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between these two elements In contrast, when Ti is added with B to the 1050 commercial 
aluminum, a clear interaction between Ti and B takes place leading to the formation of TiB2, 
as demonstrated in Figure 6. Thus, B has no grain-refining capacity when added as a single 
element to ultra-pure aluminum, whereas when the metal contains traces of Ti, adding B 
leads to the possible formation of different nucleation sites that coexist, such as AlB12, AlB2, 
and TiB2 in Al-Si alloys.

It is well established that increasing solidification rate significantly enhances grain-refining 
effects [12–14]. In order to illustrate this, samples were poured into steel cups of the reduced 
pressure testing machine (about 200 g) in air corresponding to a solidification rate of about 

Pure Al, series Al-4%B

Holding time 
(min)

Trial # wt.%  
B addition

wt.% Si B (ppm) % Ti Added  
Sr (ppm)

Actual  
Sr (ppm)

10 1 0.1 0.062 78 0.0403 200 145

2 0.2 0.062 114 0.0104 200 195

3 0.3 0.063 206 0.005 200 155

4 0.4 0.068 189 0.0031 200 125

30 1 0.1 0.062 132 0.0342 200 101

2 0.2 0.066 203 0.005 200 143

3 0.3 0.064 147 <0.0013 200 145

4 0.4 0.077 225 0.0019 200 95

60 1 0.1 0.054 84 0.0401 200 64

2 0.2 0.063 93 <0.0013 200 106

3 0.3 0.063 >360 0.0027 200 110

4 0.4 0.061 104 0.0041 200 61

5

90 1 0.1 0.06 48 0.0249 200 51

2 0.2 0.064 148 <0.0013 200 74

3 0.3 0.07 165 <0.0013 200 80

4 0.4 0.057 90 <0.0013 200 49

5

120 1 0.1 0.065 153 0.0367 200 58

2 0.2 0.066 49 <0.0013 200 50

3 0.3 0.0742 >360 0.0027 200 53

4 0.4 0.059 121 0.0014 200 66

Table 2. Chemical analysis of melt treated pure aluminum samples.
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10°C/s [13, 14]. In the absence of a grain refiner, the macrostructure of pure aluminum is 
composed of three zones: (i) columnar near the bottom of the crucible due to the development 
of positive thermal gradient in the liquid metal leading to formation of grains with preferred 
orientation [14], (ii) fine equiaxed grained zone, and (iii) coarse grained zone where the grains 
are randomly oriented caused by fragmentation of the columnar grains driven by convection 
in the liquid metal, as illustrated in Figure 7 for samples solidified at 0.8°C/s. The equiaxed 

Figure 3. (a) Presence of AlB12 in ultra-pure aluminum (possible decomposition of AlB12 to AlB2), (b) X-ray image of B 
distribution in AlB12 phase particles in (a)-arrowed.
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crystals have a larger size than the chilled ones, and they are the result of volumetric solidi-
fication, which proceeds when the initially high thermal gradient is reduced as solidification 
progresses [15]. The refinement of the primary structure is a result of the creation of phases 
that act as substrates of heterogeneous nucleation for the primary aluminum phase. Therefore, 
active centers of aluminum heterogeneous nucleation are particles that have a high melting 
point and close crystallographic match with aluminum, e.g., TiC, TiN, TiB, TiB2, AlB2, Al3Ti, 
and Zn3Ti [16–20].

When an Al-5%Ti-1%B master alloy is added to pure aluminum, it decomposes into Al3Ti 
and TiB2 phase particles. Since the dissolution of Al3Ti is rather fast in Al-Si alloys, it forms 
Ti(Sl1−x,Six)3 where x < 0.15 [21]. The latter tends to cover the TiB2 particle surface acting as a het-
erogeneous nucleation substrate for the α-Al through the peritectic reaction. The addition 
of 600 ppm Ti in the form of Al-10%Ti to pure aluminum (Figure 7(b)) resulted in the com-
plete elimination of the columnar grains with marked reduction in the grain size of the two 
equiaxed zones observed in Figure 7(a). Increasing the Ti concentration to 1000 ppm led 

Figure 4. Presence of B and Si in Al-7%Si treated with 800 ppm B. Note the geometric shape of the particles in zone A.

Al B Phase

34.15 63.19 AlB2

35.40 64.47

31.47 66.64

33.62 65.51

7.32 91.56 AlB12

8.52 90.78

Table 3. WDS analysis (at.%) of AlB2 and AlB12 phases observed in Figure 3(a).
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to formation of one zone characterized by its ultra-fine grain size (Figure 7(c)). Similar obser-
vations were made when the liquid aluminum was treated with Al-5%Ti-1%B master alloy 
(Figure 7(d and e)).

As previously mentioned, B has no grain-refining effect on ultra-pure aluminum. However, if 
its addition is associated with a relatively high cooling rate, i.e., 10°C/s as shown in Figure 8, it 
could result in some refining depending on B concentration as shown in Figure 8(d), where at 
least 1000 ppm B is used to obtain more or less same level of grain size produced by the addi-
tion of 30 ppm TiB2 (Figure 7(e)). These experiments always produced a grain size gradient 
from the bottom of the crucible to the top surface. This is usually attributed to the fact that 
the crucible surface acts as a nucleation substrate for heterogeneous nucleation of α-Al. In addi-
tion, once solidification initiates on the relatively cold bottom of the crucible, sensible and latent 
heat are released to the crucible, reducing the temperature gradient and effectively slowing 

Figure 5. Selected X-ray for B and Si distribution of (a) B (b) Si in Figure 4—Al-7%Si alloy treated with 800 ppm B.
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Figure 6. (a) Decomposition of Al-5%Ti-1%B master alloy, (b) backscattered electron image and (c) element distribution 
of Ti-B interaction in 1050 aluminum treated with 240 ppm B. Note the attraction of Ti ring toward the cluster of B-rich 
particles.

Figure 7. Macrostructures of ultra-pure aluminum treated by two types of grain refiners: (a) Al pure (no treatment), (b) Al 
pure + Al3Ti (600 ppm), (c) Al pure + Al3Ti (1000 ppm), (d) Al pure + TiB2 (15 ppm), (e) Al pure + TiB2 (30 ppm). All micrographs 
have same magnification-solidification time was ~200 s. Note the heterogeneity in grain size on going from bottom to top.
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the solidification rate. According to Chalmers [15], predendritic solid nuclei that formed 
on the mold surface during filling of the mold are driven away by circulation of the liquid 
metal. Depending on the degree of undercooling, some of these nuclei would survive in the liq-
uid until the undercooling is extracted, resulting in equiaxed grains.

Considering the Al-7%Si alloy, its structure was not affected by the phenomenon mentioned 
above in the case of ultra-pure aluminum. Figure 9 shows the macrostructure of the alloy 
with different melt treatments consisting of fine equiaxed grains caused by the addition of a 
suitable dose of grain refiner associated with application of high solidification rate—note 

Figure 8. Macrostructures of ultra-pure aluminum treated with progressive doses of B: (a) 30 ppm B, (b) 60 ppm B, (c) 120 
ppm B, (d) 1000 ppm B. All micrographs have the same magnification. Note the progressive transition from columnar-
to-equiaxed (CTE) with the increase in B concentration.
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the absence of columnar grains. The transition from columnar to equiaxed grains depends 
on several factors: (i) mold geometry, (ii) the amount of extracted heat, (iii) composition 
of used alloy, (iv) density of the used grain refiner, (v) fluidity of the liquid metal, (vi) interac-
tion between grain refiner and alloy composition and (vii) sedimentation of the added grain 
refiner [22]. A high solidification rate, large amount of grain refiners as well as low temperature 
gradient would enhance fine equiaxed grains [23]. Al-7wt.% Si alloys with and without grain 
refiners solidified in diffusive conditions showed columnar growth in case of nonrefined alloy, 
and the existence of a columnar-to-equiaxed transition (CTE) in refined alloy. A sharp CTE is 

Figure 9. Variation in the grain size of Al-7%Si alloy: (a) base alloy—no addition, (b) alloy treated with Al-10%Ti (300 
ppm Ti), (c) alloy treated with Al-5%Ti-1%B (150 ppm of B), (d) alloy treated with Al-5%Ti-1%B (300 ppm of B), (e) alloy 
treated with Al-4%B (600 ppm B), (f) alloy treated with 1000 ppm B. All micrographs have the same micron bars.
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observed when increasing the solidification rate and a progressive CTE when lowering the tem-
perature gradient [24].

4. Concluding remarks

The results obtained show that when Al-4%B is added to ultra-pure aluminum, it decom-
poses into AlB12 and AlB2 phases that have no grain-refining effect in pure aluminum. When 
no grain refiner is added to pure aluminum, the microstructure is a mixture of columnar 
and equiaxed grains. The addition of 30 ppm Ti to pure aluminum is sufficient to promote 
equiaxed grains when the metal is solidified at high rate (~10°C/s). A similar effect can 
be achieved with the addition of excessive amounts of B, in the order of 1000 ppm. Increasing 
the Si content to 7% enhances the reduction in initial grain size of pure aluminum from 2800 
to 1850 μm in Al-7%Si alloy. In the case of Al-7%Si, only 500 ppm B is sufficient to reduce 
the initial grain size by about 75%. Due to a reduced temperature gradient as the solidifica-
tion front travels from the bottom of the crucible to the top, the grain size varies accordingly.

In commercial aluminum, the addition of B would react with traces of Ti leading to the forma-
tion of Al3Ti and TiB2 phases that are effective grain-refining agents. In the case of Al-7%Si, 
Ti reacts with Si forming (Al, Si)2Ti phase which is a poor refining agent. This phenomenon 
is termed poisoning. No interaction was observed to take place between B and Si. In general, 
the grain size varied along the height of the crucible due to change in the liquid temperature.
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the absence of columnar grains. The transition from columnar to equiaxed grains depends 
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and the existence of a columnar-to-equiaxed transition (CTE) in refined alloy. A sharp CTE is 

Figure 9. Variation in the grain size of Al-7%Si alloy: (a) base alloy—no addition, (b) alloy treated with Al-10%Ti (300 
ppm Ti), (c) alloy treated with Al-5%Ti-1%B (150 ppm of B), (d) alloy treated with Al-5%Ti-1%B (300 ppm of B), (e) alloy 
treated with Al-4%B (600 ppm B), (f) alloy treated with 1000 ppm B. All micrographs have the same micron bars.
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observed when increasing the solidification rate and a progressive CTE when lowering the tem-
perature gradient [24].
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tion of Al3Ti and TiB2 phases that are effective grain-refining agents. In the case of Al-7%Si, 
Ti reacts with Si forming (Al, Si)2Ti phase which is a poor refining agent. This phenomenon 
is termed poisoning. No interaction was observed to take place between B and Si. In general, 
the grain size varied along the height of the crucible due to change in the liquid temperature.
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Abstract

Grain size is one of the most important characteristics that affect the processing and in 
turn the properties of alloys. Grain refinement determines many advantages in light alloy 
casting: it can be achieved using different methods, based on the available technologi-
cal possibilities and on the performances that one has to obtain. By using grain refine-
ment, important benefits can be reached, for both cast and wrought aluminium alloys: 
among other, the most important enhancement regards the fine distribution of the sec-
ond phases, improved castability, reduction of shrinkage porosity, higher mechanical 
properties, as well as superior fatigue life. The present chapter is not exhaustive on this 
argument; however, in the first part it reports some current literature data and some 
perspectives about the grain refinement, while in the second part which has been mostly 
carried out within a current PhD Thesis focalized on the improvement of the properties 
of Al-based alloys by physical grain refinement methods, some experimentally obtained 
results have been presented and discussed.

Keywords: Al-based alloys, structure refinement, grain refinement, metallurgical 
methods, physical methods, morphology

1. Introduction

Due to their excellent properties (high strength-to-weight ratio compared to Fe-based alloys, 
good corrosion resistance, etc.), light alloys (Al- or Mg-based alloys) have a key role in vari-
ous engineering applications. Generally, during traditional casting process, dendritic micro-
structure is developed. Dendrites can be organised in columnar or equiaxed structures in 
agreement with the production conditions, which involve among others, the solute concen-
tration, the heat gradient, the solidification velocity, the presence or absence of inoculating 
elements, etc. The control of the shape and distribution of the grains structure is made up is of 
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primary importance and really governs the properties of the produced alloy. In many condi-
tions, improvement of the mechanical strength is required, especially in application where 
structural properties are essential. Thermal treatments and/or reducing the grain size of the 
constituents are commonly used methods for the improvement of some properties. Addition 
of grain refiners (GR) determines an increase of the mechanical properties, and in particular, 
it affects the strength and the fatigue resistance of the alloys, and at the same time, the quality 
of the cast part and the efficiency of the casting process rises [1]. According to some literature 
date [2–5] and some own research [6–11], one can state that the grain size is one of the most 
important characteristics, which affects the processing, and consequently, the properties of 
alloys. Presence/addition of GR determines many advantages in light alloy casting and it 
can be achieved using different methods, as will be presented later on. Actually at industrial 
level, both adding grain refiner and improving solidification conditions are two procedures 
for grain refinement, especially in case of Al alloys.

The reduction of the grain size has a positive effect on the microstructural homogeneity deter-
mining a fine distribution of the second phases leading to an improved castability, lower 
micro-porosity and shrinkage porosity as well as a reduced segregation development [4, 6].

In any case, the alloy composition has to be carefully considered in order to choose an efficient 
GR. Even if, Al–5Ti–B master alloy is an efficient GR for wrought Al alloys, its effect is not 
sufficient in case of foundry alloys: formation of Ti–Si phases occurs following the reaction 
between the solute Si and Ti determining the weakening of the nucleating of TiB2 particles in 
the master alloy, when the Si content in the alloy is higher than 3 wt.% [12, 13].

According to [14, 15], in case of master alloys containing high amount of B and higher than 
4–5.5 wt% of Si, an improvement of the grain refining can be obtained. Prior to casting, 
an inadequate holding time negatively influences the GR efficiency and additionally their 
agglomeration can take place [16–18]. For Mg alloys, Zr is the ideal GR, but its use is unsuc-
cessful when it contains Al.

Conventional GR for Al alloys are generally produced from Al–Ti–B ternary system [19–22].

On the contrary of Fe-based alloys, in case of light alloys, the primary structure after solidifi-
cation is maintained and the physical and any structural transformations induced following 
thermal treatment and/or plastic deformations take place within the primary structure. Any 
outcomes coming from such technological treatments are influenced by the characteristics of 
the primary structure. Additionally, light alloys have higher tendency during solidification 
for the development of the coarse grains with respect to iron-based alloys. From these con-
siderations, it is evident that for light alloys, the influence of the crystallisation process with 
the aim of the development of fine grains and the good distribution of the different phases 
within a homogeneous microstructure results very important and it significantly influences 
the properties of the final product during their use. The schematic illustration of the relation 
between the structure and the properties is reported in Figure 1. The use of the different 
methods for the improvement of the structure in case of light alloys significantly influences 
the properties related to their use and beneficially acts on the technological properties and 
processing by plastic deformation as well on their behaviour during thermal treatment.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications18

Solidification of the alloys is a process, which involves the passage from the liquid state into a 
solid state as a result of the energy loss during the release of the heat and shows at least two 
aspects:

1. Germination: the step when development of the nuclei or crystallisation centre has been 
realised. The evolution can be:

• Homogeneous: when the centres have been developing spontaneously and has been 
growing during the time;

•
Metallurgical processes:

•
Casting

Chemical composition
Crystalline structure

•
Plastic deformation
Thermal treatment

STRUCTURE

PROPERTIES

Exploitation Technological

•
•

Casting properties 
Processing by: 

Thermal treatment

•
Plastic deformation
Cutting

Mechanical properties
Physical/Chemical properties
Corrosion resistance
Wear resistance properties

Figure 1. Schematic representation of the relation between the structure and the properties.
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• Heterogeneous: when the development takes place close to the existent germs on the 
surface of the melt (on the wall of the die, near to some hold-up in the melt or during 
the precipitation of some phases in mini-crystal forms) and can be favoured by the in-
troduction of some particles as modifier into the melt;

• Mechanical: such effect is induced by mechanical ultrasonic vibration and/or by using 
turbulent convection currents.

2. Development and growing of the crystals by the combination of the atoms from the melt 
on the crystal surface in form of monoatomic layers with critical size representing bi-
dimensional germs [23].

During very slow cooling, a preferential direction of the heat release could be observed. 
During the development of dendrites, the dendrite arms are growing encountering during 
their expansion other neighbouring dendrites. When crystallisation finishes, the evolution 
continues on the perpendicular direction with respect to the former one and the whole crystal 
grows into a complex form.

Industrially, there is the need to obtain enhanced quality product. To realise this, one has to 
consider and satisfy some of the following conditions:

• To increase the cooling rate and the number of the crystalline germs, simultaneously with 
the reduction of the solidification time in some regions of casting;

• Managing the heat transfer process and the mass transfer, which directly influences the 
size of crystalline germs, determining the development of a fine equiaxed structure;

• Homogenising as much as possible the structure;

• Degassing the melt;

• Reducing the presence of internal stress avoiding in this way the crack formation [24].

The solidification process can be governed by the control of the time required for the cooling 
and acting directly on the alloy, on the casting profile or on the final product. The control of 
the solidification is significantly complex especially when the alloy shows high shrinkage in 
liquid state and during solidification.

Figure 2 summarises the most important methods used in order to act on the solidification. 
Application of a magnetic stirring field to the melt, which solidify has a grain refining effect 
too. There are two types of magnetic stirring:

• Electromagnetic stirring, which stimulates the development of an equiaxed crystalline 
zone; refinement of the solidification structure occurs with a decrease of the inclusions 
content and

• Permanent magnetic stirring, which has some benefits over the first one, because it consists 
of lower cost tools, high magnetic field intensity and with no skin effect.
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Moving backward the stirring direction of the electromagnetic stirring, the oxide film on the 
melt surface can be protected, which is important for maintaining it undamaged. Contrarily, the 
layer can be fragmented by the forced melt flow losing its protective character. Some studies [23, 
25, 26] reveal how the effect of a magnetic field on the crystal direction and on the phase arrange-
ment during solidification is a valid method to increase the physical properties of the alloy.

In [23, 27, 28], the authors have demonstrated that the rotating magnetic field can be effec-
tively used to reduce the segregation appearance during solidification and to enhance the 
structure of metallic alloys.

In order to shortly appreciate the variations taking place during solidification, Figure 3 
reports, schematically, the enhancement of the structure using high cooling rate contempo-
rary with the addition of some chemical element: the refinement of the structure and conse-
quently, the improvement of the general behaviour is evident.

Figure 2. Schematic representation of the most important methods used for the refinement of the structure.

Figure 3. Schematic representation of the main modifications in hypoeutectic Al-Si alloy.
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2. Experimentally used devices and methods

In the following part, some results of the current research performed within a recent PhD Thesis 
[10] oriented to the enhancement of the characteristics of Al-based alloys by physical grain 
refinement methods that have been presented and talked over, including some real case studies.

The purpose of using the dynamic methods is twofold, as follows:

A. For enhancing the structure of the alloys reaching a fine microstructure and a homogene-
ous product, both chemically and structurally and

B. For reducing the scrap formation during casting with a consequent time saving possibility.

Both foundry and deformable alloys have been used for such investigations. The study is 
realised analysing:

• The effect of the vibration during solidification on the development of the microstructure, 
lowering the porosity content and furthermore enhancing the mechanical properties;

• The effect of magnetic stirring applied on the melt, considered as a clean solution for the 
hating and for the treatment of the alloys; such approach allows, with no any interaction, 
the necessary thermal and mechanical energy for obtaining a homogeneous alloy with fine 
grains and enhancement of the mechanical properties;

• Solidification with high cooling rate, leading to positive results concerning the refinement 
of the structure, a method which allows obtaining high performance product with no any 
thermal treatment.

The alloys, with the chemical composition used for the research have been casted and details 
on such part have been found in some previously published paper [6–12]. The vibration sys-
tem, the electromagnetic stirring system and the device used as electromagnetic induction 
system have been projected and realised during the present research and here is shortly pre-
sented. Results on the benefits of the physical treatment performed, with some comparison 
related to other similar condition for the solidification have been reported and discussed inte-
grated with some preliminary considerations related to their eventually technological trans-
fer. Additionally, enhancement of the structure following high cooling rate using different 
processing methods: melt spinning, static and dynamic casting have been recalled with some 
consideration about the final benefits. The analysis are carried out and the results obtained 
can be used as guide-line for people working in this area in an economically convenient way, 
saving time, energy and materials.

The research has been carried out using binary and more complex alloys, belonging to the 
families: Al-Si, Al-Cu, Al-Zn and Al-Mg. The chemical compositions have been reported in the 
previously published papers [6–12].

The mechanical vibration of the melts during solidification has been performed using a labo-
ratory device, usually employed in a dental laboratory with the details reported in Figure 4. 
The parameters adopted for the experiment are as follow:
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• Voltage: 110 V ~ 220 V/60 Hz ± 10%

• Power: 100 W

• Acceleration:0.8–0.07 m/s2

• Velocity: 2.8–0.22 mm/s

• Amplitude: 0.07

• Dimension: 14 × 13.5 × 11.3 cm

• The device projected for the research has made possible the variation of the frequency in 
the range of 4÷94 Hz.

Castings have the size as reported in Figure 5 and the K type thermocouple has been intro-
duced in the position indicated in figure, at about ¾ height of the crucible’s total length.

Castings has been obtained in a static and dynamic mode and the chemical composition has 
been selected to evaluate as well as the influence of the working condition on the nature of 
the phases developed during solidification (primary phase, solid solution and intermetallic 
particles, eutectic phase). Structural modification has been monitored following the dynamic 
solidification condition for the hypoeutectic Al-Si foundry alloy and for the deformable Al-Cu, 
Al-Zn, Al-Mg alloys. The effect of the dynamic condition on the areas containing columnar 
crystals has been assessed by observing some samples when solidified with high cooling rate, 
using cooling channels placed around the crucible (Figure 6). Directed solidification has been 
performed on AlSi7Mg0.3 and on AlZn10Si7 alloy to study the effect of the mechanical vibra-
tion on the properties of the columnar disposition of the dendrites.

The tool reported in Figure 7 has been used for the study of the solidification in rotating 
electromagnetic field. The parameters adopted are: tri-phasic power supply, nominal power 
1.5 kW, frequency 50 Hz.

Casting, industrially, has been performed using the forms reported in Figure 8, and they have 
been carried out using different cooling rates (guaranteed by the different material used for 
the casting).

Figure 4. The set-up used experimentally for the mechanical vibration of the melt (a) and command block used for the 
variation and the registration of the frequency (b) [10].
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Figure 7. Experimental set-up (a): A-inductor coils, B-casting shape in refractory material, C-Al alloy, D-termocouples; 
(b): Rotating electrical field generator, (c) command block and (d) system for the registration of the frequency [8, 10].

Figure 6. Scheme of the casting (a), crucible with the cooler and the thermocouples before located casting (b) and the 
samples with no vibration and under vibration [10].

Figure 5. The shape and the size of the forms used for the casting; (a) crucible in refractory material and (b) thermocouples 
placed for monitoring the cooling [10].
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The experimental device (Figure 9) realised for the simulation of the solidification in different 
cooling rates has the benefits to associate the cooling technology of the melt jet on spinning 
disc with the principle of the moulds feeding from low pressure casting procedure. In case of 
low pressure casting, the transfer of the liquid metal from the furnace to the die cavity placed 
on the top of the furnace, is guaranteed by an overpressure acting on the liquid alloy enclosed 
in the crucible, which is hermetically sealed. As a result, the liquid metal is forced to go verti-
cally through the connecting tube. In case of the experimental device indicated in Figure 9, 

Figure 8. Casting of Al alloys in different dies [10].
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the working gas (Ar) introduced by the cover 6 acts upon the liquid metal 4 from the crucible 
3 causing the fused metal raising in the feeding tube 5 followed by the melt placement on the 
rotating disc. The furnace and port-crucible is (1), respectively (2).

The diameter of the feeding tube (5) corresponds to 1 mm and the distance to the disc results 
to be 5 mm. The disc rotation speed is 2600 rot/min and the working gas pressure is 1.5 bars. 
The aforementioned parameters have an important role, since they establish the thickness of 
obtained ribbons. Major details on such devise used can be found in [10].

3. Experimental study results

3.1. Casting in steel die, refractory material die under vibration

AlCu4 and AlSi7Mg0.3 alloys have been casted in steel die, refractory material with no vibra-
tion and with vibration (f = 50 Hz, a = 15 m/s2, v = 14 mm/s, A = 0.07 mm). The cooling curves 
are reported in Figure 10. Higher cooling rate can be observed when the alloy is subjected to 
vibration compared to the static cooling condition, confirmed by the microstructural analysis: 
the finest microstructure corresponds to the high cooling rate and in the presence of vibration 
for both alloys, as reported in Figure 11.

Directed solidification has been performed on AlSi7Mg0.3 and AlZn10Si7 alloy to investi-
gate the influence of the mechanical vibration on the properties of the columnar zone. For 
this experiment, cylindrical casted samples positioned on Cu rings (Ø30 × 13 mm, weight 
22 g) have been used. The thermocouples for the registration of the temperature variation 
as a function of time has been mounted on the top and on the bottom part of the refractory 
mould at a distance of 15 mm from the exterior part of the sample, as reported in Figure 12. 
The experiment has been carried out both with no vibration and under vibration conditions, 
using different parameters and varying the frequency in the range of 50÷90 Hz. The reso-
nance frequency is 62 Hz and the other parameters adopted are: acceleration = 8.8 mm/s2, 

Figure 9. Experimental device for obtaining of melt-spun ribbons: (a) schematic plant, (b) melt spinning-low pressure 
(MS-LP) device during processing [12].
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 velocity = 99 mm/s2 and amplitude = 0.7 mm. The distance from the cooler has been consid-
ered during the microstructural analysis and the most important areas (top, middle and bot-
tom) have been analysed.

The finest grains have been obtained for the areas situated at the bottom part, which is in direct 
contact with the cooler and as the distance increases, the microstructure becomes coarser as 
reported in Figure 13. Following vibration, the roughness of the sample increases (Figure 14).

The results have the same tendency concerning the microstructure evolution (Figure 15) and 
for the roughness in case of AlZn10Si7 alloy (Figure 16) as well. There are some differences 
as their workability concerns: the second one is harder and seems to be more sensible to the 
impurities, which are on their surface. In this case, there are segregation of intermetallic parti-
cles made of Fe. With no vibration, trans-crystallisation is observed (columnar crystallisation), 
while in case of vibration, the equiaxed grain crystallisation has been observed.

On the upper part of the sample with vibration, some darker zones have been observed, while 
in the region in contact with the cooler development of finer grains have been observed. The 
lighter and longer appearance segregations are made of Fe, coming from the scraps re-used 
and this is one of the causes related to the more difficult workability. The bottom part of the 
sample is made of the solid solution and contains segregation of Si (darker colour than the 
Fe-made particles).

Industrially employed alloys have been investigated. In the case of hypoeutectic AlSi7Mg0.3 
alloy is assumed that enhancement of the microstructure determines refinement of the micro-
structure and the modification of the eutectic phase. For the eutectic composition AlSi12CuMgNi 
alloy with complex composition, the vibration is of interest both for the structure of the den-
drites and for the morphology of the eutectic and for the shape and distribution of the inter-
metallic particles segregation. For the binary AlCu4 alloy, it is important that the refinement 
of the dendrites of solid solution and for the development of non-equilibrium eutectic phase.

Figure 10. Cooling curves for AlCu4 casted in different mould and with no vibration and under vibration (a) and 
AlSi7Mg0.3 alloy (b) casted with no and under vibration [9, 10].
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3.2. Effect of the vibration and of the cooling velocity on the solidification condition

Comparison of the effect of the vibration and of the cooling velocity on the solidification 
condition has been carried out. For the thermal analysis, samples of size 14×80×160 mm have 
been used, labelled as C00. Figure 17 (left) reports the results of the thermal analysis for the 
AlSi7Mg0.3 alloy. The analysis of the cooling curves indicates that in case of vibration, the 

Figure 11. OM microstructure of the AlCu4 alloy (top) and AlSi7Mg0.3 (bottom) casted in different dies and with no 
vibration and under vibration [10].
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Figure 12. Set-up of the directed solidification experiment [10].

Figure 13. OM microstructures of the different areas within the AlSi7Mg0.3 alloy after directed solidification [10].

Figure 14. Photographs showing the roughness of the samples in AlSi7Mg0.3 alloy with and with no vibration (a), top 
part of the sample under vibration (b) and with no vibration (c) [10].
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cooling rate is higher. In both cases, the liquidus temperature is 613.35°C, while the solidus 
temperature (eutectic) for the vibrated sample is 1.25°C lower that the sample without vibra-
tion (Figure 17 right hand side).

It can be noticed that the eutectic transformation has a more evident appearance in the pres-
ence of vibration. The maximum cooling velocity in liquid state is 4.6°C/s and 6.7°C for the 
non-vibrated and vibrated sample, respectively. In case of the sample solidified under vibra-
tion, the primary solidification and the eutectic transformation take place at higher cooling 
velocity compared to the situation with no vibration. The period of the transformation is 
significantly different for the two samples: in case of vibration, a decrease of both the extent 
of the crystallisation and of the period of the eutectic transformation of about 50 and 31%, 
respectively occurs. Such reduction is determined by the increase of the cooling velocity.

Figure 16. Photographs showing the roughness of the samples in AlZn10Si7 alloy with and with no vibration [10].

Figure 15. OM microstructures of the different areas within the AlZn10Si7 alloy after directed solidification [10].
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For the AlCu4 alloy, the maximum cooling velocity in liquid state is (Figure 18):

• 1.15°C/s for the sample with no vibration;

• 1.6°C/s and 2.1°C/s for the samples solidified in refractory moulds;

• 17°C/s for the sample solidified in steel moulds (C00).

It can be noticed that as the vibration increases, the cooling velocity significantly increases 
also in the biphasic domain (liquid + solid). C0 corresponds to the liquidus temperature, 
the peaks labelled as C1 makes in evidence the temperature when the development of solid 
solution dendrites concludes, while C2 (very evident) indicates the formation of the eutectic 
Al-Al2Cu phase. The region correspondent to the formation of the eutectic is preceded by the 
overcooling of the alloy, intensified by the vibration of the melt. The sample, solidified under 
vibration, shows higher roughness: intensification of the heat exchange between sample and 
mould occurs, appreciated by the value of the overall heat transfer coefficient, which in the 
presence of vibration has a favourable effect on the interaction between the alloy and the 

Figure 17. Cooling curves and the transformation temperatures for the AlSi7Mg0.3 alloy [9, 10].

Figure 18. Cooling curves and the transformation temperatures for the AlCu4 alloy [9, 10].
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cooling rate is higher. In both cases, the liquidus temperature is 613.35°C, while the solidus 
temperature (eutectic) for the vibrated sample is 1.25°C lower that the sample without vibra-
tion (Figure 17 right hand side).
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of the crystallisation and of the period of the eutectic transformation of about 50 and 31%, 
respectively occurs. Such reduction is determined by the increase of the cooling velocity.

Figure 16. Photographs showing the roughness of the samples in AlZn10Si7 alloy with and with no vibration [10].

Figure 15. OM microstructures of the different areas within the AlZn10Si7 alloy after directed solidification [10].
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presence of vibration has a favourable effect on the interaction between the alloy and the 

Figure 17. Cooling curves and the transformation temperatures for the AlSi7Mg0.3 alloy [9, 10].

Figure 18. Cooling curves and the transformation temperatures for the AlCu4 alloy [9, 10].
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material made up the mould. [7, 10] reports more details on the calculation on the overall heat 
transfer coefficient, based on the cooling curves.

Figure 19 reports, for comparison, the optical microstructure of the alloys investigated after 
solidification (no vibration and under vibration). In the case of hypoeutectic AlSi7Mg0.3 alloy 
(Figure 19 top), the vibration during solidification determines, first of all, the reduction of the 
size of the separation of Si and of the intermetallic particles, both in length and width. The 
α solid solution dendrites becomes more uniform and of rounded shape, with no significant 
variation of their size (130 μm). For the AlSi12CuMgNi alloy (Figure 19 middle), the second-
ary dendrite arm spacing under vibration is reduced (from about 70–40 μm) and the propor-
tion of the eutectic phase is significantly increased and refinement of the Si particles occurs. In 
the case of the binary AlCu alloy (Figure 19 bottom), the effect of the vibration determines the 
reduction (from about 245 to 200 μm) of the secondary dendrite arm spacing and more globu-
lar grains have been obtained. Additionally, the Al2Cu particles become more fragmented.

As cooling velocity increases, the dendritic parameter decreases. Under vibration, germina-
tion of the gas bubbles is favoured and there is no promising condition for their expulsion 
from the melt because of the reduction of the viscosity and of the formation of the solid phase.

Figure 19. OM microstructure of the alloys investigated: Top: AlSi7Mg 0.3, middle AlSi12CuMgNi and bottom AlCu4; 
left hand side with no vibration, right hand side under vibration during solidification [9, 10].
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The results obtained indicate an increase of the overall heat transfer coefficient value. 
However, they do not determine the enhancement of the cooling velocity in such a level to 
provide a significant modification of the casting structure. The schematic interdependence of 
such elements are summarised in Figure 20.

The effect of the rotator electromagnetic field on the structural evolution of light alloys 
has been further investigated. The casting of some cylindrical samples (Ø30 × 100 mm) in 
ZnAl4Cu1and AlSi7Mg0.3 alloy has been performed in refractory mould. Under the elec-
tromagnetic field action, the melt is subjected to the centrifugal force, like in the traditional 
centrifugal casting, driving the liquid metal against the die walls of the mould. In the refining 
procedure, such effect can be considered as a limiting factor and has to be minimised using a 
refractory material placed on the superior part of the mould when the electromagnetic field 
is applied. During the experiments, it has been found that the effect of the centrifugal electro-
magnetic field really has an effect when the frequency arrives to a certain value. At the same 
time, when the electromagnetic field is coupled, the rotation speed of the melt caused by the 
electromagnetic phenomenon in the system coil-melt decreases and do not permit sufficient 
grade of agitation. For this reason, after reaching the frequency, coupling-decoupling and the 
modification of the rotation senses have been carried out.

Such device has been used for the preliminary investigations using a low melting point alloy, 
in particular ZnAl4Cu1 alloy.

In case of the hypoeutectic ZnAl4Cu1 alloy, a significant modification takes place: the trans-
formation of the columnar dendrite into a more globular shape and the appearance of a higher 
level (18%) and finely dispersed eutectoid phase can be observed, as pointed out in the phase 
diagram. During solidification, the electromagnetic field stimulate the rearrangement of the 
alloying elements. The evolution of the microstructure is reported in Figure 21.

During solidification in the case of AlSi7Mg0.3 alloy, the electromagnetic field determines a 
decrease of the grain size and the α solid solution globular grains development arises. The 
eutectic Si does not suffer any significant modification neither in shape nor in size. In the 
central part of the sample, refining of the α solid solution has been observed and a higher 
distribution of the eutectic phase has been reached. The most relevant microstructures have 
been reported in Figure 22.

In the first step of the research, the influence of the cooling velocities (encountered in the dif-
ferent casting technology processes) on the structure development has been analysed.

Figure 20. Schematic representation of the interdependence between some features affecting the solidification of the alloys.
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material made up the mould. [7, 10] reports more details on the calculation on the overall heat 
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reduction (from about 245 to 200 μm) of the secondary dendrite arm spacing and more globu-
lar grains have been obtained. Additionally, the Al2Cu particles become more fragmented.

As cooling velocity increases, the dendritic parameter decreases. Under vibration, germina-
tion of the gas bubbles is favoured and there is no promising condition for their expulsion 
from the melt because of the reduction of the viscosity and of the formation of the solid phase.
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The results obtained indicate an increase of the overall heat transfer coefficient value. 
However, they do not determine the enhancement of the cooling velocity in such a level to 
provide a significant modification of the casting structure. The schematic interdependence of 
such elements are summarised in Figure 20.

The effect of the rotator electromagnetic field on the structural evolution of light alloys 
has been further investigated. The casting of some cylindrical samples (Ø30 × 100 mm) in 
ZnAl4Cu1and AlSi7Mg0.3 alloy has been performed in refractory mould. Under the elec-
tromagnetic field action, the melt is subjected to the centrifugal force, like in the traditional 
centrifugal casting, driving the liquid metal against the die walls of the mould. In the refining 
procedure, such effect can be considered as a limiting factor and has to be minimised using a 
refractory material placed on the superior part of the mould when the electromagnetic field 
is applied. During the experiments, it has been found that the effect of the centrifugal electro-
magnetic field really has an effect when the frequency arrives to a certain value. At the same 
time, when the electromagnetic field is coupled, the rotation speed of the melt caused by the 
electromagnetic phenomenon in the system coil-melt decreases and do not permit sufficient 
grade of agitation. For this reason, after reaching the frequency, coupling-decoupling and the 
modification of the rotation senses have been carried out.

Such device has been used for the preliminary investigations using a low melting point alloy, 
in particular ZnAl4Cu1 alloy.

In case of the hypoeutectic ZnAl4Cu1 alloy, a significant modification takes place: the trans-
formation of the columnar dendrite into a more globular shape and the appearance of a higher 
level (18%) and finely dispersed eutectoid phase can be observed, as pointed out in the phase 
diagram. During solidification, the electromagnetic field stimulate the rearrangement of the 
alloying elements. The evolution of the microstructure is reported in Figure 21.

During solidification in the case of AlSi7Mg0.3 alloy, the electromagnetic field determines a 
decrease of the grain size and the α solid solution globular grains development arises. The 
eutectic Si does not suffer any significant modification neither in shape nor in size. In the 
central part of the sample, refining of the α solid solution has been observed and a higher 
distribution of the eutectic phase has been reached. The most relevant microstructures have 
been reported in Figure 22.

In the first step of the research, the influence of the cooling velocities (encountered in the dif-
ferent casting technology processes) on the structure development has been analysed.

Figure 20. Schematic representation of the interdependence between some features affecting the solidification of the alloys.
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Higher the cooling rate finer becomes the structure, as reported in Figure 23. When the cool-
ing rate is lower, the presence of acicular Si phase and the separation of the acicular shape 
particles made of Al3Fe can be observed. In case of rapid solidification, displacement of the 
structure in the hypoeutectic zone can be observed with the appearance of α solid solution. 
At the same time, the acicular separation of small eutectic Si particles appears. Because of the 
high cooling rate, Fe is present as AlFeMn intermetallic particles in a polygonal shape (lighter 
shade than the primary Si particles). In case of casting under pressure, the morphology is 
close to the hypoeutectic structure, where the separation of the eutectic Si and the intermetal-
lic particles are globular (the length/weight fraction tends to 1) and they are uniformly spread 
out close to the α solid solution. The chemical analysis carried out confirms that the differ-
ences between the structures observed are associated to the different solidification conditions 
and cooling rate.

The presence of Fe as Al9Fe2Si2 or Al12Fe3Si determines minor plasticity to the alloy, which 
can be balanced by high cooling rate, decreasing the negative effect especially in the case of 
secondary foundry alloys, where the presence of Fe is higher.

3.3. Casting using melt spinning technology

Significant structural changes, represented by the appearance of α phase, have been obtained 
in hypereutectic Al-Cu alloy produced by MS-LP technology. Applying a liquid quenching 
technique, increased solubility of Cu in the Al matrix was reached up to a value of 25.51 wt%. 

Figure 22. OM microstructure of the AlSi7Mg0.3 alloy: (a) with no rotator electromagnetic field and under rotator 
electromagnetic field, (b) top surface and (c) middle part of the sample [8, 10].

Figure 21. OM microstructure of the ZnAl4Cu1alloy: (a) with no rotator electromagnetic field and under rotator 
electromagnetic field, (b) top surface and (c) middle part of the sample [8, 10].
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After annealing treatment applied to melt-spun ribbons, the coarse separations of the interme-
tallic phase (Al2Cu) was observed, which results to be embedded into the Al matrix with high 
plasticity and low content of Cu. Due to a grain refined structure of melt-spun ribbons, Al2Cu 
incoherent phase is uniformly distributed in the annealed ribbons, as illustrated in Figure 24.

4. Conclusions

Grain refinement determines many advantages in Al-based alloy casting and it can be reached 
by both metallurgical and physical methods. By using grain refinement method, for both cast 
and wrought aluminium alloys, a fine distribution of the phases, better castability, decrease of 
shrinkage porosity, higher mechanical properties, as well superior fatigue life were obtained.

Figure 23. OM microstructure of the AlSi12CuMgNi alloy in different casting conditions [10].

Figure 24. Microstructure of Al10Cu alloy: (a) as-cast in metallic die (OM), (b) ribbon after TO annealing treatment 
(SEM) [12].
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However, the purpose of this chapter was twofold, it is not exhaustive on this topic. The first 
section was dedicated to present a short outlook about some possibilities to refine the struc-
ture of Al-based alloys based on some literature data and continues with the presentation 
and discussion of some experimental results obtained recently during the research performed 
within the PhD Thesis [10] targeted to the improvement of the properties of Al-based alloys 
by physical grain refinement methods.

The solidification process can be governed by the control of the time required for the cooling 
and acting directly on the alloy, on the casting profile or on the final product. Generally, the elec-
tromagnetic field and solidification under vibration are advantageous determining a decrease of 
the grain size; consequently in such conditions, a fine microstructure development is favoured. 
It comes out that significant microstructural changes can be obtained using physical methods, 
which based on the characteristics of the alloy composition and on the real use of the final com-
ponent can be managed in such a way to produce a better quality Al-based alloy castings.
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Abstract

In the development of the aluminum (Al) alloys continuous casting, the significant
change was involved by replacing the mechanical contact between solidified molten
metal and the mould’s wall with the electromagnetic force action. Here, the function of
the strip’s surface shaping takes the special inductor known as the electromagnetic
mould (EMM). The method for calculation the horizontal EMM’s parameters for contin-
uous casting of the thin strip from the Al alloys is presented. It is based on computing the
distribution of the magnetic field using the interaction between an inductor and surface
of the shaped molten metal. The operating frequency of alternating current passing
through the inductor, which depends on the density, the surface tension, specific electric
conductivity of the liquid metal, and the pool thickness, is determined. To shape the
upper and bottom peripheries of the strip of 20 � 150 mm, the system of inductors was
developed, and parameters for pouring of the AlSi8.5Cu and AlSn20 alloys were com-
puted. The proposed EMM design considers the magnetic field distribution inside the
inductor and the size of air gap between the liquid metal and inductor.

Keywords: aluminum alloys, strip, continuous casting, liquid metal, surface shaping,
electromagnetic force, levitation

1. Introduction

Introducing the continuous casting of metal materials has made an increase in the productivity
and quality of semi-products possible, but has also shown many shortcomings and reserves of
this technology. In addition to the internal negative traits of the molten metal determined by
the physical phenomena related to the solidification, in many materials, the surface defects
occurring have already arisen in the mould—crystallizer itself, where the liquid metal has the
mechanical contact with its walls. The friction forces between the solidified molten metal and
crystallizer’s walls cause the formation of the skin breakings or cracks, which damage the part
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of a surface and make harder the next processing, for example, rolling. Therefore, the research
and development have focused firstly on the issue of improving ingots’ surface quality. For the
continuous casting technologies of the Al alloys, development has been initially concentrated
on narrowing the zone, where the shaping of liquid metal occurs. However, the results
achieved did not give satisfactory improvement in the surface quality.

An important milestone was reached in the development of continuous casting for aluminum
alloys, with the substitution of the mechanical contact of the solidifying molten metal with the
mould’s walls for shaping a free surface, with the use of an electromagnetic force instead. The
function of confining and shaping was taken over by a special coil—inductor known as an
electromagnetic mould (EMM) [1]. The conventional vertical EMM has been successfully used
on a slab section up to 1 m2. Insights from the practice as well as theory have concurred that
the vertical EMM is not suitable for continuous casting of the Al alloys semi-products with a
cross section less than 0.01 m2, and in particular for strips with a thickness of less than 25 mm
[2]. Likewise, the laboratory testing of a conductive method for generating the levitation with
the additional induction confining and shaping did not provide results which would justify
the continuing development in this direction.

Today, when the trend is toward reducing the slab section and producing a near-net-shape
product, horizontal electromagnetic casting can offer a solution to this problem [2]. Many
studies have been conducted on the vertical EMM, focusing on free surface shaping [3–6],
but only a small number of papers have been published on computing the parameters of
horizontal EMM and determining their boundary values [7]. The EMMdevelopment has begun
with the aim of replacing the technology of continuous casting of a 150 � 30 mm strip into a
horizontal graphite mould fromwhich the desired semi-product with a section of 150� 20 mm,
and without any surface defects was achieved by milling the 5 mm layer from each surface.

2. Horizontal electromagnetic mould

The development of an electromagnetic mould arranged horizontally began when it was discov-
ered experimentally that as the molten metal approaches the mould, the value of the electromag-
netic repelling force increases simultaneously. When the air gap is reduced from 5 to 0 mm, a steep
increase in the repelling force ensures a steady positioning of the molten metal’s surface to the
inductor. In the early stages of investigation, the calculation of the parameters for the horizontal
EMM (HEMM) started with the experimentally determined dependence of the air gap a on the
magnetic field intensity H. This was then transformed into a mathematical form using regression
analysis [8]. In the next stage [9], increasing the pressure generated by the magnetic field when the
air gap is reduced was explained as the result of interactions between the electrical current of the
inductor and the conductive liquid metal. On this basis, the relations were formulated to compute
the dependence of a-H in the working space of a real inductor using the finite element method [10].

2.1. Interaction between magnetic field of a conductor and its mirror image

If a conductor, carrying an alternating current I, is getting closer to an electric conductive
surface, the electric current is induced in this plane. Its intensity corresponds to the local
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value of the magnetic field intensity, but it has an opposite sign. Here, the magnetic field and
the spatial distribution of lines with the same value of the intensity H are determined by the
interaction between this conductor and a fictitious one which is its mirror image below a
plane which the magnetic field penetrates through, as it is shown in Figure 1.

Let us choose the conductor of a circular cross section with a radius R, which is passed by the
electric current with a density J. From Biot-Savart’s law, it follows that in this single conductor,
at any radius r the circular magnetic field of intensity Hr induced by electric current Ir = Jπr2

will act, where

Hr ¼ Ir
2πr

¼ Jπr2

2πr
¼ Jr

2
(1)

In generating the magnetic field at the radius r, the only current Ir is involved which is
passing through the surface enclosed by a circular vector Hr, hence the current flowing in a
cylindrical space with the radius from zero to r. The electric current passing through a
circular ring between R and r is not involved in producing the magnetic field Hr, because of
the contribution of this area into the cylinder with radius r is zero, where ∮Hds = 0.
According to Eq. (1), at conductor’s axis, the intensity of Hr is zero, and on its surface, since
r =R, it is the highest. When the radius increases beyond conductor’s contour, that is, r >R,
the magnetic field is already produced by the current I = JπR2, and the value of Hr is Hr = I/
2πR. At any point on the connecting line of axes of both conductors, the magnetic field
intensity in scalar form will be equal to a sum of contributions H

0
and H

0 0
from both conduc-

tors, and the course of total values H =H
0
+H

0 0
is presented in Figure 1a. From Figure 1a, it

follows that in the conductors at the distance l
0 0
, there are located points 1 and 1

0
, at which the

value of H is zero, when

Figure 1. Interaction between the magnetic fields of a real conductor and its mirror image in a liquid metal: (a) distribution of
current densities J and magnetic field intensities H on the connection line of axes of both conductors; (b) asymmetrical
distribution of the magnetic field lines of force around a real conductor and its mirror image.
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H ¼ H0 þH
0 0 ¼ 0 ¼

J l
0 0 � l

� �

2
� JR2π

2π l
0 0 þ l

� � ¼
J l

0 0 � l
� �

l
0 0 þ l

� �
� JR2

2π l
0 0 þ l

� � (2)

The last term on the right side will be null if its numerator is null.

0 ¼ J l
0 0 � l

� �
l
0 0 þ l

� �
� JR2 ¼ l

0 02 � l2 � R2 when l
0 02 ¼ l2 þ R2 (3)

At the connection line of conductors’ axis at the distances 1 and 10, the density of electric
current passing through the conductors will be also the lowest. At both conductors, the
asymmetrical distribution of the magnetic field lines of force around inductor’s conductor
and its mirror image will cause an increase in the current density in the areas adjacent to a
plane of the magnetic field penetration, and hence shifting the axes of symmetry of the electric
current flowing on the value l� l

0
toward each other (Figure 1b). From the position of points

with the null intensity of H, using Eq. (3), we can calculate the distance of the axis of symmetry
of the current flow in space [10–12].

l2 ¼ l
02 þ R2 (4)

At a general point of space determined by an intersection point of arcs of the circles with radii
r
0
and r

0 0
, the localized value H is given by the contribution from both the conductors

H =H
0
+H

0 0
. We can regard the components H

0
and H

0 0
, defined by Eq. (1), as straight and lying

in the tangent lines of circles in which the centers are in a joining line of conductors’ centers at a
distance l

0
from a considered plane. According to Figure 1b, the absolute value H can be

calculated using the law of cosines.

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H

02 þH
0 02 � 2H0H

0 0
cos γ

q
¼ 2Il0

πr02r0 02
(5)

The lines of a constant value H are representing the distribution of the force lines of the
magnetic field (a segment of one is plotted in Figure 1b), and they are sections of the equipo-
tential surfaces through a plane perpendicular to conductors’ axes, the real one and its mirror
image. Because of between the conductor and its mirror image the magnetic field intensity is
the sum of contributions H =H

0
+H

0 0
, the total value H will be obviously higher than that one

induced by a single conductor with the same flow of electric current on the same radius, and
the highest value will be in a connecting line of their axes. Applying the iterative method to
calculate the spatial distribution of the electric current and magnetic field intensities according
to Sakane and others [4, 13, 14], without an intentional employing the mirroring, the values
obtained under the model conditions are very close to those computed using Eqs. (1)–(5).

2.2. Calculation of magnetic field distribution in horizontal EMM

The method of HEMM design presented is based on the calculation of the magnetic field
distribution, which is based on the interaction between the inductor and the surface of the
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shaped molten metal. The condition of equilibrium between gravitational force and electro-
magnetic force in the HEMM can be defined according to the equation [3, 15]

ρgh ¼ μH2

4
,when h ¼ μH2

4ρg
(6)

where h is the height of liquid metal (m), ρ is the density of molten metal (kg m�3), H is the
magnetic field intensity (A m�1), and μ is the permeability of a medium, when μ ≈ μ0 = 4π �
10�7 H m�1.

The analysis of the specific situation when the molten metal is brought closer to the inductor’s
face will be conducted with the inductor which has a cross section with an external central
peak as shown in Figure 2.

As it was mentioned above, the interaction of fields of the inductor and its mirror image moves
the centers of the electrical current flow closer together and increases the current density at the
inductor’s face adjacent to the liquid metal. In such a case, the conductor with radius R through
which the current I passes, at a distance l from the electric conductive face of the molten metal,
will generate a magnetic field equal to the one generated by a conductor of zero thickness

Figure 2. Inductor with a central peak.
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having the values of the current I the same, but at the distance of l’ from the surface different,
that is, l2 = l

02 +R2 according to Eq. (4). Then the magnetic field intensity Hi on the molten metal
surface will be the vector sum of both components from the conductor itself H and from its
mirroring image H0. If the inductor is at a distance a from the liquid metal, when l = a + R, the
addition of intensity Hi from the selected element at a distance xi from the perpendicular to the
surface will be

Hi ¼ I
2nπri

: sinαþ I
2nπr0i

: sinα0 (7)

The conductor’s cross section of geometric shape, as shown in Figure 2, introduces another
variable into the calculations, namely that when changing the coordinate x, the thickness t also
modifies the value of the hypothetical conductor radius R(fx). After dividing the inductor
conductor into n elementary conductors, through each one of which an nth share of the total
current I passes, In = I/n. The radius of each of these conductors R(fx) will be a function of xi or i.
The magnetic field intensity Hxi, which is acting on the surface at a point at a distance xi from
the perpendicular drawn from the hypothetical conductor on the liquid metal, can be com-
puted from the value of current In passing through the particular elementary conductor, using
the following equation:

Hxi ¼ I
nπ

∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R fxð Þi þ a
� �2 � R fxð Þi2

q

R fxð Þi þ a
� �2 � R fxð Þi2 þ x2i

¼ I
nπ

∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 2aR fxð Þi

q

a2 þ 2aR fxð Þi þ x2i
(8)

At a common point on the surface at the x coordinate and with different values of R, the total
value Hx will be the sum of the n additions Hxi from all n elementary conductors and their n
mirror images, that is,

Hx ¼
Xi¼n

i¼0

I
nπ

∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 2aR fxð Þi

q

a2 þ 2aR fxð Þi þ x2i
(9)

The relation N =H2/2δσ [15] describes the power generated under the surface of a specific unit
area in a volume of great depth, where σ is the electrical conductivity of liquid metal (S m�1),
δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1=μσπf
p

is the depth under molten metal surface at which the magnetic field intensity
decreases e times and is termed “skin depth” (mm), and f is the frequency (Hz). Looking at
Eq. (6), we can see the pressure developed by the magnetic field varies linearly with the value
H2. If we substitute the quantity H from Eq. (6) into the formula for the power produced
N =H2/2δσ, we get
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Eq. (10) determines the value of the power supplied by the inductor at the unit area of the
molten metal surface, which depends on the height of the molten metal column. It represents
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conditions of equilibrium between the power of the magnetic field and the metallostatic
pressure, taking physical properties (the electrical conductivity σ and the density ρ) of the
liquid metal, and also the frequency f into consideration. The alternating magnetic field per-
forms only negligible mechanical work, and by way of induced currents, almost all the energy
is transmitted to the slab as heat, where the power N in watts is numerically equal to the
quantity of the generated heat Q in J s�1.

Taking the active power N as a criterial quantity to determine the equilibrium conditions
between the mechanical and electric quantities for the liquid metal levitation can be considered
the very applicable decision. It provides the correct information about the amount of heat
required for the thermal analysis and eliminates substantially the need for measuring the electric
quantities, as voltage and the electric current in an inductor, its inductance, the finding cos ϕ,
and the challenging calculations. As it follows from Eq. (10), at the given physical properties of
liquid metal and a height of the molten metal column h, the power required to generate the
levitation will be directly proportional to the square root of the working frequency.

3. Role of operating frequency of EMM

After entering the liquid metal, the alternating magnetic field induces an electrical current in it,
which generates its own magnetic field, but the opposite one. As a result, the field decays
exponentially when penetrating, and both interacting fields produce the force acting in the
liquid metal in the direction from the inductor. At any depth z, in every element of the volume
having an area of 1 � 1 m2 and the depth dz, the increase of force df arises, and is numerically
equal to the increase in the pressure dp (N m�2). At any depth z under the surface, we calculate
the total value of pressure pm using the integration of all the additions in an interval from the
surface, where z = 0, to the depth z, when we get [4, 16].

pm ¼
ðz
0

μH2

2δ

� �
e�2z=δdz ¼ μH2

4

� �
e�2z=δ
h iz

0
(11)

If z = ∞ (or z > 3δ) then exp� 2z/δ approaches 1, and the expression of pm is identical with the
expression for electromagnetic force in Eq. (6). As follows from the principle of generation of
electromagnetic forces, they do not act on the surface itself but arise in the subsurface layer, on
which the surface is supported. The center of their action lies at the depth zc, which divides the
molten metal volume into two parts in which an equal portion of the total pressure is created.
According to Eq. (11), 50% of the generated pressure will be acting in the subsurface layer,
where exp� 2zc/δ, thus zc ≈ 0.3466δ. At this depth, the surface is supported and, therefore, the
operating frequency of the current flowing through the inductor is the important parameter [7,
17]. The frequency needs to be both high enough so that the surface layers do not flow
vertically down from the faces of the shaped liquid metal, and as low as possible because any
increase also increases electric energy consumption. Therefore, during shaping of a radial
profile, surface tension forces are always involved. These, together with the electromagnetic
force, produce the equilibrium with the metallostatic pressure of the liquid metal column on
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having the values of the current I the same, but at the distance of l’ from the surface different,
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forms only negligible mechanical work, and by way of induced currents, almost all the energy
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quantity of the generated heat Q in J s�1.
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the very applicable decision. It provides the correct information about the amount of heat
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and the challenging calculations. As it follows from Eq. (10), at the given physical properties of
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17]. The frequency needs to be both high enough so that the surface layers do not flow
vertically down from the faces of the shaped liquid metal, and as low as possible because any
increase also increases electric energy consumption. Therefore, during shaping of a radial
profile, surface tension forces are always involved. These, together with the electromagnetic
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the molten metal surface. The surface tension τ determines that the shape of the fluctuated
liquid metal on the surface is semicircular with radius r, in which a pressure is created which is
able to overcome the metallostatic pressure produced by the molten metal column h. Under the
gravity acceleration g, the equilibrium force can be written thus

ρgh ¼ 2τ
r

(12)

When appraising the function of the surface tension for shaping the free surface, we will start
with the situation presented in Figure 3, which can arise when, as a result of an unintended
fluctuation in the molten metal, a bulge arises on its surface, and the surface tension force
forms it into a hemispherical shape. The analysis is based on model conditions when the
uniform magnetic field is acting, thus ignoring the increase in its intensity caused by reducing
the air gap.

At the point of the jut creation, the metallostatic pressure is balanced by the pressure devel-
oped by the magnetic field and the centers of its action lay at a depth of 0.3466δ under the
surface in the direction of the propagating field. The array of these centers of action has the
same hemisphere shape with the radius rv, equal to that of the bulge, but its center is shifted
under the plane of the liquid metal at a depth of 0.3466δ. At the axial cross section of the bulge,
the surface of the spherical cap above the liquid metal plane is shaped like an arc of a circle, at
the center of which the total pressure developed by the field is acting. The center of an arc of a
circle according to analytic geometry lies on its axis at a distance of rvt/l from the center where t
is the chord length and l is the length of this arc.

Gravitational force acts on the hemisphere’s center which is located at a distance greater than
3/8rv from the plane of the molten metal pool. In order to prevent the hemisphere from sliding

Figure 3. A bulge on a free surface.
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in the direction of gravity, the center of the electromagnetic force acting on it has to be located
at a distance greater than 3/8 rv from the molten metal plane. In a threshold situation, both
centers will be identical 3/8rv + 0.3466δ = rvt/l, which is fulfilled when rv = 0.816δ. Inside the
bulge the metallostatic pressure of the liquid metal column of the height h = 2rv, which is in
equilibrium with the surface tension force, is experienced. If we substitute into Eq. (12) for
h = 2rv and the dependence rv = 0.816δ, under these conditions the centers of electromagnetic
and gravitational forces have a congruent location, then the expression relating to the mini-
mum working frequency fmin, after transforming takes the form:

f min ¼ 0:8162
g
μπ

ρ
στ

¼ 1:654:106
ρ
στ

(13)

Replacing the density ρ, the surface tension τ, and the specific electrical conductivity σ of the
particular shaped liquid metal into Eq. (13), we can compute the lowest working frequency
fmin, at which the EMM is still functional. The working frequency of the current passing
through the inductor is an important parameter for EMM functioning. It has to be high enough
to ensure the stability of the free surface and at the same time, as low as possible because
increasing the frequency increases energy consumption.

Experiments carried out with liquid Al alloys or PbSn in the inductor with a working fre-
quency of 10 kHz have shown that small volumes of the liquid metal placed in a ceramic
crucible in the inductor’s working space had a tendency to spontaneously move from side to
side and their free surface to ripple. This was irrespective of whether the crucible was orien-
tated vertically or horizontally. When increasing the pool dimension, adding more than three
times the magnetic field skin depth of metal in the direction of the magnetic field penetration, a
marked decline in the oscillations in the liquid metal surface could be observed. After
substituting the empirical condition d = 3δ for the skin depth expression, we can determine
the lowest applicable working frequency fd limited by the pool’s thickness d, when
fd = 2.277 . 10

6/σd2. The working frequency of the EMM has to be higher than or equal to the
highest one of the values limited by the surface tension, the minimum frequency fmin, and the
dimensions of the liquid metal pool fd. To introduce the dependence of the minimum pool
dimension dmin on the working frequency into the conditions defined by Eq. (10), we substitute
h = 3δ for the column height. Under this condition, the value of the power density Nd will be
constant and proportional to the density and the specific electric resistance of liquid metal:

Nd ¼ 4:684:107
ρ
σ

(14)

At the edge of the shaped molten metal, the surface tension creates the radius rτ, and hence in
the case of the levitating molten metal pool, its height has to be h ≥ rτ, because the edge radius
rτ defines the minimum possible thickness of the shaped strip dτ = 2rτ, which depends on the
height of molten metal column h and determined from the surface to the strip center [8]. For
the particular alloys AlSi8.5Cu (ρ = 2.4 � 103 kg m�3; σ = 2.56 � 104 S m�1; τ = 0.865 N m�1)
and AlSn20 (ρ = 3.4 � 103 kg m�3; σ = 2.07 � 104 S m�1; τ = 0.8 N m�1) [10], the conditions of
the equilibrium between the power generated by the magnetic field and the level of the molten
metal pool formulated in Eq. (10) are processed in Figure 4. The set of parameters (Figure 4) is
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Replacing the density ρ, the surface tension τ, and the specific electrical conductivity σ of the
particular shaped liquid metal into Eq. (13), we can compute the lowest working frequency
fmin, at which the EMM is still functional. The working frequency of the current passing
through the inductor is an important parameter for EMM functioning. It has to be high enough
to ensure the stability of the free surface and at the same time, as low as possible because
increasing the frequency increases energy consumption.

Experiments carried out with liquid Al alloys or PbSn in the inductor with a working fre-
quency of 10 kHz have shown that small volumes of the liquid metal placed in a ceramic
crucible in the inductor’s working space had a tendency to spontaneously move from side to
side and their free surface to ripple. This was irrespective of whether the crucible was orien-
tated vertically or horizontally. When increasing the pool dimension, adding more than three
times the magnetic field skin depth of metal in the direction of the magnetic field penetration, a
marked decline in the oscillations in the liquid metal surface could be observed. After
substituting the empirical condition d = 3δ for the skin depth expression, we can determine
the lowest applicable working frequency fd limited by the pool’s thickness d, when
fd = 2.277 . 10

6/σd2. The working frequency of the EMM has to be higher than or equal to the
highest one of the values limited by the surface tension, the minimum frequency fmin, and the
dimensions of the liquid metal pool fd. To introduce the dependence of the minimum pool
dimension dmin on the working frequency into the conditions defined by Eq. (10), we substitute
h = 3δ for the column height. Under this condition, the value of the power density Nd will be
constant and proportional to the density and the specific electric resistance of liquid metal:
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At the edge of the shaped molten metal, the surface tension creates the radius rτ, and hence in
the case of the levitating molten metal pool, its height has to be h ≥ rτ, because the edge radius
rτ defines the minimum possible thickness of the shaped strip dτ = 2rτ, which depends on the
height of molten metal column h and determined from the surface to the strip center [8]. For
the particular alloys AlSi8.5Cu (ρ = 2.4 � 103 kg m�3; σ = 2.56 � 104 S m�1; τ = 0.865 N m�1)
and AlSn20 (ρ = 3.4 � 103 kg m�3; σ = 2.07 � 104 S m�1; τ = 0.8 N m�1) [10], the conditions of
the equilibrium between the power generated by the magnetic field and the level of the molten
metal pool formulated in Eq. (10) are processed in Figure 4. The set of parameters (Figure 4) is
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limited by power of 2000 kWm�2, because using parameters above this value entails problems
with the removal of generated heat [10, 18].

In a co-ordinate system with a logarithmical scale, where the values of power density N are on
the vertical axis and frequency values f are on the horizontal one, the conditions of the
equilibrium N-h are shown as a system of lines for the separate values of the height of molten
metal column. The boundary conditions at values rτ = hτ = hmin and fmin are lines which limit the
interval of the parameter values under which the conditions of reliable EMM performance are
met. The line of values Nd, where the condition h = 3δ holds, allows us to read the minimum
thickness of the pool dmin for a given frequency. For the given thickness d, the line of value h = d
intersects the line Nd at the frequency fd, which is the lowest value which can still be used to
cast the strip of thickness d. Bellow the lineNd, at the height interval rτ ≤ h ≤ 3δ, there are a range
of parameters under which the performance of the vertical EMM is maintained.

4. Testing the horizontal inductor of rectangular cross-section

At the development of horizontal electromagnetic mould, much significance has been attached
to experiments, the aim of which was to find out a dependence of magnetic field intensity H on
the value of a gap between the molten metal surface and the inductor in inductor’s working
space [10]. The experimental measurements were carried out in the inductor, which had the
simple rectangle cross section of the 10 � 40 mm (Figure 5a). That inductor has provided a
good approach to the working space when taking a measurement. In Figure 5b, there are
presented the experimental found out courses of magnetic field intensityH depending on gap’s
size and inductor’s shape when alternating current of frequency of 10 kHz and intensity of
3200 A (rms value of 2260 A) were imposed.

Figure 4. Dependence of power per area unit on a frequency at different heights of molten metal column of alloys AlSi8.5
(a) and AlSn20 (b).
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From the shape of curves, it is seen that inside the inductor’s operating space the magnetic field
is not homogenous, and at the edges, it drops markedly. Therefore, to effectively stabilize the
molten metal position against the inductor, it is better to choose the smaller air gaps. Then even
the small deviation in the position will cause sufficiently strong changes of magnetic field
intensity, which effectively can adjust the incidental deflection of the liquid metal position
produced by changes of metallostatic pressure or resulting from the movement fluctuation.

Laboratory HEMM enabled to take measurements at gap up to 10 mm, and the molten metal
of the height up to 70 mm, which was kept in a corundum crucible or free levitated. Part of
experimental measurements was performed under model conditions in the vertically oriented
working space when the molten metal pool was supported from below by a fireclay board. The
solid aluminum alloy was inserted into the inductor, and after its meltdown, the desired height
of the molten metal was reached by adding an extra metal. Experimentally attained sets of H-a
values have provided data for next analytic works and development of expression which
enable to determine the value of Hx at any point of the molten metal surface having x-
coordinate:

Hx ¼
X

Hi ¼ I
nπ

X xn
b �n

x¼ xn
b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 2aR

p

a2 þ 2aRþ b
n i
� �2 (15)

A plain shape of the inductor enabled to substitute the variable x for multiple of a length of
the molten metal surface part being of the length b/n; then, xi = ib/n, when i is integer. The
performed experiments have shown that accuracy of calculation Hx for the individual gap
values at dividing n ≥ 100, and the defined geometric shape of the inductor depends namely
on the accuracy of determining the value of alternating current intensity and on a method of
gap measurement, because the surface of the levitated molten metal rippled moderately
having an amplitude approximately �0.5 mm.

Figure 5. Horizontal EMMwith a inductor of rectangular cross section (a) and measured magnetic field intensityH under
imposed alternating current of 10 kHz frequency and intensity of 3200 A (rms value of 2260 A) (b).
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limited by power of 2000 kWm�2, because using parameters above this value entails problems
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Using the liquid AlSi8.5Cu1 alloy, for the gap of 3 mm being calculated under the rms current
of 2260 A, there was experimentally measured the value of approximately 3–3.2 mm. Differ-
ences between the calculated and measured values did not exceed 10%. A validation has
shown there is not necessary to use a visual assignment of values from experimentally attained
curves H-a. It is more advantageous to employ the accurate calculation of H-a values which is
based on interactions between the inductor and its mirror image known from the theory of
induction heating [11, 12] and electromagnetic forming [19].

Based on experiments which were aimed at determining the lower power limit of the EMM
and HEMM parameters, the hypothesis was developed that the fundamental limiting factor is
the internal motion in the liquid metal produced by the non-potential action of the electromag-
netic forces which would inevitably impact on the primary structure formation [20]. To verify
this assumption, an experiment was carried out where in the vertical-oriented inductor a cone
of Al alloy was melted down on a thermo-insulating insert, the center of which was cooled by
immersing a water-cooled copper pipe of outer diameter of 10 mm and bent to form an arch
with a radius of 20 mm. After stabilizing the heat balance, most of the liquid metal was
solidified and after switching off the device, the block of solidified metal containing the cooling
pipe was taken out of the inductor.

As shown in Figure 6, at the edge of the sample adjacent to the inductor where the cooling rate
was the lowest, and however, where the level of the effect from the alternating magnetic field
and the electric current flow was the highest, the gradual transition of an eutectic morphology
from finely dispersed at the edge to the typical dendritic structure on the length corresponding
to the skin depth δ can be observed.

Figure 6. Microstructure of the AlSi8.5Cu alloy from the sample's edge to a distance of 1δ.
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The structure consists of fine dendrites of the primary solid solution with no clear orientation.
Under the surface at a depth greater than δ ≈ 3.2 mm, the microstructure is almost the same as
was found over most of the section in central zones of the sample. It consists of the primary
solid solution and eutectic (α + Si) of the transition morphology type. The fact that more
marked changes in the morphology occur only at a distance about the skin depth δ from the
surface, can most likely attributed to the internal motion in the subsurface layer.

5. Design of industrial horizontal EMM

Experiments [9, 10] conducted with the laboratory HEMM comprising one coil inductor having
a conductor section of 10 � 40 mm for casting the profile of 150 � 20 mm, as illustrated in
Figure 5a, proved the feasibility of electromagnetic shaping the strip in the horizontal arrange-
ment. The unit was powered by a generator intended for ultrasonic application with a power
output of 10 kWand operating frequency of 10 kHz. The inductor used was characterized by a
high drop in the magnetic field intensity in the direction away from central zone, and levitation
of the liquid metal could be produced over a length of�5 mm from the center (Figure 5b). At a
larger distance, the free surface of the liquid metal rippled uncontrollably [9, 10].

The experiments carried out have shown that this length of active zone, provided by such an
inductor, while being adequate for levitation generated by the uniform alternating magnetic
field, was at the limit of application. It was evident that to extend the zone of active shaping in
the direction of the exiting strip would be most easily achieved by enlarging the inductor, but
such a solution would entail an increase in energy consumption. Therefore, the research was
focused on the problem of how to extend the levitation zone without enlarging the inductor.
Changing the wire cross section from a simple rectangular shape (Figure 5) to a more complex
shape (Figure 2) was proved to be the solution.

The next step in the development of a HEMM prototype highlighted the group of problems
which have to be worked out before the prototype can be tried under production conditions.
These include determining the boundary parameters of the shaping process, the air gap size,
and at both horizontal surfaces the edge radiuses of the shaped strip, and with respect to the
different conditions of shaping of the upper and lower surfaces of strip, devising the suitable
engineering designs of the inductor [21]. Two designs of inductors capable of shaping the
lower and upper surfaces, together with the distribution of the magnetic field, are presented
in Figure 7.

Research undertaken with the laboratory HEMM with the inductor of a 10 � 40 mm section
has shown the solidification zone has to be located in the distance of �10 mm from the middle,
where the value of the air gap is changed about 1 mm. The difference in air gap values from 20
to 21 mm above the upper surface was chosen to ascertain over what length of the inductor in
the direction of exiting it is possible to keep this range of air gaps. From the distribution of the
magnetic field intensity (Figure 7b), it follows that at the nominal value of magnetic field
intensity of 32 kA m�1, the arrangement with auxiliary inductors placed 6 mm below the main
inductor ensures that the air gap will be ranged from 20 to 21 mm (a1 = 8 and 9 mm) between

Continuous Casting of Thin Aluminum Strips Using the Electromagnetic Levitation
http://dx.doi.org/10.5772/intechopen.70681

51



Using the liquid AlSi8.5Cu1 alloy, for the gap of 3 mm being calculated under the rms current
of 2260 A, there was experimentally measured the value of approximately 3–3.2 mm. Differ-
ences between the calculated and measured values did not exceed 10%. A validation has
shown there is not necessary to use a visual assignment of values from experimentally attained
curves H-a. It is more advantageous to employ the accurate calculation of H-a values which is
based on interactions between the inductor and its mirror image known from the theory of
induction heating [11, 12] and electromagnetic forming [19].

Based on experiments which were aimed at determining the lower power limit of the EMM
and HEMM parameters, the hypothesis was developed that the fundamental limiting factor is
the internal motion in the liquid metal produced by the non-potential action of the electromag-
netic forces which would inevitably impact on the primary structure formation [20]. To verify
this assumption, an experiment was carried out where in the vertical-oriented inductor a cone
of Al alloy was melted down on a thermo-insulating insert, the center of which was cooled by
immersing a water-cooled copper pipe of outer diameter of 10 mm and bent to form an arch
with a radius of 20 mm. After stabilizing the heat balance, most of the liquid metal was
solidified and after switching off the device, the block of solidified metal containing the cooling
pipe was taken out of the inductor.

As shown in Figure 6, at the edge of the sample adjacent to the inductor where the cooling rate
was the lowest, and however, where the level of the effect from the alternating magnetic field
and the electric current flow was the highest, the gradual transition of an eutectic morphology
from finely dispersed at the edge to the typical dendritic structure on the length corresponding
to the skin depth δ can be observed.

Figure 6. Microstructure of the AlSi8.5Cu alloy from the sample's edge to a distance of 1δ.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications50

The structure consists of fine dendrites of the primary solid solution with no clear orientation.
Under the surface at a depth greater than δ ≈ 3.2 mm, the microstructure is almost the same as
was found over most of the section in central zones of the sample. It consists of the primary
solid solution and eutectic (α + Si) of the transition morphology type. The fact that more
marked changes in the morphology occur only at a distance about the skin depth δ from the
surface, can most likely attributed to the internal motion in the subsurface layer.

5. Design of industrial horizontal EMM

Experiments [9, 10] conducted with the laboratory HEMM comprising one coil inductor having
a conductor section of 10 � 40 mm for casting the profile of 150 � 20 mm, as illustrated in
Figure 5a, proved the feasibility of electromagnetic shaping the strip in the horizontal arrange-
ment. The unit was powered by a generator intended for ultrasonic application with a power
output of 10 kWand operating frequency of 10 kHz. The inductor used was characterized by a
high drop in the magnetic field intensity in the direction away from central zone, and levitation
of the liquid metal could be produced over a length of�5 mm from the center (Figure 5b). At a
larger distance, the free surface of the liquid metal rippled uncontrollably [9, 10].

The experiments carried out have shown that this length of active zone, provided by such an
inductor, while being adequate for levitation generated by the uniform alternating magnetic
field, was at the limit of application. It was evident that to extend the zone of active shaping in
the direction of the exiting strip would be most easily achieved by enlarging the inductor, but
such a solution would entail an increase in energy consumption. Therefore, the research was
focused on the problem of how to extend the levitation zone without enlarging the inductor.
Changing the wire cross section from a simple rectangular shape (Figure 5) to a more complex
shape (Figure 2) was proved to be the solution.

The next step in the development of a HEMM prototype highlighted the group of problems
which have to be worked out before the prototype can be tried under production conditions.
These include determining the boundary parameters of the shaping process, the air gap size,
and at both horizontal surfaces the edge radiuses of the shaped strip, and with respect to the
different conditions of shaping of the upper and lower surfaces of strip, devising the suitable
engineering designs of the inductor [21]. Two designs of inductors capable of shaping the
lower and upper surfaces, together with the distribution of the magnetic field, are presented
in Figure 7.

Research undertaken with the laboratory HEMM with the inductor of a 10 � 40 mm section
has shown the solidification zone has to be located in the distance of �10 mm from the middle,
where the value of the air gap is changed about 1 mm. The difference in air gap values from 20
to 21 mm above the upper surface was chosen to ascertain over what length of the inductor in
the direction of exiting it is possible to keep this range of air gaps. From the distribution of the
magnetic field intensity (Figure 7b), it follows that at the nominal value of magnetic field
intensity of 32 kA m�1, the arrangement with auxiliary inductors placed 6 mm below the main
inductor ensures that the air gap will be ranged from 20 to 21 mm (a1 = 8 and 9 mm) between

Continuous Casting of Thin Aluminum Strips Using the Electromagnetic Levitation
http://dx.doi.org/10.5772/intechopen.70681

51



coordinates of 2 and 26 mm, which means over the length up to 24 mm. Over this interval, the
internal movements of molten metal will be only negligible. Positioning an auxiliary inductor
at the outlet makes it possible to locate a barrier directly at the edge of the working space of the
inductor to prevent water entering into the solidification zone. It can be a curtain, baffle or
roller, made from silicon rubber. The design can be seen as successfully developed and was
used as the universal solution to shaping the upper surface of the strip, while the total width of
28 mm became the standard for inductors intended for the lower surface shaping.

The configuration of the inductor, which is intended for shaping a strip’s lower surface, is also
based on generating additional intensity of the magnetic field through the use of two auxiliary
inductors which are integrated into one unit with the main inductor. Figure 7a shows the cross
section of the inductor which has 2 mm raised edges, together with the distribution of its
magnetic field intensity at air gap values of a = 2, 3, and 4 mm at the raised edges (Figure 7b).
For every value of a = 2, 3, and 4 mm at the edge, the values of the air gap at the central plane of
the inductor are about 2 mm higher, hence the distance of inductor’s central part from the
surface of the molten metal will be 4, 5, and 6 mm. On the lower surface with a magnetic field
intensity of 56 kA m�1, a satisfactory stability of molten metal can be expected between
coordinates of 2 and 26 mm, that is, over the length of 24 mm, where the air gap a will range
from 2 to 4 mm. Under working conditions, it is desirable to locate the solidification zone l/s in
the interval between coordinates 6 and 22 mm of the inductor’s width in between the auxiliary
inductors. It is possible to extend the interval to the x coordinate of 4 mm, which will result in
increasing the strip’s thickness by about 1 mm, or up to the x coordinate of 2 mm, when the
strip’s thickness will rise to approximately 1.6 mm, whilst retaining the functionality of the
HEMM.

Figure 7. Arrangement of inductors for shaping of both surfaces (a), and the distribution of the magnetic field at an
electric current of a peak value of 2520 A (b).
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Both design arrangements, which meet requirements for the industrial use of the HEMM, are
presented in Figure 8 with a tank of molten metal. In Table 1, the HEMM’s parameters for
continuous casting of a 20 mm thick strip of AlSi8.5Cu and AlSn20 alloys are listed.

The raised edges of the HEMM’s working space, which ensure a proper distribution of the
magnetic field in the lower surface of the strip, also form a channel from which the cooling
water splashed from the cooling system or condensed on the inductor has to be drained.
Similarly at the end of the casting process, when the liquid metal no longer exerts a lifting
force, the channel serves to drain the surplus molten metal. A steady run-off of water can be
ensured by the gentle 1–2� slope of the HEMM or can be created with a sloped surface from

Figure 8. Arrangement of the HEMM unit for continuous casting of a 20 mm thick strip from Al alloys.

Material H2 (kA m�1) h2 (mm) H1 (kA m�1) h1 (mm) ΣQ (J s�1) Ief (A) δ (mm) ρ (kg m�3)

AlSi8.5Cu 47.32 29.83 27.04 9.76 879 1507 3.17 2.4 � 103

AlSn20 56.30 29.84 32.16 9.74 1282 1791 3.26 3.4 � 103

Table 1. Parameters of horizontal EMM for continuous casting of Al alloys.
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organosilicate or moister-proof ceramics over the whole width of the inductor to the lateral
gap. The slope area could also function as an emergency run-off for the liquid metal.

One of the technological features of the HEMM, as seen in Figure 8, is the distinct positioning
of a cooling zone for both the upper and lower surfaces. Values for the intensity of the
magnetic field of 47.32 and 27.04 kA m�1, when shaping a 20 mm thick strip of AlSi8.5Cu

alloy in the inductor (Figure 7a) with current I flowing at 2132 A (Ief ¼ I
ffiffiffi
2

p ¼ 1507 A), corre-
spond to 139 kW m�2 of power density generated at the upper surface, and to 46 kW m�2 at
the lower surface, according to Figure 4 and Eq. (10). When the AlSn20 alloy is shaped with
current I = 2533 A (Ief = 1791 A), the magnetic field intensity of 56.28 and 32.16 kA m�1

correspond to values of the generated power density of 204 and 66 kW m�2, respectively.
Better conditions for the heat removal and less intensive induction heating of the upper surface
result in the solidification zone being about 4–5 mm closer to the outlet in the upper part than
in the lower one. Analysis of temperature conditions [18] has shown that axial heat removal
will prevail, isosolidus of which has a shape indicated in Figure 8. This creates the adequate
conditions for directional solidification and additional feeding when compensating for the loss
of volume during solidification. In order to finish the process of continuous casting, it is
necessary to reduce the level of or completely to evacuate the liquid metal from the tank as
quickly as possible. This reduces to a minimum the end segment of the continuous cast strip
having a reduced thickness.

At this point, it is necessary to understand that if the height of the levitating molten metal falls
below 10 mm, then the pool will disintegrate as a consequence of its internal movement. From
a technological point of view, the most favorable method for evacuating the tank is by “tap-
ping,” that is, by creating an opening in its bottom which is filled with for example clay
bonded moulding sand, through which the molten metal can be channeled into a collecting
crucible. Breaking an opening has to involve simultaneous cutting off of the supply of liquid
metal to the tank. It follows that at the expected withdrawal speed of 1.5 m min�1, the strip
covers the distance of 10 mm between the solidification zone and the area of the strongest
cooling in 0.4 second, and the whole length of the working space between the tank lining and
the outlet plane of the inductor in approximately 1 s.

The inductor in the form as seen in Figure 8 enables the solidification zone to be located on the
upper surface only approximately 3 mm from the inductor’s edge, and the cooling zone to be
close to the edge. This is possible because under the auxiliary inductor, there is ample space to
put a roller, curtain, or baffle to prevent the water leaking into the operating space. On the
lower surface, the conditions are more complicated because the small gap enables the zone of
strong cooling to be located 2–3 mm in front of the face of the inductor, and the solidification
zone then has to be at least 5.5 mm behind the inductor’s face. In this case, the distance
between the solidification and cooling zones will be 7.5–8.5 mm or, with some allowance,
10 mm. Determining a speed of withdrawal was the subject of research [18] which has pointed
out the crucial effect of three factors: the efficiency of cooling of the shaped strip by water
spraying; the amount of Joule heat produced in the process of shaping; and the positioning of
the solidification zone being limited by the magnetic field distribution. Work [18] states that
when pouring AlSi alloy it is possible to achieve an exit speed up to 2.0 m min�1 when the area

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications54

of optimal bilateral cooling of the strip is 10 mm away from the solidification zone, and with
certain allowance, a speed of about 1.5 m min�1 can be achieved for common cooling.

Another possible concept of the horizontal electromagnetic inductor is presented in Figure 9.
The devised electromagnetic mould consists of two separate inductors with the same cross
section of a base, the upper and bottom ones, which are connected parallel and passed with the
electric current of different intensities [22]. This requirement can be assured by the separated
feeding of the both inductors, or by connecting a shunt to the upper inductor. Applying an air
gap of 2–6 mm for both peripheries of the strip, the inductor confining the bottom surface has
to be passed by the substantially higher current of 1500 A than the upper inductor that is
passed by 860 A.

6. Conclusions

The horizontal EMM is a promising technical instrument, the development of which has
already reached a stage when it is possible to expect its adoption by industry. When undertak-
ing the research, the author based it on a critical analysis of a prototype unit and primarily on
the design of a laboratory inductor, which enabled the experiments with the HEMM to be
carried out, and provided crucial suggestions for the design of an industrial unit prototype.
The theoretical analyses supported by the extended experimental work has shown that condi-
tions for confining and shaping the upper and bottom surfaces of liquid metal required the
distinct spatial arrangement of inductors. The presented way of designing the electromagnetic
moulds is based on the analysis of effects of changes in inductor’s shape on the magnetic field
distribution and subsequent targeted use of inductor’s shape adjustment.

Figure 9. Horizontal EMM consisting of two separate inductors connected parallel for shaping a strip of 20 mm thickness.
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Abstract

Mechanical, physical and chemical properties of a part depend on the size, morphology and 
dispersion of the constituents of the microstructure of the part’s material. Therefore, this 
chapter discusses the different processes of altering the microstructure of Al-Si–based alloys 
to desired functional properties. These processes, commonly called modification methods, 
were broadly categorised into three: chemical, thermal and mechanical methods. Chemical 
method, which involves the addition of some elements, in trace levels, to alloys to be modi-
fied, is the best modification option. The elements for modifying are called modifiers. The 
three commonly used modifiers (sodium, Na, strontium, Sr and antimony, Sb) are dis-
cussed. The chapter, however, notes that for optimal alloy’s mechanical attributes, thermal 
treatment is usually combined with both chemical and mechanical modification processes. 
The thermal method involves rapid cooling of alloy for modification, while the mechanical 
method depends on force to break up large α-Al dendrites and plate-like Si phases.

Keywords: aluminium, Al-Si alloys, refinement, chemical modification, mechanical 
modification, thermal modification, mechanical properties, grain, eutectic silicon, 
microstructure, heat treatment

1. Introduction

Quite often, the functional requirements of a component are conflicting. For the engineer, 
this occurrence makes most materials in their natural form deficient. For instance, a part may 
require both hardness and ductility to function properly in a given working environment. It 
is more or less impossible to find such material existing naturally. This type of situation has 
led engineers to explore different production techniques that produce the desired conflicting 
properties [1]. At times, two different materials may be combined, with each having one of the 
required properties. The combined materials could be metal and metal, metal and non-metal 
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or non-metal and non-metal, and during merging, they may be in the same state or otherwise. 
The new material reflects the properties of the different materials that are combined. Several 
techniques have been established and used to improve the properties of aluminium and its 
alloys. The concept behind these methods is modification of the material’s microstructure, 
which ultimately alters the properties of the material [2].

The light weight and high corrosion resistance of aluminium make it significant in its appli-
cations; however, there are restrictions on aluminium applications, due to its soft and brit-
tle nature [3]. Thus, to optimally exploit its natural attributes in automotive, aerospace and 
defence sectors requires a high strength-to-weight ratio. Processes have been developed 
to strengthen and harden this metal. The primary method of strengthening aluminium is 
alloying, which is the addition of a calculated amount of selected elements to aluminium. 
Aluminium alloy is a metallic substance and consists of approximately 90–96% aluminium 
and another or more elements, most commonly silicon (Si), copper (Cu), magnesium (Mg), 
zinc (Zn) and manganese (Mn) [4]. However, commercially available aluminium alloys have 
about 0.1–0.4% iron (Fe) by mass, which gives the alloys special qualities. While the iron con-
tent could be seen as an unwanted impurity, it depends on the fed raw materials and the elec-
trolytic reduction process. There are other alloy elements that provide special properties, and 
are usually applied in smaller amount (less than 0.1% by mass), and include elements such as 
bismuth (Bi), chromium (Cr), boron (B), lead (Pb), zirconium (Zr), nickel (Ni) and titanium 
(Ti) [5]. The most important and commonly used alloying element of aluminium is Si. Silicon 
addition to aluminium improves the fluidity of the Al-Si alloy, feeding, hot tear resistance, 
tensile strength and hardness.

However, alloying has not completely satisfied material engineers’ quest to meet the trends 
of Al-Si alloys functional requirements, due to as-cast mechanical properties limitations. Cast 
alloys of Al-Si produced by conventional processes of melting, pouring and solidification, 
without post-process is called as-cast alloys. Studies have shown that the microstructure of as-
cast alloys under the conventional solidification conditions consists of coarse flakes of Si that 
promote brittleness within these alloys [6, 7]. The primary Si in the form of a plate in Al-17%Si 
is shown is Figure 1. Consequently, material engineers and scientists have developed several 

Figure 1. Primary Si in the form of a plate in Al-20%Si [8].
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processes to enhance Al-Si alloys mechanical and physical properties. The properties of a 
material are defined by the characteristics of its microstructure. In the case of Al-Si alloys, 
microstructures can be modified either chemically or mechanically. In a chemical modifica-
tion, certain elements are added in trace levels to the matrix depending on the needed prop-
erty. This chapter, therefore, discusses Al-Si alloys modification concept, Al-Si modification 
methods and their applications.

2. Modification of Al-Si alloy techniques’ classification

Generally, modification and refinement processes are used for improving mechanical proper-
ties of alloys by altering the alloy’s Si morphology and distribution. There are several modi-
fication and refinement techniques that can be used and these techniques can be categorised 
into three:

i. Chemical modification and refinement processes; addition of a calculated amount of nu-
cleation agents

ii. Mechanical modification and refinement processes; ultrasonic, squeeze, stirring, centrifu-
gal and vibration methods

iii. Thermal modification process; superheating, quench and cooling

2.1. Chemical modification and refinement processes

The addition of trace levels of certain additive (modifier) to a molten Al-Si to alter its structure 
is called modification. Modification reduces the size of eutectic Si particles to enhance the 
cast's mechanical properties such as ductility and strength. The addition of a modifier such as 
Sr transforms the Al-Si cast to fine and globular/fibrous morphology. Chemically stimulated 
modification produces a fine flake-like or fibrous structure. Many elements have been discov-
ered to produce a fibrous eutectic Si structure such as Na, Sr, K, Ce and Ca. These following 
elements, Sb, As, and Se have been found also to produce a refined flake-like structure. These 
three elements Sr, Na, and Sb are the most effective modifiers in trace levels of additions and 
widely used in the foundry industry. The strongest modifiers known are Na and Sr. Other 
modifying elements are K, Rb, Ba, La, Yb, As and Cd, as presented in Table 1.

2.1.1. Sodium: Na-modification

The first commercially modifier applied to Al-Si alloys was Na. It is required in trace levels, 
usually <0.007%Na, to make the full modification. Advantages of Na-modification include: 
its effective use for many years; small amount required for modification; short residence time 
(the time it takes to remove inclusions); minimal surface agitation; and reduced offensive 
fumes. However, there are several drawbacks: it has about 10–50% volatility recoveries; limi-
tation due to the danger in handling caused by its rapid reaction with moisture; formation of 
thick oxide skin that hinders fluidity, which may cause entraining in casting; it makes surface 
appearance of casting scaling; Na attacks mould coatings; and over modification challenges.
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processes to enhance Al-Si alloys mechanical and physical properties. The properties of a 
material are defined by the characteristics of its microstructure. In the case of Al-Si alloys, 
microstructures can be modified either chemically or mechanically. In a chemical modifica-
tion, certain elements are added in trace levels to the matrix depending on the needed prop-
erty. This chapter, therefore, discusses Al-Si alloys modification concept, Al-Si modification 
methods and their applications.

2. Modification of Al-Si alloy techniques’ classification

Generally, modification and refinement processes are used for improving mechanical proper-
ties of alloys by altering the alloy’s Si morphology and distribution. There are several modi-
fication and refinement techniques that can be used and these techniques can be categorised 
into three:

i. Chemical modification and refinement processes; addition of a calculated amount of nu-
cleation agents

ii. Mechanical modification and refinement processes; ultrasonic, squeeze, stirring, centrifu-
gal and vibration methods

iii. Thermal modification process; superheating, quench and cooling
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The addition of trace levels of certain additive (modifier) to a molten Al-Si to alter its structure 
is called modification. Modification reduces the size of eutectic Si particles to enhance the 
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widely used in the foundry industry. The strongest modifiers known are Na and Sr. Other 
modifying elements are K, Rb, Ba, La, Yb, As and Cd, as presented in Table 1.
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The first commercially modifier applied to Al-Si alloys was Na. It is required in trace levels, 
usually <0.007%Na, to make the full modification. Advantages of Na-modification include: 
its effective use for many years; small amount required for modification; short residence time 
(the time it takes to remove inclusions); minimal surface agitation; and reduced offensive 
fumes. However, there are several drawbacks: it has about 10–50% volatility recoveries; limi-
tation due to the danger in handling caused by its rapid reaction with moisture; formation of 
thick oxide skin that hinders fluidity, which may cause entraining in casting; it makes surface 
appearance of casting scaling; Na attacks mould coatings; and over modification challenges.
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Modification of Al-Si microstructure is performed by the addition of a minute quantity of 
ternary element such as Na to Al-Si. The use of addition of a trace level alkaline earth metals 
or alkali metals to AI-Si alloys to alter their structures began several years ago. This alteration 
enhances the mechanical properties; raise the ultimate tensile strength (UTS) and increases 
the ductility. The influence of Na on tensile strength and elongation is shown in Figure 2. 
Describing this morphological alteration, conventionally, there are two versions of explain-
ing the principle of Na-modification [12, 13]: (i) based on Na influence on Si growth and; (ii) 
based on Na influence nucleation of the Si phase. However, Day and Hellawell identified 
three various modes of eutectic nucleation and growth in Al-Si alloys that are composition 
and solidification conditions depended. These modes are [13]:

i. Nucleation at or near to the wall and front growth facing the thermal gradient

ii. Nucleation of eutectic on primary dendrites

iii. Heterogeneous nucleation of eutectic on nucleant particles in the interdendritic liquid

The growth model seems to have the widest acceptance, due to the appearance of Si inter-
connectivity in both unmodified and modified structures. Consequently, the continuous 

Elements Morphology of eutectic Si

No addition ―

Sodium, Na Fibrous

Calcium, Ca Fibrous

Strontium, Sr Fibrous

Potassium, K Fibrous

Barium, Ba Fibrous

Cerium, Ce Fibrous

Rubidium, Rb Fibrous

Europium, Eu Fibrous

Antimony, Sb Lamellar (or a fine version of 
acicular)

Ytterbium, Yb Lamellar (or a fine version of 
acicular)

Arsenic, As Lamellar (or a fine version of 
acicular)

Selenium, Se Lamellar (or a fine version of 
acicular)

Cadmium, Cd Lamellar (or a fine version of 
acicular)

All rare earth metals and misch metals except Eu including Laa, Cea, Pra, Nd, 
Sm, Gd, Tb, Dy, Ho, Er, Tm, Yba and Lu

Lamellar (or a fine version of 
acicular)

Table 1. Modifier elements and their effects on eutectic Si [9–11].
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nucleation of Si has been contested. However, two limitations were observed in the growth 
model. In a Na-modified casting, a significant change of the microstructure was noted, while 
little spacing changed and fibrous Si form are produced in the directionally grown speci-
mens. Again, it was noted that Na addition has little influence on the equilibrium liquidus 
temperature, but there is a huge change in the plateau temperature produced during the 
thermal investigation of a cast alloy [13]. Enhancement of capacity of Si to branch by Na, in 
the growth models, has been advocated and this reduces spacing and total undercooling, at 
a specified growth velocity.

Conversely, Flood and Hunt concluded in their work that nucleation and Si growth are both 
affected by the addition of Na to Al-Si cast alloys. In the Na-modified casting, two effects were 
reported that [15]:

i. Sodium presence transforms the Si growth morphology from the plate-like form to the 
fibrous form.

ii. If the temperature rise in the liquid is small, Na stops nucleation from happening ahead of 
the eutectic growth front. The lack of nucleation primarily accounts for the finer structure 
and larger undercooling of modified castings or ingots.

Trace of phosphorous is often found in Al-Si alloys, which causes the formation of a granu-
lar structure and aluminium phosphite (AlPO3). Aluminium phosphite accelerates primary 
Si crystallisation that appears in the microstructure in the form of polyhedral platelets. In 
Na-modification, Na reacts with phosphorus to form sodium phosphite (Na3O3P). The solid 
solution phase in the form of dendrites crystallises out first before the Si phase.

Figure 2. Sodium effect on tensile strength [14].
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nucleation of Si has been contested. However, two limitations were observed in the growth 
model. In a Na-modified casting, a significant change of the microstructure was noted, while 
little spacing changed and fibrous Si form are produced in the directionally grown speci-
mens. Again, it was noted that Na addition has little influence on the equilibrium liquidus 
temperature, but there is a huge change in the plateau temperature produced during the 
thermal investigation of a cast alloy [13]. Enhancement of capacity of Si to branch by Na, in 
the growth models, has been advocated and this reduces spacing and total undercooling, at 
a specified growth velocity.

Conversely, Flood and Hunt concluded in their work that nucleation and Si growth are both 
affected by the addition of Na to Al-Si cast alloys. In the Na-modified casting, two effects were 
reported that [15]:

i. Sodium presence transforms the Si growth morphology from the plate-like form to the 
fibrous form.

ii. If the temperature rise in the liquid is small, Na stops nucleation from happening ahead of 
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Figure 2. Sodium effect on tensile strength [14].
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Significant change is observed in Si morphology and particle spacing when 0.01 wt.%Na was 
added. This process transforms solidifying alloy into highly refined Al-Si eutectic and also, 
reduces temperatures and moves the eutectic point to a higher Si content. The broken line in 
Figure 3 shows the modified Al-Si alloy phase diagram.

Addition of Na modifies the eutectic Si growth to an irregular fibrous form instead of the 
usual coarse flakes. The composition of Al-Si alloy at the new eutectic point due to the 
Na-modification is hypoeutectic instead of hypereutectic, which results in the formation of pri-
mary α-Al instead of Si. Figure 4 shows micrograph of Al-13%wtSi and Al-13%wtSi-0.01%Na 
respectively. Addition of small of the quantity of 0.01%Na as an impurity to Al-Si alloy modi-
fies its microstructure and improves its properties.

Wessén, Andersson and Granath investigated Na-modification effect on the mechanical prop-
erties of a secondary alloy, Al-6%Si-2.5%Cu, produced from rheocasting, applied to thick wall 
components production [17]. The study revealed noteworthy alterations in the microstructure 
of the Na-modified; individual Si lamellar could not be identified, while the average size of 
Si lamellar of the unmodified alloy was 100 μm. The reduction of the quantity of Na from 
4.3×10−5 wt.% to 3×10−5 wt.% did not show a significant change in the structure and shows 
that a trace level of Na can substantially transform eutectic. The energy disperse X-ray spec-
troscopy (EDX) analysis shows intermetallic phases Al2Cu and Al15(Fe, Mn)3Si2 and these are 
shown in the SEM image in Figure 5.

Figure 3. Modified Al-Si alloy phase diagram [16].

Figure 4. Micrograph of [16] (a) Al-13%Si; (b) Al-13%Si-0.01%Na, where 1 = α-Al dendrite; 2 = primary Si; 3 = Eutectic Si; 
4 = α-Al; and 5 = fibrous eutectic Si.
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2.1.2. Strontium: Sr-modification

Modification by Sr and Na has the similar result of fibrous eutectic Si structure. However, 
Na is much more volatile than Sr, as is often considered as a semi-permanent modifier. This 
property and its easy application, coupled with other metallurgical advantages have increased 
the use of Sr as a modifier in recent years. Other advantages are [18–29]: about 80–90% recov-
ery rate; addition melt easily; wide effective concentration range; last long in the melt during 
holding times; less delicate to over-modification; produces smooth appearance castings; found 
in suitable master alloy form; and it does not react with refractories; it has no environmental 
challenges. In a well Sr-modified hypoeutectic casting microstructure, the estimated average 
area of the fibrous eutectic Si particle is 3.8 ± 0.6 μm2 and the aspect ratio is about 1.58 ± 0.29. 
The impact of Sr concentration on strengths is shown in Figure 6.

Figure 5. SEM image showing main intermetallic phases in microstructure [17].

Figure 6. Impact of Sr concentration on strengths of: (a) AA601 cast alloy; and (b) AA401 alloys [20].

Effects of Modification Techniques on Mechanical Properties of Al-Si Cast Alloys
http://dx.doi.org/10.5772/intechopen.70391

65



Significant change is observed in Si morphology and particle spacing when 0.01 wt.%Na was 
added. This process transforms solidifying alloy into highly refined Al-Si eutectic and also, 
reduces temperatures and moves the eutectic point to a higher Si content. The broken line in 
Figure 3 shows the modified Al-Si alloy phase diagram.

Addition of Na modifies the eutectic Si growth to an irregular fibrous form instead of the 
usual coarse flakes. The composition of Al-Si alloy at the new eutectic point due to the 
Na-modification is hypoeutectic instead of hypereutectic, which results in the formation of pri-
mary α-Al instead of Si. Figure 4 shows micrograph of Al-13%wtSi and Al-13%wtSi-0.01%Na 
respectively. Addition of small of the quantity of 0.01%Na as an impurity to Al-Si alloy modi-
fies its microstructure and improves its properties.

Wessén, Andersson and Granath investigated Na-modification effect on the mechanical prop-
erties of a secondary alloy, Al-6%Si-2.5%Cu, produced from rheocasting, applied to thick wall 
components production [17]. The study revealed noteworthy alterations in the microstructure 
of the Na-modified; individual Si lamellar could not be identified, while the average size of 
Si lamellar of the unmodified alloy was 100 μm. The reduction of the quantity of Na from 
4.3×10−5 wt.% to 3×10−5 wt.% did not show a significant change in the structure and shows 
that a trace level of Na can substantially transform eutectic. The energy disperse X-ray spec-
troscopy (EDX) analysis shows intermetallic phases Al2Cu and Al15(Fe, Mn)3Si2 and these are 
shown in the SEM image in Figure 5.

Figure 3. Modified Al-Si alloy phase diagram [16].

Figure 4. Micrograph of [16] (a) Al-13%Si; (b) Al-13%Si-0.01%Na, where 1 = α-Al dendrite; 2 = primary Si; 3 = Eutectic Si; 
4 = α-Al; and 5 = fibrous eutectic Si.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications64

2.1.2. Strontium: Sr-modification

Modification by Sr and Na has the similar result of fibrous eutectic Si structure. However, 
Na is much more volatile than Sr, as is often considered as a semi-permanent modifier. This 
property and its easy application, coupled with other metallurgical advantages have increased 
the use of Sr as a modifier in recent years. Other advantages are [18–29]: about 80–90% recov-
ery rate; addition melt easily; wide effective concentration range; last long in the melt during 
holding times; less delicate to over-modification; produces smooth appearance castings; found 
in suitable master alloy form; and it does not react with refractories; it has no environmental 
challenges. In a well Sr-modified hypoeutectic casting microstructure, the estimated average 
area of the fibrous eutectic Si particle is 3.8 ± 0.6 μm2 and the aspect ratio is about 1.58 ± 0.29. 
The impact of Sr concentration on strengths is shown in Figure 6.

Figure 5. SEM image showing main intermetallic phases in microstructure [17].

Figure 6. Impact of Sr concentration on strengths of: (a) AA601 cast alloy; and (b) AA401 alloys [20].

Effects of Modification Techniques on Mechanical Properties of Al-Si Cast Alloys
http://dx.doi.org/10.5772/intechopen.70391

65



There are challenges that are associated with Sr-modification such as the promotion of gas levels 
in the melt and the cost is comparatively high. Nevertheless, these challenges can be overcome 
by easier melt treatment practice and other casting quality enhancement processes. Over modi-
fication causes the mechanical properties of the alloy to revert to that of a typical unmodified 
alloy, Figure 7 shows the microstructures of, unmodified, modified and over modified alloys.

The transformation of eutectic Si morphology in Al–Si casting alloys from coarse plate-like to 
fine fibrous networks can be achieved by trace addition of Sr the alloy. To further explain the 
process of Sr-modification, Timpel et al investigated the distribution of Sr in two ways [24]: in 
nanometre resolution by transmission electron microscopy (TEM) and in atomic resolution by 
atom probe tomography (APT). The two methods showed that within the eutectic Si phase, there 
is Sr co-segregation with Al and Si. Two kinds of segregations, type I and type II, were identified:

i. Type I segregation is a nanometre-thin rod-like, accountable for the formation of numerous 
twins in a Si crystal and facilitate its development in various crystallographic directions.

ii. Type II segregations are more stretched structures that impede the growth of a Si crystal 
and regulate its branching.

This study agrees with earlier studies of modification mechanisms, which hinged the modi-
fication on growth restriction of eutectic Si phase and impurity induced twinning [11, 25]. 
Figure 8 shows the optical micrographs of Al–10%Si–0.1Fe alloy for unmodified alloy and 200 
ppm Sr-modified alloy.

Atom probe tomography analysis and TEM images of Al and Si interface are presented in 
Figures 9 and 10 respectively. The ATP data set does not contain crystallographic informa-
tion. Therefore, TEM is used to obtain such information with a spotlight on the structural and 
compositional characteristics of the eutectic Si phase.

Figure 7. Eutectic microstructures of fully solidified Al-Si alloys: (a) unmodified commercial purity; (b) unmodified 
high purity; (c) Sr modified commercial purity;(d) Sr modified high purity [21]; over Sr-modification of AA601 alloy: 
(e) >0.03%Sr formation of Al4SrSi2 phase; (f) >0.09%Sr formation of coarse of the eutectic Si [22]; SEM images of etched 
microstructures of the Al-Si eutectic [23], (g) unmodified Al-Si alloy; (h) Sr-modified Al-Si alloy.
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Figure 8. Optical micrographs of Al–10%Si–0.1Fe alloy [24]: (a) and (b) unmodified alloy; (c) and (d) alloy modified by 
200 ppm Sr.

Figure 9. APT analysis of eutectic Al–Si interface of Al–10%Si–0.1%Fe alloy of 200 ppm Sr-modified; (a) iso-density 
surface; (b) representation of 0.17 Sr atoms/nm3 in both co-segregations; (c) concentrations of Al, Si and Sr in proxigram, 
which depend on the distance to the Si/Sr–Al–Si co-segregation interface in (a) and (b) [24].
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In another study, hypoeutectic Al-Si alloys containing two levels of Fe (0.5 and 1.1 wt.%) 
and modifier (Sr) in the range of 30–500 ppm, were investigated. Significant reduction in the 
number of eutectic grains and the formation of polygonal-shaped Al2Si2Sr intermetallic were 
observed in excess addition (100 ppm) of Sr. TEM examination showed that the Al2Si2Sr phase 
is bounded by the P-rich particles, and this infers poisoning or deactivation of nuclei for the 
Al-Si eutectic. The poisoning is due to the formation of Al2Si2Sr phase about the particles. 
Further reduction in the number of eutectic Al-Si nucleation actions was recorded at 1.1 wt.% 
Fe due to the formation of pre-eutectic, β-Al5FeSi platelets.

There is the difference in the nucleation temperatures between unmodified and Sr-modified 
Al-10%Si alloys. In the Sr-modified alloy, the eutectic-nucleation temperature is depressed 
with minimum occurrence before recalescence and growth temperature. Figure 11 shows 
unmodified and Sr-modified Al-10%Si alloys of low Fe (0.5 wt.%) and high Fe (1.1 wt.%) 
cooling curves recorded during solidification, respectively. Considering the curves, Ta is 
α-Al nucleation temperature; Tb is β-Al5FeSi nucleation temperature; and TN is Al-Si eutec-
tic nucleation temperature.

2.1.3. Antimony: Sb-modification

Addition of Sb produces a refined flake-like eutectic structure, unlike Sr or Na-modified alloys, 
which result in a fibrous structure. Sb remains a permanent constituent of the alloy, unlike 

Figure 10. TEM images of eutectic Al–Sr interface of Al–10%Si–0.1%Fe alloy of 200 ppm Sr-modified. (a) Visible internal 
boundary of eutectic Si phase, along a {1 1 1} plane; (b) bright field scanning transmission electron microscopy (BF-STEM) 
image of the enlarged rectangular mark; (c) high angle annular dark field (HAADF) image of the enlarged rectangular 
mark; (d) and (e) energy disperse X-ray spectroscopy (EDX) mapping of Sr and Al [24].
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Sr and Na, which fade away with time. Because of this, the supplier adds it to the foundry 
ingot. The ultimate tensile strength of unheated treated alloy, AlSi6Cu4, was improved from 5 
to 10% by increasing the addition of Sb from 1000 to 2500 ppm to the alloy respectively [26]. 
The Sb-modification decreases the size of grain but increases the number. The maximum size 
of unmodified Al-Si alloy grain is about 220 μm. The size of the eutectic grain is reduced 
from 156 μm (0 ppm Sb) to 84 μm (1000 ppm Sb) by Sb-modification. Antimony, Sb, is widely 
used in Japan and Europe and commonly called permanent modifier. Its addition to molten 
Al-Si alloy is straightforward, as it does not require any special set up, and once it is added, it 
becomes a permanent part of the alloy. The use of Sb as a modifier has merits such as insensi-
tive to re-gassing; it does not fade; and is appropriate for components that are susceptible to 
porosity formation. However, Sb-modification has the following drawbacks: Sb reacts and 
reduces the effectiveness of Sr and Na; Sb may react with hydrogen dissolved in the metal and 
forms a stabile gas, a toxic material; may cause the slower solidifying regions of casting poor 
mechanical properties; and Sb is least effective, as lowest level of transformation is achieved 
compared to Sr and Na [20, 27].

2.2. Effect of modification on casting quality

Despite many years of application, Na and Sr modification and its influence on the gas con-
tent of Al-Si alloy melts are still being contested by researchers. Several studies declare that 
Sr-modification has no effect on the alloy’s hydrogen content [28, 29]. The measured hydrogen 
content in a melt after 0.03% Sr addition, using Al-90% Sr master alloy, to a non-degassed A356 
melt at 710°C, is shown in Figure 12. Others claim that Sr-modification levels addition above 
0.10–0.12% causes gas porosity [30–32]. Porosity formation in alloys during solidification is a 
major challenge for casting industry due to its negative effect on total elongation and fatigue 
performance. Jahromi et al. reported that 0.013% Sr and 0.1% Sb were found to be the optimum 
additions to modified A356 alloy to fibrous structure in a sand casting. More porosity developed 
in Sr-modified than Sb-modified [29]. Denton and Spittle reported that hydrogen content of Al-Si 
alloys increased significantly in the addition of Sr to Al-Si melts, at elevated temperatures [33].

Figure 11. Cooling curves during solidification of Al-10Si alloys in the unmodified and Sr-modified conditions containing 
(a) low Fe (0.5 wt.%); (b) high Fe (1.1 wt.%) [18].
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3. Rapid cooling (quenching) and mechanical modification

Coarse columnar grain structures are developed by Al-Si cast alloys under normal casting 
conditions. But these structures can be transformed into fine grain structures and uniform 
distribution in the alloy by mechanical modification and through rapid cooling. Rapid cool-
ing results in a fine dendritic structure in the alloy [34, 35]. Large dendritic structure is 
due to undercooling during solidification. Rate of cooling affects the size of critical nuclei, 
and subsequently, the effective number of nuclei that will ultimately produce fine-grained 
structures.

Cooling rate can be expressed by this relation:

  d = C  v   −n   (1)

where d—secondary dendrite arms spacing, SDAS, (μm); C and n—are constants; and v—
cooling rate (°K/s).

The local solidification times (tf) can be calculated in terms of SDAS measurements through 
the following expression [36]:

  SDAS = 5.5   [  
 Γ  sl    D  l   ln (  
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  1 __ 3  

   (2)

where Γsl—Gibbs-Thomson coefficient; Dl—diffusion coefficient in liquid; ml—liquidus curve 
slope; k0—coefficient of partition; Ceut and C0—are the eutectic composition and the initial 
alloy concentration respectively.

Figure 12. Effect of addition of 0.03% Sr to a non-degassed A356 melt at 710°C [22].
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The removal of superheat and latent heat from a liquid at a cooling rate of 102–106 K/s to form 
solid is called rapid solidification. To accomplish this, there are certain conditions that must 
be satisfied [37]. There should be impressive:

i. High undercooling before solidification occurs

ii. High solidification front speed during continuous solidification

iii. Rapid cooling during solidification

Duwez and his team at the California Institute of Technology developed an innovative 
method in 1960 to increase solid solubility and to yield metastable crystalline in some simple 
binary eutectic alloy structures [38]. A similar process was performed earlier by a Russian 
researcher, Salli, in 1958 [7]. In their modification technique, a gun was applied to deposit 
a small droplet of molten metal, at high velocity, on a freezing surface. This resulted in the 
formation of an irregular solidified splat of metal. The estimated cooling rate range of the 
process reported was 105 to 106 K/s as against the conventional cooling rate of 102 K/s or 
less. Other metal rapid quenching systems, with varied solidification effects, have been intro-
duced since the development of fast cooling by Duwez. However, the common principal aims 
of these systems are to: increase solid solubility limits; decrease grain size; create metastable 
crystalline phases; form metallic glasses; and increase chemical homogeneity. Recent studies 
have shown that rapid cooling systems such as atomisation, melt spinning and splat quench-
ing are effective in the modification of Si phase in Al-Si alloys. In an investigative study, 
the microstructure and mechanical properties of A356 alloy prepared from a copper mould 
cooled by a phase-transition medium [34]. The study reported that a cooling rate of 102 K/s 
was obtained using this method and this method was described as a fast-cooling technology. 
The study indicated that:

i. Variation in the quantity of cooling medium controlled the cooling rate to a certain 
extent.

ii. The primary and SDAS were better refined by this technology compared to the use of 
conventional casting technique

iii. Increase in cooling rate decreases SDAS while strength and microhardness increase 
correspondingly.

The studies essentially focused on: characterisation of rapidly solidified Al-Si alloys micro-
structure; and the determination of retained-Si amount in α-Al by X-ray diffraction methods, 
which depends on lattice parameter.

3.1. Al-Si alloy quenching media

There are several quenching fluids (quenchants) used in the quenching of high strength Al-Si 
alloys. There is no an ideal all-purpose quenchant, their applications depend on some factors 
such as composition, cast thickness, etc. Quenchants that are commonly used for different 
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such as composition, cast thickness, etc. Quenchants that are commonly used for different 
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aluminium alloys are water spray, cold water immersion, hot water immersion, air blast, still 
air, glycols/polymers, fast quenching oil, liquid nitrogen and brine solutions [39]. Water is the 
most common quenchant, with the advantages of being cheap, readily available and provid-
ing the fast cooling rate needed to produce the required properties. Furthermore, the tem-
perature of water can be altered to produce a wide range of quenching characteristics. Boiling 
water is used in many aluminium alloys quenching operations due to sufficient cooling rate. 
Colder water or polymers may be used in the case of premium property requirements, such 
as in A357 and A201 castings alloys [40].

In 2014, Abdulazeez et al. observed that microhardness of Al-Si-Mg alloys is affected by quen-
chants differently [41]. Water quenching was said to give higher microhardness compared to 
polymers. This was attributed to faster cooling rate, restraining elements from solid solution 
(α-Al) diffusion and grain boundary precipitation by water. The generally acceptable water 
quenching temperatures ranges for various aluminium alloys are presented in Table 2.

In the heat treatment sequence, quenching is the next vital process, and its purposes are as 
follows: to suppress precipitation; to preserve the maximum amount of hardening elements 
precipitates in solution to develop a supersaturated solid solution at low temperatures; and to 
confine several vacancies [42]. Quench rate limit is 4°C/s, above this, the yield strength increases 
slowly. To maximise vacancy confinement concentration and minimise part deformation after 
quenching, optimal quenching rate is required. A slow quenching rate reduces residual distor-
tion and stresses in parts, but it causes harmful effects such as precipitation during quenching; 
reduction in grain boundaries; increase tendencies for corrosion; localised over-ageing and 
leads to a response to ageing treatment reduction. Optimal cooling rate should be established, 
and the optimum combination of ductility and strength depends on rapid cooling.

4. Mechanical modification techniques

Modification of Al-Si alloy can as well be achieved through the use of mechanical techniques, 
such as centrifuge, sonic and ultrasonic vibration, squeezing, etc. These mechanical means have 

Type Alloy/temper Water temperature (°C)

21–32 54–65.6 60–71 65.6–100

Casting C355 ✓

A356 ✓

AA356 premium ✓ ✓

AA357 premium ✓

AA201 ✓

Table 2. Normal water quenching temperatures for some aluminium casting alloys.
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been identified to cause grain refinement, density increase, shrinkage, degassing, change size, 
shape and distribution of the second phase [43, 44]. Refinement is produced through some 
mechanical means of breaking up newly developed dendrites, as in case of semisolid-metal 
(SSM) casting technique. The size, distribution and morphology of α-Al particles govern die 
filling, and subsequently, control the ability to produce thin wall castings.

4.1. Vibration energy

Refinement of primary austenite structure was achieved by Chernov in 1868 by applying 
vibration during solidification [45]. Since then, several other researchers have investigated 
and applied the beneficial effects of vibration energy to treat many alloys of aluminium, zinc, 
brass, etc. during solidification [46, 47]. Vibration influences the structure of a solidifying 
alloy by suppressing the growth of columnar and the formation of equiaxed grains. The effect 
of vibration on unmodified and Na-modified alloy has been reported. A schematic of a mould 
mounted on the vibrator or shaker is shown in Figure 13.

These beneficial effects include nucleation promotion, which reduces as-cast grain size; 
decreases shrinkage porosities; and stimulates the formation of a more homogeneous metal 
structure with cracking susceptibility decrease. Therefore, due to vibration, alterations occur 
to the morphologies and dispersion of eutectic and dendritic phases in the microstructure. 
Pillar’s study revealed that eutectic Si of unmodified Al-Si alloys was modified by vibration 
at a frequency of 12 Hz and amplitude of 10 mm [48]. Contrarily, it was found that vibration 
coarsened the eutectic Si in Na-modified Al-Si alloys and this was attributed to fine eutectic 
Si agglomeration. Abu-Dheir et al. observed that at constant frequency of 100 Hz and varying 
amplitude resulted in different degree of breakup of the dendrites and eutectic Si phase [49]. 
Micrographs of Al-12.5% Si castings of without vibration and with vibration at 100 Hz are 
shown in Figure 14.

It was seen in the optical micrographs that degree of fragmentation is a function of the ampli-
tude, which shows proportionality. However, the study indicated that there is a limit of 

Figure 13. Schematic of mould assembly mounted on the vibrator.
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amplitude above which the size of fragmented dendrites and eutectic Si start to form coarse 
flakes due to agglomeration. The microstructural characteristics of Al–12.5% Si casting with-
out and with vibration at constant frequency (100 Hz) and varying amplitude are presented 
in Table 3.

Figure 14. Micrographs of Al-12.5% Si castings (a) casting without vibration; (b) with vibration at 100 Hz and 18 μm; (c) 
with vibration at 100 Hz and 149 μm; (d) with vibration at 100 Hz and 199 μm [49].

Casting condition Lamellar spacing (μm) Si flake length (μm) Notes

No vibration 2.5 27 Si cuboids, large dendrites

18 μm 2 15 Broken dendrites

49 μm 2.77 31 Refined broken dendrites

149 μm N/A N/A Fibrous Si observed

199 μm 1.5 10.5 Coarse Si flakes

Table 3. Microstructural characteristics of Al–12.5% Si casting without and with vibration at constant frequency (100 Hz) 
and varying amplitude [49].

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications74

There are different methods of applying vibration. Electromagnetic vibration is one of the non-
contact methods used to generate vibration in the solidifying alloy. The vibration is produced 
by using an orthogonal static magnet and alternating electric fields [50]. It was observed that 
the collapse of the cavities created by this method was accountable for the refinement of the 
microstructure for Al–7% Si and Al–17% Si [51].

4.2. Centrifugal casting technique

Centrifugal casting technique (CCT) is a casting production process that involves rotation of a 
mould during pouring and solidification of the casting. The schematic in Figure 15 shows the 
forms and the major components of a centrifugal casting machine [52].

The attributes of material depend not only on the composition chemistry but also on the 
morphologies and distribution of the microstructural features present in the microstructure. 
These microstructural features include the primary and eutectic Si phases, α-Al dendritic 
and intermetallics. Low solidification rate results in large flakes of Si, large dendritic cells 
and large inter-dendrite arm spacing of α-aluminium dendrites. Centrifugal casting process 
increases cooling rate and consequently, produces small dendritic cells, small inter-dendrite 
arm spacing and small flakes of Si. Alloys of Al-Si by CCT are morphologically transformed 
from acicular to fibrous [52]. Micrographs of A390-5%Mg alloy as-cast fabricated by gravity 
casting and CCT are shown in Figure 16.

Speed of rotation is a parameter that controls the rate at which centrifugal casting process affects 
cooling. Some studies have reported that mould rotational speed range of 1200–1500 RPM as 
the optimum [53] and other relevant processing parameters are pre-heating and pouring tem-
peratures [52]. The effect of CCT on casting can be classified into three: centrifugal pressure, 
inherent vibration of the process and fluid dynamics.

Figure 15. Classification of centrifugal casting methods [52]. (a) horizontal true centrifugal casting process; (b) horizontal 
inclined centrifugal casting process; (c) vertical true centrifugal casting process; (d) semi vertical centrifugal casting 
process; (e) vertical inclined centrifugal casting process.

Effects of Modification Techniques on Mechanical Properties of Al-Si Cast Alloys
http://dx.doi.org/10.5772/intechopen.70391

75



amplitude above which the size of fragmented dendrites and eutectic Si start to form coarse 
flakes due to agglomeration. The microstructural characteristics of Al–12.5% Si casting with-
out and with vibration at constant frequency (100 Hz) and varying amplitude are presented 
in Table 3.

Figure 14. Micrographs of Al-12.5% Si castings (a) casting without vibration; (b) with vibration at 100 Hz and 18 μm; (c) 
with vibration at 100 Hz and 149 μm; (d) with vibration at 100 Hz and 199 μm [49].

Casting condition Lamellar spacing (μm) Si flake length (μm) Notes

No vibration 2.5 27 Si cuboids, large dendrites

18 μm 2 15 Broken dendrites

49 μm 2.77 31 Refined broken dendrites

149 μm N/A N/A Fibrous Si observed

199 μm 1.5 10.5 Coarse Si flakes

Table 3. Microstructural characteristics of Al–12.5% Si casting without and with vibration at constant frequency (100 Hz) 
and varying amplitude [49].

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications74

There are different methods of applying vibration. Electromagnetic vibration is one of the non-
contact methods used to generate vibration in the solidifying alloy. The vibration is produced 
by using an orthogonal static magnet and alternating electric fields [50]. It was observed that 
the collapse of the cavities created by this method was accountable for the refinement of the 
microstructure for Al–7% Si and Al–17% Si [51].

4.2. Centrifugal casting technique

Centrifugal casting technique (CCT) is a casting production process that involves rotation of a 
mould during pouring and solidification of the casting. The schematic in Figure 15 shows the 
forms and the major components of a centrifugal casting machine [52].

The attributes of material depend not only on the composition chemistry but also on the 
morphologies and distribution of the microstructural features present in the microstructure. 
These microstructural features include the primary and eutectic Si phases, α-Al dendritic 
and intermetallics. Low solidification rate results in large flakes of Si, large dendritic cells 
and large inter-dendrite arm spacing of α-aluminium dendrites. Centrifugal casting process 
increases cooling rate and consequently, produces small dendritic cells, small inter-dendrite 
arm spacing and small flakes of Si. Alloys of Al-Si by CCT are morphologically transformed 
from acicular to fibrous [52]. Micrographs of A390-5%Mg alloy as-cast fabricated by gravity 
casting and CCT are shown in Figure 16.

Speed of rotation is a parameter that controls the rate at which centrifugal casting process affects 
cooling. Some studies have reported that mould rotational speed range of 1200–1500 RPM as 
the optimum [53] and other relevant processing parameters are pre-heating and pouring tem-
peratures [52]. The effect of CCT on casting can be classified into three: centrifugal pressure, 
inherent vibration of the process and fluid dynamics.

Figure 15. Classification of centrifugal casting methods [52]. (a) horizontal true centrifugal casting process; (b) horizontal 
inclined centrifugal casting process; (c) vertical true centrifugal casting process; (d) semi vertical centrifugal casting 
process; (e) vertical inclined centrifugal casting process.

Effects of Modification Techniques on Mechanical Properties of Al-Si Cast Alloys
http://dx.doi.org/10.5772/intechopen.70391

75



5. Conclusion

Components made of materials in their natural forms often do not satisfactorily meet 
functional requirements, due to harsh and extreme working environments. Scientists and 
engineers have continuously modified these natural occurring materials, using different 
production processes, to suit their harsh working environments. Material’s mechanical, 
physical and chemical properties depend on the size, morphology and dispersion of the 
constituents of the microstructure of the material. Aluminium is one of such natural mate-
rials that have evolved into several alloys and composites. The mechanical properties of 
aluminium-based alloys and composites have further been improved by microstructural 
alteration processes, termed as modification processes. These modification techniques can 
be classified into three:

i. Chemical modification processes; addition of a calculated amount of nucleation agents

ii. Mechanical modification processes; ultrasonic, squeeze, stirring, centrifugal, and vibra-
tion methods

iii. Thermal modification process; superheating, quench and cooling

Chemical modification, which is the addition of trace levels of certain elements, such as Na, Sr 
and Sb, into aluminium alloys, is most effective. However, optimal modification occurs when 
thermal modification process is combined with chemical or mechanical process.
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Figure 16. Micrographs of A390-5%Mg alloy as-cast (a) by gravity casting and (b) by CCT.
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Abstract

This chapter investigates on the characterization of friction stir welded dissimilar alu-
minium alloys AA2024 with AA5052, AA2024 with AA6061 and AA 5052 with AA6061. 
Five tool designs were employed with first two dissimilar combinations to analyze the 
influence of rotation and traverse speed over microstructural and mechanical proper-
ties. H13 tool steel was used as tool material with various pin profiles which includes 
cylindrical, cylindrical-threaded, squared, tapered and stepped types. In the dissimilar 
welding of AA 2024 with AA 5052, sound welds were produced with stepped pin tool. In 
the dissimilar welding of AA 2024 with AA 6061, ratio between tool shoulder to diameter 
of tool pin was the most influential factor. Welded joints failed in the Heat affected zone 
(HAZ) of 6061 where the hardness values were comparatively less. In dissimilar welding 
of AA 5052 with AA6061, cylindrical pin tool was used at a constant speed of 710 rpm and 
at different feed rates of 28 and 40 mm/min. Micro structural examination showed varia-
tion of grain size in every zone and their influence on mechanical properties. Correlating 
mechanical and metallurgical properties, the optimized process parameters of speed and 
feed were identified to be 710 rpm and 28 mm/min respectively for all attempted dis-
similar combinations.

Keywords: aluminium alloy, friction stir welding, dissimilar welding, AA2024, 
AA 5052, AA6061

1. Introduction

Aluminium alloys are widely used in variety of applications ranging from basic to complex 
such as in the making of aircraft bodies. Due to varied service conditions, there are scenarios 
where different series of aluminium alloys are to be joined. The most extensively used non 
precipitation hardenable series of Al alloys in aeronautical applications are 3xxx, 5xxx. Some 
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of the precipitation hardenable series of Al alloys include 2xxx, 6xxx and 7xxx series. Merits of 
2xxx series are that they possess excellent mechanical properties at high temperatures whereas 
7xxx series show good mechanical properties at low temperatures and also exhibit high cor-
rosion resistance properties [1]. Identification of appropriate joining process and process 
parameters employed becomes important in service performance of these materials and in its 
actual service conditions. aluminium alloys are lighter yet possess good strength and ductil-
ity. This makes the material a preferable candidate to work in varied working environments.

AA2024, AA5052 aluminium alloys are widely used in, automotive, aerospace and shipbuilding 
industries [2]. Fusion welding of dissimilar aluminium alloys is very challenging mainly due 
to the formation of low melting eutectics by the constituent elements resulting in weld solidifi-
cation cracking. Hot cracking in aluminium alloys are extremely sensitive to weld metal com-
positions [3]. Hence solid state joining process becomes more suitable for welding aluminium 
alloys, since this process does not involve melting. Hence the defects like weld solidification 
cracking, porosity, segregation, liquid cracking on heat effected zone and brittle inter metallic 
formation could be avoided using this technique [2, 4]. In FS welding techniques, tool geometry 
plays a major role in obtaining desirable metallurgical and mechanical properties [5–7].

In this study AA2024 and AA5052 were fabricated using friction stir welding process using five 
different tool pin profiles. Four traditional pin profiles namely cylindrical, threaded, squared, 
tapered pin and a newly designed stepped pin profile were employed in this research. Al-Cu 
dissimilar metals were welded as in reference [4] and found that better tensile strengths 
were achieved in the plates which was welded at 710 rpm, where the tested speed range was 
600–1000 rpm. They also concluded that the defect-free joints could be obtained when the 
plates that had superior mechanical properties were fixed on the advancing side. The author 
reported that the pin transfers the material layer by layer, while the shoulder transfers the 
material in bulk and forges it. FS welding of AA 6061 has experimented as in reference [8] by 
changing ratio of shoulder to pin diameter and reported that the defect free welding can be 
obtained when keeping the D/d ratio is 3:1. Studies on the FS welding of AA 2219-AA5083 
alloy as in reference [3] by changing various pin profiles and found that, cylindrical threaded 
pin has produced defect free welding with good tensile strength. From extensive literature 
survey it can be deduced that the newly developed stepped pin profile has not been incorpo-
rated in the friction stir welding of aluminium alloys.

Aluminium alloy AA6061, is extensively used in marine industries and in the construction 
of storage tanks and pipelines. Joining process for dissimilar materials are considered quite 
challenging as compared to joining similar metals, due to change in chemical composition of 
base metals and their mechanical properties [9–11]. Fusion welding of nonferrous metals is 
tedious due to high heat inputs. Formation of secondary phase in friction stir welding (FSW) 
process is absent since the temperature reached in this process is well below the melting point 
of parent metals.

Thermal dissipation emanates local isothermal stresses. This thermal gradient developed has 
important and adverse effect on the metallurgical properties and in turn on the mechanical 
properties of the joint, precisely in the formation of soft zones. This microstructural change 
affects the performance in service conditions of the weld joints, since mechanical properties 
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decreases with reference to the base material. Valuable details can be obtained by understand-
ing weld thermal cycles precisely in conjunction with transformation curves and their micro-
structural effect in mechanical properties [12].

Literatures indicate that optimal parameters for joining of dissimilar aluminium alloys are 
rotation speeds being 600–1000 rpm, D/d ratio of 3:1 traverse speeds around 15–40 mm/min. 
Out of many materials processed using FSW, the most commendable results obtained were 
for aluminium and all of its alloys including cast and wrought conditions. Most influential 
parameters in the FSW process were researched to be tool geometry, travel speed, rotational 
speed, rotational direction, rotational axis, eccentricity [13]. Studies show that out of two base 
metals employed, when harder material is placed on the advancing side and softer material 
in retreating side, better mechanical properties are obtained. Different tool profiles are inves-
tigated by researchers, as geometry of tool pin plays a major role in FSW. Threaded, squared 
and triangular tool pin profiles are efficient to transfer the material from top to bottom of 
the joint and vice versa by stirring action. The analysis of the results during certain experi-
ments by researchers revealed that during the time of mechanical tests performed, the crack 
initiation may be significant, at least for welded joints with relative lower stress concentra-
tions and low to moderate loads [14]. Certain researchers have attempted various welding 
techniques on aluminium alloys. Gas metal arc welding (GMAW), shielded metal arc weld-
ing (SMAW) and gas tungsten arc (GTA) welds have been attempted for welding aluminium 
alloys. Important morphological characteristics have been observed on MIEW process when 
compared to that of GMA welds. When MIEW welds were fabricated, solidification process 
tended to promote heterogeneous nucleation. Therefore, auto refinement of grain size is pro-
moted. On the other hand, when multi pass GMA welds were employed, columnar epitaxial 
solidification happens resulting in increase in grain size [15, 16].

Aluminium alloys AA 5052 and AA 6061 are FS welded with specific tool contours and using 
two welding parameters of variable feed rate and constant speed. This chapter also discusses 
on characterization of metallurgical and mechanical properties of the above combination to 
evaluate the performance characteristics of FS welded joints.

2. Experiments and procedures

2.1. Materials and methods

The materials used in this study are commercially available AA 2024-T4 (Al-Cu alloy), AA 5052 
and AA 6061-T4 (Al-Mg-Si alloy). Plates of 5 mm thick AA2024, AA5052 and AA6061 were 
friction stir welded in certain combinations using conventional milling machine employing a 
specially designed fixture. The chemical compositions of the samples are tabulated in Table 1.

D/d ratio (shoulder/pin) was kept as 3, where shoulder diameter is 16 mm and pin diameter 
being 6 mm. The aluminium plates were made into coupons of 100 mm × 50 mm where the 
welding was carried out using milling machine with necessary fixtures. AISI H13 tool steel 
which has high thermal fatigue resistance was used in this study.

Friction Stir Welding of Aluminium Alloys
http://dx.doi.org/10.5772/intechopen.70233

83



of the precipitation hardenable series of Al alloys include 2xxx, 6xxx and 7xxx series. Merits of 
2xxx series are that they possess excellent mechanical properties at high temperatures whereas 
7xxx series show good mechanical properties at low temperatures and also exhibit high cor-
rosion resistance properties [1]. Identification of appropriate joining process and process 
parameters employed becomes important in service performance of these materials and in its 
actual service conditions. aluminium alloys are lighter yet possess good strength and ductil-
ity. This makes the material a preferable candidate to work in varied working environments.

AA2024, AA5052 aluminium alloys are widely used in, automotive, aerospace and shipbuilding 
industries [2]. Fusion welding of dissimilar aluminium alloys is very challenging mainly due 
to the formation of low melting eutectics by the constituent elements resulting in weld solidifi-
cation cracking. Hot cracking in aluminium alloys are extremely sensitive to weld metal com-
positions [3]. Hence solid state joining process becomes more suitable for welding aluminium 
alloys, since this process does not involve melting. Hence the defects like weld solidification 
cracking, porosity, segregation, liquid cracking on heat effected zone and brittle inter metallic 
formation could be avoided using this technique [2, 4]. In FS welding techniques, tool geometry 
plays a major role in obtaining desirable metallurgical and mechanical properties [5–7].

In this study AA2024 and AA5052 were fabricated using friction stir welding process using five 
different tool pin profiles. Four traditional pin profiles namely cylindrical, threaded, squared, 
tapered pin and a newly designed stepped pin profile were employed in this research. Al-Cu 
dissimilar metals were welded as in reference [4] and found that better tensile strengths 
were achieved in the plates which was welded at 710 rpm, where the tested speed range was 
600–1000 rpm. They also concluded that the defect-free joints could be obtained when the 
plates that had superior mechanical properties were fixed on the advancing side. The author 
reported that the pin transfers the material layer by layer, while the shoulder transfers the 
material in bulk and forges it. FS welding of AA 6061 has experimented as in reference [8] by 
changing ratio of shoulder to pin diameter and reported that the defect free welding can be 
obtained when keeping the D/d ratio is 3:1. Studies on the FS welding of AA 2219-AA5083 
alloy as in reference [3] by changing various pin profiles and found that, cylindrical threaded 
pin has produced defect free welding with good tensile strength. From extensive literature 
survey it can be deduced that the newly developed stepped pin profile has not been incorpo-
rated in the friction stir welding of aluminium alloys.

Aluminium alloy AA6061, is extensively used in marine industries and in the construction 
of storage tanks and pipelines. Joining process for dissimilar materials are considered quite 
challenging as compared to joining similar metals, due to change in chemical composition of 
base metals and their mechanical properties [9–11]. Fusion welding of nonferrous metals is 
tedious due to high heat inputs. Formation of secondary phase in friction stir welding (FSW) 
process is absent since the temperature reached in this process is well below the melting point 
of parent metals.

Thermal dissipation emanates local isothermal stresses. This thermal gradient developed has 
important and adverse effect on the metallurgical properties and in turn on the mechanical 
properties of the joint, precisely in the formation of soft zones. This microstructural change 
affects the performance in service conditions of the weld joints, since mechanical properties 

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications82

decreases with reference to the base material. Valuable details can be obtained by understand-
ing weld thermal cycles precisely in conjunction with transformation curves and their micro-
structural effect in mechanical properties [12].

Literatures indicate that optimal parameters for joining of dissimilar aluminium alloys are 
rotation speeds being 600–1000 rpm, D/d ratio of 3:1 traverse speeds around 15–40 mm/min. 
Out of many materials processed using FSW, the most commendable results obtained were 
for aluminium and all of its alloys including cast and wrought conditions. Most influential 
parameters in the FSW process were researched to be tool geometry, travel speed, rotational 
speed, rotational direction, rotational axis, eccentricity [13]. Studies show that out of two base 
metals employed, when harder material is placed on the advancing side and softer material 
in retreating side, better mechanical properties are obtained. Different tool profiles are inves-
tigated by researchers, as geometry of tool pin plays a major role in FSW. Threaded, squared 
and triangular tool pin profiles are efficient to transfer the material from top to bottom of 
the joint and vice versa by stirring action. The analysis of the results during certain experi-
ments by researchers revealed that during the time of mechanical tests performed, the crack 
initiation may be significant, at least for welded joints with relative lower stress concentra-
tions and low to moderate loads [14]. Certain researchers have attempted various welding 
techniques on aluminium alloys. Gas metal arc welding (GMAW), shielded metal arc weld-
ing (SMAW) and gas tungsten arc (GTA) welds have been attempted for welding aluminium 
alloys. Important morphological characteristics have been observed on MIEW process when 
compared to that of GMA welds. When MIEW welds were fabricated, solidification process 
tended to promote heterogeneous nucleation. Therefore, auto refinement of grain size is pro-
moted. On the other hand, when multi pass GMA welds were employed, columnar epitaxial 
solidification happens resulting in increase in grain size [15, 16].

Aluminium alloys AA 5052 and AA 6061 are FS welded with specific tool contours and using 
two welding parameters of variable feed rate and constant speed. This chapter also discusses 
on characterization of metallurgical and mechanical properties of the above combination to 
evaluate the performance characteristics of FS welded joints.

2. Experiments and procedures

2.1. Materials and methods

The materials used in this study are commercially available AA 2024-T4 (Al-Cu alloy), AA 5052 
and AA 6061-T4 (Al-Mg-Si alloy). Plates of 5 mm thick AA2024, AA5052 and AA6061 were 
friction stir welded in certain combinations using conventional milling machine employing a 
specially designed fixture. The chemical compositions of the samples are tabulated in Table 1.

D/d ratio (shoulder/pin) was kept as 3, where shoulder diameter is 16 mm and pin diameter 
being 6 mm. The aluminium plates were made into coupons of 100 mm × 50 mm where the 
welding was carried out using milling machine with necessary fixtures. AISI H13 tool steel 
which has high thermal fatigue resistance was used in this study.

Friction Stir Welding of Aluminium Alloys
http://dx.doi.org/10.5772/intechopen.70233

83



2.2. Mechanical characterization

Tensile test was carried out using INSTRON 8801 UTM according to ASTM E8/E8M standards 
of sub size specimen and the tests were carried out at a strain rate of 0.5 mm/min. Micro hard-
ness measurements were carried out at a load of 100 gf with dwell time of 10 s and distance of 
0.25 mm interval across the weldment.

2.3. Microstructural characterization

To study the microstructure of the weldments of these dissimilar aluminium alloys Keller’s 
reagent (150 ml water + 3 ml of Nitric Acid, 6 ml of hydrochloric and hydrofluoric acid) was 
used. In order to analyze the constituents in thermo-mechanically affected zone (TMAZ) 
and weld, scanning electron microscopy (SEM) with energy-dispersive spectroscopy (EDS) 
was used.

2.4. Process parameters

In dissimilar welding of AA2024 with AA 5052 and AA 2024-T4 (Al-Cu alloy) with AA 6061-
T4 (Al-Mg-Si alloy) welding was carried out by placing AA2024 in the advancing side. It 
was due to higher mechanical strength of AA 2024. AA 5052 and AA6061 were placed on the 
retreating side. Different pin profiles viz. cylindrical, threaded, squared, tapered and stepped 
pin were used in this study. The length of tool pin is kept constant at 4.8 mm. Experiments 
were conducted at a feed rate of 40 mm/min and 28 mm/min against two different speeds of 
710, 1000 rpm. The tensile test results welded with all tool profiles and their Ultimate tensile 
strength (UTS) values along with place of fracture is tabulated in Table 2.

The process parameters used in the welding of AA 2024-T4 (Al-Cu alloy) and AA 6061-T4 
(Al-Mg-Si alloy) is given in Table 3.

S No Tool pin profile UTS (MPa) Percentage strength Fracture spot

1 Threaded 259 78 TMAZ of 5052

2 Squared 200 60 Weld

3 Stepped 297 90 TMAZ of 5052

4 Cylindrical 195 59 Weld

5 Tapered 202 61 Weld

Table 2. Tensile test results of AA 2024 and AA 5052 welded specimens.

Material Mg Mn Cu Fe Si Cr Zn Ti Al % of Elongation

AA2024 1.5 0.6 4.35 0.5 0.5 0.10 0.25 0.15 Rem 137

AA5052 1.4 0.14 0.14 0.4 0.26 0.15 0.08 – Rem 330

AA6061 1 0.15 0.27 0.7 0.6 0.19 0.6 0.15 Rem 75

Table 1. Chemical composition of base metals.
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The dissimilar alloys AA 5052 and AA6061 were butt welded using cylindrical pin tool with 2 
threads. AA 5052 was kept at the advancing side and AA6061 in the retreating side. The two spec-
imens were welded using two parameters: 710 rpm at 28 mm/min and 710 rpm at 20 mm/min.

3. Results and discussion

3.1. Dissimilar friction stir welding of AA 2024 - AA5052 alloys

3.1.1. Metallurgical characterization

The different types of pin profiles used in this work along with the corresponding tool dimen-
sions can be seen from Figure 1(a–e).

It is observed that macroscopic defects appeared when using the cylindrical pin tool. The 
cross sectional macrograph is represented in Figure 2(a–e).

It clearly shows void defect while using cylindrical and tapered pin tool. This could be due to 
inferior metal flow during the welding process while using the corresponding profile tools. On 
the other hand, the joints fabricated using threaded, squared and stepped pin appeared to be 
free from defects which could possibly be due to effective mix-up and proper inter diffusion of 
elements from both base metals. It could also be due to optimized heat input within the weld 
nugget while using these profiled tools. This may be due to lack of heat input during the weld-
ing process and the nature of pin profile. Comparing all tool pin profiles, threaded pin and 
stepped pin resulted in uniform mix-up of elements from both base metals. The micrographs 
of FS welded samples obtained using these tool profiles are represented in Figure 3(a–f).

It is observable from Figure 3(a and d) that the material flow from advancing side of AA2024 
to the weld nugget is vivid in both threaded and stepped pin profiles. Further refined grain 
structures appeared on the weld nugget as well as on the AA2024 side.

S No Tool design Rotational speed Traverse speed (mm/
min)

Tilting angle (deg)

1 Threaded pin 710 and 1000 rpm 28 2

2 40

3 Squared pin 710 and 1000 rpm 28

4 40

5 Tapered pin 710 and 1000 rpm 28

6 40

7 Cylindrical pin 710 and 1000 rpm 28

8 40

9 Stepped pin 710 and 1000 rpm 28

10 40

Table 3. Welding parameters of AA 2024 and AA 5052 alloys.
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3.1.2. Mechanical characterization

The tensile test has been carried out for the FS welded samples and the averaged results are 
represented in Table 2. Two samples were tested on weldments fabricated with each tool 
pin profiles to ensure the repeatability of weld consistency and testing. Samples welded 
with threaded pin gave tensile strength of 259 MPa which is 78% of the strength of AA5052. 
Interestingly the stepped pin profile yielded tensile strength of 297 MPa. The fracture also 
occurred at the TMAZ of AA5052 and not in the weld. Squared pin, cylindrical pin, and 
tapered pin fractured in nugget with 60, 59, and 61 percentage of base strength of AA 5052. 
Stress-strain graphs plotted for both samples are depicted in Figure 4.

Figure 1. Various tool pin profiles used and their dimensions.

Figure 2. Cross sectional macrostructures of welded samples.
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The hardness profiles of the samples welded with traditional tool pins were found to have 
lower range of hardness value in the weld nugget and heat affected zone. In both the cases, it 
is apparent the hardness values in the weld nugget seems to be higher than that of the base 
metal of AA 5052 and less that of AA2024. Hardness plot for threaded and stepped pin profile 
weldments can be seen from Figure 5.

Sudden drop in the hardness value from weld zone to TMAZ in retreating side led to the frac-
ture at that point as micro hardness values are directly proportional to the strength of weld 
which is also evident from the tensile test. The hardness profile noticed in the weld region of the 
sample welded with stepped pin is comparatively higher than that of the hardness achieved in 

Figure 3. Microstructures captured at various zones of AA 2024 and AA5052 welds.

Figure 4. Stress strain plots of AA 2024 and AA 5052 welded samples.
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joints obtained using other tool profiles eventually proving high strength. Average micro-hard-
ness value of 150 HV was obtained in the welded joints produced through stepped pin tool.

3.2. Dissimilar friction stir welding of AA2024-AA6061 alloys

The surface morphologies of the weld fabricated using cylindrical, threaded and squared pin 
tool profile are shown in Figure 6(a and b).

The traverse speed and rotational speed for threaded and squared pin were fixed at 28 mm/min  
at 710 rpm and 40 mm/min at 1000 rpm for respective samples. By varying the process parameters 
and tool geometry, no defects were found in the welds except for tapered pin. Defective surface 
morphologies and improper heat diffusion were observed on using tapered pin (Figure 6(b)).

3.2.1. Macrostructures

From the macro-graphic studies, different regions of weldments are identified and it repre-
sents the effective stir of both the base material in the nugget zone Figure 6(c, d).

The presence of AA2024 constituent elements in the nugget is more when compared to AA6061. 
This is because AA2024 was placed on advancing side of the weld. Welds without voids were 
fabricated using cylindrical threaded pin with parameters of 710 rpm, 28 mm/min and using 
squared pin with parameters of 1000 rpm, 40 mm/min. For the same process parameters, few 
macroscopic defects occurred on using cylindrical, tapered and stepped pin. This could be 
attributed to absence of vertical traverse of metal in nugget region.

3.2.2. Microstructural analysis

The microstructures at different regions of the welded dissimilar materials are shown in 
Figure 7(a–g).

There are no substantial changes in the base metal microstructure, though the weld nugget 
undergoes considerable amount of thermal changes. It is evident from the microstructure 

Figure 5. Hardness plots of threaded and stepped pin welded samples.
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(Figure 7(b and f)) that the thermal cycle has significantly influenced the heat affected zone. 
Yet there is no plastic deformation occurred in this region. There is considerable grain growth 
in the thermo-mechanically affected zone (TMAZ). This could be due to the plastic defor-
mation and low heat levels encountered during welding. A distinct boundary separates the 
recrystallized zone (weld nugget) from the TMAZ, which is apparent from the micrographs. 
The dynamically recrystallized zone is the stirred zone. Severe plastic deformation has taken 
place in this zone resulting in fine equiaxed grains. Stirred zone is a commonly used phrase in 
friction stir processing which denotes that substantial volume of material is being processed. 
Weld nugget micrographs (Figure 7(d)), depicts highly refined and increased grain boundar-
ies, which has enhanced the weldment strength.

3.2.3. Tensile test

Maximum weld strength of 194 MPa and 209 MPa were obtained for cylindrical threaded and 
squared pin, respectively. As shown in Figure 8, for both the tool pin geometries, fracture 
occurred at the HAZ of 6061 alloy.

For the other tool pin geometry fracture has occurred at the stirred zone. The weld region 
shows lower strength compared to both base metals. Joint efficiencies obtained for cylindrical 
threaded pin and squared pin are 80 and 87%, respectively.

3.2.4. Hardness measurements

Vickers hardness tests were conducted across the various regions of the weld spacing of (0.25 mm)  
shown in Figure 9.

Average hardness value across the weldments obtained for cylindrical threaded pin and for 
squared pin were 105.15 HV and 135.6 HV respectively. The hardness of weld nugget was 
considerably less than that of AA2024, whereas the hardness was comparatively higher than 
base metal of 6061 and TMAZ.

Figure 6. Surface morphology of AA2024 and 6061 welds and macrographs of threaded and squared pin profiles.
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3.3. Dissimilar friction stir welding of AA 5052 and AA 6061 alloys

Evolution of grain structures, their texture, temperature gradient, recrystallization techniques 
and precipitation of inter – metallic constituents are some of the factors included in micro 
structural studies. These factors indeed influence the quality and strength of any welds when 

Figure 7. Microstructures captured at various zones of AA 2024 and AA 6061 weldment.

Figure 8. Tensile tested AA 2024 and AA 6061 samples welded with (a)Cylindrical threaded pin  (b) Squared pin.
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assessed through tests namely tensile, creep, fatigue etc. [17]. The tool dimension and the tool 
used for welding are shown in Figure 10(a and b).

3.3.1. Cross sectional macrographs

The cross sectional macrograph of weldments showed proper material flow from advancing 
side to retreating side. This is evidence of the fact that the weld process parameters consid-
ered are optimal. A micro void was visible in the sample welded at 40 mm/min (Figure 10(d)). 
This may be due to improper fusion involved in the weld nugget.

Figure 9. Hardness plots of samples welded using threaded and stepped pin profiles.

Figure 10. Dimensions of cylindrical threaded tool pin and cross sectional macrostructures of welded samples.
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3.3.2. Microstructural analysis

The microstructures taken at various regions of the weldments of both the samples are shown 
in Figure 11.

The microstructures of the base metals of AA 5052 and AA 6061 are shown in Figure 11(a and b)  
respectively, whereas Figure 11(c and d) shows the micrographs at TMAZ. Figure 12(a and b) 
shows the microstructures of weld region and Figure 12(c and d) depicts the microstructures 
at the interfaces.

It can be observed from (Figure 11(e and f)) that grain formation is refined in the weld zone 
as compared to TMAZ of both alloys. This should be due to optimality of process parameter 
that was selected and effective cooling rate. In addition, on comparing the both TMAZ’s, AA 
6061 side has considerable grain size increase (Figure 11(f)).

This may have led to deterioration of tensile properties in this zone. It has been analysed in 
reference [6] that the change of grain size is due to the effect of elevated temperatures and 
that the strain rates were insignificant. It was also concluded that the decrease in the flow 
stress at high temperatures was primarily due to the thermally activated dislocation lines.

Figure 11. Microstructures of AA 5052 and 6061 sample welded at feed rate of 28 mm/min.
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3.3.3. Tensile test

Tensile samples were wire cut using electrical discharge machining (EDM) and prepared 
according to the ASTM standards of sub-size dimensions. It is vivid from Figure 13(a) that in 
both cases, the fracture has occurred in the TMAZ of the 6061 alloy. This affirms that the weld 
nugget possesses better strength than base metals.

Figure 12. Micrographs of AA 5052 and AA 6061 samples captured at (g & h) weld regions and (I & j) at interface regions. 

Figure 13. Tensile tested specimens and stress strain plots of AA 5052 and 6061 welded specimens.
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There is no much difference between UTS of both the samples. However, the tensile stress at 
break point of Sample B is proportionately higher than Sample A. This means Sample B has 
yielded suddenly after the elastic limit, whereas Sample A has yielded after demonstrating 
high ductility. The load at break point adds to the same. Results of tensile test are being tabu-
lated in Table 4.

Welding parameters have been optimized as in reference [2] by design of experiments and the 
optimum level of settings concluded from their experiments. Corresponding parameters cho-
sen for the studies are rotational speed of 700 rpm, transverse speed of 28 mm/min and D/d 
ratio being 3 respectively. The performance of cylindrical threaded pin tool profile was better 
among others considered. D/d ratio plays a vital role and contributes to an overall efficiency 
of about 60%. It is found in reference [17] that the hardness variations in the FS weld zone of 
Al 5083 alloy could not be supported by study of grain size in the weld region alone. Hence, in 
any study, correlation of mechanical performances with that of metallurgical factors becomes 
important in analysing the nature and reason for the fracture.

3.3.4. Hardness measurements

The hardness profile obtained for the samples are shown in Figure 14.

From the plots, it can be understood that the feed rate has only little influence on the hardness 
of the weldments. From the advancing side (AA 5052) to the retreating side (AA 6061) of the 
weldment, the hardness values show a decreasing trend and again a gradual increasing trend. 
It is worthy to note that the fracture has also occurred in the TMAZ of AA 6061 (minimum 

Sample Maximum load UTS (MPa) Tensile strain at 
break (%)

Tensile stress at 
break (MPa)

Load at break 
(kN)

Elongation (%)

Sample A 4853 180 10.5 2.75 0.07 10.5

Sample B 4837 179 8.4 27.06 0.73 8.33

Table 4. Tensile test report of AA 5052 and AA 6061 welded samples.

Figure 14. Hardness plots of AA 5052 and AA 6061 welded samples.
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hardness zone). It can be noted from the graph that hardness values of TMAZ in the retreating 
side are comparatively less. This could be due to constituent gradient in mixing/diffusion of 
AA 6061 with material from advancing side and weld nugget. As evident from nature of the 
micrograph, this could be a reason for the failure of tensile specimen in the TMAZ of AA 6061 
side. Moreover, it may be due to the grain coarsening effect that the hardness values in the 
weld nugget shows lower trend when compared with parent metals.

4. Conclusions

• In the FSW of AA 2024 with AA5051, sound welds were produced using a new stepped pin 
tool, at 710 rpm and 28 mm/min. From morphological studies, there is quantifiable reduc-
tion in grain size of weld nugget compared to parent metals. Maximum tensile strength of 
297 MPa was achieved on samples welded using stepped pin tool. This strength is com-
paratively higher than that of the ones that were welded with other profiled pins.

• From the FSW of AA 2024 with AA6061, it is deduced that for cylindrical pin, D/d ratio of 
3, rotational speed of 710 rpm, traverse speed of 28 mm/min, were the best optimal param-
eters. Further, better mechanical properties were observed for the same. In addition, it is 
concluded that squared pin and cylindrical threaded tool profiles perform better than rest 
of tool profiles considered.

• FSW between AA 5052 and AA 6061 alloys sounds promising. Cylindrical threaded pin has 
imparted excellent bondage between both alloys (AA 5052 and AA 6061) by effective FS 
joining. Both the samples have exhibited nearly equal ultimate strength. In terms of ductil-
ity, Sample B (with 710 rpm and 28 mm/min feed rate) outperformed Sample A (with 710 
rpm at 40 mm/min).
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Sample Maximum load UTS (MPa) Tensile strain at 
break (%)

Tensile stress at 
break (MPa)

Load at break 
(kN)

Elongation (%)
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Sample B 4837 179 8.4 27.06 0.73 8.33

Table 4. Tensile test report of AA 5052 and AA 6061 welded samples.

Figure 14. Hardness plots of AA 5052 and AA 6061 welded samples.
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hardness zone). It can be noted from the graph that hardness values of TMAZ in the retreating 
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Abstract

The initial temper may directly affect the deformation behavior and material performance
in creep age forming (CAF) process. Five heat treatment states are selected as the initial
tempers for CAF, namely, solution, peak-aging (T6), over-aging (T73), retrogression and re-
solution. The formability and performance of an Al-Zn-Mg-Cu alloy with the above initial
tempers in creep aging process are investigated via using creep and stress relaxation aging
tests, mechanical property tests, corrosion resistance tests and microstructure analysis. The
differences of formability are attributed to the inhibitions of different distributed matrix
precipitates (MPts) on the dislocation movement, namely, the more coarsening theMPts is,
the easier the dislocation movement. During creep aging process, the mechanical proper-
ties are improved for the solution, retrogression and re-solution tempers with fine MPts,
but reduced for the T6 and T73 tempers due to coarsening ofMPts. Since the distribution of
grain boundary precipitates (GBPs) becomes discontinuous, the corrosion resistances of the
creep aged specimens are enhanced for all initial tempers. Taking both mechanical proper-
ties and corrosion resistances into account, the re-solution temper may be a preferable
choice to achieve high performance of the components beyond the precise shape in CAF.

Keywords: Al-Zn-Mg-Cu alloy, creep age forming, initial temper, precipitate, formability,
mechanical property, corrosion resistance

1. Introduction

With the increasing demands for high-performance and light-weight in the components of
aircraft and automobile, the Al-Zn-Mg-Cu (7xxx) series alloys have been widely used due to
their high strength and relatively low density. The precipitation reaction is the leading
strengthening mechanism in this class of alloys, and the precipitation sequence has been
generally identified as supersaturated solid solution ! Guinier-Preston (GP) zones ! η0 ! η
(MgZn2) [1]. As a novel and promising forming technology, creep age forming (CAF) has been
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developed and applied to manufacture large integral panel components, such as the upper
wing panels of Airbus A380, and both the upper and lower wing skins of B-1B0 Long Range
Combat Aircraft [2]. Compared to traditional manufacturing techniques, CAF has one of the
most prominent advantage, namely, due to the simultaneity of creep deformation and age
hardening, the shape forming process and the material strengthening process can be inte-
grated into one single process, thus reducing the cost of manufacturing.

The complexity of CAF lies in the strong interaction coupling between creep and aging.
Specifically, the precipitates generated in aging process will significantly hinder dislocation
movement. Inversely, the dislocation density variation induced by creep deformation will
affect the nucleation and growth of precipitates. Therefore, it is very difficult to precisely
control the product shapes and material properties. Furthermore, it is well known that the Al-
Zn-Mg-Cu alloys have many heat treatment states, and any one of the states can be the initial
temper of the material used in CAF. Various initial tempers inevitably cause different cou-
plings between creep and aging, and then make it difficult to precisely control the CAF process
[3]. In order to acquire the high performance of formed components beyond the precise shape,
it is very necessary to study the dependences of formability and performance on the initial
tempers of Al-Zn-Mg-Cu alloys during CAF.

A lot of experimental studies mainly aimed at finding out the effects of processing parameters
on CAF. Arabi Jeshvaghani et al. [4, 5] studied the effects of time and temperature on micro-
structure evolution of 7075 aluminum alloy sheet during CAF, and observed the transmission
electron microscope (TEM) bright field images of matrix precipitates (MPts) and grain bound-
ary precipitates (GBPs) in the formed samples after different forming periods, 6, 12 and 24 h,
respectively. Guo et al. [6] found that the external elastic tensile stress promotes the formation
of precipitates and shortens the aging period of an Al-Zn-Mg-Cu alloy. Lin et al. [7] found that
the main precipitates of Al-Zn-Mg-Cu alloys during creep aging process are metastable η0 and
stable η phases, and both of them are sensitive to the external factors, such as applied stress
and aging temperature. Chen et al. [8] found that the applied stress induces the coarsening of
precipitates in 7050 aluminum alloy during creep aging process, and both yield strength (YS)
and tensile strength (TS) of the creep aged samples are lower than those of the stress-free aged
samples. Lin et al. [9] studied the relationship between exfoliation corrosion (EXCO) sensitivity
and creep aging process conditions, and found that the EXCO resistance of an Al-Zn-Mg-Cu
alloy first increases and then decreases with the increase in stress and temperature. Li et al. [10]
investigated the creep aging behaviors of an Al-Cu-Li alloy with different initial tempers,
namely, solution, under-aging and peak-aging, and revealed there is a close relationship
between creep mechanism and initial temper.

In view of the large springback occurred in the unloading process, many numerical studies
mainly aimed at predicting springback after CAF to improve the forming precision. Based on
the damage theory by Kowalewski et al. [11] and the conventional creep damage model [12],
Ho et al. [13] proposed a unified creep constitutive model, and simulated the whole CAF
process including loading, forming and unloading by using this constitutive model combined
with the commercial finite element solver ABAQUS. Based on this work, Jeunechamps et al.
[14] suggested a unified creep aging constitutive model considering the age hardening during

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications100

CAF, in which the nucleation and growth of precipitates were related to the creep deformation.
Lin et al. [15] introduced an integrated process to model stress relaxation, creep deformation,
precipitation hardening and springback in CAF. Zhan et al. [16] developed a microstructure
internal variables based creep aging constitutive model, which can describe the YS evolution
through integrating the contribution of each hardening mechanism, namely dislocation hard-
ening, age hardening and solution hardening.

It is noted that the initial tempers of aluminum alloys in above experiments and modeling are
mostly solution temper, and the effects of various initial tempers on deformation and proper-
ties of Al-Zn-Mg-Cu series alloys in CAF are rarely reported. Therefore, in order to clearly
understand the interaction between creep and aging, and achieve both high-precision forming
and mechanical property improvement, this study focuses on investigating the effects of initial
tempers on formability and performance of Al-Zn-Mg-Cu series alloys. In terms of creep
deformation and stress relaxation, the formability of an Al-Zn-Mg-Cu alloy with various initial
tempers under CAF conditions is evaluated firstly. Then, the evolution of microstructures and
performance are revealed. Finally, based on the relations among creep deformation, material
properties and microstructure evolution, the effects of initial tempers on formability and
performance are discussed.

2. Experimental procedures

2.1. Specimen preparation and heat treatment for various initial tempers

A typical commercial 7050 aluminum alloy (AA7050) hot rolled plate with 30 mm thickness
was used in this work, which belongs to the heat-treatable high strength Al-Zn-Mg-Cu series
alloys. This alloy was provided by Northeast Light Alloy Co., Ltd., Harbin, China, and its
chemical composition (wt.%) was verified by a SPECTRO MAXx direct-reading spectrometer,
as listed in Table 1. The as-rolled Al-Zn-Mg-Cu alloys have been certified as containing coarse
constituent particles (Al7Cu2Fe and Mg2Si) and fine intermetallics (MgZn2 and Al2CuMg). The
fine intermetallics can be dissolved by subsequent solution treatment, but the coarse constitu-
ent particles are quite stable and insoluble [17, 18]. The creep aging test specimens with the
gauge length of 50 mm and thickness of 3 mm were machined out from the hot rolled plate by
wire electrical discharge machining (WEDM) along the rolling direction, and their geometry
and dimensions are shown in Figure 1.

In this work, five heat treatment states were selected as the material initial tempers in creep
aging tests. The solution temper is the most widely used material initial temper in industrial
CAF. The peak-aged (T6) and over-aged (T73) tempers are the most common delivery condi-
tions of AA7050. Since the retrogression and re-aging (RRA) treatment can help Al-Zn-Mg-Cu

Zn Mg Cu Zr Ti Fe Si Al

6.02 1.97 2.23 0.12 0.03 0.10 0.07 Bal.

Table 1. Chemical composition (wt.%) of as-received AA7050.

Formability and Performance of Al-Zn-Mg-Cu Alloys with Different Initial Tempers in Creep Aging Process
http://dx.doi.org/10.5772/intechopen.70849

101



developed and applied to manufacture large integral panel components, such as the upper
wing panels of Airbus A380, and both the upper and lower wing skins of B-1B0 Long Range
Combat Aircraft [2]. Compared to traditional manufacturing techniques, CAF has one of the
most prominent advantage, namely, due to the simultaneity of creep deformation and age
hardening, the shape forming process and the material strengthening process can be inte-
grated into one single process, thus reducing the cost of manufacturing.

The complexity of CAF lies in the strong interaction coupling between creep and aging.
Specifically, the precipitates generated in aging process will significantly hinder dislocation
movement. Inversely, the dislocation density variation induced by creep deformation will
affect the nucleation and growth of precipitates. Therefore, it is very difficult to precisely
control the product shapes and material properties. Furthermore, it is well known that the Al-
Zn-Mg-Cu alloys have many heat treatment states, and any one of the states can be the initial
temper of the material used in CAF. Various initial tempers inevitably cause different cou-
plings between creep and aging, and then make it difficult to precisely control the CAF process
[3]. In order to acquire the high performance of formed components beyond the precise shape,
it is very necessary to study the dependences of formability and performance on the initial
tempers of Al-Zn-Mg-Cu alloys during CAF.

A lot of experimental studies mainly aimed at finding out the effects of processing parameters
on CAF. Arabi Jeshvaghani et al. [4, 5] studied the effects of time and temperature on micro-
structure evolution of 7075 aluminum alloy sheet during CAF, and observed the transmission
electron microscope (TEM) bright field images of matrix precipitates (MPts) and grain bound-
ary precipitates (GBPs) in the formed samples after different forming periods, 6, 12 and 24 h,
respectively. Guo et al. [6] found that the external elastic tensile stress promotes the formation
of precipitates and shortens the aging period of an Al-Zn-Mg-Cu alloy. Lin et al. [7] found that
the main precipitates of Al-Zn-Mg-Cu alloys during creep aging process are metastable η0 and
stable η phases, and both of them are sensitive to the external factors, such as applied stress
and aging temperature. Chen et al. [8] found that the applied stress induces the coarsening of
precipitates in 7050 aluminum alloy during creep aging process, and both yield strength (YS)
and tensile strength (TS) of the creep aged samples are lower than those of the stress-free aged
samples. Lin et al. [9] studied the relationship between exfoliation corrosion (EXCO) sensitivity
and creep aging process conditions, and found that the EXCO resistance of an Al-Zn-Mg-Cu
alloy first increases and then decreases with the increase in stress and temperature. Li et al. [10]
investigated the creep aging behaviors of an Al-Cu-Li alloy with different initial tempers,
namely, solution, under-aging and peak-aging, and revealed there is a close relationship
between creep mechanism and initial temper.

In view of the large springback occurred in the unloading process, many numerical studies
mainly aimed at predicting springback after CAF to improve the forming precision. Based on
the damage theory by Kowalewski et al. [11] and the conventional creep damage model [12],
Ho et al. [13] proposed a unified creep constitutive model, and simulated the whole CAF
process including loading, forming and unloading by using this constitutive model combined
with the commercial finite element solver ABAQUS. Based on this work, Jeunechamps et al.
[14] suggested a unified creep aging constitutive model considering the age hardening during

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications100

CAF, in which the nucleation and growth of precipitates were related to the creep deformation.
Lin et al. [15] introduced an integrated process to model stress relaxation, creep deformation,
precipitation hardening and springback in CAF. Zhan et al. [16] developed a microstructure
internal variables based creep aging constitutive model, which can describe the YS evolution
through integrating the contribution of each hardening mechanism, namely dislocation hard-
ening, age hardening and solution hardening.

It is noted that the initial tempers of aluminum alloys in above experiments and modeling are
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fine intermetallics can be dissolved by subsequent solution treatment, but the coarse constitu-
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gauge length of 50 mm and thickness of 3 mm were machined out from the hot rolled plate by
wire electrical discharge machining (WEDM) along the rolling direction, and their geometry
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In this work, five heat treatment states were selected as the material initial tempers in creep
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Zn Mg Cu Zr Ti Fe Si Al

6.02 1.97 2.23 0.12 0.03 0.10 0.07 Bal.

Table 1. Chemical composition (wt.%) of as-received AA7050.
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alloys to simultaneously achieve high mechanical properties and excellent corrosion resistance
[19, 20], the retrogression temper is selected to be an initial temper. That is to say, the creep
aging process will play the role of re-aging in RRA. Nevertheless, Lin et al. [21] pointed out
that the narrow temperature-time window in RRA does not apply to the thick plate. Thus, the
re-solution and re-aging (RSRA) treatment with wider temperature-time window has been
developed in response to the similar effect as RRA, and the re-solution temper is chosen as one
of the initial tempers in this study [22]. Figure 2 shows various heat treatment procedures
conducted to obtain the designed initial tempers of AA7050.

• For the solution temper, the as-rolled material was subjected to a solution treatment at
470�C for 50 min and subsequent water quenching.

• The T6 temper was obtained by a peak-aging treatment at 120�C for 24 h.

• For the retrogression temper, the specimen with T6 temper had endured a retrogression
treatment at 200�C for 5 min in a salt bath.

• The T73 temper was obtained by a two-step aging at 115�C for 8 h and then 165�C for 16 h.

• For the re-solution temper, the specimen with T73 temper went through a re-solution
treatment including hot insulation at 470�C for 50 min and rapid water quenching.

Figure 1. Geometry and dimensions of creep aging test specimens (unit: mm).

Figure 2. Heat treatment procedures of AA7050 for obtaining various initial tempers: (a) solution, T6 and retrogression;
(b) T7 and re-solution.
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2.2. Creep aging and stress relaxation aging tests

The creep aging and stress relaxation aging tests were carried out on a 100 kN electronic
creep testing machine with special thermal environmental chamber. In the chamber, the
temperature fluctuation can be controlled to less than 1�C. The tests were conducted
under the aging temperature of 165�C to obtain more significantly creep deformation than
those under the conventional T6 treatment temperature of 120�C. The applied stress of
250 MPa was within the typical stress range in the actual CAF process [23], and loaded on
the specimen according to a loading speed of 0.5 mm/min. Meanwhile, in order to avoid
the serious over-aging, the testing time is reduced to 18 h from the T6 treatment time of
24 h [24].

The installation position of the specimen was located in the middle of the chamber. The
specimen was heated to 165�C, and then holds for 10 min before loading. The temperature
was monitored at three positions around the specimen, namely, the two ends and the middle of
the specimen. The change of gauge length on the specimen was measured by a high-precision
(5 � 10�4 mm) grating line displacement transducer.

• In creep aging tests, the applied stress of 250 MPa remained the same throughout the
creep deformation process. When the tests went on for 6 h, some tests were stopped as
interrupted tests to investigate the evolution of microstructure and performance during
CAF process.

• In stress relaxation aging tests, the applied stress of 250 MPa was a starting stress to obtain
a given strain which remained unchanged during the stress relaxation process.

2.3. Microstructure characterizations and performance tests

The nano-sized precipitate microstructures were analyzed using the TECNAL G2 F30
transmission electron microscope (TEM). A slice was cut from the creep aged or stress
relaxation aged specimen by WEDM, and then sanded to 60 μm thickness using sandpaper.
Some 3 mm diameter round pieces as the TEM specimens were blanked from the slice and
twin-jet electro-polished in a solution of 20% perchloric acid and 80% ethanol (in volume)
at �20�C and 20 V. The quantitative analysis of the MPts in TEM bright field image was
conducted by the Image-Pro Plus 6 software with no less than five images counted for each
specimen.

The performance of the creep aged and stress relaxation aged specimens examined in this
study is YS, TS, elongation, hardness, electrical conductivity, EXCO resistance and stress
corrosion crack (SCC) resistance. The YS, TS and elongation were tested by the tensile tests
conducted on a MTS CMT5205 electronic universal testing machine under the tensile speed of
2 mm/min. The hardness tests were carried out using a digital micro-hardness tester. Also, 10
tests were performed on each specimen to calculate an average. The electrical conductivity was
measured by the eddy current method. The SCC resistances were evaluated using the slow
strain rate tests (SSRT) in a corrosive environment of 3.5% NaCl. The accelerated EXCO tests
were carried out in a classic etchant consisted of 4.0 M NaCl, 0.5 M KNO3 and 0.1 M HNO3.
The specimen surfaces of EXCO tests were studied using a JEOL JCM-6000 scanning electron
microscope (SEM).

Formability and Performance of Al-Zn-Mg-Cu Alloys with Different Initial Tempers in Creep Aging Process
http://dx.doi.org/10.5772/intechopen.70849

103



alloys to simultaneously achieve high mechanical properties and excellent corrosion resistance
[19, 20], the retrogression temper is selected to be an initial temper. That is to say, the creep
aging process will play the role of re-aging in RRA. Nevertheless, Lin et al. [21] pointed out
that the narrow temperature-time window in RRA does not apply to the thick plate. Thus, the
re-solution and re-aging (RSRA) treatment with wider temperature-time window has been
developed in response to the similar effect as RRA, and the re-solution temper is chosen as one
of the initial tempers in this study [22]. Figure 2 shows various heat treatment procedures
conducted to obtain the designed initial tempers of AA7050.

• For the solution temper, the as-rolled material was subjected to a solution treatment at
470�C for 50 min and subsequent water quenching.

• The T6 temper was obtained by a peak-aging treatment at 120�C for 24 h.

• For the retrogression temper, the specimen with T6 temper had endured a retrogression
treatment at 200�C for 5 min in a salt bath.

• The T73 temper was obtained by a two-step aging at 115�C for 8 h and then 165�C for 16 h.

• For the re-solution temper, the specimen with T73 temper went through a re-solution
treatment including hot insulation at 470�C for 50 min and rapid water quenching.

Figure 1. Geometry and dimensions of creep aging test specimens (unit: mm).

Figure 2. Heat treatment procedures of AA7050 for obtaining various initial tempers: (a) solution, T6 and retrogression;
(b) T7 and re-solution.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications102

2.2. Creep aging and stress relaxation aging tests

The creep aging and stress relaxation aging tests were carried out on a 100 kN electronic
creep testing machine with special thermal environmental chamber. In the chamber, the
temperature fluctuation can be controlled to less than 1�C. The tests were conducted
under the aging temperature of 165�C to obtain more significantly creep deformation than
those under the conventional T6 treatment temperature of 120�C. The applied stress of
250 MPa was within the typical stress range in the actual CAF process [23], and loaded on
the specimen according to a loading speed of 0.5 mm/min. Meanwhile, in order to avoid
the serious over-aging, the testing time is reduced to 18 h from the T6 treatment time of
24 h [24].

The installation position of the specimen was located in the middle of the chamber. The
specimen was heated to 165�C, and then holds for 10 min before loading. The temperature
was monitored at three positions around the specimen, namely, the two ends and the middle of
the specimen. The change of gauge length on the specimen was measured by a high-precision
(5 � 10�4 mm) grating line displacement transducer.

• In creep aging tests, the applied stress of 250 MPa remained the same throughout the
creep deformation process. When the tests went on for 6 h, some tests were stopped as
interrupted tests to investigate the evolution of microstructure and performance during
CAF process.

• In stress relaxation aging tests, the applied stress of 250 MPa was a starting stress to obtain
a given strain which remained unchanged during the stress relaxation process.

2.3. Microstructure characterizations and performance tests

The nano-sized precipitate microstructures were analyzed using the TECNAL G2 F30
transmission electron microscope (TEM). A slice was cut from the creep aged or stress
relaxation aged specimen by WEDM, and then sanded to 60 μm thickness using sandpaper.
Some 3 mm diameter round pieces as the TEM specimens were blanked from the slice and
twin-jet electro-polished in a solution of 20% perchloric acid and 80% ethanol (in volume)
at �20�C and 20 V. The quantitative analysis of the MPts in TEM bright field image was
conducted by the Image-Pro Plus 6 software with no less than five images counted for each
specimen.

The performance of the creep aged and stress relaxation aged specimens examined in this
study is YS, TS, elongation, hardness, electrical conductivity, EXCO resistance and stress
corrosion crack (SCC) resistance. The YS, TS and elongation were tested by the tensile tests
conducted on a MTS CMT5205 electronic universal testing machine under the tensile speed of
2 mm/min. The hardness tests were carried out using a digital micro-hardness tester. Also, 10
tests were performed on each specimen to calculate an average. The electrical conductivity was
measured by the eddy current method. The SCC resistances were evaluated using the slow
strain rate tests (SSRT) in a corrosive environment of 3.5% NaCl. The accelerated EXCO tests
were carried out in a classic etchant consisted of 4.0 M NaCl, 0.5 M KNO3 and 0.1 M HNO3.
The specimen surfaces of EXCO tests were studied using a JEOL JCM-6000 scanning electron
microscope (SEM).

Formability and Performance of Al-Zn-Mg-Cu Alloys with Different Initial Tempers in Creep Aging Process
http://dx.doi.org/10.5772/intechopen.70849

103



3. Results

3.1. Creep deformation, stress relaxation and formability

Figure 3 shows the creep deformation and stress relaxation behaviors of AA7050 with different
initial tempers during creep aging and stress relaxation aging tests. In the constant-stress creep
aging tests under 165�C and 250 MPa, the specimens with four initial tempers of solution, T6,
retrogression and re-solution all exhibit typical creep behaviors including primary and steady
stages, but the specimen with initial temper of T73 represents primary and tertiary stages, as
shown in Figure 3(a). The primary creep stage lasts about 0.5 h and has a decrease of creep rate.
After that, the strain hardening caused by creep and the softening caused by structural recovery
gradually achieve a balance, and then the creep process enters into the second stage, namely
steady creep stage. Four creep strain curves almost overlap with each other before the first half of
steady stage. The bifurcation on those curves appears about 6 h later. After creep aging tests of
18 h, the largest creep strain is obtained in the T73 temper, and the least creep strain appears in
the re-solution temper. However, the specimens with initial tempers of T6 and T73 apparently
enter the tertiary creep stage. It means that the interior of material has generated a lot of
microdefects, which is no longer applicable to the manufacture of aviation components. Using
the amount of creep strain to evaluate the formability, the consequence of the creep aging
formability of the specimens with three initial tempers except T6 and T73 is retrogression >
solution > re-solution. The final creep strain for the retrogression temper is about 1.21 and 1.34
times than that for the solution and the re-solution tempers, respectively.

A practical CAF process usually involves loading, forming, and unloading stages. The work-
piece is fitted closely with the tool surface after loading stage, and its shape will remain
unchanged in subsequent forming stage until unloading. In the forming process, part of the
elastic deformation is transformed into an irreversible plastic (creep) deformation, and the
stress gradually decreases. Thus, the CAF process is more like a stress relaxation process [25].
After the forming stage, the stress cannot be released completely. The residual stress causes the
workpiece to produce a larger springback in the unloading stage. In general, the larger stress
relaxation signifies the better formability of CAF. Figure 3(b) shows the stress relaxation
curves of AA7050 with different initial tempers during the stress relaxation aging tests under

Figure 3. Creep deformation and stress relaxation behaviors of AA7050 with different initial tempers: (a) curves of creep
strain and creep rate; (b) curves of stress relaxation and relaxation rate.
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165�C and initiating stress of 250 MPa. The stress decreases for the five initial tempers are very
sharp in the beginning, and turn to slow in the later period. The T73 temper has the largest
relaxed stress, and the re-solution temper has the smallest relaxed stress. Comparing the
magnitude of relaxed stress, it can be seen that the order of formability of the specimens with
five initial tempers is T73 > T6 > retrogression > solution > re-solution. This result is consistent
with the above conclusion of creep aging tests. An inference can be drawn that the root cause
of stress relaxation is the occurrence of creep deformation.

3.2. Evolution of microstructures

3.2.1. Matrix precipitates

In the precipitation reaction of the Al-Zn-Mg-Cu alloys under the CAF condition, the metasta-
ble η0 phase and stable η phase are main precipitates and formed in the supersaturated
aluminum matrix. Figure 4 shows the MPt microstructures of AA7050 with different initial
tempers before the creep aging tests. Both η0 and η phases can affect the creep behavior, so
there is no special distinction between the types of precipitates. Figure 4(a) shows that there is
no obvious precipitate in the alloy with solution temper. Figure 4(b) displays many fine
precipitates with average radius of 2.8 nm and number density of 1.7 � 1018 cm�3 evenly
distributed in the matrix of alloy with T6 temper. Figure 4(c) represents some coarse pre-
cipitates with average radius of 4.3 nm and number density of 6.3 � 1017 cm�3 uniformly

Figure 4. TEM images of MPts of AA7050 with different initial tempers before creep aging tests: (a) solution; (b) T6; (c)
T73; (d) retrogression; (e) re-solution.
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ble η0 phase and stable η phase are main precipitates and formed in the supersaturated
aluminum matrix. Figure 4 shows the MPt microstructures of AA7050 with different initial
tempers before the creep aging tests. Both η0 and η phases can affect the creep behavior, so
there is no special distinction between the types of precipitates. Figure 4(a) shows that there is
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distributed in the matrix of alloy with T6 temper. Figure 4(c) represents some coarse pre-
cipitates with average radius of 4.3 nm and number density of 6.3 � 1017 cm�3 uniformly

Figure 4. TEM images of MPts of AA7050 with different initial tempers before creep aging tests: (a) solution; (b) T6; (c)
T73; (d) retrogression; (e) re-solution.
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distributed in the matrix of over-aged alloy. Through retrogression treatment for the peak-aged
alloy, parts of MPts has been dissolved, and the residual MPts have the average radius of
3.2 nm and number density of 5.5 � 1017 cm�3, as shown in Figure 4(d). Therefore, it can be
seen that the short-time retrogression treatment cannot dissolve the whole precipitates.
Figure 4(e) shows the sporadic MPts distributed in the matrix of re-solution treated alloy, and
the average radius and number density of these precipitates are 4.8 nm and 7.9 � 1014 cm�3,
respectively. This suggests that due to the higher temperature and longer insulation time of the
re-solution treatment, plenty of precipitates in over-aged alloy are dissolved, and only few
precipitates are remained and coarsened.

In Figure 3, some creep curves are almost overlapping in the early stage of the creep aging
process. It can be inferred that the initial microstructures have little effect on the creep defor-
mation. The different creep rates appear in about 6 h, and the reason can be attributed to the
different precipitate microstructures of AA7050 with different initial tempers after creep aging
tests of 6 h. It also can be seen that, in the creep aging tests, the minimum creep rates appear at
around 6 h, which indicates that the precipitate microstructures have the strongest effect on
creep deformation at this time.

In the creep aging process, due to the precipitation reaction, the size of the MPts is greatly
changed. Figure 5 shows the MPt microstructures of AA7050 with different initial tempers after

Figure 5. TEM images of MPts of AA7050 with different initial tempers after creep aging tests of 6 h: (a) solution; (b) T6;
(c) T73; (d) retrogression; (e) re-solution.
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the creep aging tests of 6 h. As shown in Figure 5(a), there are a lot of fine precipitates with an
average radius of 3.5 nm. Figure 5(b) and (c) presents that the MPts in the alloy with T6 and T73
tempers grow, respectively, to 6.3 and 7.4 nm. Figure 5(d) represents the microstructure evolu-
tion of the retrogression treated specimen, and all previous MPts are coarsened to an average
radius of 4.6 nm. This image clearly shows that, after the creep aging tests of 6 h, the size of MPts
in the alloy with retrogression temper is bigger than that with solution temper. In Figure 5(e),
since most of MPts in T73 temper are dissolved by the previous re-solution treatment, after the
creep aging tests of 6 h, a lot of new precipitates with small size are re-precipitated in the matrix
of the alloy with re-solution temper accompanied by the coarsening of previous residual pre-
cipitates. In calculating the size of the new precipitates, the initial average radius of previous
residual precipitates is set to be a threshold value. Excluding the precipitates which are bigger
than the threshold radius of 4.8 nm, the average radius of new precipitates is 2.9 nm. It can be
seen that the size of newMPts of re-solution tempered specimen is the smallest in the specimens
with five initial tempers after the creep aging tests of 6 h.

3.2.2. Grain boundary precipitates

Figure 6 shows the GBP microstructures of AA7050 with different initial tempers before the
creep aging tests. As shown in Figure 6(a), there is no obvious precipitate on the grain

Figure 6. TEM images of GBPs of AA7050 with different initial tempers before creep aging tests: (a) solution; (b) T6; (c)
T73; (d) retrogression; (e) re-solution.
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boundary of the specimen with solution temper. This indicates that the intermetallics of
as-rolled AA7050 have been dissolved by the solution treatment. Figure 6(b) shows that
the specimen with T6 temper has continuously distributed GBPs. By comparing Figure 6(b)
and (d), it can be found that the alloy with retrogression temper has slightly discontinuous
GBPs than that with T6 temper. This indicates that the role of short-time retrogression
treatment on the dissolution of precipitates is limited. Figure 6(c) shows that the specimen
with T73 temper has discontinuous GBPs with large spacing. The comparison between
Figure 6(c) and (e) shows that, through re-solution treatment, the GBPs become smaller
in size. It demonstrates that the re-solution treatment not only dissolve the MPts but also
the GBPs.

Figure 7 represents the GBP microstructures of AA7050 with different initial tempers after the
creep aging tests. The GBP microstructures of the specimen with initial temper of solution is
similar to that of T6 temper, namely continuously distributed GBPs, as shown in Figure 7(a).
Figure 7(b) shows that the GBPs in the specimen with T6 temper translate from continuous to
discontinuous in the creep aging tests. Figure 7(c)–(e) reveal the growth of previous GPBs in
the specimens with initial temper of T73, retrogression and re-solution, resulting in more
discontinuous grain boundary structures. Among them, the specimen with T73 temper has
the largest sized GBPs with the widest spacing.

Figure 7. TEM images of GBPs of AA7050 with different initial tempers after creep aging tests: (a) solution; (b) T6; (c) T73;
(d) retrogression; (e) re-solution.
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3.3. Evolution of material performance

3.3.1. Mechanical properties and electrical conductivity

Figure 8(a) illustrates the YS, TS and elongation of AA7050 with different initial tempers
before and after creep aging tests. It can be seen that the mechanical strength of the specimen
with initial temper of solution obtains the maximized promotion in the creep aging tests. On
the contrary, the mechanical strengths of the specimens with initial tempers of T6 and T73
reduce. Compared with solution and re-solution tempers, the specimen with initial temper of
retrogression has the highest strength before creep aging. However, the mechanical strength of
this specimen is significantly lower after creep aging. Its YS and TS are approximately 18% and
9% lower than those of the creep aged specimen with initial temper of solution. The YS and TS
of the creep aged specimen with initial temper of re-solution are only 4% and 2% lower than
those of solution temper. In addition, the sorting of elongations is the opposite to that of
mechanical strengths, namely T73 > T6 > retrogression > re-solution > solution.

Figure 8(b) shows the hardness and electrical conductivity of AA7050 with various initial
tempers before and after the creep aging tests. The contrast situation of hardness is identical
to that of strength. Tsai and Chuang [26] determined that the electrical conductivity of alumi-
num alloy may serve as an indicator of SCC resistance, so the electrical conductivity tests were
carried out as the circumstantial evidence for subsequent SCC resistance tests. It can be see
that, for each initial temper, the electrical conductivity of specimen increases with time. At the
end of creep aging process, the sequence of electrical conductivity is T73 > T6 > re-solution >
retrogression > solution.

3.3.2. SCC and EXCO resistances

In the SSRT, the index rtf is commonly used to evaluate the SCC resistance and calculated by [22]:
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boundary of the specimen with solution temper. This indicates that the intermetallics of
as-rolled AA7050 have been dissolved by the solution treatment. Figure 6(b) shows that
the specimen with T6 temper has continuously distributed GBPs. By comparing Figure 6(b)
and (d), it can be found that the alloy with retrogression temper has slightly discontinuous
GBPs than that with T6 temper. This indicates that the role of short-time retrogression
treatment on the dissolution of precipitates is limited. Figure 6(c) shows that the specimen
with T73 temper has discontinuous GBPs with large spacing. The comparison between
Figure 6(c) and (e) shows that, through re-solution treatment, the GBPs become smaller
in size. It demonstrates that the re-solution treatment not only dissolve the MPts but also
the GBPs.

Figure 7 represents the GBP microstructures of AA7050 with different initial tempers after the
creep aging tests. The GBP microstructures of the specimen with initial temper of solution is
similar to that of T6 temper, namely continuously distributed GBPs, as shown in Figure 7(a).
Figure 7(b) shows that the GBPs in the specimen with T6 temper translate from continuous to
discontinuous in the creep aging tests. Figure 7(c)–(e) reveal the growth of previous GPBs in
the specimens with initial temper of T73, retrogression and re-solution, resulting in more
discontinuous grain boundary structures. Among them, the specimen with T73 temper has
the largest sized GBPs with the widest spacing.

Figure 7. TEM images of GBPs of AA7050 with different initial tempers after creep aging tests: (a) solution; (b) T6; (c) T73;
(d) retrogression; (e) re-solution.
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3.3. Evolution of material performance

3.3.1. Mechanical properties and electrical conductivity

Figure 8(a) illustrates the YS, TS and elongation of AA7050 with different initial tempers
before and after creep aging tests. It can be seen that the mechanical strength of the specimen
with initial temper of solution obtains the maximized promotion in the creep aging tests. On
the contrary, the mechanical strengths of the specimens with initial tempers of T6 and T73
reduce. Compared with solution and re-solution tempers, the specimen with initial temper of
retrogression has the highest strength before creep aging. However, the mechanical strength of
this specimen is significantly lower after creep aging. Its YS and TS are approximately 18% and
9% lower than those of the creep aged specimen with initial temper of solution. The YS and TS
of the creep aged specimen with initial temper of re-solution are only 4% and 2% lower than
those of solution temper. In addition, the sorting of elongations is the opposite to that of
mechanical strengths, namely T73 > T6 > retrogression > re-solution > solution.
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num alloy may serve as an indicator of SCC resistance, so the electrical conductivity tests were
carried out as the circumstantial evidence for subsequent SCC resistance tests. It can be see
that, for each initial temper, the electrical conductivity of specimen increases with time. At the
end of creep aging process, the sequence of electrical conductivity is T73 > T6 > re-solution >
retrogression > solution.

3.3.2. SCC and EXCO resistances

In the SSRT, the index rtf is commonly used to evaluate the SCC resistance and calculated by [22]:
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where tfe is the time of specimen fracture in the corrosive environment and tfc is the
corresponding time in the atmospheric environment. The closer the rtf value is to 1, the better
the SCC resistance.

Table 2 lists the rtf values of creep aged AA7050 with different initial tempers. After creep
aging process, the specimens with initial tempers of T6, T73 and re-solution have better SCC
resistance than those with initial tempers of solution and retrogression.

In the accelerated EXCO tests, the corrosion products gradually break away from the specimen
surface. Figure 9 displays the surface morphology of the creep aged specimens continuously
immersed in the EXCO solution for 48 h. The creep aged specimen with initial temper of
solution has been seriously corroded, and a mass of corrosion products is detached from the
metal surface. There are negligible corrosion phenomena which occur in the creep aged
specimens with initial tempers of T6 and T73. For the retrogression temper, there are some
cracks appeared on the metal surface. Conversely, some tiny cracks can be found on the surface
of the creep aged specimen with initial temper of re-solution.

Using EXCO grade to evaluate the degree of corrosion, the total EXCO behavior can be classified
into six grades, namely free of obvious corrosion (expressed as N), slight pitting (P), growing
pitting (EA), slight surface crack (EB), corrosion peeling and blister (EC) and corrosion product
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Figure 9. EXCO morphologies of creep aged AA7050 with different initial tempers: (a) solution; (b) T6; (c) T73; (d)
retrogression; (e) re-solution; (f) corresponding EXCO grade evolution.

Initial temper Solution T6 T73 Retrogression Re-solution

rtf value 0.724 0.972 0.987 0.903 0.956

Table 2. rtf values of AA7050 with different initial tempers after creep aging tests.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications110

shedding (ED). Figure 9(f) shows the EXCO grade evolution of the creep aged AA7050 with
various initial tempers during the EXCO tests, and it can be found that the degree of EXCO
aggravates with immersion time.

4. Discussion

4.1. Issue of formability

4.1.1. Deformation mechanism

In CAF process, the creep strain rate can be described by [27, 28]:

_εc ¼ Aσnexp � Q
RT

� �
(2)

where σ is the instantaneous stress and A, n, Q, R and T are material constant, stress exponent,
deformation activation energy, universal gas constant and Kelvin temperature, respectively.

Translating the both sides of Eq. (2) into logarithmic form, the strain rate-stress double loga-
rithmic curves as shown in Figure 10. The data of strain rate and stress are taken from the
stress relaxation curves in Figure 3. Just to be clear, because the creep deformation of T6 and
T73 tempers enters into the tertiary stage, these two tempers are not take into account of the
discussion for deformation mechanism.

Figure 10(a) shows that each strain rate-stress double logarithmic curve consists of three
straight lines corresponding to three different stages in the stress relaxation aging process,
namely primary, transition and steady stages. The inflection point between two intersecting
straight lines indicates that there is a threshold stress occurred in the transformation of two
adjacent stages [25]. Since the threshold stress is the minimum stress required for creep
deformation, the different threshold stresses can reflect the differences of CAF formability.

Figure 10. Strain rate versus stress double logarithmic curves of AA7050 with different initial tempers during stress
relaxation aging tests: (a) total curves; (b) local enlargement in the circle.
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corresponding time in the atmospheric environment. The closer the rtf value is to 1, the better
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Table 2 lists the rtf values of creep aged AA7050 with different initial tempers. After creep
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surface. Figure 9 displays the surface morphology of the creep aged specimens continuously
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solution has been seriously corroded, and a mass of corrosion products is detached from the
metal surface. There are negligible corrosion phenomena which occur in the creep aged
specimens with initial tempers of T6 and T73. For the retrogression temper, there are some
cracks appeared on the metal surface. Conversely, some tiny cracks can be found on the surface
of the creep aged specimen with initial temper of re-solution.
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shedding (ED). Figure 9(f) shows the EXCO grade evolution of the creep aged AA7050 with
various initial tempers during the EXCO tests, and it can be found that the degree of EXCO
aggravates with immersion time.

4. Discussion

4.1. Issue of formability

4.1.1. Deformation mechanism

In CAF process, the creep strain rate can be described by [27, 28]:
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where σ is the instantaneous stress and A, n, Q, R and T are material constant, stress exponent,
deformation activation energy, universal gas constant and Kelvin temperature, respectively.

Translating the both sides of Eq. (2) into logarithmic form, the strain rate-stress double loga-
rithmic curves as shown in Figure 10. The data of strain rate and stress are taken from the
stress relaxation curves in Figure 3. Just to be clear, because the creep deformation of T6 and
T73 tempers enters into the tertiary stage, these two tempers are not take into account of the
discussion for deformation mechanism.

Figure 10(a) shows that each strain rate-stress double logarithmic curve consists of three
straight lines corresponding to three different stages in the stress relaxation aging process,
namely primary, transition and steady stages. The inflection point between two intersecting
straight lines indicates that there is a threshold stress occurred in the transformation of two
adjacent stages [25]. Since the threshold stress is the minimum stress required for creep
deformation, the different threshold stresses can reflect the differences of CAF formability.

Figure 10. Strain rate versus stress double logarithmic curves of AA7050 with different initial tempers during stress
relaxation aging tests: (a) total curves; (b) local enlargement in the circle.
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In other words, the smaller threshold stress means the better formability. Table 3 lists the
upper and lower threshold stresses in CAF at 165�C for the specimens with solution, retro-
gression and re-solution tempers. When the stress drops lower than the upper threshold stress,
the strain rate reduces sharply, and the CAF process enters into the transition stage from the
primary stage. When the stress falls below the lower threshold stress, the forming process
enters into the final steady stage. Whether upper or lower threshold stresses, the order of
various initial tempers is re-solution > solution > retrogression. It means that the retrogression
temper corresponds to the best CAF formability.

The dominant mechanism of creep deformation can be reflected from the stress exponent
n [28], which can be calculated through fitting the slopes of strain rate-stress double logarith-
mic curves of the steady stage in stress relaxation process. Figure 10(b) shows that the values
of stress exponent n in the steady stage CAF at 165�C for the AA7050 with solution, retrogres-
sion and re-solution tempers are 8.7, 7.3 and 9.5, respectively. The value of n less than 2
indicates that the creep deformation mechanism mainly is diffusion. While the value of n
greater than 4 means that the creep deformation is controlled by dislocation movement,
including dislocation slip and dislocation climb [29]. It follows that the dominant deformation
mechanism of AA7050 in the creep aging process under 165�C is dislocation creep.

4.1.2. Formability and MPts

Since the dislocation movement is affected by the size and distribution of the MPts, there is a
direct relationship between the precipitate microstructures and formability of AA7050 during
CAF. By comparing the precipitate microstructures of the specimens with different initial
tempers after the creep aging tests of 6 h in Figure 5, it is shown that the specimen with initial
temper of T73 has the largest MPts, and the specimen with initial temper of re-solution has the
smallest MPts. It well known that the small-sized precipitates will be cut by dislocation during
plastic deformation process of metal, while the big-sized precipitates will be bypassed. Thus,
the AA7050 with initial temper of T73 has the best formability because of its big-sized
precipitates are bypassed by the moving dislocation, but the alloy with initial temper of
re-solution has the worst formability since its small-sized precipitates pin the dislocation [30].

4.2. Issue of performance

4.2.1. Mechanical properties and MPts

It is generally known that the main influencing factor for mechanical properties of the heat-
treatable aluminum alloys is the size of MPts. Since its fine MPts similar to the T6 temper, the
specimen with initial temper of solution has the highest YS and TS after creep aging tests.
Because there is only the coarsening action of MPts, the mechanical strength of the specimens

Initial temper Solution Retrogression Re-solution

Upper threshold stresses (MPa) 229.8 225.1 232.9

Lower threshold stresses (MPa) 223.9 218.7 228.8

Table 3. Upper and lower threshold stresses of AA7050 with various initial tempers in CAF at 165�C.
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with initial tempers of T6 and T73 has actually lowered. In the creep aged specimen with initial
temper of re-solution, the re-precipitation takes place in the creep aging process, thus the fine
MPts leads to the higher strength which close to the strength of T6.

4.2.2. Corrosion resistance and GBPs

The corrosion resistance of Al-Zn-Mg-Cu alloys is directly determined by grain boundary
structure. The continuously distributed GBPs can create an anodic corrosion channel, where a
galvanic reaction will occur between the GBPs as anode and the aluminum matrix as cathode
in a corrosive environment [31]. For the solution and retrogression tempers, since their creep
aged specimens have continuous GPBs, these two tempers show higher sensitivity of EXCO
and SCC. Conversely, the discontinuous GPBs of the creep aged specimens with initial temper
of T6, T73 and re-solution cannot form effective anodic corrosion channel, thus these three
tempers have better corrosion resistances. The SCC mechanism of the Al-Zn-Mg-Cu alloys is
also considered to be the effect of hydrogen embrittlement except the anodic dissolution [21].

Figure 11. Multiple performance indexes of creep aged AA7050 with different initial tempers.
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Initial temper Solution Retrogression Re-solution

Upper threshold stresses (MPa) 229.8 225.1 232.9

Lower threshold stresses (MPa) 223.9 218.7 228.8

Table 3. Upper and lower threshold stresses of AA7050 with various initial tempers in CAF at 165�C.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications112

with initial tempers of T6 and T73 has actually lowered. In the creep aged specimen with initial
temper of re-solution, the re-precipitation takes place in the creep aging process, thus the fine
MPts leads to the higher strength which close to the strength of T6.

4.2.2. Corrosion resistance and GBPs

The corrosion resistance of Al-Zn-Mg-Cu alloys is directly determined by grain boundary
structure. The continuously distributed GBPs can create an anodic corrosion channel, where a
galvanic reaction will occur between the GBPs as anode and the aluminum matrix as cathode
in a corrosive environment [31]. For the solution and retrogression tempers, since their creep
aged specimens have continuous GPBs, these two tempers show higher sensitivity of EXCO
and SCC. Conversely, the discontinuous GPBs of the creep aged specimens with initial temper
of T6, T73 and re-solution cannot form effective anodic corrosion channel, thus these three
tempers have better corrosion resistances. The SCC mechanism of the Al-Zn-Mg-Cu alloys is
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The small and continuous GBPs in solution and retrogression tempers cannot capture hydro-
gen atoms, then the SCC easily occurs on the grain boundary where concentrated a bunch of
hydrogen atoms. Rather, the large and discontinuous GBPs in T6, T73 and re-solution tempers
as the pitfalls of hydrogen atoms avoid the mass concentration of hydrogen atoms in the grain
boundary, leading to the low SCC sensitivity.

4.3. Comprehensive evaluation by multiple indexes

Figure 11 displays the various material performances of AA7050 with various initial tempers,
which are tested 18 h under creep aging tests conditions of 165�C and 250 MPa. When the tests
comes to the end, only the specimen with initial temper of re-solution is absolutely still in the
steady creep stage. This shows that it has the potential to sustain a longer CAF period. The
mechanical properties of the creep aged specimen with initial temper of re-solution are very
close to those of solution temper as the best case, and much more than those of T6, T73 and
retrogression. Furthermore, the corrosion resistances of the creep aged specimen with initial
temper of re-solution are very close to the best case in T73 temper.

Taking the both requirements of forming precision and material performance into account, a
conclusion can be drawn by comparing the multiple indicators shown in Figure 11. The
re-solution is the best choice for the initial temper of Al-Zn-Mg-Cu alloys in CAF under the
given conditions, that is, the temperature of 165�C and the stress of 250 MPa.

5. Conclusions

In terms of the creep deformation and stress relaxation, as well as corresponding properties
tests and microstructure observations, the effects of initial tempers on the creep aging form-
ability and performance of an Al-Zn-Mg-Cu alloy (AA7050) have been studied under CAF
conditions. The main findings can be summarized as follows:

1. Using various heat treatment methods, five material states of AA7050 are obtained to
serve as initial tempers for CAF, namely, solution, T6, T73, retrogression and re-solution.
The microstructure analyses show that there is no obvious MPts in the alloy with solution
temper. The retrogression temper is transformed from T6 temper through retrogression
treatment which makes slight reduction of MPts density and discontinuous distribution of
GBPs. The re-solution temper is converted from T73 temper by re-solution treatment
which fully dissolves the MPts and makes the GBPs smaller.

2. The T73 temper has the best formability, and the worst presents in the re-solution temper.
Through calculating the stress exponents, it can be seen that the CAF of AA7050 under the
given thermal-mechanical conditions is mainly controlled by dislocation creep. The TEM
observations of the specimens after the creep aging tests of 6 h show that the T73 temper
has the biggest sized MPts which can be bypassed by the moving dislocation, thus it has
the best formability; the reason of the worst formability appeared in re-solution temper is
that the alloy has the smallest sized MPts which can pin down the moving dislocation.
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3. The mechanical properties of the creep aged specimens with various initial tempers are
different. After creep aging, the specimens with initial tempers of solution and re-solution
show almost same high mechanical properties than that of T6, T73 and retrogression. Its
reason is that the creep aged specimens with initial tempers of solution and re-solution has
fine and homogeneous MPts, while the MPts of the creep aged specimens with initial
tempers of T6, T73 and retrogression grow up obviously. The discontinuous GBPs lead to
the better EXCO and SCC resistance of the creep aged specimens with initial tempers of T6,
T73 and re-solution. Conversely, the continuous GBPs result in the higher corrosion suscep-
tibility of the creep aged specimens with initial tempers of solution and retrogression.

4. In order to achieve the dual objective of precise forming and performance improvement,
the comprehensive assessment on multiple performance indexes indicates that the
re-solution is the best choice for the initial temper of Al-Zn-Mg-Cu alloys in CAF under
the given conditions. Re-solution temper has the potential to withstand long forming
period and can bring excellent mechanical properties and corrosion resistances.
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tibility of the creep aged specimens with initial tempers of solution and retrogression.

4. In order to achieve the dual objective of precise forming and performance improvement,
the comprehensive assessment on multiple performance indexes indicates that the
re-solution is the best choice for the initial temper of Al-Zn-Mg-Cu alloys in CAF under
the given conditions. Re-solution temper has the potential to withstand long forming
period and can bring excellent mechanical properties and corrosion resistances.
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Abstract

The deterioration of materials during industrial application poses a serious threat to the 
materials structural integrity. A material’s susceptibility to wear and surface damage 
can be reduced by alteration of its surface chemistry, morphology and crystal structure. 
Therefore, modification of surface properties plays an important role in optimizing a 
material’s performance for a given application. Modern industrial applications require 
materials with special surface properties such as high hardness, wear and corrosion resis-
tance, therefore materials engineers are vital to regularly examine how the microstruc-
ture of a material can be altered. Aluminium-based alloys have a wide application in the 
automotive, domestic and aerospace industries due to their excellent mechanical proper-
ties such as good weldability, sound castability and outstanding resistance to corrosion. 
The purpose of this research is to enhance inherent properties of the materials to create 
new products or improve on existing ones. The most effective engineering solution to 
prevent or minimize such surface region of a component is done by fibre lasers. It was 
concluded that Hypereutectic Al-Si alloys having transition metals are exceptional mate-
rials due to their specific properties. The addition of Cu, Fe, Cr, Si, Mg and Ni to Al-based 
alloys can improve the mechanical properties at both ambient and elevated temperatures.

Keywords: Al-based coatings, modification, mechanical properties, laser, materials, 
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Surface modification of metals has been a useful tool in the improvement of the metal’s property. 
It is a cost-effective method that alters the surface of components rather than the whole structure. 
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Laser processes are advantageous because it can target a specific area of a component, even if 
the shape is complex. This book chapter will focus on laser processes, their parameters, and the 
ternary powder Al-Si to obtain a clearer understanding of the surface treatment. Surface engi-
neering refers to the design and modification of a surface to enhance properties such as corrosion, 
hardness, and wear. Surface modification has been practiced to enhancing the surface proper-
ties of materials in order to better endure wear, friction, and high temperatures through coating 
and alloying. Although a variety of advanced materials with significant properties have been 
developed, however, when it concerns a surface engineering application, physical properties of 
materials are among other factors that need to be considered, which include practicality and cost 
and time consumption. Surface treatment and coating are the most effective methods to protect 
surfaces from fatigue and extend the life by reducing damage at contact surfaces [1–3].

1.1. Lasers

Laser is an acronym for light amplification by stimulated emission of radiation. Lasers are 
mechanisms that give off intense beams of light which are coherent, monochromatic, and 
highly collimated. The wavelength of the beam is of high purity in comparison to other light 
sources; hence it is monochromatic. All the photons that constitute to the laser beam have a 
fixed phase relationship with respect to each other. The light from a laser generally has a very 
low divergence; it can travel over large distances or can be focused to a very small spot with 
a brightness which exceeds that of the sun. Due to these properties, lasers have been applied 
in a wide range of industries [4].

1.2. Laser surface modification

Applications of lasers in materials processing are widely found in part refurbishment and con-
struction of large components from structural industry to small components such as electro-
chemical systems [5]. Montealegre et al. [6] acknowledged the need in different industrial sectors 
to improve the performance of material surface for service conditions and reported this need 
cannot be fulfilled by the conventional surface modification methods and coatings. There are 
many required component parts with specifications of surface properties when it comes to indus-
trial applications, namely, good corrosion and wear resistance as well as good hardness. Most 
alloys which contain these specific properties are mostly expensive, and there is a great interest in 
decreasing the rate of components for fulfilling these requirements. Therefore, laser surface pro-
cessing has been employed as an effective technique to improve surface properties of materials. 
To improve surface properties of materials, a laser beam is used to heat and modify the structure 
and physical characteristics of a material [6, 7]. Surface engineering has been considered as an 
approach to modify the surface of one metal with another metal that contains higher hardness, a 
lower coefficient of friction than the substrate [8–10].

Compared with other methods of surface modification, laser surface processing is charac-
terized by the possibility of forming alloys of nonequilibrium compositions, formation of a 
fine microstructure, development of a strong metallurgical bond between the surface layer 
and the substrate, a small heat-affected zone, and the combination of a controlled minimal 
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dilution of the substrate by the coating materials [11]. It has major advantages of high pro-
ductivity, automation worthiness, noncontact processing, elimination of finishing opera-
tion, reduced processing cost, improved product quality, and greater material utilization. 
These characteristics and advantages have led to increasing demand of laser in material 
processing [12–14].

1.2.1. Types of laser surface modifications

1.2.1.1. Laser transformation hardening

It is an autogenous heat-treating technique, which involves solid-state transformation without 
any melting of the material. The material absorbs the laser energy and is controlled by the absorp-
tivity of the surface. The application is limited to alloys that can be heat treated by laser [15, 16] 
as shown in Figure 1.

1.2.1.2. Laser surface melting

This technique is performed by heating the alloy’s surface with a power density high enough 
to create a melt pool. A small ration of the top surface material is melted and cooled rapidly; 
the cooling rate will depend on the thermophysical properties of the metal and the scanning 
speed of the laser beam as shown in Figure 2.

1.2.1.3. Laser surface alloying

During laser surface alloying, an additional material is added to the melt pool to improve 
the properties [17]. The added material mixes with the molten substrate to form a new alloy. 
It involves melting a thin layer of the substrate with a high-power laser and simultaneously 
supplying the alloying element in the form of a powder as shown in Figure 3.

1.2.1.4. Laser cladding

Laser cladding applies the same principle as laser surface alloying, but the difference is the 
depth of the substrate that was melted. It enables the cladding material to be well bonded 
to the substrate without much mixing between them, which results in a relatively thick and 
homogenous overlay of coating material on the substrate as shown in Figure 4.

Figure 1. Schematic diagram showing the heat-affected zone of laser transformation hardening [10].
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and time consumption. Surface treatment and coating are the most effective methods to protect 
surfaces from fatigue and extend the life by reducing damage at contact surfaces [1–3].
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Laser is an acronym for light amplification by stimulated emission of radiation. Lasers are 
mechanisms that give off intense beams of light which are coherent, monochromatic, and 
highly collimated. The wavelength of the beam is of high purity in comparison to other light 
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trial applications, namely, good corrosion and wear resistance as well as good hardness. Most 
alloys which contain these specific properties are mostly expensive, and there is a great interest in 
decreasing the rate of components for fulfilling these requirements. Therefore, laser surface pro-
cessing has been employed as an effective technique to improve surface properties of materials. 
To improve surface properties of materials, a laser beam is used to heat and modify the structure 
and physical characteristics of a material [6, 7]. Surface engineering has been considered as an 
approach to modify the surface of one metal with another metal that contains higher hardness, a 
lower coefficient of friction than the substrate [8–10].

Compared with other methods of surface modification, laser surface processing is charac-
terized by the possibility of forming alloys of nonequilibrium compositions, formation of a 
fine microstructure, development of a strong metallurgical bond between the surface layer 
and the substrate, a small heat-affected zone, and the combination of a controlled minimal 
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dilution of the substrate by the coating materials [11]. It has major advantages of high pro-
ductivity, automation worthiness, noncontact processing, elimination of finishing opera-
tion, reduced processing cost, improved product quality, and greater material utilization. 
These characteristics and advantages have led to increasing demand of laser in material 
processing [12–14].

1.2.1. Types of laser surface modifications

1.2.1.1. Laser transformation hardening

It is an autogenous heat-treating technique, which involves solid-state transformation without 
any melting of the material. The material absorbs the laser energy and is controlled by the absorp-
tivity of the surface. The application is limited to alloys that can be heat treated by laser [15, 16] 
as shown in Figure 1.

1.2.1.2. Laser surface melting

This technique is performed by heating the alloy’s surface with a power density high enough 
to create a melt pool. A small ration of the top surface material is melted and cooled rapidly; 
the cooling rate will depend on the thermophysical properties of the metal and the scanning 
speed of the laser beam as shown in Figure 2.

1.2.1.3. Laser surface alloying

During laser surface alloying, an additional material is added to the melt pool to improve 
the properties [17]. The added material mixes with the molten substrate to form a new alloy. 
It involves melting a thin layer of the substrate with a high-power laser and simultaneously 
supplying the alloying element in the form of a powder as shown in Figure 3.

1.2.1.4. Laser cladding

Laser cladding applies the same principle as laser surface alloying, but the difference is the 
depth of the substrate that was melted. It enables the cladding material to be well bonded 
to the substrate without much mixing between them, which results in a relatively thick and 
homogenous overlay of coating material on the substrate as shown in Figure 4.

Figure 1. Schematic diagram showing the heat-affected zone of laser transformation hardening [10].
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1.2.1.5. Laser dispersion

It is used for forming surface composites. This technique injects hard second phase into a 
melted substrate. To keep the hard particles from melting, decreasing the power or exposure 
time is necessary. These particles remain solid during processing and after solidification of the 
melted substrate; the particles are dispersed in a matrix on the substrate as shown in Figure 5.

Figure 4. Schematic diagram of laser cladding [15].

Figure 5. Schematic diagram showing the surface metal matrix formed by laser dispersion [15].

Figure 2. Schematic diagram illustrating the heat-affected zone and melt zone created by laser surface melting [15].

Figure 3. Schematic diagram displaying laser surface alloying [15].
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2. Overview on application and improved properties of laser-
deposited Al-Si alloy coatings

Grigoriev et al. [18] studied the hypereutectic Al-Si alloys formed by laser surface treatment. 
Hypereutectic Al-Si alloys are being used in the manufacturing of automotive components 
and tools. It had been noticed that when the Si content increases, the wear resistance of 
these alloys increases as well. However, the Si content should not exceed 20 wt.% in stan-
dard casting processes because large primary Si particles are formed and they result in the 
reduction of the alloys’ mechanical properties. The alloys that were to be produced had a Si 
content of 30, 40, and 60% (AlSi30, AlSi40, and AlSi60, respectively). The substrate used was 
a commercial aluminum alloy (AA6060), which composed of 0.3–0.6 wt.% Si, 0.35–0.6 wt.% 
Mg, 0.1–0.3% Fe, and the balance being Al. For the coat deposition, a continuous Yb:YAG 
1 kW disk laser was used, and argon gas was used as the shielding gas. After processing, 
the samples were prepared for metallographic observation by cold mounting, polishing, 
and etching. To study the microstructure, optical microscopy was used, and SEM-ES was 
used to investigate the chemical composition of the cladding. The phases were analyzed 
by means of XRD, and the hardness was evaluated. The results showed that the primary Si 
particles in the AlSi30 were extremely fine and made it impossible to differentiate primary 
Si from eutectic Si in the cladding as shown in Figure 6. It was found that bigger primary 
Si particle was formed with an increase in the powder feed rate and a decrease in the laser 
power. The hardness of AlSi30 decreased to HV0.05 80 from HV0.05 190 which was observed 
from the substrate as shown in Figure 7.

Ma et al. [19] studied the phase and microstructure formed in Al-20Si-5Fe-3Cu-1 Mg manufac-
tured by selective laser melting (SLM). The automotive and aerospace industries have encour-
aged the improvement of advanced materials with low coefficient of thermal expansion, low 
density, high specific strength, and excellent resistance to wear and corrosion. Hypereutectic 
Al-Si alloys having transition metals are exceptional materials due to their specific properties. 
The addition of Cu, Fe, Cr, Mg, and Ni to Al-Si alloys can improve the mechanical properties at 

Figure 6. Microstructure of powders with different silicon contents [18].
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both ambient and elevated temperatures. The evolution of the microstructure and phase trans-
formation of selective laser-melted Al-Si-Fe-Cu-Mg alloy that underwent different heat treat-
ment was investigated. To manufacture the alloy, An SLM device equipped with an Yb:YAG 
laser was employed. The shielding gas used for the processing was high purity argon. SEM 
equipped with energy dispersive X-ray spectroscopy (EDS) was used to characterize the micro-
structure. XRD was used to analyze the present phases after SLM. The results revealed that 
SLM refined the primary silicon and Al-Si-Fe compound in addition to changing the morphol-
ogy of eutectic silicon from a rod-like form to a mixture of dendrite and particle. The size of 
the SLM manufactured Al-Si-Fe compound phase reduced 4.5 times in comparison to the cast 
alloy (from 10.8 to 2.4  μ m). The phase analysis from XRD showed that after SLM, only  δ -Al4FeSi2 
phase was present, but after heat treatment, both  δ -Al4FeSi2 and  β -Al4FeSi2 phases were found. It 
was observed that during cooling, no quasi-peritectic reaction (L +  δ → Si +  β ) occurred. It can be 
concluded that selective laser melting of Al-20Si-5Fe-3Cu-1 Mg is better than casting the alloy.

Zhao et al. [20] studied a coating composed of Fe-Al-Si in situ composite synthesized by laser 
cladding. ASTM A283Gr.D steel is used in the industry as a structural material but has low 
wear resistance. Dispersion of a hard phase in the matrix of the coating has received interest 
due to the enhancement of wear resistance and microhardness. To investigate the effect of 
process parameters on the properties of the steel, laser cladding with Fe-Al-Si powder was 
done. The powder was preplaced on the steel substrate, and a continuous transverse flow 
CO2 laser system was used. The parameters that were changed throughout the work were 
the composition of the powders, the laser power, as well as the scanning speed. After clad-
ding, the samples were cut, and a Vickers hardness tester was used for the evaluation of the 
microhardness. The phase and microstructure were studied with XRD and SEM, respectively. 
A wear tester was used to characterize the wear resistance. The results showed that Fe, SiO2, 
and Al2Fe3Si4 intermetallic compound were formed on the surface of the steel substrate. It 
was observed that the increase in the laser power increases the wear resistance up until the 
power of 1600 kW and beyond this power, the wear resistance decreases. The increase in the 
scanning speed, until the speed of 400 mm/min, caused the wear resistance of the coating to 

Figure 7. Microhardness distribution of laser cladding produced from alloys with different Si contents [P = 400 W, 
V = 800 mm/min] [18].
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increase. The hardness of the coating increased with the increased of the power and scanning 
speed until their peaks were reached. It was seen that the increase in laser power and scanning 
speed refined the grain size of the coating.

Kempen et al. [21] investigated the mechanical properties of AlSi10Mg manufactured by selec-
tive laser melting. Aluminum-silicon alloys have a wide application in the automotive, domestic, 
and aerospace industries due to their excellent mechanical properties such as good weldability, 
sound castability, and outstanding resistance to corrosion. Selective laser melting of the alloy 
can offer a wider range of application, such as structures that are complex involve cavities. To 
manufacture the alloy, the AlSi10Mg powder was processed using a modified concept laser M1 
SLM machine, which is equipped with a 200 W fiber laser. A polarizing microscope and scan-
ning electron microscope were used to observe the microstructures formed. The hardness was 
determined by means of a Vickers hardness tester, and X-ray patterns were measured with a 
goniometer. The results revealed that the AlSi10Mg parts produced by selective laser melting 
exhibited better overall mechanical properties when compared to the casted AlSi10Mg mate-
rial shown in Figure 8. The improvement of these properties was attributed to the formation of 
MgSi2, the rapid cooling rate resulted in a very fine microstructure, and the distribution of the 
Si phase was found to be fine as well. The fine microstructure consisted of tiny Al-matrix cells/
dendrites (Figure 9) decorated with silicon phase. It was therefore concluded that selective laser 
melting of AlSi10Mg gives rise to mechanical properties than conventional casting.

Lijing et al. [22] examined the microstructure and hardness of selective laser melted of 
Al-8.5Fe-1.3 V-1.7Si alloy. Al-Fe-V-Si alloys show a great chance in being a competitive alter-
native to titanium alloys in the aerospace industry; this is due to their ductility, high strength, 
rapid solidification, and toughness at elevated temperatures. Vacuum induction melting in an 
argon atmosphere was used to produce the substrate which composed of Al-8.5Fe-1.3 V-1.7Si. 
A DEYU LM 200 SLM instrument equipped with Yb:YAG fiber laser was for SLM in an argon 
atmosphere. To observe the effect of scanning speed on the properties, two speeds were used: 
200 and 250 mm/s. For microstructural analysis, an electron probe micro-analyzer (EPMA), trans-
mission electron microscopy (TEM) equipped with energy dispersive X-ray spectroscopy (EDS) 
was used. XRD was used to perform phase analysis, and a Vickers hardness tester was used to  
establish the microhardness. It was found that SLM-processed samples composed of  α -Al, 

Figure 8. Fracture surface of a SLM-produced AlSi10Mg sample. The border of the broken test sample is shown, where 
the borderline porosity initiated cracks toward the side of the sample [21].
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increase. The hardness of the coating increased with the increased of the power and scanning 
speed until their peaks were reached. It was seen that the increase in laser power and scanning 
speed refined the grain size of the coating.

Kempen et al. [21] investigated the mechanical properties of AlSi10Mg manufactured by selec-
tive laser melting. Aluminum-silicon alloys have a wide application in the automotive, domestic, 
and aerospace industries due to their excellent mechanical properties such as good weldability, 
sound castability, and outstanding resistance to corrosion. Selective laser melting of the alloy 
can offer a wider range of application, such as structures that are complex involve cavities. To 
manufacture the alloy, the AlSi10Mg powder was processed using a modified concept laser M1 
SLM machine, which is equipped with a 200 W fiber laser. A polarizing microscope and scan-
ning electron microscope were used to observe the microstructures formed. The hardness was 
determined by means of a Vickers hardness tester, and X-ray patterns were measured with a 
goniometer. The results revealed that the AlSi10Mg parts produced by selective laser melting 
exhibited better overall mechanical properties when compared to the casted AlSi10Mg mate-
rial shown in Figure 8. The improvement of these properties was attributed to the formation of 
MgSi2, the rapid cooling rate resulted in a very fine microstructure, and the distribution of the 
Si phase was found to be fine as well. The fine microstructure consisted of tiny Al-matrix cells/
dendrites (Figure 9) decorated with silicon phase. It was therefore concluded that selective laser 
melting of AlSi10Mg gives rise to mechanical properties than conventional casting.

Lijing et al. [22] examined the microstructure and hardness of selective laser melted of 
Al-8.5Fe-1.3 V-1.7Si alloy. Al-Fe-V-Si alloys show a great chance in being a competitive alter-
native to titanium alloys in the aerospace industry; this is due to their ductility, high strength, 
rapid solidification, and toughness at elevated temperatures. Vacuum induction melting in an 
argon atmosphere was used to produce the substrate which composed of Al-8.5Fe-1.3 V-1.7Si. 
A DEYU LM 200 SLM instrument equipped with Yb:YAG fiber laser was for SLM in an argon 
atmosphere. To observe the effect of scanning speed on the properties, two speeds were used: 
200 and 250 mm/s. For microstructural analysis, an electron probe micro-analyzer (EPMA), trans-
mission electron microscopy (TEM) equipped with energy dispersive X-ray spectroscopy (EDS) 
was used. XRD was used to perform phase analysis, and a Vickers hardness tester was used to  
establish the microhardness. It was found that SLM-processed samples composed of  α -Al, 
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the borderline porosity initiated cracks toward the side of the sample [21].
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Al12(Fe,V)3Si, and  θ -Al13Fe4 phases. The laser-melted zone displayed a region of a mixture zone of 

α -Al and nanoscale Al12(Fe,V)3Si or a cellular-dendritic structure, the melt pool border was found 
to have submicron  θ -Al13Fe4 particles, and the heat-affected zone had an identical mixture zone 
of Al12(Fe,V)3Si and  α -Al. The hardness of the SLM-processed samples was much higher than that 
of the cast alloy. The hardness of the sample processed with a scanning speed of 200 mm/s was 
found to be in the range of 145–175 HV and 135–170 HV was the range of hardness for the scan-
ning speed of 250 mm/s, and the hardness of the cast alloy was 40–45 HV. It can be concluded that 
SLM gives better surface properties than casting.

Anandkumar et al. [23] analyzed the sliding wear resistance and microstructure of an 
Al-12 wt. % Si/TiC laser clad coating. Al-alloy matrixes (Al-MMCs) have excellent mechanical 
properties, good wear resistance, and low density and have found application in automotive 
or aerospace industries. SiC has been extensively used for the reinforcement of Al-MMCs, 
but it dissolves significantly in molten aluminum; this results in the precipitation of Al4C3 at 
temperatures of 670–1350°C. The coating produced was composed of 40 wt.% TiC powder, 
and the balance was Al-12wt.% Si powder. The powders were mixed with a Turbula powder 
mixer. For the laser cladding, a continuous wave Nd:YAG laser system was used to clad the 
powder on Al–7 wt.% Si cast alloy plates. The laser power used was 1.8 kW, and the scanning 
speed was 12 mm/s. After laser cladding, the samples were prepared for analysis by standard 
metallographic polishing methods and then followed by etching with Keller’s reagent. To 
characterize the microstructure, optical microscopy, scanning electron microscopy, energy 
dispersive X-ray spectroscopy, and X-ray diffraction were used. A Vickers hardness tester 
was used to determine the microhardness, and the dry sliding wear tests were performed 
with a ball-cratering apparatus. The results showed that the microstructure of Al-12wt.%Si/
TiC coatings had TiC particles distributed in a matrix that consisted of 35 vol.% primary 
α-Al dendrites and interdendritic α-Al + Si eutectic. Because of partial dissolution of TiC in 
liquid aluminum, 3% of Ti3SiC2 was found to be present in the coating. The hardness of the 
coating was determined to have increased to 165 HV from the hardness of 115 HV exhibited 
by the substrate. The wear coefficient of the Al-Si/TiC composite was lower than that of the 
Al-12wt.% Si alloy and the substrate. The 2.2 mm3/Nm was found to be the wear coefficient 
of the composite, 8.2 mm3/Nm was determined for the alloy, and the substrate presented a 

Figure 9. SEM micrograph of a AlSi10Mg SLM part showing the Al-matrix cells decorated with Si phase. A cross section 
perpendicular to the layers and the scanning direction [21].
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wear coefficient of 4.5 mm3/Nm. Hence, it was concluded that the coating produced by laser 
cladding had superior mechanical properties.

Zhao et al. [24] studied ultrafine Al-Si hypereutectic alloy produced by direct metal depo-
sition. Hypereutectic Al-Si alloys are being applied in the automobile, aeronautical, and 
military industries because of their good corrosion resistance, low density, low thermal 
expansion coefficient, good casting ability, and high wear resistance. The large proportions 
of coarse primary Si present in Al-Si alloys formed during conventional casting processes 
can decrease their anti-wear characteristic and ductility; to overcome this, the primary Si of 
the alloy should be refined. The substrate used was 6061 aluminum alloy which was pre-
pared by sandblasting, and Al-Si and silicon carbide powders were used. A direct metal 
deposition machine was used to deposit 10 successive layers by scanning the laser back and 
forth over the previous layer. A coaxial nozzle was used to inject the powders at a feed 
rate of 4.9 g/min. The samples were cut along the transverse section and were prepared by 
metallographic polishing and etching in Keller’s reagent. SEM-EDS was used to character-
ize the microstructure of the layer, XRD was used to determine the phases present, and an 
automatic microhardness tester was used to evaluate the microhardness. The results showed 
that an in situ hypereutectic Al-Si alloy containing primary Si is ultrafine. It was observed 
that an increase in the scanning speed and laser power led to an increase in the volume 
fraction of primary Si, as well as the size. The size of eutectic Si grain decreased with the 
increase in scanning speed and reached the minimum value at a laser power of 850 W. the 
microhardness tests displayed that an increase in scanning speed resulted in an increase in 
the microhardness. It was concluded that direct metal deposition refined the microstructure 
and, therefore, resulted in improved properties.

Li et al. [25] examined the effect heat treatment had on AlSi10Mg alloy manufactured by selec-
tive laser melting. AlSi10Mg is extensively used in automotive and aerospace industries and 
heat exchanger products. The wide range of application is due to the high mechanical proper-
ties, low thermal expansion, reduced recycling costs, and light weight of this alloy. It has been 
revealed that in a tensile environment, coarse and acicular eutectic silicon phases instigate 
cracks, which in turn brings about the deterioration of mechanical properties. The modifica-
tion of this coarse phase is important in improving the mechanical properties of AlSi10Mg 
alloy. The alloy was produced with a gas-atomized powder processed with a selective melt-
ing machine where the parameters were a scanning speed of 1140 mm/s, a laser power of 
350 W, scan spacing of 170 μm, and a powder layer thickness of 50 μm. During selective 
laser melting, argon gas was used as a shielding gas. After SLM, the samples were subjected 
to solution heat treatment at different temperatures (450, 500, and 550°C) for 2 h and water 
quenched. Half of the samples were exposed to artificial aging at 180°C for 12 h. Prior to 
characterization, the samples were ground, polished, and etched in Keller’s reagent. SEM 
was used to examine the microstructure, and XRD was used to analyze the phases present. A 
high-precision electronic universal testing machine was used for tensile tests, and a Vickers 
hardness tester was used to get the microhardness. The results showed that the solubility of 
Si atoms in Al matrix rapidly decreased with the increase in the heat treatment temperature, 
and after aging the solubility decreased even further. An ultrafine eutectic microstructure was 
formed as a result of the high cooling rate and thermal fluctuation of selective laser melting; 

The Effects of Rapid Cooling on the Improved Surface Properties of Aluminium Based…
http://dx.doi.org/10.5772/intechopen.71698

127



Al12(Fe,V)3Si, and  θ -Al13Fe4 phases. The laser-melted zone displayed a region of a mixture zone of 

α -Al and nanoscale Al12(Fe,V)3Si or a cellular-dendritic structure, the melt pool border was found 
to have submicron  θ -Al13Fe4 particles, and the heat-affected zone had an identical mixture zone 
of Al12(Fe,V)3Si and  α -Al. The hardness of the SLM-processed samples was much higher than that 
of the cast alloy. The hardness of the sample processed with a scanning speed of 200 mm/s was 
found to be in the range of 145–175 HV and 135–170 HV was the range of hardness for the scan-
ning speed of 250 mm/s, and the hardness of the cast alloy was 40–45 HV. It can be concluded that 
SLM gives better surface properties than casting.

Anandkumar et al. [23] analyzed the sliding wear resistance and microstructure of an 
Al-12 wt. % Si/TiC laser clad coating. Al-alloy matrixes (Al-MMCs) have excellent mechanical 
properties, good wear resistance, and low density and have found application in automotive 
or aerospace industries. SiC has been extensively used for the reinforcement of Al-MMCs, 
but it dissolves significantly in molten aluminum; this results in the precipitation of Al4C3 at 
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Figure 9. SEM micrograph of a AlSi10Mg SLM part showing the Al-matrix cells decorated with Si phase. A cross section 
perpendicular to the layers and the scanning direction [21].
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wear coefficient of 4.5 mm3/Nm. Hence, it was concluded that the coating produced by laser 
cladding had superior mechanical properties.

Zhao et al. [24] studied ultrafine Al-Si hypereutectic alloy produced by direct metal depo-
sition. Hypereutectic Al-Si alloys are being applied in the automobile, aeronautical, and 
military industries because of their good corrosion resistance, low density, low thermal 
expansion coefficient, good casting ability, and high wear resistance. The large proportions 
of coarse primary Si present in Al-Si alloys formed during conventional casting processes 
can decrease their anti-wear characteristic and ductility; to overcome this, the primary Si of 
the alloy should be refined. The substrate used was 6061 aluminum alloy which was pre-
pared by sandblasting, and Al-Si and silicon carbide powders were used. A direct metal 
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forth over the previous layer. A coaxial nozzle was used to inject the powders at a feed 
rate of 4.9 g/min. The samples were cut along the transverse section and were prepared by 
metallographic polishing and etching in Keller’s reagent. SEM-EDS was used to character-
ize the microstructure of the layer, XRD was used to determine the phases present, and an 
automatic microhardness tester was used to evaluate the microhardness. The results showed 
that an in situ hypereutectic Al-Si alloy containing primary Si is ultrafine. It was observed 
that an increase in the scanning speed and laser power led to an increase in the volume 
fraction of primary Si, as well as the size. The size of eutectic Si grain decreased with the 
increase in scanning speed and reached the minimum value at a laser power of 850 W. the 
microhardness tests displayed that an increase in scanning speed resulted in an increase in 
the microhardness. It was concluded that direct metal deposition refined the microstructure 
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heat exchanger products. The wide range of application is due to the high mechanical proper-
ties, low thermal expansion, reduced recycling costs, and light weight of this alloy. It has been 
revealed that in a tensile environment, coarse and acicular eutectic silicon phases instigate 
cracks, which in turn brings about the deterioration of mechanical properties. The modifica-
tion of this coarse phase is important in improving the mechanical properties of AlSi10Mg 
alloy. The alloy was produced with a gas-atomized powder processed with a selective melt-
ing machine where the parameters were a scanning speed of 1140 mm/s, a laser power of 
350 W, scan spacing of 170 μm, and a powder layer thickness of 50 μm. During selective 
laser melting, argon gas was used as a shielding gas. After SLM, the samples were subjected 
to solution heat treatment at different temperatures (450, 500, and 550°C) for 2 h and water 
quenched. Half of the samples were exposed to artificial aging at 180°C for 12 h. Prior to 
characterization, the samples were ground, polished, and etched in Keller’s reagent. SEM 
was used to examine the microstructure, and XRD was used to analyze the phases present. A 
high-precision electronic universal testing machine was used for tensile tests, and a Vickers 
hardness tester was used to get the microhardness. The results showed that the solubility of 
Si atoms in Al matrix rapidly decreased with the increase in the heat treatment temperature, 
and after aging the solubility decreased even further. An ultrafine eutectic microstructure was 
formed as a result of the high cooling rate and thermal fluctuation of selective laser melting; 
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this led to significantly improve tensile properties and hardness. The size of Si particles was 
initially small after SLM but coarsened with heat treatment and become coarser with aging.

Gu and Van Gelder [26] characterized the coating layer of laser-deposited Al-Si over laser 
weld bead as shown in Figures 10 and 11. Steel sheets in the automotive industry should 
have excellent corrosion resistance as it is the primary protection of these sheets. The weld 
bead was prepared by applying a localized coating by means of well-defined spot heating 
and concurrently spraying coating material powder (Al-Si) on the heated spot. A Trump 
disk was used to perform laser welding and laser-localized coating. A steel sheet was used as 
the substrate. After processing, the samples were water quenched. Scanning electron micros-
copy coupled with energy dispersive spectroscopy was used to characterize the morphology 
of the coating layer. The results showed that the thickness of the layer varied from 100 to 
140 μm depending on the feed rate, laser power, and processing speed. A thin layer was 
produced by a faster speed and lower power. EDS revealed that the layer consisted of Fe-rich 
intermetallic compound as also reported by [27, 28]. For a higher laser power, Fe-Al and 
Fe3Al phases were present, and for a lower energy and fast process, Fe-Al, Fe3Al, and α-Fe 
intermetallic phases were identified. The coating was found to be a stable Fe-Al compound 
enriched with Fe which would provide improved corrosion resistance for the steel material 
underneath it.

Liang et al. [29] studied the corrosion resistance and high strength of an Al-Si-based casting 
alloy. Because Al-Si-based casting alloys exhibit good castability, great strength-to-weight 
ratio, and reduced manufacturing costs, they have a variety of applications in the automotive 
industries. Although these properties are desirable, the alloys were stated to have a high corro-
sion rate in environments that contained salt. Alloying was a technique employed to improve 
the properties. The two reference metals used composed of silicon, iron, copper, manganese, 
magnesium, zinc, and aluminum of different compositions, and the new alloy has the same 

Figure 10. Top view of a laser-generated coating on weld bead [26].
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metals with an addition of strontium. The metals were melted in clay graphite crucibles heated 
at 740°C and poured into a steel mold, and then the ingots were aged at 180°C for 4 h before 
they were allowed to cool be undergo analysis. Tensile tests were done, the microstructures 
were assessed using optical and scanning electron microscopy, and the corrosion behavior 
was evaluated by means of immersion tests and polarization. XRD was used to observe the 
surface of the samples before and after immersion tests were done in a 3.5 wt. % NaCl solution 
for 240 h. The microstructural tests revealed that all three alloys had an intermetallic that con-
tained eutectic silicon, α-Al dendrites, and needle-shaped Fe. The addition of strontium made 
the α-Al dendrites of the new alloy more uniform and columnar than those of the reference 
alloys. The tensile tests revealed that the new alloy had a higher strength and could be elon-
gated; this was due to the eutectic silicon being more spherical and much finer. The corrosion 
tests revealed that all three alloys had the same corrosion mechanism, but the new alloy had a 
much higher corrosion resistance. The XRD performed after immersion tests showed that the 
new alloy had fewer sites of pit corrosion. The authors therefore conclude that the new alloy 
has superior microstructural and mechanical properties (Figure 12).

Figure 11. Optical micrographs of the coating before (A) and after (B) heat treatment [26].

Figure 12. (a) Microstructure of as cast Al-20Si alloy and (b) high magnification micrograph showing the eutectic Al-Si 
[24].
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they were allowed to cool be undergo analysis. Tensile tests were done, the microstructures 
were assessed using optical and scanning electron microscopy, and the corrosion behavior 
was evaluated by means of immersion tests and polarization. XRD was used to observe the 
surface of the samples before and after immersion tests were done in a 3.5 wt. % NaCl solution 
for 240 h. The microstructural tests revealed that all three alloys had an intermetallic that con-
tained eutectic silicon, α-Al dendrites, and needle-shaped Fe. The addition of strontium made 
the α-Al dendrites of the new alloy more uniform and columnar than those of the reference 
alloys. The tensile tests revealed that the new alloy had a higher strength and could be elon-
gated; this was due to the eutectic silicon being more spherical and much finer. The corrosion 
tests revealed that all three alloys had the same corrosion mechanism, but the new alloy had a 
much higher corrosion resistance. The XRD performed after immersion tests showed that the 
new alloy had fewer sites of pit corrosion. The authors therefore conclude that the new alloy 
has superior microstructural and mechanical properties (Figure 12).
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El-Salam et al. [30] analyzed how the mechanical and structural properties of Al-Si alloy were 
affected by the Sn content. Al-Si cast alloying is mainly used for applications such as automo-
bile components and instrument panels in the transportation industries. Tin has outstanding 
anti-welding properties with iron and low strength and modulus; this makes it a crucial com-
ponent in bearing. Adding Sn to Al-Si or adding Si to Al-Sn produces the possibility of meeting 
the requirements needed for maintaining a balance of strength and soft surface characteristics. 
Different amounts of Sn (0.5–2 wt.%) were added to Al-3 wt.% Si alloy to observe the effect. The 
samples were made by melting 99.99% pure Al, Sn, and Si in a graphite crucible at different 
compositions, and the ingots were normalized at 550°C for 53 h. The hardness and stress-strain 
were tested as well as the microstructure of the alloys by means of a transmission electron 
microscope. The stress-strain curves obtained for the alloys show that the hardness of the alloys 
decreases when the temperature increases and increases when the Sn content is raised as also 
reported by Makhatha et al. [2017]. After homogenization, it was found that the spheroidized 
Si particles were encased in β-Sn layers that formed a peritectic structure. The ternary alloy, 
Al-Sn-Si, had overall better mechanical properties in comparison to the initial binary alloy Al-Si. 
The authors therefore conclude that the addition of Sn to Al-Si alloys enhances the mechanical 
properties of the alloys and a higher Sn content leads to an alloy with superior alloys.

Kang et al. [31] studied the microstructure of hypereutectic Al-Si alloys produced by means 
of selective laser melting (SLM), as well as its wear behavior. Aluminum alloys have numer-
ous applications in the automobile and aircraft industries due to their excellent properties 
such as corrosion resistance, formability, and high stiffness-to-weight ratio. Al-Si alloys have 
a low thermal expansion coefficient and a high strength to weight ratio and resist wear; these 
properties allow the alloy to be used as a material for pistons and engine blocks. It has been 
observed before that the increase of silicon content until eutectic constitution will increase 
the resistance to wear of the alloys. An investigation was done on the impact that laser power 
had on the microstructure and mechanical properties of the alloy. The powders were mixed, 
and a commercial SLM machine was used to fabricate the alloy on an aluminum base plate at 
laser powers that ranged from 120 to 225 W. The microhardness of the samples was obtained 
by employing a Vickers pyramid, the microstructure was observed using optical microscopy 
and SEM-EDS, and dry ball-on-disk wear tests were done on the samples. After the tests were 
conducted, it was found that relatively packed hypereutectic Al-SI alloys were achieved in situ 
from a combination of elemental powders using a SLM procedure under argon conditions. 
The microhardness and relative density increased with the increase of power until 210 W; 
beyond this power, the mechanical properties reduced drastically. Analyzing the microstruc-
ture revealed that the increase of laser power caused the porosity of the samples decrease and 
the form of pores altered from an irregular shape to a spherical one. The authors therefore con-
cluded that a laser power of 210 W was the optimum to use as it presented the highest relative 
density and microhardness and exhibited the lowest wear rate of all the processed specimens.

Zhao et al. [32] studied in situ composite coating Fe-Al-Si that was fabricated by laser clad-
ding. Steel has many applications, but its poor wear resistance limits the extent of which it 
can be used. The intermetallic compound Fe-Al has good corrosion resistance and reason-
able wear resistance and can be fabricated by laser processing to improve surface properties. 
The effect of powder consumption, scanning speed, and laser power on the wear resistance, 
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microhardness, and microstructure was examined. The substrate used was ASTM A283Gr.D 
steel, and the coating applied was a composite powder consisting of Fe-Al-Si. The powder was 
preplaced onto the substrate, and the laser equipment used was a continuous CO2 laser. The 
parameters that were changed were the ratios of the powders, the laser power, and the scan-
ning speed of the laser beam. Once the laser processing was complete, the samples were cut, 
and the hardness was obtained by using a Vickers microhardness tester, the wear resistance 
was assessed by means of a wear tester, and the microstructure and phases were examined 
using SEM and XRD, respectively. The intermetallic compound found in the in situ coating 
was Al2Fe3Si4, and it existed with Fe and SiO2. The grain size of the coating was revealed to 
decrease with the increase of the scanning speed and laser power of the beam used. When the 
scanning speed and power of the laser increased, it caused the microhardness to increase; it 
increased to three times that of the substrate. The wear tests showed that the increase of the 
laser parameters increased the wear resistance of the coating; the wear resistance of the coating 
was 3.5 better than the substrate. It can be concluded that the Fe-Al-Si in situ composite coating 
had enhanced properties in comparison the ASTM A283Gr.D steel.

Ma et al. [33] investigated how the mechanical properties of Al-20Si synthesized by selective 
laser melting were influenced by annealing. Aluminum-based alloys are applied as light-
weight structural materials due to their low density and high strength. Hypereutectic Al-Si 
alloys have a variety of applications in the aerospace and automobile industries as a result 
of their high resistance to wear and corrosion, low density, good machinability and thermal 
conductivity, and high thermal stability. Research on SLM processing of Al-Si alloys mainly 
focus on the hypoeutectic regime and not enough on the hypereutectic. A selective laser melt-
ing device equipped with Nd-YAG laser was used to prepare Al-20wt.% Si samples in a form 
of cylindrical tensile bars. The powders used were gas atomized. During the laser processing, 
argon gas was used as a shielding gas. An Al-20Si alloy was casted by graphite mold cast-
ing for comparison. The samples were then subjected to heat treatment by annealing. Optical 
microscopy and scanning electron microscopy equipped with energy dispersive spectroscopy 
were used for the microstructural characterization of both the SLM and cast alloys. The phases 
were analyzed by XRD, and testing device was used to test the strain of the samples as part of 
the tensile tests. The results displayed that the size of the eutectic and particulate Si was refined 
when SLM processing was employed. With the increase in the annealing temperature, the Si 
particles became coarser. The strength of the SLM Al-20Si was higher than those produced by 
different techniques (Table 1).

Viswanathan et al. [34] analyzed TiC-Al13Fe4 composite layer formed on Al-Si alloy by laser 
processing. Cylinder blocks, pistons, valve lifters, and cylinder heads are often made of Al-Si 
alloys due to their good corrosion resistance, great formability, high thermal conductivity, 
high specific strength, and low density. The limitation of being used in other industrial appli-
cations is because of the poor wear resistance and low hardness. The substrate used was 
Al-12% Si with a composition of 12 wt.% Si, 1 wt.% Fe, 1.5 wt.% Cu, 1.5 wt.% Mg, 1.5 wt.% Ni, 
0.2 wt.%Ti, and the remainder being Al. Two different coatings were applied on the substrate: 
75–25% TiC-Fe (Coating A) and 25–75% TiC-Fe (Coating B). The laser processing was done 
using a continuous wave CO2 laser where argon was used as shielding gas. After coating, the 
samples were sectioned and prepared for metallographic examination. The microstructure 
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Preparation methods YS (MPa) UTS (MPa) Ductility (%)

As cast-1 105 162 4.6

As cast-2 95 120 0.37

As cast-3 — 91.5 0.49

Ultrasonic treated 80 130 1.2

Extruded-1 155 190 3.6

Extruded-2 — 280 >30

Extruded-2 + ECAP — 350 >30

RS + wrought 131 210 19.7

As cast-1 + wrought 118 177 7.7

Table 1. Tensile properties of Al-20Si alloys processed by different methods (YS = yield strength; UTS = ultimate tensile 
strength) [24].

was assessed using an optical microscope, the hardness was obtained using a microhardness 
tester with a load of 100 g, the phases were evaluated by means of XRD, and the wear was 
tested using a block-on-ring dry sliding wear tribometer. The tests revealed that a different 
type of iron-based aluminum phase, Al13Fe4, was formed during laser processing. The sample 
from Coating A exhibited good metallurgical bonding between the coating and the substrate, 
whereas Coating B did not form a layer, but it dissolved into the substrate. Coating A had an 
even hardness distribution all over the composite layer and had a hardness that was about six 
times higher than that of the substrate. The TiC reinforced with Al13Fe4 led to a reduced wear 
rate of the composite layer. It can be concluded that the higher TiC content will enhance the 
tribological properties of Al-Si alloys.

Chen et al. [35] investigated laser cladding of Al-Si powders on a magnesium-based Mg-Gd-
Y-Zr alloy. The effect of scanning speed on the properties of the surface was also examined. 
Alloys based on magnesium are extensively used in industries such as aerospace and auto-
mobile due to their good castability and machinability, high strength, and low density. The 
range of application of magnesium alloys is limited by their low corrosion resistance and poor 
resistance to wear. The substrate was a magnesium-based Mg-Gd-Y-Zr alloy that was casted 
and homogenized for 12 h at a temperature of 500°C; it was then sectioned, polished with alu-
mina sand papers, and rinsed with pure ethanol. The powders were mixed at a weight ratio 
of 3:1 (Al to Si) and were placed on the substrate homogenously and were pressed to expel 
the gas between the particles of the powder. For laser cladding, a continuous carbon dioxide 
gas laser was used, and the shielding gas applied was high purity argon. The clad samples 
were polished and etched; then SEM was employed to analyze the microstructure of the cross 
section of the sample. The phase constituents of the clad layers were studied using XRD and 
the microhardness on the cross section of the samples was done with a microhardness tester, 
and a load of 50 g was used. The potentiodynamic polarization was measured by means of a 
three-electrode cell in an aqueous solution of 3.5 wt.% NaCl. Before the corrosion tests were 
done, the samples were polished and cleaned with ethanol. The clad layer was found to be 
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made up of Mg, Mg17Al12 phases, Mg2Si, and isolated Al2 (Gd, Y) particles. It was concluded 
that these intermetallic composites were responsible for the strengthening of the clad layer. 
The highest microhardness was achieved with the slowest scanning speed because it had a 
deeper hardened layer. The corrosion resistance of the laser clad layer was much higher than 
that of the substrate.

3. Conclusion

The main aim of this study is to show the improved properties of Al-Si alloy by laser metal 
deposition by developing high wear and corrosion-resistant coatings using various combi-
nations of laser metal deposition powders as reinforcements. From the literature reviewed, 
all authors agreed that the Ti6Al4V alloy has poor wear resistance as well as low hardness 
property, thus having the tendency to gall. From the reviewed literature, it can be concluded 
that laser surface modification techniques have the ability to improve the microstructure, 
mechanical, and tribological properties of Ti6Al4V alloy.

The reviewed literature indicates that laser cladding can be employed as a technique that will 
improve the surface properties. It refines the microstructure of the alloy, therefore improving 
mechanical properties. The corrosion resistance can be bettered by adding other elements to 
the surface of the material.
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Preparation methods YS (MPa) UTS (MPa) Ductility (%)
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Abstract

Aluminum and aluminum alloys are widely used for aircraft structures, where they are
subjected to demanding conditions and where is an increased demand for weight
reduction and fuel savings. Aluminum comprises 8% of the earth’s crust and is, there-
fore, the most abundant structural metal. Its production since 1965 has surpassed that of
copper and now comes next to iron. This increased use of aluminum alloys leads to a
need for deeper understanding of their mechanical properties and the impacts of
processing parameters. The mechanical properties can determine by controlling the
microstructures of the alloys. For example, precipitation hardening is the main strength-
ening mechanism improving the tensile and yield strength. Solute atoms, precipitates
and dispersoids influences to the yield strength, since they act as distributed pinning
points for mobile dislocations, thus increasing the shear stress required to move the
dislocations. Another approach is the manipulation of a grain size that can be performed
by alloying or plastic deformation processes. Therefore, the precise understanding of
each mechanism that can influence the properties of aluminum and its alloys is very
important. The aim of this chapter is to shed light on the influence of the processing
history on the microstructure and mechanical properties.

Keywords: aluminum, heat treatment, structure, properties, severe plastic deformation

1. Aluminum—introduction

Aluminum is the third most abundant element in the earth’s crust and the most abundant
metallic element. For the last five decades, it has been second only to iron in an industrial use.
It is worth to point out that the potential of aluminum as engineering material was found well
before it became an industrial material. It was supposed that the most useful field for this metal
will be in its alloys. At the beginning, the application of aluminum was limited to small- or
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high-valuable items due to the very high cost of this material. Nowadays, pure aluminum and
its alloys play a fundamental role in engineering. Aluminum is the most heavily consumed
non-ferrous metal in the world, with concurrent annual production at 130 million metric
tonnes. About 50% of this total alumina production ~65 million tonnes is “primary aluminum”.
The process of primary aluminum production is divided into three separate stages [1–3].

• Mining of the raw material (bauxite and a variety of ores);

• Preparation of an aluminum oxides from ores;

• Production of primary aluminum.

The total world production of primary aluminum has increased from 13 million metric tones in
1974 to about 65 million metric tones in 2016 (Figure 1).

At present, consumers and engineers are demanding energy efficiency, thus aluminum can
play a fundamental role in driving this change. Due to the fact that by replacing the steel parts
with those made from aluminum, a significant decrease in weight can be achieved, many car

Figure 1. World primary aluminum production [4].
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companies are now moving to aluminum to achieve this goal. Moreover, its usage in the
automotive industry is accelerating (Figure 2) because it offers the fastest, safest and environ-
mentally friendly way to increase performance and fuel economy. Aluminum and its alloys are
mainly used in an automotive, aerospace and construction engineering due to their unique
properties such as corrosion resistance and high specific strength. Its usage in automotive
applications has increased by more than 80% in the past 5 years. It is predicted that a total
amount of about 50 kg of aluminum content per car produced in Europe in 1990 will increase
to about 250 kg in the 2020 year. However, to meet the engineers’demand, the properties of Al
and its alloys have to be increased or modified, which can be obtained through the
microalloying, heat treatment, plastic deformation or the combination of this treatment [2, 3, 6].

2. Strengthening of aluminum

Like all known pure metals, in comparison to its alloys, pure aluminum has a low strength.
Therefore, many elements are added to solid solution of aluminum. All known alloying
elements that are used for the production of Al alloys can be classified into three principal
groups: basic, ancillary additions and impurities. Depending upon the nature of an alloy, the
same elements could play different roles. In a great majority of aluminum alloys, four kinds of
alloying elements are used: magnesium, zinc, copper and silicon. These additions can be
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high-valuable items due to the very high cost of this material. Nowadays, pure aluminum and
its alloys play a fundamental role in engineering. Aluminum is the most heavily consumed
non-ferrous metal in the world, with concurrent annual production at 130 million metric
tonnes. About 50% of this total alumina production ~65 million tonnes is “primary aluminum”.
The process of primary aluminum production is divided into three separate stages [1–3].

• Mining of the raw material (bauxite and a variety of ores);

• Preparation of an aluminum oxides from ores;

• Production of primary aluminum.

The total world production of primary aluminum has increased from 13 million metric tones in
1974 to about 65 million metric tones in 2016 (Figure 1).

At present, consumers and engineers are demanding energy efficiency, thus aluminum can
play a fundamental role in driving this change. Due to the fact that by replacing the steel parts
with those made from aluminum, a significant decrease in weight can be achieved, many car
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classified as “basic” or “principal”, due the fact that they are introduced into Al solid solution
in (relatively) large amounts and create their microstructure mechanical and physical proper-
ties. This introduction of relatively large amounts of alloying elements can be done because
they are characterized by considerable solubility in Al. Due this fact this introduced atoms are
obstacles for dislocation movement and enhances strength. The solid solution strengthening
can take place through three basic mechanisms:

• Lattice strain field interactions between dislocations and alloying atoms result in a
decrease of dislocation movement.

• Alloying elements that are in solid solution impose lattice strains on surrounding host
atoms.

• Alloying atoms tend to diffuse and segregate around the dislocation to find atomic sites
more suited to their radii. This decreases the entire strain energy and “anchor” or “pin”
the dislocation.

The final properties of such alloys depend on a complex interaction of chemical composition,
solidification sequence of main phases during crystallization process history [1, 6–10].

The most important function of the alloying of Al solid solution is to enhance alloy mechanical
properties. A strengthening effect proceeds when lattice strain field interactions occur between
alloying elements and dislocations. These dislocations are imperfections in the atomic struc-
ture of the material. This single atom can substitute the aluminum atoms in the lattice. In
addition, they may fit in the atomic lattice being substitutional atoms (Figure 3). In contrast to

Figure 3. The principle of solid solution strengthening mechanism due atomic radii mismatch, (a) smaller substitutional
alloying element generates a local shear at A and B that opposes motion of dislocation to the right, (b) element generates a
local shear at C and D that opposes motion of dislocation to the right [9].
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substitutional atoms, the interstitial atoms have considerably smaller atomic radii than aluminum.
Due to the fact that aluminum has a small atomic radii, the interstitial atoms do not frequently
form substitutional atoms. Atoms introduced to the aluminum lattice can cause a distortion in
crystal lattice and these distorted regions impede the dislocation movement which causes a
strengthening effect. The difference of the Al atomic radii and that used in alloying element
((RAl � R2)/RAl) � 100% reach the maximal value, for instance for magnesium (11.7%) and
copper (10.5%). These alloying elements provide the greatest solid solution strengthening effect
(Δσb/1 at.% = 30–40 MPa). The addition of alloys in aluminummay also influence other important
properties such as castability. This property, to a very significant extent, will define whether an
alloy could be used in industry or not [6–10]. For most engineering parts made from aluminum
two types of alloys are used:

• Non-heat-treatable or work-hardening that are solid solution (and eventually strain)
hardened, showing a good combination of strength and formability.

• The heat-treatable alloys that obtain their required strength through the heat treatment—
(precipitation treatment).

The mechanical properties of Al alloys can also be enhanced by the formation of fine uniformly
dispersed in Al matrix particles of the second phase within the original phase matrix. This
process is known as precipitation (age) hardening. The fundamental demand for an alloy to be
strengthened through this process is that solid solubility decrease with decreasing tempera-
ture. The age hardening of Al alloys is accomplished by two individual heat treatments. At the
first stage, a material is subjected to a solution heat treatment in which all of the β phases
dissolves and forms a single-phase solid solution. Moreover, in a great majority of Al alloys,
the diffusion rates are very slow for this reason the solution treatment has to be conducted for
relatively long periods. The solution treatment is followed by rapid quenching. At this stage of
heat treatment, a non-equilibrium situation exists in which α phase solid solution with some
atoms of an alloying element is present. The alloy in this state is weak and ductile. To achieve
the strengthening effect, the second type of treatment must be used—aging. At this stage, the
supersaturated solid solution is heated to an intermediate temperature, at which diffusion
rates become appreciable. The secondary β phase precipitate start to form as fine dispersed
particles in a specified precipitation sequence that may consist of the coherent, semicoherent
and non-coherent precipitates. The character, coherence and subsequently the strength depend
on the temperature and time of artificial aging and a lattice misfit between a strengthening
precipitate and Al matrix. The strength enhancement is reached because dislocations interact
with these precipitates. Depending on the character of a precipitate and crystallographic
orientation in relation with an aluminum matrix, different interactions can occur. Precipitates
can be impenetrable or penetrable by dislocations. In the first case, a dislocation is forced by
the applied stress bow around the precipitate and bypasses it, leaving a dislocation loop
around the particle which is called Orowan loop (Figure 4). In the second case, the precipitate
can be sheared by the dislocations and moves through the crystal. This phenomenon can occur
when the precipitate is coherent with the Al matrix. Generally, coherent particles can be
penetrable or not, while large particles are usually incoherent thus impenetrable. For
some Al alloys such as Al-Cu, precipitation strengthening can occur spontaneously at room
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temperature over long time periods. The growth of mechanical properties during natural
aging is continuous or becomes stable. Whereas in artificially aged alloy with an increase in
aging time, the strength of the material reaches a maximum value, and after that diminishes.
This decrease of mechanical strength is known as overaging and usually can be related to a
growth of precipitates and coherency loss [7–13].

Another principal tool used for strength enhancement of many materials is the manipulation of
their grain size. When the material is deformed and when the resistance to plastic flow is
governed by dislocation glide and diffusion-controlled processes are not an issue, a decrease in
the grain size causes the strengthening effect [14–17]. Thus, the mechanical strength is related to
the grain size, d, through the Hall-Petch equation which states that the yield stress, σy, is given by:

σy ¼ σ0 þ kyd�1=2 (1)

To transform a coarse-grained microstructure into an ultrafine, it is required to impose an
exceptionally high strain into a sample to introduce a high density of dislocations and to allow

Figure 4. Dislocation bypass by the Orowan bowing mechanism [8].
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these dislocations to re-arrange to form an array of grain boundaries—usually the low-angle
grain boundaries are transformed into a high-angle grain. The conventional metal-working
procedures, such as drawing, extrusion, rolling or forging, are restricted in their ability to
produce ultrafine grains for two important reasons. First, there is a limitation on the overall
strain that may be imposed using these procedures because the processing techniques incor-
porate corresponding reductions in the cross-sectional dimensions of the work-pieces. The
second reason is that the strains imposed in conventional processing are insufficient to convert
coarsely grained structures into this ultra fine-grained (UFG) because most of the industrially
used alloys exhibit low workability at ambient and low temperatures. As a consequence of the
limitations mentioned above, attention has been paid to develop an alternative metal-working
procedure, based on the application of severe plastic deformation (SPD) techniques, where a
sample is subjected to the extremely high strains which are imposed at relatively low tempera-
tures without changing cross-sectional dimensions of the samples. Many different SPD tech-
niques are now available and summaries of these various procedures published in works of
many scientists are in this several reviews [14–18]. Nevertheless, major emphasis has been placed
to date on the two techniques of equal channel angular pressing (ECAP) and high pressure
torsion (HPT) and, accordingly, one of these procedures—ECAP will be used in this report.

3. Principles and processing by ECAP

There are numerous studies showing the behavior of aluminum alloys samples subjected to a
severe plastic strain [12–18], including metal processing through the standard industrial
methods of rolling or extrusion, but all of these processes necessitate a change in the dimen-
sions of the work samples. In contrast to these methods, ECAP processing differs from them.
The general principle of ECAP procedure is shown schematically in Figure 5.

Processing by ECAP uses a specially designed die consisting of two channels that are bent
through a sharp angle near the die center. The sample is usually pre-machined to fit tight the
channel, and then is pressed through die using a plunger. The ECAP die is defined by two
angles: the channel angle Φ that represents the intersection angle of two parts of the channel,
and second is the curvature angle Ψ that represents the angle at the outer arc of curvature
where the two parts of the channel intersect. The cross-sectional dimensions of the work
sample are not changed during processing thus the process can be repeated to obtain high
strain accumulation. Additionally, it is possible to initiate different slip systems by sample
rotation between consecutive passes. This processing routes are termed in nomenclature as
route Awhere the sample is pressed repetitively without rotation, routes BA and BC where the
sample is rotated by 90� along the longitudinal axis in alternate direction and same direction,
respectively, and route C where the sample is rotated by 180� between each passes. The
equivalent strain imposed in one pass of ECAP is dependent primarily upon the die channel
angle Φ and, to a lesser extent, on the angle Ψ. It can be shown from first principles that the
shear strain εN is given by a relationship of the form [14–20].
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where N is the number of ECAP passes. In conventional ECAP, it is generally assumed that the
billet fills the corner of the die at the intersection of the two parts of the channel, and this
produces a uniform microstructure throughout the billet.

4. Aluminum-magnesium alloys

Al-Mg alloys are commonly used in transport and for structural components in the automotive
industry due to their combination of good properties that are excellent corrosion and high
specific strength. As of now, mechanical properties and corrosion resistance of Al-Mg alloys are
required to be improved to broaden the application area in a new industrial field. It is well
known that the great mechanical properties of Al-Mg alloys come from magnesium solution
strengthening. The solubility of magnesium in aluminum is very high ~14.9% at 450�C (Figure 6)
thus alloying even with small quantity of Mg, results in a significant increase in strength due the
solution strengthening [21–26].

With an increase in Mg content, Al-Mg alloys become susceptible to intergranular corrosion
thus their application field is limited. This susceptibility to corrosion is due to the formation of
anodic β (Al3Mg2) phase at grain boundaries. Due the fact that the β phase is strongly anodic

Figure 5. The general principle of ECAP processing [14].
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in relation to the Al matrix, it corrodes and dissolves very fast when alloy is exposed to a
conductive medium such as seawater. This is because of the formation of galvanic coupling
between the Al matrix and the β phase. The dissolution of continuous grain boundary β phase
results in the decrease in the bond strength of grain boundaries, and leads to elements failure.
The size, morphology and its distribution were reported to be affected by a heat treatment
conditions. It was found that precipitation of β phase at the grain boundaries increases with
time of heat treatment at an elevated temperature. The precipitation velocity of β-Al3Mg2
phase can be controlled by temperature. Precipitation of β phase can be continuous at 160�C,
but at higher temperature of annealing (220�C) becomes discontinuous. The formation of β0

and β phase is associated with the change in mechanical properties during the heat treatment.
Recently, more details of the precipitation process in Al-Mg alloys, such as the lattice structure,
limited formation temperatures and shape of different precipitates were obtained from many
investigation results [21–26].

Based on the data published in the nomenclature, the precipitation sequence [27–31] in Al-Mg
alloys can be described as follows:

Supersaturated solid solution-GP zone� β00 � β0 � β phase (3)

where GP (Guinier-Preston) zones (short-range ordered Al3Mg) have a modulated structure
and β00 phase (long-range ordered Al3Mg, a = 0.408 nm) has an L12 structure in which Al and
Mg atoms are alternatively aligned along the [100] directions. β0 phase, Al3Mg2, is reported to
have a hexagonal (a = 1.002 nm, c = 1.636 nm) structure and semi-coherent with the matrix. The
equilibrium β phase, Al3Mg2, is of fcc structure (a = 2.824 nm) with a unit cell containing 1186
atoms. However, the precipitation sequence can be slightly changed if aging temperature or
Mg content is different.

Figure 6. Aluminum-magnesium binary diagram [11].
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5. Material and experimental procedure

The chemical composition of the aluminum-magnesium alloy used in this investigation is
given in Table 1.

The first stage of the experiment was to investigate the aging behavior of the solution-treated
samples. The process was conducted in a resistance furnace followed by quenching and
artificial aging. To characterize mechanical properties and investigate the aging response,
hardness measurements were performed using Rockwell hardness tester ZWICK ZHR 4150.
For selected samples, the static tensile tests were also performed. In the second stage, samples
were subjected to the ECAP process. Two different dies were used in this investigation. First
Φ = 120�, providing an equivalent strain equal to ~0.6 in each pass and second Φ = 90� with an
additional twist angle at the outer channel providing an equivalent strain ~1. To decrease the
friction MoS2 was used as a coating lubricant. For a metallographic study, samples were
prepared according to Struers standards. To reveal structure constituents, samples were etched
using Keller’s, Weck’s and Barker’s reagent. The microstructure was characterized with an
Axio Observer Image Analyzer light microscope under bright field and polarized light. To
obtain information about the chemical composition of the precipitates, scanning electron
microscope equipped with an energy-dispersive X-ray spectroscopy (EDS) detector was used.
The examinations of the thin foils microstructure and phase identification were made on the
high-resolution transmission electron microscope JEM 3010UHR from JEOL, at an accelerating
voltage of 200 kV.

6. Results

6.1. Structure

The representative structures of the Al-Mg alloy are presented in Figure 7a–c. It can be
visible that as-cast microstructure can be characterized as fine dendritic. Moreover, in the
interdendritic regions, β-Al3Mg2 phase exists and are visible insoluble inclusions of the Si-
and Fe-rich phases. Precipitation treatment led to the disappearance of the fine dendritic
microstructure and has no significant impact on the grain size. An EDS chemical composition
microanalysis presented in Table 2 and Figure 8 allow one to confirm the presence of the main
structure constituents. However, due to the fact that expected size of the strengthening
precipitates is >200 nm, the EDS analysis can be overestimated. Therefore, to identify the
morphology and crystal structure of precipitates, transmission electron microscopy (TEM)
was used (Figure 9a–e). It is clear, that during the precipitation treatment process from
supersaturated solid solution, the hardening secondary phases β0-Al3Mg2 precipitates [32].
This secondary precipitate, of which average diameter was measured to be approximately
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~100 nm (Figure 9a) in the nomenclature is known as metastable with a hexagonal crystal
structure (a = 1.002 nm, c = 1.636 nm), semi-coherent to the aluminum matrix. The β0 pre-
cipitates are formed mainly through nucleation and growth on the structural defects of the
matrix. Moreover, it can be also observed that after precipitation treatment, Al3Fe and Mg2Si
phases are still present which confirms the presented TEM study. Al3Fe impurities precipitates
are usually formed after annealing at 550�C and can pin down the dislocation motion while at
lower temperature Al6Fe forms. Next, to the small Al3Fe phase, larger—about 2 μm in length
—Mg2Si precipitate with many dislocations around can be observed (Figure 9b).

In this study, Rockwell hardness measurements were used as an initial assessment of the
influence heat treatment conditions on the mechanical properties. The experimental results
permitted a correlation between hardness, microstructure and heat treatment conditions to be
established. The mechanical test results are summarized and listed in Tables 3 and 4. Solution
treatment temperature was selected to be just below the solidus temperature (based on the Al-
Mg binary diagram—Figure 6). In this study, the temperature of artificial aging was selected to
be 160 and 180�C, respectively. Based on the data listed in Tables 3 and 4, it can be concluded
that the AlMg3 alloy exhibits a high aging potential. It can be observed that there is a 50%
increase in hardness of heat-treated samples. Taking into account the energy costs, the most
beneficial conditions seem to be solution treatment and artificial aging for 8 h while the
temperature has minor influence on the strength. The observed increase in hardness is a result

Figure 7. Microstructures of AlMg3 alloy (a) as-cast state (Weck’s reagent), (b) precipitation-treated state (Barker’s
reagent)—polarized light, (c) precipitation-treated (Keller’s reagent).

Point/phase Element/line The average mass concentration of elements (%)

Weight (%) Atomic (%)

1/Mg2Si MgK 56.46 59.84

AlK 5.74 5.48

SiK 37.81 34.68

2/Al3Fe AlK 54.45 71.22

FeK 45.55 28.78

Table 2. Results of pointwise EDS chemical composition microanalysis.
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structure constituents. However, due to the fact that expected size of the strengthening
precipitates is >200 nm, the EDS analysis can be overestimated. Therefore, to identify the
morphology and crystal structure of precipitates, transmission electron microscopy (TEM)
was used (Figure 9a–e). It is clear, that during the precipitation treatment process from
supersaturated solid solution, the hardening secondary phases β0-Al3Mg2 precipitates [32].
This secondary precipitate, of which average diameter was measured to be approximately
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matrix. Moreover, it can be also observed that after precipitation treatment, Al3Fe and Mg2Si
phases are still present which confirms the presented TEM study. Al3Fe impurities precipitates
are usually formed after annealing at 550�C and can pin down the dislocation motion while at
lower temperature Al6Fe forms. Next, to the small Al3Fe phase, larger—about 2 μm in length
—Mg2Si precipitate with many dislocations around can be observed (Figure 9b).
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influence heat treatment conditions on the mechanical properties. The experimental results
permitted a correlation between hardness, microstructure and heat treatment conditions to be
established. The mechanical test results are summarized and listed in Tables 3 and 4. Solution
treatment temperature was selected to be just below the solidus temperature (based on the Al-
Mg binary diagram—Figure 6). In this study, the temperature of artificial aging was selected to
be 160 and 180�C, respectively. Based on the data listed in Tables 3 and 4, it can be concluded
that the AlMg3 alloy exhibits a high aging potential. It can be observed that there is a 50%
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Figure 8. The SEM microstructure of AlMg3 alloy in precipitation-treated state.

Figure 9. TEM microstructures of the AlMg3 alloy in precipitation-treated state showing size and morpholohgy of (a) β0-
Al3Mg2 hardenning phase, (b) Mg2Si and Al3Fe phases, (c) diffraction spot from point 1 (Al3Mg2), (d) diffraction spot from
point 2 (Mg2Si) and (e) diffraction spot from point 3 (Al3Fe).
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of the precipitation of the semicoherent secondary β0—Al3Mg2 phase from the supersaturated
solid solution sssα [33, 34].

To examine the influence of the selected heat treatment conditions on the tensile properties,
static tensile tests were carried out. It can be concluded from the presented data that in both
investigated cases an increase in tensile strength is quite similar. Tables 3 and 4 show the
relationship between the tensile strength and heat treatment conditions. The values of the
tensile strength slightly increase with aging time. Aging at higher temperature increases
the tensile strength more rapidly. Tensile strength reaches the maximum after 12 h of artificial
aging (at 160�C) and 8 hours (at 180�C). However, when the sample is aged at 180�C for 12 h, a
decrease in ultimate tensile strength is observed—sample is overaged. Time of solution treat-
ment has a minor influence on the mechanical properties. Additionally, in contrast to the
tensile strength, the values of elongation at failure decreases with time. When the temperature
of artificial aging is lower (160�C), the values of elongation decreases slightly from 29%
(solution-treated sample) to about 25%. While aging at 180�C decreases elongation to about
23%. This is due to the fact that higher aging temperature increases the rate of the precipitation
process which enhances the mechanical properties but on the other hand decreases the ductility.

6.2. Severe plastic deformation

Figure 10a illustrates the evolution of the microstructure of the Al-3%Mg alloy subjected to six
ECAP passes followed by a precipitation treatment. Based on the metallographic analysis, it can
be concluded that the individual grains cannot be clearly distinguished. The grains become
elongated due to the imposed shear strain. Slip, shear and micro-shear bands create the band-
like microstructure. These bands also refine microstructure of the Al-3%Mg alloy. Moreover,
it can be observed that deformation bands have a preferred crystallographic orientation.
In addition, each single shear or micro-shear band causes lattice rotations lying within the

Solution treatment conditions Artificial aging time (h) (160�C)

Temp. (�C) Time (h) 0 4 8 12 0 4 8 12 0 4 8 12

Hardness (HRF) Tensile strength (MPa) Elongation at failure (%)

580 8 45 65 63 66 198 224 232 236 29 30 25 26

12 46 68 69 67 197 214 225 233 29 29 28 27

Table 3. Summary of the mechanical properties of AlMg3 alloy aged at 160�C.

Solution treatment conditions Artificial aging time (h) (160�C)

Temp. (�C) Time (h) 0 4 8 12 0 4 8 12 0 4 8 12

Hardness (HRF) Tensile strength (MPa) Elongation at failure (%)

580 8 45 65 63 66 198 222 236 232 29 28 26 23

12 46 68 69 67 197 234 238 225 29 25 24 23

Table 4. Summary of the mechanical properties of AlMg3 alloy aged at 180 �C.
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be concluded that the individual grains cannot be clearly distinguished. The grains become
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it can be observed that deformation bands have a preferred crystallographic orientation.
In addition, each single shear or micro-shear band causes lattice rotations lying within the
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low-to-moderate grain/(sub)grain boundary misorientation and thus their interactions can result
in a violent appearance of the deformation bands having high-angle misorientations. Moreover,
it can also be visible that the microstructure consists of the regions with the higher density of
deformation bands and those less affected. This is due to the fact that, during shear deformation
in the ECAP process, individual grains in the work samples cannot be deformed uniformly
because of the orientation difference. Figure 10b–d illustrates the microstructure evolution of
AlMg3 aluminum alloy subjected to the ECAP with a modified die. It can be observed that the
obtained microstructures differ from that obtained using the conventional equipment. The
grains in the microstructure after one ECAP pass are elongated, parallel to the transverse
direction (TD), while when the number of ECAP passes increases, the obtained microstructures
becomes more complex. It can be seen in Figure 6c (two ECAP passes) that additional shear is
introduced by the twist angle—shear bands intersect at an angle of about 60� after two ECAP
passes (there is an extra shear after each pass at an angle of 30�). When a number of accumulated
strain increases to about ~4 (Figure 10d)—four ECAP passes, the microstructure looks as
completely refined. There is no possibility to distinguish the individual grains. Due to this fact,
to study the changes in the microstructure at higher magnification, TEM study was used.

Figure 10. Optical microscope microstructures of the AlMg3 alloy (a) precipitation treated +6 ECAP passes (120�die,
route Bc), (b) initial state +1 ECAP pass (90� die with 30� twist, route A), (c) initial state +2 ECAP passes (90� die with 30�

twist, route A), (d) initial state +4 ECAP passes (90� die with 30� twist, route A).
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The microstructures of the as deformed (FCC) metals are very complex. The size of individual
grains differs thus grains with diversified size may coexist. Different structure constituents,
such as dislocation-free grains, non-equilibrium grain boundaries, dislocation cell and (sub)
grain structures, low-angle GBs (LAGBs), high-angle grain boundaries (HAGBs), stacking
faults (SFs) and nanotwins, can also be identified [15–22, 33–36]. Figure 11a shows the typical
microstructure of the as deformed material where a dislocation forest forms dense dislocation
walls (DDWs). These DDWs forming cell blocks are free from dislocations. The size of cell
blocks is about 1 μm. One of the most substantial characteristics of the microstructure after

Figure 11. Bright field TEM images showing general microstructure of AlMg3 alloy (a) and (b) bright filed TEM images
showing microstructure of AlMg3 alloy—precipitation treated and six ECAP passes, (c) dark field TEM image of AlMg3
alloy—four ECAP passes (90� die with 30� twist, route A), (d) bright field TEM image from the same area.
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SPD processing is that some grain boundaries may give the appearance of extinction contours.
The presence of diffuse grain boundaries is due the introduction of non-equilibrium grain
boundaries having an excess extrinsic dislocations. This indicates the presence of high internal
stresses and elastic distortions in the crystal lattice. It has been also suggested that these non-
equilibrium GBs may have a strong effect on grain boundary processes such as sliding or
diffusion. One can also see dislocation tangles in the grain interiors which can be considered
as early stages of dislocation cell structure formation. This is related to an increase of strain
accumulation in the material after the consecutive passes of ECAP process. Moreover, the
presented TEM investigation results indicate that some grain interiors may also be free from
dislocations and the dislocation density varies from crystallite to crystallite. Some grains also
have sharp boundaries and are completely free of dislocations and no (sub)grains or disloca-
tion cells can be observed in these grains. Such straight and narrow grain boundaries are
believed to be in an equilibrium state and are high-angle grain boundaries (HAGBs). TEM
investigation has also revealed the presence of Moiré fringes (Figure 11b). Early formation of
very low-angle boundaries—typically for ϕ < 2�, is usually reported in the nomenclature by an
existence of Moiré fringes. This also indicates that lamellar dislocation and cell boundaries
continuously form during ECAP process. Figure 11c and d shows dark field and bright field
images of AlMg3 alloy in as-cast state subjected to four passes using a modified die. It is clearly
visible that with an increase in the number of ECAP passes, the grain/subgrain size decreases
while the dislocation accumulation rise.

To evaluate the influence of the severe plastic deformation process using ECAP method of
samples subjected to different strain paths, hardness measurements and tensile properties
were determined. Due to the small sample size obtained from modified ECAP equipment,
determination of the tensile properties was not possible. The effects of a number of passes and
used ECAP die on mechanical properties are summarized in Table 5.

It is obvious that the plastic deformation processes result in increase strength, however,
processing by SPD allows to impose much greater amounts of plastic strain in comparison to
the conventional processes. Based on the data analysis presented in Table 5, it can be observed
that there is a significant increase in the tensile properties of the 6� ECAPed sample (about 50%
in comparison to a precipitation-treated state). This growth of mechanical properties may be

Hardness (Hv0.3) Ultimate tensile
strength (MPa)

Elongation
at failure (%)

As-cast 45 198 31

Precipitation treated 65 232 25

Precipitation treated + 6 ECAP passes (120� die) 126 384 2.4

As-cast + 1 ECAP pass (90� die, 30� twist) 95 — —

As-cast + 2 ECAP passes (90� die, 30� twist) 107 — —

As-cast + 3 ECAP passes (90� die, 30� twist) 112 — —

As-cast + 4 ECAP passes (90� die, 30� twist) 120 — —

Table 5. Summary of the mechanical properties of AlMg3 alloy in different states.
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attributed to the accumulation of many excess dislocations generated through dislocation multi-
plication during ECAP by a volume fraction of the grain boundaries in the fine-grained micro-
structure. However, it can also be seen that the material after SPD processing loses its ductility
rapidly. The processing using a modified ECAP die also results in a significant increase in
hardness which grows gradually with an increase in ECAP cycles. This considerable strength
increase may be attributed to three strengthening mechanisms, that is, solution strengthening,
dislocation strengthening and grain size strengthening. Solution strengthening originates from
the elastic distortions, however, the dislocation strengthening and grain refinement strengthen-
ing are the main contributors to the significant strength increase of AlMg3 alloy.

7. Conclusions

In this study, we investigate the effect of an ECAP die, its modification and combination of this
process with a heat treatment with the aim to estimate the influence of process parameters on
the structural evolution and mechanical properties of the AlMg3 aluminum alloy. Based on the
analysis of the obtained results, the following conclusions can be stated.

The microstructure of the Al-3%Mg alloy in a precipitation-treated state consists of the α-Al
matrix, large precipitates of Mg2Si, Al3Fe phases and β0-Al3Mg2 fine precipitates with hexago-
nal structure. The presence of a β0-Al3Mg2 phase causes a strengthening effect.

The mechanism of the microstructure refinement after the ECAP process consists of the crea-
tion of dislocation cell structures, non-equilibrium grain boundaries, (sub)grain boundaries
and HAGBs. (Sub)grains develop from dislocation cells. The refined microstructure consists of
the areas with deformation bands (shear bands) separated by HAGBs and non-refined regions
with LAGBs and very low-angle boundaries (showing Moiré fringes on TEM). It is believed
that the grain boundaries first transform into LAGBs and finally HAGBs with an increase in
plastic strain accumulation.

The evolution of hardness of AlMg3 alloy when processed by ECAP with modified die shows
a significant increase after the first pass followed by a more gradual increase with subsequent
pressings until a saturated value is achieved after �four ECAP passes.

The improved mechanical properties of the AlMg3 aluminum alloy obtained through the
combination of ECAP process with heat treatment were a consequence of the solid solution
strengthening, precipitation hardening and grain refinement.
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were determined. Due to the small sample size obtained from modified ECAP equipment,
determination of the tensile properties was not possible. The effects of a number of passes and
used ECAP die on mechanical properties are summarized in Table 5.

It is obvious that the plastic deformation processes result in increase strength, however,
processing by SPD allows to impose much greater amounts of plastic strain in comparison to
the conventional processes. Based on the data analysis presented in Table 5, it can be observed
that there is a significant increase in the tensile properties of the 6� ECAPed sample (about 50%
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Abstract

Corrosion processes are responsible for huge losses in industry. Though organic, inor-
ganic and mixed material inhibitors were used for a long time to combat corrosion, the 
environmental toxicity of organic corrosion inhibitors has prompted the search for inor-
ganic corrosion inhibitors. The effect of gluconates as novel corrosion inhibitors on the 
corrosion of aluminum alloy in acidic and saline media was investigated by electrochemi-
cal and weight loss techniques. The effect of inhibitor concentration was also investigated. 
High resolution scanning electron microscopy equipped with energy dispersive spectros-
copy (HR-SEM/EDS) was used to characterize the surface morphology of the metal before 
and after corrosion. Experimental results revealed that gluconates in the studied solution 
decreased the corrosion rate at the different concentrations studied. The experimental 
results obtained from potentiodynamic polarization method showed that the presence of 
the gluconates in 3.5% NaCl and 0.5 M H2SO4 solutions decreases the corrosion current 
densities (icorr) and corrosion rates (CR), and increases the polarization resistance (Rp). 
It was observed that the inhibitor efficiency depends on the corrosive media, concentra-
tion of the inhibitor and the substrate material. The adsorption characteristics of the glu-
conates were also described. Good correlation exists between the results obtained from 
both methods.

Keywords: aluminum alloy, corrosion, inhibition, gluconates, potentiodynamic 
polarization, weight loss, SEM/EDS

1. Introduction

1.1. Aluminum alloy

Aluminum compounds occur in aluminum types of clay, but the most useful ore for pro-
ducing pure aluminum is bauxite. It consists of 45.60% aluminum oxide, along with various 
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impurities such as iron, sand and other metals [1]. Aluminum is durable, relatively soft, light 
weight, malleable and ductile metal with physical appearance ranging from silvery to dull 
gray depending on the roughness of the surface. Aluminum has almost one – third of the 
stiffness and density of steel. It is easily drawn, machined, cast and extruded. Aluminum is 
also a good electrical and thermal conductor. Aluminum and its alloys are very important 
material because of their wide use in many industries. They are used in the aviation, aero-
space and automotive industries, in the production of military hardware, in ship building 
and household appliances [2–4]. Their usefulness is derived from their very good mechanical 
and physical properties such as their weight-to-high strength ratio, good machining prop-
erties, recyclability, and their outstanding corrosion resistance. The corrosion resistance of 
aluminum and its alloys is attributed to the formation of a stable protective thin film of alumi-
num oxide when exposed to the atmosphere. Aluminum alloys are therefore used widely as 
materials for electricity cables, bottle tops, food and beverage containers, and roofing sheets 
[5]. Despite the huge benefit of aluminum when compared to other metals, it is not always 
resistant to corrosion completely. When the environment is highly basic or acidic, the protec-
tive layer breakdown can occur and its instant renewal may not be fast enough to prevent 
corrosion [6–9]. Corrosion of aluminum leads to passivation of active cathode material, the 
electrical resistance of the solid product is increased and the electrolyte is contaminated by its 
soluble products and increases the self-discharge rate. In efforts to reduce aluminum corro-
sion, the main approach is to separate the aluminum metal from corrosive environments and 
this can be accomplished by means of corrosion inhibitors. Therefore, the ability of aluminum 
to resist corrosion attack in various environments is inadequate and a continuous search for 
methods for controlling this behavior remains important in the field of corrosion control.

1.2. Corrosion of metals

The corrosion of metals is a serious problem in most industries. Corrosion phenomena, con-
trol and prevention are unavoidable major scientific issues that must be addressed daily as far 
as there are increasing needs of metallic materials in all facets of technological development 
[10]. Technological progresses require the use of materials in aggressive environments, such 
as corrosive atmospheres [11]. Corrosion is a degradation of metal due to environmental reac-
tions dissolution; it is an electrochemical process and usually begins at the surface [12, 13]. 
As a result of daily encounters with corrosion problems such as; waste of valuable resources, 
costly maintenance, plant shutdowns, expensive overdesign, loss or contamination of prod-
ucts and reduction in efficiency; technological developments are impeded and safety endan-
gered [14, 15]. The multifacet aspect of corrosion problems coupled with responsibilities 
associated with them only increase the complexity of the subject [16, 17]. This problem has 
caused the stimulation of many corrosion control research in various oil production facilities 
around the world [18]. The cost due to corrosion does not only increase rapidly, the quality of 
the products and the efficiency of the plants is also reduced. In the United States this amount 
to over 276 billion USD per year. The highest segments of the cost of corrosion are associated 
with utilities, transportation and infrastructure. Millions of dollars are lost each year because 
of corrosion including the cost of prevention and maintenance. NACE studies recently esti-
mates global cost of corrosion at $2.5 trillion annually at CORROSION 2016 conference held 
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at Vancouver, B.C., which examined the economics of corrosion and the role of corrosion 
management in establishing industry best practices [19]. Corrosion can be localized by form-
ing a crack or pit, or expand across a wide area by uniformly corroding the surface [20]. 
Pitting corrosion takes place in materials with surface films protection like corrosion prod-
ucts, the metal exposed releases electrons easily and tiny pits is initiated by the reactions [21]. 
Galvanic corrosion usually occurs on the surface of metal which have more than one phase, 
in other for local cells to be set up on heterogeneous surface with different potentials. The 
preferential attack of grain boundaries without substantial attack of the grains themselves is 
called intergranular corrosion; it is often caused by the precipitation of fine intermetallics at 
grain boundaries [22]. Localized corrosion may possibly result in structure failure of metallic 
materials if it is allowed to reach critical levels [23]. Corrosion resistance of alloys has become 
a continuous research due to its severe consequences [24]. One of the most useful techniques 
in protecting and controlling metals against corrosion is the use of inhibitors, especially in 
saline and acidic media.

2. Corrosion control and monitoring

The practice carried out to assess and predict the corrosion behavior in equipment and opera-
tional plant is known as corrosion monitoring. The objectives of corrosion monitoring are:

• To provide information based on the operational state of the equipment with the intent 
of avoiding unplanned shut-downs occurring from unforeseen deterioration of the plant.

• To provide information on the operating variables and interrelation between corrosion 
processes to allow more efficient use of the plant.

• To provide information that can be used to prevent potential disasters and safety failures 
by plant inspection departments.

• To assess process fluids contamination levels.

The principle behind corrosion protection is to influence the reactions which occur during 
corrosion, it being possible to control the corrosive agent and the package contents, and also 
the reaction itself in such a manner that corrosion is minimized. Corrosion protection is sub-
divided into three subtopics: passive, permanent and temporary corrosion protection.

2.1. Passive corrosion protection

Damage is prevented in passive corrosion protection by mechanically isolating the package 
contents from the aggressive corrosive agents, for example by using films or other coatings 
and protective layers. This type of corrosion protection changes neither the aggressiveness of 
the corrosive agent nor the general ability of the package contents to corrode; this is why this 
approach is known as passive corrosion protection. Corrosion may occur within a very short 
time if the protective film or layer is destroyed at any point in time.

Gluconates as Corrosion Inhibitor of Aluminum in Various Corrosive Media
http://dx.doi.org/10.5772/intechopen.71467

159



impurities such as iron, sand and other metals [1]. Aluminum is durable, relatively soft, light 
weight, malleable and ductile metal with physical appearance ranging from silvery to dull 
gray depending on the roughness of the surface. Aluminum has almost one – third of the 
stiffness and density of steel. It is easily drawn, machined, cast and extruded. Aluminum is 
also a good electrical and thermal conductor. Aluminum and its alloys are very important 
material because of their wide use in many industries. They are used in the aviation, aero-
space and automotive industries, in the production of military hardware, in ship building 
and household appliances [2–4]. Their usefulness is derived from their very good mechanical 
and physical properties such as their weight-to-high strength ratio, good machining prop-
erties, recyclability, and their outstanding corrosion resistance. The corrosion resistance of 
aluminum and its alloys is attributed to the formation of a stable protective thin film of alumi-
num oxide when exposed to the atmosphere. Aluminum alloys are therefore used widely as 
materials for electricity cables, bottle tops, food and beverage containers, and roofing sheets 
[5]. Despite the huge benefit of aluminum when compared to other metals, it is not always 
resistant to corrosion completely. When the environment is highly basic or acidic, the protec-
tive layer breakdown can occur and its instant renewal may not be fast enough to prevent 
corrosion [6–9]. Corrosion of aluminum leads to passivation of active cathode material, the 
electrical resistance of the solid product is increased and the electrolyte is contaminated by its 
soluble products and increases the self-discharge rate. In efforts to reduce aluminum corro-
sion, the main approach is to separate the aluminum metal from corrosive environments and 
this can be accomplished by means of corrosion inhibitors. Therefore, the ability of aluminum 
to resist corrosion attack in various environments is inadequate and a continuous search for 
methods for controlling this behavior remains important in the field of corrosion control.

1.2. Corrosion of metals

The corrosion of metals is a serious problem in most industries. Corrosion phenomena, con-
trol and prevention are unavoidable major scientific issues that must be addressed daily as far 
as there are increasing needs of metallic materials in all facets of technological development 
[10]. Technological progresses require the use of materials in aggressive environments, such 
as corrosive atmospheres [11]. Corrosion is a degradation of metal due to environmental reac-
tions dissolution; it is an electrochemical process and usually begins at the surface [12, 13]. 
As a result of daily encounters with corrosion problems such as; waste of valuable resources, 
costly maintenance, plant shutdowns, expensive overdesign, loss or contamination of prod-
ucts and reduction in efficiency; technological developments are impeded and safety endan-
gered [14, 15]. The multifacet aspect of corrosion problems coupled with responsibilities 
associated with them only increase the complexity of the subject [16, 17]. This problem has 
caused the stimulation of many corrosion control research in various oil production facilities 
around the world [18]. The cost due to corrosion does not only increase rapidly, the quality of 
the products and the efficiency of the plants is also reduced. In the United States this amount 
to over 276 billion USD per year. The highest segments of the cost of corrosion are associated 
with utilities, transportation and infrastructure. Millions of dollars are lost each year because 
of corrosion including the cost of prevention and maintenance. NACE studies recently esti-
mates global cost of corrosion at $2.5 trillion annually at CORROSION 2016 conference held 

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications158

at Vancouver, B.C., which examined the economics of corrosion and the role of corrosion 
management in establishing industry best practices [19]. Corrosion can be localized by form-
ing a crack or pit, or expand across a wide area by uniformly corroding the surface [20]. 
Pitting corrosion takes place in materials with surface films protection like corrosion prod-
ucts, the metal exposed releases electrons easily and tiny pits is initiated by the reactions [21]. 
Galvanic corrosion usually occurs on the surface of metal which have more than one phase, 
in other for local cells to be set up on heterogeneous surface with different potentials. The 
preferential attack of grain boundaries without substantial attack of the grains themselves is 
called intergranular corrosion; it is often caused by the precipitation of fine intermetallics at 
grain boundaries [22]. Localized corrosion may possibly result in structure failure of metallic 
materials if it is allowed to reach critical levels [23]. Corrosion resistance of alloys has become 
a continuous research due to its severe consequences [24]. One of the most useful techniques 
in protecting and controlling metals against corrosion is the use of inhibitors, especially in 
saline and acidic media.

2. Corrosion control and monitoring

The practice carried out to assess and predict the corrosion behavior in equipment and opera-
tional plant is known as corrosion monitoring. The objectives of corrosion monitoring are:

• To provide information based on the operational state of the equipment with the intent 
of avoiding unplanned shut-downs occurring from unforeseen deterioration of the plant.

• To provide information on the operating variables and interrelation between corrosion 
processes to allow more efficient use of the plant.

• To provide information that can be used to prevent potential disasters and safety failures 
by plant inspection departments.

• To assess process fluids contamination levels.

The principle behind corrosion protection is to influence the reactions which occur during 
corrosion, it being possible to control the corrosive agent and the package contents, and also 
the reaction itself in such a manner that corrosion is minimized. Corrosion protection is sub-
divided into three subtopics: passive, permanent and temporary corrosion protection.

2.1. Passive corrosion protection

Damage is prevented in passive corrosion protection by mechanically isolating the package 
contents from the aggressive corrosive agents, for example by using films or other coatings 
and protective layers. This type of corrosion protection changes neither the aggressiveness of 
the corrosive agent nor the general ability of the package contents to corrode; this is why this 
approach is known as passive corrosion protection. Corrosion may occur within a very short 
time if the protective film or layer is destroyed at any point in time.
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2.2. Anti-corrosion coating protection

The main purpose of permanent corrosion protection methods is to provide protection at the 
place of use. Machines are usually located in factory sheds and are protected from extreme 
variations in temperature, which frequently causes condensation. The stresses presented by 
biotic, chemical and climatic factors are relatively slight in this situation. Examples of perma-
nent corrosion protection methods are: galvanization, tin plating, copper plating, coating and 
enameling.

2.3. Temporary corrosion protection

The stresses occurring during handling, storage and transport are greater than those that 
occur at the place of use. Stresses manifested are; extreme variations in temperature, which 
result in a risk of condensation. In maritime transport, the elevated salt content of the air and 
water in the sea salt aerosols may cause damage, due to the strongly corrosion-promoting 
action of salts. The main temporary corrosion protection methods are as follows: desiccant 
method, protective coating method and corrosion Inhibitor methods.

Corrosion scientists are relentless in search of more and better efficient and cheap ways of 
mitigating the corrosion of metals and alloys. One of the ways of combating corrosion is the 
addition of inhibitors to the corroding environment. The various types of inhibitors can be 
classified as organic and inorganic. Corrosion inhibitors are used widely in industries to 
reduce or prevent corrosion rate of metals in acidic, alkaline media, and industrial processes 
such as acid descaling, acid pickling and cleaning of refinery equipment and oil well acidizing.

3. Corrosion inhibitors

Certain substances which, when added to a corrosive system, modify the surface of the mate-
rial to reduce the corrosion rate, are called inhibitors [25]. The use of chemical inhibitors to 
mitigate the rate of corrosion is quite varied. In the processing industries and oil extraction, 
inhibitors have always been considered to be one of the first ways against corrosion. Corrosion 
inhibitor performance has historically been described by two concepts namely: corrosion 
inhibitor availability and corrosion inhibitor efficiency. This essentially examines the ratio of 
the uninhibited and inhibited corrosion rates, and expresses this as a percentage. An inhibitor 
that reduced corrosion rates by a factor of 10 would be 90% efficient. This leads to the devel-
opment of the concept of “availability of corrosion inhibitor.” In this concept, performance is 
determined based on the summation of total metal loss over a period of time, assuming periods 
of uninhibited corrosion and inhibited corrosion. Corrosion availability concept is currently 
replacing the inhibitor efficiency concept with respect to use in corrosion inhibition concepts 
for systems design [26]. A great number of scientific researchers have responded to this need 
and it has generated increased research studies into the use of inhibitors. Compounds contain-
ing nitrogen as corrosion inhibitors have been investigated thoroughly by many authors; imid-
azole and benzimidazole derivatives [27–29], bipyrazole [30], quaternary ammonium salts 
[31], substituted aniline-N-salicylidenes [32], cationic surfactants [33], phosphorous containing 
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inhibitors [34, 35]. The research on corrosion inhibition of aluminum alloy is ongoing due to 
this fact our research work focuses on the effectiveness of gluconates as corrosion inhibitors for 
aluminum alloy in 0.5 M H2SO4 and 3.5% NaCl solutions. Attempt at making novel contribu-
tion to this growing research area has necessitated the present investigation. Weight loss and 
potentiodynamic polarization techniques were used to examine the rate of deterioration. The 
effect of zinc gluconate and ferrous gluconate on the aluminum alloy surface in the test media 
was studied using high resolution scanning electron microscope equipped with energy dis-
persive spectroscopy (HR-SEM/EDS). Studies on surface characterization, adsorption mecha-
nisms and electrochemical analysis of corroded materials were also carried out.

3.1. Industrial applications of corrosion inhibitors

3.1.1. Petroleum production

Petrochemical and refineries industries use different film-forming inhibitors to control wet 
corrosion. Water-soluble and water-soluble-oil-dispersible type inhibitors are continuously 
injected or oil-soluble and oil-soluble-water-dispersible type inhibitors are intermittently 
applied to control corrosion.

3.1.2. Internal corrosion of steel pipelines

Gathering pipelines, operating between oil and gas wells and processing plants, have cor-
rosion problems similar to those in refineries and petrochemical plants. The flow regimes of 
multiphase fluids in pipelines influence the corrosion rate. At high flow rates, flow-induced 
corrosion and erosion-corrosion may occur, whereas at low flow rates, pitting corrosion is 
more common. Internal corrosion of pipelines is controlled by cleaning the pipeline and by 
adding continuous and/or batch inhibitors.

3.1.3. Water

Potable water is frequently saturated with dissolved oxygen and is corrosive unless a pro-
tective film, or deposit, is formed. Cathodic inhibitors, such as calcium carbonate, silicates, 
polyphosphates, and zinc salts, are used to control potable water corrosion. Water is used in 
the cooling system in many industries.

3.1.4. Acids

Acids are broadly used in pickling, cleaning of oil refinery equipment, heat exchangers and in 
oil well acidizing. Mixed inhibitors are widely used to control acid corrosion.

3.1.5. Automobile

Inhibitors are used in an automobile for two reasons which are; to reduce the corrosivity of fluid 
systems (internal corrosion), and to protect the metal surfaces exposed to the atmosphere (exter-
nal corrosion). Internal corrosion is influenced by the coolants, flow, aeration, temperature, pres-
sure, water impurities, corrosion products, operating conditions and maintenance of the system.
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2.2. Anti-corrosion coating protection

The main purpose of permanent corrosion protection methods is to provide protection at the 
place of use. Machines are usually located in factory sheds and are protected from extreme 
variations in temperature, which frequently causes condensation. The stresses presented by 
biotic, chemical and climatic factors are relatively slight in this situation. Examples of perma-
nent corrosion protection methods are: galvanization, tin plating, copper plating, coating and 
enameling.

2.3. Temporary corrosion protection

The stresses occurring during handling, storage and transport are greater than those that 
occur at the place of use. Stresses manifested are; extreme variations in temperature, which 
result in a risk of condensation. In maritime transport, the elevated salt content of the air and 
water in the sea salt aerosols may cause damage, due to the strongly corrosion-promoting 
action of salts. The main temporary corrosion protection methods are as follows: desiccant 
method, protective coating method and corrosion Inhibitor methods.

Corrosion scientists are relentless in search of more and better efficient and cheap ways of 
mitigating the corrosion of metals and alloys. One of the ways of combating corrosion is the 
addition of inhibitors to the corroding environment. The various types of inhibitors can be 
classified as organic and inorganic. Corrosion inhibitors are used widely in industries to 
reduce or prevent corrosion rate of metals in acidic, alkaline media, and industrial processes 
such as acid descaling, acid pickling and cleaning of refinery equipment and oil well acidizing.

3. Corrosion inhibitors
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that reduced corrosion rates by a factor of 10 would be 90% efficient. This leads to the devel-
opment of the concept of “availability of corrosion inhibitor.” In this concept, performance is 
determined based on the summation of total metal loss over a period of time, assuming periods 
of uninhibited corrosion and inhibited corrosion. Corrosion availability concept is currently 
replacing the inhibitor efficiency concept with respect to use in corrosion inhibition concepts 
for systems design [26]. A great number of scientific researchers have responded to this need 
and it has generated increased research studies into the use of inhibitors. Compounds contain-
ing nitrogen as corrosion inhibitors have been investigated thoroughly by many authors; imid-
azole and benzimidazole derivatives [27–29], bipyrazole [30], quaternary ammonium salts 
[31], substituted aniline-N-salicylidenes [32], cationic surfactants [33], phosphorous containing 
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inhibitors [34, 35]. The research on corrosion inhibition of aluminum alloy is ongoing due to 
this fact our research work focuses on the effectiveness of gluconates as corrosion inhibitors for 
aluminum alloy in 0.5 M H2SO4 and 3.5% NaCl solutions. Attempt at making novel contribu-
tion to this growing research area has necessitated the present investigation. Weight loss and 
potentiodynamic polarization techniques were used to examine the rate of deterioration. The 
effect of zinc gluconate and ferrous gluconate on the aluminum alloy surface in the test media 
was studied using high resolution scanning electron microscope equipped with energy dis-
persive spectroscopy (HR-SEM/EDS). Studies on surface characterization, adsorption mecha-
nisms and electrochemical analysis of corroded materials were also carried out.

3.1. Industrial applications of corrosion inhibitors

3.1.1. Petroleum production

Petrochemical and refineries industries use different film-forming inhibitors to control wet 
corrosion. Water-soluble and water-soluble-oil-dispersible type inhibitors are continuously 
injected or oil-soluble and oil-soluble-water-dispersible type inhibitors are intermittently 
applied to control corrosion.

3.1.2. Internal corrosion of steel pipelines

Gathering pipelines, operating between oil and gas wells and processing plants, have cor-
rosion problems similar to those in refineries and petrochemical plants. The flow regimes of 
multiphase fluids in pipelines influence the corrosion rate. At high flow rates, flow-induced 
corrosion and erosion-corrosion may occur, whereas at low flow rates, pitting corrosion is 
more common. Internal corrosion of pipelines is controlled by cleaning the pipeline and by 
adding continuous and/or batch inhibitors.

3.1.3. Water

Potable water is frequently saturated with dissolved oxygen and is corrosive unless a pro-
tective film, or deposit, is formed. Cathodic inhibitors, such as calcium carbonate, silicates, 
polyphosphates, and zinc salts, are used to control potable water corrosion. Water is used in 
the cooling system in many industries.

3.1.4. Acids

Acids are broadly used in pickling, cleaning of oil refinery equipment, heat exchangers and in 
oil well acidizing. Mixed inhibitors are widely used to control acid corrosion.

3.1.5. Automobile

Inhibitors are used in an automobile for two reasons which are; to reduce the corrosivity of fluid 
systems (internal corrosion), and to protect the metal surfaces exposed to the atmosphere (exter-
nal corrosion). Internal corrosion is influenced by the coolants, flow, aeration, temperature, pres-
sure, water impurities, corrosion products, operating conditions and maintenance of the system.
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3.1.6. Paints

Finely divided inhibiting pigments are frequently incorporated in primers. These polar com-
pounds displace water and orient themselves in such a way that the hydrophobic ends face 
the environment, thereby augmenting the bonding of the coatings on the surface.

4. Corrosion prevention of aluminum alloy

Gluconic acids are environmentally suitable non-toxic compounds. It is abundant in plants, 
fruits and other foodstuffs. Gluconic acid and its derivatives are used in the formulation of 
pharmaceuticals, foods, and cosmetics as mineral supplements to prevent the deficiency and 
as buffer salts. They are also used as ingredients in various hygienic products. In industrial 
applications, they are used for scale removal in metal cleanings, industrial and household 
cleaning compounds including mouth washer, metal finishing, water treatments, and as 
paper and textile auxiliaries. For these reasons, it is very useful to study the corrosion behav-
ior of aluminum alloy in acidic and saline media using gluconates as inhibitor. Gluconate is 
a large hydrocarbon oxyanion [36], aluminum would be expected to anodize in the presence 
of this kind of ion. The aim of this research was to evaluate the effect of ferrous gluconate and 
zinc gluconate concentration on corrosion of aluminum alloy in different environments and 
to estimate optimal concentrations of ferrous gluconate and zinc gluconate required for satis-
factory inhibition. Diverse researches carried out by different authors regarding the improve-
ment of aluminum alloy using different inhibitors in various media have been attempted by 
different authors. Popoola et al. [37] confirm that in aggressive environment, the protective 
film on the surface of aluminum usually breakdown leading to initiation and further propa-
gation of pits. The authors studied the corrosion inhibition of aluminum alloy in 2 M HCl and 
HNO3 with Arachis hypogaea natural oil as an inhibitor using potentiodynamic polarization 
and gravimetric techniques at 25°C. The obtained results showed that Arachis hypogaea oil 
in 2 M HCl and HNO3-solutions decreased the corrosion rate of aluminum alloy at different 
concentrations of inhibitor considered. Umoren and Solomon [38] researched on the influ-
ence of bromide and iodide ions on the inhibitive effect of polyacrylamide (PA) on aluminum 
corrosion in HCl solution show that the halide additives synergistically increased the inhibi-
tion efficiency of polyacrylamide and the increase in inhibition efficiency was found to be 
more obvious in iodide than bromide ions. Obot and Obi-Egbedi [39] confirmed fluconazole 
(FLC) as a corrosion inhibitor for aluminum in hydrochloric acid solution. Garcia et al. [40] 
worked on the effect of solution pH on the anti-corrosion performance of different inhibitors 
K2Cr2O7, CeCl3, and Ce(dbp)3 on aluminum alloy (AA2024-T3) using the multi electrode and 
conventional potentiodynamic polarization methods. The results showed that the K2Cr2O7 
at 10−4 M after 30 min of exposure time behaves as the best inhibitor across the studied pH 
range. The efficiency of the Ce(dbp)3 and CeCl3 at 10−4 M was highly affected by the pH of 
the solution, where both cerium-based inhibitors gave similar protection to the K2Cr2. Onen 
et al. [5] analyzed the use of titanium (iv) oxide (TiO2) as an inhibitor for the corrosion of 
aluminum in H2SO4 solution. Various researchers have come to the same conclusion that 
some compounds that exist naturally can be successfully used as corrosion inhibitors. Avwiri 
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and Igho [41] studied the effect of Vernonia amygdalina on the acidic corrosion of 3RS and 2S 
alloys using weight loss test. The results showed that the corrosion rate of the aluminum 
coupons in the HNO3 and HCl solutions decreased with an increase in the exposure time 
due to passivation of the surface by Al2O3 and AlCl3 respectively. The authors concluded 
that the studied inhibitor is an excellent inhibitor in HNO3 and HCl solution at 0.2 and 0.4 g/l 
concentration at 29°C. Umoren et al. [42] studied the corrosion inhibition of aluminum in 
hydrochloric acid medium using exudate gum from Raphia hookeri as inhibitor at 30–60°C 
by thermometric and weight loss methods. The experimental results showed that exudate 
gum is a good inhibitor of aluminum in hydrochloric acid medium and the efficiency of the 
inhibitor increases with an increase in concentration of the inhibitor but decreases with a rise 
in temperature. The authors concluded that Raphia hookeri performs as an inhibitor for alumi-
num corrosion in 0.1 M hydrochloric acid medium. Umoren and Solomon [38] investigated 
the influence of potassium iodide additives on the inhibition efficiency of Aningeria robusta 
extract for aluminum in 2 M hydrochloric medium using hydrogen evolution method at 30 
and 60°C. Comparison between the corrosion rates data with and without additives was used 
to determine the inhibition efficiency by the authors. The result of the investigation showed 
that the Aningeria robusta extract is an inhibitor for acid corrosion of aluminum. Lavandula 
angustifolia was used as an inhibitor by [43]. The authors investigated the use of natural 
oil extracted from Lavandula angustifolia as an inhibitor for aluminum alloy in 3% sodium 
chloride medium using polarization measurements and weight loss techniques. The results 
showed that L. angustifolia oil acts as an effective inhibitor for the Al-3 Mg alloy corrosion in 
3% NaCl medium at the temperature range studied. It was concluded that Lavandula angus-
tifolia oil can be used to prevent pitting corrosion of aluminum. The combination of Arachis 
hypogaea natural oil was successfully used in the work of [37] as an inhibitor 2 M HNO3 and 
2 M HCl acids solutions. Bark extract have been successfully studied as corrosion inhibitor 
for aluminum in 1 M NaOH by [44]. Comparative study of different plant extract has been 
carried out by [45]. In order to contribute to the ongoing research, the current research work 
is focused on analyzing the effectiveness of novel corrosion inhibitors ferrous gluconate (FG) 
and zinc gluconate (ZG) for the corrosion of aluminum alloy in acidic (0.5 M H2SO4) and 
saline (3.5% NaCl) media.

5. Gluconate as corrosion inhibition for aluminum alloy

5.1. Behavior of aluminum alloy substrate in sodium chloride solution

The potentiodynamic polarization behavior of the received aluminum sample in saline solu-
tion is shown in Figure 1, where the polarization curve can be seen and the data obtained can 
be seen in Table 1.

In the sodium chloride solution, the aluminum sample gives a corrosion potential of 
−0.75893 V. The active corrosion path was formed as a result of the dissolution of the alumi-
num matrix. The surface of the tested aluminum coupon at different areas shows different 
dark shades, and this was examined by SEM/EDS. It is most likely that the darker areas are 
where the aluminum has not suffered severe corrosion from the sodium chloride, at those 
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and gravimetric techniques at 25°C. The obtained results showed that Arachis hypogaea oil 
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to determine the inhibition efficiency by the authors. The result of the investigation showed 
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showed that L. angustifolia oil acts as an effective inhibitor for the Al-3 Mg alloy corrosion in 
3% NaCl medium at the temperature range studied. It was concluded that Lavandula angus-
tifolia oil can be used to prevent pitting corrosion of aluminum. The combination of Arachis 
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saline (3.5% NaCl) media.
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5.1. Behavior of aluminum alloy substrate in sodium chloride solution

The potentiodynamic polarization behavior of the received aluminum sample in saline solu-
tion is shown in Figure 1, where the polarization curve can be seen and the data obtained can 
be seen in Table 1.

In the sodium chloride solution, the aluminum sample gives a corrosion potential of 
−0.75893 V. The active corrosion path was formed as a result of the dissolution of the alumi-
num matrix. The surface of the tested aluminum coupon at different areas shows different 
dark shades, and this was examined by SEM/EDS. It is most likely that the darker areas are 
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areas surface oxides layers have been formed that impeded corrosion. At the whitish areas 
aluminum dissolution must have occurred the chloride ion has penetrated the matrix of the 
aluminum surface. This was confirmed by the EDS analysis on the different areas which 
revealed that the darker areas had a high Al peak while the whitish areas consist of O, Na, 
S, Fe and C. In the border between the whitish and the darker areas there was a band of hole 
which seems to be associated to the dissolution of the Al alloy as a result of the aggressive-
ness of the sodium chloride. This hole did not exist on the as received sample [46] (Figure 2).

The result show the adsorption of the oxide film, formation of basic hydrochloric aluminum 
salt which separates from the lattice and goes into the system:

  A l   3+  + 4 C l   −  → AlC  l  4       −   (1)

  A l   3+  + 2 C l   −  + 2OH → Al   (  OH )    2   Cl  (2)

The oxide film is thinned to the extent that aluminum ion can pass from the metal to the 
sodium chloride interface. The chloride ion gets entry by penetrating through the oxide film 
or diffusion of halide ion through the oxide film and attack the alloy.

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 8.59E-06 0.050867 0.080038 1572.3 0.75893 0.277870

Table 1. Polarization data for aluminum alloy in sodium chloride solution.

Figure 1. Linear polarization curve for aluminum alloy in sodium chloride solution [46].
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5.2. Behavior of aluminum alloy substrate in H2SO4 acid medium

The potentiodynamic polarization behavior of the as-received aluminum alloy sample in acid 
medium is shown in Figure 3 where the polarization curve can be seen, the data obtained can 
be seen in Table 2.

The linear polarization curve determines the active or passive characterization of aluminum 
alloy in acid solution. In the acid solution, the aluminum sample gives a corrosion potential 
of −0.55960 V. The active corrosion path was formed as a result of the dissolution of the alu-
minum matrix.

Figure 2. SEM/EDS spectra of corroded aluminum alloy in saline solution [46].

Figure 3. Tafel polarization curve for aluminum alloy in H2SO4 acid solution [46].
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5.2. Behavior of aluminum alloy substrate in H2SO4 acid medium

The potentiodynamic polarization behavior of the as-received aluminum alloy sample in acid 
medium is shown in Figure 3 where the polarization curve can be seen, the data obtained can 
be seen in Table 2.

The linear polarization curve determines the active or passive characterization of aluminum 
alloy in acid solution. In the acid solution, the aluminum sample gives a corrosion potential 
of −0.55960 V. The active corrosion path was formed as a result of the dissolution of the alu-
minum matrix.

Figure 2. SEM/EDS spectra of corroded aluminum alloy in saline solution [46].

Figure 3. Tafel polarization curve for aluminum alloy in H2SO4 acid solution [46].
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A morphological study of the surface of aluminum specimen in acid solution was carried out 
by SEM after immersion in the test solution for 28 days at 28°C [46]. Figure 4 shows the SEM 
images of the aluminum surface after 28 days immersion in 0.5 M H2SO4 acid. A severely 
corroded surface was observed after immersion in the uninhibited system, due to corrosive 
attack of the acid solution. The corrosion product layer on the metal surface in uninhibited 
0.5 M H2SO4 acid and the corrosion damage is clearly visible on the metal surface. The oxide 
film is thinned to the extent that aluminum ions can pass from the aluminum alloy to the 
solution interface.

   Al  2    O  3   + 3  H  2   SO  4   →  Al  2    ( SO  4  )   3   + 3  H  2   O  (3)

The sulfuric ion gets entry by penetration through the oxide film and attack the metal.

6. Characterization of inhibited aluminum alloy in saline (3.5% 
NaCl) medium

The obtained results from weight loss and potentiodynamic polarization methods at different 
concentrations of ferrous gluconate (FG), zinc gluconate (ZG) and the synergistic effect of the 
two inhibitors in saline solution at 28°C are represented in Figures below.

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 1.73E-05 0.025551 0.12493 532.51 0.33054 0.55960

Table 2. Polarization data for aluminum alloy in 0.5 M H2SO4 solution.

Figure 4. SEM/EDS spectra of corroded aluminum alloy in H2SO4 acid solution [46].
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6.1. Aluminum alloy in saline medium with ferrous gluconate (FG) as inhibitor

6.1.1. Weight loss method

Figure 5 is the plot of weight loss against exposure time for aluminum alloy coupons in saline 
environment in the absence and presence of different concentrations of FG at 28°C.

In the absence of FG, the weight loss increased with an increase in exposure time in 3.5% 
sodium chloride solution. The weight loss was 0.001 gm at the beginning of the analysis but 
increased with an increase in exposure time which gave a value of 0.011 gm after 28 days of 
exposure. In the presence of FG, the weight loss value was reduced given the highest value 
of 0.007 gm at the end of 28 days exposure time at all the concentrations of inhibitor studied. 
This clearly indicates a 36% reduction in weight loss value in the presence of FG when com-
pared to the value in the absence of FG [47, 49].

Figure 6 shows the graph of corrosion rate of aluminum alloy coupons in the absence and 
presence of varied concentrations of FG in 3.5% NaCl solution at 28°C.

Observation made indicates that corrosion rate of aluminum alloy reduced in the presence of 
all the different concentrations of FG considered. In the presence of 0.5% g/v concentration of 
FG, the corrosion rate value was 0.051 mm/yr at the end of 28 days exposure time compared 
with the absence of FG which gave 0.110 mm/yr at the end of 28 days of exposure [47, 49]. 
This shows 54% reduction in corrosion rate value compared with the absence of FG. It can be 
deduced that FG inhibits the corrosion of aluminum alloy in saline solution. Also shown in 
Figure 7 is the graph of percentage inhibition efficiency (%IE) with exposure time in the pres-
ence of different concentrations of FG.

A reduction in IE of FG from 100% depending on the concentration of FG added to the 
corrosive environment was observed. The inhibition efficiency at 0.5% g/v concentration 
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Figure 5. Weight loss versus exposure time for aluminum alloy immersed in 3.5% NaCl solution with varied ferrous 
gluconate addition [47].
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A morphological study of the surface of aluminum specimen in acid solution was carried out 
by SEM after immersion in the test solution for 28 days at 28°C [46]. Figure 4 shows the SEM 
images of the aluminum surface after 28 days immersion in 0.5 M H2SO4 acid. A severely 
corroded surface was observed after immersion in the uninhibited system, due to corrosive 
attack of the acid solution. The corrosion product layer on the metal surface in uninhibited 
0.5 M H2SO4 acid and the corrosion damage is clearly visible on the metal surface. The oxide 
film is thinned to the extent that aluminum ions can pass from the aluminum alloy to the 
solution interface.

   Al  2    O  3   + 3  H  2   SO  4   →  Al  2    ( SO  4  )   3   + 3  H  2   O  (3)

The sulfuric ion gets entry by penetration through the oxide film and attack the metal.

6. Characterization of inhibited aluminum alloy in saline (3.5% 
NaCl) medium

The obtained results from weight loss and potentiodynamic polarization methods at different 
concentrations of ferrous gluconate (FG), zinc gluconate (ZG) and the synergistic effect of the 
two inhibitors in saline solution at 28°C are represented in Figures below.

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 1.73E-05 0.025551 0.12493 532.51 0.33054 0.55960

Table 2. Polarization data for aluminum alloy in 0.5 M H2SO4 solution.

Figure 4. SEM/EDS spectra of corroded aluminum alloy in H2SO4 acid solution [46].
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6.1. Aluminum alloy in saline medium with ferrous gluconate (FG) as inhibitor

6.1.1. Weight loss method

Figure 5 is the plot of weight loss against exposure time for aluminum alloy coupons in saline 
environment in the absence and presence of different concentrations of FG at 28°C.

In the absence of FG, the weight loss increased with an increase in exposure time in 3.5% 
sodium chloride solution. The weight loss was 0.001 gm at the beginning of the analysis but 
increased with an increase in exposure time which gave a value of 0.011 gm after 28 days of 
exposure. In the presence of FG, the weight loss value was reduced given the highest value 
of 0.007 gm at the end of 28 days exposure time at all the concentrations of inhibitor studied. 
This clearly indicates a 36% reduction in weight loss value in the presence of FG when com-
pared to the value in the absence of FG [47, 49].

Figure 6 shows the graph of corrosion rate of aluminum alloy coupons in the absence and 
presence of varied concentrations of FG in 3.5% NaCl solution at 28°C.

Observation made indicates that corrosion rate of aluminum alloy reduced in the presence of 
all the different concentrations of FG considered. In the presence of 0.5% g/v concentration of 
FG, the corrosion rate value was 0.051 mm/yr at the end of 28 days exposure time compared 
with the absence of FG which gave 0.110 mm/yr at the end of 28 days of exposure [47, 49]. 
This shows 54% reduction in corrosion rate value compared with the absence of FG. It can be 
deduced that FG inhibits the corrosion of aluminum alloy in saline solution. Also shown in 
Figure 7 is the graph of percentage inhibition efficiency (%IE) with exposure time in the pres-
ence of different concentrations of FG.

A reduction in IE of FG from 100% depending on the concentration of FG added to the 
corrosive environment was observed. The inhibition efficiency at 0.5% g/v concentration 
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Figure 5. Weight loss versus exposure time for aluminum alloy immersed in 3.5% NaCl solution with varied ferrous 
gluconate addition [47].
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Figure 6. Corrosion rate versus exposure time for aluminum alloy immersed in 3.5% NaCl solution with varied ferrous 
gluconate addition [47].
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Figure 7. Inhibition efficiency versus exposure time for aluminum alloy immersed in 3.5% NaCl solution with varied 
ferrous gluconate addition [47].

of FG reduced to 54%, 1.0% g/v reduced to 46%, 1.5% g/v reduced to 45% and 2.0% g/v 
reduced to 44% at the end of 28 days exposure time to the corrosive environment. The 
optimum inhibition efficiency was observed at 1.0% g/v concentration of FG in 3.5% NaCl 
solution at 28°C.

6.1.2. Adsorption studies

The Langmuir adsorption isotherm was found to best describe the adsorption behavior of FG 
as inhibitor. Plot C/against C yield straight lines with regression coefficient, R2 equals 1. The 
results plotted in Figure 8 suggest that FG in 3.5% NaCl solution at 28°C obeyed Langmuir 
adsorption isotherm.
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6.1.3. Microstructural characterization of FG inhibited aluminum alloy in saline medium

The morphology of the test sample showing the inhibitive action of ferrous gluconate in saline 
solution with 1.0% g/v concentration of FG after weight loss experiment is shown in Figure 9. 
The severity of the damage is much less when compared with the morphology of the sample 
in the absence of FG. The effective corrosion inhibition of FG could be attributed to the film 
formed on the aluminum alloy surface which acts as a barrier between the aluminum alloy 
and the corrosive environment boundary, thereby preventing further corrosion reaction. 
From the EDS in Figure 9, the presence of oxygen and other elements is as a result of ferrous 
gluconate constituent [47].

In the presence of 2.0% g/v concentration of FG, the corrosion is slightly reduced with little 
corrosion product on the aluminum alloy surface when compared with the morphology of 
the aluminum alloy in the absence of FG. This clearly revealed that FG is a corrosion inhibi-
tor for the aluminum alloy in acidic solution. The effective corrosion inhibition of FG could 
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Figure 8. Langmuir isotherm for the adsorption of different concentrations of FG on aluminum alloy surface in 3.5% 
NaCl solution obtained at 28°C [47].

Figure 9. SEM/EDS spectra of corroded aluminum alloy in the presence of FG [47].
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Figure 7. Inhibition efficiency versus exposure time for aluminum alloy immersed in 3.5% NaCl solution with varied 
ferrous gluconate addition [47].

of FG reduced to 54%, 1.0% g/v reduced to 46%, 1.5% g/v reduced to 45% and 2.0% g/v 
reduced to 44% at the end of 28 days exposure time to the corrosive environment. The 
optimum inhibition efficiency was observed at 1.0% g/v concentration of FG in 3.5% NaCl 
solution at 28°C.

6.1.2. Adsorption studies

The Langmuir adsorption isotherm was found to best describe the adsorption behavior of FG 
as inhibitor. Plot C/against C yield straight lines with regression coefficient, R2 equals 1. The 
results plotted in Figure 8 suggest that FG in 3.5% NaCl solution at 28°C obeyed Langmuir 
adsorption isotherm.
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6.1.3. Microstructural characterization of FG inhibited aluminum alloy in saline medium

The morphology of the test sample showing the inhibitive action of ferrous gluconate in saline 
solution with 1.0% g/v concentration of FG after weight loss experiment is shown in Figure 9. 
The severity of the damage is much less when compared with the morphology of the sample 
in the absence of FG. The effective corrosion inhibition of FG could be attributed to the film 
formed on the aluminum alloy surface which acts as a barrier between the aluminum alloy 
and the corrosive environment boundary, thereby preventing further corrosion reaction. 
From the EDS in Figure 9, the presence of oxygen and other elements is as a result of ferrous 
gluconate constituent [47].

In the presence of 2.0% g/v concentration of FG, the corrosion is slightly reduced with little 
corrosion product on the aluminum alloy surface when compared with the morphology of 
the aluminum alloy in the absence of FG. This clearly revealed that FG is a corrosion inhibi-
tor for the aluminum alloy in acidic solution. The effective corrosion inhibition of FG could 
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Figure 8. Langmuir isotherm for the adsorption of different concentrations of FG on aluminum alloy surface in 3.5% 
NaCl solution obtained at 28°C [47].

Figure 9. SEM/EDS spectra of corroded aluminum alloy in the presence of FG [47].
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be attributed to the film formed on the surface of the sample. The EDS in Figure 9 clearly 
shows the presence of carbon, oxygen indicating the formation of oxide films as confirmed by 
Raman spectroscopy. Other elements are also present which is as a result of ferrous gluconate 
constituent.

6.1.4. Potentiodynamic polarization method

Table 3 shows the electrochemical corrosion parameters that is, potentiodynamic polariza-
tion-corrosion potential (Ecorr), linear polarization resistance (Rp), anodic and cathodic Tafel 
slopes (βa, βc), corrosion rate (CR) and potentiodynamic polarization corrosion-current den-
sity (icorr) obtained by extrapolation of the Tafel lines.

Figure 10 gives the potentiodynamic polarization curves for the inhibition of aluminum alloy 
in the absence and presence of different concentrations of ZG in 0.5 molar sulfuric acid solu-
tions at 28°C. From Table 3, it can be concluded that the corrosion current density (icorr) values 
reduced in the presence of all the concentrations of ZG studied. The anodic and cathodic values 
were observed to change in the presence of all the different concentrations of ZG studied in 
0.5 M H2SO4 solution. The polarization resistance (Rp) values increased and corrosion rate (CR) 
values decreased in the presence of inhibitor. Also, no definite trend was observed in the corro-
sion potential (Ecorr) values in the presence of inhibitor [47]. This result showed the influence 
of ZG on aluminum alloy in 0.5 M H2SO4 solution and the ZG acts as a mixed type inhibitor.

6.2. Synergetic effect of the two inhibitors (FG+ZG) on aluminum alloy in H2SO4 
acid medium

6.2.1. Weight loss method

Figure 11 shows the variation of weight loss with exposure time for aluminum alloy coupons 
in 0.5 molar sulfuric acid solution in the absence and presence of different concentrations of FG 
and ZG in the same proportion at 28°C. The Figure shows an increase in weight loss value in 
the absence of inhibitors with an increase in exposure time. In the presence of inhibitors, there 
was a decrease in weight loss of the aluminum alloy coupons with the following values after 
28 days exposure time to the corrosive medium; 0.027 gm, 0.025 gm, 0.022 gm and 0.020 gm  

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 1.73E-05 0.025551 0.124930 5.33E+02 0.33054 0.559600

2 0.5 6.46E-06 0.054932 0.032904 1.38E+03 0.33054 0.209090

3 1.0 5.43E-06 0.042048 0.035871 1.55E+03 0.33054 0.175710

4 1.5 6.30E-09 0.892180 1.727600 4.06E+07 0.34318 0.000206

5 2.0 3.78E-06 0.172780 0.072640 5.87E+03 0.35751 0.123690

Table 3. Polarization data for ZG inhibited aluminum alloy in 0.5 M H2SO4 solution.
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at 0.5:0.5, 1.0:1.0, 1.5:1.5 and 2.0:2.0 g/v concentrations of inhibitors respectively. These values 
translated to 27% for 0.5:0.5 g/v, 32% for 1.0:1.0 g/v, 41% for 1.5:1.5 g/v and 46% for 2.0:2.0 g/v 
when the weight loss values in the presence of inhibitors were compared with the values in 
the absence of inhibitors. The Figure also denotes that increase in concentration of the inhibi-
tor leads to a decrease in the weight loss of the aluminum alloy coupon.

The variation of corrosion rates of aluminum alloy coupons exposed to 0.5 M H2SO4 solution 
at 28°C in the absence and presence of different concentrations of FG and ZG are presented in 
Figure 11. The Figure shows that in the absence of inhibitors, the corrosion rate of aluminum 
alloy decreased from 0.395 to 0.346 mm/yr after 28 days exposure time to the corrosive envi-
ronment (Figure 12).

Figure 10. Tafel polarization curves for aluminum alloy in 0.5 M H2SO4 solution in the absence and presence of different 
concentrations of ZG at 28°C [48].
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Figure 11. Weight loss versus exposure time for aluminum alloy immersed in 0.5 M H2SO4 solution with varied ferrous 
gluconate and zinc gluconate additions [46].
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be attributed to the film formed on the surface of the sample. The EDS in Figure 9 clearly 
shows the presence of carbon, oxygen indicating the formation of oxide films as confirmed by 
Raman spectroscopy. Other elements are also present which is as a result of ferrous gluconate 
constituent.

6.1.4. Potentiodynamic polarization method

Table 3 shows the electrochemical corrosion parameters that is, potentiodynamic polariza-
tion-corrosion potential (Ecorr), linear polarization resistance (Rp), anodic and cathodic Tafel 
slopes (βa, βc), corrosion rate (CR) and potentiodynamic polarization corrosion-current den-
sity (icorr) obtained by extrapolation of the Tafel lines.

Figure 10 gives the potentiodynamic polarization curves for the inhibition of aluminum alloy 
in the absence and presence of different concentrations of ZG in 0.5 molar sulfuric acid solu-
tions at 28°C. From Table 3, it can be concluded that the corrosion current density (icorr) values 
reduced in the presence of all the concentrations of ZG studied. The anodic and cathodic values 
were observed to change in the presence of all the different concentrations of ZG studied in 
0.5 M H2SO4 solution. The polarization resistance (Rp) values increased and corrosion rate (CR) 
values decreased in the presence of inhibitor. Also, no definite trend was observed in the corro-
sion potential (Ecorr) values in the presence of inhibitor [47]. This result showed the influence 
of ZG on aluminum alloy in 0.5 M H2SO4 solution and the ZG acts as a mixed type inhibitor.

6.2. Synergetic effect of the two inhibitors (FG+ZG) on aluminum alloy in H2SO4 
acid medium

6.2.1. Weight loss method

Figure 11 shows the variation of weight loss with exposure time for aluminum alloy coupons 
in 0.5 molar sulfuric acid solution in the absence and presence of different concentrations of FG 
and ZG in the same proportion at 28°C. The Figure shows an increase in weight loss value in 
the absence of inhibitors with an increase in exposure time. In the presence of inhibitors, there 
was a decrease in weight loss of the aluminum alloy coupons with the following values after 
28 days exposure time to the corrosive medium; 0.027 gm, 0.025 gm, 0.022 gm and 0.020 gm  

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 1.73E-05 0.025551 0.124930 5.33E+02 0.33054 0.559600

2 0.5 6.46E-06 0.054932 0.032904 1.38E+03 0.33054 0.209090

3 1.0 5.43E-06 0.042048 0.035871 1.55E+03 0.33054 0.175710

4 1.5 6.30E-09 0.892180 1.727600 4.06E+07 0.34318 0.000206

5 2.0 3.78E-06 0.172780 0.072640 5.87E+03 0.35751 0.123690

Table 3. Polarization data for ZG inhibited aluminum alloy in 0.5 M H2SO4 solution.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications170

at 0.5:0.5, 1.0:1.0, 1.5:1.5 and 2.0:2.0 g/v concentrations of inhibitors respectively. These values 
translated to 27% for 0.5:0.5 g/v, 32% for 1.0:1.0 g/v, 41% for 1.5:1.5 g/v and 46% for 2.0:2.0 g/v 
when the weight loss values in the presence of inhibitors were compared with the values in 
the absence of inhibitors. The Figure also denotes that increase in concentration of the inhibi-
tor leads to a decrease in the weight loss of the aluminum alloy coupon.

The variation of corrosion rates of aluminum alloy coupons exposed to 0.5 M H2SO4 solution 
at 28°C in the absence and presence of different concentrations of FG and ZG are presented in 
Figure 11. The Figure shows that in the absence of inhibitors, the corrosion rate of aluminum 
alloy decreased from 0.395 to 0.346 mm/yr after 28 days exposure time to the corrosive envi-
ronment (Figure 12).

Figure 10. Tafel polarization curves for aluminum alloy in 0.5 M H2SO4 solution in the absence and presence of different 
concentrations of ZG at 28°C [48].
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Figure 11. Weight loss versus exposure time for aluminum alloy immersed in 0.5 M H2SO4 solution with varied ferrous 
gluconate and zinc gluconate additions [46].
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The graph shows a sinusoidal trend. In the presence of inhibitors, the corrosion rate values 
was reduced from 0.346 to 0.272 mm/yr at 0.5:0.5 g/v concentration of FG-ZG, 0.268 mm/yr at 
1.0:1.0 g/v, 0.345 mm/yr at 1.5:1.5 g/v and 0.175 mm/yr at 2.0:2.0 g/v. The percentage reduc-
tion in the corrosion rate value of aluminum alloy after 28 days of exposure in the presence 
of different concentrations of inhibitors are 21% for 0.5:0.5 g/v, 23% for 1.0:1.0 g/v, 0.3% for 
1.5:1.5 g/v and 49% at 2.0:2.0 g/v.

Figure 13 shows the variation of percentage inhibition efficiency (%IE) against exposure time 
with different concentrations of inhibitors at 28°C. From the results, it was observed that the 
inhibition efficiency increased with an increase in the concentration of the inhibitors. The opti-
mum inhibition efficiency was observed at 0.5 g/v concentration of the inhibitors.
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Figure 12. Corrosion rate versus exposure time for aluminum alloy immersed in 0.5 M H2SO4 solution with varied 
ferrous gluconate and zinc gluconate additions [46, 50–51].
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Figure 13. Inhibition efficiency versus exposure time for aluminum alloy immersed in 0.5 M H2SO4 solution with varied 
ferrous gluconate and zinc gluconate additions [46].

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications172

6.2.2. Adsorption studies

The Langmuir adsorption isotherm provides the best description for the adsorption behavior 
of the synergistic effect of FG and ZG as inhibitors. Plot C/against C yield a straight line with 
regression coefficient, R2 close to 1. The result plotted in Figure 14 suggests that the inhibitors 
in 0.5 M H2SO4 solution at 28°C obeyed Langmuir adsorption isotherm.

6.2.3. Potentiodynamic polarization method

Table 4 shows the electrochemical corrosion kinetics parameters: polarization resistance (Rp), 
potentiodynamic polarization-corrosion potential (Ecorr), potentiodynamic polarization cor-
rosion-current density (icorr), corrosion rate (CR), anodic and cathodic Tafel slopes (βa and βc) 
obtained by extrapolation of the Tafel lines. Figure 15 shows the cathodic and anodic polariza-
tion curves obtained for aluminum alloy in 0.5 molar sulfuric acid solution in the absence and 
presence of different concentrations of FG and ZG at 28°C.

The results showed a decrease in corrosion current density (icorr) and corrosion rate (CR) val-
ues in the presence of different concentrations of inhibitors studied. The corrosion potential 
(Ecorr) and polarization resistance (Rp) values increased in the presence of inhibitors. Shifts 
in anodic and cathodic region suggest the inhibitor is a mixed type corrosion inhibitors for 
aluminum alloy in 0.5 M H2SO4 solution at 28°C.

6.3. Correlation between experimental results and analyses (aluminum)

6.3.1. Weight loss and electrochemical corrosion test methods (aluminum)

The percentage inhibition efficiency (%IE) of aluminum alloy in 3.5% sodium chloride solution 
and 0.5 molar sulfuric acid environments in the presence of different concentrations of FG, ZG and 
the synergistic effect of the two inhibitors was obtained from weight loss and potentiodynamic 
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Figure 14. Langmuir isotherm for the adsorption of different concentrations of FG and ZG on aluminum alloy surface in 
0.5 M H2SO4 solution obtained at 28°C [46].
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The graph shows a sinusoidal trend. In the presence of inhibitors, the corrosion rate values 
was reduced from 0.346 to 0.272 mm/yr at 0.5:0.5 g/v concentration of FG-ZG, 0.268 mm/yr at 
1.0:1.0 g/v, 0.345 mm/yr at 1.5:1.5 g/v and 0.175 mm/yr at 2.0:2.0 g/v. The percentage reduc-
tion in the corrosion rate value of aluminum alloy after 28 days of exposure in the presence 
of different concentrations of inhibitors are 21% for 0.5:0.5 g/v, 23% for 1.0:1.0 g/v, 0.3% for 
1.5:1.5 g/v and 49% at 2.0:2.0 g/v.

Figure 13 shows the variation of percentage inhibition efficiency (%IE) against exposure time 
with different concentrations of inhibitors at 28°C. From the results, it was observed that the 
inhibition efficiency increased with an increase in the concentration of the inhibitors. The opti-
mum inhibition efficiency was observed at 0.5 g/v concentration of the inhibitors.
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Figure 15. Tafel polarization curves for aluminum alloy in 0.5 M H2SO4 medium in the absence and presence of different 
concentrations of FG and ZG at 28°C [46].

polarization methods. The data computed for the %IE using linear polarization resistance (LPR), 
potentiodynamic polarization-corrosion rate (PP-CR), potentiodynamic polarization-corrosion 
current density (PP-icorr) and weight loss method (WLM) are presented in the Figures above at dif-
ferent concentrations of inhibitors studied. From the given graphs, it is evident that obtained data 
from the different methods are in good correlation at all the concentrations of inhibitors studied.

6.3.2. Surfaces analyses (aluminum alloy)

From the SEM/EDS micrographs, aluminum alloy in acidic medium was observed to be more 
corrosive than aluminum alloy in sodium chloride medium after the immersion tests in both 
environments in the absence of inhibitors. Significant difference in the morphology of the 
as-received and the corroded samples of aluminum alloy in the absence and presence of 
inhibitors revealed that the inhibitors was able to hinder the dissolution of aluminum alloy 
in all the environments investigated. More uniform films were observed on the surfaces of 

S/N C (% g/v) Icorr (A/cm2) βc (V/dec) βa (V/dec) LPR
Rp (Ωcm2)

−Ecorr (V) CR (mm/yr)

1 0.0 1.73E-05 0.025551 0.124930 5.33E+02 0.33054 0.559600

2 0.5 4.29E-06 0.033853 0.025551 1.47E+03 0.33054 0.138900

3 1.0 2.71E-06 0.020610 0.059142 2.45E+03 0.11486 0.087732

4 1.5 6.30E-09 0.892180 1.727600 4.06E+07 0.34318 0.000206

5 2.0 2.57E-07 0.043434 0.263020 6.30E+04 0.99295 0.008324

Table 4. Polarization data for FG and ZG inhibited aluminum alloy in 0.5 M H2SO4 solution.
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the aluminum alloy in sulfuric acid solution compared to sodium chloride solution, which 
implied that the corrosion rate in acidic medium is higher when compared to corrosion rate 
in sodium chloride medium in the presence and absence of inhibitors.

7. Conclusions

The following conclusions have been drawn from this research;

• The aluminum alloy exhibited similar corrosion behavior in the presence of different concen-
trations of inhibitors in the solution studied, with different corrosion resistances in the differ-
ent solutions which was confirmed from the similar trend from corrosion rates and inhibition 
efficiency of the materials from weight loss and potentiodynamic polarization curves.

• In saline environment in the presence of different concentration of inhibitors, the corrosion 
resistant of aluminum alloy was significantly different, which was evident by their corro-
sion rates and inhibition efficiency values. FG performed best at 1.0% g/v concentration in 
3.5% NaCl solution which gave inhibition efficiency value of 100% from the beginning of 
the analysis to the 8th day of exposure time to the corrosive medium. ZG performed best at 
2.0% g/v concentration which gives inhibition efficiency value of 100% from the beginning 
of the analysis to the 14th day of exposure time to the corrosive solution and the inhibition 
efficiency of the synergism of the two inhibitors was 100% from the beginning of the analy-
sis to the 10th day of exposure time to the corrosive medium.

• It could be concluded that ZG performed best in 3.5% NaCl solution. The inhibitors performed 
fairly well in 0.5 M H2SO4 solution. The corrosion rates and inhibition efficiency values ob-
tained from the weight loss and potentiodynamic polarization methods show good agreement.

• The main task of this research work has been accomplished. The optimum concentrations 
for the application of the inhibitors which should be useful guide for corrosion engineers 
have been obtained.

• It can be seen from above that FG, ZG and FG+ZG acts as a good corrosion inhibitor for alu-
minum alloy in saline and acid environments with the following final deduction: Aluminum 
alloy: in both test environments, the inhibitive performances of the inhibitors are excellent. 
Finally, the inhibitors have been established to be practically reliable and effective as dem-
onstrated by the performance characteristics of the inhibitors that were used in this study.
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Abstract

Modern industrial applications require materials with special surface properties such as
high hardness, wear and corrosion resistance. The performance of material surface under
wear and corrosion environments cannot be fulfilled by the conventional surface modifica-
tions and coatings. Therefore, different industrial sectors need an alternative technique for
enhanced surface properties. The purpose of this is to change or enhance inherent proper-
ties of the materials to create new products or improve on existing ones. The most effective
and economical engineering solution to prevent or minimize such surface region of a
component is done by fiber lasers. Additive manufacturing (AM) is a breaking edge fabri-
cation technique with the possibility of changing the perception of design and manufactur-
ing as a whole. It is well suitable for the building and repairing applications in the aerospace
industry which usually requires high level of accuracy and customization of parts which
usually employ materials known to pose difficulties in fabrication such as titanium alloys.
The current development focus of AM is to produce complex shaped functional metallic
components, including metals, alloys and metal matrix composites (MMCs), to meet
demanding requirements from aerospace, defense, and automotive industries.

Keywords: DLMD, solidification, fatigue, wear, Ti-6Al-4V alloy, microstructure, fiber
laser, additive manufacturing

1. Introduction

Titanium is the ninth most abundant element on earth. It occurs as ilmenite, rutile and also
present in titanates and iron ores. Titanium and its alloys are preferred choices for chemical,
power generation, automobile, aerospace and airframe industries due to their excellent properties.
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Titanium has high strength and low density (40% lower than steel). Titanium has many alloys
with good properties. The most commonly used titanium alloy is the Ti-6Al-4V. It is also known
as a workhorse. It is an alpha-beta alloy. Among other properties it possesses is that this alloy is
heat treatable and has good hot forming qualities. However, its creep strength is not as good as
the alpha alloys. Titanium and its alloys have low density, excellent combination of high specific
ratio which is maintained at elevated temperatures, low modulus of elasticity and good corrosion
resistance. Biocompatibility of the titanium alloy is excellent and makes it very good for biomed-
ical applications due to its mechanical and corrosion properties. Titanium has a tenacious oxide
which forms instantly upon exposure to air. This is the reason for its excellent corrosion resistance
[1]. Titanium and it alloys are material of choice in a wide range of industrial applications owing
to high strength-to-weight ratio, exceptional biocompatibility and corrosion resistance. However,
the use of these materials is compromised due to high fabrication costs which are attributed
to difficulty in the machining and loss of material during processing [2]. Estimate by research
states that up to 50% of titanium cost are attributed to machining operations [3]. Fortunately,
titanium is among the few privileged metallic materials that are fabricated by means of additive
manufacturing which has the ability to fabricate high-quality parts with very little or no post-
machining [4].

The application of laser surface modification to prolong the service life of engineering compo-
nents exposed to aggressive environments has gained increasing acceptance in recent years
and material processing by laser beams has been well established as an advanced manufactur-
ing technology. The main mandate is the ability to precisely deposit a large amount of energy
into a material over a short time range and in a spatially confined region near the surface. One
of the major advantages of the laser as a tool for material processing is the ability to precisely
control where in the material and at what rate energy is deposited. This control is exercised
through the proper selection of laser processing parameters to achieve the desired material
modification. Well known applications include the improvement of the wear resistance of
diesel engine exhaust valves, the enhancement of the corrosion resistance of gas turbine blades
and the repair of dies and inserts. The high-quality surface layers that can be produced by fiber
laser only, make it a strategic technique. Surface engineering techniques especially by lasers are
known to be cost-effective due to their precision and speed.

Material engineers continue to develop new and existing fabrication techniques in pursuit of
improving or entirely replacing the conventional energy intensive, environmentally unfriendly
and expensive methods [5]. Metal-based components are generally manufactured by subtrac-
tive and formative techniques; with the most recent additive fabrication which has been
extensively explored since its development in the late 1980s [6]. The latter widens the perspec-
tive and boundaries of design as it provides new possibilities of fabricating complex geome-
tries which are usually unattainable by traditional methods [7].

2. Direct laser metal deposition

The direct laser metal deposition (DLMD) is a recently developed technique for manufactur-
ing solid parts, layer by layer, directly from powder. The process uses a high-power laser
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beam focused onto a metallic substrate to generate a molten pool to which a stream of
powder is fed. This way, the material volume increases leading to the formation of a solid
layer. The laser beam and powder nozzle are repeatedly scanned to accomplish a layered
buildup of a solid part by additive manufacturing (AM). The key process parameters are
laser power, scan speed, laser beam diameter, and powder feed rate. The parameters influ-
ence the thermal phenomena during the growth process of the solid part as well as the
metallurgical and mechanical properties. This research will also describe the 2D & 3D
multi-physics models to describe the physical mechanism of heat transfer, melting and
solidification that take place during and post laser-powder interaction. The transient tem-
perature, geometrical features of the generated structures and thermal cycles will be simu-
lated. The transient temperature is critically important for determining the thermal stress
distribution and residual stress state in additively manufactured parts. According to
Patterson et al. [8], thermal history generated by a laser beam during additive manufacturing
governs the microstructure, properties, residual stress and distortion in fabricated compo-
nents. In an attempt to overcome or reduce the evolution of residual stresses and the
resultant of their unwanted artifacts, modeling and simulation of the additive manufactur-
ing processes is a way to go instead of the time intensive and economic demanding trial and
error methods. Additive manufacturing is a process which employs laser radiation to join
materials layer by layer to make objects from 3D model data, which is reverse of subtractive
manufacturing method. Hanzl et al. [9] stated that different fabrication techniques even
when producing components from similar materials result in different properties. Authors
further stated that additive manufacturing produces finer grains compared to conventional
processes; this is attributed to rapid solidification which is a result of rapid heat conduction
from the localized molten zone in direction of the dispersed cool surroundings. Furthermore,
additive fabrication provides various benefits including elimination of forming equipment,
high material use efficiency and the flexibility of producing customized parts which require
very little or no post process machining which makes a direct contribution to the reduction
of production cost and delivery time [10] (Figure 1).

The past decade has seen a rapid development in the range of techniques which are available
to modify the surfaces of engineering components. This in turn has led to the emergence of the
new field of surface modification. It describes the interdisciplinary activities aimed at tailoring
the surface properties of engineering materials. An engineering material usually fails when its
surface cannot effectively withstand the external forces or environment to which it is subjected.
Serviceable engineering components not only rely on their bulk material properties but also on
the design and characteristics of their surface. The surface of these components may require
treatment, to enhance the surface characteristics. Surface treatments that cause microstructural
changes in the bulk material include heating and cooling/quenching through induction, flame,
laser, and electron beam techniques, or mechanical treatments [12]. The behavior of a material
is therefore greatly dependent on the surface of a material, surface contact area and the
environment under which the material must operate. Surface engineering can cause physical
and chemical effects on the bulk material, some beneficial and some detrimental. For example,
stresses which may exist in the protective material can create problems; however careful
monitoring and research may limit these effects, to hopefully produce quality and serviceable
engineering components.
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The choice of a surface material with the appropriate thermal and sufficient resistance to wear
and corrosion degradation is crucial to its functionality. The desired properties of surface-
engineered components are improved corrosion resistance through barrier or sacrificial pro-
tection, improved wear resistance and mechanical properties such as fatigue and toughness.
The surface modification of metals, using high intensity lasers, accepts various methods in
making use of the heat from the laser beam in enhancing the morphology and microstructure
in order to achieve numerous metallurgical outcomes [13]. Laser surface modification of
materials entails an extensive composition of additive and subtractive methods. Metals such
as magnesium, titanium and aluminum blend extremely desired properties with light weight
without a significant alteration of the bulk material. This is the footing for high demand of
laser surface modification techniques [14]. There are many laser surface treatment techniques
responsible for fabrication of highly corrosion-resistant metallic surfaces, where the major ones
used are laser surface melting, laser cladding and laser surface alloying [15, 16].

Laser surface alloying (LSA) modifies the surface morphology and near surface structure of
components and its alloys with perfect adhesion to the interface of the bulk steel. The distinctive
advantages of the LSA technique for surface modification include the refinement of the grain size
because of rapid quench rates and the generation of meta-stable structures with novel properties
that are not feasible by competing methods [17, 18]. With optimum laser processing parameters,

Figure 1. Schematic diagram illustrating the heat affected zone and melt zone created by laser surface melting [11].
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a reliable coating that is free of cracks and pores can be produced on the matrix. LSA can rapidly
provide a thick and crack-free layer in all instances with metallurgical bonds at the interface
between the alloyed layer and the substrate [19]. In LSA, external alloying elements in form of
powder (metal, alloy, ceramic, cermet or intermetallic) are introduced into the surface
of a substrate, as pre-placed material or injected directly into the melt pool created on the
substrate by a high-power laser beam. The melting of the substrate occurs rapidly only at the
surface, while the bulk of the material remains cool, thus serving as an infinite heat sink.

The result of this is rapid self-quenching and resolidification of newalloy due to the large temper-
ature gradients between the melted surface region and the underlying solid substrate. The evolu-
tion of awide variety ofmicrostructures as a result of the rapid cooling from the liquid phase is one
of the consequences [20]. Hence, during laser alloying process, the synthesis of new alloy is
possible by depositing a premixed ratio of elemental powders. Powders surfaced on new orworn
working surfaces of components by LSA provides specific properties such as high abrasive wear
resistance, erosion resistance, corrosion resistance, heat resistance and combinations of these
properties. Consequently, improvements in machinery performance and safety in aerospace,
automotive, can be realized by the method [21]. According to Poulon-Quintin et al. [22], laser
beams, because of specific thermal characteristics induced by laser irradiation, can generate spe-
cific microstructures including metastable phases and nano-crystalline grains. Laser processing
offers unique and significant quality and cost advantages over traditional techniques. These
include high throughput speed, process compatibility, high process efficiency, low porosity and
good surface uniformity. In addition, the rapid self-quenching in laser alloying results in a true
metallurgical bond between the composite layer and the substrate, the formation of a non-
equilibriumor amorphous phase aswell as homogenization and refinement of themicrostructure,
all without affecting the bulk properties of the substrate [23�25].

3. Overview on application and improved properties of laser deposited
and additive manufactured Ti-6Al-4Valloy

Xu et al. [26] investigated additive manufacturing ductile and strong Ti6Al4V by using selec-
tive laser melting through in situ martensite decomposition. Ti6Al4V powder was used to
fabricate cubes and cylindrical bars by using a selective laser melting (SLM) facility with
different process parameters. Different layer thicknesses were applied, 30, 60 and 90 μm and
the process was carried out in an argon atmosphere. The samples were then subjected to
isothermal treatment for 2 hours at temperatures ranging from 350 to 930�C. The tensile
strength of the samples was evaluated and compared to Ti6Al4V manufactured by mill
annealing and by solution treating and aging (STA). The microstructural analysis was com-
pleted by means of SEM and phase examination was carried out by X-ray diffraction. The
results should that the finest columnar prior β grains were found in the 30 μm thick layer in
comparison to the 60 and 90 μm thicknesses; this was attributed to fast cooling condition. It
was found that a smaller focal offset distance (0–2 mm) resulted in an ultrafine lamellar (α + β)
microstructure, whereas a focal offset distance of 4 mm led to an acicular α0 martensitic
microstructure. This led to the authors concluding that the transformation of martensite to
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Figure 1. Schematic diagram illustrating the heat affected zone and melt zone created by laser surface melting [11].
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equilibriumor amorphous phase aswell as homogenization and refinement of themicrostructure,
all without affecting the bulk properties of the substrate [23�25].

3. Overview on application and improved properties of laser deposited
and additive manufactured Ti-6Al-4Valloy

Xu et al. [26] investigated additive manufacturing ductile and strong Ti6Al4V by using selec-
tive laser melting through in situ martensite decomposition. Ti6Al4V powder was used to
fabricate cubes and cylindrical bars by using a selective laser melting (SLM) facility with
different process parameters. Different layer thicknesses were applied, 30, 60 and 90 μm and
the process was carried out in an argon atmosphere. The samples were then subjected to
isothermal treatment for 2 hours at temperatures ranging from 350 to 930�C. The tensile
strength of the samples was evaluated and compared to Ti6Al4V manufactured by mill
annealing and by solution treating and aging (STA). The microstructural analysis was com-
pleted by means of SEM and phase examination was carried out by X-ray diffraction. The
results should that the finest columnar prior β grains were found in the 30 μm thick layer in
comparison to the 60 and 90 μm thicknesses; this was attributed to fast cooling condition. It
was found that a smaller focal offset distance (0–2 mm) resulted in an ultrafine lamellar (α + β)
microstructure, whereas a focal offset distance of 4 mm led to an acicular α0 martensitic
microstructure. This led to the authors concluding that the transformation of martensite to
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ultrafine lamellar structure is possible by manipulating the process parameters of selective
laser melting. The high yield strength and elongation failure of the SLM fabricated Ti6Al4V
with ultrafine lamellar is comparable with STA Ti6Al4V and was better than that of mill-
annealed Ti6Al4V, with results of >1100 MPa yield strength and 11.4% failure elongation. The
heat treatment of the samples revealed that decomposition of α0 martensite into ultrafine
lamellar took place from 400�C. It was therefore concluded by the authors that additive
manufacturing of Ti6Al4V by SLM can improve the properties.

Balla et al. [27] studied the microstructure of laser surface melted Ti6Al4V alloy as well as its
mechanical and wear properties. Ti6Al4V alloy is extensively used for implants due to their
exceptional corrosion resistance and biocompatibility; however, its poor hardness and low
wear resistance limit the extent of application. A continuous-wave Nd:YAG laser was used to
melt the surface of Ti6Al4V alloy sheet, 250 W and 400 W were used for single and double
passes. Light microscopy, SEM and XRDwere used to analyze the microstructure and phase of
the melted regions. Ball-on-disk wear testing and Vickers microhardness tester were employed
to establish the wear and microhardness. All results of the laser treated alloy were compared to
as-received Ti6Al4V. The results showed that the sample treated with 400 W and was doubled
passed exhibited the highest hardness and the largest grains size as compared to the other
samples. An average increase of 15–22% in hardness was obtained by the laser surface melted
alloy, with the hardness of the substrate being 358 HV0.3 and the hardness of the treated
samples ranging from 413 HV0.3 to 438 HV0.3. Results from both microstructural and phase
analysis show that the as-received Ti6Al4V alloy had equiaxed α + β phase, while the laser
surface melted regions displayed needle-like acicular α (α0 martensite) embedded in prior β
matrix. The treated samples had a significantly increased relative concentration of α phase and
a reduced β phase in comparison to the substrate. The lowest wear rate was obtained by the
both 250 W samples, with a wear rate of 3.38 � 10�4 mm3/Nm in comparison with 6.82 �
10�4 mm3/Nm of the untreated substrate. The authors therefore concluded that the improve-
ment of Ti6Al4V alloy for in vitro application was possible by laser surface melting.

Brandl et al. [28] investigated the microstructure, morphology and hardness of Ti6Al4V blocks
manufactured by wire-feed additive layer manufacturing (ALM). When components are built
up layer by layer, it is referred to as direct manufacturing, rapid manufacturing or additive
layer manufacturing. When comparing ALM to conventional manufacturing techniques, it is
more cost efficient and less time consuming. Awire-feed system with a Nd:YAG rod laser and
a wire feeder was used to deposit Ti6Al4V powder on Ti6Al4V alloy substrate. The blocks
produced were 7 layers high and 7 beads wide. The samples were subjected to heat treatment
after laser processing. The heat treatment completed included stress-relieving at 600�C for
4 hours and then cooled in the furnace and heating to 1200�C for 2 hours and followed by
furnace cooling. After processing, the samples were prepared for microstructural analysis by
cold mounting, polishing and etching. Light microscopy was used to examine the microstruc-
ture, a Vickers hardness tester was used to determine the hardness of the surface and energy
dispersive X-ray microanalysis was carried out. The morphology of the block exhibited colum-
nar prior β-grains and the microstructure found within the β-grains was martensite and
basket-weave α. The heat treatment of heating to 600�C for 4 hours and then furnace cooled
did not change the morphology and microstructure but it did increase the hardness for 327
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HV0.5 to 342 HV0.5. The samples subjected to heating to 1200�C for 2 hours and then cooled in a
furnace had a lower hardness of 308 HV0.5 due to change of the initial morphology to equiaxed
prior β grains.

Makuch et al. [29] studied the laser surface alloying of commercially pure titanium using
carbon and boron. The use of titanium alloys ranges over many industries but the applica-
tion in friction and wear conditions is limited due to their high tendency to adhesive wear,
poor hardness and low wear resistance. Thermo-chemical processes such as boriding, nitrid-
ing and carburizing have been applied to steels and Ti alloys in order to improve the wear
performance, but the disadvantages are that the thermal diffusion process requires high
temperatures to achieve an acceptable layer thickness and the duration of the process is long.
The material to be laser surface alloyed with boron and carbon was ring-shaped commer-
cially pure titanium Grade 2. Three different pastes were produced for alloying; boron,
boron and carbon, and carbon were mixed with polyvinyl alcohol to produce the pastes.
The external surface of the cylinders was coated by the three different pastes and then the
surface was re-melted with a continuous-wave CO2 laser. OPM and SEM were used to
analyze the microstructure, XRD was used to examine the phases present, a Vickers hard-
ness tester was used to determine the microhardness and a frictional pair was used to
evaluate the abrasive wear of the layers. The greatest microhardness was achieved by the
borided and borocarburized layers with 1250–1650 HV and 1200–1750 HV respectively, a
hardness of 1000–1500 HV was obtained for the carburized layer. The increase in hardness
was attributed to the formation of hard ceramic phases; TiB, TiB2 and TiC. It was found that
of the coatings, the borocarburized layer exhibited the worst wear and friction performance
and the laser borided sample had the best friction behavior and the laser-carburized had the
best wear performance. It was concluded by the authors that laser alloying with boron and
carbon will improve the wear resistance of titanium alloys.

Yang et al. [30] investigated synthesizing, microhardness and microstructure distribution of Ti-
Si-C-N/TiCN composite coating fabricated on Ti6Al4V by laser cladding. TiN and TiCN
coatings have been broadly used to extend the lifetime of medical and cutting tools due to
their high hardness, good wear performance, biocompatibility, excellent corrosion resistance
and affordable price. Although the properties of TiCN coatings are desirable, their thermal
stability is not adequate and can be improved by adding SiO2 to the coating. A combination of
titanium carbonitride and silica powders (20% SiO2) was used to coat Ti6Al4V alloy by means
of a YAG laser system. The laser beam scanning speed was varied at 1, 2, 3 and 4 mm/s in order
to examine how the properties will be affected. XRDwas used to analyze the phases, SEM-EDS
was used to characterize the microstructure and a microhardness tester with a load of 200 g
and a dwelling time of 10 s was used to measure the microhardness. The phases that were
obtained were TiC0.3N0.7, Ti3SiC2 and Ti2O. As the scan speed increased, the relative amount of
TiC0.3N0.7 decreased, amounts Ti3SiC2 increased by more than two times at a speed of 2 mm/s
from a speed of 1 mm/s and increased gradually after that, and the amount of Ti2O was low at
1 mm/s, increased sharply at 2 mm/s and then decreased by almost half for the following
speeds. The microhardness of the coatings increased from 1005 HV at 1 mm/s to 1400 HV at
3 mm/s was reached, for 4 mm/s, the hardness reduced. The authors therefore concluded that
laser cladding Ti6Al4V at 3 mm/s will produced the most desired properties.
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annealed Ti6Al4V, with results of >1100 MPa yield strength and 11.4% failure elongation. The
heat treatment of the samples revealed that decomposition of α0 martensite into ultrafine
lamellar took place from 400�C. It was therefore concluded by the authors that additive
manufacturing of Ti6Al4V by SLM can improve the properties.

Balla et al. [27] studied the microstructure of laser surface melted Ti6Al4V alloy as well as its
mechanical and wear properties. Ti6Al4V alloy is extensively used for implants due to their
exceptional corrosion resistance and biocompatibility; however, its poor hardness and low
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melt the surface of Ti6Al4V alloy sheet, 250 W and 400 W were used for single and double
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both 250 W samples, with a wear rate of 3.38 � 10�4 mm3/Nm in comparison with 6.82 �
10�4 mm3/Nm of the untreated substrate. The authors therefore concluded that the improve-
ment of Ti6Al4V alloy for in vitro application was possible by laser surface melting.

Brandl et al. [28] investigated the microstructure, morphology and hardness of Ti6Al4V blocks
manufactured by wire-feed additive layer manufacturing (ALM). When components are built
up layer by layer, it is referred to as direct manufacturing, rapid manufacturing or additive
layer manufacturing. When comparing ALM to conventional manufacturing techniques, it is
more cost efficient and less time consuming. Awire-feed system with a Nd:YAG rod laser and
a wire feeder was used to deposit Ti6Al4V powder on Ti6Al4V alloy substrate. The blocks
produced were 7 layers high and 7 beads wide. The samples were subjected to heat treatment
after laser processing. The heat treatment completed included stress-relieving at 600�C for
4 hours and then cooled in the furnace and heating to 1200�C for 2 hours and followed by
furnace cooling. After processing, the samples were prepared for microstructural analysis by
cold mounting, polishing and etching. Light microscopy was used to examine the microstruc-
ture, a Vickers hardness tester was used to determine the hardness of the surface and energy
dispersive X-ray microanalysis was carried out. The morphology of the block exhibited colum-
nar prior β-grains and the microstructure found within the β-grains was martensite and
basket-weave α. The heat treatment of heating to 600�C for 4 hours and then furnace cooled
did not change the morphology and microstructure but it did increase the hardness for 327
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HV0.5 to 342 HV0.5. The samples subjected to heating to 1200�C for 2 hours and then cooled in a
furnace had a lower hardness of 308 HV0.5 due to change of the initial morphology to equiaxed
prior β grains.

Makuch et al. [29] studied the laser surface alloying of commercially pure titanium using
carbon and boron. The use of titanium alloys ranges over many industries but the applica-
tion in friction and wear conditions is limited due to their high tendency to adhesive wear,
poor hardness and low wear resistance. Thermo-chemical processes such as boriding, nitrid-
ing and carburizing have been applied to steels and Ti alloys in order to improve the wear
performance, but the disadvantages are that the thermal diffusion process requires high
temperatures to achieve an acceptable layer thickness and the duration of the process is long.
The material to be laser surface alloyed with boron and carbon was ring-shaped commer-
cially pure titanium Grade 2. Three different pastes were produced for alloying; boron,
boron and carbon, and carbon were mixed with polyvinyl alcohol to produce the pastes.
The external surface of the cylinders was coated by the three different pastes and then the
surface was re-melted with a continuous-wave CO2 laser. OPM and SEM were used to
analyze the microstructure, XRD was used to examine the phases present, a Vickers hard-
ness tester was used to determine the microhardness and a frictional pair was used to
evaluate the abrasive wear of the layers. The greatest microhardness was achieved by the
borided and borocarburized layers with 1250–1650 HV and 1200–1750 HV respectively, a
hardness of 1000–1500 HV was obtained for the carburized layer. The increase in hardness
was attributed to the formation of hard ceramic phases; TiB, TiB2 and TiC. It was found that
of the coatings, the borocarburized layer exhibited the worst wear and friction performance
and the laser borided sample had the best friction behavior and the laser-carburized had the
best wear performance. It was concluded by the authors that laser alloying with boron and
carbon will improve the wear resistance of titanium alloys.

Yang et al. [30] investigated synthesizing, microhardness and microstructure distribution of Ti-
Si-C-N/TiCN composite coating fabricated on Ti6Al4V by laser cladding. TiN and TiCN
coatings have been broadly used to extend the lifetime of medical and cutting tools due to
their high hardness, good wear performance, biocompatibility, excellent corrosion resistance
and affordable price. Although the properties of TiCN coatings are desirable, their thermal
stability is not adequate and can be improved by adding SiO2 to the coating. A combination of
titanium carbonitride and silica powders (20% SiO2) was used to coat Ti6Al4V alloy by means
of a YAG laser system. The laser beam scanning speed was varied at 1, 2, 3 and 4 mm/s in order
to examine how the properties will be affected. XRDwas used to analyze the phases, SEM-EDS
was used to characterize the microstructure and a microhardness tester with a load of 200 g
and a dwelling time of 10 s was used to measure the microhardness. The phases that were
obtained were TiC0.3N0.7, Ti3SiC2 and Ti2O. As the scan speed increased, the relative amount of
TiC0.3N0.7 decreased, amounts Ti3SiC2 increased by more than two times at a speed of 2 mm/s
from a speed of 1 mm/s and increased gradually after that, and the amount of Ti2O was low at
1 mm/s, increased sharply at 2 mm/s and then decreased by almost half for the following
speeds. The microhardness of the coatings increased from 1005 HV at 1 mm/s to 1400 HV at
3 mm/s was reached, for 4 mm/s, the hardness reduced. The authors therefore concluded that
laser cladding Ti6Al4V at 3 mm/s will produced the most desired properties.
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Chen et al. [31] studied coaxial laser cladding on Ti6Al4Valloy using Al2O3-13%TiO2 powders.
For applications that require wear, erosion and corrosion resistance, Al2O3-TiO2 powders have
been used in the plasma sprayed coatings, and the addition of TiO2 improves the wear
resistance and toughness of Al2O3. Laser cladding of these powders has seldom been stated
in open literature. Al2O3-13%TiO2 powders were laser cladded on Ti6Al4V alloy plate using
Nd:YAG laser system. Optical microscopy and SEM were used to characterize the microstruc-
ture of the layer’s cross-section and interface between the coating and substrate, EPMA was
employed to analyze the element distribution of the cross-section and XRD was used to
observe the phases present. After laser cladding, there was good metallurgical bonding
between the coating and substrate and the coating exhibited no cracks. Three different regions
of solidification microstructures were found from the bottom to the top surface of the melt
pool. Region (I), which was closest to the substrate was found to be comprised of Ti columnar
grains and uneven scattered ceramic particles. Region (II) consisted of fine equiaxed Al2O3

grains and region (III) showed Al2O3 grains that were coarse equiaxed and cellular with
apparent isolation of TI and V elements. The ceramic phases that were present were α- Al2O3,
some TiO2 and Al2TiO5, and the cooling rate was too high to form sufficient γ-Al2O3. The
authors therefore concluded that laser cladding of Al2O3-13%TiO2 powders on Ti6Al4V alloy
was completed successfully.

Weng et al. [32] investigated the microstructures and wear properties of Co-based composite
coatings fabricated on Ti6Al4V by laser cladding. Titanium alloys are used in the automotive,
aerospace, weapons and chemical industries due to their good corrosion resistance and high
specific strength. Surface modification processes such as carburizing, nitriding, thermal
spraying, physical vapor deposition and chemical vapor deposition are used to improve their
surface properties in order to expand their application. The authors targeted improving the
wear and friction properties of Ti6Al4V alloy by laser cladding. The substrate used was
Ti6Al4V and the powders used were Co42, B4C, SiC and Y2O3. Two mixtures of the powders
were used for cladding; Co42-20B4C-7SiC-1Y2O3 (specimen 1) and Co42-20B4C-14SiC-1Y2O3

(specimen 2) in weight percentages. The powders were preplaced on the substrate and a cross
flow CO2 laser system was used for laser processing in an argon atmosphere. The microstruc-
ture was examined by SEM, the phase constituents was determined by XRD, a Vickers hard-
ness tester was used to establish the microhardness and a disk wear tester was used to assess
the wear resistance. The results revealed that the coatings mainly consisted of γ-Co/Ni solid
solution and CoTi, CoTi2, TiC, TiB2, TiB, NiTi, Cr7C3 and Ti5Si3 phases. Specimen 1 was found
to have a hardness of 1131 HV0.2 while specimen 2 exhibited a hardness of 1314 HV0.2 as
compared to the hardness of the substrate, which was 350 HV0.2. The wear tests showed that
specimen had better wear performance. The authors concluded that the common wear mech-
anism was abrasive wear and the addition of 20% B4C, 7% SiC, and 1% Y2O3 to the coating
lead to excellent wear resistance. Too much SiC (14%) led to a coarser microstructure and the
wear resistance is compromised as also reported by Fatoba et al. [33].

Carroll et al. [34] fabricated Ti6Al4V components by means of directed energy deposition
additive deposition and examined the anisotropic behavior. Ti6Al4V has applications in the
aerospace, medical device, sporting goods and petrochemical industries because of their high
strength, low density and excellent corrosion resistance. Obtaining titanium is challenging
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hence the final products are costlier than their aluminum or steel counterparts. Powder-based
additive manufacturing is a production technique in which a component is built on a work-
piece by melting successive layers of metal feedstock. Additive manufacturing can produce a
3D component with complex parts and the same machine can be used to fabricate parts of
different geometries. A Ti6Al4V plate was used as a substrate on which a Ti6Al4V cruciform
was fabricated. A 2-kW laser was used to manufacture the laser build in an argon atmosphere.
Tensile tests were conducted with a screw-actuated test frame, OPM was used to observe the
microstructures and SEM was used to examine the fracture surface from the tensile tests and
results were compared with those obtained with wrought Ti6Al4V. The yield strength of the
additive manufactured was found to be 959 � 22 MPa as compared to that of the wrought
baseplate, which was established to be 973 � 8 MPa and the ultimate tensile strength was
determined to be 1064 � 23 MPa for the additive manufactured versus 1050 � 8 MPa of the
wrought alloy. The authors concluded the mechanical properties of the additive manufactured
part proportionate to those of the wrought material without any heat or pressure treatment
after fabrication.

Gong et al. [35] examined how defects influenced the mechanical properties of Ti6Al4V parts
manufactured by electron beam melting and selective laser melting. Additive manufacturing
(AM) fabricates components from 3D CAD data, layer upon layer. The two most common AM
processes based on powder-bed fusion are selective laser melting (SLM) and electron beam
melting (EBM). The mechanical behavior of AM components can turn out greatly different from
those that were manufactured conventionally due to their layered microstructure. The powers
used were Ti6Al4V powders, the powder used for EBM was coarser (73 μm) and the one used
for SLM (30 μm). Cylindrical bars were manufactured using both process and the parameters
were varied for both processes. OPM was used to characterize the microstructure, the hardness
was evaluated by a Rockwell C-Scale tester, tensile tests were completed using a tensile testing
machine and fatigue tests were also conducted. The results showed that during SLM, defects
were formed due to a low energy input and they caused the mechanical properties to be poor.
Defects were also found in specimens that were fabricated with an excessive energy but they
were not as detrimental as those produced by a lower energy. Large defects were found in EBM
if the procedure used deviated from the optimum process parameters, which in turn led to poor
mechanical properties. It was found that the microstructure formed depend mainly on the
cooling rate rather than the defect generation as also reported by Makhatha et al. [36]. SLM and
EBM-produced Ti6Al4V samples with comparable fatigue strength, tensile ductility and hard-
ness but SLM produced slightly higher yield and tensile strengths.

Chikarakara et al. [37] worked on the high-speed laser surface modification of Ti6Al4V. The
low density, high strength to weight ratio and biocompatibility affords Ti6Al4V application in
biomedical engineering. However, wear and corrosion occurs when exposed to harsh condi-
tions like the human due to some poor surface properties. When metallic ions are released and
accumulate in the human body, discoloration of the nearby tissue will occur, or inflammatory
reactions that lead to pain and osteolysis. The mechanical and tribological properties of tita-
nium and its alloys are known to be improved by laser surface modification. Laser surface
modification can serve multiple roles; its makes the surface more resistant to corrosion and
wear, hardens the surface alloy, makes the surface more bioactive and stimulates bone growth
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flow CO2 laser system was used for laser processing in an argon atmosphere. The microstruc-
ture was examined by SEM, the phase constituents was determined by XRD, a Vickers hard-
ness tester was used to establish the microhardness and a disk wear tester was used to assess
the wear resistance. The results revealed that the coatings mainly consisted of γ-Co/Ni solid
solution and CoTi, CoTi2, TiC, TiB2, TiB, NiTi, Cr7C3 and Ti5Si3 phases. Specimen 1 was found
to have a hardness of 1131 HV0.2 while specimen 2 exhibited a hardness of 1314 HV0.2 as
compared to the hardness of the substrate, which was 350 HV0.2. The wear tests showed that
specimen had better wear performance. The authors concluded that the common wear mech-
anism was abrasive wear and the addition of 20% B4C, 7% SiC, and 1% Y2O3 to the coating
lead to excellent wear resistance. Too much SiC (14%) led to a coarser microstructure and the
wear resistance is compromised as also reported by Fatoba et al. [33].

Carroll et al. [34] fabricated Ti6Al4V components by means of directed energy deposition
additive deposition and examined the anisotropic behavior. Ti6Al4V has applications in the
aerospace, medical device, sporting goods and petrochemical industries because of their high
strength, low density and excellent corrosion resistance. Obtaining titanium is challenging
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hence the final products are costlier than their aluminum or steel counterparts. Powder-based
additive manufacturing is a production technique in which a component is built on a work-
piece by melting successive layers of metal feedstock. Additive manufacturing can produce a
3D component with complex parts and the same machine can be used to fabricate parts of
different geometries. A Ti6Al4V plate was used as a substrate on which a Ti6Al4V cruciform
was fabricated. A 2-kW laser was used to manufacture the laser build in an argon atmosphere.
Tensile tests were conducted with a screw-actuated test frame, OPM was used to observe the
microstructures and SEM was used to examine the fracture surface from the tensile tests and
results were compared with those obtained with wrought Ti6Al4V. The yield strength of the
additive manufactured was found to be 959 � 22 MPa as compared to that of the wrought
baseplate, which was established to be 973 � 8 MPa and the ultimate tensile strength was
determined to be 1064 � 23 MPa for the additive manufactured versus 1050 � 8 MPa of the
wrought alloy. The authors concluded the mechanical properties of the additive manufactured
part proportionate to those of the wrought material without any heat or pressure treatment
after fabrication.

Gong et al. [35] examined how defects influenced the mechanical properties of Ti6Al4V parts
manufactured by electron beam melting and selective laser melting. Additive manufacturing
(AM) fabricates components from 3D CAD data, layer upon layer. The two most common AM
processes based on powder-bed fusion are selective laser melting (SLM) and electron beam
melting (EBM). The mechanical behavior of AM components can turn out greatly different from
those that were manufactured conventionally due to their layered microstructure. The powers
used were Ti6Al4V powders, the powder used for EBM was coarser (73 μm) and the one used
for SLM (30 μm). Cylindrical bars were manufactured using both process and the parameters
were varied for both processes. OPM was used to characterize the microstructure, the hardness
was evaluated by a Rockwell C-Scale tester, tensile tests were completed using a tensile testing
machine and fatigue tests were also conducted. The results showed that during SLM, defects
were formed due to a low energy input and they caused the mechanical properties to be poor.
Defects were also found in specimens that were fabricated with an excessive energy but they
were not as detrimental as those produced by a lower energy. Large defects were found in EBM
if the procedure used deviated from the optimum process parameters, which in turn led to poor
mechanical properties. It was found that the microstructure formed depend mainly on the
cooling rate rather than the defect generation as also reported by Makhatha et al. [36]. SLM and
EBM-produced Ti6Al4V samples with comparable fatigue strength, tensile ductility and hard-
ness but SLM produced slightly higher yield and tensile strengths.

Chikarakara et al. [37] worked on the high-speed laser surface modification of Ti6Al4V. The
low density, high strength to weight ratio and biocompatibility affords Ti6Al4V application in
biomedical engineering. However, wear and corrosion occurs when exposed to harsh condi-
tions like the human due to some poor surface properties. When metallic ions are released and
accumulate in the human body, discoloration of the nearby tissue will occur, or inflammatory
reactions that lead to pain and osteolysis. The mechanical and tribological properties of tita-
nium and its alloys are known to be improved by laser surface modification. Laser surface
modification can serve multiple roles; its makes the surface more resistant to corrosion and
wear, hardens the surface alloy, makes the surface more bioactive and stimulates bone growth
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because of an enhancement in wettability. A CO2 continuous wave was used to irradiate
Ti6Al4V alloy. The laser parameters were varied; the laser powers used were 100, 130 and
170 W, irradiances applied were 15.72, 20.44, 26.72 kW/m2, scanning speeds of 2500, 3750 and
5000 mm/in and residence time of 2.16, 1.44 and 1.08 s. OPM and SEM were used to observe
the microstructures, surface roughness was evaluated by a stylus profilometer, XRD was used
to identify phase constituents and microhardness was determined with the aid of a Vickers
hardness tester. The results showed that the surface roughness of the samples decreased when
the irradiance and residence time increased. XRD showed that after laser processing, the α-Ti
phase changed into an acicular structure cased within the aged β matrix. The highest
microhardness was obtained with the combination of the highest irradiance and lowest resi-
dence time, which was 760 HV as compared to 460 � 13 HV of the as-received alloy.

Yang et al. [38] investigated the corrosion behavior of additivemanufacturedTi6Al4Valloy inNaCl
solution. Because of the combination of low density, excellent strength, high biocompatibility and
high fracture toughness, Ti6Al4Valloy isused in themarine, aerospace, energyandmedical implant
fields. Ti6Al4Valloy specimens produced by selective lasermelting (SLM), selective laser treatment
followedbyheat treatment (SLM-HT), andwire andarc additivemanufacturing (WAAM)had their
microstructures observed and their electrochemical behaviors were tested. The heat-treated sam-
pleswere heated to two different temperatures; namely 750�C (SLM-HT1) and 1020�C (SLM-HT2).
A standard three-electrode electrochemical cell was used to evaluate the corrosion performance of
the samples, OPM and SEM were utilized for microstructural examination and XRD was used to
identify the phases present in the sample after they were laser processed. Microstructural analysis
revealed that the SLM sample had comprised of α0 martensites within columnar β grains. In SLM-
HT1, the martensites decomposed into a fine lamellar combination of α and β phases inside the
columnar prior β grains. However, SLM-HT2 exhibited coarse α and β phases and no columnar
priorβgrains.WAAMconsisted of fineα lamellae inα +βmatrix. The electrochemical tests showed
that the best corrosion resistance was obtained by SLM-HT1, followed by WAAM, SLM-HT2
and lastly SLM. The leading form of corrosion failure for the samples was pitting corrosion.
It was therefore concluded by the authors that the heat treatment of SLM samples can improve the
corrosion behavior as also reported by Popoola et al. [39].

Farayibi et al. [40] studied laser deposition of Ti6Al4V wire with WC powder for functionally
graded components. Titanium alloys are used in the chemical, oil and gas, petrochemical, and
ground transport industries because of their corrosion and fatigue resistance, high strength to
weight ratio, ductility and toughness. The tribological properties are poor due to low hardness
and high friction coefficients and therefore limit their applications abrasive and sliding wear
conditions. Ti6Al4V wire and WC powder were deposited on Ti6Al4V alloy substrate by means
of a 2-kW ytterbium-doped continuous-wave fiber laser. Other process parameters were kept
constant while the powder feed rate was varied. The parameters were set to a power of 1800W, a
transverse speed of 172 mm/min, wire feed rate of 800 mm/min and the powder rates used were
10, 15, 20, 25, 30 and 40 g/min. Vickers hardness tests were done on the surfaces of the samples,
SEM was used to characterize the microstructure and XRD was employed to identify the phases
present. The increase in the powder feed rate led to a decrease in the clad width and an increase
in the height. It is important that this effect be understood for proper control of volumetric
addition. The phases found in all the cladded samples wereWC,W, TiC and β-TiC. The hardness

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications190

increased with the increase in powder feed rate. An average range of 600–1030 HV0.2 was found
for rates with arrange of 10–40 g/min, which is a significant improvement from the hardness of
the substrate (350 HV). The increase in hardness was attributed to the presence of W and TiC
precipitates.

Mahamood et al. [41] examined the effect of laser power on the microhardness and microstruc-
ture during laser metal deposition of Ti6Al4V. The most commonly produced titanium alloy,
Ti6Al4V, is commonly used in the aerospace industry. Titanium and its alloys are generally
difficult to machine and the high temperatures and galling caused by the interaction of the tool
and alloy leads to a shortened lifespan for the tool. Additive manufacturing is a technique of
processing a material by adding the material in a layer by layer manner. Laser metal deposition
is an additive manufacturing method achieved by feeding a powder into a melt pool formed by a
focused laser beam on a substrate. A 4.4 kW fiber Nd-YAG laser was used to deposit Ti6Al4V
powder on a Ti6Al4V substrate. The scanning speed used was 0.005 m/s, the powder feed rate
was kept constant at 1.44 g/min and the laser powers used were 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.0 kW.

Figure 2. (a) Morphology of Sample A showing the different zones and (b) microstructure of the fusion zone of Sample G
showing different α grains [41].

Sample designation Laser power (kW) Scanning speed (m/s) Powder flow rate (g/min) Gas flow rate (l/min)

A 0.8 0.005 1.44 4

B 1.2 0.005 1.44 4

C 1.6 0.005 1.44 4

D 2.0 0.005 1.44 4

E 2.4 0.005 1.44 4

F 2.8 0.005 1.44 4

G 3.0 0.005 1.44 4

Table 1. Processing parameters [41].
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because of an enhancement in wettability. A CO2 continuous wave was used to irradiate
Ti6Al4V alloy. The laser parameters were varied; the laser powers used were 100, 130 and
170 W, irradiances applied were 15.72, 20.44, 26.72 kW/m2, scanning speeds of 2500, 3750 and
5000 mm/in and residence time of 2.16, 1.44 and 1.08 s. OPM and SEM were used to observe
the microstructures, surface roughness was evaluated by a stylus profilometer, XRD was used
to identify phase constituents and microhardness was determined with the aid of a Vickers
hardness tester. The results showed that the surface roughness of the samples decreased when
the irradiance and residence time increased. XRD showed that after laser processing, the α-Ti
phase changed into an acicular structure cased within the aged β matrix. The highest
microhardness was obtained with the combination of the highest irradiance and lowest resi-
dence time, which was 760 HV as compared to 460 � 13 HV of the as-received alloy.

Yang et al. [38] investigated the corrosion behavior of additivemanufacturedTi6Al4Valloy inNaCl
solution. Because of the combination of low density, excellent strength, high biocompatibility and
high fracture toughness, Ti6Al4Valloy isused in themarine, aerospace, energyandmedical implant
fields. Ti6Al4Valloy specimens produced by selective lasermelting (SLM), selective laser treatment
followedbyheat treatment (SLM-HT), andwire andarc additivemanufacturing (WAAM)had their
microstructures observed and their electrochemical behaviors were tested. The heat-treated sam-
pleswere heated to two different temperatures; namely 750�C (SLM-HT1) and 1020�C (SLM-HT2).
A standard three-electrode electrochemical cell was used to evaluate the corrosion performance of
the samples, OPM and SEM were utilized for microstructural examination and XRD was used to
identify the phases present in the sample after they were laser processed. Microstructural analysis
revealed that the SLM sample had comprised of α0 martensites within columnar β grains. In SLM-
HT1, the martensites decomposed into a fine lamellar combination of α and β phases inside the
columnar prior β grains. However, SLM-HT2 exhibited coarse α and β phases and no columnar
priorβgrains.WAAMconsisted of fineα lamellae inα +βmatrix. The electrochemical tests showed
that the best corrosion resistance was obtained by SLM-HT1, followed by WAAM, SLM-HT2
and lastly SLM. The leading form of corrosion failure for the samples was pitting corrosion.
It was therefore concluded by the authors that the heat treatment of SLM samples can improve the
corrosion behavior as also reported by Popoola et al. [39].

Farayibi et al. [40] studied laser deposition of Ti6Al4V wire with WC powder for functionally
graded components. Titanium alloys are used in the chemical, oil and gas, petrochemical, and
ground transport industries because of their corrosion and fatigue resistance, high strength to
weight ratio, ductility and toughness. The tribological properties are poor due to low hardness
and high friction coefficients and therefore limit their applications abrasive and sliding wear
conditions. Ti6Al4V wire and WC powder were deposited on Ti6Al4V alloy substrate by means
of a 2-kW ytterbium-doped continuous-wave fiber laser. Other process parameters were kept
constant while the powder feed rate was varied. The parameters were set to a power of 1800W, a
transverse speed of 172 mm/min, wire feed rate of 800 mm/min and the powder rates used were
10, 15, 20, 25, 30 and 40 g/min. Vickers hardness tests were done on the surfaces of the samples,
SEM was used to characterize the microstructure and XRD was employed to identify the phases
present. The increase in the powder feed rate led to a decrease in the clad width and an increase
in the height. It is important that this effect be understood for proper control of volumetric
addition. The phases found in all the cladded samples wereWC,W, TiC and β-TiC. The hardness
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increased with the increase in powder feed rate. An average range of 600–1030 HV0.2 was found
for rates with arrange of 10–40 g/min, which is a significant improvement from the hardness of
the substrate (350 HV). The increase in hardness was attributed to the presence of W and TiC
precipitates.

Mahamood et al. [41] examined the effect of laser power on the microhardness and microstruc-
ture during laser metal deposition of Ti6Al4V. The most commonly produced titanium alloy,
Ti6Al4V, is commonly used in the aerospace industry. Titanium and its alloys are generally
difficult to machine and the high temperatures and galling caused by the interaction of the tool
and alloy leads to a shortened lifespan for the tool. Additive manufacturing is a technique of
processing a material by adding the material in a layer by layer manner. Laser metal deposition
is an additive manufacturing method achieved by feeding a powder into a melt pool formed by a
focused laser beam on a substrate. A 4.4 kW fiber Nd-YAG laser was used to deposit Ti6Al4V
powder on a Ti6Al4V substrate. The scanning speed used was 0.005 m/s, the powder feed rate
was kept constant at 1.44 g/min and the laser powers used were 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.0 kW.

Figure 2. (a) Morphology of Sample A showing the different zones and (b) microstructure of the fusion zone of Sample G
showing different α grains [41].

Sample designation Laser power (kW) Scanning speed (m/s) Powder flow rate (g/min) Gas flow rate (l/min)

A 0.8 0.005 1.44 4

B 1.2 0.005 1.44 4

C 1.6 0.005 1.44 4

D 2.0 0.005 1.44 4

E 2.4 0.005 1.44 4

F 2.8 0.005 1.44 4

G 3.0 0.005 1.44 4

Table 1. Processing parameters [41].
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OPMwas used to study the microstructure of the samples and the microhardness was evaluated
by a Vickers hardness tester with a load of 500 g and a dwelling time of 5 s. the tests displayed
that as the laser power increases, the microstructure of the heat affected zone became finer and
the globular primary alpha phase became coarser. When the power increased, the microstructure
change from fine martensite to thick martensite. The microhardness of the samples was found to
increase with the increase in laser power. The authors therefore concluded that increasing the
laser power of Ti6Al4V laser deposition will improve the properties (Figure 2, Table 1).

4. Overview on the rapid solidification, surface and fatigue properties of
additive manufactured Ti-6Al-4Valloy

Rafi et al. [42] compared the mechanical properties and microstructures of Ti6Al4V components
manufactured by electron beam melting and selective laser melting. Electron beam (EBM) and
selective laser melting (SLM) are powder-bed fusion method of additive manufacturing used to
produce metallic parts. SLM and EBM are advantageous over other conventional methods due
to the freedom to manufacture complex shapes, elimination of expensive tooling and optimum
material usage. SLM uses a laser heat source and its main process parameters are scan velocity,
laser power, layer thickness and hatch spacing. EBM utilizes an electron beam to melt the
powder layers. Ti6Al4V parts were fabricated using an SLM machine and an EBM machine by
using Ti6Al4V powder. After manufacturing, the samples were taken for microstructural char-
acterization by means of OPM and SEM. Phase composition was evaluated by XRD, hardness
was determined by using a Rockwell hardness tester, tensile test were done at room temperature
by means of a tensile testing machine and a fatigue testing machine was used to complete the
fatigue tests. The surface finish of the parts showed that the EB samples had a rougher surface.
The microstructure observed for the SL-produced parts consisted in martensitic α0 microstruc-
tures while EBM-produced samples resulted in an α phase while the β phase separating the α
lamellae. The highest tensile strength was obtained by the SLM-produced parts and the EBM-
parts had higher ductility. The high strength was caused by the presence of martensitic α0

microstructure in the SLM samples, while the lamellar α phase led to the high ductility. The
lamellar phase in the EBM-produced parts resulted in a fatigue limit of 340 MPa and the SLM
sample reached 550MPa. The authors concluded that the selection of the additive manufacturing
process will depend on the application but both methods exhibited excellent mechanical proper-
ties (Figure 3, Table 2).

Vrancken et al. [43] examined the microstructure and mechanical properties of heat-treated
Ti6Al4V alloy produced by selective laser melting. Selective laser melting (SLM) is one of
additive manufacturing techniques which has advantages over conventional methods, such
as a high level of flexibility, near net shape production, reduced production steps and high
material use efficiency. Ti6Al4V powder was used as a base powder for selective melting
processing and it was hot forged and mill annealed. SLM was done with an SLM machine
equipped with SMYb:YAG fiber laser, with a laser power of 250 W and a scanning speed of
1600 mm/s. The samples were heat treated in a vertical tube furnace and then three different
cooling methods were employed. Furnace cooling was done by turning the furnace off, air
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cooling at room temperature and water quenching. The heat treatment was performed on
Ti6Al4V with α0 microstructure, when heated, α phase was found to precipitate at the bound-
aries of α0. At the maximum temperatures below β transus, grain growth was prevented by the
mixture of α and β phases formed. Microstructural revealed that for furnace cooling, the β
grains altered to lamellar α + β phases, air cooling resulted in the β grains forming
α-Widmanstätten clusters and water quenching caused the β grains to change into α0 martens-
ite. SLM samples had higher ultimate tensile strength and yield strength than the substrate.
The best mechanical properties were produced by furnace cooling. It was therefore concluded
that the mechanical properties depend on the heat treatment performed (Figure 4).

Hu et al. [44] studied how laser texturing of Ti6Al4V affected its tribological behavior. Tita-
nium and its alloys have industrial and biomedical applications because of their excellent
mechanical and chemical properties. Their applications are limited by their poor tribological
performance; this is caused by their severe adhesive wear, high friction coefficients and sensi-
tivity to fretting wear. Surface texturing has been introduced into a sliding contact surface and

Figure 3. SEM images of (a) showing Widmanstatten structure in EBM-produced Ti-6Al-4V sample and (b) SLM-
produced Ti-6Al-4V alloy sample [42].

Stress at yield (offset 0.2%),
MPa

Ultimate tensile stress,
MPa

Strain at break,
%

EBM (vertically built and machined) 869 (SD: 7.2) 928 (SD: 9.8) 9.9 (SD: 1.7)

SLM (vertically built and machined) 1143 (SD: 30) 1219 (SD: 20) 4.89 (SD: 0.6)

% Increase 31 31 �50

EBM (horizontally built and machined) 899 (SD: 4.7) 978 (SD: 3.2) 9.5 (SD: 1.2)

SLM (horizontally built and machined) 1195 (SD: 19) 1269 (SD: 9) 5 (SD: 0.5)

% Increase 33 30 �47

ASM handbook (Ref. [15]) (cast and
annealed)

885 930

SD: standard deviation.

Table 2. Tensile results for SLM-produced and EBM-produced Ti-6Al-4V alloy samples [42].
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OPMwas used to study the microstructure of the samples and the microhardness was evaluated
by a Vickers hardness tester with a load of 500 g and a dwelling time of 5 s. the tests displayed
that as the laser power increases, the microstructure of the heat affected zone became finer and
the globular primary alpha phase became coarser. When the power increased, the microstructure
change from fine martensite to thick martensite. The microhardness of the samples was found to
increase with the increase in laser power. The authors therefore concluded that increasing the
laser power of Ti6Al4V laser deposition will improve the properties (Figure 2, Table 1).

4. Overview on the rapid solidification, surface and fatigue properties of
additive manufactured Ti-6Al-4Valloy

Rafi et al. [42] compared the mechanical properties and microstructures of Ti6Al4V components
manufactured by electron beam melting and selective laser melting. Electron beam (EBM) and
selective laser melting (SLM) are powder-bed fusion method of additive manufacturing used to
produce metallic parts. SLM and EBM are advantageous over other conventional methods due
to the freedom to manufacture complex shapes, elimination of expensive tooling and optimum
material usage. SLM uses a laser heat source and its main process parameters are scan velocity,
laser power, layer thickness and hatch spacing. EBM utilizes an electron beam to melt the
powder layers. Ti6Al4V parts were fabricated using an SLM machine and an EBM machine by
using Ti6Al4V powder. After manufacturing, the samples were taken for microstructural char-
acterization by means of OPM and SEM. Phase composition was evaluated by XRD, hardness
was determined by using a Rockwell hardness tester, tensile test were done at room temperature
by means of a tensile testing machine and a fatigue testing machine was used to complete the
fatigue tests. The surface finish of the parts showed that the EB samples had a rougher surface.
The microstructure observed for the SL-produced parts consisted in martensitic α0 microstruc-
tures while EBM-produced samples resulted in an α phase while the β phase separating the α
lamellae. The highest tensile strength was obtained by the SLM-produced parts and the EBM-
parts had higher ductility. The high strength was caused by the presence of martensitic α0

microstructure in the SLM samples, while the lamellar α phase led to the high ductility. The
lamellar phase in the EBM-produced parts resulted in a fatigue limit of 340 MPa and the SLM
sample reached 550MPa. The authors concluded that the selection of the additive manufacturing
process will depend on the application but both methods exhibited excellent mechanical proper-
ties (Figure 3, Table 2).

Vrancken et al. [43] examined the microstructure and mechanical properties of heat-treated
Ti6Al4V alloy produced by selective laser melting. Selective laser melting (SLM) is one of
additive manufacturing techniques which has advantages over conventional methods, such
as a high level of flexibility, near net shape production, reduced production steps and high
material use efficiency. Ti6Al4V powder was used as a base powder for selective melting
processing and it was hot forged and mill annealed. SLM was done with an SLM machine
equipped with SMYb:YAG fiber laser, with a laser power of 250 W and a scanning speed of
1600 mm/s. The samples were heat treated in a vertical tube furnace and then three different
cooling methods were employed. Furnace cooling was done by turning the furnace off, air
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cooling at room temperature and water quenching. The heat treatment was performed on
Ti6Al4V with α0 microstructure, when heated, α phase was found to precipitate at the bound-
aries of α0. At the maximum temperatures below β transus, grain growth was prevented by the
mixture of α and β phases formed. Microstructural revealed that for furnace cooling, the β
grains altered to lamellar α + β phases, air cooling resulted in the β grains forming
α-Widmanstätten clusters and water quenching caused the β grains to change into α0 martens-
ite. SLM samples had higher ultimate tensile strength and yield strength than the substrate.
The best mechanical properties were produced by furnace cooling. It was therefore concluded
that the mechanical properties depend on the heat treatment performed (Figure 4).

Hu et al. [44] studied how laser texturing of Ti6Al4V affected its tribological behavior. Tita-
nium and its alloys have industrial and biomedical applications because of their excellent
mechanical and chemical properties. Their applications are limited by their poor tribological
performance; this is caused by their severe adhesive wear, high friction coefficients and sensi-
tivity to fretting wear. Surface texturing has been introduced into a sliding contact surface and

Figure 3. SEM images of (a) showing Widmanstatten structure in EBM-produced Ti-6Al-4V sample and (b) SLM-
produced Ti-6Al-4V alloy sample [42].

Stress at yield (offset 0.2%),
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Strain at break,
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EBM (vertically built and machined) 869 (SD: 7.2) 928 (SD: 9.8) 9.9 (SD: 1.7)

SLM (vertically built and machined) 1143 (SD: 30) 1219 (SD: 20) 4.89 (SD: 0.6)

% Increase 31 31 �50

EBM (horizontally built and machined) 899 (SD: 4.7) 978 (SD: 3.2) 9.5 (SD: 1.2)

SLM (horizontally built and machined) 1195 (SD: 19) 1269 (SD: 9) 5 (SD: 0.5)
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Table 2. Tensile results for SLM-produced and EBM-produced Ti-6Al-4V alloy samples [42].
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was reported to remarkably affect the tribological properties. A Nd:YAG laser system was
used to texture Ti6Al4V blocks and three different dimple diameters were fabricated; 45, 160
and 300 μm and the depth was 25 μm for all diameters. The surfaces of the textured and
untextured samples were observed using a scanning electron microscope and an optical
surface profiler, the microhardness was determined by means of a Vickers hardness tester
and the friction tests were done with a pin-on-disk tribometer with the presence of a low
viscosity oil lubricant. The hardness tests showed that of the textured and untextured samples
was found to be the same, at a hardness of 295� 15 HV100. The friction test results showed that
at a lower load (2 N), the friction coefficient of the textured samples was lower than that of the
untextured Ti6Al4V, and the lowest coefficient was obtained by the 160 μm dimples. However,
at a higher load (10 N), the friction coefficients of the samples were generally the same. The
authors concluded that dimple texture results in a lower friction coefficient and the best
dimple diameter for friction reduction was 160 μm.

According to Gong et al. [45] additive manufactured parts are subject to inclusion of defects
which negatively affects the materials mechanical properties, development of these artifacts is
dependent on the choice of process parameter. Authors reported the defects generation mech-
anism of Ti-6Al-4V parts fabricated by selective laser melting (SLM) and electron beammelting
(EBM) at varied process parameters. The results revealed a significant effect of energy input on
defect generation on both the above-mentioned processes. However, different defect genera-
tion mechanism was observed when excessively high or low power density was used. In SLM,
the use of high energy density leads to over-melting of powders and the vaporization of the
melt pool result in defects generation. Whereas for EBM processes no bubbles or pores were
observed, this was attributed to the ability of autonomously avoiding over-melting and evap-
oration. In conclusion, it was pointed out that the choice of process parameters governs the
generation of defect. Fatoba et al. [46] and Aigbodion et al. [47] also agreed that optimizing
process parameters are very necessary in avoiding cracks and pores.

Hrabe et al. [48] investigated the effects of residual stresses and internal defects (pores and
voids) on fatigue performance of Ti-6Al-4V fabricated by electron beam melting. The fatigue
properties of the as-fabricated, stress-relieved and the hot isostatic pressed (HIPed) samples
were comparatively studied. The results obtained displayed insignificant residual stress in all

Figure 4. Microstructures of (a) the reference material (b) Ti-6Al-4V alloy produced by SLM after heat treatment [43].
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samples which was attributed to high process temperatures of over 600�C. The chemical
compositions of all samples were unchanged, with only fatigue strength of HIPed being the
different than in other conditions. However, the minimal microstructural coarsening, reduced
porosity/void density and an increase in fatigue strength were observed in HIPed samples. It
was concluded that voids were the initiation sites for the fatigue crack, which meant reducing
their frequency and density plays a role in improving fatigue strength (Figures 5 and 6).

Cunningham et al. [49] investigated the effect of processing parameters on porosity of electron
beam melted Ti-6Al-4V. The fatigue properties of a material are affected by porosity; these are
points of weakness where cracks are initiated. Synchrotron-based X-ray microtomography char-
acterization was carried out to determine the pore size, shape and spatial distribution of samples
fabricated at various process conditions. The average diameter of all present pores was found to
be less than 10 microns. However, some pores of about 50 microns in size were present at the
surface of the samples of large melt pools. The volume of spherical pores which are associated
with trapped gases displayed decrease with decrease in speed function. The authors further
pointed out that the decrease in melt pool area significantly increases the lack of fusion porosity.

Figure 5. Optical microscope images for the (a) as-built (b) stress-relieved and (c) HIPed conditions showing expected
equilibrium acicular or Widmanstatten microstructure [48].

Figure 6. S-N curve fatigue results for all three conditions [48].

Influence of Rapid Solidification on the Thermophysical and Fatigue Properties of Laser Additive Manufactured...
http://dx.doi.org/10.5772/intechopen.71697

195



was reported to remarkably affect the tribological properties. A Nd:YAG laser system was
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Figure 4. Microstructures of (a) the reference material (b) Ti-6Al-4V alloy produced by SLM after heat treatment [43].
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porosity/void density and an increase in fatigue strength were observed in HIPed samples. It
was concluded that voids were the initiation sites for the fatigue crack, which meant reducing
their frequency and density plays a role in improving fatigue strength (Figures 5 and 6).
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acterization was carried out to determine the pore size, shape and spatial distribution of samples
fabricated at various process conditions. The average diameter of all present pores was found to
be less than 10 microns. However, some pores of about 50 microns in size were present at the
surface of the samples of large melt pools. The volume of spherical pores which are associated
with trapped gases displayed decrease with decrease in speed function. The authors further
pointed out that the decrease in melt pool area significantly increases the lack of fusion porosity.

Figure 5. Optical microscope images for the (a) as-built (b) stress-relieved and (c) HIPed conditions showing expected
equilibrium acicular or Widmanstatten microstructure [48].

Figure 6. S-N curve fatigue results for all three conditions [48].
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Wang et al. [50] successfully fabricated Ti-6Al-4V by laser additive manufacturing with the
aim of investigating the build direction on microhardness and Tribology behavior. The phase
analyses of the fabricated samples obtained by XRD revealed alpha, alpha martensite and beta,
which is uncharacteristic of the conventional phases found in typical Ti-6Al-4V which are
alpha + beta phases co-existing. The peak microhardness value was obtained on the vertically
built sample and the same sample displayed best wear resistance improvement at higher
applied loads. Authors also pointed out that slow cooling rates at the middle of the built
samples attributed to phases responsible for high hardness in this region. This corrobates the
works of Adebiyi et al. [51] and Fatoba & Makhatha [52].

Zhao et al. [53] studied the evolution of plastic deformation and the effect it has on mechanical
properties of extra low industrial Ti-6Al-4V repaired by laser additive technique. The micro-
structure of the laser additive manufactured samples presented a superfine microstructure
within the columnar grains while the wrought substrate that the fabrication was done on
displayed a Widmanstatten microstructure with coarse equiaxial grains as also reported by
Adesina et al. [54]. The micro-hardness profile displays an increase of the microhardness
property from the substrate toward the direction of build which is attributed to the rapid
cooling rate of the molten powders. The tensile strength and ductility of the laser additive
manufactured sample were both greater than that of the wrought titanium substrate; however,
the opposite can be said with elongation.

Denlinger et al. [55] studied the effect of the inter-layer dwell time times (period whereby the
laser is at rest) on distortion and residual stresses induced on titanium and nickel alloys during
additive manufacturing. The dwell of 0, 20 and 40 s were used for each material while keeping
all other processing parameters constant. The obtained results displayed that the accumulated
distortion increases with increased dwell time for Ti-6Al-4V, whereas it remained relatively
constant for the nickel alloy. Furthermore, authors pointed out that majority of distortion
occurred in the first two layers of the Ti-6Al-4V build, which drastically reduces with each
layer and becomes more dwell time dependant. In conclusion, less distortion was attained in
the Ti-6Al-4V fabricated with no dwell time and all the nickel alloys having greater distortion
when compared to the Ti-6Al-4V counterparts.

5. Conclusion

The success of laser AMwill rely on the detailed understanding of the relationship between the
process parameters and the resulting material properties. This is because of the exceptionally
high solidification rates caused by the unusually high laser heat input, which results in highly
non-equilibrium microstructures. While these microstructures are mostly beneficial to the
mechanical properties of the component, they cannot be predicted from conventional phase
diagrams. It means they must be studied experimentally and numerically. Moreover, an
understanding of the relationship between process parameters and material defects such as
cracks, voids, inclusions and lack of fusion must be developed experimentally. Solving these
problems requires new approaches to the understanding of the laser-matter interaction and the
manufacturing processes of the near net shaped components. Hence, tailored parts and
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components can be manufactured, repaired, and modified by AM. Near-net-shape AM tech-
niques offer new opportunities about a sustainable protection of (material and energy)
resources due to a very high material efficiency and very low energy consumption.
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Abstract

Aluminum alloys are increasingly used in automotive structural applications thanks to
their combination of low density, high strength, and good formability. Appropriate
strength levels for dent resistant automotive aluminum panels may be achieved by a
combination of alloy design and thermo-mechanical treatments. Unfortunately,
increased strength (hardness) generally limits homogeneous plastic deformation. Thus,
when shaping complex components large deformation and eventually strain localiza-
tion, necking and final failure is more likely to occur. In this chapter, we endeavor to
explore the best compromises between increased hardening and satisfying formability.
Sheet metal shaping generates large strains and eventually strain localization. The
accurate measure of metal behavior is discussed first. The following section is dedicated
to the kinetics of damage development during shaping. Then metal ductility at low
stress triaxiality and consequent strain localization are discussed. Finally, trimming and
hemming, the most complex shaping operations to perform efficiently are analyzed
providing a powerful tool for alloy design.

Keywords: plane strain compression, extended Bridgman model, damage criterion,
trimming, hemming, aluminum automotive alloy design

1. Introduction

Aluminum alloys are increasingly used in automotive structural applications thanks to their
combination of low density, high strength, good formability and the bonus of better corrosion
resistance. Appropriate hardness levels for dent resistant automotive aluminum panels (doors,
hoods) may be achieved by a combination of alloy design and thermo-mechanical treatment.
To insure adequate hardness values, most aluminum automotive alloys contain large amounts
of hard intermetallic particles. In ductile metals, voids are first nucleated by decohesion or
cracking of these second phase particles and then grow until they eventually coalescence to
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form a macroscopic crack. Hence, increased strength (hardness) generally limits homogeneous
plastic deformation. In the early 70s a new branch of material science (“the local approach of
ductile fracture”), was initiated by the pioneering contributions of Gurland and Plateau [1],
McClintock [2], Rice and Tracey [3], Koplik and Needleman [4], Gurson [5], Le Roy et al. [6],
Hutchinson and Tvergaard [7]. One outcome of all these publications is the major role played
by stress triaxiality. Furthermore, Marciniak and Kuczynski [8] highlighted the tremendous
effect of strain localization when sheet metal is submitted to large strains. Unfortunately,
shaping complex components imposes large deformations and eventually strain localization.

In Section 2, we outline the accurate characterization of the sheet material behavior at large
strains by adequate compression tests. Next, the measurement of the macroscopic strain to
failure by standard tensile tests is offered. In the same section, the relation between this
macroscopically determined characteristic and the local strain and stress triaxiality field is
analyzed. Then, the kinetics of strain localization causing damage is presented. As aforemen-
tioned, we end with two particularly discriminating forming operations, trimming and hem-
ming, which are examined in detail.

2. Characterization of sheet metal behavior

During deep drawing or cutting operations of sheet metal local strains up to 200% are reached.
Hence, large deformation compression and tensile tests on rolled sheets reveal the necessity for
finite element simulations of machining and forming operations. In Section 2.1, the most
commonly used compression tests providing sheet metal characterization are shown. These
determine material behavior under large strains without significant damage. As sheet shaping
and forming operations are limited by necking and consequent failure, Section 2.2 will dem-
onstrate how to determine the failure strain by classic tensile tests.

2.1. Measuring stress-strain curves to large strains on sheet metal

Due to necking, only comparatively small strains can be attained in standard tensile tests.
Standard uniaxial compression tests on cold rolled sheets (typically 1 mm thickness) are also
impossible due to friction. Finally, torsion tests on cold rolled 1-mm-thick sheets would lead to
extremely small sample sections. In this section the experimental techniques particularly suited
for high strain characterization will be presented.

Half a century ago, Watts and Ford [9] introduced the Plane Strain Compression punching
technique to determine the room temperature behavior of strip metal by compressing by
means of a punching tool which is longer than the test-piece. However using this technique,
the sheets can only be compressed along the normal axis. The maximum strain is much less
than unity and the deformed sample volume is very small. Recently, Vegter et al. [10] deter-
mined the initial yield stress of sheet metal by several tests (tension, plane strain tension,
compression of layered samples and shear tests). The tension and compression tests are limited
to strains smaller than 0.2 and the shear test is restricted to strains smaller than 0.4.

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications204

The channel-die test is an alternative plane strain compression test without any lateral spread-
ing, but which was then relatively unknown and has so far been relatively little employed.
Maurice and Driver [11, 12] have developed original hot channel-die equipment which has the
advantage of imposing true plane strain compression without major friction as shown by
Bacha et al. [13]. Figure 1 shows a schematic of the channel-die apparatus first described by
Maurice and Driver [11]. The channel is composed of 3 separate steel plates of which the center
plate has the same thickness (7 mm) as the punch width. The equipment of Figure 1 was
installed in an a Schenck 100 kN servo-hydraulic machine whose electronic and hydraulic
control systems enable constant plastic strain rate tests up to about 20 s�1 (according to sample
dimensions). Loads are measured by standard load cells and displacements by means of a
linear variable differential transformer (LVDT transducer) situated between the crosshead and
the base of the channel-die. More details concerning the channel-die equipment can be found
in the original papers [11, 12]. Channel-die tests have also been used for room temperature
testing on mono-block samples [14].

To our knowledge, Bacha et al. [15] were the first to apply PSC to layered sheet specimens
(Figure 2). The sheets were machined to obtain seven strips 1 mm thick 9.01 mm high and
10.01 mm long and bonded with standard cyanoacrylate glue. The sample preparation is crucial
to insure plane mutually orthogonal surfaces. The specifics can be found in Bacha et al. [15]. The
area reduction due to the glue layer is thus smaller than 1%. Since four major surfaces of the
sample are in contact with the tools, it is wrapped in a PTFE (Teflon) ribbon (50 μm thickness).

Figure 1. Schematic of the channel-die equipment [11].
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Bacha et al. [15] compressed two aluminum alloys, AA5182 and AA6016, widely used in sheet
forming particularly in the automotive industry, at a constant strain rate of 10�1 s�1, by
channel-die compression. For the AA6016 alloy two different grades (a, b) were considered.
Table 1 gives the chemical composition of the alloys.

Brunet and Morestin [16] determined the Langford coefficient of the AA6016 sheets by
tensile tests and showed that the anisotropy is negligible for the two grades of AA6016. The
5182 alloy was compressed along rolling and transverse directions and revealed in plane
isotropy.

To determine reliable stress-strain curves, particular attention should be paid to the influence
of the PTFE-layer and the compliance of the test rig. The displacement was corrected to take
into account the deformation of the test rig and the PTFE-layer [17]:

dcorrected ¼ dmeasured �Qmeasured

k

� �
1� hPTFE

h0

� �
(1)

h0 and hPTFE designate the initial sample and PTFE-layer thicknesses. dmeasured is the displace-
ment measured by the LVDT and dcorrected takes into account the deformation of the PTFE
layer. Qmeasured is the measured load. k is the stiffness of the test rig and was determined by
measuring the punch displacement without a sample present in the channel (k = 91 kN/mm).
The measured load has been corrected to take into account friction effects [17] as follows:

Qcorrected ¼
Qmeasured

1þ _WF
_WP

(2)

Figure 2. Layered sheet sample (a) 3D view, (b) view along the direction of the compression z.

Grade Mg Si Cu Fe Mn

5182 4.25 0.09 0.06 0.29 0.35

6016 (a) 0.33 1.03 0.12 0.3 0.11

6016 (b) 0.43 0.98 0.15 0.3 0.11

Table 1. Chemical composition of the different grades.
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where Qcorrected is the corrected value of the applied load Qmeasured. _WF and _WP are the work
rates associated respectively to friction and to plastic deformation. The ratio between these
work rates was estimated by [17] as

_WF

_WP
¼ m

12 l0 h0 e0

l3

4
ln

Zþ 2h
Z� 2h

� �
þ 2h3 ln

Zþ l
Z� l

� �
þ 2 lhZþ l2e0

� �
(3a)

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 4h2

p
(3b)

where m is the Tresca friction coefficient .h0, l0, and h, l are respectively the initial and current
sample height and length. e0 corresponds to the sample and channel width (7 mm).

To determine the equivalent stress σ and the equivalent strain ε, the overall load was corrected
by Eqs. (2), (3a) and (3b) with a value ofm = 0.02. However the shear stresses and strains due to
friction were neglected, i.e., the stress and the strain rate tensors were assumed diagonal. Thus,
the equivalent von Mises stress and strain may be written:

σ ¼
ffiffiffi
3

p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qcorrected

e0l0
1� dcorrected

h0

� �s
, ε ¼ 2ffiffiffi

3
p ln

h0

h0 � dcorrected

� �
(4)

Figure 2 shows equivalent stress vs. equivalent strain curves for all the grades. To represent the
material flow stress, σY, at large deformations an extended Voce model [18, 19] has been
chosen.

σY ¼ σYo þ σ∞ � σYoð Þ 1� exp �δεp
� �� �þ αεp

εp ¼ ε� σY
E

8<
: (5)

E is the Young’s modulus. ε and εp are respectively the total and the plastic equivalent strain.
σYo is the initial flow stress. σ∞ corresponds to the stress at very large plastic strains in the Voce
model. αεp is an additional term accounting for small positive strain hardening at very large
plastic deformation. The initial flow stress σYo was determined previously in simple tension.
Table 2 summarizes the coefficients of the different Voce models. The most significant results
are the different values of the α parameter for 5182 and 6016 alloys (Figure 3).

To assess the validity of the experimental method described above, Bacha et al. used the flow
rule (5) and reproduced the experimental load displacement curves by finite element model
[15]. Moreover, the finite element calculations showed that, using a Teflon film, the friction

Grade E (GPa) σo (MPa) σ∞ (MPa) δ α (MPa)

AA5182 70 130 264 14.6 101

AA6016a 70 130 310 16 15

AA6016b 70 100 248 12 14

Table 2. Voce model parameters for the AA5182 and AA6016 grades.
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of the PTFE-layer and the compliance of the test rig. The displacement was corrected to take
into account the deformation of the test rig and the PTFE-layer [17]:

dcorrected ¼ dmeasured �Qmeasured

k

� �
1� hPTFE

h0

� �
(1)

h0 and hPTFE designate the initial sample and PTFE-layer thicknesses. dmeasured is the displace-
ment measured by the LVDT and dcorrected takes into account the deformation of the PTFE
layer. Qmeasured is the measured load. k is the stiffness of the test rig and was determined by
measuring the punch displacement without a sample present in the channel (k = 91 kN/mm).
The measured load has been corrected to take into account friction effects [17] as follows:

Qcorrected ¼
Qmeasured

1þ _WF
_WP

(2)

Figure 2. Layered sheet sample (a) 3D view, (b) view along the direction of the compression z.

Grade Mg Si Cu Fe Mn

5182 4.25 0.09 0.06 0.29 0.35

6016 (a) 0.33 1.03 0.12 0.3 0.11

6016 (b) 0.43 0.98 0.15 0.3 0.11

Table 1. Chemical composition of the different grades.
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where Qcorrected is the corrected value of the applied load Qmeasured. _WF and _WP are the work
rates associated respectively to friction and to plastic deformation. The ratio between these
work rates was estimated by [17] as

_WF

_WP
¼ m

12 l0 h0 e0

l3

4
ln

Zþ 2h
Z� 2h

� �
þ 2h3 ln

Zþ l
Z� l

� �
þ 2 lhZþ l2e0

� �
(3a)

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 4h2

p
(3b)

where m is the Tresca friction coefficient .h0, l0, and h, l are respectively the initial and current
sample height and length. e0 corresponds to the sample and channel width (7 mm).

To determine the equivalent stress σ and the equivalent strain ε, the overall load was corrected
by Eqs. (2), (3a) and (3b) with a value ofm = 0.02. However the shear stresses and strains due to
friction were neglected, i.e., the stress and the strain rate tensors were assumed diagonal. Thus,
the equivalent von Mises stress and strain may be written:

σ ¼
ffiffiffi
3

p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qcorrected

e0l0
1� dcorrected

h0

� �s
, ε ¼ 2ffiffiffi

3
p ln

h0

h0 � dcorrected

� �
(4)

Figure 2 shows equivalent stress vs. equivalent strain curves for all the grades. To represent the
material flow stress, σY, at large deformations an extended Voce model [18, 19] has been
chosen.

σY ¼ σYo þ σ∞ � σYoð Þ 1� exp �δεp
� �� �þ αεp

εp ¼ ε� σY
E

8<
: (5)

E is the Young’s modulus. ε and εp are respectively the total and the plastic equivalent strain.
σYo is the initial flow stress. σ∞ corresponds to the stress at very large plastic strains in the Voce
model. αεp is an additional term accounting for small positive strain hardening at very large
plastic deformation. The initial flow stress σYo was determined previously in simple tension.
Table 2 summarizes the coefficients of the different Voce models. The most significant results
are the different values of the α parameter for 5182 and 6016 alloys (Figure 3).

To assess the validity of the experimental method described above, Bacha et al. used the flow
rule (5) and reproduced the experimental load displacement curves by finite element model
[15]. Moreover, the finite element calculations showed that, using a Teflon film, the friction

Grade E (GPa) σo (MPa) σ∞ (MPa) δ α (MPa)

AA5182 70 130 264 14.6 101

AA6016a 70 130 310 16 15

AA6016b 70 100 248 12 14

Table 2. Voce model parameters for the AA5182 and AA6016 grades.
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coefficient between the test sample and the tool is less than 0.02 and the friction coefficient
between different layers of the sample only play a very minor role. The sample deforms
homogeneously over more than 80% of its volume irrespective of interlaminate (glue) behavior.

Barlat et al. [20] measured the initial yield surface by biaxial compression tests on cubic
specimens made from laminated binary Al-Mg alloy sheet samples. They used an expensive
biaxial compression testing machine. Because of the physical constraints of the loading dies,
their deformation step was limited to a strain of about 0.1. This technique was more costly than
the simple one presented here.

To our knowledge all previous methods (tension, shear, and compression) measure the initial
yield strength but are not very useful for analyzing the strain hardening of the material. The
PSC method is therefore complementary to these techniques, and hence particularly useful for
obtaining large-strain material behavior. However, very thin sheets (of thickness less than
1 mm) are also widely used in industry. The stress-strain curves of these sheets are even more
difficult to obtain than the stress-strain curves of the larger 1 mm ones. Determining the
minimum layer thickness that avoids instabilities and gives reliable results in plane strain
compression would be interesting for ultra-thin sheets.

For ductile materials, damage consists of void nucleation around intermetallic particles. These
cavities grow and coalesce up to the development of a crack and sample failure. Historically,
hole growth and coalescence have been analyzed by unit cell calculations consisting of finite
element simulations on a representative material element containing a single void [4, 21, 22].
During deep drawing or cutting operations local tensile and shearing strains up to 200% are

Figure 3. Measured true stress-strain curves compared to extended Voce model.
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reached. As a consequence, to satisfactorily simulate and thoroughly analyze shaping opera-
tions, the following material description is needed:

1. The σ(ε) curves for large deformations up to 200%;

2. The local strain at failure in tension;

3. A definition of a damage variable and the determination of its critical value for complex
stress-strain paths accurately corresponding to shaping operations.

The present section outlined some experimental procedures for determining large-strain σ(ε)
curves. The following will offer an approach for measuring the strain to failure by simple
tensile test on sheet material specimens [23–25].

2.2. The strain to failure in sheet metal

Historically, ductility is defined by the area reduction at failure (ln(Ar/A0)) in a tensile test. Ar

and A0 designate respectively the initial and final cross-sectional area. Siebel and Pomp [23]
and Bridgman [26] developed expressions for the true stress-strain curves in the neck of
axisymmetric tensile specimens. Subsequently Needleman [27] and Le Roy et al. [6] studied
the necking of axisymmetric specimens by finite element analysis. In uniaxial tensile tests on
ductile rate-independent sheet material, plastic instability and flow localization occurs just
after the maximum load when diffuse necking starts. But, after the onset of a diffuse neck,
deformation continues under a falling load until the development of a localized neck then
ductile fracture [28]. Secondary strain localization depends on the shape factor (width/thick-
ness) of the tensile test-piece and the material strain hardening [29]. Large width/thickness
ratios and small strain hardening parameters lead to localization in the width of the specimen.
Whereas, small width/thickness ratios and large-strain hardening parameters cause through-
thickness localization.

As mentioned previously, most aluminum automotive alloys contain large amounts of inter-
metallic phases. Figure 4 shows typical micrographs of the two AA6016 grades [30]. These
contain FemAln or Mg2Si particles. Void nucleation and growth around intermetallic particles
may occur [31] and eventually failure happen.

Ductile failure is largely controlled by stress triaxiality at the core of the sheet even though this
is often considered in two dimensions. The stress triaxiality T corresponds to the ratio between
the mean stress σm and the equivalent von Mises stress σ

T ¼ σm
σ

(6)

Void growth during overall straining was shown to increase exponentially with the stress
triaxiality. Early models describe the growth of a single cavity in an infinite elastic plastic solid
[2, 3] or an infinite viscoplastic solid [32, 33]. Finite void volume fractions were addressed first
by the plane strain analysis of Needleman [27] representing a square array of cylindrical voids.
Gurson [5] determined an analytical expression for the stress potential of a spherical volume
of elastoplastic material containing a concentric spherical void. Tvergaard [34] used an
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reached. As a consequence, to satisfactorily simulate and thoroughly analyze shaping opera-
tions, the following material description is needed:

1. The σ(ε) curves for large deformations up to 200%;

2. The local strain at failure in tension;

3. A definition of a damage variable and the determination of its critical value for complex
stress-strain paths accurately corresponding to shaping operations.

The present section outlined some experimental procedures for determining large-strain σ(ε)
curves. The following will offer an approach for measuring the strain to failure by simple
tensile test on sheet material specimens [23–25].

2.2. The strain to failure in sheet metal

Historically, ductility is defined by the area reduction at failure (ln(Ar/A0)) in a tensile test. Ar

and A0 designate respectively the initial and final cross-sectional area. Siebel and Pomp [23]
and Bridgman [26] developed expressions for the true stress-strain curves in the neck of
axisymmetric tensile specimens. Subsequently Needleman [27] and Le Roy et al. [6] studied
the necking of axisymmetric specimens by finite element analysis. In uniaxial tensile tests on
ductile rate-independent sheet material, plastic instability and flow localization occurs just
after the maximum load when diffuse necking starts. But, after the onset of a diffuse neck,
deformation continues under a falling load until the development of a localized neck then
ductile fracture [28]. Secondary strain localization depends on the shape factor (width/thick-
ness) of the tensile test-piece and the material strain hardening [29]. Large width/thickness
ratios and small strain hardening parameters lead to localization in the width of the specimen.
Whereas, small width/thickness ratios and large-strain hardening parameters cause through-
thickness localization.

As mentioned previously, most aluminum automotive alloys contain large amounts of inter-
metallic phases. Figure 4 shows typical micrographs of the two AA6016 grades [30]. These
contain FemAln or Mg2Si particles. Void nucleation and growth around intermetallic particles
may occur [31] and eventually failure happen.

Ductile failure is largely controlled by stress triaxiality at the core of the sheet even though this
is often considered in two dimensions. The stress triaxiality T corresponds to the ratio between
the mean stress σm and the equivalent von Mises stress σ

T ¼ σm
σ

(6)

Void growth during overall straining was shown to increase exponentially with the stress
triaxiality. Early models describe the growth of a single cavity in an infinite elastic plastic solid
[2, 3] or an infinite viscoplastic solid [32, 33]. Finite void volume fractions were addressed first
by the plane strain analysis of Needleman [27] representing a square array of cylindrical voids.
Gurson [5] determined an analytical expression for the stress potential of a spherical volume
of elastoplastic material containing a concentric spherical void. Tvergaard [34] used an
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axisymmetric cell model to represent a periodic array of spherical holes. All these models can
be summarized by expressing the void volume growth as follows [35]:

V εp
� �
V0

¼ A exp α exp T � 1=3ð Þεp
� �

(7)

εp is the equivalent plastic strain of the material surrounding the void, V0 the initial and V the
current void volume. A is constant depending on the model chosen. The coefficient αmay take
rather complex expressions in the different models. Nevertheless, the cavities grow exponen-
tially with the plastic strain when stress triaxiality T is larger than 1/3. The fundamental role of
the stress triaxiality parameter will be discussed hereafter.

Bacha et al. [36] ran tensile tests on the previously mentioned AA6016 alloys. Figure 5 shows
the initial sample geometry and the shape at failure. Tensile tests on sheet metal (rectangular
cross-section) obviously cause heterogeneous deformation in the cross-section. Due to strain
localization in the minimum section of test samples with a rectangular cross-section, the
macroscopic measurement does not provide satisfactory results. This section presents a simple
method for measuring true strain to failure by simple tensile tests on sheet metal.

The method to determine the macroscopic strain at failure is outlined in Bacha et al. [36]. The
macroscopic strains to failure for both alloys were found equal to 0.67 for grade a & 0.87 for
grade b respectively. In the same work, the local strain field was determined by FE simulation
based on the material behavior characterized by PSC. Figure 6 shows the FE-predicted geometry
of grade a sample at failure and equivalent plastic strain (εp) in the minimum cross-section. The
center of the specimen exhibits a maximum plastic strain of 0.91, much higher than the macro-
scopic value. The second illustration in Figure 5 corresponds to the stress triaxiality distribution.

Figure 4. FEG-SEM pictures showing the typical microstructure of the two AA6016 grades: a (a,b,c) and b (d,e,f).
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Seeing the primary importance of this parameter on damage severity, the variation in the cross-
section highlights the damage development in the center of the specimen.

As ductile void growth rate increases exponentially with stress triaxiality, small errors in the
estimation of triaxiality lead to large differences in the cavity growth rate and poorly predict
material ductility. Even for materials with constant strain hardening, Bridgeman’s analysis of
the stress triaxiality in axisymmetric tensile specimens may not be extended to tensile speci-
mens with rectangular cross-sections.

According to the present analysis, the strain and stress gradient in rectangular cross-section
tensile specimens of is clearly larger than in axisymmetric samples. For material ductility
analysis, the local stress-strain in the central area has to be known precisely. The classic
Bridgman model was developed for axisymmetric specimens and therefore underestimates
the stress triaxiality at the center.

Figure 5. Tension specimen (width w = 1 mm), the thickness (t = 1 mm) corresponds to the thickness of the rolled sheet
and height (l = 32 mm). (a) Initial shape, (b) optical view of cross-section after failure and (c) specimen close to failure.

Figure 6. AA6016 grade a. Finite element simulation results: overall specimen shape at failure. Equivalent strain and
stress triaxiality maps in the minimum section.
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� �
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macroscopic measurement does not provide satisfactory results. This section presents a simple
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based on the material behavior characterized by PSC. Figure 6 shows the FE-predicted geometry
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Seeing the primary importance of this parameter on damage severity, the variation in the cross-
section highlights the damage development in the center of the specimen.

As ductile void growth rate increases exponentially with stress triaxiality, small errors in the
estimation of triaxiality lead to large differences in the cavity growth rate and poorly predict
material ductility. Even for materials with constant strain hardening, Bridgeman’s analysis of
the stress triaxiality in axisymmetric tensile specimens may not be extended to tensile speci-
mens with rectangular cross-sections.

According to the present analysis, the strain and stress gradient in rectangular cross-section
tensile specimens of is clearly larger than in axisymmetric samples. For material ductility
analysis, the local stress-strain in the central area has to be known precisely. The classic
Bridgman model was developed for axisymmetric specimens and therefore underestimates
the stress triaxiality at the center.

Figure 5. Tension specimen (width w = 1 mm), the thickness (t = 1 mm) corresponds to the thickness of the rolled sheet
and height (l = 32 mm). (a) Initial shape, (b) optical view of cross-section after failure and (c) specimen close to failure.

Figure 6. AA6016 grade a. Finite element simulation results: overall specimen shape at failure. Equivalent strain and
stress triaxiality maps in the minimum section.
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The center stress and strain depend on the pre and post-necking material behavior. The
influence of hardening and the post-necking strain on test-piece center stress and strain may
be analyzed separately only for constant strain hardening. Only for these academic material
laws, the area reduction may be used to predict the center stress and strain. For actual
materials with variable strain hardening, the influence of the post-necking strain and material
behavior on the stress and strain field in the specimen center may not be separated. Hence, the
macroscopic strain given by the area reduction in the minimum section may not be used to
characterize the strain and stress in the center of the piece, nor to define material ductility. The
extrapolation of σ(ε) determined by tensile tests to large-strain behavior predicts erroneously
ductility. To determine correctly the true ductility of the material in question, the σ(ε) curves
have to be measured previously by compression tests (Section 2.1) and the tensile test has to be
analyzed by FE-calculations.

Obviously, the values predicted for the strain at coalescence and the experimental values of the
failure strain are very close. Including damage during the tensile test prior to cavity coales-
cence by a Gurson-like model is possible in principle. But damage prior to void coalescence
only slightly affects the projected values of strain at coalescence. In addition, the parameters
required as input for a modified Gurson model are not yet well established. Moreover, in
present alloys, secondary void nucleation and growth around smaller particles may be
observed and have more influence. Precisely taking into account this secondary cavity coales-
cence requires a robust model for void nucleation. With a minimum of reasonable and verified
assumptions, the local strain in the specimen center at failure should be predicted very accu-
rately. Sheet metal large-strain behavior was obtained by PSC (Section 2.1), and the strain to
failure by a simple tensile test (Section 2.2). Most shaping or forming operations correspond to
straining under small stress triaxiality. The ductility (strain to failure) under such loading
conditions will be analyzed next.

3. Damage development in sheet metal trimming and hemming

3.1. Metal ductility at low stress triaxiality

Large stress triaxiality values (T > 0.4) decrease the fracture strain (ductility). Thus, during the
last 20 years, most research efforts dealt essentially with medium to high stress triaxiality
loadings. But, in many forming operations, the material is submitted to large compressive or
small tensile loads corresponding to negative or small stress triaxiality loadings. In this con-
text, Bao and Wierzbicki [37] deformed an AA2024 alloy under various stress-strain paths
covering small and large values of the stress triaxiality; their results are summarized on
Figure 7 [30]. The high stress triaxiality results are well described by the damage models
outlined in Section 2. However, when stress triaxiality is small, these approaches significantly
over-estimate the strain to failure and hence cannot forecast forming limit diagrams.

Bacha et al. [30, 38, 40] analyzed shearing of the two AA6016 sheets characterized previously
in PSC. During trimming or hemming of heterogeneous materials, the second phase particles
undergo large displacements. Figure 8a and b illustrate the microstructural changes observed
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and subsequently simulated during cropping of a AA6016 grade a sheet. The intermetallic
particles (Mg2Si) are initially aligned in the rolling or transverse directions (Figure 4). The
shearing (Figure 8a) generates significant rotations and smaller particle distances (Figure 8b).
Nevertheless, the broken particle matrix interface lost its load carrying capacity. Hence, subse-
quent failure occurs due to the reduction of inter-particle spacing and subsequent strain
localization. Based on Thomason’s void coalescence model [41], Bacha and co-workers [30]
developed a method to describe strain localization due to reduced inter-particle spacing after

Figure 7. Strain to failure as a function of the stress triaxiality as measured by Bao and Wierzbicki [37] and predicted by
Bacha et al. [30].

Figure 8. Shearing of an AA6016 grade a sheet. (a) Overall shape, (b) intermetallic particle orientation, (c) simulated
overall shape, and (d) simulated intermetallic particle orientation.
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last 20 years, most research efforts dealt essentially with medium to high stress triaxiality
loadings. But, in many forming operations, the material is submitted to large compressive or
small tensile loads corresponding to negative or small stress triaxiality loadings. In this con-
text, Bao and Wierzbicki [37] deformed an AA2024 alloy under various stress-strain paths
covering small and large values of the stress triaxiality; their results are summarized on
Figure 7 [30]. The high stress triaxiality results are well described by the damage models
outlined in Section 2. However, when stress triaxiality is small, these approaches significantly
over-estimate the strain to failure and hence cannot forecast forming limit diagrams.
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and subsequently simulated during cropping of a AA6016 grade a sheet. The intermetallic
particles (Mg2Si) are initially aligned in the rolling or transverse directions (Figure 4). The
shearing (Figure 8a) generates significant rotations and smaller particle distances (Figure 8b).
Nevertheless, the broken particle matrix interface lost its load carrying capacity. Hence, subse-
quent failure occurs due to the reduction of inter-particle spacing and subsequent strain
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developed a method to describe strain localization due to reduced inter-particle spacing after

Figure 7. Strain to failure as a function of the stress triaxiality as measured by Bao and Wierzbicki [37] and predicted by
Bacha et al. [30].

Figure 8. Shearing of an AA6016 grade a sheet. (a) Overall shape, (b) intermetallic particle orientation, (c) simulated
overall shape, and (d) simulated intermetallic particle orientation.

Aluminum Sheet Metal Damage Mechanisms Application to Trimming and Hemming
http://dx.doi.org/10.5772/intechopen.70687

213



large material rotations. Figure 8 highlights the comparison between experimental and FE-
predicted particle orientation. The corresponding damage criterion, valid at small stress triax-
iality and large material rotations, is applied to trimming in the third section.

3.2. Trimming of aluminum automotive sheets

After stamping, the final shape of car body panels is achieved by cutting or trimming. Metal
cutting is a complex three-dimensional process [42]. However, the physics of this process can be
understood by a 2D model. Early work on blanking used macroscopic analysis. Deformation
localizes in a small band below the blade. Its width is controlled by the material. At the beginning
of the cutting process, the stress in the sheet corresponds to simple shear. During the cutting
process, tension stress increases [43, 44]. However, to properly analyze the stress-strain concen-
trations close to the blades observed in the actual process, a finite element model is essential. The
three principal parts of a trimming machine are the blade, sheet and die (Figure 9). Other
elements may also be added like a blank holder, and sometimes a scrap holder to prevent sheet
bending. The following parameters describe the geometry of the plane cutting process:

• Sheet thickness T,

• Cutting angle α, i.e., the angle between the sheet normal and the direction of blade
displacement

• Clearance C between the blade and the die, i.e., the distance between the cutting section
and the die

• Blade (Rblade) and die radii (Rdie),

• Blade displacement U

Cutting a sheet generates a work piece and scrap. Here, the work piece is maintained under the
blank holder after cutting. Trimming or cutting an infinitely ductile material with no clearance,
would generate a straight cutting path. Actually, the presence of the clearance and finite material
ductility produce more complex cutting paths with various characteristic zones (Figure 10):

Figure 9. Schematic of the planar sheet trimming process.
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• Roll-over (height Δro) corresponds to elastoplastic shearing of the sheet material,

• Sheared zone (height Δsz) corresponds to indentation of the sheet material,

• Fractured zone (height Δfz),

• Burr (height Δburr) depending on the crack path at the final stage of the process.

Two other crucial geometrical parameters associated with the cutting path are:

• Blade displacement at crack initiation Uf,

• Angle between the fractured zone and the blade displacement direction βf

During the trimming process, small filaments of hardened material called slivers may be
produced (Figure 10b). Li and co-workers observed sliver generation when cutting
AA6111T4 and AA6022T4 alloys [45–47]. Figure 11 shows slivers observed when shearing
the AA6016 (grade a) sheet [38].

Bacha et al. [38–40] characterized the trimming of two steel alloys (1 and 2), plus a 5000 series
and three 6000 series aluminum alloys. In order to analyze the influence of the material
behavior on the crack path, the tool geometry was aligned to a reference configuration. The
values of the parameters of the following industrial tool set-up are frequently documented.
The clearance C, the blade (Rblade) and die (Rdie) radii were respectively 5, 5 and 10% of the
sheet thickness T. ({c, Rblade, Rdie} = {0.05, 0.05, 0.10}). The cutting angle α was zero, and no
scrap holder was used. Figure 12 shows the corresponding fracture surfaces. The results prove
that sliver generation is related to small values of the sheared zone Δsz.

Cutting AA6016 (grade a and c) alloys, in the reference tool configuration, induces slivers.
Thus, the parameters controlling the tool geometry were changed. The results show
that enlarging the blade radius (Rblade = 0.3) as well as an increase of the cutting angle
(α = 20�) or the use of a scrap holder completely prevent convex cracking (Figure 13).
Increasing the clearance does decrease the blade-bulge interaction but does not completely
prevent slivers.

The clearance and the scrap holder influence the specimen sheet geometry. All other parame-
ters influence directly the height of the sheared zone Δsz. The height of the sheared zone Δsz
depends on the blade displacement at crack initiation Uf:

Figure 10. Schematic representation of plane trimming process. Cut generating slivers (a), cut profile without slivers
(b) [40].
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large material rotations. Figure 8 highlights the comparison between experimental and FE-
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iality and large material rotations, is applied to trimming in the third section.
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Figure 9. Schematic of the planar sheet trimming process.
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• Roll-over (height Δro) corresponds to elastoplastic shearing of the sheet material,
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Thus, the parameters controlling the tool geometry were changed. The results show
that enlarging the blade radius (Rblade = 0.3) as well as an increase of the cutting angle
(α = 20�) or the use of a scrap holder completely prevent convex cracking (Figure 13).
Increasing the clearance does decrease the blade-bulge interaction but does not completely
prevent slivers.
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uf ¼
Uf

t
¼ Δsz þ Δro þ Rblade

t
(8)

The experimental results reveal that small values of the blade displacement at crack initiation
(uf < 0.3) lead to convex cracking and slivers proliferation. Conversely, if uf is larger than the
threshold 0.3, no convex cracking is observed. Bacha et al. [38–40] confirmed this by the finite
element model outlined in Section 3.1.

During trimming, the material undergoes locally severe rotations leading to a rearrangement
of the intermetallic particles and consequent strain localization. This localization controls the
blade displacement at crack initiation and hence both the crack path and sliver production.

Figure 11. Example of slivers generated on a AA6016 (grade a) sheet.

Figure 12. Fracture surfaces of trimmed alloys. The shear zone height decreases from a to f: (a) steel 1, (b) AA5182, (c)
steel 2, (d) AA6016 (grade b), (e) AA6016 (grade c), (f) AA6016 (grade a).
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In the next section, we address hemming, another process essential to sheet forming that leads
to significant strain localization.

3.3. Hemming of aluminum automotive sheets

Bending is important in the shaping of complex parts and also critical in the attachment of
outer skins to inner sheet panels by hemming. Appropriate strength levels for automotive
aluminum panels are achieved by a combination of alloy conception and thermo-mechanical
treatments [48, 49]. Several experimental studies underlined the influence of alloy composition
on bend performance of Al 6xxx automotive sheet [50, 51]. The bendability has been shown to
decrease with increasing copper, iron and Si content.

Most theories attribute bending damage to the development of surface roughness and intense
strain localization. Several authors conclude that shear bands initiate at points of strain con-
centration induced by initial thickness heterogeneity [7, 52, 53]. Other authors have analyzed
the effects of thermal softening on shear banding. Crystal plasticity simulations have also been
used, essentially to analyze the effect of particular textures on the formability and bendability
of sheet metal [28, 52, 54–56]. Probably the chief consensus of these studies is the close
relationship between surface roughening and strain localization. But strain localization is
difficult to characterize experimentally. Therefore, most experimental studies have compared
different alloys based on macroscopic measurements (bend angle), whereas theoretical dam-
age analyses focus on local behavior (shear band pattern).

Several tests to characterize bend performance have been described in the literature [57, 58].
Mattei and co-workers [59, 60] characterized bendability of 6016T4 sheet metal by the stan-
dardized Daimler-Chrysler (DIN 50 111). The test set-up is shown in Figure 14. During the
bend test the applied force F and the punch displacement U were recorded continuously.

Figure 15a shows a typical load displacement curve for the 6016T4 sheet with a punch
displacement at failure Uf of 12.8 mm and a minimum bending angle βf of 28�. The apparent
rigidity (dF/dU) plotted in Figure 15b exhibits a clear maximum at 0.92 Uf. A crack develops
“suddenly” at a punch displacement of 0.92 Uf corresponding to the maximum of the overall
rigidity [60]. Crack formation during a standard bend test occurs when the overall rigidity
attains a maximum.

Figure 13. Influence of the tool geometry on the fracture surface of AA6xxx-b: (a) reference geometry, (b) increase of the
blade radius, (c) increase of the cutting angle, (d) use of a scrap holder.
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strain localization. Several authors conclude that shear bands initiate at points of strain con-
centration induced by initial thickness heterogeneity [7, 52, 53]. Other authors have analyzed
the effects of thermal softening on shear banding. Crystal plasticity simulations have also been
used, essentially to analyze the effect of particular textures on the formability and bendability
of sheet metal [28, 52, 54–56]. Probably the chief consensus of these studies is the close
relationship between surface roughening and strain localization. But strain localization is
difficult to characterize experimentally. Therefore, most experimental studies have compared
different alloys based on macroscopic measurements (bend angle), whereas theoretical dam-
age analyses focus on local behavior (shear band pattern).

Several tests to characterize bend performance have been described in the literature [57, 58].
Mattei and co-workers [59, 60] characterized bendability of 6016T4 sheet metal by the stan-
dardized Daimler-Chrysler (DIN 50 111). The test set-up is shown in Figure 14. During the
bend test the applied force F and the punch displacement U were recorded continuously.

Figure 15a shows a typical load displacement curve for the 6016T4 sheet with a punch
displacement at failure Uf of 12.8 mm and a minimum bending angle βf of 28�. The apparent
rigidity (dF/dU) plotted in Figure 15b exhibits a clear maximum at 0.92 Uf. A crack develops
“suddenly” at a punch displacement of 0.92 Uf corresponding to the maximum of the overall
rigidity [60]. Crack formation during a standard bend test occurs when the overall rigidity
attains a maximum.

Figure 13. Influence of the tool geometry on the fracture surface of AA6xxx-b: (a) reference geometry, (b) increase of the
blade radius, (c) increase of the cutting angle, (d) use of a scrap holder.
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Mattei et al. [60] compared the bendability of samples with an industrial surface finish and
mirror polished samples. Initial surface roughness (undulations) favors the strain localization.
But eliminating the surface roughness at an intermediate bending angle does not enhance
the bendability compared to an initial mirror surface finish. Figure 16 shows an optical

Figure 14. Bending test overall view according to DIN 50 111.

Figure 15. Standard bending test on AA6016 1 mm sheet. (a) Typical load displacement and (b) rigidity displacement
curve.

Figure 16. Optical micrograph of the initial microstructure (a) and after bending to failure (b).
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micrograph of a sample bent to the minimum bend angle. Strain localization leads to signifi-
cant changes in grain shape and orientation. Grain rotation and deformation at the outer
surface lead to surface undulations. This experimental work clearly shows that through-
thickness strain localization controls damage development during AA6016 sheet bending.

Mattei et al. [61] developed a finite element microstructure based model of the standard
bending test to predict strain localization. The sheet metal is modeled as a grain aggregate,
each grain with its own flow stress. This simple model facilitates industrial AA6xxx
sheet alloys conception by correctly describing the respective influences of sheet thickness,
grain size and shape, and work hardening. In particular, this model brings out the primary
importance of large-strain hardening and the flow stress spatial distribution. It can be used to
furnish simple guidelines for designing highly bendable sheet metal.

4. Conclusion

First, we showed PSC, a relatively easy and reliable method for determining large-strain (σ,ε)
curves on sheet metal. In other words, layered sheet metal samples can be deformed in channel-
die (plane strain) compression up to strains of 120%. Then, the strain to failure was discussed,
based on an extension of the well-known Bridgman’s model, to specimens drawn from sheet
metal, exhibiting a rectangular cross-section. This thorough, but non exhaustive discussion of the
material behavior, was followed by an analysis of strain localization during sheet forming. The
main factors controlling strain localization and consequent damage were offered.

A new damage criterion by Bacha et al., particularly suited for small stress triaxiality and large
material rotations was introduced. This predicts perfectly hemming behavior. Finally, the
chapter finished with a novel analysis of hemming. Clearly, strain localization defines hem-
ming limits. This hemming model (based on sheet geometry, grain size, and PSC measured
large-strain behavior) is a powerful tool for alloy design.
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Abstract

Aluminum and its alloys are central materials for the aircraft industry. Aluminum alloys 
(AA) 7075 and 2024 are widely used both in the structures and in brittle sections of the air-
planes. The presence of the alloying elements in these metals makes them susceptible to local-
ized corrosion at the same time vulnerable to bacterial attachment. A great number of reports 
on aircraft deterioration are related to microbial growth by contamination inside fuel storage 
tanks and aircraft wing tanks; this phenomenon is known as microbiologically influenced 
corrosion (MIC). As expected, corrosion and biocorrosion increase maintenance costs and 
time of the aircraft in the hangar. Therefore, the growing interest is to shed light on these 
issues and develop future inhibition methods. In this chapter, we will give an overview of 
microbiologically influenced corrosion associated with AA 2024 and 7075 by consortia and 
bacteria. Three mechanisms of biocorrosion in aluminium alloys have been described. In 
addition, some alternatives methods to battle the effect of biocorrosion will be shown, these 
methods are based on green compound which blocking of attached of bacteria and promote 
the detachment of biofilm, being these a tendency of the last innovation way to inhibit this 
kind of phenomenon.

Keywords: microbiologically influenced corrosion, aluminum alloy, mechanism, 2024, 
7075, inhibition of biocorrosion

1. Introduction

Aluminum and its alloys have a good corrosion resistance owing to aluminum oxide passive 
films. Unfortunately, the susceptibility of these materials to localized corrosion makes them 
particularly vulnerable to microbiologically influence corrosion (MIC). The phenomenon 
of MIC involves the acceleration and/or alteration of corrosion processes resulting from the 
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presence and activities of microorganisms with the generating a biofilm at the metal sur-
face [1]. This phenomenon has been documented for metals exposed to different media, for 
instance, groundwater [2] and industrial waters [3]. The MIC is not a new kind of corrosion, 
although the deterioration of metal substrate is caused by an increase in the kinetic of the 
corrosion process by the presence and the metabolic activity of the microorganisms. These 
effects can be critical and therefore are important to consider the conditions and roles of 
microorganisms in the corrosion [4]. The consequences of microbiologically influenced cor-
rosion are pitting corrosion, crevice corrosion, and de-alloying corrosion and correspond to 
localized corrosion type.

The kinetic of corrosion is determined by the characteristic of the physical chemistry environ-
ment at the interface. This environment can be clout by the parameters of concentration of 
oxygen, salts, pH, redox potential, and conductivity. All these factors are, at the same time, 
influenced by growing microorganisms [4]. The organisms can attach to surfaces, embed 
themselves in slime and so-called extracellular polymeric substances (EPSs) [5]. The EPS, usu-
ally called “biofilms,” plays an important function of cell adhesion [6], biofilm formation [7], 
and protection of microorganism from adverse environment [8]. Biofilm formation consists 
of a sequence of steps and begins with adsorption of macromolecules (proteins, polysaccha-
rides, and humic acids) and smaller molecules (fatty acids and lipids) at surfaces [9]. Both 
adsorbed molecules and biofilms can change the physical chemistry characteristics of the 
interface, including surface hydrophobicity and electrical charge. The amount of adsorbed 
organic material is a function of ionic strength and can be enhanced on metal surfaces by 
polarization. The biofilms formed on a metallic surface can be very thin (monolayers) but can 
reach the thickness of centimeters [4]. Thus, biofilms, characterized by a strong heterogene-
ity, are very complex system and require analysis in order to characterize and clarify which 
component could be available to influence some steps of the redox reaction or how could be 
the change of characteristic of the oxide passive films.

The characteristics of the surface of metallic substratum play an essential role in develop-
ing the biofilm during the early stages of EPS accumulation and may influence the rate of 
cell accumulation and distribution [10]. There is a vast amount of literature investigating the 
influence of metallic surface properties on the interaction with microorganisms, of which are, 
chemical composition, roughness, wettability, and polarization.

The microorganism requires metal ions for it is development. The colonization of a metal sur-
face is likely affected by the presence and free availability of metal ion or salts [11]. Gerchakov 
et al. evaluated the chemical composition of metals substratum which impacted the micro-
fouling formation rate and the cell distribution in samples exposure to seawater environment. 
This influence was markedly detected during the first hours of exposition [12]. Moreover, the 
chemistry of the metallic substrate alters the bacteria viability on the metal surface in favor or 
opposing, because the chemistry can improve the attachment of cell by the interaction of bio-
film [13], and on the other hand, preventing the colonization as a result of the toxic element, 
for instead, chrome [14].
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Other parameters that may influence the rating process of bacterial accumulation on metal 
are the surface free energy, which is as reflected by hydrophobicity or hydrophilicity and 
surface roughness. Mueller et al. determined the rate coefficient of adsorption, desorption, 
and growth for early bacterial colonization on different metal surfaces (copper, silicon, 316 
stainless steel, and glass) with different roughness. They found that this parameter correlated 
positively with biological adsorption process [15]. The topography of surface on microbial 
attachment has been studied by Nickels et al. in silicate grain shape on the distribution of a 
microbial community. The roughness is related to the pattern and texture of a surface, and it 
is inherent to both obtaining, by incorporation of alloying elements and aging process of alu-
minum alloys. The higher surface roughness could increase the quantity of bacterial accumu-
lation due to the better adhesion that took place at surface irregularities; nevertheless, other 
authors found reduced adhesion to rougher surfaces [16].

It is well known that the metabolic activity of biofilm clusters can change the pH value for 
more than three units locally. This means that directly at the interface, where the corrosion 
process is actually taking place, the pH value can differ significantly from that in the water 
phase [4]. Thus, water sample pH values do not reflect such effects [17].

However, these phenomenon not are the total of observation, for instead, in some cases, the 
interaction of bacteria with metal surfaces causes increased corrosion rates, but it has been 
observed too that many bacteria can reduce corrosion rates of different metals and alloys in 
many corrosive environments [18], but it is dependent on exposure time because the positive 
or negative effect is closely related to metabolic activity and mature biofilm.

This chapter is intended for readers interested in the impact of microorganisms on the corro-
sion processes. A review of the main mechanisms associated to microbiologically influenced 
aluminum alloy corrosion will be given. Therefore, it is expected that this text can be used 
for those requesting an introduction to the subject of MIC related to aluminum alloys. On the 
other hand, some attractive mitigation methods of biocorrosion in aluminum alloy will be 
presented, thinking of a new methodology with a “green” approach.

2. MIC related to aluminum alloy 2024 and 7075

Most reports of MIC found on aluminum alloys (AA) 2024 and 7075 are used in aircraft or 
in underground fuel storage tanks. The microorganisms are introduced in to fuel tanks from 
airborne contaminants, and through water, that enters the tank [19]. The accumulated water 
inside fuel tanks (building with AA 2024-T3) induces the growth of microorganisms and may 
lead to microbiologically induced corrosion (MIC) of these tank structures. In the past, jet fuel 
contaminants have been reported to include a diverse group of bacteria and fungi, with the 
most common contaminant being the fungus Hormoconis resinae [20]. However, Rauch et al. 
[21] investigated microbial contamination in the United States Air Force (USAF) aviation fuel 
tanks. They found 12 genera, including four Bacillus species and two Staphylococcus species. 
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The most interesting part of this work is related to the kind of bacteria found in comparison to 
another study carried out in 1950 [22]. Changes in the microbial community constitution may 
demonstrate microbial adaptation to variations in fuel composition, particularly additives and 
biocides, enabling the material to be dominated by bacteria. Microbial proliferation in aircraft 
fuel storage tanks leads to deterioration of fuel quality and corrosion of aluminum alloys [23].

In contrast, the corrosion of AA 7075 has been evaluated in the presence of fungi Cladosporium 
resinae [24] and bacteria. Hagenauer et al. [25] in a joint project of different European air-
craft manufacturers studied the involvement of microorganisms in aircraft corrosion dam-
age. This study found that a total of 208 microorganisms among them 158 bacteria, 36 yeasts, 
and 14 fungi are collected from corroded sites of 7 different airplanes. The results show that 
the corrosive effect of the isolated microorganisms of the genera Micrococcus, Enterococcus, 
Staphylococcus, Aerococcus, Bacillus, Aspergillus, and Penicillium induced strong corrosion 
toward AA 7075.

Material degradation and/or metallic corrosion involve the transfer of electrons that release 
metal ions into the surrounding medium but, how far microorganisms promote corrosion in 
airplanes in practice is hard to prove, and more investigations concerning the microflora of 
corroded sites as well as the underlying corrosion promoting mechanisms have to be con-
ducted. Today’s scientific challenge rests in clarifying the interactions and roles of the metallic 
surface with the microbial activity that affects the kinetics of electron transfer reactions such 
as cathodic and/or anodic reactions, resulting in material breakdown.

Different mechanisms have been proposed to explain the microbial corrosion process of air-
craft aluminum alloys: (i) oxygen concentration cell, (ii) organic acids, and (iii) extracellular 
enzyme activity.

2.1. Oxygen concentration cells

A mature biofilm restricts the diffusion of oxygen toward cathodic sites. The oxygen concen-
tration cells formed between the zones covered by the microorganisms and the uncovered 
zones as a consequence of the fungus respiration have been reported by Miller et al. [26]. 
Iverson et al. [27] reported the presence of tubercles on the bottom of jet fuels tanks containing 
sulfate reducing-bacteria which corrode materials through the formation of electrochemical 
oxygen concentration cells, and cathodic depolarization due to the bacterial sulfate reducers. 
Figure 1 shows the adsorbed cells and biofilm formation on the metallic surface. The non-
uniform bacterial colonization results in local anode and cathode zones with the formation of 
differential aeration cell. Under aerobic environment, areas under respiring colonies become 
anodic reaction (metal dissolution), and surrounding areas become cathodic (oxygen reduc-
tion reaction) [28].

Therefore, the formation of differential aeration cell is intrinsic to the development of the 
film and is one of the first mechanisms to be postulated because it does not depend on the  
metabolic wastes or activity of the microorganisms, since the only presence of the biofilms on 
the metal surface has the potential to produce this kind of mechanism by itself.
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2.2. Organic acids

Another mechanism related to microbial corrosion of aluminum alloys is the produc-
tion of organic acids, which are metabolized by the microorganism. Most heterotrophic 
bacteria secrete organic acids during fermentation of organic substrates. The kind and 
amount of acids depend on the type of microorganisms and the available substrate mol-
ecules. Organic acids may force a shift in the tendency for corrosion to occur. The impact 
of acidic metabolites is intensified when they are trapped at the biofilm/metal interface. 
Furthermore, fungi are ubiquitous in atmospheric and aquatic environments where they 
assimilate organic material and produce organic acids including oxalic, lactic, formic, ace-
tic, and citric acids. McKenzie et al. [29] found the production of citric, cis-aconitic, isocit-
ric, and α-Ketoglutaric acid with C. resinae growing in the jet fuel. These acids are able to 
facilitate an alloy pitting corrosion through a decrease in the pitting potential of aluminum 
alloys [30].

The organic anions produced by metabolic activity are able to activate the passive aluminum. 
Schiapparelli and Meybaum [31] proposed a chemical reaction between the metal surface and 
organic acid, which could be controlling the corrosion process, this reaction is expressed in 
the next Eq. (1);

  n  X   −  + Al → Al  X  n  −  (  n−3 )       
 H  2  O   ⎯ →   Al   (  OH )    3   + 3  H   +  + n  X   −   (1)

Where X is the aggressive anion of a metabolic product from bacteria. The compound formed 
by the reaction between the anion and the aluminum would be of the non-stoichiometric type 
and produced pitting and is independent of the electrolyte used. Eq. (2) shows the kinetics of 
the pit growth that approaches the Engell-Stolica relation [32].

Figure 1. The physical presence of microbial cells on a metal surface as well as their metabolic activities, modify 
electrochemical processes. The adsorbed cells grow and reproduce, forming colonies that constitute physical anomalies 
on a metal surface, resulting in the formation of local cathodes or anodes.
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From Eq. (2), “i” is the current density measured at the whole electrode, and “A” and “b” are 
constants. Therefore, the presence of anions does not change the kinetics of pit growth, show-
ing an exponential coefficient approximately equal to 1. It is generally accepted that the rate 
of pit propagation follows Eq. (2) and, the exponential coefficient b is a constant dependent 
on pit geometry.

Citrate and oxalate anions are able to form soluble complexes with the aluminum ions. The 
experimental results using citrate, oxalate, and acetate anions show that these anions act as pit-
ting inhibitors increasing the pitting potential of 2024 alloys in neutral chloride solutions toward 
more positive values [30]. Similar results were reported by Rudd and Scully for aluminum in 
chloride solutions containing citrate anions. The inhibitory effect of acetate and oxalate anions 
in neutral media can be explained by the formation of a precipitation type compound [33]. On 
the contrary, acetic and oxalic acid increase the corrosion rate of aluminum which depends on 
the pH value. In the acid solutions, pitting occurs at more negative values than in neutral chlo-
ride solutions. The acidity can prevent the re-passivation process facilitating pitting. Besides, in 
the acid solutions, pitting can be accomplished by the formation of soluble complexes between 
the organic acid anions and the aluminum cations, thus increasing the dissolution rate [34]. 
Moreover, another investigation also reported an increase of the pitting potential of aluminum 
in presence of chloride solutions as the acetate concentration increases [35].

2.3. Enzymatic activity

Two mechanisms for microbiologically influenced corrosion of aluminum alloys has been 
largely documented, which are (a) production of water-soluble organic acids and (b) for-
mation of differential aeration cells. Nonetheless, a recent study has inquired a mechanism 
related to enzymatic activity as metabolic product of bacteria.

Enzymatic activity is evidenced in the formation of corrosion products and has been con-
sidered one of the most important processes and a key to explain the microbial corrosion of 
aluminum alloys. Hedrick et al. [36] found that the transformation or dissolution of certain 
metallic atoms can be linked to the presence of extracellular enzyme by comparing the degree 
of attack to the magnesium content of different in aluminum alloys, given the importance of 
magnesium ions in microorganism growth.

In a recent work carried out by our group, we isolated and identified an aggressive bacteria 
to AA 7075-T6. The bacteria were found in corrosion product of a drain valve from mili-
tary aircraft, and it is closely related to Bacillus megaterium species [37]. B megaterium bacteria 
have been declared before, by other authors, as fuel tank microbial contaminant of the United 
States Air Force aviation [21]. The presence of this type of bacteria in fuel tanks and drain 
valves [23] could be caused by changes in refinery practices and chemical composition of fuels 
or possibly by the increased use of fuel additives [20]. In the laboratory study using B. mega-
terium and AA 7075-T6, the results showed, after 14 days, an increase of the corrosion current 
nearly to three orders of magnitude in comparison with sterile control. By electrochemical 
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impedance spectroscopy (EIS), we found that this microorganism can change the pH in the 
interface. The enzymatic activity could be related to this change.

Bacteria have evolved specific mechanisms to prevent production and adverse effects of reac-
tive oxygen species (ROS). Catalase is an integral component of the bacterial cell response 
to oxidative stress, and together with superoxide dismutase and alkyl hydroperoxidases, it 
is thought to limit the accumulation of reactive oxygen species, such as hydrogen peroxide 
(H2O2) by catalyzing its decomposition to water and oxygen [38]. An adapted schematic rep-
resentation of the proposed catalase mechanism by Busalmen et al. is shown in Figure 2 [39]. 
It is commonly accepted that oxygen reduction can proceed through a parallel mechanism 
involving the direct reduction via four electrons and a pathway where intermediate peroxide 
is formed. In this last case, oxygen electro-reduction proceeds by the transference of two elec-
trons producing H2O2 as an intermediate compound and then to hydroxyl ions by the transfer-
ence of two more electrons and ultimately increasing the local pH to alkaline conditions [40].

A schematic representation of the proposed catalase mechanism in a metallic surface is shown 
in Figure 2. It is commonly accepted that oxygen reduction can proceed through a parallel 

Figure 2. Proposal of microbial corrosion mechanism for catalase. The electrochemical reduction of oxygen to OH− is 
coupled with the enzymatic decomposition of hydrogen peroxide by an autocatalytic cycle. Kn is the rate constant at 
their respective step (n). Species in solution (sol) or adsorbed to the metallic surface (ads) are indicated.
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mechanism involving the direct reduction via four electrons and a pathway where intermedi-
ate peroxide is formed. In this last case, oxygen electro-reduction proceeds by the transference 
of two electrons, with the production of H2O2 as an intermediate compound (kII), and then to 
hydroxyl ions by the transference of two more electrons. In the figure, the rate constant kIII 
represents the second two electrons transferred, yielding low levels of H2O2 in solution. The 
electro-reduction of peroxide can be inhibited depending on the composition of the surface 
oxides, favoring its desorption to the solution (kIV). The catalase mechanism is based on the 
enzymatic conversion of electrochemically produced H2O2 to water and oxygen in the prox-
imity of the surface (Km).

3. Future in mitigation methods

Among the strategies to mitigate or control the effects of MIC in material using aircraft indus-
try, biocides are the most widely applied. This approach aims to reduce microorganisms in 
both, number and type within a given system. In general, biocides may be inorganic com-
pounds such as ozone, chlorine, and bromine, and organic compounds such as isothiazolone, 
quaternary ammonium, and aldehydes (glutaraldehyde and acrolein), which have the ability 
to disrupt cellular physiology by disrupting the membrane of the cell, interfering with cel-
lular metabolic processes, or by interrupting the ability of the cell to generate energy in the 
form of ATP [41]. One of the problems associated with the use of biocides is the inability to 
effectively penetrate biofilms. Furthermore, due to the high toxicity of antibacterial applied 
in the industry and in view of complex environmental, ecological, and economic constraints 
placed by international organizations, great efforts have been focused on the development of 
benign biocides to prevent bacterial colonization and subsequently the formation of biofilms 
[42]. In recent years, a number of biocides that could be used to mitigate biocorrosion in the 
aeronautical industry have been proposed.

3.1. Enzymatic activity inhibition

One of the most interesting strategies of biocides is their action as enzymatic activity inhibi-
tors. Although these compounds do not eliminate the bacteria, they do however reduce their 
metabolic activities rendering them harmless. A compound with potential development and 
application in the aeronautical industry is capsaicin compound. The capsaicin (Figure 3) is 
known as the main component of red pepper species (Capsicum species). It is composed 
of three major functional moieties, namely, a vanilloid, an amide, and a hydrophobic side 
chain. Capsaicin and its synthetic derivatives have been extensively investigated in the fields 
of pharmacy [43], neuroscience [44], and antimicrobial drugs [45]. At present, following the 
evaluation of inhibition of zebra mussel attachment, capsaicin showed the most promising 
activity, being highly antifouling (EC50 13.7 mM) but weakly toxic toward mussels and 
water fleas [46] and consequently may be more promising as an environmentally friendly 
antifoulant [47].

Studies carried out using microalgae P. tricornutum showed that the reactive oxygen species 
(ROS) levels were significantly increased in nonivamide (Capsaicin)-treated algae [48]. Algal 
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antioxidants, including catalases (CAT), peroxidases (POD), superoxide dismutase (SOD), 
and glutathione (GSH), were all stimulated by the ROS burst. The overproduction of ROS 
substances can consume large amounts of metabolic energy and also lead to the loss of photo-
synthetic pigments and lipid membrane damages, thereby inhibiting algal growth.

3.2. Colonization and biofilms formation inhibition

The composition of the biofilms is due to the combination of the following: active secretion, 
shedding of cell surface material, cell lysis, and/or adsorption of substances from the environ-
ment like organic and inorganic compounds. EPSs usually include organic acid with functional 
groups, such as carboxylic and amino acids that readily bind metal ions. EPSs are also related 
to increased biofilm resistance to biocides and other antimicrobial compounds [49]. Therefore, 
the adherence of bacteria on the metallic surface could be the key to blocking many metabolic 
activities of the bacteria that ultimately lead to aluminum alloy corrosion. There are currently 
two methods by which it possible to inhibit the action of bacteria to colonize the surface, (a) 
the modification of the metallic surface toward a super-hydrophobic surface or (b) use d-amino 
acids to prevent the biofilms formation. The first case, the super-hydrophobic modified metal-
lic surface could prevent the attachment of microorganism on the aluminum alloy. The second 
case, the use of d-amino acids could lead a breakdown of a biofilm formed on a metallic sub-
strate, and/or the presence of specific quantities could avoid the development of biofilm.

3.3. Super-hydrophobic surface

The sorption of microorganisms to surfaces is an important factor in microbial adhesion on 
the metallic surface. This task is accomplished by an initial reversible phase of bacterial sorp-
tion to the solid surfaces which are time-dependent, following a cell growth, and finally an 
irreversible phase of sorption of some of the bacteria [50]. After that, the development and 
growth of biofilms take place.

The considerable importance of characteristic of the surfaces in corrosion resistance, the 
super-hydrophobic modified surface, inspired by nature, is one the most interesting strategies 
to avoid corrosion [51]. Superhydrophobic surfaces, with water contact angles (CA) greater 
than 150°, are recently interest due to their self-cleaning character. In order to generate such 
a modified surface, including micro- and/or nanostructures, or low surface energy coating 
should be considered. Many attentions are now focused on the design of microstructure sur-
face with the advancement of nanotechniques, such as chemical vapor deposition, chemical 
etching, template-based extrusion, and electro-deposition [40].

Figure 3. Capsaicin structure.
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Surface wetting behavior can generally be broken down into different regimes, based on the 
value of water contact angle (WCA). Two traditional regimes are the hydrophilic and hydro-
phobic regimes, defined as WCAs in the range of 10° < θ <90° and 90° < θ <150°, respectively. 
Hydrophobic coatings are intensively used in plenty of engineering applications; moreover, 
they are widely used in paint and varnish industries. Although hydrophobic and hydrophilic 
regimes comprise a vast amount applications, superhydrophobic and superhydropholic 
regimes, which describe the extremes surface wetting behavior, are much more interesting. 
Superhydrophilicity, which is characterized by WCAs in the range of θ <10°, within 1 s of the 
initial wetting, describes nearly perfect wetting. In contrast, superhydrophobicity, described 
by WCAs of θ >150°, describes a state of nearly perfect nonwetting (Figure 4) [52].

Corrosion resistance can be improved by introducing the anticorrosive coatings on the sur-
face of aluminum and its alloys, e.g., preparing the chromate-based coatings or surface anod-
izing [53]. Chromate-based coatings can provide highly effective corrosion protection, but 
environmental regulations are increasingly restricting their use, while the anodization will 
increase the weight of the aluminum and its alloys. Given the strong water repulsive property 
of the superhydrophobic surfaces, they make a promising technology for slowing the break-
down of the native aluminum oxide layer and thereby retarding corrosion of the aluminum 
layer underneath. As a result, the anticorrosion performance of aluminum and its alloys may 
be improved due to superhydrophobic surfaces which inhibit the contact of a surface with 
water, environmental humidity, and corrosive medium. However, in these cases, either spe-
cial equipment/complex process control is required, or caustic or costly reagents, for instance, 
HNO3, HF, H2O2, or fluoride are needed. Consequently, these methods/procedures may result 
problematic as either pollution or expensive methods. Therefore, a simple, inexpensive, and 
environment friendly fabrication method is quite needed, since it is very advantageous for 
industrial large scale production. Herein, work with a novel method for the preparation of 
super-hydrophobic surfaces on the aluminum alloys is very important.

Some work has been reported on the fabrication of super-hydrophobic aluminum surfaces 
using chemical etching techniques. The aforesaid chemical etching technique is an inex-
pensive and simple method to produce artificial super-hydrophobic coatings. Recently, 

Figure 4. Schematic of contact angle (CA) for a water drop placed on surfaces of different hydrophobicity.
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Xie et al. [54] developed super-hydrophobic aluminum surface by a chemical etching pro-
cess using NaOH solution as an etchant and lauric acid as a low surface energy material. 
Wang et al. [55] worked on aluminum alloy using stearic acid. Their results showed long 
time stability and excellent resistance to corrosive liquids including acidic, basic, and salt 
solutions. The procedures are fairly facile to carry out, and no special technique or equip-
ment is required. Moreover, only the ordinary reagents, such as the boiling water, ethanol, 
stearic acid, etc., are used in the procedure (Figure 5). The methods are also environmental 
friendly, while the as-fabricated super-hydrophobic aluminum alloy surface could confer 
excellent corrosion resistance. Therefore, the methods using super-hydrophobic modified 
surface are a promising alternative due to involving the main step of attachment of bacteria 
on a metallic surfaces of aluminum alloys.

3.4. d-Amino acids

In all life kingdoms, organisms predominantly use and synthesize l-type enantiomers of 
amino acids. On the other hand, d-type amino acids are accumulated in millimolar quantities 
in the supernatant of bacterial cultures in stationary phase, and whose function is to modulate 
the synthesis of peptidoglycan (PG). PG is a strong and elastic polymer and main component 
structural supports of bacterial cell wall, controlling the turgor and stability of cell wall in 
front to change of the environment.

About of the application of D-aminoacids, as both, corrosion and biocorrosion, not much 
evidence that show to these amino acids as corrosion promoters [10]; on the contrary, authors 
suggest that d-amino acids have inhibitors effect [17]. Zhuo et al. studied peptides of 12 amino 
acids in length which are bind to aluminum inhibiting the corrosion [56].

Lam et al. found that bacteria Vibrio cholerae produce d-methionine and d-leucine, while 
Bacillus subtilis produce d-tyrosine and d-phenylalanine [57]. These amino acids produced by 
bacteria are a common strategy to adapt in changing environmental conditions. Moreover, a 
mix of d-amino acids can control the biofilms formation or breakdown. Kolodkin-Gal et al. 
found that Bacillus subtilis, Staphylococcus aureus, and Pseudomonas aeruginosa produce a mix 
of d-amino acids between leucine, methionine, tyrosine, and tryptophan, which prevented 
the biofilms formation and could break down existing biofilms [58]. Cava et al. evaluated 
how extracytoplasmic processes regulate the biofilm formation; the authors also showed 
that d-amino acids are secreted outside of bacteria and perform to regulate the biofilms [59]. 
Figure 6 shows a representative mechanism of the d-amino acids proposed by Cava et al.

Figure 5. Schematic diagram of simple method to obtain super-hydrophobic modified surface.
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The detachment of the biofilm from the substrate has been studied. Xu and Liu evaluated the 
d-tyrosine in the detachment behavior of biofilms of Vibrio harveyi [60]. These studies showed 
that d-tyrosine has two effects, inhibited microbial attachment and promoted biofilm detach-
ment, and in addition, the production of EPS was significantly suppressed.

Considering the potential of d-amino acids as inhibitors in biocorrosion is due to their low tox-
icity. Studies have used mixtures of d-amino acids together with corrosion inhibitors. Xu et al. 
tested a mixture of d-methionine and tetrakis hydroxymethyl phosphonium sulfate (THPS) 
for biocorrosion inhibition of carbon steel exposure to Desulfovibrio vulgaris [61]. The author 
concludes that the binary mixture of d-amino acid and THPS prevented biofilm formation 
and removed pre-established biofilms from surfaces, and it also reduced MIC pitting of the 
carbon steel coupon. Further investigation by Xu et al. showed that applying a mixture of 
d-amino acids and THPS is more effective in developing biofilm inhibition than using either 
compound on its own. The amino acid cocktail in question is being constituted by d-tyrosine, 
d-methionine, d-tryptophan, and d-leucine [62]. These results offer significant candidates in 
the search for efficient biocides, since one of the problems that arise with the use of these treat-
ments is the deactivation of biocides by the biofilms.

4. Conclusions

Aluminum and its alloys are susceptible to microorganism attached, as both fungus and bac-
teria. The susceptibilities have been related to the chemical composition of the alloy and the 
morphology and topography of the surface associated with roughness parameters. Report of 
attaching of microorganism on aluminum alloy is fuel line system, mainly due to the fuel is 
a source food but is not enough to microorganism growth and development of biofilms, also 
some salts are necessary, for instead, magnesium salts. The magnesium could be obtained 
from the metallic substrate. On the other hands, the role in the bacterial activity of another 
metal present in the surface of an alloy is not clear. In fact, the knowledge related to antibacte-
rial properties of the intermetallic (θ phases, rich in copper) in AA 2024-T3 is poor, and at the 
same time, the role of the intermetallic containing zinc metal in AA 7075-T6.

Figure 6. Schematic representation of the mechanism of d-amino acids in the breakdown of biofilms.
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The interactions of the alloys and bacteria, in most of the cases studied, cause a detrimental 
by the influence of the microorganisms in corrosion phenomenon. The biocorrosion has been 
widely studied, and the research shows a correlation of microorganism activity and corrosion 
acceleration. The microbiologically influenced corrosion in aluminum and its alloy are related 
to three mechanisms: (a) Differential oxygen cell, (b) weakening of the aluminum oxide films 
by the presence of organic acids, and (c) extracellular enzyme activity which including the 
catalase enzyme. However, some articles indicate that sulfate reducing bacteria as responsible 
for corrosion in aluminum and copper containing alloys such as Monel [63]. The anaerobic 
bacteria activity in biocorrosion of aluminum alloys is not clear, and it is very interesting to 
evaluate the anaerobic bacteria in consequences of degradation of organic materials as fuel 
and corrosion of aluminum alloys.

The primary effect of the microorganisms is the destabilization of the aluminum protective 
oxide film either mechanically or chemically. Once biofilm is formed on the metallic substrate, 
a local corrosion is developed. The local corrosion of aluminum alloy is a catastrophic prob-
lem in the aircraft industry.

The interdisciplinary studies are essential to understand the biocorrosion phenomenon and 
the main proposed mitigation strategies and methodology including different scientific area as 
engineering, chemical, and biological. Effective methodologies to inhibit the adverse effect of 
the microbiologically influenced-corrosion have not been developed. The creation of effective 
methodologies is a great challenge, due to the biocorrosion phenomenon is a complex with 
many variables, and moreover, the plan of action should include green methods (reagent and 
procedures).
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Abstract

Aluminum alloy are gaining huge industrial significance because of their outstanding
combination of mechanical, physical and tribological properties over the base metal.
Alloying elements are selected based on their individual properties as they impact on
the structure and performance characteristics. The choice of this modifier affects the
materials integrity in service resulting to improved corrosion, tribological and mechan-
ical behavior. Hence, the need to understand typically the exact inoculants that could
relatively impact on the low strength, unstable mechanical properties is envisage with
the help of liquid stir casting technique. In this contribution, sufficient knowledge on Al
alloy produced by stir casting will be reviewed with close attention on how the struc-
tural properties impact on the mechanical performance.

Keywords: aluminum alloy, alloying element, liquid stir casting technique,
reinforcement

1. Introduction

The chemical composition consisting of an aluminum alloy is added to pure aluminum in
order to improve its properties for the primary purpose of increasing the strength. The other
elements such as iron, magnesium, manganese, zinc and silicon is added to build up 15% alloy
by weight. If the aluminum is in molten form, the other elements is mixed with aluminum to
produce the required alloy. [1]. Pure aluminum is not usually used for structural applications
and that in order to produce aluminum that is of adequate strength for the manufacture of
structural components, it is necessary to add other elements to the aluminum [1, 2]. The
strength characteristic of aluminum (1xxx series) makes it a useful product for structural
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1. Introduction

The chemical composition consisting of an aluminum alloy is added to pure aluminum in
order to improve its properties for the primary purpose of increasing the strength. The other
elements such as iron, magnesium, manganese, zinc and silicon is added to build up 15% alloy
by weight. If the aluminum is in molten form, the other elements is mixed with aluminum to
produce the required alloy. [1]. Pure aluminum is not usually used for structural applications
and that in order to produce aluminum that is of adequate strength for the manufacture of
structural components, it is necessary to add other elements to the aluminum [1, 2]. The
strength characteristic of aluminum (1xxx series) makes it a useful product for structural
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fabrication. The pure aluminum contains levels of impurities such as iron and silicon that
enables it to respond to strain hardening even though 1xxx series is the same as pure alumi-
num [3]. To compare these alloys with other series aluminum alloys we observe it have a very
low strength. The major properties considered when chosen these alloys for structural appli-
cation is their superior corrosion resistance and their high electrical conductivity [4, 5].

The principal method of producing a selection of different materials that can be used in
different structural application is the mixture of alloying elements with the aluminum itself.
One can deduce that the different alloy element used to produce each of the alloy series from
the seven selected aluminum alloy series. We studied the effects of these elements on alumi-
num [6]. Table 1 shows the test result of different mechanical properties of alloys.

Alloy Temper Proof
stress
0.20%
(MPa)

Tensile
strength
(MPa)

Shear
strength
(MPa)

Elongation
A5 (%)

Elongation
A50 (%)

Hardness
Brinell
HB

Hardness
Vickers
HV

Fatigue
endurance
limit (MPa)

H2 85 100 60 12 30 30

AA1050A H4 105 115 70 10 9 35 36 70

H6 120 130 80 7 39

H8 140 150 85 6 5 43 44 100

H9 170 180 3 48 51

0 35 80 50 42 38 21 20 50

T3 290 365 220 15 15 95 100 250

T4 270 350 210 18 18 90 95 250

AA2011 T6 300 395 235 12 12 110 115 250

T8 315 420 250 13 12 115 120 250

H2 115 135 80 11 11 40 40

H4 140 155 90 9 9 45 46 130

H6 160 175 100 8 6 50 50

H8 180 200 110 6 6 55 55 150

H9 210 240 125 4 3 65 70

0 45 105 70 29 25 29 29 100

H2 240 330 185 17 16 90 95 280

H4 275 360 200 16 14 100 105 280

AA3103 H6 305 380 210 10 9 105 110

H8 335 400 220 9 8 110 115

H9 370 420 230 5 5 115 120

0 145 300 175 23 22 70 75 250

H2 165 210 125 14 14 60 65

H4 190 230 135 13 12 65 70 230

AA5083 H6 215 255 145 9 8 70 75

H8 240 280 155 8 7 80 80 250
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1.1. Principal effects of alloying elements in aluminum

1.1.1. Unalloyed aluminium 1xxx series

This alloy consists of 99% of aluminum in high purity.

Properties of aluminum 1xxx series

• Perfect corrosion resistance.

• Effective workability.

• High thermal and electrical conductivity.

Alloy Temper Proof
stress
0.20%
(MPa)

Tensile
strength
(MPa)

Shear
strength
(MPa)

Elongation
A5 (%)

Elongation
A50 (%)

Hardness
Brinell
HB

Hardness
Vickers
HV

Fatigue
endurance
limit (MPa)

H9 270 310 165 5 4 90 90

0 80 180 115 26 25 45 46 200

H2 185 245 150 15 14 70 75

H4 215 270 160 14 12 75 80 250

AA6063 H6 245 290 170 10 9 80 85

H8 270 315 180 9 8 90 90 280

H9 300 340 190 5 4 95 100

0 100 215 140 25 24 55 55 220

0 50 100 70 27 26 25 85 110

T1 90 150 95 26 24 45 45 150

T4 90 160 110 21 21 50 50 150

T5 175 215 135 14 13 60 65 150

AA5251 T6 210 245 150 14 12 75 80 150

T8 240 260 155 9 80 85

0 60 130 85 27 26 35 35 120

T1 170 260 155 24 24 70 75 200

AA6082 T4 170 260 170 19 19 70 75 200

T5 275 325 195 11 11 90 95 210

T6 310 340 210 11 11 95 100 210

T6 240 290 8

AA6262 T9 330 360 3

0 105 225 150 17 60 65 230

AA7075 T6 505 570 350 10 10 150 160 300

T7 435 505 305 13 12 140 150 300

Table 1. Mechanical properties of different aluminum alloys [7].
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strength
(MPa)

Shear
strength
(MPa)

Elongation
A5 (%)

Elongation
A50 (%)

Hardness
Brinell
HB

Hardness
Vickers
HV

Fatigue
endurance
limit (MPa)

H2 85 100 60 12 30 30

AA1050A H4 105 115 70 10 9 35 36 70

H6 120 130 80 7 39

H8 140 150 85 6 5 43 44 100

H9 170 180 3 48 51

0 35 80 50 42 38 21 20 50

T3 290 365 220 15 15 95 100 250

T4 270 350 210 18 18 90 95 250

AA2011 T6 300 395 235 12 12 110 115 250

T8 315 420 250 13 12 115 120 250

H2 115 135 80 11 11 40 40

H4 140 155 90 9 9 45 46 130

H6 160 175 100 8 6 50 50

H8 180 200 110 6 6 55 55 150

H9 210 240 125 4 3 65 70

0 45 105 70 29 25 29 29 100

H2 240 330 185 17 16 90 95 280

H4 275 360 200 16 14 100 105 280

AA3103 H6 305 380 210 10 9 105 110

H8 335 400 220 9 8 110 115

H9 370 420 230 5 5 115 120

0 145 300 175 23 22 70 75 250

H2 165 210 125 14 14 60 65

H4 190 230 135 13 12 65 70 230

AA5083 H6 215 255 145 9 8 70 75

H8 240 280 155 8 7 80 80 250
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1.1. Principal effects of alloying elements in aluminum

1.1.1. Unalloyed aluminium 1xxx series

This alloy consists of 99% of aluminum in high purity.

Properties of aluminum 1xxx series

• Perfect corrosion resistance.

• Effective workability.

• High thermal and electrical conductivity.

Alloy Temper Proof
stress
0.20%
(MPa)

Tensile
strength
(MPa)

Shear
strength
(MPa)

Elongation
A5 (%)

Elongation
A50 (%)

Hardness
Brinell
HB

Hardness
Vickers
HV

Fatigue
endurance
limit (MPa)

H9 270 310 165 5 4 90 90

0 80 180 115 26 25 45 46 200

H2 185 245 150 15 14 70 75

H4 215 270 160 14 12 75 80 250

AA6063 H6 245 290 170 10 9 80 85

H8 270 315 180 9 8 90 90 280

H9 300 340 190 5 4 95 100

0 100 215 140 25 24 55 55 220

0 50 100 70 27 26 25 85 110

T1 90 150 95 26 24 45 45 150

T4 90 160 110 21 21 50 50 150

T5 175 215 135 14 13 60 65 150

AA5251 T6 210 245 150 14 12 75 80 150

T8 240 260 155 9 80 85

0 60 130 85 27 26 35 35 120

T1 170 260 155 24 24 70 75 200

AA6082 T4 170 260 170 19 19 70 75 200

T5 275 325 195 11 11 90 95 210

T6 310 340 210 11 11 95 100 210

T6 240 290 8

AA6262 T9 330 360 3

0 105 225 150 17 60 65 230

AA7075 T6 505 570 350 10 10 150 160 300

T7 435 505 305 13 12 140 150 300

Table 1. Mechanical properties of different aluminum alloys [7].
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Uses of Aluminum 1xxx series

• Transmission of electricity or power grid.

• To connect natural grid across the country [8, 9].

1350 alloy designation is for electrical applications while 1100 alloy designation is for food
packaging trays. The most common applications for the 1xxx series alloys are aluminum foil,
electrical buss bars, metallizing wire and chemical tanks and piping systems [10].

1.1.2. Copper (Cu) 2xxx

The alloy of aluminum and copper consist of 2–10% of copper with other traces of elements.
Figures 1–3 are the SEM micrograph of the different quantity of Fe 0.53 in Cu sample.

Uses of copper

• It provides strength and facilitates precipitation hardening.

• It reduces ductility and corrosion resistance.

• It contains highest strength heat treatable aluminum alloys.

• It is applied in aerospace, military vehicles and rocket fins [11, 13].

Figure 1. SEM micrograph of the Fe 0.53 Cu sample (�500).
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Figure 2. SEM micrograph of the Fe 0.21 Cu sample (�500) [11].

Figure 3. SEM micrograph of the control sample of Fe in Cu (�500) [12].
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1.1.3. Manganese (Mn) 3xxx

The alloy of manganese and aluminum results to improvement in strain hardening and
strengthening but does not reduce ductility or corrosion resistance. It retains strength when
used on non-heat treatable materials. The uses of 3xxx series alloys are cooking utensils,
radiators, evaporators, heat exchangers and associated piping systems [14]. Figure 4 is the
SEM micrograph of manganese in iron and EDX of manganese ferrite (Mn-Fe2O4) powder
prepared by hydrothermal route.

Figure 4. (a) SEMmicrograph and (b) EDX of manganese ferrite (Mn-Fe2O4) powder prepared by hydrothermal route [15].
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1.1.4. Silicon (Si) 4xxx

The alloy of silicon and aluminum reduces the melting point of temperature and enhances
fluidity. Figure 5 is the SEM micrograph of cast aluminum-silicon alloys.

Uses of silicon

• It produces a non-heat-treatable alloy.

• Silicon with magnesium produces a precipitation hardening heat-treatable alloy.

• Alloy of silicon and aluminum are used for the manufacturing of castings [17].

• They are also used as filler wires for fusion welding.

Figure 5. Commercial cast aluminum-silicon alloys. (a) Al-Si equilibrium diagram; (b) microstructure of hypoeutectic
alloy (1.65–12.6 wt.% Si) 150; (c) microstructure of eutectic alloys (12.6% Si) 400; and (d) microstructure of hypereutectic
alloy (>12.6% Si) 150 [16].
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1.1.5. Magnesium (Mg) 5xxx

We used solid solution strengthening to improve strain hardening of metal by the alloy of
magnesium with aluminum. Figure 6 SEM micrograph of a magnesium material with porous
microstructure produced using space-holding particles.

Uses of magnesium

• They are used extensively for structural applications.

• The 5xxx series alloys are produced mainly as sheet and plate [19].

• They are also used in truck and train bodies, armored vehicles, ship and boat building,
chemical tankers, pressure vessels and cryogenic tanks.

1.1.6. Magnesium and silicon (Mg2Si) 6xxx

The alloy of magnesium and silicon to aluminum forms the compound magnesium-silicide
(Mg2Si). The 6xxx series provides heat treatability through the formation of this compound.
They are easily and economically separated and often found in an extensive selection of
extruded shapes. Uses of this alloy: bicycle frames, scaffolding, drive shafts, automotive frame
sections,, tubular lawn furniture, stiffeners and braces used on trucks, boats and many other
structural fabrication. Figures 7–9 are SEM image of magnesium and silicon taken at different
temperatures.

Figure 6. SEM micrograph of a magnesium material with porous microstructure produced using space-holding particles
[18].
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1.1.7. Zinc (Zn) 7xxx

The mixture of zinc and aluminum with other trace element such as magnesium and copper
produces heat-treatable strong aluminum alloys. The zinc add to the strength and allow
precipitation hardening. Some of these alloys are subject to stress corrosion cracking and for
this reason are not usually fusion welded. There is a decrease in the 7xxx series Al alloys with
these over-aging treatments. The 7xxx series Al alloys and re-aging (RRA) treatment possess

Figure 7. SEM image taken after heating to 400�C and exposure to air.

Figure 8. SEM image after heating to 490�C.
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high strength and good SCC resistance [12]. However, the RRA treatment shows short retro-
gression time and cannot be used for large-section Al alloys. Novel heat treatment have been
developed to keep the high strength of the 7xxx series Al alloys and improve their corrosion
resistance simultaneously [15, 20] advanced a novel aging treatment, called high temperature
pre-precipitation(HTPP) aging treatment. In the present work, the comparative study of the
effects of the various heat treatments, especially the secondary aging and HTPP aging omits
tensile properties, corrosion behaviors and microstructures was carried out on different alloy
group. Other alloys within this series are often fusion welded with excellent results. Some of
the common applications of the 7xxx series alloys are aerospace, armored vehicles, baseball
bats and bicycle frame [16]. Figure 10 is the SEM micrograph for an aluminum alloy that is (a)
cast-solutionized, (b) cast-solutionized-aged at 20�C—60 min, (c) hot-rolled and (d) hot-rolled-
aged at 200�C—60 min.

1.1.8. Iron (Fe)

Iron is added to some pure alloys to provide the increase in strength which is the most
common impurity found in aluminum.

1.1.9. Chromium (Cr)

The essence of chromium to aluminum is to control grain structure, to protect grain growth in
aluminum-magnesium alloys, and to prevent recrystallization in aluminum-magnesium-sili-
con or aluminum-magnesium-zinc alloys during heat treatment. Chromium will also reduce
stress corrosion y and improves toughness.

Figure 9. SEM after heating to 500�C [15].
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1.1.10. Nickel (Ni)

Alloy of Nickel and aluminum-copper improve hardness and strength at elevated tempera-
tures and reduce the coefficient of expansion.

1.1.11. Titanium (Ti)

Titanium is added to aluminum to serves as a grain refiner. The grain refining effect of
titanium is enhanced if boron is present in the melt or if it is added as a master alloy containing
boron largely combined as TiB2. Titanium is a common addition to aluminum weld filler wire
as it refines the weld structure and helps to prevent weld cracking.

1.1.12. Zirconium (Zr)

The fine precipitate of intermetallic particles that inhibit recrystallization is produced when
Zirconium is added to aluminum.

Figure 10. SEM micrograph for an aluminum alloy that is (a) cast-solutionized, (b) cast-solutionized-aged at 20�C—
60 min, (c) hot-rolled and (d) hot-rolled-aged at 200�C—60 min [20].
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1.1.13. Lithium (Li)

The addition of lithium to aluminum increases strength and Young’s modulus, It also provide
precipitation hardening and decreases density.

1.1.14. Lead (Pb) and Bismuth (Bi)

These are added to aluminum to assist in chip formation and improve machinability. These
free machining alloys are not weld able because the lead and bismuth produce low melting
constituents and can produce poor mechanical properties and high crack sensitivity on solid-
ification [6]. Figure 11 is the microstructure of alloy Al-6.16Zn-3.02 Mg-1.98Cu, aged at 172�C
for 4 h: (a) SEM micrograph, showing S phase and Al7Cu2Fe particle; (b) TEM micrograph,
showing η phase and Al7Cu2Fe particles [21].

Figure 11. Microstructures of alloy Al-6.16Zn-3.02 Mg-1.98Cu, aged at 172�C for 4 h: (a) SEM micrograph, showing
S phase and Al7Cu2Fe particle; (b) TEM micrograph, showing η phase and Al7Cu2Fe particles [21].
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1.2. Other applications of aluminum alloy

• In the chemistry

The properties of aluminum such as strength, density, workability, electrical conductivity and
corrosion resistance are affected by adding other elements such as magnesium, silicon or zinc.

• Bradley fighting vehicle

7xxx series and 5xxx series aluminum alloys is used to produce the military Bradley Fighting
Vehicle.. It is trusted to keep soldiers safe and mobile, aluminum is also used in many other
military vehicles.

• Our favorite beverage container

Aluminum alloys is used to produce America’s favorite beverage container, the aluminum can,
is made from multiple. The shell of the can is composed of 3004 and the lid is made from 5182.
Sometimes it takes more than one alloy to make one, everyday item [7].

• Hot and cold

Application involving the use of aluminum alloys is made stronger through heat-treatment or
cold working. The attributes of a particular alloy are different because of their additives and
treatment. Table 2 is the percentage composition of aluminum alloys of different metal.

1.3. Aluminum alloy designation

Aluminum alloys for sheet products are identified by a four-digit numerical system which is
administered by the Aluminum Association. The alloys are conveniently divided into eight
groups based on their principal alloying element [9]. Table 3 shows the different alloy group
and alloying element.

Element Si Fe Cu Mn Mg Cr Zn

wt.% 0.4 0–5 0.1 0.2 3.5 0.05 0.25

Table 2. Composition of aluminum alloys.

Alloy group Principal alloying element % Aluminum

1xxx Unalloyed aluminum Purity of 99.0%

2xxx Copper Heat treatable alloys

3xxx Manganese Non heat treatable alloys

4xxx Silicon Low melting point alloys

5xxx Magnesium Non heat treatable alloys

6xxx Magnesium and silicon Heat treatable alloys

7xxx Zinc Heat treatable alloys

8xxx Other elements None

Table 3. Different alloy group and alloying element.
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2. Methodology

2.1. Stir casting

Stir casting is generally accepted as a particularly promising route, currently practiced com-
mercially. Its advantages lie in its simplicity, flexibility and applicability to large quantity
production. Stir casting is a liquid state method of composite materials fabrication, in which a
dispersed phase (ceramic particles, short fibers) is mixed with a molten matrix metal by means
of mechanical stirring. It is also attractive because, in principle, it allows a conventional metal
processing route to be used, and hence minimize the final cost of the product. The liquid
composite material is then cast by conventional casting methods and may also be processed
by conventional Metal forming technologies [9]. Factors considered in preparing metal matrix
composites by stir casting method are [10],

• To ensure uniform distribution of the reinforcement material

• It is to achieve wettability between the two main substances

• To control porosity in the cast metal matrix composite

The material properties and process parameters are used to determine the final distribution of
the particles in the solid such as the wetting condition of the particles with the, melt, relative
density strength of mixing,, and rate of solidification. The distribution of the particles in the
molten matrix depends on the geometry of the mechanical stirrer, stirring parameters, place-
ment of the mechanical stirrer in the melt, melting temperature, and the characteristics of the
particles added [5].

2.2. Process parameters

2.2.1. Stirrer design

Stirrer design is used in stir casting process to form vortex. The blade angle and number of
blades give the flow pattern of the liquid metal. The stirrer is immersed to two third the depth
in molten metal. The essence is for uniform distribution of reinforcement in liquid metal and
perfect interface bonding.

2.2.2. Stirring speed

Stirring speed is an important parameter to promote binding between matrix and reinforce-
ment i.e. wettability. Stirring speed decides formation of vortex which is responsible for
dispersion of particulates in liquid metal. In our project stirring speed is 300 rpm.

2.2.3. Stirring temperature

Aluminum melts around 650�C, at this temperature semisolid stage of melt is present. Particle
distribution depends on change in viscosity. The viscosity of matrix is mainly influenced by
the processing temperature. The viscosity of liquid is decreased by increasing processing
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temperature with increasing holding time for stirring which also promote binding between
matrix and reinforcement. Good wettability is obtained beekeeping temperature at 800�C.

2.2.4. Stirring time

As stirring promote uniform distribution of reinforcement partials and interface bond between
matrix and reinforcement, stirring time plays a vital role in stir casting method. Less stirring
leads to non-uniform distribution of particles and excess stirring forms clustering of particles
at some places. Stirring time is 5 minutes in our case.

2.2.5. Preheat temperature of reinforcement

Casting process of AMC’s is difficult due to very low wettability of alumina particles and
agglomeration phenomenon which results in non-uniform distribution and poor mechanical
properties [1]. Reinforcement is heated to 500�C for 40 minutes. It removes moisture as well as
gases present in reinforcement.

2.2.6. Preheat temperature of mold

This is used to remove the entrapped gases from the slurry to go into the mold. It also
improves the mechanical properties of the cast AMC. The mold is heated to500�C for 1 h.

2.2.7. Magnesium

Addition of magnesium enhances the wettability. However increase the content above 1 wt.%
increases viscosity of slurry and hence uniform particle distribution becomes difficult [7].

2.2.8. Reinforcement feed rate

Non-uniform feed rate promotes clustering of particles at some places which causes the
porosity defect and inclusion defect, so to have a good quality of casting the feed rate of
powder particles must be uniform. The flow rate of reinforcements measured is 0.5 gram per
second [5].

2.2.9. Pouring of melt

Pouring rate and pouring temperature plays significant role in quality of casting. Pouring rate
of slurry must be uniform to avoid entrapping of gases. At this stage the temperature of melt is
800�C. The distance between mold and crucible also plays vital role in quality of casting. Apart
from this size of reinforcement plays significant role in quality of casting.

2.2.10. Speed of rotation

Speed of rotation issued to influence the structure; increase of speed promotes refinement and
very low speed results in instability of the liquid mass. It is logical to use the highest speed to
avoid tearing.
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2.2.1. Stirrer design

Stirrer design is used in stir casting process to form vortex. The blade angle and number of
blades give the flow pattern of the liquid metal. The stirrer is immersed to two third the depth
in molten metal. The essence is for uniform distribution of reinforcement in liquid metal and
perfect interface bonding.

2.2.2. Stirring speed

Stirring speed is an important parameter to promote binding between matrix and reinforce-
ment i.e. wettability. Stirring speed decides formation of vortex which is responsible for
dispersion of particulates in liquid metal. In our project stirring speed is 300 rpm.

2.2.3. Stirring temperature

Aluminum melts around 650�C, at this temperature semisolid stage of melt is present. Particle
distribution depends on change in viscosity. The viscosity of matrix is mainly influenced by
the processing temperature. The viscosity of liquid is decreased by increasing processing
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temperature with increasing holding time for stirring which also promote binding between
matrix and reinforcement. Good wettability is obtained beekeeping temperature at 800�C.

2.2.4. Stirring time

As stirring promote uniform distribution of reinforcement partials and interface bond between
matrix and reinforcement, stirring time plays a vital role in stir casting method. Less stirring
leads to non-uniform distribution of particles and excess stirring forms clustering of particles
at some places. Stirring time is 5 minutes in our case.

2.2.5. Preheat temperature of reinforcement

Casting process of AMC’s is difficult due to very low wettability of alumina particles and
agglomeration phenomenon which results in non-uniform distribution and poor mechanical
properties [1]. Reinforcement is heated to 500�C for 40 minutes. It removes moisture as well as
gases present in reinforcement.

2.2.6. Preheat temperature of mold

This is used to remove the entrapped gases from the slurry to go into the mold. It also
improves the mechanical properties of the cast AMC. The mold is heated to500�C for 1 h.

2.2.7. Magnesium

Addition of magnesium enhances the wettability. However increase the content above 1 wt.%
increases viscosity of slurry and hence uniform particle distribution becomes difficult [7].

2.2.8. Reinforcement feed rate

Non-uniform feed rate promotes clustering of particles at some places which causes the
porosity defect and inclusion defect, so to have a good quality of casting the feed rate of
powder particles must be uniform. The flow rate of reinforcements measured is 0.5 gram per
second [5].

2.2.9. Pouring of melt

Pouring rate and pouring temperature plays significant role in quality of casting. Pouring rate
of slurry must be uniform to avoid entrapping of gases. At this stage the temperature of melt is
800�C. The distance between mold and crucible also plays vital role in quality of casting. Apart
from this size of reinforcement plays significant role in quality of casting.

2.2.10. Speed of rotation

Speed of rotation issued to influence the structure; increase of speed promotes refinement and
very low speed results in instability of the liquid mass. It is logical to use the highest speed to
avoid tearing.
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2.3. Experimental setup and procedure

The process of stir casting starts with placing empty crucible in the furnace. The heated
temperature is then gradually increased up to 800�C. Aluminum alloy is cleaned to remove
dust particles, weighed and charged in the crucible for melting. Required quantities of rein-
forcement powder and magnesium powder are weighed on the weighing machine.

Reinforcements are heated for 45 minutes at a temperature of 500�C. When matrix was in the
semisolid stage condition at 650�C, 1% by weight of pure magnesium powder is used as
wetting agent. After 5 min the scum powder is added which forms a scum layer of impurity
on liquid surface which to be removed. We increase the heater temperature to 800�C. Stirring is
started at this heater temperature and continued for 5 min. Speed controller help Stirring rpm
to increase from 0 to 300 RPM. We add preheated reinforcement during 5 min of stirring.
Conical hopper is used to pour reinforcements manually with the help of. The flow rates
measured in 0.5 g/s. It is then gradually lowered to the zero. The molten composite slurry is
poured in the metallic mold without giving time for reinforcement to settle down at crucible
bottom. Before pouring the molten slurry in the mold, it is preheated at 500�C temperature for
1 h. The flow of the slurry is kept uniform to avoid trapping of gas. This is necessary to
maintain slurry in molten condition throughout the pouring. While pouring the slurry in the
mold, also distance between crucible and the mold plays a vital role in quality of casting.
Figure 12 is the Schematic view of stir casting setup.

2.4. Hardness

The Brinell hardness tests were carried out on Brinell hardness tester. Six samples of Al/Sic-
MMC’s for different sizes and weight fraction of SiC particles were prepared. After test and
hardness value on dial, the Brinell hardness values with reference to scale HRBwere taken for all
samples and shown by graphs. Impact Strength and Impact Test were carried out over Charpy

Figure 12. Schematic view of stir casting setup [7].
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Impact Testing Machine and results were recorded. According to size and weight fraction of SiC
particles, 12 specimens Al/Sic-MMC’s of Square cross-section of size (10 � 10 � 55) with single
V-notches are planned. The size of V-notches is 45

�
and 2 mm depth.

3. Results and discussions

Following conclusions are given from present work,

• Stir casing process can successfully be used for manufacturing of AMC’s having low
density and enhanced mechanical properties.

• Stir casting process is cost effective and conventional route for manufacturing of compos-
ite material.

• Material having isotropic nature can be manufactured successfully.

• Preheating of mold reduces porosity and enhances mechanical properties.

• Addition of magnesium is important to increase wettability.

• Design of stirrer decides the flow pattern of melt.

• Stirrer speed, stirring time decides quality of casting.

• Preheat temperature of mold, preheat temperature of reinforcement, reinforcement size,
reinforcement feed rate and melt pouring rate are also the important parameters in stir
casting method.

4. Conclusion

To conclude majority of authors fabricated the composite by stir casting process with different
reinforcements like SiC, Al2O3, fly ash, ground nut and rice husk ash. In this study stir casting
process is the simplest and cheapest route to fabricate the particulate type metal matrix
composites. However, agglomeration of particles added in molten matrix is the difficulty faced
by most of the authors during fabrication process. The mechanism to avoid agglomeration of
particles is through coating of the reinforcement and inert gas environment during fabrication
process. We use two step and electromagnetic stir casting process to improve the homogeneity
of particles during fabrication. This method gives high specific strength, greater strength to
weight ratio at elevated temperature, greater wear resistance as compare to matrix phase. If
you increase the Zn content, modeling results will also show that the Zn contents has been
increased, but the electrical conductivity and thermal conductivity reduce slightly with the
Zn addition. For Mg variation, the strength property of the alloy improves in the range of
2.7–2.9 wt.% Mg, Increase of Mg contents will reduce the electrical conductivity and thermal
conductivity. In general, the experimental evidence for microstructures is in accordance with
the predictions in the modeling processes [21].
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particles is through coating of the reinforcement and inert gas environment during fabrication
process. We use two step and electromagnetic stir casting process to improve the homogeneity
of particles during fabrication. This method gives high specific strength, greater strength to
weight ratio at elevated temperature, greater wear resistance as compare to matrix phase. If
you increase the Zn content, modeling results will also show that the Zn contents has been
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Abstract

Materials strengthened by conventional methods such as strain hardening, solute addi-
tions, precipitation and grain size refinement are often adopted in industrial processes. 
But there is limitation to the amount of deformation that these conventional methods can 
impact to a material. This study focused on the review of major mechanical properties 
of aluminum alloys in the presence of an ultrafine grain size into polycrystalline materi-
als by subjecting the metal to an intense plastic straining through simple shear without 
any corresponding change in the cross-sectional dimensions of the sample. The effect of 
the heavy strain rate on the microstructure of aluminum alloys was in refinement of the 
coarse grains into ultrafine grain size by introducing a high density of dislocations and 
subsequently re-arranging the dislocations to form an array of grain boundaries. Hence, 
this investigation is aimed at gathering contributions on the influence of equal channel 
angular extrusion toward improving the mechanical properties of the aluminum alloys 
through intense plastic strain.

Keywords: equal channel angular extrusion, strain hardening, severe plastic deformation

1. Introduction

1.1. Deformation processes

Solid materials transforms from one shape to another through a process called deformation. 
Solid materials can be plastically deformed into complex shapes to obtain a material hav-
ing the desired geometry and properties required [1]. Deformation processes are commonly 
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used with other unit operations such as casting, machining, grinding and heat-treatment. 
These unit operations occur during the transformation of raw materials to finished parts [2]. 
Deformation process generally can be classified into two; (1) bulk forming process and (2) 
sheet forming process. Rolling, extrusion and forging are examples of bulk forming process 
while stretching, flanging, drawing and contouring are sheet forming process. Input materi-
als for bulk forming processes are usually in form of billets, rods and slabs while the input in 
sheet forming processes are usually in sheet blank form [2]. Deformation processes work by 
stressing metal sufficiently to cause plastic flow into desired shape. The processes also alter 
the grain sizes of the materials and induce plastic strains into the materials. Some deformation 
processes used mostly are rolling, extrusion, forging, extrusion and wire drawing. Extrusion 
process is considered for the purpose of this study.

Hall-Petch relation shows that the yield stress increases as refinement of grain size increases. It 
implies that the mechanical behavior of a metal will not be the same if its grain size changes. In 
order to improve properties of metal, methods of changing grain size is very important. There  
has been reported limitation of conventional metallurgy processes (such as rolling, forging, 
drawing and extrusion) in that they cannot supply metals whose grain sizes are substantially 
smaller than engineering micro-components in dimension [3]. In conventional metal forming 
operation the amount of plastic strain produced is often limited. Recently, materials with 
grain structures in the nanoscale range are of high interest. Nanomaterials’ ability to decrease 
the geometrical dimensions of different mechanical devices makes nano structural materials 
attractive in engineering world. Successful shaping methods of engineering nanocomponents 
are required for building nanodevices, this can be achieved through bottom-up approach 
method where the building blocks are in atomic and molecular levels [3, 4]. Merging the man-
ufacturing process of nanomaterials with material fabrication is highly challenging in terms 
of cost of making many of the raw components for functional nanomaterials. Time required 
for performing any engineering work at nano scale is also a considerable challenge. These 
challenges often reduced mechanical response and electrical properties; likewise caused 
spatial distortions, suboptimal thermal behavior, which weakens the general system perfor-
mance [3, 4]. Another way is to use top down approach where bulk materials are restructured 
to nanoscale level using traditional shaping methods while constructing systems and devices 
at the micro and nano scales.

Severe plastic deformation (SPD) process has been shown as one of the major ways of fabri-
cating bulk nanostructured samples and billets out of different metals and alloys [5]. The first 
developments and investigations of nanostructured materials processed using SPD methods 
were fulfilled by Valiev and his co-workers over than 10 years ago.

1.2. Severe plastic deformation (SPD)

Severe plastic deformation was defined as the intense plastic straining under high imposed 
pressure [6, 7]. Severe plastic deformation methods are used to convert coarse grain met-
als and alloys into ultrafine grained (UFG) materials [8, 9]. The ultra-fine grain materials 
obtained possesses improved mechanical and physical properties which impart on them a 
wide commercial use. Severe plastic deformation is a new metal forming process capable of 

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications264

generating very large or severe plastic deformation in a material without a major change in 
the billet geometry [5]. The method covers all metal forming processes which are based on 
simple shear and/or repetitive reversed straining and tend to preserve the initial shape of the 
billet. Different SPD processes are shown in Figure 1. Where ε is the strain; t is the torsion; n 
is the number of passes; ϕ is half of the inner die angle; D is the initial diameter; d is the final 
diameter; H is the height; W is the width; T is the initial thickness; t is the final thickness and 
r is the radius.

1.3. Equal channel angular extrusion (ECAE) process

Equal channel angular extrusion (ECAE), also called equal channel angular pressing (ECAP) 
has been used to produce ultrafine-grained materials [10–12]. ECAP is a convenient forming 
procedure to extrude material by the use of specially designed channel dies without a sub-
stantial change in geometry [13]. Extrusion by ECAP method enables obtaining of a fine-grain 
structure in larger volumes. There has been a significant progress in the use of ECAP from 
ordinary metal processing method to well establish procedure for ultrafine grain refinement. 
This ultrafine grain refinement improved the strength and toughness in metal and alloy. At 
present, ECAP is the best developed of all severe plastic deformation (SPD) processing tech-
niques [14–16]. Industrial significance is given to production by processing bulk materials 
through ECAE. Furthermore, useful tools that can be made use of in the development of new 
SPD techniques and improving on the existing ones can be formed through the basic prin-
ciples of ECAE, dealing with the mechanics of setal flow and the microstructural evolution. 
The mechanical and physical properties of all crystalline materials are determined by several 
factors, the average grain size of the material generally plays a very significant, and often a 
dominant, role. One of the most promising SPD processes is equal channel angular pressing 
(ECAP) [10]. Large plastic deformation is involved in ECAP for the deformation of work-piece 
in a deforming work-piece. This required moving the work piece through two intersecting 
channels—usually at an angle of 90° or 120°—of identical cross sections in a die as shown in 
Figure 2. ECAE is an effective method of producing a large amount of simple shear defor-
mation in a material by passing it around a corner of two intersecting channels with equal 
cross-sections as seen in Figure 2. The major advantage of ECAE over normal extrusion is 
that the cross section of the material undergoing ECAE remains the same after the process. 
The material can be passed through the same die to repeat the process and accumulate higher 
plastic deformation [17]. Segal, in order to change the texture of material processed metals by 
method of equal channel angular pressing [10, 18, 19]. The microstructural analysis carried out 
on materials that passed through the process showed that grain size was refined to nanometer 
level [20]. Different strain rates during the process of ECAP has been employed to investigate 
the evolutional characteristics of the material microstructure [21].

The deformation during the ECAP is a mixed form of shearing deformation and bending 
deformation which affect the orientation of grain crystal of the microstructure [22]. Apart 
from orientation of grain crystal, low-angular boundary and critical angle of partition grain 
have significant effect on the flow stress during ECAP [23]. A schematic diagram of ECAP 
showing its geometry is shown in Figure 3 where P symbolizes the deformation force.
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used with other unit operations such as casting, machining, grinding and heat-treatment. 
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generating very large or severe plastic deformation in a material without a major change in 
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Figure 1. SPD processes developed for grain refinement [4].
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Figure 3. Schematic diagram of an ECAP die showing the inner die angle (∅) and the outer die angle (Ψ) [26].

Figure 2. ECAP principles (channel intersecting at 120° and 90°, respectively) [10].
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The properties of materials processed by ECAP are strongly dependent on the plastic defor-
mation behavior during pressing [16, 24]. These properties are governed mainly by the inner 
die angle ∅ and outer die angle y, the material properties like strength and hardening behav-
ior [11], and process variables such as lubrication and deformation speed [25].

As the billet moves as a rigid body in the vertical channel, all deformation is restricted to a 
small area about the channel’s meeting line. The metal is subjected to a simple shear strain 
under relative low pressure compared to the traditional extrusion process [25].

During ECAP, the work-piece cross-sectional area remains unchanged; this ensures process 
repeatability until the deformation reached a required grain size level. As a result of cumula-
tive nature, high strain can be achieved with multiple passes. In multiple pass, different paths 
may be employed, such paths include:

i. Path A: the work-piece orientation remains unchanged in successive passes

ii. Path B: the work-piece is rotated by 90° about its longitudinal axis

iii. Path C: the work-piece is rotated by 180° about its longitudinal axis.

2. Aluminum 6063 alloy

Pure aluminum is a ductile and weak material; however the presence of a relatively small 
percentage of impurities in aluminum considerably increases its tensile strength and hard-
ness properties [27]. The mechanical properties of aluminum and its alloys also depend on the 
amount of work it has been subjected to and not only its purity. The major purpose of work-
ing is to fragment the grains in the aluminum alloy resulting in an increase in tensile strength 
and hardness but decrease in ductility [27].

The 6000 series alloys have recently found increased application in automotive and con-
struction industry. Therefore, several research works have been undertaken to strengthen 
the alloys either by small addition of copper, magnesium, zinc and/or silicon or by a pre 
deformation treatment [35]. There is a great increase in market for extrusion intricate shape, 
medium strength and good toughness as a result of development of Al-Mg-Si alloys for light 
structures. These developed alloys are required to meet precise tensile properties and fatigue 
strength, welding characteristics and formability [28].

Aluminum alloy 6063 commonly referred to as an architectural alloy because is a medium 
strength alloy. It is normally used in intricate extrusions. It has a better surface finish, better 
corrosion resistance, and better formability than iron, readily suitable to welding and can be 
easily anodised.

The principal alloying elements in Al 6xxx series alloys are Mg and Si, both having low solid 
solubility in Al at room temperature [29]. The presence of Fe impurities together with Mg 
and Si, influences the material microstructure through the formation of intermetallic parti-
cles, such as Al (Fe,Mn)Si, Mg2Si, and Al3Mg2. It is known that the Fe-rich particles cannot be  

Aluminium Alloys – Recent Trends in Processing, Characterization, Mechanical behavior and Applications268

re-dissolved during homogenization owing to their high melting point (>700°C) this behavior 
has helped in improve on the mechanical properties of Al alloy. A range of intermetallic par-
ticle phases, with their crystallographic structures, have been identified [30]. Distinguishing 
between the phases is of importance for aluminum alloy metallurgy, but may be difficult 
based purely on cross-sectional microscopy [31].

2.1. Properties of aluminum 6063 alloy

Al 6063 alloy is an extrusion alloy that is heat treatable for strengthening; machinability is con-
sidered to be average for this alloy; likewise, its forming ability, either hot or cold, is good; the 
alloy is readily welded by all of the conventional methods; hot working (as with forging) can 
be done on this alloy; Cold working characteristics 6063 are good for all conventional forming 
methods; it hardens due to aging heat treatment and cold working; its electrical conductivity 
is 50% of copper. Al 6063 alloy is called architectural aluminum for two reasons—firstly, it has 
good surface finish smoother than other available alloys, and secondly, its strength is approxi-
mately half the strength of 6061, making it suitable in applications where ultimate strength 
is not a requirement. This class of Al alloy is classed as “good” for forming and cold working 
requirements, “excellent” for anodizing, and “fair” for machining. It has a good resistance to 
general corrosion, including resistance to stress-corrosion cracking in the heat treated condi-
tion. The mechanical properties of 6063 aluminum alloy depend greatly on the temper, or heat 
treatment, of the material. Some of the physical properties and temper designations of Al 6063 
are stated in Tables 1 and 2 respectively.

2.2. Uses of aluminum 6063 alloy

6063 is mostly used in extruded shapes for architecture as discussed above, particularly for 
window frames, door frames, and roofs making aluminum 6063 an important extrusion alloy. 
It possesses moderate strength and has excellent finishing characteristics. Al 6063 has become 
the prime architectural alloy and its response to a wide variety to surface finishes further 
demonstrates its versatility therefore finding usage in decorative applications. The corrosion 
resistance is very good and the grade is easily welded and brazed, and is heat-treatable as 
well. Moreover, Al 6063 is commonly used in decorative applications, pipes and tubings for 

Properties Value

Density 2.71 g/cm3

Melting point 600°C

Modulus of elasticity 67G Pa

Electrical resistivity 0.035E−6Ωm

Thermal conductivity 180 W/m K

Thermal expansion 23E−6/K

Table 1. Physical properties of Al 6063 alloy [32].
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irrigation systems, lawn furniture, esthetic applications and trim. Alloy 6063 is often used for 
electrical applications in the T5, T52, and T6 conditions due to its good electrical conductivity 
(the definition has been shown in Table 2).

3. Equal channel angular extrusion of aluminum 6063 alloy

Up till date, 6063 is widely used in the production of extrusions—long constant-cross-section 
structural shapes produced by pushing metal through a shaped die. These include “L” and 
“U” shaped channels and angles. The influence of magnitude of plastic deformation on prop-
erties of metallic materials is connected with increase of internal energy. Due to the result of 
non-homogeneity of deformation at ECAE technique the internal energy gain differs at differ-
ent places of formed alloy [34].

ECAE as earlier defined is a technique using severe plastic deformation to produce ultra-fine 
grain sizes in the range of hundreds of nanometers to bulk course grained materials [10, 35, 36].  
ECAE is performed by pressing Al 6063 alloy billet of material through a die that has two 
channels which intersect at an angle. The billet experiences simple shear deformation, at the 
intersection, without any precipitous change in the cross section area because the die does not 
allow for lateral expansion. This means the billet can be pressed more than once and can be 
rotated about the pressing axis during subsequent pressings. A single pass with channels 90° 
to each other, induces approximately 1.15 equivalent strains in the billet.

Different deformation routes can be applied depending on the billet rotation; these routes are 
shown in Table 3. ECAE technique can be applied to commercial pure metals and metal alloys 
[37]. The schematic diagrams of these routes are shown in Figures 4 and 5.

3.1. Superplasticity of aluminum alloys via ECAE

The ability of a material to pull out to a high tensile elongation without the development of 
necking is termed superplasticity. Superplasticity is usually in the range of 1–10 μm fine grain 

Standard 
tempers

Temper definition

F As fabricated. There is no special control over thermal conditions, and there are no mechanical 
property limits.

O Annealed. Applies to products that are annealed to obtain the lowest strength temper.

T1 Cooled from an elevated-temperature shaping process and naturally aged.

T4 Solution heat-treated and naturally aged.

T5, T52, T53 Cooled from an elevated temperature shaping process and artificially

T54, T55 Aged.

T6 Solution heat treated and artificially aged.

Table 2. Temper designations and definitions [33].
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size. Much finer grain sizes in the near-nanometer range has been achieved in Al-based alloys 
in experiments by using an intense plastic straining technique such as equal-channel angular 
pressing (ECAP) [40]. Superplastic properties in Aluminum alloys cannot be achieved under 
conventional processing conditions. Superplasticity is the ability of a material to undergo very 
large uniform neckless tensile deformation normally over 500% elongation prior to failure at a 
temperature well below its melting point (Tm) because the deformation mechanisms fall into the 
grain boundary sliding (GBS) regime [41, 42] fine grain size of 10 μm [43], high operation tem-
perature of 0.9Tm and slow strain rate are required as for some Al alloy material. The aerospace 
industry first developed the AA2004 (Al-6Cu-0.5Zr) alloy, also known as Supral 100, which 
is a good example for superplastic applications [44]. The alloy composition corresponds to a 
relatively large addition of zirconium which provides a dispersion of very fine Al3Zr particles  

Routes Description

Route A No rotation of the billet

Route BA Rotated counter clockwise 90° on even number of passes and clockwise 90° on odd number of passes [39]

Route Bc Rotated counterclockwise 90° after every pass

Route C Rotated 180° after ever pass

Table 3. ECAE routes [38].

Figure 4. Schematic illustration of route A and route BA [6].
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Figure 5. Schematic illustration of route BC and route C [6].

that stabilize the wrought structure developed during hot/cold rolling and prevent recrystal-
lization until the onset of superplastic forming [45, 46]. This alloy is a medium strength alloy 
with mechanical properties similar to AA6061 and 2219. It is usually used in lightly loaded 
or non-structural applications. Automotive industry demands an increasing use of aluminum 
alloys to reduce weight so as to improve performance and fuel consumption. However, in 
comparison to steel aluminum alloy sheet materials have lower formability in cold stamping 
processes. Some aluminum alloy offers an alternative approach which can be deformed to 
quite a high percentage at elevated temperature by the so-called superplastic forming (SPF) 
process [45, 46]. Although fine grain size can be achieved in Al alloy through significant ther-
momechanical process, it is very costly and also the low deformation strain rate results in long 
forming times [6, 47]. Therefore reduction of the grain size in the sub-micrometer or nanometer 
scale is usually encouraged by applying Equal-Channel Angular Pressing, or ECAP [48].

Superplasticity has been utilized for the fabrication of complex parts from sheet metal because 
of the large elongation [49, 50] There is considerable current interest in developing materi-
als with ultrafine grain sizes, since experimental evidences have shown that reducing grain 
size increases the superplastic strain rate and/or decreases the superplastic temperature [51]. 
Materials processed by ECAE have the potential for superplasticity, especially at very high 
strain rates and low temperatures. The validity of this proposal has been demonstrated by 
several recent reports of high strain rate superplasticity above 10−2 s−1 and low temperature 
superplasticity in aluminum and magnesium alloys processed by ECAE [52–55].
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4. Conclusions

From the current review, it can be concluded that severe plastic deformation via ECAP is a very 
useful process on increasing mechanical properties with only partial and acceptable decrease 
in ductility. Strengthening of material was caused by grains refinement and strain hardening of 
solid solution. Because the cold-worked material was a normal material that has already been 
extended through part of its allowed plastic deformation by ECAE, dislocation motion and 
plastic deformation have been hindered enough by dislocation accumulation, and stretching of 
electronic bonds. Elastic deformation then reached their limit, a third mode of deformation then 
occurs faster (i.e. fracture). Strain hardening thus reduces ductility and increases brittleness.

Processing by ECAE led to grain refinement and arrays of ultrafine grains that are signifi-
cantly smaller than those generally produced using conventional thermo mechanical process-
ing. ECAE is a simple process that can be readily applied to a wide range of materials without 
the requirement of developing specific and different treatments for each alloy composition. 
The presence of these exceptionally small grain sizes provides an opportunity for achieving 
superplastic ductility, and thus a superplastic forming capability at a very fast strain rates 
(extremely higher than what was used in the experiment).
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Figure 5. Schematic illustration of route BC and route C [6].

that stabilize the wrought structure developed during hot/cold rolling and prevent recrystal-
lization until the onset of superplastic forming [45, 46]. This alloy is a medium strength alloy 
with mechanical properties similar to AA6061 and 2219. It is usually used in lightly loaded 
or non-structural applications. Automotive industry demands an increasing use of aluminum 
alloys to reduce weight so as to improve performance and fuel consumption. However, in 
comparison to steel aluminum alloy sheet materials have lower formability in cold stamping 
processes. Some aluminum alloy offers an alternative approach which can be deformed to 
quite a high percentage at elevated temperature by the so-called superplastic forming (SPF) 
process [45, 46]. Although fine grain size can be achieved in Al alloy through significant ther-
momechanical process, it is very costly and also the low deformation strain rate results in long 
forming times [6, 47]. Therefore reduction of the grain size in the sub-micrometer or nanometer 
scale is usually encouraged by applying Equal-Channel Angular Pressing, or ECAP [48].

Superplasticity has been utilized for the fabrication of complex parts from sheet metal because 
of the large elongation [49, 50] There is considerable current interest in developing materi-
als with ultrafine grain sizes, since experimental evidences have shown that reducing grain 
size increases the superplastic strain rate and/or decreases the superplastic temperature [51]. 
Materials processed by ECAE have the potential for superplasticity, especially at very high 
strain rates and low temperatures. The validity of this proposal has been demonstrated by 
several recent reports of high strain rate superplasticity above 10−2 s−1 and low temperature 
superplasticity in aluminum and magnesium alloys processed by ECAE [52–55].
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4. Conclusions

From the current review, it can be concluded that severe plastic deformation via ECAP is a very 
useful process on increasing mechanical properties with only partial and acceptable decrease 
in ductility. Strengthening of material was caused by grains refinement and strain hardening of 
solid solution. Because the cold-worked material was a normal material that has already been 
extended through part of its allowed plastic deformation by ECAE, dislocation motion and 
plastic deformation have been hindered enough by dislocation accumulation, and stretching of 
electronic bonds. Elastic deformation then reached their limit, a third mode of deformation then 
occurs faster (i.e. fracture). Strain hardening thus reduces ductility and increases brittleness.

Processing by ECAE led to grain refinement and arrays of ultrafine grains that are signifi-
cantly smaller than those generally produced using conventional thermo mechanical process-
ing. ECAE is a simple process that can be readily applied to a wide range of materials without 
the requirement of developing specific and different treatments for each alloy composition. 
The presence of these exceptionally small grain sizes provides an opportunity for achieving 
superplastic ductility, and thus a superplastic forming capability at a very fast strain rates 
(extremely higher than what was used in the experiment).
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Abstract

In this chapter, a new type strain-induced melt activation (SIMA) process for Al-Mg-Si
alloys was used. The microstructural characteristics, formability at elevated temperature
and mechanical properties were estimated. The high-hardness globular grain bound-
aries are formed by eutectic phases. This new type SIMA process has proved that it can
decrease high temperature compression resistance and improve ability of metal flowing
at high temperature. After SIMA forming process, the mechanical properties of mate-
rials can be improved via artificial aging and can be competed with general artificial
aged materials. All results show that this SIMA process is a potential process.

Keywords: strain-induced melt activation, microstructural evolution, high temperature
formability, mechanical properties, erosion resistance

1. Introduction

1.1. Strain-induced melt activation (SIMA) process

Semi-solid metal forming process is a hybrid net shape process that combines the advantages
of forging and casting [1, 2]. Materials are manufactured at the temperature of solid-liquid
coexistence and perform good high temperature formability [3–5]. Magneto-hydrodynamic
(MHD) stirring casting, spray casting and strain-induced melting activation (SIMA) are three
common semi-solid process for getting fine and globular grains that can enhance formability at
elevated temperatures [6, 7].
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Abstract

In this chapter, a new type strain-induced melt activation (SIMA) process for Al-Mg-Si
alloys was used. The microstructural characteristics, formability at elevated temperature
and mechanical properties were estimated. The high-hardness globular grain bound-
aries are formed by eutectic phases. This new type SIMA process has proved that it can
decrease high temperature compression resistance and improve ability of metal flowing
at high temperature. After SIMA forming process, the mechanical properties of mate-
rials can be improved via artificial aging and can be competed with general artificial
aged materials. All results show that this SIMA process is a potential process.

Keywords: strain-induced melt activation, microstructural evolution, high temperature
formability, mechanical properties, erosion resistance

1. Introduction

1.1. Strain-induced melt activation (SIMA) process

Semi-solid metal forming process is a hybrid net shape process that combines the advantages
of forging and casting [1, 2]. Materials are manufactured at the temperature of solid-liquid
coexistence and perform good high temperature formability [3–5]. Magneto-hydrodynamic
(MHD) stirring casting, spray casting and strain-induced melting activation (SIMA) are three
common semi-solid process for getting fine and globular grains that can enhance formability at
elevated temperatures [6, 7].
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The SIMA process is useful because of its low cost, simple equipment and high stability.
Figure 1(a) reveals steps of the traditional SIMA process [8]. Casting, hot work, cold work
and heat treatment for partial melting and grain spheroidization are four major steps of
traditional SIMA process. A promoted and new type of SIMA process is proposed here. The
two main dissimilarities between two SIMA processes are: (1) this new process uses severe hot
extrusion instead of cold work to introduce sufficient amount of strain energy and (2) the new
process uses a salt bath for heating to enhance heating uniformity and to reduce heating
duration. Figure 1(b) shows the steps of this process.

The mechanisms of globular grain formation for the traditional SIMA [8, 9] process are shown
in Figure 2. The procedures are: (1) casting; (2) hot work for disintegrating the casting struc-
ture; (3) cold work for introducing sufficient strain energy; and (4) heat treatment for making
alloys recrystallize and partially melt at the temperature of muzzy zone. In the step of heat
treatment, grains recrystallize and phases with low melting point and parts of eutectic compo-
sition start to melt partially and penetrate to the grain boundaries of recrystallized grains due
to their high free energy. It results in liquid phases surrounding the fine recrystallized grains.
Finally, grain growth occurs and generates spheroidized grains as heating carry on because the
surface energy of global grains is the smallest.

Figure 1. Procedures of (a) traditional strain-induced melt activation (SIMA) process and (b) new type SIMA process. RT,
room temperature.

Figure 2. Evolution of globular grain formation in traditional SIMA process.
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For the growth mechanism of globular grains, when alloys are heated to the temperature of
solid-liquid coexistence, two coarsening mechanisms are considered [7, 10–13]: grain coales-
cence and Ostwald ripening. Ostwald ripening dominates for higher liquid fractions and
long-duration heating, and grain coalescence dominates for lower liquid fractions and short-
duration heating. In general, Oswald ripening should be the major growth mechanism of
globular grains. The globular grain growth is based on Lifshitz-Slyozov-Wagner (LSW)
theory [1, 14–18]. The formula is dn � d0

n = Kt, where d is the average globule size that
depends on salt bath duration, d0 is the initial globule size, t is the duration of salt bath, K
(units: μm3 min�1) is the coarsening rate constant and exponent n is determined by the
diffusion mechanism of grain growth. Ostwald ripening is the major mechanism of globular
grain growth of SIMA alloys in the case of liquid fraction being sufficient [10–13]. As n = 3,
the mechanism of grain growth is Ostwald ripening. The theoretical formula can be rewrit-
ten as d3 = Kt + d0

3. Ostwald ripening is a dissolution-precipitation diffusion-controlled
mechanism [10–13]. Large grains become larger and small grains become smaller and even
disappear.

1.2. 6xxx aluminum alloys

6xxx Al alloys, a series of precipitation-hardened Al alloys [19], are widely used. More than
70% of extruded Al alloys are 6xxx Al alloys, therefore, this series alloy is chosen for this
chapter of new type SIMA process, as hot extrusion is a major step in this process. Similar
results and discoveries can be seen in other series of aluminum alloys.

The major components of 6xxx series aluminum alloys are Mg and Si. The Mg2Si phase is
generated first since its forming free energy is lower than those of other precipitating
phases [20–22]. 6xxx aluminum alloys with more Si that are required to form stoichiometric
Mg2Si commonly have relatively high strength and low ductility due to the hard and brittle
Si particles in their matrix. In contrast, 6xxx aluminum alloys with excess Mg have relatively
low strength and high ductility. Besides Mg and Si, Cu, Mn, Cr, Zr, Sc and V are added to
these alloys. Adding Mn inhibits grain growth, enhances strength, and increases recrystalli-
zation temperature [20, 23, 24]. Adding Cu improves strength and hardness due to the
refining of the precipitated phase during artificial aging [13–16]. Adding Cr promotes corro-
sion resistance [23]. Adding Zr enhances strength since Al3Zr is generated and grain growth
is inhibited, and adding Sc or V retards grain growth [24, 25].

1.3. Topics of this study

In short, 6xxx Al-Mg-Si alloys are the major materials for the new type SIMA process. There
are three essential topics to be exhibited: (1) microstructural characteristics and microstructure
evolution of SIMA processed Al-Mg-Si alloys and their relationship with parameters of SIMA
process; (2) formability and deformation mechanism at elevated temperatures of SIMA-
processed Al-Mg-Si alloys and (3) the mechanical properties improvement of SIMA forming
alloys and its strengthening mechanism. These above topics are discussed in following sections
in sequence.
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2. Microstructure evolution and microstructural characteristics of new
type SIMA-processed alloys

2.1. Brief introduction

The degree of spheroidization and globule size affect high temperature formability obviously
in SIMA process [3–5]. Highly spheroidized, fine and uniform globules lead to high formabil-
ity at elevated temperatures. Hence, how to control hot extrusion conditions, how to design
proper material composition and how to determine parameters of SIMA process to get fine,
uniform and highly spheroidized globule is the major theme of discussion in this section.

Seven kinds of hot-extruded Al-Mg-Si alloys with different composition or fabricated by
distinct extrusive ratio were used for discussing the effects of composition and extrusive ratio.
The target is to build a principle for designing suitable materials for new type SIMA process
and to choose most proper alloy for further researches [26].

2.2. Experimental methods

2.2.1. Designing and choosing alloys

The compositions and codes of seven kinds of Al-Mg-Si alloys are shown in Table 1. All the
materials are extruded sheet except for 6069-rod is an extruded rod. They were used for
determining the influences of extrusion conditions and understanding how to design compo-
sition of alloys for SIMA process by observing their microstructure evolution.

2.2.2. New type strain-induced melt activation (SIMA) process

The flow of new type SIMA process is shown in Figure 1(b). The considerable three parameters of
new type SIMA process are extrusive ratio (it also means the introduced strain energy), tempera-
ture of salt bath and duration of salt bath in sequence of its flowchart. The temperatures of salt
bath are set as 570–630�C due to partial melting starting at about 570�C and severe deformation
occurring above 630�C in Al-Mg-Si alloys. The durations of salt bath are set from 1 to 60 min for
understanding the effect of salt bath duration on globule size and degree of spheroidization.

Material Mg Si Cu Mn Fe Cr V Zr Al

6061 0.88 0.67 0.16 0.03 0.19 0.04 0 0 Bal.

6061-Mn 0.83 0.75 0.20 0.31 0.19 0.07 0 0 Bal.

6066_3 mm 1.02 1.29 0.95 1.02 0.19 0.18 0 0 Bal.

6066_9 mm 1.02 1.29 0.95 1.02 0.19 0.18 0 0 Bal.

6069-sheet 1.25 0.75 0.73 0.05 0.13 0.16 0 0.11 Bal.

6069-rod 1.30 0.85 0.72 0.09 0.13 0.14 0.12 0 Bal.

6082 0.71 1.10 0.06 0.71 0.19 0.23 0 0 Bal.

Unit: wt.%.

Table 1. Compositions of several Al-Mg-Si alloys used in this research.
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The codes of salt bath specimens are interpreted by the following example: SB620-10 means a
material which was heated by salt bath at 620�C for 10 min.

2.2.3. Microstructure analysis and globule size measuring

The microstructure evolution and globule size were investigated using optical microscopy
(OM). The concept of an equivalent circle is used in this study. When the shape of a grain is
not circular in a two-dimensional plane, grain size is represented by the diameter of the
equivalent circle, as shown in Figure 3. Two shape parameters, x and z, were defined for the
degree of spheroidization [4]. In Figure 3, a, b, c and A represent the major axis, minor axis,
perimeter, and area of a grain, respectively. According to the definitions x = (b/a) and
z = (4πA)/c2, x is the ratio of the minor axis to the major axis and z becomes closer to 1 as the
shape becomes more circular. As x and z become closer to 1, the grains become more
equiaxial and the degree of spheroidization increases.

In salt bath step of new type SIMA process, low melting point second phases and part of
matrix with high dislocation density were partially melted at the temperature of solid-liquid
coexistence, liquid generated and penetrated into recrystallized grain boundaries. It is
defined as liquid phase. The fraction of liquid phases was measured using Image J software.
High liquid fraction results in improvement of high temperature formability according to
Refs. [3, 6, 7].

2.2.4. Elements distribution analysis and phases identification

In order to estimate the distribution of elements and phases, energy dispersive spectroscopy
(EDS) integrated in scanning electron microscope (SEM) and electron probe X-ray micro-
analyzer (EPMA) were used. The evolution of elements distribution and diffusion can be semi-
quantified by these two instruments.

Figure 3. Parameter of spheroidization degree definition. a, b, c and A represent the major axis, minor axis, perimeter and
area of a grain, respectively.
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2.3. Effects of extrusive condition and chemical composition on microstructure evolution
of SIMA-processed Al-Mg-Si alloys

The microstructures of the initial extruded alloys are shown in Figure 4. Their initial grain
sizes are shown in Table 2. Even though the extrusion ratios of 6061 and 6061-Mn are identical,
the initial grain size of 6061 is larger than that of 6061-Mn due to Mn retarding grain growth.

As the extrusion ratio increased, the level of dynamic recrystallization also increased. This can
be shown by comparing the microstructures of 6066_3 mm and 6066_9 mm. The higher level of
recrystallization of 6066_3 mm led to a more uniform and smaller initial grain size. Dynamic
recrystallization in 6061 alloys is easier than that in 6066 alloys due to Mn addition, which
increases recrystallization temperature, in the latter.

Both coarse and fine grains can be seen in 3 mm-thick 6069-sheet alloys. According to the grain
coalescence mechanism, if the crystal orientations of neighboring grains are similar, the grains
will easily merge, forming coarse grains. This led to the nonuniform grain distribution in 6069-
sheet. In the 28 mm-diameter 6069-rod alloy, fine grains appear in the center and coarse and
fine grains appear at the edge. This is due to the lower strain in the center of the rod creating a
smaller driving force for grain growth, and the higher strain at the edge of the rod making
some crystals with similar orientations grow and then merge. Although 6069-sheet and 6069-
rod did not contain Mn, the level of grain growth of 6069 alloys was lower than that of 6061
alloys due to the addition of V and Zr.

Equiaxial grains resulted from dynamic recrystallization in the 3 mm-thick 6082 alloy due to
Mn content. This confirms that Mn inhibits grain growth.

The microstructural evolution in the salt bath step for all alloys is shown in Figure 5. The codes
of specimens subjected to a salt bath are marked with the prefix “SB.” After the salt bath, grains
were spheroidized and grain boundaries were broadened due to the low melting point phases
melting and penetrating the grain boundaries. With grain growth, melting phases aggregated to
form liquid pools [3, 4]. The alloys with spheroidized grains are defined as SIMA alloys. Table 2
shows the liquid fraction of all alloys after a salt bath at 620�C for 10 min. Fine grains, high
spheroidization degree and high liquid fraction are the major factors for promoting high tem-
perature formability [7–9].

It is assumed that all grain growth mechanism of all materials is Oswald ripening for compar-
ing the grain growth rate. The grain growth rate of all materials is shown in Table 2. This table
shows that the grain growth rate of 6061-Mn is lower than 6061, and the grain growth of 6066
alloys and 6082 alloys are relatively lower than other alloys. It proves that adding Mn can
decrease the rate of globular grain growth. Besides, after the salt bath, the grain size of 6066-3
mm is smaller than that of 6066-9 mm even though their grain growth rates K are almost
identical. It indicates finer and more uniform dynamic recrystallized grains are beneficial for
getting smaller and more uniform spheroidized grains.

Table 2 also shows the liquid fractions of the four kinds of aluminum alloy during the 10-min
salt bath. The order of liquid fractions is those for 6066, 6069, 6082 and 6061 (from high to low).
The liquid fractions of a given alloy are similar, except for 6061. In general, the liquid fractions
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Figure 4. Microstructures of extruded Al-Mg-Si alloys: (a) 6061, (b) 6061-Mn, (c) 6066_3 mm, (d) 6066_9 mm, (e) 6069-
sheet, (f) 6082 and (g) 6069-rod.
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of a given alloy should be similar. However, the high grain growth and low liquid fraction of
6061 alloys led to position affecting the results.

The degrees of spheroidization of all alloys are shown Figure 5. The degrees of spheroidization
of 6066 alloys and 6069-rod are higher than those of other samples. The degrees of
spheroidization of 6066-3 mm, 6066-9 mm, and 6069-rod are higher due to their fine and uniform
initial recrystallized grains and high liquid fraction.

The elemental distributions obtained using EPMA are shown in Figure 6. Mg, Si and Cu are
the major elements located at grain boundaries, and Fe, Mn, Cr and V exist in the particle
phases. It indicates that the melting phases in the salt bath step are mostly composed of Mg, Si,
Cu and Al. The three phase diagrams in Figure 7 show that the eutectic points of Al and Si, Al
and Mg2Si and Al and Al2Cu are 577, 595 and 548�C, respectively. Moreover, Table 3 shows
the weight percentages of Mg2Si, Al2Cu, excess Si and the sum of these three phases. The order
of the sums of these phases is those for 6066, 6069, 6082 and 6061 (from high to low). This order
is consistent with that for the liquid fraction shown in Table 3. These results show that the
major phases distributed at globule boundaries are these three phases.

Three main factors affect the generation of fine, uniform, high-liquid fraction and highly
spheroidized globular grains in this new type of SIMA process: (1) a proper composition with
sufficient elements (e.g., Mg, Si and Cu), which can form lowmelting point phases for enhancing
the liquid fraction, is necessary; (2) the initial extrusion microstructure should be fine and
uniform grains for generating fine and uniform spheroidized grains; and (3) particular elements
(e.g., Mn, Vand Zr) should be added to inhibit grain growth not only to create fine recrystallized
grains in the hot extrusion step but also to create fine spheroidized grains in the salt bath step. In
this part, 6066 aluminum alloys were the most suitable material for obtaining finest and most
spheroidized globules. Therefore, 6066 alloy is used in further researches.
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as temperature lower than 610�C, and the alloys deformed severely or partially melted as
temperature higher than 630�C.

Figure 5. Microstructure evolution of Al-Mg-Si alloys via salt bath.
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Figure 6. Elementary distribution of Al-Mg-Si alloys.
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Figure 7. Phase diagrams of (a) Al-Si, (b) Al-Mg2Si and (c) Al-Cu.

Material Mg2Si Al2Cu Excess Si Sum

6061 1.11 0.33 0.28 1.72

6066 1.61 1.76 0.7 3.97

6069 2.01 1.35 0.07 3.43

6082 1.12 0.11 0.7 1.93

Table 3. The weight ratio of Mg2Si and Al2Cu in Al-Mg-Si alloys (wt.%).

Figure 8. Microstructure of 3 mm-thick 6066 alloy after immersion in salt bath at various temperature and duration:
(a) 550�C for 30 min, (b) 570�C for 30 min, (c) 590�C for 30 min, (d) 610�C for 30 min, (e) 620�C for 30 min and (f) 630�C
for 7 min.
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Figure 9 exhibits the microstructural evolution of 6066 alloys in the salt bath at 610, 620 and
630�C with various duration of salt bath. When salt bath duration increases, the grain growth
becomes obvious. A higher salt bath temperature led to higher grain growth for a given period
time of salt bath. The grain growth rates for various salt bath temperatures were calculated
based on the LSW theory. The linear fitting results are shown in Table 4. The results reveal
grain growth was very severe at 630�C.

Broadening of globule boundaries was occurred for all temperatures of salt bath, as shown in
Figure 9. It was resulted from the low melting point phases melting [5–7] and the liquid

Figure 9. Microstructure evolution with different salt bath conditions of 3 mm-thick 6066 alloy: (a) 610�C for 1 min,
(b) 610�C for 10 min, (c) 610�C for 30min, (d) 620�C for 1 min, (e) 620�C for 10 min, (f) 620�C for 30 min, (g) 630�C for 1
min, (h) 630�C for 10 min and (i) 630�C for 30 min.

6066_3 mm/610�C 6066_3 mm/620�C 6066_3 mm/630�C

K (μm3 min�1) 10,751 16,806 50,820

R2 0.9852 0.9926 0.9818

Table 4. K values and coefficients of determination obtained via LSW theory for 6066_3 mm with various salt bath
temperature.
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penetrating the grain boundaries. With the increasing salt bath duration, liquid pools formed
due to large amounts of liquid phases aggregating. Figure 10 shows the liquid fraction. With
the increasing salt bath temperature and duration, the liquid fraction increased. Moreover,
cracks and voids generated in the materials at 630�C, as shown in Figure 8(f), at which the
partial melting occurred and the volume shrank too rapidly during quenching. Even though
liquid phase formation at 630�C was the fastest, defects are easily generated. Therefore, the
most suitable salt bath temperature was 620�C because liquid formation is sufficiently fast
and stable.

The effect of extrusive ratio on microstructure evolution was discussed by 6066 aluminum
alloys with different thickness (6066_3 mm and 6066_9 mm). The microstructure evolution of
these two alloys with various salt bath duration at 620�C is exhibited in Figure 11. It shows
that the average globule size of 6066_9 mm is larger than that of 6066_3 mm at same salt bath
duration. High-angle with high free energy grain boundary of recrystallized grains is neces-
sary for SIMA process because they can provide paths for liquid penetrating. However, the
amounts of strain introduced by hot extrusion are different in these two alloys with diverse
thickness. The recrystallization degree of these two alloys is also different. In 6066_3 mm,

Figure 10. (a) Plot of grain size versus salt bath duration from Lifshitz-Slyozov-Wagner (LSW) theory and (b) liquid
fraction for various salt bath temperature (for 3 mm-thick 6066 alloy).
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severe dynamic recrystallization occurred at the hot extrusion step overall the alloys. On the
other hand, in 6066_9 mm alloy, dynamic recrystallization occurred only in part of alloy, and
static recrystallization also occurred at the step of salt bath. It leads to the different initial
recrystallized grain sizes of two as-extruded alloys and also results in different globule size
after salt bath. Even though the recrystallization states of these two alloys are different, the
grains of those both can be spheroidized.

The relationship between degree of spheroidization and parameters of proposed SIMA process
is shown in Figure 12. It demonstrates that two shape factors (x and z) are closer to 1 with
increasing the duration of salt bath, lower z results from lower temperature of salt bath, and
the extrusive ratio do not affect the value of z. These results show that the degree of
spheroidization is positive relative to temperature and duration of salt bath but it is not
influenced by extrusive ratio. In other words, higher liquid fraction of an alloy leads to higher
degree of spheroidization of that.

2.5. Formation mechanism for the two-step strain-induced melt activation (SIMA) process

The mechanisms of globular grain formation for the new type SIMA process are shown in
Figure 13. The steps are: (1) a suitable composition alloy is cast with uniformly distributed
low melting points second phases; (2) disintegrate initial casting microstructure, introduce
sufficient strain energy and dynamically grain recrystallize over the alloy through severe hot
extrusion; (3) second phases with lower melting points melt and the liquid penetrates grain

Figure 11. Microstructure of 6066 alloy with two thickness after salt bath at 620�C for various duration: (a) 3 mm-thick
and 1 min salt bath, (b) 3 mm-thick and 10 min salt bath, (c) 3 mm-thick and 30 min salt bath, (d) 9 mm-thick and 1 min
salt bath, (e) 9 mm-thick and 10 min salt bath and (f) 9 mm-thick and 30 min salt bath.
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boundaries and then surrounds the grains at the step of salt bath and (4) grains grow and
become globular with adequate duration of salt bath. This new type SIMA process can
produce globular grains faster, and the grains spheroidize uniformly and are finer compared
to the traditional SIMA process.

Figure 12. Variation of degree of spheroidization with salt bath conditions: (a) x and (b) z. SB3: salt bath material with 3
mm thickness; SB9: salt bath material with 9 mm thickness.
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The grains of the 6066_9 mmmaterial can also be spheroidized after the salt bath. It indicates that
the static recrystallized grains in the salt bath also provided high-energy grain boundaries for
liquid penetration. Both dynamic and static recrystallization can generate grain spheroidization.

2.6. Summary

1. Three major factors to generate fine, uniform, high-liquid fraction and highly spheroidized
globular grains in this new type SIMA process: (a) sufficient elements to form low melting
point phases, (b) adding some elements to inhibit grain growth and (c) proper extrusive
parameters to get fine and uniform initial extrusive microstructure.

2. In 6xxx series alloys, the 6066 aluminum alloy is the most suitable alloys for new type
SIMA process. Mg, Si and Cu can generate low melting point phases and Mn can inhibit
grain growth.

3. The eutectic phases of Al and Mg2Si, Al and Al2Cu and Al and Si are the major phases
located on the globule boundaries.

3. High temperature formability and mechanism of deformation of
SIMA-processed alloys

3.1. Brief introduction

In this section, mechanical properties and formability under tensile and compressive stress at
500–600�C of the SIMA-processed 6066 alloys were evaluated. And the high temperature
deformation mechanism and forming performance were investigated. Besides, the ability of
metal flowing and compressibility in a mold of screw at elevated temperatures of SIMA-
processed alloys were also estimated.

3.2. Experimental methods

3.2.1. The preparation and codes of specimens

The 6066 alloy is originally a casting column of 6-inch diameter. It was hot extruded in the
first step of the new type SIMA process to a 9 mm-thick sheet and to a 3 mm-thick sheet.

Figure 13. Evolution of globular grain formation in new type SIMA process.
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Hereafter, “F” will be adopted to abbreviate the hot-extruded sheet material. A 3 mm-thick
sheet is used in high temperature tensile test and 9 mm-thick sheet is used in high tempera-
ture compressive test, respectively.

In the second step of the new type SIMA process, F was held at 620�C in salt bath (620�C
is the best temperature confirmed in Section 2). To vary the size of globule, for different
duration, namely 1, 4, 10 and 30 min, were set in this treatment. The specimens of these
four different durations will be denoted in the following as S1, S4, S10 and S30, respec-
tively.

Aluminum alloys always manufactured in fully annealed status. The fully annealed alloys will
be designated as “O.”

3.2.2. Micro-hardness distribution analysis

In order to investigate the difference of hardness between interior globule and globule bound-
aries, nanoindentation test was performed to evaluate the micro distribution of hardness,
using triangular diamond probe with 0.25 nm/s drift velocity and 800 nm depth. The space
between adjacent measurement points was 5 μm.

3.2.3. Mechanical test at elevated temperatures and deformation mechanism discussion

A universal material tester was used for the tensile test and compression test. The
tensile test was conducted at 500, 550, 600�C and room temperature with the initial
strain set at 1.67 � 10�3 s�1. The dimensions of the tensile plate-specimens were shown
in Figure 14(a). The broken specimens were used to analyze the fracture mechanism
by SEM.

The compression test was performed at 550 and 600�C. Cylindrical specimens with a height of
9 mm and a diameter of 6 mm, as depicted in Figure 14(b), were used. In order to explore the
influence of compressive strain rate, two crosshead speeds, namely 3.6 and 36 mm/min, were chosen
for the test, which correspond to the initial strain rats of 6.67 � 10�3 s�1 and 6.67 � 10�2 s�1,
respectively. All specimens were compressed to 70% strain and the flow curves were analyzed
to determine flow resistance. The compressed specimens were sectioned longitudinally and
subjected to metallographic analysis.

Figure 14. Dimensions of (a) tensile specimen, (b) compressive and forming specimen and (c) screw nut for forming test
at high temperature.
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3.2.4. High temperature formability evaluation

3.2.4.1. Compression with a given compression rate

In the high temperature compression test with a given compression rate, as-extruded alloys, fully
annealed alloys, and SIMA alloys were tested to compare their high temperature formability. The
alloys were machined into compression specimens with dimensions of 40 mm (length) � 20 mm
(width) � 9 mm (thickness). The compression loading of the dissimilar alloys were measured and
compared as 50% compression ratio. The compression ratio is defined as R% = (t0 � tf)/t0, where t0
is the thickness of the initial sheet (9mm) and tf is the thickness after compression. The compression
was at 600�C and with 20 mm/min compression rate. The compression resistance is lower as the
compression ratio is higher, which indicates that high temperature formability is higher. The
compressed specimens were used in further researches of mechanical properties improvement.

3.2.4.2. Forming test at elevated temperature

The high temperature forming test was conducted to 550�C. In the test, cylindrical specimen as
those in the compression test was compressed and shaped into a small screw with 0.8 mm
pitch. The size of the screw is shown in Figure 14(c). The compressive displacement was set as
6 mm to compare the degree of filling the fringe of different specimens. The crosshead speed
was 36 mm/min because the forming efficiency is a great concern in practice. The curves of
compressive load versus compressive displacement and the metallographic data of the speci-
mens compressed into screw nut were obtained to determine the resistance of forming, ability
of metal flowing and high temperature formability.

3.3. Micro-hardness distribution

The hardness of globule boundaries and liquid pool, where large amount of second phase
formed by partial melting aggregated, is twofold to threefold higher than that of the α-Al
matrix in grain interior as shown in Figure 15.

3.4. Tensile properties of SIMA alloy at different temperatures

Temperatures of tensile test were set at room temperature, 500, 550 and 600�C. F, S10 and S30
were chosen to use in tensile test. Figure 16 exhibits the breaking features of three materials at
room temperature, 500, 550 and 600�C. These figures reveal dimple fracture for extruded
alloys, and intergranular fracture for SIMA-processed alloys. Spheroidized grains can be
identified on the breaking surface. Quasi-continuous distribution of second phases with low
melting point on globule boundaries results in intergranular fracture.

The yield stress (YS) and ultimate tensile stress (UTS) of four materials are below 20 MPa as
shown in Figure 17. It shows the deformation resistance of 6066 Al alloy is very low at elevated
temperatures.

Figure 17 also reveals that the uniform elongation (UE) and total elongation (TE) of F are
obviously higher than those of S10 and S30 at all temperatures. The results are due to occur-
rence of intergranular fracture, which results from quasi-continuous distribution of second
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phases with low melting point on globule boundaries. These phases are hard and brittle at
room temperature, and they can be softened or partial melted at 500 and 550�C. Therefore,
intergranular fracture is the main tensile breaking mechanism of S10 and S30 at room temper-
ature and elevated temperatures. The phases with low melting point on globule boundaries
are the weakness when SIMA-processed 6066 Al alloys are subjected to tensile loading at all
temperatures. SIMA-processed alloys are not proper for forming with tensile loading.

3.5. Compressive properties and deformation mechanism of SIMA-processed alloys at
elevated temperatures

Six materials (F, O, S1, S4, S10 and S30) were compressed at 500, 550 and 600�C to 70%
compression ratio with 3.6 mm/min (slow rate, abbreviated as “s”) and 36 mm/min (fast rate,
abbreviated as “f”) in the compression test. No cracks or fractures took place for all materials
tested under all conditions as shown in Figure 18.

The general tendency of decreasing flow resistance with decreasing compression velocity and
increasing temperature as shown in Figure 19, which reveals typical flow curves of six mate-
rials. The SIMA-processed alloys all had higher flow resistance when they were compressed
with slow compression velocity at 500�C. In view of high temperature formability, this result
implies poor performance of the SIMA-processed alloy at 500�C.

Figure 15. The distribution of hardness evaluated by nanoindentation.
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(width) � 9 mm (thickness). The compression loading of the dissimilar alloys were measured and
compared as 50% compression ratio. The compression ratio is defined as R% = (t0 � tf)/t0, where t0
is the thickness of the initial sheet (9mm) and tf is the thickness after compression. The compression
was at 600�C and with 20 mm/min compression rate. The compression resistance is lower as the
compression ratio is higher, which indicates that high temperature formability is higher. The
compressed specimens were used in further researches of mechanical properties improvement.

3.2.4.2. Forming test at elevated temperature

The high temperature forming test was conducted to 550�C. In the test, cylindrical specimen as
those in the compression test was compressed and shaped into a small screw with 0.8 mm
pitch. The size of the screw is shown in Figure 14(c). The compressive displacement was set as
6 mm to compare the degree of filling the fringe of different specimens. The crosshead speed
was 36 mm/min because the forming efficiency is a great concern in practice. The curves of
compressive load versus compressive displacement and the metallographic data of the speci-
mens compressed into screw nut were obtained to determine the resistance of forming, ability
of metal flowing and high temperature formability.

3.3. Micro-hardness distribution

The hardness of globule boundaries and liquid pool, where large amount of second phase
formed by partial melting aggregated, is twofold to threefold higher than that of the α-Al
matrix in grain interior as shown in Figure 15.

3.4. Tensile properties of SIMA alloy at different temperatures

Temperatures of tensile test were set at room temperature, 500, 550 and 600�C. F, S10 and S30
were chosen to use in tensile test. Figure 16 exhibits the breaking features of three materials at
room temperature, 500, 550 and 600�C. These figures reveal dimple fracture for extruded
alloys, and intergranular fracture for SIMA-processed alloys. Spheroidized grains can be
identified on the breaking surface. Quasi-continuous distribution of second phases with low
melting point on globule boundaries results in intergranular fracture.

The yield stress (YS) and ultimate tensile stress (UTS) of four materials are below 20 MPa as
shown in Figure 17. It shows the deformation resistance of 6066 Al alloy is very low at elevated
temperatures.

Figure 17 also reveals that the uniform elongation (UE) and total elongation (TE) of F are
obviously higher than those of S10 and S30 at all temperatures. The results are due to occur-
rence of intergranular fracture, which results from quasi-continuous distribution of second
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phases with low melting point on globule boundaries. These phases are hard and brittle at
room temperature, and they can be softened or partial melted at 500 and 550�C. Therefore,
intergranular fracture is the main tensile breaking mechanism of S10 and S30 at room temper-
ature and elevated temperatures. The phases with low melting point on globule boundaries
are the weakness when SIMA-processed 6066 Al alloys are subjected to tensile loading at all
temperatures. SIMA-processed alloys are not proper for forming with tensile loading.

3.5. Compressive properties and deformation mechanism of SIMA-processed alloys at
elevated temperatures

Six materials (F, O, S1, S4, S10 and S30) were compressed at 500, 550 and 600�C to 70%
compression ratio with 3.6 mm/min (slow rate, abbreviated as “s”) and 36 mm/min (fast rate,
abbreviated as “f”) in the compression test. No cracks or fractures took place for all materials
tested under all conditions as shown in Figure 18.

The general tendency of decreasing flow resistance with decreasing compression velocity and
increasing temperature as shown in Figure 19, which reveals typical flow curves of six mate-
rials. The SIMA-processed alloys all had higher flow resistance when they were compressed
with slow compression velocity at 500�C. In view of high temperature formability, this result
implies poor performance of the SIMA-processed alloy at 500�C.

Figure 15. The distribution of hardness evaluated by nanoindentation.
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Given in Figure 19(a) and (b) is the flow curves compressed at 550 and 600�C with 3.6 mm/min.
It reveals compression resistance of the SIMA-processed materials are lower than those of F, and
they are similar or slightly lower than those of O. Compared to O and F compressed with fast
compression rate, Figure 19(d) exhibited lower flow resistance of S10 and S30, and Figure 19(b)
indicates lower flow resistance of S4, S10 and S30. Productivity can be enhanced by a higher
compression velocity in practical forming applications. The SIMA-processed alloy compressed at
550 and 600�C with 36 mm/min (fast compression rate) performs low deformation resistance.
Therefore, SIMA process is potential to substitute annealing in the pretreatment process of
manufacturing at elevated temperatures involving high compression rate.

Figure 20 reveal the metallographic characteristics of the extruded and the SIMA-processed
materials of various salt bath durations compressed at 600�C with slow compression velocity.
The compressed microstructure of extruded alloy is very uniform, but the compression of the
SIMA-processed alloy results in three zones of different microstructure: (1) large deformation
zone in center of specimen, in which the spheroidized SIMA grains are severely flattened; (2) free
deformation zone near the top and bottom edges of the specimen, in which the spheroidized
grains still undeformed; and (3) a transition zone in-between the above two zones. The laminated
structure is more distinctive and the globules in free deformation zone become larger when
duration of salt bath increased.

Three deformation zones are proposed here and they are formed by the mechanism shown
schematically in Figure 21. Free deformation zone is generated by globule boundary sliding
and flow of liquid, which is formed by low melting point second phases melting. Large

Figure 16. Fracture surfaces of different specimens stretched at various temperatures.
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deformation zone is compressed majorly by plastic deformation of the globules, infrequently by
flow of liquid and globule boundary sliding. In transition zone, the mechanisms of above two
zones co-dominate and compete with each other, hence the microstructure alters with position.

Figure 22 reveals the thickness dissimilarity of the deformation zone of the SIMA alloy for
different durations of salt bath. Figure 22(a) describes the compression zones and Figure 22(b)

Figure 18. Appearances of several representative specimens.

Figure 17. Mechanical properties of F, S10 and S30 at various temperatures (a) strength at room temperature, (b) elongation
at room temperature, (c) strength at 550�C, (d) elongation at 550�C, (e) strength at 500�C and (f) elongation at 500�C.
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zones co-dominate and compete with each other, hence the microstructure alters with position.
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Figure 19. Curves of specimens compressed with different strain rate and at various temperatures: (a) with slow strain
rate at 600�C, (b) with fast strain rate at 600�C, (c) with slow strain rate at 550�C, (d) with fast strain rate at 550�C and
(e) with slow strain rate at 500�C.
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reveals the thickness of large deformation layer of SIMA alloys. The higher liquid fraction,
higher fluidity and more deformed grains at 600�C lead to the thickness was obviously lower
than that of 500�C. The thickness of the large deformation layer of the three SIMA-processed
materials is close to each other with the slow compression velocity. It is caused by compress
stress being decreased by dynamic recrystallization. The thickness of the large deformation
layer of S4 is the largest with the fast compression velocity, followed by those of S10 and S30.
The reasons are: (1) grain in the large deformation zone (in the center of the samples) limits
flowing and sliding of each other, and thus grains deform during compression in this zone.
The deformation of small grains (e.g., S4) is more difficult than that of large grains (e.g., S30)
[27–29]. (2) The thickness of the large deformation layer decreases with increasing fluidity
during compression. The fluidity of the SIMA-processed alloys enhances because of increasing
in the fraction of the liquid phases with the salt bath duration increasing.

3.6. High temperature forming behavior of SIMA-processed alloy

3.6.1. Compression test with a given loading

The compression loading at a 50% compression ratio for various materials for the compression
at 600�C is shown in Figure 23. It shows the compression loading of S10 is the lowest. The new
type SIMA process reduced compression loading by about 35% compared with that of the as-
extruded alloys, and full annealing reduced that by only about 9%. It indicates that the new

Figure 20. Overall microstructures of various compressing specimens at 600�C.
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Figure 19. Curves of specimens compressed with different strain rate and at various temperatures: (a) with slow strain
rate at 600�C, (b) with fast strain rate at 600�C, (c) with slow strain rate at 550�C, (d) with fast strain rate at 550�C and
(e) with slow strain rate at 500�C.
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reveals the thickness of large deformation layer of SIMA alloys. The higher liquid fraction,
higher fluidity and more deformed grains at 600�C lead to the thickness was obviously lower
than that of 500�C. The thickness of the large deformation layer of the three SIMA-processed
materials is close to each other with the slow compression velocity. It is caused by compress
stress being decreased by dynamic recrystallization. The thickness of the large deformation
layer of S4 is the largest with the fast compression velocity, followed by those of S10 and S30.
The reasons are: (1) grain in the large deformation zone (in the center of the samples) limits
flowing and sliding of each other, and thus grains deform during compression in this zone.
The deformation of small grains (e.g., S4) is more difficult than that of large grains (e.g., S30)
[27–29]. (2) The thickness of the large deformation layer decreases with increasing fluidity
during compression. The fluidity of the SIMA-processed alloys enhances because of increasing
in the fraction of the liquid phases with the salt bath duration increasing.

3.6. High temperature forming behavior of SIMA-processed alloy

3.6.1. Compression test with a given loading

The compression loading at a 50% compression ratio for various materials for the compression
at 600�C is shown in Figure 23. It shows the compression loading of S10 is the lowest. The new
type SIMA process reduced compression loading by about 35% compared with that of the as-
extruded alloys, and full annealing reduced that by only about 9%. It indicates that the new

Figure 20. Overall microstructures of various compressing specimens at 600�C.
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type SIMA process can promote the compressibility at elevated temperatures. The SIMA-
processed alloys have the lowest compression resistance.

Figure 21. Deformation mechanism of SIMA alloy as compressing.

Figure 22. (a) Diagram of compressing microstructure distribution of SIMA alloy and (b) varying trend of large defor-
mation layer with different specimens.
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3.6.2. Forming test at elevated temperature

F, O, S1, S4, S10 and S30 were compressed and shaped into a small screw nut as shown in
Figure 24(a). Figure 24(b) shows the order of loading (from small to large) is S30, S10, S4, O, S1

Figure 23. Deformation resistance of several materials.

Figure 24. (a) A photograph of real compressed specimen and (b) curves of specimens compressed with slow strain at
550�C.
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and F. The compression loading of S30 is the smallest at any compressive displacement. After
salt bath for 4 min, the forming resistance of the SIMA-processed alloy is lower than that of F
and O. When salt bath duration is adequate, the forming resistance of the SIMA-processed
alloy is relative lower.

Figure 25 shows the microstructure of sectioned-shaped specimens. The position of observa-
tion is the first fringe of the screw nut. The degree of filling the fringe (from high to low) is S10,
S4, S30, S1, O and F. It indicates S10 has the highest ability of metal flowing. It is due to its
suitable globule size and sufficient liquid fraction.

SIMA-processed alloys are suitable for forming with compressive stress. The deformation
resistance of the SIMA-processed alloy is low and ability of metal flowing of that is high
during compression at elevated temperatures with high compression velocity. The compres-
sion formability of SIMA-processed alloys is even higher than that of O. These results prove
that the new type SIMA process is applicable for manufacturing with compressive stress. The
compression loading can reduce by about 30% and production capability can be enhanced by
this SIMA process.

Figure 25. The cross-section microstructures of forming specimens (a) F_550F, (b) O_550F, (c) S1_550F, (d) S4_550F,
(e) S10_550F and (f) S30_550F.
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3.7. Summary

1. High temperature tensile data show that even though high temperature tensile yield stress
of SIMA alloys is small, the elongation and formability cannot compete with F. It is due to
the multi-elements and hard grain boundaries melting or softening at high temperatures
and generating cracks. Cracks are easy to proceed along grain boundaries and result in
intergranular fracture.

2. As compressing temperature is higher than 550�C, the deformation resistance of SIMA
alloys descends obviously. With duration of salt bath increasing, deformation resistance
decreases more. This advantage is more manifest when compressing rate increases due to
dynamic recrystallization appearing as compressing rate being slower. And the results of
high temperature forming test prove that sufficient fraction of liquid phase and suitable
size of globular grains promotes the fluidity of material and improve the high tempera-
ture formability.

3. At high temperatures, the compressive deforming mechanism of SIMA alloy includes two
ways: (1) flowing, flow of liquid incorporating solid grains and grain boundary sliding of
outer layer of material, which is named free deformation zone; (2) plastic deformation
occurring in the center of material due to grains restrict each other to slide and flow, which
is named large deformation zone. Between above two zones, transition zone exists. Two
mechanisms compete with each other in this zone and result in the microstructure of this
zone has gradually variation.

4. S10 is the best one for high temperature forming. It performs low deformation resistance
and good fluidity. It proves that suitable size of spheroidized grains is necessary. Notably,
intergranular fracture still should be avoided, that is, tensile stress cannot be introduced
too much in application.

4. Mechanical properties improvement of SIMA-processed alloys

4.1. Brief introduction

In this section, the improvement of the mechanical properties of SIMA alloys was investigated.
The SIMA-processed alloy with 10-min salt bath duration (S10) was used and compared its
mechanical properties with that of the as-extruded alloy (F). And the mechanical properties of
the SIMA alloy and the as-extruded alloy both strengthened via artificial aging (T6) heat
treatment and compared their tensile mechanical properties. Besides, the tensile fracture mech-
anism of these alloys will be demonstrated.

4.2. Experimental methods

The specimens of tensile test are the compressed specimens with a given compression rate in
Section 3.6. It defined as SIMA forming material and marked then with a prefix “C-.”
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mechanisms compete with each other in this zone and result in the microstructure of this
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and good fluidity. It proves that suitable size of spheroidized grains is necessary. Notably,
intergranular fracture still should be avoided, that is, tensile stress cannot be introduced
too much in application.
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In this section, the improvement of the mechanical properties of SIMA alloys was investigated.
The SIMA-processed alloy with 10-min salt bath duration (S10) was used and compared its
mechanical properties with that of the as-extruded alloy (F). And the mechanical properties of
the SIMA alloy and the as-extruded alloy both strengthened via artificial aging (T6) heat
treatment and compared their tensile mechanical properties. Besides, the tensile fracture mech-
anism of these alloys will be demonstrated.
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Section 3.6. It defined as SIMA forming material and marked then with a prefix “C-.”

Microstructural Characteristics and Mechanical Behaviors of New Type SIMA Processed Aluminum Alloy
http://dx.doi.org/10.5772/intechopen.70462

305



4.2.1. T6 heat treatment and its influences

T6 heat treatment is used for enhancing the mechanical properties. T6 heat treatment includes
solution heat treatment and artificial aging. The parameters of solution treatment are set as 530
and 550�C for 2 h, and the parameters of artificial aging is set as 175�C for 8 h (peak aging).
Specimens subjected to T6 heat treatment are marked the suffix “/T6530” or “/T6550.” Different
solution temperature is used for investigating the effect of amount of solid solution.

4.2.2. Tensile test and tensile fracture mechanism analysis

A universal tester is used in tensile test. Six specimens, namely C-F, C-S10, C-F/T6530, C-F/
T6550, C-S10/T6530 and C-S10/T6550, were selected to conduct tensile test at room temperature
with the initial strain set as 1.67 � 10�3 s�1. The dimension of tensile specimen is shown in
Figure 14(a). The tensile direction is parallel to extruded direction.

The tensile fracture mechanism of different specimens was analyzed by tensile sub-surface
observing with optical microscope (OM) and fracture characteristic investigating with scan-
ning electron microscope (SEM).

4.3. Mechanical properties improvement of SIMA forming alloys

The tensile properties data of compressed and heat-treated materials are shown in Figure 26.
Figure 26(a) shows the strength data. T6 heat treatment promote the strength of specimens,
and the strength of compressed SIMA alloys was slightly lower (by about 10–20 MPa) than that
of as-extruded alloys. The ultimate tensile strength (UTS) of SIMA-processed alloys can reach
about 430–440 MPa. It proves the strength of SIMA forming alloys after T6 heat treatment is
high enough for general applications.

Figure 26. Mechanical properties of specimens: (a) tensile strength and (b) tensile elongation.
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The tensile elongation of SIMA-processed alloy is much lower than that of as-extruded alloys as
shown in Figure 26(b). Compression at 600�C can enhance the uniform elongation (UE) to about
23% and total elongation (TE) to about 27% because the hard and brittle phases at globule
boundaries composed of Al, Mg, Si and Cu diffused into the matrix. Elongation is increased after
T6 heat treatment, and it increases with decreasing solution heat treatment temperature. Uniform
elongation is about 12% and total elongation is 16% when the solution heat treatment tempera-
ture was 530�C. In short, high temperature compression at elevated temperature and T6 heat
treatment can improve the mechanical properties of SIMA-processed alloys. An appropriate heat
treatment can promote the strength higher than 400 MPa and elongation higher than 10%.

Figure 27. Morphologies of (a) C-S10/T6530; (b) C-S10/T6550; (c) C-F/T6530 and (d) C-F/T6550.

Figure 28. Elemental distribution of compressed TS-SIMA alloy after T6 heat treatment (C-S10/T6530) obtained using
EPMA.
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The tensile elongation of SIMA-processed alloy is much lower than that of as-extruded alloys as
shown in Figure 26(b). Compression at 600�C can enhance the uniform elongation (UE) to about
23% and total elongation (TE) to about 27% because the hard and brittle phases at globule
boundaries composed of Al, Mg, Si and Cu diffused into the matrix. Elongation is increased after
T6 heat treatment, and it increases with decreasing solution heat treatment temperature. Uniform
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4.4. Mechanism of tensile fracture of SIMA forming alloys

Figure 27 shows the microstructures of compressed SIMA alloys after T6 heat treatment. It
shows that the original compressed globular grains of compressed SIMA alloys grew during
solution treatment, as shown in Figure 27(a) and (b). The microstructure of T6-heat-treated as-
extruded alloys remained as fine recrystallized grains, as show in Figure 27(c) and (d). The
degree of precipitation strengthening of these two kinds of 6066 Al alloys should be identical

Figure 29. Fracture surfaces of (a) S10; (b) C-S10; (c) C-S10/T6530; (d) C-S10/T6550; (e) C-F/T6530 and (f) C-F/T6550.
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because their compositions and T6 heat treatment conditions are the same. The slight differ-
ence of mechanical properties is due to grain size [27–29]. The strength of as-extruded alloys
was higher than that of SIMA forming alloys because of the former’s fine grains.

Figure 28 reveals the elemental distribution of compressed SIMA alloys after T6 heat treat-
ment. It reveals all elements distribute uniformly. It indicates T6 heat treatment makes Cu, Mg
and Si solid-solute and precipitate completely.

Figures 29 and 30 interpret the fracture mechanism of all materials. The intergranular fracture
characteristic of SIMA-processed materials is shown in Figures 29(a) and 30(a). The phases with
low melting point melted, penetrated and solidified at globule boundaries, resulting in the
globule boundary being more brittle and harder than the matrix. It leads to stress concentration
and the generation of cracks. These cracks initiated at globule boundaries and connected with
each other, leading to intergranular fracture. Otherwise, Figure 29(c)–(f) show the dimple frac-
tures on the fracture surfaces of compressed SIMA alloys and T6-heat-treated compressed SIMA

Figure 30. Sub-surfaces of (a) S10; (b) C-S10; (c) C-S10/T6530 and (d) C-S10/T6550.
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4.4. Mechanism of tensile fracture of SIMA forming alloys

Figure 27 shows the microstructures of compressed SIMA alloys after T6 heat treatment. It
shows that the original compressed globular grains of compressed SIMA alloys grew during
solution treatment, as shown in Figure 27(a) and (b). The microstructure of T6-heat-treated as-
extruded alloys remained as fine recrystallized grains, as show in Figure 27(c) and (d). The
degree of precipitation strengthening of these two kinds of 6066 Al alloys should be identical

Figure 29. Fracture surfaces of (a) S10; (b) C-S10; (c) C-S10/T6530; (d) C-S10/T6550; (e) C-F/T6530 and (f) C-F/T6550.
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alloys. Dimple fracture is a ductile fracture characteristic caused by micro-voids coalescence.
Figure 30(b)-(d) reveals the sub-surface morphologies of compressed SIMA alloys and T6-heat-
treated compressed SIMA alloys. The brittle phases with low melting point disappeared after
compression at elevated temperatures, leading to improvement of mechanical properties. After
T6 heat treatment, the mechanical properties of SIMA forming alloys are high enough for general
applications.

4.5. Summary

1. The mechanical properties of SIMA-processed alloys can be improved obviously (espe-
cially elongation) even though that of original SIMA-processed alloys are very low, and T6
heat treatment enhances the mechanical properties of SIMA alloys more to be sufficient
for common applications.

2. The improvement of mechanical properties is due to the elimination of brittle and hard
phases located on globule boundaries via high temperature compression and solution
treatment of T6.

5. Conclusions

1. Three major factors to generate fine, uniform, high-liquid fraction and highly
spheroidized globular globules in this new type SIMA process are the following: (a)
sufficient elements to form low melting point phases, (b) adding elements for inhibiting
grain growth and (c) proper extrusive parameters to get fine and uniform initial extrusive
microstructure. For 6xxx Al-Mg-Si alloys, low melting point phases can be composited of
Mg, Si, Cu and Al, and globule growth can be inhibited by adding Mn (or V and Zr).
Heating method of salt bath results in Ostwald ripening being the major globule growth
mechanism. Degree of spheroidization is positive relative to liquid fraction but it is
independent on extrusive ratio.

2. At the temperature of solid-liquid coexistence, compressive stress is suitable for SIMA
materials forming. Tensile stress will lead to intergranular fracture because brittle and hard
phases locate on globule boundaries. Compression of the SIMA-processed alloy results in
three zones of different microstructure, namely large deformation zone, free deformation
zone and transition zone. SIMAmaterials perform high compressibility at high compression
rate. High spheroidization, high liquid fraction and small globule size enhance the ability of
metal flowing and improve the compressibility at elevated temperatures.

3. High temperature compression can improve the elongation of SIMA alloys. The
mechanical properties of SIMA alloys can be enhanced by T6 heat treatment. The
improvement of mechanical properties is due to the elimination of brittle and hard
phases located on globule boundaries via high temperature compression and solution
treatment of T6.
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