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Preface

During the last decades, there has been a significant increase in the use of light 
alloys, which have the potential to replace ferrous alloys in engineering sectors. In 
general, aluminium alloys dominate over other light metals thanks to good proper-
ties, including their excellent compromise between mechanical properties and 
lightness, corrosion resistance, easy recyclability, and relatively low cost. The global 
demand for aluminium is growing and approximately 63 million tons of aluminium 
alloys were produced in 2018. In Europe alone, 7.8 million tons of aluminium alloys 
were produced in the same period. This increased production was possible thanks 
to the development of innovative manufacturing processes and new generations of 
aluminium alloys able to increase the final mechanical performance and the process-
ability of the material. Some of these processes include casting, drawing, forging, 
rolling, extrusion, welding, powder metallurgy, and additive manufacturing.

This book provides a theoretical and practical understanding of the metallurgical 
principles in the design and development of innovative aluminium alloys and com-
posites. It also presents and discusses a new generation of manufacturing processes 
and applications. Furthermore, the book is heavily illustrated to make the concepts 
clear.

The editor of this book hopes that practicing engineers, technicians, students, and 
all those interested in aluminium alloys, in particular the technical staff of aero-
space, automotive, and defence industries, will find it useful. The editor would like 
to acknowledge the contributing authors for their excellent chapters.

Giulio Timelli
Department of Management and Engineering,

University of Padua,
Vicenza, Italy
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Chapter 1

Development and 
Characterization of New 
Functionally Graded Aluminium 
Alloys
Elisa Fracchia and Mario Rosso

Abstract

Nowadays, aluminium alloys are adopted mainly to produce engineering and 
automotive components. The present investigation aims to design, cast and charac-
terize novel functionally graded materials (FGMs) produced using Al-Mg and Al-Si 
alloys by gravity casting technique. Alloys were sequentially cast into a mould to 
obtain an FGM to realizing great mechanical and metallurgical bonding. Zn addi-
tion was further performed in FGM to increase the mechanical properties, thanks 
to the nucleation of the intermetallic phases MgZn2. Castings were subsequently 
mechanically tested by tensile tests, bending tests, hardness and microhardness 
measures to assess the products' quality. Microstructural characterizations were 
performed along the FGM to assess the metallurgical bonding and evaluate the 
microstructures obtained. Fracture, microstructural and compositional analysis 
will highlight the quality of this new FGM proposed. Possible applications of these 
materials are suggested, as automotive pistons or structural components.

Keywords: FGM, Al-Si alloy, Al-Mg alloy, tensile tests, bending test, microstructures, 
SEM analysis

1. Introduction

The last few decades were characterized by significant growth of the aluminium 
market. This growing interest in aluminium alloys is attributable to their excellent 
properties such as good or excellent specific mechanical strength, lightweight and 
generally good corrosion resistance [1]. During previous years, in the automotive 
market, these properties have allowed replacing some heavy components made 
in steel with the same components made in aluminium, leading to cost savings, 
structural lightening and CO2 emission reduction. However, if, on the one hand, 
aluminium alloys have good properties that permit the production of components 
with homogenous characteristics providing high performances, on the other hand, 
some applications may require specific features as graded structures. Functionally 
graded materials (FGMs) have graded structures characterized by different compo-
sitions or microstructures, as deeply investigated in [2]. In particular, gradient types 
were classified as chemical composition gradients, porosity gradients or micro-
structural gradients [3], while microstructural gradients are further subdivided 
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into fraction gradient, shape gradient, orientation gradient and size gradient [4]. 
Various production methods such as powder metallurgy, centrifugal casting, vapour 
deposition [5] or additive manufacturing [6] can be used to produce FGMs. FGMs 
usage involves various markets, such as biomedical, chemical, aerospace, electronics,  
nuclear or energy; for instance, in [7], the powder metallurgy method was used, 
and the authors successfully fabricated a porosity gradient Ti-Zr FGM for biomedi-
cal application.

As aluminium-FGMs regard, various publications concern the functionally 
graded metal-ceramic composites rather than metal-metal ones. In [8], authors 
realized a layered Al-SiC FGM by powder metallurgy technique. Each layer was 
composed of different SiC content, and the consolidation between each layer 
was assured by cold compaction. Similarly, in [9] a layered Al-Al2O3 FGM was 
suggested. Other manuscripts suggest the adoption of Al alloys instead of the 
commercially pure aluminium powder. In particular, in [10], FGM produced with 
aluminium alloy A7075 was suggested for gears or brake drums. In addition to 
powder metallurgy, FGMs may be prepared in other ways: in [11], authors proposed 
the centrifugal casting technique to realize A356-SiC FGMs. The mould rotation 
permits a radial distribution of SiC particles, and in the end, the samples could be 
distinguished into three different zones—reinforced zone (outer zone), transitional 
zone (middle zone) and the unreinforced alloy (inner zone). Centrifugal casting 
was also successfully adopted in [12] to produce automotive pistons by adopting 
two aluminium alloys—A336 and A242. As centrifugal casting regards, different 
production parameters must be considered, as pointed up in the review article [13].

On the other hand, gravity casting is a newish casting method used to produce 
FGMs. In [14], the authors used gravity casting to realize two metal-metal FGM, 
adopting the aluminium alloys A390-A319 (both casting alloys) and A390-A6061 
(casting and wrought alloys). In particular, to obtain a good metallurgical bonding 
between alloys, some casting parameters were carefully monitored, as the time gap 
during sequential pouring and the pouring temperature. In this work, metal-metal 
FGMs were realized by controlling the mould filling using gravity casting [15]. 
Alloys EN AC 47000 and EN AC 51100 were used, with and without Zn addition, to 
assess the mechanical properties and the metallurgical bonding in this new kind of 
FGM. FGMs properties were then compared to the properties of the single alloys.

2. Materials and methods

2.1 Materials

Aluminium alloys adopted to realize FGMs are EN AC 47000 and EN AC 51100. 
Details about alloys chemical composition are reported in Table 1. Alloy EN AC 
51100 (AlMg3) has a wide range of applications in the automotive industry; Mg 
increases corrosion resistance and solution hardening [16].

EN AC 47000 (AlSi12(Cu)) is a eutectic alloy having Si as the primary alloy-
ing element. Si and Cu increase mechanical properties, in particular after heat 
treatment.

Commercially pure Zn ingot was used as an alloying element in a quantity of 1.5 
w.t.% in some specific samples.

2.2 FGM production

FGMs were realized by controlling the mould filling during the gravity casting 
[17, 18]. The alloys are melted in two different crucibles while the mould is painted 
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with BN-based stop off-paint and preheated at 400°C. The mould is a C40 steel 
mould having dimensions 85 mm (depth) × 200 mm (height) × 15 mm (width). The 
alloys were poured in a precise amount to fill half of the mould figures (see dotted 
lines in Figure 1A and B). Approximately 150 g of EN AC 51100 alloy was poured at 
710°C into the mould, as indicated by the orange arrow in Figure 1A, filling half of 
it. After the first casting, 185 g of alloy EN AC 47000 was poured, at 710°C, over EN 
AC 51100 to fill the second half of the mould, as shown in Figure 1B. The pouring 
of alloy EN AC 47000 was performed without any time delay after casting the first 
composition. Castings are manually extracted from the mould in the fastest way 
possible by using pullers and then quenched in water at 25°C; the manual extraction 
method may cause little change in cooling rate (that was not specifically measured) 
between subsequent castings. Because of the mould shape, there is no specific pour-
ing channel for the second alloy, EN AC 47000, which must be poured into two dif-
ferent parts of the mould, as indicated in Figure 1B. This mould configuration may 
affect the junction tightness inside castings, causing the presence of gas porosities 

EN AC 47000

w.t.% Cu Mg Si Fe Mn Zn Al

0.62 0.09 12.98 0.54 0.26 0.47 Bal.

EN AC 51100

w.t.% Cu Mg Si Fe Mn Zn Al

0.042 2.786 0.432 0.285 0.188 0.049 Bal.

Table 1. 
FGM alloys composition.

Figure 1. 
Filling operations. A: Step 1, half-mould image; the casting of alloy EN AC 51000 inside the mould carried 
out as indicated by the orange arrow. B: Step 2, casting alloy EN AC 47000 inside the mould carried out as 
indicated by orange arrows. C: Step 3, casting obtained. D: Step 1 of casting, nucleation of α-Al dendrites near 
nucleation site and mould walls after the casting of composition EN AC 51100. E: Step 2 of casting, nucleation 
of α-Al dendrites of alloy EN AC 47000 into the interdendritic channels of alloy EN AC 51100 previous poured. 
F: EN AC 47000 alloy into the interdendritic channels of alloy EN AC 51100 after the pouring.
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and oxides. An example of the casting obtained is shown in Figure 1C. Each FGM 
bar measures 25 mm (depth) × 125 mm (height) × 15 mm (width), and the interface 
between alloys is approximately placed in the middle.

As mechanical properties are relevant in automotive FGM, Zn addition was per-
formed to increase mechanical strength. For this reason, three different types of FGM 
were realized—FGM without Zn, FGM with Zn addition in alloy EN AC 47000 and 
finally FGM with Zn addition in both the alloys. Moreover, in order to evaluate the 
alloys’ mechanical properties, single-alloy specimens have been cast, with and with-
out Zn addition. The different experimental conditions are summarized in Table 2.

2.3 Mechanical and microstructural tests

With the aim to evaluate the mechanical properties of the produced FGMs and 
compare them with those of the single alloys, tensile tests, three-point bending tests 
and microhardness measures were made. Tensile tests were performed following 
the norm ASTM B557–15. Specimens were machined in a plate dog-bone shape from 
the rectangular castings; in FGM tensile specimens, the interface between the alloys 
was placed in the middle of the samples. Since the properties of the FGM without 
Zn addition are the work’s focus, a higher number of the tensile test specimens were 
produced. Overall, these were realized six specimens for this type of FGMs without 
Zn, while the other types of casting were machined with two samples.

Three-point bending tests were performed on bar measures 10 mm × 10 mm × 60 
mm, adopting a support span of 40 mm, test speed 0.004 1/s and a preload of 5 N. 
During the tests, the load is applied in the middle of the specimens, while on the oppo-
site side the sample is supported by two wedges. In FGM bending specimens, the inter-
face between the alloys was placed in the middle of the samples. Overall, there were six 
specimens for FGMs without Zn, while the other FGMs were machined in two samples. 
Four specimens were tested for the single alloys (castings with and without Zn).

Microhardness Vickers tests were performed on each specimen. FGMs interfaces 
were subjected to a microhardness matrix 8 × 8; the distance between each indenta-
tion was 150 μm, the applied load was 15 gf for 15 s and the diagonal was measured 
after the indentation varies almost from 25 to 35 μm. Single alloys were also tested, 
performing five indentations for each sample. Microhardness was chosen instead of 
Vicker hardness because it may be more sensitive to the slight hardness variations 
near the interface of the FGM samples. In fact, the junction areas of alloys are pretty 
low, of a few hundred microns.

Microstructures were evaluated through SEM microscope, and EDS semiquantita-
tive analyses were also carried out. Castings were cut and polished by using SiC papers 

Castings Alloys Casting details

#1 FGM. EN AC 51100 and EN AC 47000 —

#2 FGM. EN AC 51100 and EN AC 47000 + 1.5w.t.% 
Zn

1.5w.t.% Zn in alloy EN AC 47000 
(~ 2.8 g)

#3 FGM. EN AC 51100 + 1.5w.t.% Zn and EN AC 
47000 + 1.5w.t.% Zn

Zn in EN AC 47000 (~ 2.8 g) and in 
EN AC 51100 (~ 2.2 g)

#4 Single alloy EN AC 47000 + 1.5w.t.% Zn Zn addition (~ 2.8 g)

#5 Single alloy EN AC 51100 + 1.5w.t.% Zn Zn addition (~ 2.2 g)

#6 Single alloy EN AC 51100 —

#7 Single alloy EN AC 47000 —

Table 2. 
Experimental conditions.
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from 180 to 2500 grit, and then, colloidal silica having a granulometry of 0.03 μm 
was used for mirror-polishing. Finally, specimens were etched with Keller’s reagent. 
Fracture surfaces after tensile tests were also investigated through SEM analysis.

3. Results and discussion

3.1 Intermetallic phases

Figure 2 shows microstructures obtained at SEM microscope for specimens 
of alloy EN AC 51100 with Zn and EN AC 51100 without Zn addition. Different 
intermetallic phases are noticeable from Figure 2a: Al-Fe-Mn-Si phases (spectrums 
1 and 4), the eutectic α-Al/Al3Mg2 phase (spectrum 5) and Mg2Si phase (spectrums 
2 and 5). Mainly, Al3Mg2 is characterized by the typical acicular shape and the 
black colour, as in spectrum 2 [16]. Mg2Si can be present inside the eutectic α-Al/
Al3Mg2 phase (grey precipitations). Similar results were noticed in Figure 2b for 
the analysed specimen of alloy EN AC 51100 with Zn addition. In particular, Zn 
was detected in spectrums 3, 4 and 5, along with Mg and Si. White intermetallic 

Figure 2. 
SEM-EDS analysis of specimen EN AC 51100 (a) and EN AC 51100 + Zn (b).
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compounds contain a high amount of Fe and Mn were also noticed in Figure 2a 
spectrum 4 and Figure 2b spectrum 2, identifiable as α-Al (Fe, Mn) Si phase.

Figure 3 shows microstructures obtained at SEM microscope for specimens of 
alloy EN AC 47000 with Zn and EN AC 47000 without Zn addition. In Figure 3a, 
white intermetallic compounds contain Fe, Mn and Cu, (spectrums 1, 2 and 5) similar 
to those observed in alloy EN AC 51100 were observed. Spectrum 4 is an intermetal-
lic phase Al-Si-Mg-Cu also known as Q phase [19]. Similarly, intermetallic phases 
detected in Figure 3b highlight the presence of the Q phase in spectrum 2. Spectrum 3 
highlights a eutectic silicon polygonal particle. The Zn was noticed in the intermetallic 
Fe-based, commonly known as Chinese script, α-AlFeSiCuMg.

3.2 FGMs interfaces

Figure 4 reports the SEM-EDS maps of the FGMs interfaces obtained. Figure 4a 
highlights the Si diffusion into Mg-based alloy, especially into the eutectic regions 
α-Al/Al3Mg2.

Iron-based intermetallic compounds are largely diffused into EN AC 47000 
alloy, as noticeable from the maps; furthermore, Mg was detected in both the alloys 
with a slight depletion at the interface. Although Si was detected at the interface 

Figure 3. 
SEM-EDS analysis of specimen EN AC 47000 (a) and EN AC 47000 + Zn (b).
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into the EN AC 51100 bulk, in the alloy bulk Si was noticed only in a few intermetal-
lic phases. In fact, EDS map analysis conducted into the EN AC 51100 bulk did not 
evidence appreciable amounts of silicon, as is possible to note in Figure 5.

After Zn addition, Zn-based intermetallic compounds are detected. Figure 6 
shows the SEM-EDS maps for FGM with Zn addition in alloy EN AC 47000. Overall, 
it seems that the Zn amount was not enough to be appreciated in the EDS maps 
near the interface; on the other hand, Zn was clearly noticed in the bulk alloy of the 
sample made in single alloy EN AC 47000 + Zn, as is shown in Figure 7.

Interface maps for FGM containing Zn in both alloys clearly show the pres ence of 
Zn, with a slight depletion into the interface between the compositions (see Figure 8). 
Furthermore, as also noticed in the other FGMs, Mg depletion was observed near the 
alloy interface. This depletion may be explained considering the alloy mixing that took 
place during the pouring of the second composition; in fact, near the interface, these 
were mainly noticed iron-based intermetallic phases (Figures 4 and 6).

No defects such as oxide layers or shrinkage were observed in the FGM interfaces.

Figure 4. 
EDS maps analysis in FGM without Zn interface.

Figure 5. 
EDS maps analysis of EN AC 51100 bulk.
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Figure 7. 
EDS maps analysis of EN AC 47000 bulk.

3.3 Mechanical tests

3.3.1 Microhardness

Microhardness measured in alloys with and without Zn additions is shown in 
the bar chart of Figure 9. As FGMs regard, the microhardness matrixes measured 
through the interfaces are shown in Figure 10.

Average interface hardness appears similar in FGM and in FGM with Zn addition 
in alloy EN AC 47000, respectively 72 ± 16 HV0.15 and 69 ± 15. On the other hand, 
in the FGM with Zn addition in both alloys, the interface was characterized by a 
higher average microhardness, of almost 81 ± 16.

Overall, the standard deviations in FGM specimens are similar (16, 15 and 16). 
The same behaviours were observed in alloy EN AC 47000, with and without Zn 
additions. Microhardness measured in EN AC 47000 was 95 ± 12 HV0.15 without 
Zn addition and 80 ± 12 HV0.15 with Zn addition.

Figure 6. 
EDS maps analysis in FGM (with Zn addition in alloy EN AC 47000) interface.
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Figure 8. 
EDS maps analysis in FGM (with Zn addition in both the alloys) interface.

Figure 9. 
Average microhardness measured in bulk alloys EN AC 47000 + Zn, EN AC 51100 + Zn, EN AC 47000, EN AC 
51100 (bars 4, 5, 6, 7) and average microhardness measured for FGM, FGM with Zn addition in EN AC 47000 
and FGM with Zn addition in both alloys (bars 1, 2, 3).

Figure 10. 
Microhardness maps for FGMS. A: FGM; B: FGM with Zn addition in EN AC 47000; C: FGM with Zn 
addition in both alloys.
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The lower microhardness in alloy EN AC 47000 after Zn addition in respect to 
the same alloy without Zn (bars #4 and #7, respectively) can be explained with the 
higher inhomogeneity detected in the alloy with Zn addition. In fact, such behav-
iour was not noticed in the FGMs interfaces with Zn, where microhardness resulted 
in improvement after Zn additions.

Considering the portion of EN AC 47000 in FGMs samples, the average micro-
hardness measured was 78 ± 14, 74 ± 14 and 90 ± 20, respectively for FGM, FGM 
with Zn in EN AC 47000 and FGM with Zn in both compositions. These results 
seem to suggest that 1.5 w.t.% of Zn in EN AC 47000 does not significantly affect 
the alloy microhardness; on the other hand, Zn addition in both alloys causes an 
increase in microhardness of EN AC 47000 near the interface. This behaviour may 
be attributable to the higher Zn content detected near the interface between EN AC 
51100 and EN AC 47000. The mixing of the compositions during the casting did 
not cause a depletion in Zn, because this constituent is present in both alloys.

Alloy EN AC 51100 has few alloying elements; thus, Zn addition may easily 
affect the average microhardness in this alloy, which increased from 60 ± 7 HV0.15 
to 76 ± 3 HV0.15. Considering the portion of EN AC 51100 in FGM samples, the 
average microhardness measured were 71 ± 18, 67 ± 16 and 76 ± 11, respectively for 
simple FGM, FGM with Zn in EN AC 47000 and FGM with Zn in both composi-
tions. These results suggest that Zn and the other alloying elements that character-
ize the alloy EN AC 47000 affect the microhardness of the alloy EN AC 51100. On 
the other hand, Zn addition only in alloy EN AC 47000 does not cause a further 
increase in EN AC 51100 microhardness, despite the composition mixing during the 
casting. Only the Zn addition in both alloys leads to an increase in microhardness.

The slight depletion of Mg and Zn at the interface of FGMs, detected in SEM-
EDS maps in Figures 4, 6 and 8, may explain the difference in microhardness 
measured respectively in the bulk alloy and near the FGM interfaces.

3.3.2 Tensile tests and fracture surfaces

Mechanical tensile tests were performed on FGMs specimens as well as on single 
alloy specimens.

Table 3 shows the tensile properties measured. FGMs are characterized by 
an average UTS (ultimate tensile strength) of almost 164 MPa, similar to FGMs 
with Zn addition. After adding Zn only in alloy EN AC 47000, the average UTS 
decreased to almost 151 MPa, while the elongation to fracture A% increased. In both 
cases, Zn addition caused a decrease of Rp0,2. In effect, in [20], the authors noticed 
that after adding 1.5–2% Zn, the mechanical UTS of Al-Si alloys decreases. Alloy 
EN AC 47000 affect the mechanical properties of all FGMs, regardless of the pres-
ence or absence of Zn. The alloy EN AC 47000 with Zn was characterized by almost 
170 MPa of UTS, while the elastic module resulted very similar to the module of 
FGM with the addition of Zn only in EN AC 47000. Similarly, alloy EN AC 51100 
with Zn has a UTS of about 148 MPa, as the UTS of FGM with the addition of Zn 
only in EN AC 47000. Zn addition in alloy EN AC 47000 seems not to affect UTS, 
resulting in slightly higher in the alloy without Zn; the same behaviour was previ-
ously noticed for the microhardness values.

EN AC 47000 has the higher average UTS, followed by EN AC 47000 with 
Zn and FGM without Zn. Not considering the average data, the higher UTS was 
detected for FGM specimen without Zn (184 MPa) while the lower was detected 
for alloy EN AC 51100 (122 MPa). As attended, alloy EN AC 51100 has shown the 
lowest mechanical properties and significant elongation to fracture A%.

In FGM specimens, it seems that Rp0,2 decreases with the addition of Zn. This 
behaviour goes against the solid solution hardening expected. In fact, Zn has a 
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high solubility in the aluminium matrix. On the other hand, the Rp0,2 decreasing 
was only detected in FGMs specimens, while in alloy EN AC 47000 Rp0,2 remains 
almost constant and in alloy EN AC 51100 increases. In this sense, there are two 
possible explanations. First, the Rp0,2 decrease may be associated with a higher 
defect population in the FGM specimens that affect the yielding of the casting. The 
second hypothesis is that during the tensile test dislocations cannot pass through 
the Zn-straightened matrix and the primary Si particles, inducing concentrations 
of efforts that cause crack nucleation sites. The lower UTS after Zn addition may be 
similarly explained considering the additional presence of a certain defect popula-
tion that affect the positive effect of Zn.

Particularly, the high standard deviation in the UTS of FGM without Zn addition 
was due to the presence of two specimens that fractured near casting defects. Such 
defects were primarily shrinkage porosities along the junction and in the proximity 
of the junction near the EN AC 51100. These porosities were caused by an incorrect 
elapsing time between the casting of the alloy EN AC 51100 and the subsequent 
pouring of EN AC 47000, causing air entrainment and mixing in the junction. 
Another important consideration must be done; notwithstanding FGM without Zn 
fractured preferentially in alloy EN AC 51100, the mechanical properties of the FGM 
without Zn still remain higher than the properties of the single alloy EN AC 51100 
without Zn. This behaviour can be attributed to two reasons. The first one is that the 
presence of the alloy EN AC 47000, which is able to assure a high strength resistance, 
positively affects the FGM resistance, while the second is due to a good quality of the 
junction realized that provides a favourable stress distribution between the alloys.

Surface fractures were observed through SEM. In general, FGM specimens’ rup-
ture has occurred on the EN AC 51100 side; in one specimen, it occurs at the inter-
face while, in one sample, the rupture was detected in alloy EN AC 47000 close to 
a defect. Figure 11a and b show fracture surfaces of two FGM without Zn. Mainly, 
Figure 11a shows the surface fracture of the FGM sample with the higher UTS, 188 
Mpa. This specimen is characterized by a brittle fracture that occurred on alloy EN 
AC 47000. The fracture reveals a vast number of dendrites. Figure 11b displays an 

Rp0,2 [MPa] UTS [MPa] A% [%]

FGM without Zn

123 ± 20 164 ± 24 1.3 ± 0.6

FGM with Zn in EN AC 47000

83 ± 0.6 151 ± 31 4 ± 3

FGM with Zn in both alloys

99 ± 5 161 ± 20 2.8 ± 1

EN AC 47000 with Zn

108 ± 3 171 ± 3 2 ± 0.02

EN AC 51100 with Zn

111 ± 2 148 ± 27 2 ± 1

EN AC 51100

73 ± 0.3 136 ± 21 6 ± 3.5

EN AC 47000

108 ± 0.4 176 ± 9 2.5 ± 0.7

Table 3. 
Average tensile tests results.
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Figure 11. 
Surface fractures for a few selected specimens. a, b: FGMs without Zn addition. c: FGM with Zn addition in 
EN AC 47000. d: FGM with Zn in both alloys. e,h: Alloys EN AC 47000 with and without Zn. f, g: Alloy EN 
AC 51100 with and without Zn addition.

FGM without Zn fractured along the interface between the alloys. A brittle fracture 
and dendrites characterize the fracture; this behaviour is symptomatic of a weak 
interface bonding between the two alloys. Overall, FGMs without Zn specimens are 
broken into the less resistant alloy, apart from specimens affected by casting issues.

Figure 11c and d show the fracture surfaces for both FGMs with Zn in EN AC 
47000 and FGM with Zn in both compositions. Particularly, FGM with Zn only in 
EN AC 47000 fractured at the interface with pretty high elongation. On the other 
hand, FGM with Zn in both the alloys fractured with very low mechanical strength 
at the interface (147 MPa).

Figure 11e and h display the EN AC 47000, with and without Zn addition. Both 
fractures are brittle, and the elongation to fracture was approximately 2%. Cleavage 
plains were observed.
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Alloy EN AC 51100 shows the highest elongation to fracture, of about 8%, 
while the elongation drops to about 2% after Zn addition. Despite the good 
mechanical properties, the elongation to fracture, in Figure 11g, is clearly vis-
ible extended dendrites. In Figure 11f, are visible the eutectic phases and a small 
amount of dimples.

Overall, intermetallic rod-like shapes or plate shapes cause brittle fractures for 
the concentration of efforts, as noticeable in Figure 12. Defects detected in surface 
fractures are mainly dendrites, but in FGM with Zn in both alloys were also noticed 
gas porosities. From the fracture analysis, it seems a certain grade of microporosity 
into the casting was realised, especially into alloy EN AC 51100. This behaviour was 
not previously highlighted in SEM analysis.

Near the rod-like intermetallics, are noticed cleavage plains. The very thin acicu-
lar microstructure of the eutectic regions α-Al/Al3Mg2 seems does not affect the 
rupture mode, resulting in an excellent elongation to fracture (Figures 11f and 12).

3.3.3 Three-point bending test

Table 4 reports the results of bending tests for each specimen. As maximum val-
ues regard, FGM without Zn has the highest ultimate force Fmax (394 Mpa). FGMs’ 
deformation at rupture appears most influenced by alloy EN AC 47000 except for 
one sample, where the elongation resulted in about 10%.

FGM with Zn addition only in EN AC 47000 has shown the lower deformation 
at fracture and the lower Fmax; particularly, in sample #2, the Rp0,2 was so low that 
was not recorded. In FGM with Zn only in EN AC 47000, deformation at rupture is 
similar to deformation at rupture of alloy EN AC 51100, while in FGM with Zn in 
both alloys, it is similar to the deformation of alloy EN AC 47000.

Alloy EN AC 51100, as attended, has the highest deformation at rupture.

Figure 12. 
Fracture details. FGM type 1 is the FGM without Zn; FGM type 3 indicates the FGM with Zn in both 
compositions; types 6 and 7 are alloys EN AC 51100 and EN AC 47000 without Zn.
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As the three-point bending test regard, results are comparable with tensile tests. 
In fact, for example, FGMs in tensile conditions present similar UTS as the Fmax 
measured in FGM without Zn and with Zn in EN AC 47000. FGMs with Zn in both 
alloys resulted not comparable because of defects inside castings. Alloy EN AC 
47000 has shown similar UTS with and without Zn, while in the bending test, the 
absence of Zn causes an increase in the specimen deformability, thanks to the lower 
solid solution straightening. Finally, EN AC 51100 bending behaviour is similar 
with or without Zn in terms of Fmax, despite the deformability decrease with Zn, as 
noticed for tensile test results.

3.3.4 Mechanical property connections

Average mechanical properties were compared to each other, and results are shown 
in graphs of Figure 13. Figure 13a shows a graph between the average ultimate tensile 
strength and the average elongation to fractures for each batch of samples. Graph a 
shows that alloy EN AC 47000 (type 4 with Zn and type 7 without Zn) has the highest 
Rm but low elongation to fracture. Conversely, alloy EN AC 51100 (type 5 with Zn and 
type 6 without Zn) have the lowest Rm, while A% changes as a function of Zn addi-
tion. Without Zn, EN AC 51100 castings reach the maximum average elongation.

As FGMs regard, Zn addition does not influence the Rm that remains almost 
constant, while dL% increases. The increase in dL% may be caused to the presence 
of nanoparticle intermetallic compounds Mg-Zn that positively affect the fracture 
mode, thanks to their rounded shapes [21]. Despite that, the intermetallic phases 
Mg-Zn are nanometric and, thus, are not easily observable at SEM. These interme-
tallic phases nucleate during the solidification; as the rate of Zn increases, the rate 
of Mg dissolved in α-Al decreases to form Mg-Zn intermetallic phases.

When comparing Rm to average microhardness values, as in Figure 13c, it 
becomes evident that EN AC 51100 castings have shown the higher Rm and higher 
microhardness, followed by FGM with Zn in both alloys and alloy EN AC 47000 

Rp0,2 [MPa] Fmax [MPa] dL%

FGM without Zn

181 ± 24 269 ± 65 5.6 ± 3

FGM with Zn in EN AC 47000

191 ± 13 267 ± 45 4. ± 0.8

FGM with Zn in both alloys

198* 151 ± 129 * 2.5 ± 0.2

EN AC 47000 with Zn

183 ± 12 289 ± 24 2 ± 0.02

EN AC 51100 with Zn

229 ± 16 306 ± 38 4 ± 0.9

EN AC 51100

131 ± 8 318 ± 24 12.3 ± 0.9

EN AC 47000

182 ± 11 347 ± 27 3.9 ± 0.7

Table 4. 
Three-point bending tests average results. * a brittle fracture affects both Rp0,2 (absence of yielding) and high 
standard deviation.
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with Zn addition. On the other hand, as expected, EN AC 51100 castings present 
both the lowest Rm and microhardness. FGM with Zn only in EN AC 47000 presents 
a relatively low average Rm and microhardness; this was caused by a defective speci-
men that affects the batch’s average values.

Figure 13b shows a graph between the maximum strength and the average defor-
mation at ruptures dL% for each batch of samples. In both tensile and bending tests, 
EN AC 51100 has higher elongation/deformation at rupture (green points in Figure 13a  
and b), while EN AC 47000 specimens have the higher ultimate tensile strength/
maximum force (violet points). FGM with Zn in both the alloys shows the lowest 
deformation at rupture. Figure 13d highlights the relation between the microhardness 
and the maximum force of bending tests; EN AC 47000 castings have the higher Fmax 
and higher microhardness, followed by alloy EN AC 47000 with Zn addition.

4. Conclusions

In this work, new kinds of functionally graded materials realized by controlling 
the mould filling were produced. The alloy Al-Si EN AC 47000 was adopted along 
with the Al-Mg composition EN AC 51100, obtaining castings with good-quality 
and low retained defects. The Zn addition was taken into account to increase the 
mechanical properties of the as-cast FGM, especially by nucleating the Mg-Zn 
intermetallic phases in composition EN AC 51100. Functionally graded materials 
were therefore produced in three variants—the first type was the simple casting of 
the two compositions; the second type involved the addition of commercially pure 
Zn into the Al-Si alloy, while the third type involved the Zn addition into both the 

Figure 13. 
Average values from Tables 3 and 4. a: Average values Rm and A% obtained after tensile tests. b: Average 
values Fmax and dL% obtained after bending tests. c: Average values HV0.15 and Rm obtained after tensile 
tests and microhardness measurements. d: Average values HV0.15 and Fmax obtained after bending tests and 
microhardness measurements. FGM, FGM with Zn addition in EN AC 47000 and FGM with Zn addition 
in both alloys indicated as #1, #2, #3, while EN AC 47000 + Zn, EN AC 51100 + Zn, EN AC 47000, EN AC 
51100 indicated as #4, #5, #6, #7.
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alloys composing the FGM. In order to better understand the FGM properties and 
compare the results, samples made in purely alloys Al-Si and Al-Mg were cast, with 
and without Zn addition, using the same production process of FGMs.

All the castings produced were mechanically tested, and their microstructures 
were observed at the scanning electron microscope SEM-EDS.

FGMs, realized by alloys Al-Si and Al-Mg, presented good bonding, which the 
mechanical testings have highlighted. Moreover, SEM observations of the FGMs 
interfaces highlight, in general, the absence of extended defects.

In alloy EN AC 51100 (Figure 2), intermetallic phases such as Al-Fe-Mn-Si 
phases, the eutectic α-Al/Al3Mg2 phase and Mg2Si phase were found. In alloy EN 
AC 47000 (Figure 3), intermetallic Fe-Cu-Mn phase, Q phase, polygonal eutectic 
silicon and Chinese script α-AlFeSiCuMg were detected.

FGM interface is shown in Figure 4; intermetallic phases are coherent with those 
observed in Figures 2 and 3.

The silicon diffusion into Mg-based alloy was clearly noticeable, especially in 
the eutectic regions α-Al/Al3Mg2. Moreover, Mg was detected in both the alloys with 
a slight depletion at the interface, despite the single alloy EN AC 47000 was not 
containing Mg (see Figure 7). In the FGM with Zn addition in both alloys, either 
Zn adn Mg depletion at the interface were observed. The slight depletion of Mg and 
Zn at the interface of FGMs may explain the difference in microhardness measured 
respectively in the bulk alloy and near the FGM interfaces—in bulk alloys, micro-
hardness appears higher with respect to microhardness near the interface.

Overall, the tensile strength and the maximum bending force seems to decrease 
with the addition of Zn. During the tensile test, probably, dislocations cannot 
pass through the Zn-straightened matrix, straightening intermetallic phases and 
primary Si particles, inducing concentrations of efforts that cause crack nucleation 
sites. The lower UTS after Zn addition may be explained considering the additional 
presence of a certain defect population that affect the mechanical properties.

© 2021 The Author(s). Licensee IntechOpen. 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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Chapter 2

New-Age Al-Cu-Mn-Zr (ACMZ)
Alloy for High Temperature-High
Strength Applications: A Review
Samarendra Roy and Shibayan Roy

Abstract

One of the prime challenges with age hardened Al-Cu alloys is the strength
degradation at high temperatures (above �250°C) due to the coarsening of
strengthening θ0 precipitates and associated metastable θ0 ! stable θ phase trans-
formation. A recent discovery suggests that micro-alloying with Manganese (Mn)
and Zirconium (Zr) can synergistically restrict θ0 precipitate coarsening, thereby
rendering an excellent high temperature stability for Al-Cu-Mn-Zr (ACMZ) alloys.
The θ0 precipitates are stabilized primarily from the reduction of interfacial energy
by preferential solute segregation (Mn & Zr) at θ0 precipitate/α-Al matrix inter-
faces. The Al-Cu-Mn-Zr alloys thereby exhibit excellent high temperature hardness
and tensile properties (yield and ultimate tensile strength) in addition to superior
fatigue life and creep resistance. This newly developed Al-Cu-Mn-Zr alloys also
showed excellent hot tearing resistance compared to the conventional cast Al-Cu
alloys so much so that it meets the industrial standards as well. These alloys also
have promising manufacturing possibility by additive route. Overall, Al-Cu-Mn-Zr
alloys offer great potential for the automotive industry because of their unprece-
dented high temperature performance which should enable engineers to build light
weight passenger vehicles leading to a safer and greener environment.

Keywords: Al-Cu-Mn-Zr alloy, precipitate strengthening, high temperature
stability, solute segregation, mechanical property, additive manufacturing

1. Introduction

Aluminum alloys have been one of the most prominent structural material
system for many years now; this is also reflected in their global usage, they come
only next to steel [1, 2]. Owing to their high specific strength, resistance to stress
corrosion cracking, excellent fatigue resistance, workability and cost effectiveness
[3], Aluminum alloys are one of the primary material choice for aerospace and
automotive industries [2, 4]. In addition, Aluminum based composites were devel-
oped over the years to mitigate some of the limitations of Aluminum alloys and
further facilitates their use for various engineering applications [5]. Apart from
structural applications, Aluminum and its alloys are also employed for the electron-
ics and electrical industries in abundance for their suitable combination of
functional properties [6].
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Pure Aluminum is characterized by low yield strength which is improved by
many folds from different strengthening strategies e.g. by adding different alloying
elements, thereby making the alloys suitable for structural applications. Depending
upon the major alloying element/s, Aluminum alloys are classified in two important
categories; some of the alloys can be strengthened by heat treatment (age hardening)
while others by mechanical deformation (non-age hardenable) [7, 8]. Al-Cu alloys fall
in the first category; they are strengthened by in situ precipitates introduced through
appropriate thermal treatment (aging). In age hardening, these precipitates hinder
the dislocation motion and increase the hardness or strength of the alloy [9].

Despite the beneficial attributes, age-hardening Aluminum alloys, especially Al-Cu
alloys suffer from limited high temperature capability. At temperature above 200°C,
the metastable strengthening precipitates (e.g. θ0) undergo rapid growth and coarsen-
ing and even transform to stable incoherent precipitates (metastable θ0 ! stable θ
precipitate) which are inefficient to restrict dislocation motion. This leads to a concur-
rent steep decrease in their high temperature load bearing capabilities. Due to such
degradation, Al-Cu alloys are restricted for elevated temperature applications in spite
of their light weight and high specific strength at room temperature.

In recent times, a new class of Al-Cu alloys is developed by suitable micro-
alloying with Mn and Zr which possesses excellent stability for strengthening θ0
precipitates at and above 300°C. The Al-Cu-Mn-Zr, termed as ACMZ alloys, pro-
vide significant improvement in most of the elevated temperature mechanical
properties including hardness, tensile strength, creep and fatigue resistance etc. The
present chapter provides a detailed account of the development of Al-Cu-Mn-Zr
alloys while highlighting the limitations of existing Al-Cu alloys in the first place. It
alongside discusses about the underlying mechanisms responsible for their excellent
high temperature stability and subsequently on various properties. The chapter
finally access the possibility of industrial adaptation of this newly developed alloy
system and expected industrial impacts in long run.

2. Precipitate formation and evolution in Al-Cu system

During age hardening of Al-Cu alloys, it is first heat-treated at temperatures
where single-phase α-Al solid solution is formed; this process is known as solution
treatment [7]. Afterwards, the alloy is rapidly quenched to room temperature which
causes freezing of solute Cu atoms within the α-Al matrix, thus forming a super
saturated solid solution (SSSS). The solute atoms afterwards can diffuse even at
room temperature through this super-saturated α-Al matrix and form various Al-Cu
precipitates; this process is known as natural aging. In this regard, Figure 1a repre-
sents the binary Al-Cu phase diagram along with the solvus lines for various meta-
stable precipitate phases. However, in common engineering practice, the
solutionized alloy is heat treated at certain elevated temperature, usually within the
two-phase region to produce various metastable precipitates depending on the heat
treatment time and temperature (artificial aging). At sufficiently low aging tem-
perature or during natural aging, Cu solute cluster first form from the quenched-in
vacancies within the supersaturated α-Al matrix. These solute clusters then arrange
in a single layer of Cu atoms known as GP -I zones (Guinier Preston zone) along a
plane parallel to the (001) plane of the α-Al matrix.

When the aging process continues above the GP zone solvus line (Figure 1a), θ00
metastable precipitates (also known as GP-II zones) form by diffusion of Cu atoms
from the solute cluster zones (GP -I zone). θ00 are characterized by the chemical formula
Al3Cu and ordered tetragonal structure (a ¼ b ¼ 4:04Å, c ¼ 7:68Å) having two layers
of Cu atoms separated by three layers of Al atoms (Figure 1b) [10]. It is completely
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coherent with α-Al matrix from all sides although misfit strain develops along
100ð ÞAl and 010ð ÞAl planes. Metastable θ0 precipitates next form from θ00 precipitates on
further aging. θ0 has a stoichiometric formula of Al2Cu with body centred tetragonal
structure (a ¼ b ¼ 4:04Å, c ¼ 5:80Å, space group I4/mmm) and carries 3 layers of Al
atom and 2 layers of Cu atoms in an ordered arrangement (Figure 1b) [10, 11].

In the θ00!θ0 transformation, the later precipitate starts nucleating at the pre-
existing θ00 precipitates via continued diffusion of Cu atom and continues to grow
until the entire θ00 precipitate transforms into θ0. In this transformation, θ0 holds the
same orientation relationship with α-Al matrix as does θ00 precipitate i.e.
001ð Þθ0 k 001ð ÞAl and 100½ �θ0 k 100½ �Al [12]. It grows as a plate within the α-Al matrix
parallel to the 010ð ÞAl and remains coherent along this plane. However, along the
100ð ÞAl and 010ð ÞAl planes, θ0 becomes incoherent or complex semi-coherent with
α-Al matrix. The semi-coherent side of the plate shaped θ0 precipitate is not
completely circular; rather it forms as octagon with facets along 100½ �θ0 and 110½ �θ0
directions (Figure 1c). The 110f gθ0 interface edges further act as a solute gateway
from where Cu atoms diffuse and coarsen θ0 precipitates on prolonged thermal
exposure. The atomic arrangement as well as ledge dislocations on 110f gθ0 semi-
coherent interfaces further assist in the accommodation of Cu atoms [13].

The equilibrium precipitate in the Al-Cu system is tetragonal θ
(a ¼ b ¼ 6:07Å, c ¼ 4:87Å, space group I4/mcm) having chemical formula Al2Cu
(Figure 1b) [10]. It is incoherent with the α-Al matrix along all sides. θ forms from
θ0 precipitate via mechanism similar to θ00 ! θ0 transformation. The habit plane of θ
also remains parallel to (100) α-Al matrix planes.

Figure 1.
Schematics showing (a) section of Al-Cu binary phase diagram, (b) crystal structure of parent α-Al matrix and
various metastable (θ00 and θ0) and stable (θÞ precipitates in Al-Cu alloy system, (c) morphology and different
interfaces for metastable θ0 precipitate.
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The entire precipitation process during aging of Al-Cu alloy therefore can be
summed up as: Solute clusters ! GP zones ! GP II zones θ00ð Þ ! θ0 ! θ:

3. Strengthening mechanisms in Al-Cu alloy system

The operating strengthening mechanism/s in Al-Cu alloy system differs as a
function of precipitate type, mainly with their size and coherency with α-Al matrix.
When the precipitates are small and coherent with α-Al matrix (e.g. GP -I or θ00), it
is energetically easy for the dislocations to shear through them. This usually occurs
via one or a combination of mechanisms like chemical strengthening, stacking-fault
strengthening, modulus strengthening, order strengthening, coherency strengthen-
ing etc. [14]. Apart from chemical strengthening, the increment in critical resolved
shear stress (CRSS) varies with the size of the precipitates as � r1/2 where r is the
precipitate radius. In case of chemical strengthening, CRSS increment is inversely
proportional to r.

When the precipitates (usually θ0) are large in size and possess semi-coherent or
incoherent interfaces with α-Al matrix, the dislocation line bulges within the inter-
precipitate region rather than shearing through the precipitate until they meet and
move forward while leaving a dislocation loop behind (Figure 2a) [16]. This pro-
cess is known as Orowan looping. The increase in CRSS (for spherical precipitates)
due to Orowan looping is given by:

Δτ ¼ 3
2π
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where, Δτ is the increase in CRSS due to Orowan strengthening, G is the shear
modulus of the α-Al matrix and f is the precipitate volume fraction. The CRSS
increment thus varies with 1/r. Furthermore, for plate shaped θ0 precipitate forming
on {100}Al habit plane having diameter D and thickness t, CRSS increment, Δτ due
to Orowan looping is given by [17]:
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where, ν is the Poisson’s ratio of α-Al matrix and r0 is the radius of the
dislocation core.

The CRSS increment with respect to the precipitate radius due to either
particle shearing or Orowan looping is schematically represented in Figure 2b [12].
It seems that a critical radius exists for the strengthening precipitate below which
particle shearing is preferred. When the precipitate grows beyond this critical
radius, the dislocations prefer to bow around the precipitate rather than shearing it.

Considering finely dispersed coherent θ00 precipitates within α-Al matrix, they
cause strength increment by one or a combination of mechanisms mentioned above.
As these coherent precipitates grow, a corresponding increase occurs in the alloy
strength since CRSS increment is proportional to r1/2 for most of the strengthening
mechanisms. At the critical radius, the strength is highest, also signifying for θ00 !
θ0 transformation. Afterwards, dislocation bowing around large and semi-coherent
θ0 precipitates is the main strengthening process. On further coarsening, the
number density continuously decreases for θ0 precipitates so that the alloy
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strength correspondingly decreases since CRSS increment is proportional to 1/r
in Orowan looping.

4. Age hardening and aging curve

At the beginning of aging treatment, fine and uniform precipitation of GP -I
and/or θ00 occurs within the super saturated α-Al matrix. These precipitates hinder
the dislocation motion and increases the strength (or hardness) compared to the
solutionized and quenched alloy (Figure 2c) [7, 8]. The number density of the
precipitates is less and inter-precipitate distance is correspondingly high at this
condition so that the alloy strength/hardness is marginally increased; the alloy is
said to be in under-aged condition. Shearing of coherent GP-I and θ00 precipitates is
the primary strengthening mechanism here. As the aging time increases, GP -I
zones continuously transform to θ00, thereby increasing their number density in the
α-Al matrix. Some of them even transform to other metastable precipitates e.g. θ0.
Together, the strength/hardness increases further with continued aging due to
shearing of coherent and semi-coherent precipitates [18].

Figure 2.
Schematic showing (a) the mechanism of Orowan looping, (b) CRSS increment as a function of precipitate
radius for particle shearing and Orowan looping mechanisms, and (c) isothermal aging curves (hardness vs.
aging time) for various commercial Al alloys e.g. Al-Cu (206), Al-Si-Cu (319) and Al-Si (356, A356,
A356 + 0.5Cu) [15].
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With increase in aging time, aspect ratio and number density of θ0 precipitates
continuously increase because of which precipitate shearing becomes more and
more difficult; the strength/hardness of the alloy also keeps increasing gradually at
this stage [19]. At a critical precipitate size, the strength (or hardness) of the alloy
reaches a peak denoting the peak-aged condition. The θ0 precipitate size, aspect
ratio, inter-precipitate distance etc. are now optimum for maximum hindrance
towards dislocation motion due to shearing through the precipitates.

The θ0 precipitates continuously coarsen with increasing aging time and even
start transforming to stable θ precipitate under prolonged aging [12]. The energy
required to shear θ0 precipitates becomes quite high at this stage so that rather than
shearing, dislocations prefer to bow around them (Orowan looping) [8]. The
strength/hardness of the alloy thereafter decreases with increasing aging time lead-
ing to over-aged condition when metastable θ0 continue transforming to stable θ
precipitate. Figure 2c represents typical aging curves (hardness vs aging time) for
several commercial age-hardening Al alloys e.g. Al-Cu (206), Al-Si-Cu (319) and
Al-Si (A356, A356 + 0.5Cu). In these aging curves, hardness of the alloys initially
increase (under-aged condition), reaches the maximum at peak-aged condition and
decreases again with subsequent aging leading to the over-aged condition [12].

Furthermore, the ductility (usually expressed in terms of elongation to fracture)
of age-hardening Aluminum alloys also varies with aging time in accordance to the
size, morphology and coherency of the strengthening precipitates [20, 21]. When
the precipitates are small and coherent and their number density is low, dislocations
can move past easily through them leading to maximum contribution from strain
hardening that delays fracture. Correspondingly, under-aged alloy shows maximum
ductility. On the other hand, semi-coherent and large strengthening precipitates at
the peak aged condition renders maximum hindrance to the dislocation motion due
to Orowan looping resulting in significant pile up at the precipitate sites. The
ductility for the peak-aged alloy is also correspondingly minimum. With over-
aging, some ductility is restored since the coarse, incoherent precipitates are gener-
ally not suitable to hinder dislocation motion and little pile up results around them.
Overall, the ductility vs. aging time variation follows a reverse trend to the strength/
hardness vs. aging time curves.

5. Challenge for high temperature stability of Al-Cu alloy: precipitate
coarsening

One of the major hindrances for widespread use of Al-Cu alloys, especially in the
automobile and aerospace sectors, is their poor high temperature stability associated
with rapid decrease in load bearing capacity above �250°C [22]. This strength
degradation is because of the rapid coarsening of θ0 precipitates from thickening
along the broad facets, thereby resulting in a drastic decrease in their aspect ratio.
At high temperature, the rate of diffusion for solute Cu atoms increases so that they
segregate at the coherent and semi-coherent interfaces of θ0 precipitates [23]. The
broad facet (i.e. the coherent interface) thickens by ledge formation while the semi-
coherent interfaces having high interfacial energy grow from accommodation of Cu
atoms along {100}θ0, {010}θ0, {110}θ0 interfaces [24]. The thermodynamic driving
force for coarsening of metastable θ0 precipitates is the reduction of interfacial
energy [13]. It should be noted however that the increase in diameter of θ0 precip-
itate by the growth of semi-coherent interface does not essentially reduce the
interfacial energy; rather the thickening of the broad facet i.e. growth of the
coherent interface is responsible for the decrease in interfacial energy during
coarsening.
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At long thermal exposure, θ0 precipitates ultimately transform to stable (equi-
librium) θ precipitates, which are completely incoherent with the parent α-Al
matrix. Further thermal treatment leads to the growth of larger θ precipitates in
expense of the smaller ones. This corresponds to an increase in the inter-precipitate
distance so that coarse θ precipitates are no longer effective in restricting the motion
of matrix dislocations; hence, the strength of the alloys decreases drastically [9].
It therefore appears imperative to stabilize strengthening metastable θ0 precipitates
against coarsening for successful high temperature application (beyond �250°C) of
Al-Cu alloys.

6. Attempts towards the development of high temperature Aluminum
alloys

Over the years, alloying pure Aluminum with various elements showed good
promises for elevated temperature applications. Such elements included rare earths
(e.g. Erbium, Ytterbium, Scandium etc.) as well as Zirconium, Silicon etc. [25–27].
For these alloys, formation of coherent precipitates with cubic L12 crystal structure
and reduced interfacial energy is the key for their high temperature stability against
precipitate coarsening upon thermal exposure [26]. The other unique exploration is
the formation of core-shell structure for the strengthening precipitates which also
provides excellent coarsening resistance through the minimization of interfacial
energy. For example, addition of 0.06 at% Zr or 0.03 at% Er in Aluminum individ-
ually form ordered L12 Al3Zr or Al3Er precipitates and show moderate coarsening
resistance at elevated temperature [25]. Simultaneous addition of Zr and Er in
similar quantity however, leads to Al3(Er, Zr) precipitates with unique core shell
structure, which made them coarsening resistant up to 400°C for 750 hours. The
difference in diffusivity between Zr and Er was held responsible for formation of
such core-shell structure; while Er having higher diffusivity forms the primary
precipitate with Aluminum, slower diffusing Zr segregates later at the interfaces of
these primary precipitates resulting in the core-shell structure. Similarly, addition
of Sc to Al-Zr-Sc-Er alloy (concentrations of both Sc and Er are 0.06 at%) leads to a
dual shell layer of Zr and Sc according to their respective diffusivity in Al matrix
over the Al3Er core precipitate [26].

Furthermore, excellent creep resistance was observed for Al-0.1 at% Zr and Al-
0.1 at% Zr-0.1 at% Ti alloy systems at 300°C, 350°C and 400°C, which is attributed
to the high temperature stability of Al3Zr precipitates [28]. Out of the two alloys,
ternary Al-Zr-Ti alloy showed comparatively lower creep resistance than binary
Al-Zr alloy due to the lower lattice parameter mismatch between Al3(Zr1-xTix)
core-shell precipitates with the parent α-Al matrix. The addition of Yb similarly
resulted in excellent thermal stability for Al-0.9 at% Zr- 1.73 at% Yb alloys having
Al3(Zr,Yb) precipitates up to 400–425°C [29].

For Al-Si system, Al-Si-Cu-Mg alloys are traditionally used for making high tem-
perature pistons for automobile engines [30, 31]. These alloys show satisfactory
microstructural stability as well as fatigue resistance at high temperatures which are
essential requirements for automotive applications. A viable route for further
improving their high temperature performance is by addition of transition metals that
forms thermally stable intermetallic precipitates. For example, controlled Zr addition
(up to 0.11 wt%) increases the ultimate tensile strength (UTS) of Al-Si-Zr piston
alloys by 3.8% at 350°C due to the alteration in the morphology of strengthening
ZrAlSi precipitates from flake to block shape [32, 33]. However, increase in Zr content
up to 0.46 wt% resulted in a decrease in UTS by 5%. Similarly, A356 alloy (Al-7Si-
0.4 Mg) modified with 0.25 wt% Er and nominal amount of Zr (0 to 0.6 wt%)
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showed improved high temperature mechanical properties [34]. With increase in Zr
content up to 0.59 wt%, both hardness and tensile strength increases at room and
elevated temperatures due to the formation of Al3(Er,Zr) precipitates.

Hypoeutectic Al-7 wt%Si-1wt%Cu-0.5 wt% Mg alloys also shows excellent reten-
tion of hardness and tensile strength up to 240–260°C when micro-alloyed with
0.15 wt% Zr, 0.28 wt% V and 0.18 wt% Ti [35]. Further exposure to 475°C upto
128 hours led to additional improvement in hardness which can be attributed to the
accelerated precipitation of Al3(Zr,V,Ti) and Q0 precipitates. Similarly, addition of
minor Ti (0.22 wt%), Zr (0.39 and 0.19 wt%) and Ni (0.46–0.21 wt%) to commercial
354 alloy showed improvement in tensile properties up to 300°C compared to the
base alloy [36]. In both cases, micro-alloying elements synergistically result in unique
and complex precipitate formation which improved the high temperature stability of
the corresponding alloys. For hypereutectic Al-Si alloys, Ni addition up to 1–4 wt% to
Al-12 wt%Si-0.9 wt% Cu-0.8 wt%Mg alloy resulted in retention of room temperature
mechanical properties, including creep resistance up to 250°C due to the formation of
thermally stable Al3Ni precipitates [37]. In addition to primary and eutectic Si, incor-
poration of 1 wt% ZnO nanoparticles (particle size �40 nm) also enhance the high
temperature tensile strength and elongation for Al-20 wt% Si alloys [38].

In case of age hardening Al-Cu system, several attempts were made in the past to
increase their high temperature stability by adopting various strategies. Lin et al. [39]
studied the effect of Ni addition (0.5–1.5 wt%) on the elevated temperature mechan-
ical properties of squeeze cast Al-Cu-Mn-Fe alloys. At 300°C, the amount of ther-
mally stable precipitates (e.g. Al9FeNi, Al3CuNi and Al20Cu2Mn3) increases with
increasing Ni content which enhances the elevated temperature mechanical proper-
ties of the base alloy. Addition of La in Al-Cu alloy similarly results in the formation
of Al11La3 precipitates leading to a better high temperature mechanical properties
with 0.3 wt% La being the optimized concentration [40]. The addition of 1.6–2.0 wt
% Li also shows excellent mechanical properties for AA2099 (Al-Cu-Li) alloys at high
temperature, primarily due to the enhanced thermal stability of T1 (Al2CuLi) pre-
cipitates compared to other possible strengthening precipitates like θ0 and S
(Al2CuMg) [41]. At higher temperature, T1 precipitates coarsen instead of dissolving
unlike θ0 or S. In addition, AA2219 alloy possesses improved high temperature per-
formance when micro-alloyed with 0.8 wt% Sc, 0.45 wt% Mg and 0.2 wt% Zr from
grain refinement and simultaneous precipitation of Al3Sc, Al3Zr and Ω precipitates
along with other common strengthening precipitates like θ0 and θ″ [42].

Another viable strategy of increasing the thermal stability of Al-Cu alloys is by
micro-alloying with various secondary elements for stabilization of strengthening
metastable θ0 precipitates. For example, 0.18 at% Sc addition forms thermally stable
Al3Sc precipitate wherein Sc atoms tend to segregate at the α-Al matrix/θ0 precipi-
tate interfaces [43]. Such co-stabilization of two different precipitates renders
excellent high temperature property for Al-Cu alloys with Sc addition [44]. Micro
alloying with Zr provides similar effects as Sc; Zr forms stable Al3Zr precipitates
having L12 structure which can act as a heterogeneous nucleation site for θ 00 pre-
cipitates, thus generating a finer scale microstructure for Al-Cu-Zr alloys [45]. The
resultant alloy shows excellent thermal stability up to 250–300°C. In Al-Cu-Mg
alloys, 0.09–0.13 wt% Mg is reported to accelerate the formation of θ0 precipitates
and the resultant alloy exhibits excellent thermal stability at 300°C for 1000 hours
[46]. Similarly, addition of 0.45 wt% Ce provides heterogeneous nucleation sites for
precipitation of Ω precipitates and enhances the thermal stability of Al-5.3%
Cu-0.8% Mg-0.6% Ag (wt.%) alloys by retarding the diffusion of Cu [47].

Overall, there have been numerous efforts in the past to design high temperature
Aluminum alloys from different binary systems (Al-Cu, Al-Si etc.), primarily by
micro-alloying with various elements. However, most of these attempts showed
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certain shortcomings. The working temperature of the resultant ternary or
quternary alloys could not be increased above 300°C under prolonged exposure.
Also, use of exotic elements like rare earth additions hindered their industrial
acceptance and commercial viability. Hence, the demand of cost-effective Alumi-
num alloys for high temperature applications has only increased over the years
without much of a success.

7. Development of Al-Cu-Mn-Zr alloy

As mentioned before, age hardening Al-Cu alloys faces significant precipitate
coarsening, which restricts their use for high temperature applications [48].
Numerous attempts have made over the years to increase the operational tempera-
ture for Al-Cu alloys; the most successful approach was by trace addition of various
elements like Sc and Zr [49]. Micro-alloying improves the high temperature
stability in two distinct ways:

a. Micro alloying elements can provide heterogeneous nucleation sites for
primary strengthening precipitates (e.g. θ 00 and θ0) so that relatively finer
precipitates with narrow size distribution is obtained in the room
temperature microstructure [50]. For instance, when Al-Cu alloys are micro-
alloyed with Sn, the semi-coherent interface of metastable θ0 precipitate
nucleates from Sn particle [51].

b. Micro alloying elements can segregate at the high energy mobile semi-
coherent precipitate/matrix interfaces and at times, at the less-mobile
coherent interfaces [52]. Such segregation eventually results in the reduction
of energy for these interfaces, making them difficult to grow. The semi-
coherent interfaces is usually more effected by such segregation [53, 54]. In
recent times, stabilization of semi-coherent and coherent interfaces of
strengthening θ0 precipitates yield a new series of high temperature Al-Cu
alloys with unprecedented thermal stability up to 350°C and beyond [48].
These alloys contain micro-alloying addition of Manganese and Zirconium
and designated as Al-Cu-Mn-Zr or ACMZ alloys.

The classical approach for developing any new alloy system relies on the age-old
trial and error method which has serious drawbacks, primarily considering the
resource constrains and added cost from industrial standpoints [55, 56]. A more state
of the art strategy of alloy designing is by using integrated computational materials
engineering (ICME) approach [57, 58]; a successful example of this is realized in the
development of Al-Cu-Mn-Zr alloys. The key components of ICME approach for the
development of this alloy system are: (a) thermodynamic and kinetic approximations
for stability of precipitates against growth controlling mechanism/s, (b) appropriate
modeling for assessment of thermo-physical and thermo-mechanical properties from
existing phases, (c) simulation and model/s to predict defect formation during
casting processes, (d) models for prediction of microstructure during casting and
other thermo-mechanical processing operations, (e) models for property prediction
from microstructure and defect structure evolution, and (f) models for manufactur-
ing of components at in-service conditions [59, 60].

These above mentioned steps were followed in the development of Al-Cu-Mn-
Zr alloys which was primarily aimed to replace traditional Al-Si and Al-Si-Cu alloys
in automotive applications (e.g. cylinder heads in passenger vehicle engines) [59].
Firstly, thermo-physical and thermo-mechanical properties for casting process
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simulation were obtained from thermodynamic databases. The simulation of cast-
ing process was conducted to estimate the casting defects and as-cast microstruc-
ture. Afterwards, thermodynamic models were employed for optimization of heat
treatment cycle in terms of desired precipitation sequence, precipitate growth etc.
This helped to estimate the spatial variation of thermo-physical properties over the
component scale as well. Finally, component level properties e.g. residual stress,
fatigue performance etc. were evaluated in order to estimate the in-service
performance of the alloys considering the above mentioned parameters [61].

8. High temperature stability of Al-Cu-Mn-Zr alloy

The primary mechanism for high temperature stability of Al-Cu-Mn-Zr alloys is
related to the segregation of micro-alloying solute atoms (Mn and Zr) at θ0 precip-
itate/α-Al matrix interfaces [48, 52]. Although it seems fairly straight forward in the
first go, the interface stabilization process exhibits extreme intricacies throughout
the entire precipitation sequence. As denoted earlier, the primary strengthening
precipitate in Al-Cu system is θ0, which has a plate shaped morphology where the
broad facets are coherent with parent α-Al matrix (Figure 1c) [12]. The rim of the
precipitates, on the other hand, are semi-coherent and have a higher interfacial
energy compared to their coherent counterparts which makes them highly mobile
and prone to coarsening [48].

On exposure to high temperature for an extended duration, θ0 precipitates
coarsen due to the enhanced diffusion of solute Cu atoms [8]. Segregation of Mn
and Zr atoms at the θ0 precipitate/α-Al matrix interfaces prohibits Cu diffusion and
further coarsening at elevated temperature [48]. The main driving force behind the
solute segregation is the reduction of precipitate/matrix interfacial energy, espe-
cially for the semi-coherent interfaces. In addition, several other mechanisms like
solute drag, ledge poisoning etc. also helps in the stabilization of θ0 precipitates
[52, 62]. These mechanisms are explained individually below.

8.1 Segregation of micro-alloying elements

In the earliest report on Al-Cu-Mn-Zr alloys, Shyam et al. [48] compared two
cast Al-Cu-Mn-Zr alloys having nominal compositions Al-5Cu-1.5Ni-0.2Mn-0.17Zr
and Al-6.4Cu-0.19Mn-0.13Zr (in wt%) with conventional Al-Cu (206) and Al-Si-
Cu (319) i.e. with non- Al-Cu-Mn-Zr alloys containing negligible concentration of
Zr (Figure 3). At room temperature, base Al-Cu and Al-Si-Cu alloys exhibit supe-
rior mechanical response (higher yield strength and ductility) than Al-Cu-Mn-Zr
alloys. However, the trend completely reverses after treating the alloys at higher
temperature (300°C) for 200 hours; Al-Cu-Mn-Zr alloys now represent superordi-
nate mechanical response than either Al-Cu or Al-Si-Cu alloys. Microstructural
examinations reveal that θ0 precipitates significantly coarsen and transform to
thermodynamically stable θ precipitates for base Al-Cu or Al-Si-Cu (i.e. non Al-
Cu-Mn-Zr) alloys because of which their mechanical properties degraded after
thermal treatment. On the other hand, θ0 precipitates retain their morphology and
aspect ratio on high temperature heat treatment in case of Al-Cu-Mn-Zr alloys.

Bahl et al. [52] further studied the aging kinetics and thermal stability of
Al-Cu-Mn-Zr alloys and showed that they retained their room temperature
mechanical properties even after exposure at 300°C for 5000 hours. During such
prolonged thermal treatment, θ0 precipitates suffer limited decrease in number
density up to 200 hours. No further significant decrease was observed, and the
peak-aged microstructure remains fairly stable up to 5000 hours.
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The stability of θ0 precipitates in Al-Cu-Mn-Zr alloy was examined using atom
probe tomography (APT) characterization which are shown in Figures 4a and b
(side view and top view, respectively) [48, 62]. Figure 4c represents corresponding
composition profile which indicates segregation of Cu, Mn, Zr and Si at the coher-
ent and semi-coherent θ0 precipitate/α-Al matrix interfaces for Al-Cu-Mn-Zr alloys
after prolonged (200 hours) thermal exposure at 300°C. As it appears, Mn tends to
segregate both at the coherent and semi-coherent interfaces of θ0 precipitates with
the segregation tendency being larger at the later interfaces. Zr, on the other hand,
segregates more on the corner rim of the coherent/semi-coherent interfaces,
although certain extent of Zr segregation also occurs on these interfaces. Silicon
have similar segregation profile as Mn; it can in fact influences the solute segrega-
tion at these interfaces to a much greater extent as discussed later [63].

In order to understand the individual and synergistic effect of Mn and Zr micro-
alloying on the thermal stability of Al-Cu-Mn-Zr alloy, a consolidated study was
carried out by Poplawsky et al. [62] on several model alloys (e.g. Al-Cu-Mn, ACM
and Al-Cu-Zr, ACZ etc.) in addition to the base Al-Cu-Mn-Zr alloy. The Al-Cu-Mn

Figure 3.
(a) and (b) showing the microstructures of Al-Cu-Mn-Zr alloy in peak aged condition and post 300°C thermal
exposure for 200 hours, respectively; (c) and (d) represents true-stress-true strain curves for these alloys from
tensile tests carried out at room temperature and 300°C, respectively; (e) and (f) showing the microstructures
for conventional Al-Si-Cu alloy under similar conditions [48].
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alloys retain their room temperature mechanical strength after exposure at 300°C for
200 hours whereas Al-Cu-Zr alloys could sustain their stability only up to 200°C. For
comparison, Al-Cu-Mn-Zr alloys are stable up to 350°C. The trend in Mn segregation
for Al-Cu-Mn-Zr alloy in this case is similar to that observed earlier by Shyam et al.
[48] up to 300°C. Larger Mn segregation occurs at semi-coherent interfaces while
minor segregation at the coherent interfaces.

After thermal exposure at 350°C, Mn segregation at semi-coherent interfaces
becomes insignificant, which aggravates the mechanical degradation of Al-Cu-Mn
alloys at this temperature range [62]. At 350°C, Mn tends to diffuse within the bulk
of θ0 precipitates, thereby causing even lesser segregation at the semi-coherent
interfaces. Zr, on the other hand, retains their segregation profile at the coherent
interfaces up to 200°C for Al-Cu-Zr alloys. The Zr segregation profile is also similar
in nature to that observed previously for Al-Cu-Mn-Zr alloys by Shyam et al. [48].

8.2 Diffusional perspective

Solid state diffusion is one of the key component for evolution of precipitate
structure and morphology during the course of thermal exposure [64]. In the
corresponding binary systems, self-diffusion coefficient of Cu is much higher than
that for Mn so that diffusion of Cu atoms continue to coarsen θ0 precipitates unless
interfacial segregation resists [63]. Furthermore, self-diffusion coefficient of Zr in

Figure 4.
(a) and (b) APT compositional maps (iso-concentration surfaces) representing side and top views, respectively of
APT needle for Al-Cu-Mn-Ni-Zr alloy pre-conditioned at 300°C for 200 hours, (c) and (d) showing 2D contour
plots for Cu, Si, Zr and Mn atoms on the cross-sectional planes of θ0 precipitate along <110> direction from
Al-5Cu-Ni-Mn-Zr and Al-7Cu-Mn-Zr alloys, respectively after pre-conditioning at 300°C for 200 hours [48].
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Al is almost 10 times lower than that for Mn in Al [65, 66]. As a result, Mn atoms
diffuse much faster to the coherent and semi-coherent interfaces of θ0 precipitates
than Zr atoms during the initial thermal exposure for peak-aged Al-Cu-Mn-Zr
alloys. Mn segregation thereafter pins both the interfaces and restricts the flux of Cu
atoms from coarsening the θ0 precipitates on further heat treatment. The slow
diffusing Zr atoms, on the other hand, tend to segregate mostly at the corner of the
coherent and semi-coherent interfaces at a later stage of heat treatment and con-
tributes to their stabilization only during prolonged thermal exposure.

Due to this sequence of segregation (initial segregation of Mn followed by Zr
segregation on prolonged thermal exposure), θ0 precipitates are stable only up to
300°C in Al-Cu-Mn (ACM) alloys where Mn alone is the micro-alloying element. In
the absence of Zr, Mn segregation is insufficient to restrict coarsening at 350°C
since they diffuse into the bulk of the precipitates rather than segregating at the
interface at higher temperature or up to prolonged thermal exposure [62]. On the
other hand, Zr being a slowly diffusing element, requires longer duration or higher
temperature to segregate at the interface of α-Al/θ0 precipitates. However, sufficient
coarsening of θ0 precipitates may have already occurred or they may even transform
to the stable θ precipitate by the time Zr stabilizes the interfaces on prolonged
thermal exposure. In addition, Zr segregation preferentially takes places at the
coherent interfaces which has lower mobility compared to the semi-coherent ones.
Hence Zr segregation alone is least efficient to stabilize θ0 precipitate and the
stability of Al-Cu-Zr (ACZ) alloys is limited only up to 200°C. In case of Al-Cu-Mn-
Zr (ACMZ) alloys, Mn atoms initially stabilize both coherent and semi-coherent
interfaces. The slow diffusing Zr atoms thereafter segregate at the coherent inter-
faces and provides further stabilization of θ0 precipitates. This sequential segrega-
tion of Mn and Zr synergistically provides stability for Al-Cu-Mn-Zr alloys up to
350°C and beyond for a prolonged duration [48].

8.3 Effect of precipitate size and interparticle spacing

The diffusion aided coarsening of θ0 precipitates can be best described using the
classic Lifshitz-Slyozov-Wagner (LSW) theory [67] where the rate of coarsening
depends on the corresponding mass transfer mechanism (lattice diffusion, interface
atomic mobility, grain boundary diffusion, pipe diffusion through dislocation cores
etc.). The governing equation in LSW theory is given as [68]:

r3 � r03 ¼ k:t (3)

where, r & r0 are the mean precipitate radius at time t ¼ t and t ¼ 0, respec-
tively and k is a constant. Partial derivation of Eq. (3) with respect to t gives:

∂r
∂t

¼ k

3 k:tþ r03
� �2

3
(4)

Since ∂r
∂t varies with the initial precipitate radius as � 1

r0
2, the smaller the initial

precipitate radius, the higher will be the rate of its coarsening. In case of peak-aged
Al-Cu-Mn-Zr alloy, θ0 precipitates are considerably larger at room temperature with
higher inter-precipitate distance. Their larger size helps to reduce the coarsening
rate on thermal exposure since higher inter-precipitate distance ensures
non-overlapping diffusion fields [48].

Furthermore, the constant k in Eq. (4) can be represented as k ¼ DCuγscXe,
where DCu is the diffusional coefficient of Cu in Al, γsc is the interfacial energy of
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semi-coherent interface of θ0 precipitate and Xe is the equilibrium solubility of Cu in
Al [52]. Reduction in the interfacial energy of semi-coherent interfaces due to solute
segregation therefore helps in decreasing the value of k. This in turn contributes to
the reduction in the coarsening rate for θ0 precipitates.

As it seems, the microstructural requirement for better coarsening resistance
and high temperature stability of Al-Cu-Mn-Zr alloy is quite counterintuitive. At
room temperature, a fine-scale microstructure with smaller precipitates and corre-
spondingly, smaller inter precipitate spacing is preferred for high strength [8].
However, a larger precipitate with higher inter-precipitate spacing is desired for
enhanced coarsening resistance at higher temperature. Together, Al-Cu-Mn-Zr
alloys present low to moderate strength at room temperature but excellent retention
of that strength at elevated temperature [48].

8.4 Role of trace elements (Si and Ti)

Other than the major micro-alloying elements (Mn & Zr), trace elements (e.g. Si
and Ti) present in the composition may further influence the microstructural sta-
bility of Al-Cu-Mn-Zr alloy at elevated temperature. Silicon decreases the coarsen-
ing resistance for θ0 precipitates so that Si content in Al-Cu-Mn-Zr alloys should be
preferably below 0.1 wt% [48]. Si being a faster diffusing species than Zr and even
than Mn, preferentially occupies atomic positions at θ0 precipitate/α-Al matrix
interfaces above this critical concentration (>0.1 wt%), thereby preventing further
segregation of Mn or Zr atoms at these locations. However, Si is not as efficient as
Mn or Zr for stabilization of θ0 precipitates at elevated temperatures. Below the
threshold concentration, presence of Si is not detrimental for Al-Cu-Mn-Zr alloys as
shown by Shower et al. [63]. Si content in the range of 0.05 wt% to <0.1 wt% can
even outperform the hardness of base Al-Cu-Mn-Zr alloys at elevated temperature.

After solution treatment of Al-Cu alloys, quench-in vacancies can cluster
together to form edge dislocations at room temperature [12, 69]. When these
vacancies are in significant density, they can even form dislocation loops rather
than individual dislocations, which can further climb and form dislocation helices
[70–74]. These helices accommodate far more number of vacancies with their
spacings being larger than individual dislocations. When Si atoms are present in
significant quantity in the binary Al-Cu alloy, they can also cluster together during
aging due to high diffusivity. The dislocations, dislocation helices and Si clusters can
all potentially provide heterogeneous nucleation sites for θ0 precipitates when aged
above θ″ solvus.

When the Si content is kept low (<0.05 wt%), Al-Cu alloys essentially act as a
binary system and θ0 precipitates mostly nucleate at the dislocation loops, thereby
promoting a fine scale microstructure on aging [63]. At higher Si content (0.11 wt
%-0.24 wt%), θ0 precipitates nucleate at Si clusters, which again leads to a finer
microstructure. However, at the intermediate Si content (0.05–0.1 wt%), nucle-
ation of θ0 precipitates primarily occurs at the dislocation helices. As a result, the
number density of θ0 precipitates decreases such that their inter-precipitate spacings
become larger as well as the critical size for θ0 ! θ transformation increases com-
pared to either high or low Si containing Al-Cu alloys. At room temperature, such
coarse microstructure of Si containing Al-Cu alloys yields low hardness in peak-
aged condition. However, initially larger θ0 precipitates tend to coarsen far less
during elevated temperature exposure since their larger size and greater
inter-particle spacings provide better resistance.

Titanium when present in trace concentration can also influence the high tem-
perature stability of Al-Cu-Mn-Zr alloys by forming stable Al3Ti precipitates having
L12 crystal structure [75]. Titanium atoms show similar segregation profile as Zr at
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θ0 precipitate/α-Al matrix interfaces. Poplawsky et al. [62] in this regard observed
unique L12 structured Al3(ZrxTi1-x) precipitates on the α-Al matrix/ θ0 precipitate
interfaces from addition of Ti to Al-Cu-Mn-Zr alloys. The (001) interfaces of this
Al3(ZrxTi1-x) precipitates are coherent with 100ð ÞAl as well as 001ð Þθ0 planes, which
helps to stabilize θ0 precipitates by reducing their misfit strain. Such L12 precipitate
formation further restricts addition of Cu atoms to θ0 precipitates, thereby retarding
their thickening along the coherent interfaces. This mechanism of coarsening resis-
tance is known as “ledge poisoning” [63]. The semi-coherent interfaces, on the
other hand, are depleted of Al3(ZrxTi1-x) precipitates. This is further confirmed and
explained from DFT calculations considering interfacial energetics of preferential
precipitation [62, 63]. The formation of Al3(ZrxTi1-x) precipitates on the coherent
interface in turn creates θ0/Al3(ZrxTi1-x) /α-Al structure which is energetically
favorable compared to similar structures on the semi-coherent interfaces.

Furthermore, self-diffusion coefficients of Mn, Zr and Ti in Al vary in the order
DMn > DZr > DTi so that Mn atoms diffuse faster and segregate at the coherent and
semi-coherent interface of θ0 precipitates on thermal exposure while slower diffus-
ing Zr atoms segregates primarily at the coherent interfaces [63]. In the peak-aged
condition, semi-coherent interface of θ0 precipitate is therefore populated only with
faster diffusing Mn atoms. On thermal exposure at 300°C for 200 hours, Mn atoms
initially segregate at both coherent and semi-coherent interfaces. Afterwards, the
slower diffusing Zr atoms segregate at the coherent interfaces. During further heat
treatment at 350°C for 200 hours, Ti atoms can diffuse and form Al3(ZrxTi1-x)
precipitates on the coherent interfaces as well as at the edges of coherent/semi-
coherent interfaces; the relative proportion of these precipitates remains higher on
the former location. During the high temperature heat treatment, Mn on the
other hand, tend to penetrate towards the bulk of θ0 precipitates. This sequence of
segregation of various micro-alloying elements is schematically depicted in
Figure 5.

8.5 Computational studies

As discussed before, reduction in interfacial energy due to the segregation
of solute atoms (Mn and Zr) at the mobile interfaces promotes thermal stabilization
for metastable θ0 precipitates up to a prolonged duration [48]. In this regard,
density functional theory (DFT) simulations were carried out to determine the

Figure 5.
Schematics showing (a) segregation of Mn at the semi-coherent interface of θ0 precipitate in the peak aged
condition, (b) Zr segregation after prolonged thermal exposure at 300°C for 200 hours and (c) formation of
Al3(ZrxTi1-x) precipitates on the edges of coherent/semi-coherent interfaces as well as penetration of Mn
through the bulk of θ0 precipitate after heat treatment at 350°C for 200 hours.
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interfacial energy for various θ0 precipitate/α-Al matrix interfaces with and without
solute addition (Mn & Zr). In DFT calculations, segregation energy (ΔEseg) was
defined as

ΔEseg ¼ ΔEsol intð Þ � ΔEsol bulkð Þ (5)

where, ΔEsol intð Þ and ΔEsol bulkð Þ is the heat of solution when certain solute
element situates at θ0 precipitate/α-Al matrix interface and in the bulk of the pre-
cipitate, respectively. The interfacial energy change is then defined as:

Δγ ¼ ΔEseg

2A
(6)

where, A is the area of the interface. The calculations suggest that the interfacial
energy for pure (i.e. without any segregation) coherent and 100ð Þθ0 semi-coherent
interfaces are 252 mJ/m2 and 527 mJ/m2, respectively [48]. It further establishes that
the addition of Mn and Zr in Al-Cu-Mn-Zr alloys decreases the interfacial energy
for both coherent and semi-coherent interfaces. It also corroborates with the exper-
imental observations that Mn atoms preferentially segregate at the semi-coherent
interfaces while Zr atoms occupies places both at coherent and semi-coherent
interfaces [62].

Important to note that the coarsening of strengthening precipitates is NOT a
function of interfacial energy alone, although reduction in interfacial energy cer-
tainly adds as a dominating factor for hindering the precipitate coarsening [76, 77].
Lattice misfit strain is another important driving force for coarsening of θ0 pre-
cipitates. Other kinetic factors like diffusion barrier formation and solute drag are
crucial too for restricting coarsening of θ0 precipitates on thermal exposure [52, 78].
Due to the formation of diffusion barrier around θ0 precipitates, mobility of Cu
atoms within α-Al matrix reduces to a large extent, which further helps to prevent
coarsening or transformation of these precipitates. In addition, the presence of slow
diffusing element/s in any Al alloy system can contribute to the coarsening resis-
tance of θ0 precipitate [79]. Such slower diffusing element creates a solute drag since
they need to be displaced during the growth of the interfaces, which in turn retards
the coarsening of θ0 precipitate.

Introduction of a third element (Mn, Zr etc.) within the binary Al-Cu alloys
can lead to one or a combination of thermodynamic and kinetic restrictions
(mentioned above) to precipitate coarsening processes. Shower et al. [76] in this
regard carried out a phase field modeling study to understand the synergistic
effect of various mechanisms that offers precipitate coarsening resistance. The
study suggests that a combination of interfacial energy reduction and solute drag
due to the addition of Mn and Zr contributes to the coarsening resistance of θ0
precipitates up to 300°C. In the process, a continuous segregation profile forms
for Mn atoms along the interfaces of θ0 precipitates with a larger weightage at the
semi-coherent interface. Other solute atoms e.g. Zr, which introduce a positive
misfit strain do not effectively interact with the mobile semi-coherent interfaces;
rather they tend to segregate at the coherent interfaces. When the working tem-
perature is raised to 400°C, resistance to precipitate coarsening requires simulta-
neous reduction in the mobility of Cu atoms through α-Al matrix and the
interfacial energy of θ0 precipitates. This could not be achieved by micro-alloying
with Mn and Zr alone, which is why the Al-Cu-Mn-Zr alloys losse their excellent
thermal stability at 400°C and beyond. All the cumulative and inter-connected
effects that contribute to the stabilization of θ' precipitate at elevated temperature
in Al-Cu-Mn-Zr alloy are schematically shown in Figure 6.

36

Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes…



9. Mechanical properties of Al-Cu-Mn-Zr alloy

9.1 Hardness and tensile properties

Similar to other age hardening Al-Cu alloys, primary strengthening mechanism
for peak-aged Al-Cu-Mn-Zr alloys is Orowan looping where matrix dislocations bow
around the coarse θ0 precipitates [52]. Apart from this, solid solution and grain
boundary strengthening (by Hall–Petch mechanism) also contributes to the overall
strength of the Al-Cu-Mn-Zr alloys. Analytical calculations, however, suggest that
Orowan looping plus other strengthening mechanisms together are inadequate to
account for experimentally measured yield strength of Al-Cu-Mn-Zr alloys [52]. This
calls for the consideration of additional strengthening mechanisms e.g. stress-free
transformation strain (SFTS). The formation of θ0 precipitates in the α-Al matrix is
usually associated with transformation strain fields which can interact and potentially
restricts dislocation movement, thereby increasing the alloy strength further.

Figures 3c–d indicates that the room temperature tensile properties for peak aged
Al-Cu-Mn-Zr alloy is inferior compared to the conventional peak-aged Al-Cu alloy.
For example, the ultimate tensile strength(UTS) of Al-5Cu alloy is �490 MPa
whereas it is �300 MPa for Al-Cu-Mn-Zr alloy at room temperature [48]. In addi-
tion, the yield strength of the later alloy is nearly half compared to the base Al-Cu
alloy. However, after prolonged thermal exposure at 300°C, the trend reverses;
Al-Cu-Mn-Zr alloy possess nearly twice the UTS and yield strength compared to the
base Al-Cu alloy. Similarly, Al-5Cu-Mg alloy possess higher hardness than Al-Cu-Mn-
Zr alloys at room temperature (Figure 7). With increase in pre-conditioning temper-
atures (heat treatment for 200 hours), non- Al-Cu-Mn-Zr alloys show drastic
decrease in hardness around 200°C, while Al-Cu-Mn-Zr alloys can sustain the room
temperature hardness without any significant degradation until 350°C.

Bahl. et al. [52] further showed that the hardness and yield strength of peak-aged
Al-Cu-Mn-Zr alloy drop marginally during post-aging thermal exposure but remained

Figure 6.
Schematic flowchart showing the cumulative effect of various contributing factors and mechanisms involved in
the stabilization of θ0 precipitates at elevated temperatures for Al-Cu-Mn-Zr alloys.
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almost constant during prolonged thermal treatment up to 5000 hours. This
accounts for a stable microstructure with almost constant precipitate volume fraction,
thickness, diameter, aspect ratio, equivalent diameter, number density and inter-
precipitate spacing for Al-Cu-Mn-Zr alloys on extended thermal exposure. The duc-
tility of Al-Cu-Mn-Zr alloys are further influenced from Cu content although it does
not vary the yield strength and UTS much. For example, increasing the Cu content
from 6 wt% to 9 wt% causes the fracture strain to reduce by 50% primarily due to the
increased amount of brittle intermetallics at α-Al matrix grain boundaries [80].

Important to note that no comprehensive study is yet to report the results
pertaining to full-scale tensile testing, especially the strain hardening response as well
as the fracture characteristics of Al-Cu-Mn-Zr alloys whether at room or elevated
temperatures. The earliest available work of Shyam et al. [48] showed certain true
stress–strain curves for Al-Cu-Mn-Zr alloy from tensile tests carried out at room
temperature and 300°C in comparison to regular Al-Cu alloy (Figure 3). The purpose
of the tensile tests was however, to establish the superiority for the former alloy at
elevated temperature. Important to note that the alloys (Al-Cu and Al-Cu-Mn-Zr
alloys) were used in peak-aged condition for room temperature tensile tests and after
pre-conditioning at 300°C for 200 hours for elevated temperature tests.

The true stress–strain curves from room temperature tensile tests suggest that
peak-aged Al-Cu-Mn-Zr alloy possesses marginally higher strain hardening rate
compared to the conventional Al-5Cu-Mg alloy at least in the initial part of the
plastic regime. The hardening rates although do not vary much at the later part
(below UTS) representing almost similar slopes for both alloys. During 300°C
tensile tests, both Al-Cu-Mn-Zr and Al-5Cu-Mg alloys exhibit substantial strain
softening, however at significantly differing rates; the rate of softening is greater for
Al-Cu-Mn Zr alloy compared to the conventional Al-Cu-Mg alloy. The ductility for
the former alloy is also always higher than the later alloy irrespective of the test
temperature. The strain hardening response for precipitate hardened systems at
room temperature is generally attributed to the isotropic hardening of α-Al matrix
plus kinematic hardening due to dislocation pile up at the precipitate locations from
continued Orowan looping [81–83]. The strain softening at elevated temperature
can possibly be attributed to dynamic recovery of piled-up dislocations which
reduces dislocation density at precipitate cites and increases ductility by delaying
the final fracture.

Figure 7.
Room temperature hardness for various conventional Al-Cu and Al-Cu-Mn-Zr alloys as a function of
pre-conditioning temperatures [48].
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9.2 Creep response

The excellent high temperature stability of Al-Cu-Mn-Zr alloys enhances their
creep properties as well. Miligan et al. [84] conducted creep tests under different
stress levels for various Al-Cu-Mn-Zr alloys with varying grain sizes at 300°C and
compared their creep resistance with base Al-Cu alloy as well as Al-Sc alloy which is
known for its excellent creep resistance. Figure 8 represents the steady state creep
strain rate as a function of applied stress for these alloys. At low stress level, stress
exponents for Al-Cu-Mn-Zr alloys are close to unity signifying for diffusional creep
being the dominant mechanism. On the other hand, dislocation creep is the mech-
anism for conventional Al-Cu alloy as identified from a higher stress exponent. The
dislocation movement though α-Al grain interiors is difficult at low stress levels for
Al-Cu-Mn-Zr alloys due to the enhanced thermal stability of θ0 precipitates; rather
grain boundary diffusion dominates at high temperature making diffusional Coble
creep as the rate controlling mechanism. At higher stress levels however, the con-
trolling mechanism switches to dislocation creep even for Al-Cu-Mn-Zr alloys since
the grain boundary precipitates effectively slow down the movement of vacancies.
This in turn restricts grain boundary diffusion as well as grain boundary sliding.

9.3 High temperature deformation response

One of the prime motivations for the development of Al-Cu-Mn-Zr alloy is to
replace conventional cast Aluminum alloys (e.g. Al-Si-Cu based 319 alloy) for
making light weight components in automotive engines [48, 85]. The Al-Cu-Ni
based RR350 alloy with 0.2 wt% Mn and 0.17 wt% Zr, which can be considered as a
variant of Al-Cu-Mn-Zr alloys, is also used as light weight and high temperature
resistant alloys for high end automobile engine applications over the years [86].
Shower et al. [87] has compared the effect of microstructural stability on the high
temperature deformation response of RR350 alloy vis-à-vis 319 alloy in as-cast

Figure 8.
Creep curves showing the steady state creep strain rate as a function of applied stress for various Al-Cu-Mn-Zr
alloys (RR350, Al-7Cu SG and Al-7Cu LG where SG and LG refers to small and large grains, respectively)
plus base Al-Cu and Al-Sc alloys [84].
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condition by conducting isothermal hot compression tests at different
temperature-true strain rate combinations. At all strain rates, compressive flow
stress of 319 alloy is greater than that for RR350 alloy up to 200°C (Figure 9a).
However, within 250–300°C, RR350 alloy possesses higher flow stress which can
be attributed to the stability of strengthening θ0 precipitates. In this temperature
range, 319 alloy losses its flow stress by 40%. At lower strain rates (e.g. 10�4 s�1 &
10�3 s�1), primary deformation mechanism for both alloys is strain hardening at
room temperature, which changes to dynamic recovery and cross slip of disloca-
tion at 250°C. Afterwards, dynamic recrystallization becomes predominant at
300°C while grain boundary sliding is the primary deformation mechanism at
350°C. In addition, RR350 alloy shows formation of shear bands as well as bending
of θ0 precipitates within α-Al grains having <100> direction nearly parallel to the
compression axis in the microstructure of specimens deformed at 300°C
(Figure 9b).

10. Fatigue response

The excellent high temperature stability of Al-Cu-Mn-Zr alloys also make them a
prime candidate for fracture critical engineering applications where fatigue proper-
ties are crucial consideration. Bahl et al. [88] studied the effect of Cu concentration
on the high temperature (250°C) low cycle fatigue (LCF) properties of Al-Cu-Mn-
Zr alloys that led to a correlation between LCF life and monotonic tensile fracture
strain. At low strain amplitude (0.1%), Al-Cu-Mn-Zr alloys with either 6 wt% or
9 wt% of Cu do not undergo failure even after 105 number of cycles. However, at
higher strain amplitudes (0.2% and 0.3%), the alloys fail within these many cycles
of testing. This suggests that the fatigue life of Al-Cu-Mn-Zr alloys decreases with
increasing strain amplitude.

For the peak-aged Al-Cu-Mn-Zr alloys with varying Cu content that underwent
a further thermal exposure at 250°C for 100 hours, initiation of fatigue cracks
almost always occur from the surface pores rather than from coarse grain boundary
precipitates [80]. The fracture surfaces correspondingly do not contain much of the
traces of intermetallic precipitates. Finite element modeling (FEM) also indicates
that stress concentration at the pores are higher compared to that at the grain

Figure 9.
(a) Comparison of flow stress variations with test temperatures for 319 and RR350 alloys at different strain
rates, and (b) post-compression (at 300°C and 1 s�1 strain rate) SEM micrograph of RR350 alloy showing
shear band formation and bending of θ0 precipitates within α-Al grains having <100> direction nearly parallel
to the compression axis [87].
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boundary precipitates. The low strain amplitude in the fatigue testing possibly led
to the pore assisted crack initiation since otherwise the cracking from grain bound-
ary precipitates would require higher stress concentration and their decohesion
from the matrix which is only possible at larger strains [88].

Furthermore, since the variation in Cu content only affects the volume fraction
of grain boundary intermetallic precipitates, it does not influence the cracking and
in turn, low cycle fatigue behavior of Al-Cu-Mn-Zr alloys [80]. The thermal stabil-
ity of θ0 precipitates also does not influence the fatigue property of these alloys since
both crack initiation and propagation occur at a larger microstructural scale (from
surface pores). It therefore appears that controlling the casting defects (predomi-
nantly shrinkage pores) is the most crucial factor to enhance the LCF life for Al-
Cu-Mn-Zr alloys. Overall, these alloys exhibited moderate to excellent high tem-
perature low cycle fatigue life making them suitable for components meant for
elevated temperature applications.

11. Industrial application potentials of Al-Cu-Mn-Zr alloys

Industrial application of Al-Cu-Mn-Zr alloys require certain additional consid-
erations on and above their excellent thermal stability and associated improvement
in most of the high temperature mechanical properties as mentioned above. These
include, but certainly not restricted to the ease of casting and defect formation,
assessment of mechanical properties e.g. fatigue testing at larger component scale,
possibility to adopt alternate component fabrication methodologies like additive
manufacturing, wrought processing etc. [89]. Some of these aspects are mentioned
below:

11.1 Hot tearing resistance

Hot tearing is a crucial casting defect that can affect the structural stability and
properties of as-cast components [90, 91]. During solidification, molten metal usu-
ally remains in semi-solid state (mushy zone) for considerable duration. It also
undergoes severe volume contraction and associated thermal stresses within the
semi-solid metal regions. Under this condition, cracks form in the solidified com-
ponent if there is an inadequate supply of molten mass to fill up the shrinkage
volume. Controlling such defects in castings is difficult but extremely important for
improving the fatigue life per se [91].

Sabau et al. [92] studied the hot tearing resistance of cast Al-Cu-Mn-Zr alloys
with and without grain refiners in comparison to base Al-Cu and Al-Si alloys. The
base Al-Cu alloy with >7 wt% Cu exhibits a grain refined microstructure in the
casting. It also shows a decrease in the length of columnar to equiaxed transition
zone that in turn improves the hot tearing resistance. In addition, simultaneous
presence of Si and Fe (>0.2 wt%) increases the hot tearing resistance for this alloy.
The low Cu containing alloys, on the other hand, possess coarse columnar grains
within the cast microstructures which facilitates hot tearing for them. For the
Al-Cu-Mn-Zr alloys, when Cu is added above 7 wt%, significant grain refinement
occurs which further contributes to their excellent hot tearing resistance. In
addition, when 0.1 wt% Ti is added as additional grain refiner, resultant Al-Cu-Mn-
Zr alloy exhibits the finest microstructure and correspondingly, the best hot tearing
resistance [89]. Ti added Al-Cu-Mn-Zr alloy was therefore speculated suitable for
industrial applications [92].

In the measurement of hot tearing resistance, Sabau et al. [92] used an in-house
multi-arm casting setup with varying arm length in a permanent mold. In this
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six-armed mold, the shortest arms were free from any visible cracks for all the
alloys having varying amount of Cu and Ti, while the longest arm had severe
cracking for these alloys. As per the visible inspection, a cracking index (Ci) was
assigned to each of the arms where 0 corresponds to no crack condition and 2.5, 5,
7.5, and 10 was assigned to small, moderate, severe and completely fractured arms,
respectively. Hot tearing index (HTI), Ms was then defined as the simple average of
Ci over these six arms i.e.

Ms ¼ 1
6

X6
i¼1

Ci (7)

The length of the arms, however, also plays a crucial role in the formation of
these cracks. The longer arms are more susceptible to cracking compared to the
shorter ones so that the weighted average was preferred for the calculation of HTI.
The weighted average (MJ-K) was defined as:

MJ�K ¼
PK

i¼JwiCiPK
i¼Jwi

(8)

where, J and K corresponds to the shortest and longest arms and wi is the weight
factor which is inversely proportional to the length of the arm; J was considered as 2
and K as 5. As per the industrial standard, hot tearing index (HTI) equal or less than
3.3 is considered acceptable when Ci is in the range of 0–10. The HTI for various
Al-Cu-Mn-Zr alloys with promising industrial application potential are listed in
Table 1. Important to note that the fluidity of Al-Cu-Mn-Zr alloys with respect to
temperature, especially under solidification conditions is also of immense impor-
tance for successful industrial application standpoint. However, no such data
reporting the fluidity of Al-Cu-Mn-Zr alloys is available yet.

11.2 Additive manufacturing of Al-Cu-Mn-Zr alloy

In recent times, additive manufacturing (AM) is proven to be an extremely
useful and alternate technique for shaping intricate parts in industrially relevant
scales with excellent property combinations compared to cast counterparts [93]. For
Al alloys however, additive manufacturing is a rather complicated and challenging
process due to several factors like poor powder flowability, high thermal conduc-
tivity, laser reflectivity etc. [94]. In this regard, Shyam et al. [95] successfully
fabricated AM parts from Al-Cu-Mn-Zr alloys by selective laser melting (SLM)

Alloy Ti content (wt%) MJ�K

Al-Cu-Mn-Zr with 8 wt% Cu 0.02 2.6

0.1 2.01

0.2 2.36

Al-Cu-Mn-Zr with 6.2 wt% Cu 0.1 2.6

0.2 3.21

Al-Cu-Mn-Zr with 7.3 wt% Cu 0.1 2.49

0.2 2.84

Table 1.
Hot tearing index (HTI) of different Al-Cu-Mn-Zr alloys with varying Ti content.
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without any hot tearing using optimized processing parameters. The substrate tem-
perature for SLM was kept 200°C which was sufficient for in-situ formation of
strengthening θ0 precipitates.

Due to laser melting, AM Al-Cu-Mn-Zr alloys form typical “peacock tail”
microstructure having overlapping melt pools. In addition, the AM microstructure
consists of long columnar grains at the top and fine equiaxed grains at the bottom of
the melt pools. Such refined AM microstructure yields comparatively higher
strength up to 300°C compared to the cast Al-Cu-Mn-Zr alloys. The bimodal grain
size distribution and refined grain boundary intermetallic precipitates further
enhance the tensile elongation for AM Al-Cu-Mn-Zr alloys. However, creep prop-
erties for these AM alloys are somewhat compromised compared to the cast coun-
terparts due to high proportion of grain boundaries in the refined AM
microstructure. Overall, AM Al-Cu-Mn-Zr alloys are envisioned having potential in
complex component manufacturing for high temperature applications owing to the
simultaneous positive effects of refined microstructure and in situ formation of
thermally stable strengthening θ0 precipitates [95].

11.3 Environmental impact from Al-Cu-Mn-Zr alloy

In the current global scenario, any new alloy development must help in reducing
environmental impact e.g. carbon footprint and green house emissions [96]. The
primary target area for Al-Cu-Mn-Zr alloys is automotive industry, which also
formed the early motivation of their inception and further development [97]. The
aim was to develop Al alloys for engine components that experience high working
temperature (�300°C) e.g. cylinder heads in combustion engines. The use of Al-
Cu-Mn-Zr alloys for making such components can effectively raise the working
temperature and increase the fuel efficiency of next generation passenger vehicles,
thereby proving environment friendly in terms of fuel consumption.

12. Conclusion

The present book chapter elucidates a comprehensive review about the devel-
opment as well as the science and technology behind the new-age Al-Cu-Mn-Zr
(ACMZ) alloys. The major observations are summarized below.

• The new age Al-Cu-Mn-Zr (ACMZ) alloy developed in recent times by micro-
alloying conventional Al-Cu alloys with Mn and Zr shows unprecedented
microstructural stability up to �350°C.

• The strengthening θ0 precipitates in Al-Cu-Mn-Zr alloys are stabilized
primarily due to preferential solute segregation (Mn& Zr) at the θ0 precipitate/
α-Al matrix interfaces which helps in reducing their interfacial energy. Mn
atoms segregate at the mobile semi-coherent interfaces while Zr atoms
primarily sits at the corner of coherent/semi-coherent interfaces.

• The difference in the diffusivity of micro-alloying elements decides the
sequence of their segregation at θ0 precipitate/α-Al matrix interfaces. This in
turn plays a synergistic role in stabilizing θ0 precipitate at different temperature
ranges. Faster diffusing Mn initially segregates at both coherent and semi-
coherent interfaces and provides thermal stability at lower temperatures. Zr
being relatively slower diffusing element segregates at a later stage but

43

New-Age Al-Cu-Mn-Zr (ACMZ) Alloy for High Temperature-High Strength Applications…
DOI: http://dx.doi.org/10.5772/intechopen.104533



effectively restricts θ0 precipitates from transforming to stable θ precipitates up
to a much higher temperature.

• Various other mechanisms e.g. solute drag, diffusion barrier formation, ledge
poisoning by co-precipitation of thermally stable intermetallics etc. also
contributes to the coarsening resistance of θ0 precipitates.

• Trace elements like Ti and Si further influence θ0 precipitate stability in
Al-Cu-Mn-Zr alloys. Si above a critical content (>0.1 wt%) potentially substitutes
Mn and Zr at the θ0 precipitate/α-Al matrix interfaces, thereby decreasing the
stability of θ0 precipitates at elevated temperatures. On the other hand, L12
structured Al3(ZrxTi1-x) precipitates form at θ0 precipitate interfaces in presence of
Ti which further adds to the stability of these alloys at higher temperatures.

• DFT simulations confirm the reduction of interfacial energy from segregation
of micro-alloying elements and provide the segregation profiles at various
(coherent and semi-coherent) interfaces. Phase field simulations further
suggest that the cumulative effect of interfacial energy reduction and solute
drag led to the θ0 precipitate stabilization at 300°C. At 400°C, reduction in the
mobility of Cu atoms is required in addition to reduced interfacial energy for
efficient resistance towards θ0 precipitate coarsening.

• As a result of the excellent thermal stability of strengthening θ0 precipitates,
Al-Cu-Mn-Zr alloys exhibit superior high temperature tensile properties
(hardness, yield and ultimate tensile strengths etc.) compared to base Al-Cu
or Al-Si-Cu alloys. For example, Al-Cu-Mn-Zr alloys possess almost twice the
yield strength compared to base Al-Cu alloy after prolonged thermal exposure
at 300°C.

• At high temperature (300–350°C), compressive flow stress of Al-Cu-Mn-Zr
alloy (RR350) is higher than conventional Al-Si-Cu (319) alloy. The high
temperature deformation mechanisms for the former alloy vary from strain
hardening at room temperature to cross slip and dynamic recovery as the test
temperature increases at 250°C. Further higher test temperature promotes
dynamic recrystallization of the matrix at 300°C and finally lead to grain
boundary sliding to 350°C.

• The Al-Cu-Mn-Zr alloy shows excellent creep resistance compared to the base
Al-Cu alloys. For the former alloy, diffusional Coble creep is the controlling
mechanism at low stress levels which switches to dislocation creep at higher
stress levels.

• In high temperature low cycle fatigue testing, Al-Cu-Mn-Zr alloy does not fail
up to 105 cycles at low stress amplitudes whereas the fatigue life decreases with
increasing stress amplitude. The casting defects (pores) are found to be more
influential factor by means of stress concentration and crack initiation than
either the stability of θ0 precipitates or the presence of grain boundary
intermetallic precipitates.

• The Al-Cu-Mn-Zr alloy exhibits superior hot tearing resistance compared to
the conventional Al-Cu alloys. Additive manufacturing of Al-Cu-Mn-Zr alloy
also shows promising property combinations owing to a refined microstructure
and in-situ formation of strengthening θ0 precipitates. In addition to the

44

Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes…



positive environmental impacts, both of these factors are crucial for their
suitability in industrial production purpose.

Overall, Al-Cu-Mn-Zr alloys offer huge potential for industrial applications
where lightweight materials are sought after for excellent high temperature
mechanical properties. These new-age alloys can in fact prove to be a game changer
for the existing passenger vehicle engines and may bring a paradigm shift in the
automobile sectors. Owing to low density and excellent high temperature stability,
their future use is certainly leading to a safer and greener environment.

Author details

Samarendra Roy1 and Shibayan Roy2*

1 School of Nano Science and Technology, Indian Institute of Technology,
Kharagpur, India

2 Materials Science Centre, Indian Institute of Technology, Kharagpur, India

*Address all correspondence to: shibayan@matsc.iitkgp.ac.in

© 2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

45

New-Age Al-Cu-Mn-Zr (ACMZ) Alloy for High Temperature-High Strength Applications…
DOI: http://dx.doi.org/10.5772/intechopen.104533



References

[1] Mazzolani F. Aluminium alloy
structures. London, UK: CRC Press;
1994. Available from: https://www.ta
ylorfrancis.com/books/mono/10.1201/
9781482267198/aluminium-alloy-
structures-federico-mazzolani

[2] Heinz A et al. Recent development in
aluminium alloys for aerospace
applications. Materials Science and
Engineering A. 2000;280(1):102-107

[3] Campbell FC. Elements of
Metallurgy and Engineering Alloys.
Ohio, USA: ASM International; 2008

[4] Hirsch J. Recent development in
aluminium for automotive applications.
Transactions of Nonferrous Metals
Society of China. 2014;24(7):1995-2002

[5] Mrazova M. Advanced composite
materials of the future in aerospace
industry. Incas bulletin. 2013;5(3):139

[6] Nappi C. The global aluminium
industry 40 years from 1972. World
Aluminium. 2013:1-27

[7] Murray JL. The aluminum-copper
system. International Metals Reviews.
1985;30:211-233

[8] Martin JW. Precipitation Hardening:
Theory and Applications. Oxford, UK:
Butterworth-Heinemann; 2012

[9] Polmear IJ. Aluminium Alloys–A
Century of Age Hardening. Materials
forum. 2004;28:1-14

[10]Wang S, Fan C. Crystal structures of
Al2Cu revisited: Understanding existing
phases and exploring other potential
phases. Metals. 2019;9(10):1037

[11] Shen Z et al. Atomic-scale
mechanism of the θ″ ! θ0 phase
transformation in Al-Cu alloys. Journal
of Materials Science and Technology.
2017;33(10):1159-1164

[12] Porter DA, Easterling KE. Phase
Transformations in Metals and Alloys
(Revised Reprint). Boca Raton, Florida,
USA: CRC press; 2009

[13] Chisholm MF et al. Atomic
structures of interfacial solute gateways
to θ0 precipitates in Al-Cu alloys. Acta
Materialia. 2021;212:116891

[14] Martin JW. Precipitation
Hardening. 2nd ed. Oxford, UK:
Butterworth-Heinemann; 1998

[15] Roy S et al. Comparative evaluation
of cast Aluminum alloys for automotive
cylinder heads: Part II—Mechanical and
thermal properties. Metallurgical and
Materials Transactions A. 2017;48(5):
2543-2562

[16] Orowan E. Theory of yield without
particle shear, symposium on internal
stresses in metals and alloys. In:
Martin JW, editor. Precipitation
Hardening. Vol. 1968. Oxford:
Pergamon Press; 1948

[17] Nie JF, Muddle BC, Polmear IJ. The
effect of precipitate shape and
orientation on dispersion strengthening
in high strength aluminium alloys.
Materials Science Forum. 1996;217-222:
1257-1262

[18] Hornbogen E. Hundred years of
precipitation hardening. Journal of Light
Metals. 2001;1:127-132

[19] Gleiter H, Hornbogen E.
Precipitation hardening by coherent
particles. Materials Science and
Engineering. 1967;2:285-302

[20] Guan R et al. A high-strength,
ductile Al-0.35 Sc-0.2 Zr alloy with good
electrical conductivity strengthened by
coherent nanosized-precipitates. Journal
of Materials Science and Technology.
2017;33(3):215-223

46

Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes…
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Chapter 3

Characteristics of Al-Mg Test 
Pieces with Fe Impurities 
Fabricated by Die Casting, Roll 
Casting, and Hot Forging
Toshio Haga

Abstract

The suitability of Al-Mg alloys for recycling was investigated using energy-saving 
processes. The Al-Mg alloy is a non-heat-treatable alloy and has the advantage 
of energy saving in comparison with heat-treatable alloys. Al-Mg alloys with Mg 
contents ranging from 4.5–10% were tested. Die casting, cast-forging, and roll cast-
ing were selected as energy-saving processes, as they have the advantage of process 
saving. A single-roll caster equipped with a scraper was used as the roll-caster. Fe 
was added to the Al-Mg alloys at contents of 0.2%, 0.4%, 0.6%, and 0.8% to model 
recycled alloys used in automobile manufacture. In the selected processes, the tensile 
stress and 0.2% proof stress of the Al-Mg alloys were little influenced by the added Fe 
content, whereas the elongation tended to decrease as the Fe content increased. The 
process influenced the degree to which the Fe content affected the elongation, and it 
was found that a suitable Mg content for recycling depends on the target process.

Keywords: Al-Mg alloy, non-heat treatment aluminum alloy, Al-Mg alloy with Fe,  
die cast, cast-forging, roll-casting, recycle aluminum alloy

1. Introduction

Al-Mg alloys are non-heat-treatable aluminum alloys, which means they save 
energy in comparison with heat-treatable aluminum alloys. The Al-Si-Mg alloy, 
which is a heat-treatable aluminum alloy, is commonly used in automobile manu-
facture. For example, 6061 is used for forging, 6022 is used for sheet forming, and 
A357 and Silafont-37™ are used for casting and die casting. When aluminum alloys 
are used for automobile manufacture, Fe impurities are incorporated into the alloy, 
which causes AlSiFe intermetallic compounds to solidify when Al-Si-Mg alloys are 
recycled, reducing the Si content in the Al-Si-Mg alloy as AlSiFe intermetallic com-
pound was crystallized. In Al-Mg-Si alloys, Mg2Si precipitates during aging, caus-
ing the strength of the Al-Si-Mg alloy to increase. When the AlSiFe intermetallic 
compounds solidify, this can cause a shortage of Si for the Mg2Si, and the strength 
may not increase sufficiently [1, 2]. As a result, Fe impurities have a reduced effect 
on Al-Mg alloys in comparison with Al-Si-Mg alloys. This is the second advantage of 
Al-Mg alloys over Al-Si-Mg heat-treatable alloys. Much less work has been done to 
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investigate the effect of Fe impurities on the mechanical properties of Al-Mg alloys 
than for of Al-Si-Mg alloys [1–5].

To be suitable for the recycling of aluminum alloys, the selected process must 
satisfy the following two requirements: saving energy and improving the deteriora-
tion of the mechanical properties of the recycled alloy. In this paper, die casting, 
cast-forging, and roll casting were selected as the processes using the recycled 
Al-Mg alloys. Die casting can be used to produce aluminum alloy parts in one 
process with rapid solidification. Cast-forging has the advantage of energy-saving 
by process saving and the deformation effect, as the casting structure becomes the 
deformation structure [5, 6]. Roll casting has the advantage of energy-saving by 
process saving and rapid solidification. The intermetallic composition including Fe 
impurities becomes fine as a result of the rapid solidification.

In the recycling of aluminum alloys used for automobiles, the Fe content of the 
aluminum alloy is estimated to increase by 0.2% after shredding [7]. In this study, 
Fe contents of 0.2%, 0.4%, 0.6% and 0.8% were added to Al-Mg alloys to model 
recycled Al-Mg alloys. The addition of 0.8% Fe is considered to represent an alloy 
that has been recycled four times.

The Mg contents of the Al-Mg alloys used in this study were 4.5%, 6%, 8%, and 
10%. The Mg content of 4.5% is near that of the 514.0 and 5182 aluminum alloys, 
and the Mg content of 8% is near that of 518.0. The four Fe contents were added 
to these four Al-Mg alloys, and test pieces were fabricated with the three selected 
processes. The mechanical properties were investigated via a tensile test. A deep 
drawing test was conducted on the plates made from the strips cast by the rolling 
caster. The suitability of the different Al-Mg alloys for recycling was then evaluated 
based on the obtained results.

2. Die casting

2.1 Die casting machine and die

A 500 kN cold chamber die casting machine (Hishinuma Machinery HC 50F) 
with an injection power of 100 kN and a sleeve diameter of 45 mm was used in this 
study. The plunger speed was 1.6 m/s. The test piece used for the tensile test and the 
spiral die used for the fluidity test are shown in Figure 1.

2.2 Fluidity test

The effects of the Mg and Fe contents on the fluidity were investigated. The 
results of the fluidity test are shown in Figure 2. The fluidity of the Al-Mg alloy 

Figure 1. 
Test piece for the spiral die for the fluidity test and the tensile test.
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decreased with increasing Mg content until 6% Mg and then increased as the Mg 
content was increased beyond 6%. The fluidity was greatest at an Mg content of 
10% and progressively decreased at contents of 4.5%, 8%, and 6%.

The fluidity increased with increasing Fe content, as shown in Figure 2. 
The flow stress at the semisolid condition decreased with increasing Fe content 
because the primary crystal became smaller and exhibited the mushy condition as 
the Fe content was increased. It is known that Fe is added to aluminum alloys dur-
ing die casting to prevent the sticking of the solidification layer to the die. The heat 
transfer between the solidification layer and the die decreases with increasing Fe 
content because the contact condition between the solidification layer and the die 
worsens. As a result, the solidification time decreases and the fluidity increases. 
The increase of the Fe content during recycling; thus, does not make the fluidity 
worse but better.

2.3 Effect of Mg content on tensile test results

Figure 3 shows the results of the tensile test of the die-cast test pieces plotted 
against the Mg content. Both the tensile stress and the 0.2% proof stress gradu-
ally increased with increasing Mg content. The elongation was maximized at 6% 
Mg and remarkably decreased with further increases in the Mg content to 8% 
and 10% Mg. The elongation of the Al-6%Mg was 17.4%, which is excellent. The 
elongation of the Al-10%Mg was 4.7%, which is better than that of A383, a popu-
lar alloy for die casting in Japan. These Al-Mg alloys have 0.2% proof stresses and 
elongations that are better than those of A383. These results demonstrate that the 
Mg content should be selected based on the target user. If ductility is important, 
Al-6%Mg is better, whereas if strength is important, Al-8%Mg or Al-10%Mg is 
suitable.

2.4 Effect of added Fe content on tensile test results

The tensile stress, 0.2% proof stress, and elongation of different Al-Mg alloys 
are plotted against added Fe content in Figures 4–6, respectively. When Fe was 
added, the tensile stress of each Al-Mg alloy was the same as or better than that 
of the corresponding Al-Mg alloy without added Fe. In die casting using recycled 
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Figure 2. 
Fluidity of Al-Mg alloys plotted against Mg content at different added Fe contents.
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Al-Mg alloys, it was clear that the tensile stress was not degraded by increasing 
Fe content.

The 0.2% proof stress of the Al-Mg alloys with different added Fe contents is 
shown in Figure 5. The results indicate that the 0.2% proof stress was not signifi-
cantly affected by the addition of Fe. The 0.2% proof stress of the Al-8%Mg and 
Al-10%Mg increased with the addition of Fe.

The elongation of the Al-Mg alloys with different added Fe contents is shown in 
Figure 6. The amount of decrease in the elongation with increasing Fe content was 
dependent on the Mg content of the alloy. The elongation of the Al-4.5%Mg decreased 
substantially with the addition of 0.2% Fe but changed little with further increases in 
Fe content up to 0.8%. The elongation of the Al-4.5%Mg with 0.8%Fe was 10.2%. It 
was clear that the elongation of the Al-4.5%Mg was not greatly influenced by the Fe 
content for Fe contents above 0.2%. The reduction in the elongation from an Fe con-
tent of 0 to 0.2% was smaller at greater Mg contents. The elongation of the Al-6%Mg 
decreased almost linearly from 17.4–8% as the Fe content increased from 0.2% to 0.8%. 
At Fe contents of 0.2% and 0.4%, the elongation of the Al-6%Mg was greater than 
that of the Al-4.5%Mg. The elongations of the Al-8%Mg and the Al-10%Mg gradually 
decreased with increasing Fe content. The elongations of the Al-4.5%Mg, Al-6%Mg, 
and Al-8%Mg, each with 0.8%Fe, and the Al-10%Mg with 0.4%Fe were greater than 

Figure 3. 
Effect of the Mg content of the Al-Mg alloy on the result of the tensile test of the die-cast test piece.

Figure 4. 
Tensile stress of different die-cast Al-Mg alloys plotted against added Fe content.
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the elongation of the A383, which is 3.5%. This means that die-cast Al-Mg alloys may 
be suitable for recycling when die-cast Al-Mg alloys are used for automobile parts.

3. Cast-Forging

3.1 Model process of cast-forging

In cast-forging, a preform is cast near the net shape, which is suitable for 
forging. Processing and energy can be saved by cast-forging. The hot forging of a 
gravity-cast ingot was conducted as a model of cast-forging [8–10]. The process 
of gravity casting and hot forging is shown in Figure 7. This process is similar to 
cast-forging.

The cooling rate of the gravity-cast Al-4.5%Mg ingot was 30.6°C/s. A specimen 
was made for the tensile test and tested to investigate the mechanical properties of 
the ingot. A square bar was cut out from the as-cast ingot and heated at 500°C for 
1 h. The forging was conducted at 50% reduction. The mechanical properties of the 

Figure 6. 
Elongation of die cast Al-Mg alloys plotted against Fe content.

Figure 5. 
The 0.2% proof stress of die-cast Al-Mg alloys plotted against added Fe content.



Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes...

58

hot-forged rectangular bar were investigated by tensile testing. The dimensions of 
the test piece are shown in Figure 1a.

3.2 Tensile test of gravity-cast ingot

The tensile test results for the gravity-cast Al-Mg alloys are plotted against the 
Mg content in Figure 8. As the Mg content increased from 4.5–10%, the tensile 
stress gradually decreased from 231 to 185 MPa, and the 0.2% proof stress gradually 
increased from 106 to 138 MPa. The elongation decreased greatly from 18–10% when 
the Mg content increased from 4.5–6%, after which it linearly decreased with further 
increases to the Mg content, down to 3% at an Mg content of 10%. The Mg content had 
a greater effect on the elongation than on the tensile stress or the 0.2% proof stress.

3.3 Tensile test of hot-forged gravity-cast ingot

The results of the tensile test of the hot-forged gravity-cast ingot are plotted 
against the Mg content in Figure 9. The tensile stress, 0.2% proof stress, and 
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Figure 7. 
Schematic of process from gravity casting to hot forging.

Figure 8. 
Tensile test results for gravity-cast Al-Mg alloys.
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elongation of all Al-Mg alloys were increased by the hot forging. The tendencies 
of the tensile stress and elongation for the Mg content were also changed by the 
hot forging. The tensile stress increased with increasing Mg content. The increase 
(improvement) of the tensile stress became greater as the Mg content increased. 
At Mg contents of 4.5% and 10%, the tensile stress increased from 231 to 287 MPa 
and 185 to 270 MPa, respectively, which corresponds to respective increases of 56 
and 185 MPa. When the Mg content was 8%, the elongation was maximized, and 
the elongation of the Al-10%Mg was the smallest among the alloys. The elongation 
of the hot-forged Al-8%Mg was 24%, and that of the Al-10%Mg was 17%. These 
results show that the hot-forged Al-Mg alloys have excellent strength and ductility.

Optical microscope images of the gravity-cast and hot-forged Al-Mg alloys are 
shown in Figures 10 and 11, respectively. The gravity-cast Al-Mg alloys had a dendrite 
microstructure, as shown in Figure 10; this is a typical structure for this type of cast-
ing. In contrast, there was not a dendrite structure in the hot-forged Al-Mg alloys, as 
shown in Figure 11, and the microstructure changed to a deformation structure as a 
result of the hot-forging. The grain size decreased as the Mg content increased until 8% 
Mg. This may contribute to the excellent mechanical properties of the Al-8%Mg alloy.

Figure 9. 
Tensile test results for hot-forged gravity-cast Al-Mg alloys.

(a) Al – 3% Mg

50 μm 50 μm 50 μm

50 μm50 μm

(b) Al – 4.5% Mg (c) Al – 6% Mg

(d) Al – 8% Mg (e) Al – 10% Mg

Figure 10. 
Optical microscope images of gravity-cast Al-Mg alloys.
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3.4  Effect of Fe content on tensile test results for the hot-forged  
gravity-cast ingot

The tensile stress, 0.2% proof stress, and elongation of the different Al-Mg 
alloys are plotted against the added Fe content in Figures 12–14, respectively. The 
tensile stress was not influenced by the Fe content, as shown in Figure 12. The 0.2% 
proof stress of the Al-4.5%Mg was almost uniform, and that of other Al-Mg alloys 
increased gradually with increasing Fe content, as shown in Figure 13. The results 
are shown in Figures 12 and 13 indicate that increasing the Fe content does not have 
a negative influence on the tensile stress or the 0.2% proof stress.

At Mg contents of 4.5%, 6%, and 10%, the elongation decreased with 
increasing Fe content, as shown in Figure 14. The elongations of the Al-8%Mg 
with 0.2% and 0.4%Fe were 27.6% and 24.6%, respectively, and the elongation 
of the Al-8%Mg without added Fe was 24.0%. When the Fe content was 0.2%, 

Figure 12. 
Tensile stress of the hot-forged gravity-cast Al-Mg alloys plotted against Fe content.

50 µm50 µm

50 µm 50 µm 50 µm

(a) Al – 3% Mg (b) Al – 4.7% Mg (c) Al – 6% Mg

(d) Al – 8% Mg (e) Al – 10% Mg

Figure 11. 
Optical microscope images of hot-forged Al-Mg alloys.



61

Characteristics of Al-Mg Test Pieces with Fe Impurities Fabricated by Die Casting, Roll Casting…
DOI: http://dx.doi.org/10.5772/intechopen.100940

the elongation did not decrease but increased. It is thought that the addition of 
Fe makes the elongation worse; however, in this case, the elongation increased. 
This means that when Fe impurities are incorporated during recycling, the 
elongation increases in comparison with that of the virgin alloy, demonstrating 
that upgrade recycling occurs. The elongation of the Al-8%Mg with 0.4%Fe 
was 24.6%, which means the added 0.4% Fe did not influence the elongation. 
The elongations of the Al-8%Mg with 0.6% and 0.8%Fe were 17.4% and 15.6%, 
respectively. The elongation of the hot-forged Al-8%Mg was excellent when 
the added Fe content was 0.8% or less. The elongation of the Al-10%Mg with 
0.8%Fe was 9.5%, and that of the other Al-Mg alloys were greater than 9.5%. 
The hot-forged Al-Mg alloys have good elongation when Fe impurities are 
incorporated during recycling, with Al-8%Mg being particularly suitable for 
cast-forging and recycling.

Figure 14. 
Elongation of the hot-forged gravity-cast Al-Mg alloys plotted against Fe content.

Figure 13. 
The 0.2% proof stresses of the hot-forged gravity-cast Al-Mg alloys plotted against Fe content.
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4. Roll-casting

4.1 Single-roll caster equipped with a scraper

It is known that centerline segregation occurs between the solidification layers 
in Al-Mg alloy strips cast using a twin-roll caster (TRC). It is difficult to reproduce 
the occurrence of this type of centerline segregation in strips cast using twin-roll 
casters. In this study, a single-roll caster equipped with a scraper (SRCS) was used 
to cast Al-Mg alloys strips without centerline segregation [11].

In the SRCS, the molten metal is solidified on the side of the one roll, and a 
centerline does not form. The free solidified surface is scribed into a flat surface by the 
scraper. The scraper load was 0.2 N/mm, and no crack was formed on either surface 
of the strip because of the small scraper load. A copper roll was used to increase the 
cooling speed and roll speed. In the conventional TRC, steel rolls are used. The ther-
mal conductivity of copper is much larger than that of steel, and the cooling ability 
of a copper roll is thus greater than that of a steel roll. The casting speed of the SRCS 
was 30 m/min, whereas the casting speed of a conventional TRC is usually slower 
than 2 m/min. The excellent cooling ability of the copper roll enabled high-speed roll 
casting. Schematic illustrations of the SRCS and the area near the scraper are shown in 
Figure 15. Cross-sections of Al-4.5%Mg strips cast using the high-speed TRC and the 
SRCS are shown in Figure 16 [11, 12]. Centerline segregation occurred in the strip cast 
using the high-speed TRC and not in the strip cast using the SRCS.

4.2 Effect of Mg content on strip thickness and surfaces

Strips of Al-Mg alloys with Mg contents ranging from 4.5–10% could be 
continuously cast using the SRCS. The strip thickness is plotted against the Mg 
content in Figure 17. The strip became thicker as the Mg content increased. Two 
potential causes were considered to explain the relationship between the Mg 
content and the strip thickness. One is that the latent heat of the magnesium is 
smaller than that of the aluminum; thus, the latent heat of Al-Mg alloy decreases 
as the Mg content increases, which may then cause the strip thickness to increase 
with the Mg content. The other is that the amount of scribed and piled aluminum 
alloy under the scraper becomes greater as the Mg content increases, and the piled 
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Figure 15. 
Schematic illustrations of (a) a top-down view of a single-roll caster equipped with a scraper and (b) a view 
near the scraper.
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aluminum alloy becomes a part of the strip [12]. Therefore, the strip becomes 
thicker as the Mg content increases.

The surfaces of the Al-Mg alloy strips are shown in Figure 18. The scribed 
surface did not have a metallic luster, whereas the roll contact surface did. The Mg 
content did not influence the surface condition.

4.3 Mechanical properties of roll cast Al-Mg alloy strips

The mechanical properties of the roll-cast Al-Mg alloy strips were tested by the 
tensile test. The cast strip was cold-rolled down to 1 mm and annealed at 360°C for 
90 min. The dimensions of the test piece for the tensile test are shown in Figure 19.

The results of the tensile test are shown in Figure 20. The tensile stress increased 
monotonically at a gradual rate with increasing Mg content. The 0.2% proof stress 
was almost constant at different Mg contents. The elongation increased with 
increasing Mg content up to 8% Mg and then substantially decreased at 10% Mg. 
Comprehensively, judging from the tensile test, the Al-8%Mg showed the best 
mechanical properties.

A deep drawing test was then conducted to investigate the ability of sheet 
forming. The cast strip was cold-rolled down to 1 mm and annealed at 360°C for 
90 min. The diameter of the punch used for the deep drawing test was 32 mm. The 

(a) (b) 

1 mm

Segregation

1 mm

Roll contact surface

Scribed surface

Figure 16. 
Cross-sections of Al-4.5%Mg alloys cast using (a) a high-speed twin-roll caster and (b) a single-roll caster 
equipped with a scraper. The casting speed was 30 m/min.

Figure 17. 
Strip thickness plotted against Mg content.
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deep drawing test was conducted under two conditions: with the roll-contact side 
of the strip facing outward and with the scribed surface facing outward. The results 
of the deep drawing test are shown in Figure 21. The limiting drawing ratio (LDR, 
the maximum ratio of circular blanks to the diameter of the die) of Al-4.5%Mg was 
2.0 regardless of which side of the strip was facing outward. The LDR decreased 

Figure 20. 
Tensile test results for roll-cast Al-Mg alloys with different Mg contents.

Scribed surface

(a) Al–4.5%Mg (b) Al–6%Mg (c) Al–8%Mg (d) Al–10%Mg

Roll contact surface

(e) Al–4.5%Mg (f) Al–6%Mg (g) Al–8%Mg (h) Al–10%Mg

Figure 18. 
Surfaces of as-cast Al-Mg alloy strips.

Figure 19. 
Size of a test piece for the tensile test.
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with increasing Mg content. When the Mg content was 4.5% or 6%, the LDR was 
not affected by which side faced outward; in contrast, when the Mg content was 8% 
or 10%, the LDR was better when the roll-contact side faced outward. The differ-
ence between the LDRs in these two cases is not suitable for sheet forming. The 
Al-4.5%Mg was most suitable for sheet forming. The optimal Mg content for deep 
drawing was different from that obtained from the elongation in the tensile test. 
These results demonstrate that 514.0 aluminum alloy is suitable for sheet forming, 
and 518.0 aluminum alloy is suitable for the easy shape plate, which needs strength 
and elongation. This shows that the choice of Mg content depends on the purpose. 
The forming ability is the most important property for sheets used in automobile 
manufacture, and thus the Al-4.5%Mg is suitable for this purpose. The Al-4.5%Mg 
was used to make the model alloy of recycled Al-Mg alloys.

4.4 Mechanical properties of Al-4.5%Mg with Fe

Impurities of 0.2%, 0.4%, 0.6%, and 0.8% Fe were added to the Al-4.5%Mg to 
model the recycled Al-Mg alloy. The Al-4.5%Mg with Fe could be cast into a strip, 
as the addition of the Fe did not affect the ability of the roll casting; however, the 
addition of the Fe makes the strip hard and brittle. Edge cracks with lengths of 
3 mm or less occurred in the Al-4.5%Mg with 0.8%Fe, and the cold rolling could be 
conducted on the strip down to 1 mm without breaking. When the added Fe content 
was less than 0.6%, edge cracking did not occur. The surfaces of the as-cast and the 
cold-rolled strips of the Al-4.5%Mg and the Al-4.5%Mg with 0.8%Fe are shown in 
Figure 22. There was no difference between the scribed and roll-contact surfaces of 
the cold-rolled virgin Al-4.5%Mg and Al-4.5%Mg with 0.8%Fe strips. It is thought 
that the increase in the Fe content does not affect the surface properties of the 
Al-4.5%Mg sheet cast by the SRCS after cold rolling.

Cross-sections of the virgin Al-4.5%Mg and Al-4.5%Mg with 0.8%Fe strips are 
shown in Figure 23. The grain of the as-cast Al-4.5%Mg strip was almost uniform in 
the thickness direction. In the as-cast strip of Al-4.5%Mg with 0.8%Fe, the grain of 
the roll-contact side of the strip was finer than that of the scribed side. The effect of 
cooling speed on the grain size of the Al-4.5%Mg with 0.8%Fe was more apparent 
than in the Al-4.5%Mg. This is the influence of the added Fe. The Fe formed a crystal 
nucleus, and many crystals were made. As a result, the grain number increased and 
the grain size became small near the roll-contact side. The structure became a fine 
deformation structure after cold rolling and annealing.

Figure 21. 
Limiting drawing ratio at different Mg contents.
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The results of the tensile test of the Al-4.5%Mg with Fe are shown in Figure 24. 
The tensile stress was almost uniform for the added Fe content. The 0.2% proof stress 
gradually increased with increasing Mg content, and the elongation very gradually 
decreased. The elongations of the Al-4.5%Mg and Al-4.5%Mg with 0.8%Fe were 
30.3% and 28.6%, respectively. The reduction of the elongation with the addition of Fe 
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Figure 22. 
Surfaces of as-cast and cold rolled strips of Al-4.5%Mg and Al-4.5%Mg with 8%Fe.

Figure 23. 
Cross-sections of as-cast strip and cold rolled and annealed strip of Al-4.5%Mg and Al-4.5%Mg with 0.8%Fe. 
Annealing: 360°C for 90 min.
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was very small. The intermetallic compound including Fe may be very fine because of 
the rapid solidification of the rolling caster, and it did not make the elongation worse.

The LDR of Al-4.5%Mg with Fe is shown in Figure 25. The LDR did not decrease 
from 2.0 until the addition of 0.4% Fe. When the Fe content was 0.6%, the LDR was 
1.9. The LDR when the scribed surface faced outward was the same as that when 
the roll contact surface faced outward until the Fe content was 0.6%. Therefore, the 
ultimate addition of Fe to the Al-4.5%Mg was 0.4%.

5. Conclusions

5.1 Die casting

The fluidity of the Al-Mg alloy decreased with increasing Mg content until 6% 
Mg and then increased as the Mg content was increased beyond 6%. The fluidity 
was greatest at an Mg content of 10% and progressively decreased at contents of 
4.5%, 8%, and 6%. The fluidity increased with increasing Fe content.

Figure 24. 
Result of tensile test of Al-4.5%Mg with Fe.

Figure 25. 
Limiting drawing ratio of Al-4.5%Mg with different Fe Contents.
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The tensile strength and the 0.2% proof stress increased with increasing Mg 
content. The elongation of the Al-6%Mg was greater than that of the Al-4.5%Mg. 
The addition of Fe did not degrade the tensile stress and the 0.2% proof stress. The 
elongation was reduced by the addition of Fe. The elongations of the Al-4.5%Mg 
with 0.8%Fe and Al-6%Mg with 0.8%Fe were 10% and 8%, respectively. These 
elongations were as good as those obtained during die casting. The amount of 
decrease in the elongation of the Al-4.5%Mg was smaller than that of the Al-6%Mg. 
The Al-4.5%Mg is suitable for recycling when the recycled alloy was die-cast.

5.2 Cast-forging

The mechanical properties of the gravity-cast Al-Mg alloys were increased by 
hot-forging. The tensile strength and the 0.2% proof stress increased as the Mg con-
tent increased. The elongation of Al-8%Mg was greater than that of the other Al-Mg 
alloys considered in this study. The addition of Fe did not degrade the tensile stress 
or the 0.2% proof stress. The elongation of all alloys except for the Al-8%Mg was 
degraded by the addition of the Fe. The elongation of the Al-8%Mg with 0.2%Fe 
was greater than that of the Al-8%Mg, and that of the Al-8%Mg with 0.4%Fe was 
the same as that of the Al-8%Mg. The elongation of the Al-8%Mg with 0.8%Fe was 
15.6%, which is sufficiently large for a forged aluminum alloy. Al-8%Mg is thus 
suitable for cast-forging.

5.3 Roll casting

As the Mg content was increased, the tensile stress gradually increased, whereas 
the 0.2% proof stress remained almost constant. The elongation of the Al-8%Mg 
was greater than those of the other Al-Mg alloys. The LDR decreased as the Mg 
content increased. Therefore, the Al-4.5%Mg was selected as the most suitable for 
sheet forming among the roll-cast Al-Mg alloys. The tensile stress of the Al-4.5%Mg 
was almost uniform for the added Fe content. The 0.2% proof stress gradually 
increased with increasing Mg content, and the elongation very gradually decreased. 
The elongations of the Al-4.5%Mg and Al-4.5%Mg with 0.8%Fe were 30.3% and 
28.6%, respectively. The LDR was 2.0 until an Fe content of 0.4%, and then it 
decreased with increasing Fe content for Fe contents greater than 0.6%. This shows 
that twice-recycled Al-4.5%Mg (Al-4.5%Mg with 0.4%Fe) cast using the roll-caster 
can be used for sheet forming.
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Chapter 4

Characterization of Casting 
Properties of Rare-Earth Modified 
A356
Kerem Can Dizdar, Hayati Sahin, Furkan Tezer  
and Derya Dispinar

Abstract

Al-Si alloys are an attractive choice of light alloys due to their low density and 
high mechanical properties. The application areas include automotive and aero-
space parts. With the increased requirements and demands on such applications, 
the researchers have focused on the enhancement of properties with the addition 
of novel alloying elements. In the last decade, modification of microstructure 
by rare-earth element additions has become popular. In this work, systematical 
tests were carried out by using fluidity test mold that has 8 arms with different 
thicknesses and tensile test mold that contains 10 bars to statistically analyze the 
mechanical properties. Different ratios ranging from 0.05 to 1 wt% of Er, Sc, Y, and 
V were added to Al-7Si alloys. The addition of 0.1 wt% Sc shows the highest fluidity 
whereas V additions have the lowest. Statistically, Sc addition revealed the highest 
reproducible results in terms of tensile properties where Y had the highest scatter. 
Er additions have the highest UTS and elongation at fracture.

Keywords: casting, A357, rare earth, tensile, fluidity, microstructure

1. Introduction

Grain refinement is a method used to alter the microstructure from heterogeneous 
dendrites into smaller and globular morphology. In this way, the casting properties 
are enhanced significantly. The feedability of the melt increases and thus fluidity 
increases. Since the interdendritic flow of the liquid resistance is decreased, the 
shrinkage and porosity decrease. Additionally, obtaining homogeneous and refined 
grains lead to achieving higher mechanical properties. It is important to note that 
the reduction of casting defects has the most determining influence on mechanical 
properties as well as the homogeneous distribution of secondary phases along with 
the microstructure.

Over the past several years, the modification of aluminum alloys with rare earth 
elements has gained great attention. The studies are concentrated on the improve-
ment of mechanical properties by grain refinement or modification of Si morphol-
ogy, particularly in Al-Si alloys. The use of Sc as a grain refiner has almost proven 
itself to be a key grain refinement agent. However, the expense of using Sc and the 
high cost have led the application to be limited. Alternative elements such as V, Y, 
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Er, Eu and Ce have been started to be investigated in detail. Their refinement and 
modification effects have been found in Al–Si–Mg alloys [1–6].

Mazahery [7] investigated the effect of 600 ppm Eu addition to A360 on 
mechanical properties. It was found that as SDAS was increased, UTS was decreased 
by 25% and elongation at fracture was decreased by half. The microstructure and 
mechanical property change of A356 by Eu additions between 200 and 1000 ppm 
were investigated by F. Mao [8]. Eu was an effective Si modifier. The eutectic 
temperature was decreased, and Si morphology was altered from coarse plates into 
smaller fine spherical fibers which increased the tensile properties by 15% when 
1000 ppm Eu was used.

L. Li [9] compared the semisolid die casting method to gravity casting. It was 
reported that 0.1 wt% RE addition had not affected the grain size but modification 
of Si to fibrous morphology had resulted in increased elongation at fracture for 
both methods. Increasing RE content to 0.4 wt% had resulted in the formation of 
needle-like intermetallic and the material had become brittle. Up to 0.8 wt%, Yb 
addition had formed globular primary and secondary dendrites with both Si and 
Fe intermetallic converted from acicular to finer morphology, however, higher 
amounts of addition of Yb to Al12Si had resulted in decreased mechanical proper-
ties [10]. Kabliman [11] added Sc to Al-Mg alloys to produce alternative foil material 
to Al-Cu alloys where 550 MPa was achieved at 0.5 mm thickness. Elgallad [12] 
found that in the absence of Sr., the addition of La and Ce to A356 and A413 had not 
modified Si, instead primary Si phases were formed. In the presence of Sr., much 
finer Si modification was observed. On the other hand, when Ti was added to these 
alloys, a high population of intermetallic formation was observed. When Yb was 
added together with La to A356, spherical Si particles were formed with a depres-
sion of 8°C of eutectic temperature [13]. M. Colombo [14] added different amounts 
of Er to A356 and showed that Er can both grain refine and modify Si at the same 
time. Best results were obtained at 0.3 wt% Er addition, and increased Er addition 
had resulted in the formation of intermetallic phases which decreased the ductility 
of A356 [15–17].

The effect of RE additions on the porosity formation of A356 alloy was investi-
gated by Elgallad [18]. Various amounts of La, Ce, and La + Ce modifications were 
tried. When the intermetallic was increased (3%), the feedability was decreased 
which increased the shrinkage and porosity formation. On the other hand, it was 
reported that Ce was more dominant in pore formation than La. It was also found that 
Sr. was still the most effective modifier, but it also had a high affinity to RE elements 
possibly resulting in intermetallic formation [1]. Z. Wang [19] found that the addi-
tion of 0.1 wt% La and Ce increased the ductility of the alloy. The formation of fine 
and distributed secondary phases was observed on the fracture surface as dimples 
however in the absence of the RE added alloy, the fracture surface consisted of brittle 
cracks. Asmael [20] investigated the microstructure and mechanical properties of 
Ce added Al11SiCuMg alloy. Tensile strength and quality index were found to be the 
highest at 0.1 wt% Ce modified alloy. SDAS was decreased by 36%. When Ce content 
was changed between 0.5 and 1.0 wt%, it was found that there was no change in the 
microstructure and tensile properties. Pourbahari [21] studied the properties of thin-
walled castings of A357 with La addition. La content was varied between 100 and 
1000 ppm. The grain size was reported to be decreased by 50% with an increase of 
approximately 80% UTS. Sc additions up to 0.4 wt% revealed 50% decrease in SDAS 
of A356 with obtaining of spherical Si morphology [22]. Thus, the eutectic phase was 
increased from 40 to 45% with increased tensile property from 180 to 300 MPa. Yii 
[23] added Ce to Al20Si hypereutetic alloy and reported that wear properties were 
increased when 1.6 wt% Ce was added. Tzeng [24] added Sc to Al11Si and reported 
that beta-Fe intermetallic was converted to Chinese script which did not reduce the 
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ductility of the alloy. The 0.8 Sc refined microstructure eliminated Fe-intermetallic 
formation increased tensile properties [25].

In this study, different amounts of Er, Sc, Y, and V were added to the A356 
alloy. Efforts were made to statistically compare the effect of RE additions on the 
mechanical properties of A356 alloy. The reproducibility of tensile properties was 
investigated. The change in the fluidity of alloys was also investigated in the octopus 
design [26, 27].

2. Experimental

The chemical composition of the A357 aluminum casting alloy studied within the 
scope of the study is given in Table 1 (Quantolux QLX3). Ten cylindrical bars were 
produced and cast into a sand mold where the dimension of bars was Ø8 by 160 mm 
(Figure 1). The weight of the charge to be melted was measured (approximately 15 kg) 
and melted in an ICS induction furnace in an A50 SiC crucible at 750°C. Reduced 

Si Fe Cu Mn Mg Ti Al

7.485 0.173 0.021 0.018 0.529 0.126 91.45

Table 1. 
Optical emission spectrometer analysis.

Figure 1. 
Molds used for the characterization tests (a) fluidity (b) tensile bars.
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pressure test samples were collected for measuring the melt cleanliness level. Ceramic 
diffusor lance was used where nitrogen gas was purged through the melt for the clean-
ing process.

The master alloys added to the melt were Al3Er, Al2Sc, Al5V and Al10Y. The 
weight % was aimed to achieve 0.05 and 0.1 in the alloy. Sand molds were prepared 
for the characterization tests. Octopus mold design [27] (Figure 1a) was used 
for fluidity characteristic where each arm had a length of 500 mm with thickness 
varying from 0.2 to 8 mm. Ten tensile bars were produced for each parameter where 
10 mm diameter and 180 mm length cylinders were produced (Figure 1b). The 
molds were placed next to each other and after tensile bars were cast, the fluidity 
test mold was filled. This was repeated twice, and the same procedure was followed 
for each parameter to be able to have the same condition for each casting trial.

After the castings were complete, the samples were subjected to a heat treatment 
procedure [28] where the solutionizing was carried out at 540°C for 6 hours. The 
samples were then quenched in water (80°C) followed by 4 hours of aging at 145°C. 
Samples were machined according to ASTM E8/E8M standard and tensile tests were 
carried in Zwick Roell 8596. Weibull analysis was used to plot the survivability of 
the alloys studied in this work.

3. Results and Discussion

3.1 Tensile properties

The survivability plot is an indication of the lower and upper limits of any 
variable which gives the reliability and reproducibility of the data. In Figures 2–4, 
the tensile property changes of Sc, Er, Y, and V added A357 in as-cast conditions 
are given. For the yield strength (Figure 2), 0.05 and 0.1 wt% Sc reveal the highest 
reproducible results where the strength value changes between 116 and 120 MPa. 
In terms of design parameters, the survivability plot gives information about the 
possible lowest and highest potential values that this parameter can provide. For 

Figure 2. 
Survivability plot of yield strength.
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example, 0.05 wt% Er castings reveal that they can exhibit a minimum of 109 MPa 
below which the material will always be in an elastic region. This particular test 
result also provides the information that this alloy can provide a yield strength of 
140 MPa as well. Thus, it shows the potential of the alloy. However, since the scatter 
is too high (yield strength ranging between 109 and 140 MPa), the reliability of this 
parameter becomes very low. On the other hand, looking at 0.05 wt% Sc addition, 
it is very steep at values between 116 and 120 MPa which is quite narrow and thus 

Figure 4. 
Survivability plot of elongation at fracture.

Figure 3. 
Survivability plot of ultimate tensile strength.
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the reliability of this casting is too high. This states that the yield strength value will 
undoubtedly be between these values.

The highest scatter is observed with 0.05 wt% Er and 0.1 wt% Y additions. The 
values are in the range of 90–133 MPa for Y, and 107–140 MPa for Er. Although, Er 
shows high scatter, yet it had the potential that this addition has the highest yield 
strength value of 140 MPa. On the other hand, the lowest yield strength value was 
obtained when Y was used as a modifier to A357.

The ultimate tensile strength values for all additions were very close to each 
other (Figure 3). The highest reliable and most reproducible results were obtained 
with 0.05 wt% Sc samples which were 197 MPa with a standard deviation of ±3. 
Pramod [22] had found that Sc additions to A356 had increased the UTS 45% when 
Sc was added up to 0.4 wt%.

The highest scatter was observed 0.05 wt% Er castings. The lowest UTS values 
were found to be in Y modified alloy whereas the highest possible UTS values were 
obtained with 0.05 and 0.1 wt% Er added A357 with a potential of having 265 MPa. 
Colombo [14] reported that 0.3 wt% Er addition was the optimum ratio in their 
study to exhibit the highest tensile properties.

As can be seen in Figure 4, 0.1 wt% Y added A357 had the potential of having 
9% elongation at fracture, however, this alloy has the highest scatter and thereby 
revealing the least reliable casting. The 0.05 wt% Y added A357 has the lowest 
elongation while 0.05 and 0.1 wt% Er show the highest reproducible results.

The change in the tensile properties after the samples were subjected to heat 
treatment is given in Figures 4–9. There is almost twice the change in yield strength 
after heat treatment with Sc showing the highest value of 260 MPa and Y showing 
the lowest of 216 MPa (Figure 5). The ultimate tensile strength increases approxi-
mately 25% where Sc and Er have the highest value of 300 MPa whereas Y additions 
show the lowest UTS of 240 MPa (Figure 6). There is an almost 70% decrease in 
elongation values for all additions, except Er additions. Therefore, the toughness 
change of Er with and with heat treatment is nearly too small and Er additions 
exhibit the highest toughness amongst the alloys studied in this work (Figure 7).

Figure 5. 
Yield strength change with heat treatment.
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Figure 6. 
Ultimate tensile strength change with heat treatment.

Figure 7. 
Elongation at fracture change with heat treatment.

Hu [29] used the HPDC method to check the mechanical properties change of 
Al12Si alloy where Er content was changed between 0, 0.3, 0.06, and 0.9 wt%. It 
was reported that as Er content was increased, UTS was increased with decreased 
grain size, however, elongation at fracture values was decreased. This was attrib-
uted to the presence of Al3Er phases found on the SEM images of fracture surface 
analysis. Therefore, it was concluded that these precipitates acted as reinforcements 
to the matrix, thus increasing UTS but decreasing elongation. Gao [16] reported 
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similar results claiming that nano-sized Al3Er, Al3Zr, and Al3(Zr,Er) precipitates 
show resistance to dislocations and increase the strength of pure aluminum signifi-
cantly. Shi [15] proposed that Al3(RE) intermetallic phases do not have the grain 
refinement effect but rather act as barriers to dislocation movement and thereby 
increase the tensile properties of Al-Si alloys. Shi [15] also reported that Er has more 
physicochemical activity than that of other modifiers which have the potential to 
eliminate bifilms [27, 30–36] and increase the melt quality, therefore exhibiting 

Figure 9. 
Quality index change with heat treatment.

Figure 8. 
Toughness change with heat treatment.
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higher mechanical properties. In the trials reported by Pramod [22], 0.4 wt% Sc 
addition to A356 had resulted in achieving 300 MPa levels with the lowest SDAS 
(10 μm) and refined Si morphology. In this work, 30 μm SDAS was good enough to 
achieve 300 MPa.

Pourbahari [21] studied the effect of La addition and they reported that the 
presence of intermetallic like Al4La was more spherical and distributed in the 
microstructure (at low levels of La addition), and therefore they did not act as 
stress rising locations that would decrease the ductility of the alloy. However, when 
La content was higher than 0.1 wt%, new intermetallic phases such as AlSiLa were 
formed which were flakey and needle-like, thereby reducing the toughness of the 
matrix. The fracture surfaces were quasi-cleavage facets and not dimple like as in 
low La levels.

Drouzy’s quality index [37] assessment was also used in this study and the 
results are given in Figure 9. It can be seen that Er and Sc both have the highest 
index values. Additionally, those elements are the only ones that show an increase in 
the quality index after heat treatment.

3.2 Microstructure

Although, the mechanical properties of each different grain refiner addition show 
a wide range of values and there is a quite difference between the samples, yet the 
microstructural analysis had revealed that the DAS and SDAS of all castings were 
very close to each other (Figures 10 and 11). Only 0.05 wt% Y addition shows the 
highest DAS value compare to the others, but all SDAS measurements of castings were 
recorded to be between 30 and 40 μm as seen in Figure 12. It is interesting to note that 
only in Y additions Si morphology was altered to fibrous type (Figures 10b and 11b). 
Colombo [14] added 0.2 and 0.4 wt% Er and found that Er acted as a modifier for Si 

Figure 10. 
Microstructures of 0.05 wt% (a) V, (b) Sc, (c) Er and (d) Y added A356.
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Figure 12. 
DAS and SDAS change of different alloying element additions.

Figure 11. 
Microstructures of 0.1 wt% (a) V, (b) Sc, (c) Er and (d) Y added A356.
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together with a 30% reduction in SDAS. However, in this work, 0.05 and 0.1 wt% Er 
were added and no modification of Si was observed (Figures 10c and 11c).

Pramod [22] reported that 0.4 wt% Sc had a reduction capability of SDAS 
by 50%. Compare to 0.2 wt% Sc addition, the silicon size was also significantly 
decreased which resulted in having the highest UTS values of 300 MPa. Pandee [38] 
added three different levels of Sc to A356; namely 0.24, 0.40, and 0.65 wt%. Two 
different cooling rates were studied. At both cooling rate levels (0.1 and 3°C/s), as 
Sc content was increased, Si morphology was modified to a fibrous structure. At 
3°C/s, the modification of Si was found to be the optimum for 0.4 wt% Sc modified 
A356. In a similar kind of work, W. Zhang [4] also reported similar findings that 
higher than 0.15 wt %Sc addition to A356, Si morphology was completely modified. 

Figure 13. 
Fluidity change of different grain refiner (a) 0.05 wt%, (b) 0.1 wt% additions.
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On the other hand, Xu [25] found almost a linear decrease in grain size with 
increased Sc content varying from 0.2 towards 0.8 wt% Sc additions to F357 where 
the modification of Si was started at 0.2 wt% additions. With UTS values as high as 
350 MPa.

3.3 Fluidity

The fluidity test results were analyzed under the wt% additions as seen in 
Figure 13. When 0.05 wt% addition levels are compared, it can be seen that Er 
and Y appear to have higher fluidity lengths compared to the other additions. On 
the other hand, when 0.1 wt% additions are analyzed, Sc has significantly higher 
fluidity compared to the other additions. In each of the cases, V reveals the lowest 
fluidity results. Prukkanon [39] reported that up to 0.2 wt% Sc addition, the fluid-
ity of A356 was increased, but a higher amount of Sc addition had not affected the 
fluidity and remained unchanged at 660, 690, and 720°C.

4. Conclusion

The addition of 0.1 wt% Sc exhibits the highest fluidity in all cross-sections 
ranging from 0.5 to 8 mm thicknesses whereas V addition shows the lowest fluidity.

Although, the microstructural changes are not so significantly different from 
each other (all additions have SDAS values in the range of 30–40 μm), in terms of 
tensile properties, Sc addition to A357 alloy reveals the highest reliable and repro-
ducible results. On the other hand, Y additions have the highest scatter with being 
the lowest reliable.

Before heat treatment, almost all additions have yield stress in the range of 
119–130 MPa and ultimate tensile strength between 180 and 210 MPa. The addi-
tion of 0.1 wt% Sc has the highest UTS of 218 MPa which is quite closely followed 
by 0.1 wt% Er with a value of 212 MPa. Similarly, elongation at fracture values lie 
between 3.6 and 4.6% where Y is the lowest and Sc and Er is the highest.

After heat treatment, there are approximately two folds of increase in the yield 
strength for all additions. Y is the lowest with 210 MPa, and Sc and Er are the high-
est with 260 and 240 MPa, respectively. There is an approximately a 30% increase 
in UTS after heat treatment. Er is the highest with 300 MPa, followed by Sc at 299 
Mpa. Y is the lowest with 240 Mpa. Elongation at fracture values were decreased 
dramatically after heat treatment from 4% towards 1%. Er shows the highest 
elongation with 4.9% while Y is the lowest with 1.2%.

In almost all additions, toughness value decreased after heat treatment, however, 
only when 0.1 wt% Er was added to A357, there was no difference in the toughness 
before and after heat treatment.
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Chapter 5

Selection of Optimal Material from
Stir Cast Aluminum Graphene
Nano Platelets Composites for
Aerospace Applications
Bhanu Prakash Palampalle, Babu Dharmalingam
and Devika Royal

Abstract

Qualitative and quantitative requirements when selecting materials for different
properties can be difficult and ambiguous. An insufficient variety of materials can
lead to component malfunction and failure at any point during their service. Owing
to the vast availability of dissimilar materials, material selection in the engineering
design phase is difficult and elusive. This study presents an EDAS (Evaluation based
on Distance from Average Solution) and VIKOR (VIse Kriterijumska Optimizacija-
kompromisno Resenje) techniques for effective material selection for aviation
applications. In this research, the selection index value was calculated using the
EDAS and VIKOR entropy-based weight techniques. The MADM (multi-attribute
decision making) procedure also selects the best weight per cent combination
among pure aluminum reinforced with GNPs (graphene nanoplatelets) for aircraft
applications based on its physical and mechanical properties. The results demonstrate
that 0.5 wt% GNPs reinforced in pure aluminum has the best combination of both
physical and mechanical qualities, according to the EDAS and VIKOR multi-criteria
decision-making methodologies. The composites were made using the stir casting
technique. MATLAB R2020a is used to grade and compare the composite materials.

Keywords: pure aluminum, multi-attribute decision making, graphene
nanoplatelets, VIKOR, EDAS, MATLAB R2020a

1. Introduction

Aluminum Metal Matrix Composites are favored over other conventional
materials in aerospace, automotive, and marine applications because of improved
properties such as high strength-to-weight ratio, good wear resistance, and so on.
Graphene’s mechanical, physical, optical, and thermal properties make it an
outstanding metal composite reinforcement material. Pure aluminum graphene
nanoplatelets (GNPs) were reinforced in a base matrix (pure Al) with different
weight percentages to form aluminum metal matrix composites using stir casting
[1, 2] powder metallurgy [3] and other techniques. The uniform distribution of
graphene nanoplatelets [4, 5] in the aluminum matrix improves mechanical
properties significantly. Stephen et al. [6] discovered that graphene-aluminum
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nanocomposites had lower strength and stiffness than pure aluminum reinforced
with multi-walled carbon nanotube composites due to the production of enhanced
aluminum carbide with the graphene filler. Venkata Subbaiah et al. [7] investigated
the microstructural and mechanical properties of AA7075-GNPs. In an aluminum
7075 base matrix, ultrasonic-assisted stir casting was used to produce graphene
nanoplatelets varying from 0.5 to 2.0 wt%. The composite with 0.5% GNPs had the
highest tensile strength and microhardness due to the less porosity and uniform
distribution of GNPs in the AA7075 matrix. According to Bhanu Prakash et al. [8],
the microstructure and mechanical properties of aluminum 7075 graphene
nanoplatelets ranged from 0.50 to 2 wt% in base matrix fabricated using the stir
casting technique. In comparison with other weight percentages, AA 7075–1.5%
GNPs provided the composite with better mechanical properties. Due to the
graphene’s uniform distribution with the base metal, Muhammed Emre Turan et al.
[9] discovered that adding graphene to pure magnesium in different weight pro-
portions improved hardness values. Xin Gao et al. [10] stress the contents of
graphene reinforced with base minerals. The effect of graphene on the tensile
strength of the prepared composites increases by 0.3 wt% as the graphene content
increases. As the proportion of graphene in the composite increases, the tensile
strength and percentage of elongation to fracturing decrease. A systematic approach
to GNP composites’ selection is necessary to choose the best material for a given
application. The correct material selection technique entails precisely describing the
application requirement in terms of mechanical properties, primarily for the utility
class defined in the proposed application. Various researchers have used MADM
methods such as VIKOR, EDAS, WSM PROMETHE, and TOPSIS to select the best
material for specific applications in a range of fields such as automotive [11–16],
marine [17, 18], medical [19], and agriculture [20–22]. The VIKOR method
outperformed the other 10 most common methods for selecting suitable materials
for a sailing boat mast, a flywheel, and a cryogenic storage tank, according to the
author [23]. The optimal material, according to the researcher [24], is solely deter-
mined by the criterion’s maximum priority value. The most conclusive of the three
MCDM methods is VIKOR (TOPSIS, VIKOR, and PROMETHEE). Caliskan et al.
[25] rated the materials using the PROMETHEE II, TOPSIS, and VIKOR methods
and compared the results obtained by each process. Tungsten carbide-cobalt and
Fe-5Cr-Mo-V aircraft steel were found to be the best materials for tool holder
production. A new version of the VIKOR method, based on criteria for selecting the
best material, particularly in the biomedical field, was proposed by Jahan et al. [26]

2. Problem description and experimental details

In this research, the best material for aircraft application was chosen from five
options of aluminum graphene nanoplatelet composites. Figure 1 depicts the beneficial
and non-beneficial criteria. MADM’s EDAS and VIKOR methods are used to choose
the right option. Procedural steps for criterion methods are represented in Figure 2.

2.1 Composite fabrication

Stir casting has been used for the manufacturing of pure aluminum GNPs com-
posites because it has a lower initial cost than other fabrication techniques. The
author detailed the manufacturing of Al-GNPs composites in his prior work [1].
Mechanical stirring was used to distribute the reinforcing phases in the molten
matrix metal during the fabrication process. Table 1 displays the matrix and
reinforcing materials used in the composite fabrication process.
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Figure 1.
Beneficial and non-beneficial criterion.
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Figure 2.
Applied steps for EDAS and VIKOR.

Sl. no. Matrix materials Reinforcements Size of reinforcements

1 Pure aluminum (99.5%) GNPs (0.5–2.0 wt.%) 2–10 nm

Table 1.
Material and reinforcement for composite fabrication.
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2.2 Characterization of a composite of pure aluminum and graphene
nanoplatelets

Physical and mechanical tests on the fabricated composite were used to classify
the pure aluminum GNPs composite. These experiments were carried out on well-
prepared specimens prepared according to ASTM Standards such as ASTM E8 &
ASTM A370 for Tensile Test and Impact test, to investigate the impact of
reinforcements in pure aluminum for aircraft applications.

3. Decision methods

A multi-attribute decision-making problem is represented by a matrix X, which
contains n alternatives and m criteria.

X ¼

X11 X12 X13 � � � X1m

X21 X22 X23 � � � X2m

X31 X32 X33 � � � X3m

X41 X42 X43 � � � X4m

� � � � � � �
� � � � � � �
Xn1 Xn2 Xn3 � � � Xnm

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

(1)

where Xij is the ith alternative’s output on the jth criterion. In MADM methods,
the weight value (wj) for each criterion must be determined such that the number
of all criterion weights equals to one. The entropy approach is used to calculate
these weights.

3.1 Evaluation based on distance from average solution (EDAS) method

The EDAS method is a distance-based technique that employs positive and
negative distances from the average solution. The options are listed in ascending
order. The procedural steps for n alternative composite and m parameters suggested
[27, 28] are as follows:

Let X½ �n ∗m be the decision�making matrix (2)

Step 1. The average solution (AVj).

AVj ¼
Xn
i¼1

Xij=n (3)

Step 2. The positive distance from average (PDA) for beneficial and
non-beneficial criterion.

If jth criterion is beneficial,
PDAij ¼

max 0, Xij � AVj
� �� �
AVj

And if jthcriterion is non‐beneficial,
PDAij ¼

max 0, AVj � Xij
� �� �
AVj

9>>>>>>>>>=
>>>>>>>>>;

(4)
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Step 3. The negative distance from average (NDA) for beneficial and
non-beneficial criterion.

If jth criterion is beneficial,
NDAij ¼

max 0, ðAVj � Xij
� �Þ

AVj

And if jthcriterion is non‐beneficial,
NDAij ¼

max 0, ðXij � AVj
� �Þ

AVj

9>>>>>>>>>=
>>>>>>>>>;

(5)

Step 4. Eq. (6) calculates the positive and the negative weighted sums.

SPi ¼
Xm
j¼1

Wj ∗PDAij
� �

(6)

SNi ¼
Xm
j¼1

Wj ∗NDAij
� �

(7)

Wj = weight of jth criterion.
Step 5. Normalized values of SPi and SNi.

NSPi ¼ SPi
max iSPi

(8)

NSNi ¼ SNi
max iSNi

(9)

Step 6. The appraisal score (ASi) for all alternatives is calculated using Eqs. (8)
and (9).

ASi ¼ 0:5 ∗ NSPiþNSNið Þ (10)

Where 0 ≤ ASi ≤ 1.
The alternative with the outstanding appraisal score is chosen as the best, among

the other selective alternatives.

3.2 VIse Kriterijumska Optimizacija kompromisno Resenje (VIKOR) method

According to the VIKOR technique given by Rao [29] and Chatterjee et al. [30]
for material selection, the compromise may be common for resolving the dispute,
and the practicable option may be nearest to the ideal solution. The options are
primarily assessed based on all of the characteristics taken into account.

Step 1. Determine the decisive criteria and select the best alternatives based on
those criteria.

Step 1: (a) In the decision matrix, determine the best, (xij) max and the worst,
(xij) min values of all the criteria.

Xþ
i ¼ max i Xij

� �
J ¼ 1, 2… ,m½ � (11)

X�
i ¼ min i Xij

� �
J ¼ 1, 2… ,m½ � (12)

Step 2: Compute the values of utility measure (Si) and regret measure (Ri).

Si ¼
Xm
j¼1

W ∗
j Xþ

i � Xij
� �

= Xþ
i � X�

i

� �� �� �
(13)
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Ri ¼ max j W ∗
j Xþ

i � Xij
� �

= Xþ
i � X�

i

� �� �� �
(14)

Step 3: Find the values of S*, S�, R*, R�.

S ∗ ¼ min i Sið Þ S� ¼ max i Sið Þ (15)

R ∗ ¼ min i Rið Þ R� ¼ max i Rið Þ (16)

Step 4. Compute the value of Q i for j = 1, 2, … , m.

Qi ¼ N ∗ Si � S ∗ð Þ= S� � S ∗ð Þð Þ þ 1�Nð Þ ∗ Ri � R ∗ð Þ= R� � R ∗ð Þð Þ (17)

The alternatives are ranked in the ascending order for the Q i values. The one
having the lower value of Q i is considered as the best alternative.

4. Results and discussions

Table 2 displays the decision matrix for the pure aluminum graphene
nanoplatelets (GNP’s) composites, which contains five alternatives and five param-
eters (1 & 2). The entropy method was used to calculate the objective weights,
which are described in Table 3. MATLAB R2020a software was used to create a
programme that used the formulae for the methods (EDAS and VIKOR) to deter-
mine performance measures. The entropy methods are used to measure the weights
of different parameters such as mass, percentage elongation, tensile strength (TS),
hardness, and impact strength (IS). The material that is used for fuselage construc-
tion is of lightweight and good strength and is more corrosion resistant. An attempt
was made by developing an alternative material to serve the purpose.

4.1 Evaluation based on distance from average solution (EDAS) method

Table 1 decision matrix displays the average solution (AVj) determined using
Eq. (3). Eqs. (4) and (5) were used to quantify positive and negative distances based

S. no Al + wt.% GNPs Density
(g/cc)

% Elongation UTS (MPa) Micro-hardness Impact strength
(kJ/m2)

1 Pure Al 2.68 38 77 25 127

2 Pure Al + 0.5 2.68 64 88 56 850

3 Pure Al + 1.0 2.68 56 85 44 775

4 Pure Al + 1.5 2.68 38 77 38 750

5 Pure Al + 2.0 2.68 35 65 35 735

AVJ 2.681 46 79 39 647

Table 2.
Decision matrix.

Weight Density %Elongation UTS Micro-hardness Impact strength

W 0.000005 0.170289 0.028746 0.183363 0.617597

Based on the Entropy method, weights were calculated and used for criterion selection.

Table 3.
Entropy weights of criteria.
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on the types of beneficial and non-beneficial parameters mentioned in Tables 4 and 5.
Eqs. (6) and (7) are used to measure the positive and negative weighted sums (7).
Eqs. (8) and (9) are used to measure the normalized positive and negative weighted
sums (9). Eq. (10) is used to measure the final assessment score (ASi) for all
alternatives, as shown in Table 6. 5-1-2-3-4 is the ranking of alternative composite
materials. The best composite for the fuselage in aircraft applications is pure
aluminum reinforced with 0.5wt% GNP, though pure aluminum is the least
favored.

4.2 VIse Kriterijumska OptimizacijaKompromisno Resenje (VIKOR) method

The related utility and regret measures, as well as Qi values for the five alterna-
tive composite materials and the parameters, are determined using Eqs. (13)–(17),
as shown in Table 7 (taking N = 0.5). Table 8 shows the best and worst values for
the beneficial and non-beneficial criteria measured using Eqs. (11) and (12). The
ranks of alternative composite materials are 5-1-2-3-4. The first place winner is pure

S. no Al + GNP wt% Density % Elongation UTS Hardness IS

1 Pure Al 0 0 0 0 0

2 Pure Al + 0.5 0.00067 0.38977 0.12573 0.41989 0.31311

3 Pure Al + 1.0 0.00067 0.21625 0.08064 0.1034 0.19725

4 Pure Al + 1.5 0.00067 0 0 0 0.15863

5 Pure Al + 2.0 0.00067 0 0 0 0.13546

Table 4.
(PDA) positive distance from average.

S. no Al + Wt.%GNP Density % Elongation UTS Micro-hardness Impact strength

1 Pure Al 0.00268 0.18176 0.01806 0.36702 0.80445

2 Pure Al + 0.5 0 0 0 0 0

3 Pure Al + 1.0 0 0 0 0 0

4 Pure Al + 1.5 0 0.18176 0.01806 0.03484 0

5 Pure Al + 2.0 0 0.24251 0.17025 0.12143 0

Table 5.
(NDA) negative distance from average.

S. no Al + wt% GNP SPi SNi NSPi NSNi ASi Rank

1 Pure Al 0.000000 0.595597 0 0 0 5

2 Pure Al + 0.5 0.340359 0.000000 1 1 1 1

3 Pure Al + 1.0 0.179926 0.000000 0.52864 1 0.76432 2

4 Pure Al + 1.5 0.097970 0.037858 0.28784 0.93644 0.61214 3

5 Pure Al + 2.0 0.083658 0.068456 0.24579 0.88506 0.56543 4

Table 6.
Normalized positive and negative weighted sums, appraisal scores, and rank of alternatives.
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aluminum reinforced with 0.5 wt% GNPs. VIKOR is more beneficial compared to
EDAS, though the results are comparatively same. All the expressions were objec-
tive with respective to VIKOR to EDAS.

5. Conclusion

The EDAS and VIKOR methods were used in this research to assist in the
selection of the best alternative composite material for aircraft applications. The
study was performed on pure aluminum graphene nanoplatelets composites
manufactured using the stir casting technique. As shown in Figure 3, decision-
making using EDAS and VIKOR methodology using MATLAB R2020a shows that
out of the five alternatives, alternative 2 (pure Al + 0.5 wt% GNP) is the best
suitable material for fuselage construction in the aerospace industry.

S. no Al + wt% GNP Si Ri Qi Rank

1 Pure Al 0.96886 0.6176 1 5

2 Pure Al + 0.5 0 0 0 1

3 Pure Al + 1.0 0.18889 0.07375 0.15718 2

4 Pure Al + 1.5 0.35922 0.15393 0.31 3

5 Pure Al + 2.0 0.42335 0.17029 0.35634 4

Table 7.
Utility and regret measure values and rank of the alternatives.

Type Density % Elongation UTS Micro-hardness Impact strength

Best Xi
+ 2.68 64.075 88.39 56.08 850

Worst Xi
� 2.689 34.924 65.15 25 126.58

Table 8.
Best and worst of criterion.

0

1

2

3

4

5

6

Pure Al Pure Al+0.5 Pure Al+1.0 Pure Al+1.5 Pure Al+2.0

1 2 3 4 5

Ra
nk

Aluminium-Graphene Nanoplatelets Composites

VIKOR RANK EDAS RANK

Figure 3.
Comparison of ranks.
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Nomenclature

Symbols

Xi
+, Xi

� ideal best and worst solutions
SPI, SNi positive and negative weighted sums
NSPI, NSNi normalized weighted sums
ASi appraisal score

Acronyms

MADM multi-attribute decision making
AHP analytical hierarchy process
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
VIKOR VIse Kriterijumska OptimizacijaKompromisno Resenje
EDAS Evaluation based on Distance from Average Solution
PROMETHEE Preference Ranking Organization Method for Enrichment

Evaluation
ELECTRE ELimination and Choice Expressing REality
UTS ultimate tensile strength
IS impact strength
GNPs graphene nanoplatelets
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Abstract

In the present study, the addition of tin (Sn) to the pure Al system was done, 
and its effects on the morphology, density, and compressive yield strength of 
pure Al were analyzed systematically. In this context, the morphology of sintered 
Al revealed enhanced wettability and sintering response between Al particles 
with increased Sn content. Moreover, physical characteristics of sintered Al 
alloys demonstrated oxidation phenomenon (black color specimen) with the 
lowest Sn content of 1.5 weight percent (wt.%), in which a higher Sn content of 
2 and 2.5 wt.% produced silver color specimens, implying a reduction in oxida-
tion. Additionally, densification of sintered Al alloys was greatly promoted with 
increased Sn contents, suggesting effective wetting as confirmed by the previ-
ous morphological observations. Similarly, the compressive yield strength of 
sintered Al alloys improved with increased Sn content which might be due to the 
enhanced inter-particle contacts between Al particles and sufficient wetting by 
molten Sn. Based on the results obtained, the introduction of Sn powder at vari-
ous contents improved the sintering response of pure Al powder by providing 
sufficient liquid-phase sintering. Therefore, the sintered Al alloys had enhanced 
the morphological, densification, physical characteristics, and compressive yield 
strength.

Keywords: aluminum alloys, tin, liquid phase sintering, powder metallurgy, 
oxidation, sintered density, compressive strength

1. Introduction

Lightweight materials, especially aluminum (Al) and its alloys, are increasingly 
utilized in different industries because of their uniqueness, including high corro-
sion resistance, outstanding strength to weight ratio, excellent flexibility, thermal 
properties, and remarkable finishing properties [1–3]. As such, Al and its alloys are 
finding increased use in the fields of automotive, construction, marine, and aero-
space. Solid-state and liquid-state processes are widely implemented to fabricate 
metals to obtain Al and its alloys that could be applied in the abovementioned fields 
[1, 4–7]. However, there is an increased interest in the solid-state process and prac-
tice due to its versatility, greater control of starting materials proportion, chemical 



Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes...

100

homogeneity, potential to fabricate near net shape with complex parts, and 
cost-effectivity [5–8]. The studies by Ji et al. [8] and Feijoo et al. [9] documented 
a noteworthy improvement in the ultimate tensile strength (UTS) of around 180 
megapascals (MPa) and 377 MPa of an Al alloy system with an optimum reinforce-
ment addition of 5 weight percent (wt.%) silicon carbide (SiC) and 0.5 wt.% 
multiwall carbon nanotubes, fabricated through powder metallurgy technique.

However, despite its advantages, the sintering of Al and its alloys is problematic 
due to a thermodynamically stable oxide layer on the particle surfaces. The scenario 
often hinders effective bond formations between the powder particles. Therefore, 
the accomplishment of desirable physical and mechanical performances could not 
be realized. Moreover, the presence of the unwanted oxide layer frequently promotes 
a nonwetting diffusion barrier for effective sintering of Al and its alloys [10–16]. 
Consequently, it is crucial to disrupt at least partially the oxide film, known as alumi-
num oxide (Al2O3) or alumina, on the surfaces of Al particles. Therefore, the addition 
of sintering additives such as tin (Sn), zinc (Zn), and magnesium (Mg) to facilitate 
the liquid-phase sintering of Al and its alloys were introduced to minimize the issues 
[11–19]. Azadbeh and Razzaghi [15] reported that when 5.5 wt.% of Zn was intro-
duced to an Al system, its densification and mechanical strength were improved at 
119 HV and 564 MPa, respectively. Furthermore, a study performed by Liu et al. [16] 
documented that the addition of Sn (4 wt.%) could only provide sufficient liquid for-
mation for effective liquid phase sintering of Al after the oxide layer on the Al surface 
has been interrupted via external load application or Mg addition. In this context, 
the authors recorded that the Al-Sn liquid development proceeded via melting of Sn 
followed by a repetition process of cracking and repairing owing to reoxidation and 
thermally induced stress of the exposed Al particles. Consequently, as the outer layer 
of Al particles scavenged the oxygen from the Argon (Ar) gas, the oxygen concentra-
tion in the core was reduced, accompanied by the creation of an Al-Sn liquid phase 
via the dissolution of the Al in the liquid Sn. Finally, sacrification of outer layers took 
place hence these layers remained porous. Additionally, the authors also suggested 
that an alternative mechanism by means of selection of irregular shape of Sn element 
could ensure maximum liquid formation during sintering of Al.

Therefore, the sintering of the Al cores proceeded through a typical liquid-phase 
sintering mechanism. Similarly, the utilization of sintering additives (Mg and Sn) 
enhanced the sintering response of sintered Al, which consequently improved its 
tensile strength up to 118 and 300 MPa, as discussed in the studies by Sercombe 
et al. [13] and MacAskill et al. [17]. Although there were extensive works on the 
sintering response of Al and its alloys fabricated via powder metallurgy technique, 
additional exploration is necessary, particularly with different formulations of 
Al and sintering additive. Consequently, the behavior of liquid-phase sintering 
of Al alloys was investigated in the current study by exploiting Sn constituent as 
sintering additive, developed through powder metallurgy technique. Moreover, Mg 
constituent at fixed content was also utilized in the current study to optimize the 
liquid phase formation by Sn constituent. Therefore, the reliability of the sintering 
response of Al alloys was systematically examined via its physical characteristics, 
oxygen content levels, compressive strength, density, and microstructure of the 
sintered Al alloys. The investigation aimed to provide an alternative solution to 
minimize the problematic sintering response of Al and its alloys.

2. Experimental procedure

The base material, Al powder with 99.9% purity was purchased from 
NovaScientific (M) Sdn Bhd. The sintering additives to facilitate liquid phase 
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sintering of Al utilized elemental powders of Sn (99.5% purity) and Mg (99.9% 
purity) were supplied by NovaScientific (M) Sdn Bhd and Sigma Aldrich (M) 
Sdn Bhd, respectively. The information on the purity of these starting materials 
was provided by the respective suppliers. To observe the behavior of liquid phase 
sintering of Al alloys, varied content of Sn between 1.5, 2, and 2.5 wt.% and a 
constant 1 wt.% of Mg was added. Moreover, pure Al without the addition of Sn 
and Mg constituents was set as the reference material prior to study the effects of 
Sn and Mg in assisting liquid phase sintering of Al. As schematically illustrated in 
Figure 1, a powder metallurgy technique of mixing, compaction, and sintering was 
implemented to fabricate a sintered Al alloy. In this process, table-top ball milling 
was employed to prepare the elemental powder mixture comprised of Al, Sn, and 
Mg. The mixing was conducted for 2 h with the ball to powder ratio of 1 to 10, 
where zirconia balls were used as the ball milling medium to produce a homogenous 
elemental powder mixture. Consequently, the elemental powder mixture was 
pressed into cylindrical pellets of 10 mm diameter and 6 mm height under a con-
stantly applied pressure of 250 MPa. Then, the compacted specimens were sintered 
under a protected environment of argon (Ar) gas at 580°C for 2 h to obtain pure 
sintered Al alloys. The sintered alloys were then cleaned with acetone to remove 
impurities, followed by drying in an oven for 12 h to prepare them for characteriza-
tion. The microstructure of as received starting materials and elemental powder 
mixture were analyzed under scanning electron microscopy (SEM) (SEM, Jeol 
JSM6500F, JEOL Ltd., Tokyo, Japan) before they were employed to fabricate the 
sintered Al alloy. The step was essential to develop satisfactory sintered Al alloys 

Figure 1. 
Schematic diagram of the development of Al alloys by powder metallurgy technique.
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with desirable performance. A cross-section of sintered Al alloys was prepared for 
microstructure observation through SEM. Collectively, the residual oxygen content 
of the Al alloys at every stage was monitored by energy dispersive spectroscopy 
(EDS). Furthermore, any possibility of phase changes of the elemental powder 
mixture and the sintered Al alloys were identified using x-ray diffraction (XRD) 
analysis (XRD; PANanalytical empyrean 1032, Eindhoven, Netherlands) in the 2θ 
range of 20–80°. Moreover, the step size of 0.05 degrees, radiation source of Cu Kα 
and accelerating voltage and current of 40 kV and 40 mA were also set for the XRD 
test conditions. Finally, the sintered density of the resultant Al alloys was deter-
mined via the Archimedes principle, as per ASTM C830-93. Similar experimental 
procedure was performed in fabricating the reference material (pure Al).

3. Results and discussion

3.1 Microstructure of the starting materials and elemental powder mixture

The microstructure of the starting materials and elemental powder mixture is 
illustrated in Figure 2(a–c) and Figure 3(a–c). From the observations, most of the Al 
and Mg particles were spherical, with some irregularities observed on the Al particles. 
These particles were calculated to have an average particle size of 45 and 10 μm, respec-
tively. On the contrary, the shape of the Sn particles was found to be mainly irregular 
with an average particle size of 45 μm, as revealed in Figure 2(c). Since the sintering of 
Al powder prevented the solid-state sintering process, it was crucial to disrupt the stable 

Figure 2. 
Microstructure of the starting materials of (a) Al powder, (b) Mg powder, and (c) Sn powder as observed 
under SEM.
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oxide film that readily existed on the surface of the Al particles so that strong metallurgi-
cal bonds between the particles could be guaranteed. Therefore, the current investiga-
tion employed liquid phase sintering of Al alloys with Sn as the sintering additive. Sn 
was introduced to promote the liquid phase of Al because of its low melting temperature 
(232°C) compared to Al (660°C). However, the process could only be successful in the 
presence of Mg. The addition of Mg was reported to reduce the surface oxide of Al by 
exposing the underlying metal thus resulting in possible wetting of the Al particles by 
liquid Sn [14, 18–19]. On the other hand, the absence of powder mixture accumulation 
and homogenous distribution were identified after 12 h of mixing, suggesting optimal 
mixing condition in preparing elemental powder mixture of Al, Sn, and Mg, as dem-
onstrated in Figure 2(d). Regardless of different Sn content, the resultant particles of 
the elemental powder mixture were found to exhibit a lamellar structure, as evidenced 
in Figure 3(a–c), respectively. These Sn particles were also identified to be flattened 
and elongated, having an average particle size of 50 μm. The resultant microstructure 
of the elemental powder mixture could be due to the repeated welding, fracturing, and 
rewelding of the elemental powder particles during mixing via ball milling technique 
[20]. Nevertheless, the overlapping and intimate contact between Sn particles were also 
clearly visible with increasing Sn content, confirming an increased Sn content in the 
elemental powder mixture, as seen in Figure 3(a–c), respectively.

3.2 Visual inspection of the sintered aluminum alloys

The visual inspection of the sintered Al alloys at various Sn contents are 
depicted in Figure 4(a–c). It was observed that the addition of 1.5 wt.% of Sn 

Figure 3. 
Microstructure of elemental powder mixture at different Sn content of (a) 1.5 wt.%, (b) 2 wt.%, and  
(c) 2.5 wt.% as observed under SEM.



Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes...

104

(the lowest amount) produced a black-colored Al alloy after sintering, implying 
oxidation and the ineffective role of Sn in increasing the fluidity of the Al alloy 
during sintering. However, when the Sn content was increased to 2 wt.%, the 
black-colored Al alloy changed slightly to silver that appeared only at the top of the 
alloy, suggesting insufficient liquid formation to enhance the Al alloy fluidity that 
consequently minimizing oxidation. Similar observation was also reported in the 
study of Pan et al. [21]. On contrary, the effects were more pronounced when the 
Sn content was maximized to 2.5 wt.% as the color of Al alloys completely repli-
cated the original silver color of the Al powder, confirming complete interruption 
of the stable oxide film on the surfaces of Al during sintering. Furthermore, the 
findings were supported by the results obtained from the oxygen content analysis 
as tabulated in Table 1. A significantly decreased oxygen content of the resul-
tant Al alloys from 0.58 to 0.44 wt.% was recorded when the content of Sn was 
increased from 1.5 to 2.5 wt.%, respectively. The results showed that the amount 
of Sn influenced the oxygen content of the resultant Al alloys. Therefore, as the Sn 
content was increased in the Al alloys, the oxygen level decreased, indicating an 
improvement of the overall wetting characteristics of the Al alloys. However, the 
addition of Mg constituent was also essential in assisting the formation of Sn liquid 
by reducing the oxide layer on the Al surface [4, 18–19]. According to Kondoh et al. 
[14], Mg addition was found to assist the distribution of Sn liquid below the oxide 
layer, thus contributing to successful wetting of Al by Sn liquid.

3.3 Microstructure of the resultant aluminum alloys

The cross-section of the sintered Al alloys at 1.5, 2, and 2.5 wt.% of Sn are 
demonstrated in Figure 5(a–c), respectively. Moreover, the cross section of the 
pure Al without Sn and Mg addition (reference sample) is shown in Figure 5(d). 
Based on the observations, the reference sample exhibited poor sintering response; 
evidenced by visible appearance of individual particles as if no sintering process 
has been performed. Furthermore, the presence of large number of pores between 
the individual particles were obvious, confirming ineffective sintering of pure 
Al. Similarly, pores or inter-particle voids between the grain boundaries were 
also noticeable when the Sn amount in the Al system was the lowest (1.5 wt.%), 
portraying a poor sintering response. However, the microstructure of 1.5 wt.% 
containing Al was slightly improved in comparison to pure Al without Sn addition. 

Figure 4. 
Visual inspection of the resultant Al alloys with different Sn content of (a) 1.5 wt.%, (b) 2 wt.%, and  
(c) 2.5 wt.%.
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Therefore, the results might be associated with insufficient pore rounding as 
evidenced by the appearance of elongated pores, an abundance of grain boundar-
ies, and negligible inter-particle necking [17–19, 22]. Moreover, the addition of Sn 
might be inadequate to occupy both the elongated and rounded pores, preventing 
a more favorable packing grains arrangement that could bring the solid particles 
closer, which contributed to grain growth and densification failure. On the con-
trary, improved sintering response was observed with increased Sn content, par-
ticularly at 2 and 2.5 wt.%, owing to the increased presence of pores rounding and 
lesser particle boundaries. Additionally, grain growth development was observed 
with increased Sn content as the amount of liquid formation was sufficient to fill 
the existing pores that successfully brought the solid particles together, improv-
ing the sintering quality of the resultant Al specimens. According to Aneta [23], a 
desirable liquid phase enhanced mass transport, which encouraged the rearrange-
ment and fragmentation of solid particles. The phenomenon was especially true as 

Tin content (wt.%) Oxygen content (wt.%)

Elemental powder mixture 0.22 ± 0.10

1.5 (sintered at 580°C) 0.58 ± 0.12

2 (sintered at 580°C) 0.51 ± 0.13

2.5 (sintered at 580°C) 0.44 ± 0.11

Table 1. 
Oxygen content reading of elemental powder mixture and sintered Al alloys at various Sn content from EDS 
analysis. Data are presented in mean ± standard deviation.

Figure 5. 
Microstructures of the resultant Al alloys at various Sn content of (a) 1.5 wt.%, (b) 2 wt.%, (c) 2.5 wt.%, and 
(d) pure Al without Sn and Mg constituents (reference sample).
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the formation of inter-particle necking became increasingly visible with increased 
pore rounding, as shown in Figure 5(b and c).

Furthermore, successful wetting of Sn elements on the surfaces of the Al 
particles enhanced the metallurgical bonds between the Al particles, attributable to 
higher and sufficient liquid phase formation that filled the remaining pores in the 
Al system [17–19, 22, 24]. Therefore, the addition of higher Sn content produced 
a permanent liquid phase that improved the densification and sintering quality of 
the alloys (mainly for Al added with 2 and 2.5 wt.% of Sn). Undetectable clustering 
of Sn particles represented by the bright phases indicated a uniform distribution of 
Sn particles along the grain boundaries of the Al alloys, especially with the addi-
tion of 2 and 2.5 wt.% of Sn that further promoted effective liquid phase forma-
tion. Consequently, densification and compressive strength of the Al alloys were 
elevated, as evidenced in Figures 6 and 7, respectively. According to MacAskill 
et al. [17], such morphologies confirmed the liquid formation by molten Sn dur-
ing sintering that was capable of wetting the surface of Al and scattered evenly 

Figure 7. 
Stress-strain curve of resultant (a) pure Al and Al alloys with different Sn content of (b) 1.5 wt.%, (c) 2 wt.%, 
and (d) 2.5 wt.%.

Figure 6. 
The effect of Sn variation on the sintered densities of the resultant Al alloys.
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throughout the Al alloys. However, the occurrence could only be accomplished by 
the existence of Mg due to its potential to stimulate the wetting response of molten 
Sn. However, higher Sn content of up to 2.5 wt.% slightly reintroduced several 
particle boundaries as shown in Figure 4(c). The observation might be due to the 
remaining unreacted Sn that was unable to wet the Al surfaces, which hindered 
effective liquid phase formation during sintering [25]. Moreover, Sercombe et al. 
[13] reported a similar observation.

3.4 Phases transformation of the resultant aluminum alloys

The X-ray diffraction (XRD) patterns of pure Al without Sn and Mg addition 
as well Al alloys at different Sn content (1.5, 2, and 2.5 wt.%) are presented in 
Figure 8(a–d). The dominant XRD phases of the resultant Al alloys were mainly 
attributed to the α-Al constituent, characterized by the (111), (200), (220), and 
(311) diffraction peaks at 38.87, 45.42, 67.16, and 78.54°, respectively. As can be seen 
in Figure 8(a), the peak intensities of pure Al were found to be lower compared 
to the 1.5, 2, and 2.5 wt.% Sn containing Al alloys. This is probably due to poor 
sintering response in the absence of Sn and Mg constituents hence low crystalline 
formation during complete sintering. In the case of Al alloys, the peak intensities of 
Sn increased with increased Sn content, confirming the addition of Sn during the 
process. The absence of the Mg peak in the Al system was attributed to the dissolu-
tion of Mg in α-Al [17, 26]. Based on the Al-Mg binary equilibrium phase diagram, 
Mg addition up to maximum content of 18.6% could be completely dissolved in the 
parent Al phase at the eutectic temperature of 450°C [27]. Moreover, it has been 

Figure 8. 
Phases transformation of (a) Pure Al and Al alloys with different Sn content of (b) 1.5 wt.%, (c) 2 wt.%, and 
(d) 2.5 wt.%.
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reported that the creation of brittle intermetallic compounds (β-Al3Mg2 phase) that 
has associated with poor mechanical performance was observable with increas-
ing Mg content [28]. For this reason, its utilization should be maximized up to 5 
and 10 wt.% for wrought alloys and cast alloys, respectively [28]. Moreover, it was 
documented that Mg vaporized during sintering, and the gas produced served as 
a reliable gettering agent for effective liquid phase sintering of Al [14, 26, 29–30]. 
Therefore, it has been proposed that the application of nitrogen (Ni) as a sinter-
ing atmosphere was effective in transporting Mg vapor (effective gettering agent) 
around the pore network via the formation of magnesium nitride (Mg3N2) [29]. 
On the contrary, Schaffer and Hall [29] documented that Mg could be effectively 
transported as a vapor in Ar atmosphere which is comparable to the Ni atmosphere 
considering higher vapor pressure of Mg as compared to Mg3Ni2 formation. On the 
other hand, weak peaks of Mg2Sn compounds were observed in the current study 
with a higher Sn amount (2 and 2.5 wt.%), postulating solidification of the Mg2Sn 
compounds within the Al phase [31]. This is essential for optimum attainment of 
physical and mechanical performance of the resultant alloys [31]. It is important to 
note that a lower sintering temperature of 580°C that was set in the current study 
prevented the formation of higher peaks of the Mg2Sn compounds. Therefore, 
future studies should analyze the effects of various sintering temperatures other 
than the current setting on the sintering response of Al alloys.

3.5 Sintered densities of the resultant aluminum alloys

Figure 6 presents the sintered densities of pure Al and 1.5, 2, and 2.5 wt.% 
Sn containing Al alloys. Based on the findings, the densification of pure Al was 
found to enhance from 2.083 g/cm3 to 2.5397 g/cm3, 2.573 g/cm3 and 2.575 g/cm3, 
with the addition of Sn content from 1.5 to 2 wt. % and 2.5 wt.%, respectively. 
A comparable observation was documented in previous literature [23–24, 26, 
30]. The low sintered density value of pure Al might be due to the noticeable 
appearance of individual particles and large number of pores formation hence 
portraying poor sintering response as evidenced in Figure 5(d). In contrast, the 
addition of a higher amount of Sn reduced micro pores formation and dimin-
ished particle boundaries, which improved the sintered densities as shown in 
Figure 5(b–d). Moreover, the lessened appearance of elongated pores might 
have promoted the densification effects in the current study. According to Ozay 
et al. [24], enhanced densification might be the result of filled gaps between 
the powder particles through the action of molten Sn, which also contributed to 
reduced porosity. Furthermore, Sercombe et al. [13] suggested that improved 
wetting effects with the implementation of higher Sn content led to reduced 
surface tension as Sn dispersed into the liquid phase during sintering. Atabay 
et al. [31] also highlighted that the existence of Mg2Sn intermetallic compounds 
contributed to the positive effects of densification of the Al alloys. Therefore, 
the highest sintered density of the Al alloys was observed when 2.5 wt.% of Sn 
was added. This is further supported by the higher and more intense visible XRD 
peaks of the intermetallic compounds compared to the pure Al and Al alloys 
with 1.5 wt.% of Sn as demonstrated in Figure 7(c).

3.6 Compressive strength of resultant aluminum alloys

A compressive test was conducted to evaluate the response of the pure Al 
and 1.5, 2, and 2.5 wt.% Sn containing Al alloys under a compressive load. The 
stress-strain curve of the resultant pure Al and Al alloys with varying Sn content 
is shown in Figure 7. The obtained stress-strain curve of the pure Al and Al alloys 
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obeyed the typical stress-strain curve of Al and its alloys. To better understand, 
the compressive yield strength of the pure Al and Al alloys is displayed in Figure 9. 
Based on the findings, the compressive yield strength of the pure Al demonstrated 
the lowest yield strength value of 10.31 MPa, implying poor sintering response 
owing to the presence of individual particles with greater number of pores forma-
tion as seen in Figure 5(d). This shows that the absence of Sn as sintering additive 
in combination with Mg constituent was unfavorable in promoting the liquid 
phase sintering of pure Al. On the other hand, Al alloys exhibited an increasing 
trend from 42.72 to 47.27 MPa with the Sn content of 1.5 and 2 wt.%, respectively. 
However, the addition of 2.5 wt.% Sn (the highest) reduced the compressive yield 
strength of the Al alloys from 47.27 (2 wt.% Sn) to 44.21 MPa. Therefore, the 
results were inconsistent with the results from the sintered density measurements, 
presumably due to a slightly increased particle boundary or grain coarsening, as 
revealed in Figure 5(c). Furthermore, parallel observations were also discussed by 
Padmavathi and Upadhyaya [26].

Although the presence of Mg2Sn compounds (Figure 8(b and c)) produced 
substantial improvements in the mechanical performance of Al and its alloys, the 
effects of grain coarsening were more pronounced, which reduced the compressive 
yield strength of the Al alloys when the Sn content was maximized to 2.5 wt.% 
[31]. Moreover, it was reported that excessive content of Sn caused undiffused 
liquid phase to remain at the particle boundary and led to the brittle creation of 
particle boundary networks, that consequently reduced the mechanical perfor-
mance of Al and its alloys [13, 31, 17–19]. Therefore, it could be hypothesized that 
particle boundary enlargement and liquid phase profusion might contribute to the 
decreased compressive strength of the Al alloys that were fabricated in the cur-
rent study.

4. Conclusion

The utilization of Sn element that served as sintering additive in the current 
study significantly improved the sintering response of the resultant Al alloys that 
were fabricated via powder metallurgy technique. The varying Sn content between 
1.5, 2, and 2.5 wt.% enhanced the properties of the resultant Al alloys in terms of 
their physical appearance, from black to sliver-like coloring due to oxidation-reduc-
tion, and sintered densities from 2.5397 to 2.575 g/cm3 as the gaps between particles 
were filled by molten Sn, which lessened pore formation and appearance of particle 

Figure 9. 
Compressive yield strength of pure Al and Al alloys with different Sn content of 1.5, 2, and 2.5 wt.%.
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boundary. Therefore, the microstructure of the resultant Al alloys confirmed the 
pore rounding and diminished particle boundary that led to the improved metal-
lurgical bonding between the Al particles.

Additionally, the compressive yield strength of the resultant Al alloys increased 
from 42.72 to 47.27 MPa with an increased amount of Sn (from 1.5 to 2 wt.%), 
which were the result of diminished particle boundary and reduced pores forma-
tion. However, despite a positive increment in the sintered density of the Al alloys 
with increased Sn content of up to 2.5 wt.%, the compressive yield strength was 
slightly reduced. The finding might be attributed to the excessive liquid phase 
formed along with the visible appearance of particle boundary or grain coarsen-
ing. In conclusion, the study showed that the addition of Sn as sintering additive 
successfully promoted the Al alloys liquid phase sintering, especially with increased 
Sn content.
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Abstract

Aluminum alloy (Al 7075) has been increasingly used as structural components 
in automotive and aerospace industry due to their low density, high strength and 
good corrosion resistance compared with other metals. To manufacture and assem-
ble the components, drilling operations are often conducted. However, Al 7075 is 
ductile and soft, which causes difficulty in drilling, resulting in material adhesion, 
high tool wear, short tool life and poor hole quality. As a result of the poor hole qual-
ity, there is a high percentage of part rejection, which can increase the manufactur-
ing time and cost. This chapter discusses challenges and techniques to drill Al 7075 
in terms of the cutting parameters and drilling conditions to prolong the tool life 
and achieve good hole quality. Drilling experiments on Al 7075-T6 (heat-treated) 
were conducted using carbide cutting tools at various cutting parameters. Reducing 
cutting speed and increasing feed rate resulted in reducing tool wear, whereas 
a reduction in surface roughness, hence improved machined surface finish, was 
found when both cutting speed and feed rate were reduced in drilling Al 7075-T6. 
Producing good hole quality is vital during the drilling process to ensure a good 
assembly and product service performance.

Keywords: drilling, Al 7075, tool wear, hole quality, surface roughness, burr

1. Introduction

Aluminum alloys (particularly 6000 and 7000 grades) are desirable in various 
industrial applications due to their high strength to weight ratio and good corrosion 
resistance. Aluminum has a low density of 2.7 g/cm3 compared to 7.87 g/cm3 for 
steels. It is generally lighter (about one to three times) than steel; however, its 
properties (i.e., Al 7075) in terms of specific strength and toughness are almost 
similar to some steel. In addition, aluminum alloys are relatively cost-effective and 
have good economic value [1]. Some industries that highly rely on aluminum alloys 
are aerospace, automotive, shipbuilding and rail companies. In the industries, 
machining operations, particularly drilling, are widely conducted to manufacture 
the components. Drilling of the components is usually performed at the end of 
manufacturing processes to produce holes for assembly of a final product using 
suitable fasteners. Some defects such as cracks, burr and surface deformation may 
be introduced during drilling operations which could lead to poor product perfor-
mance and product failure. It is important for the dimension of the drilled holes to 
be within the tolerance and has minimum or no defect, so that the components can 
be assembled securely as a functional product.
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Drilling efficiency is strongly dependent on the materials, tool geometry, cutting 
parameters and process conditions. Drilling aluminum alloy in a dry condition 
is challenging as it often results in poor drilled hole quality, which includes the 
formation of burr, high surface roughness and adhesion on the work material. After 
the drilling operation, the product will need additional finishing processes, such 
as reaming and deburring to achieve the required hole quality. To overcome such 
issues, drilling can be done with the presence of cutting fluid to reduce heat gen-
eration and hence reduce thermal softening and material adhesion. Nevertheless, 
it is important to note that the use of cutting fluid or lubricant during drilling is 
costly, could have a high environmental impact and requires high maintenance for 
disposal. Therefore, dry drilling is usually preferable, however, choosing appropri-
ate cutting parameters is crucial to produce drilled holes with good quality for the 
product assembly.

2. Application of aluminum alloy 7075

The increasing application of Al 7075 in the automotive and aerospace industries 
generally contributes to the reduction of the total mass of the vehicle. In the aero-
space industry, Al 7075 is commonly used to produce structural components of the 
airframe, including wing skins, empennage or tail, and fuselage. The high corrosion 
resistance, high strength, high crashworthiness and durability of Al 7075 make the 
material desirable for structural components applications [2]. Typical mechanical 
properties for Al 7075 are shown in Table 1.

The modulus elasticity of AI 7075 is 71.7 GPa and its shear modulus is 26.9 GPa, 
which makes it suitable for high-performance metal application. Moreover, AI 7075 
has a good tensile yield strength which means it could resist up to 503 MPa of ten-
sion before being deformed and will not revert to its initial form. The main reason 
for the high strength of Al 7075 compared to pure Aluminum is due to the zinc 
content as its primary alloying element [1]. The weight reduction while maintaining 
the strength of the component is advantageous to reduce fuel consumption and 
reduce maintenance costs. These good properties show the benefit and the reasons 
for Al 7075 is increasingly being used in industries for structural components.

From the aspect of machinability, Al 7075 is more machinable than other 
high-performance metals such as steel, cast iron and titanium due to its better chip 
formation and can be sheared easily [3]. Compared to other high-performance 
alloys (e.g., steel and titanium), the cutting forces, cutting temperature and energy 
consumed in machining aluminum alloy are relatively low which makes them a 
good alternative for achieving high productivity [4]. However, producing good hole 
quality in Al 7075 in terms of dimensional accuracy and good machines surface 

Mechanical properties Values

Ultimate tensile strength 572 MPa (83,000 psi)

Tensile yield strength 503 MPa (73,000 psi)

Shear strength 331 MPa (48,000 psi)

Fatigue strength 159 MPa (23,000 psi)

Modulus of elasticity 71.7 MPa (10,400 ksi)

Table 1. 
Typical mechanical properties of Al 7075 tempered [1].
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finish can be challenging. The soft and ductile properties of aluminum alloy could 
lead to thermal softening on the material during the operation which causes built-
up edge formation that accumulated at the tool edge and material adhesion on the 
machined surface. Consequently, this leads to poor machined surface finish and 
hole quality. Hence, this chapter discusses the crucial drilling parameters that need 
to be considered to produce the required good hole quality.

3. Cutting tools

Cutting tools in terms of the tool geometry and tool material are important 
factors that need to be determined before conducting drilling operations because 
they can affect the tool wear, tool life and hence surface finish of the Al 7075. Twist 
drill, as shown in Figure 1 (the image of the tool was captured by the authors), is 
the common type of drill that has been used, especially in drilling Al 7075 because 
it has helical grooves to facilitate the chip evacuation along with the flutes. The 
helix angle is the angle that forms between the leading edge of the drill and drill 
axis [5]. The efficiency of the drilling operation can be improved by using a drill 
with a low helix angle since the tool strength is improved by reducing the helix 
angle. For drilling Al 7075, the common helix angle that has been used is 30°. 
The point angle, which is the angle form between cutting lips is also important 
to ensure drilling efficiency. The standard point angle that is normally used for 
general purpose drilling is 118°.

The selection of drill material is important because it determines the tough-
ness, hardness, wear-resistance and thermal resistance of the drill during the 
drilling process. The drill materials that have been used in drilling Al 7075 are 
commonly made from high-speed steels (HSS) and tungsten carbide (WC). It 
has been stated that the HSS drill is often used due to the availability in a wide 
range, low cost and hardness; however, the HSS drill does not resist high cutting 
temperature well [6]. To manufacture high-performance components, tungsten 
carbide drills are preferable as they usually produce better hole quality due to 
their ability to resist high cutting temperature and maintain their toughness 
compared to HSS drills. Less material adhesion, less BUE, low tool wear and 
improved chip formation were reported when using carbide drills during drilling 
Al 7075 compared to HSS drills [7]. This is supported by previous research [8] 
which found that tungsten carbide drill has 20% longer tool life than HSS drill, 
and it also produces high-quality holes with good dimensional accuracy within 
a range of 6.04 to 6.12 mm when drilling with 6 mm drill diameter in dry condi-
tion. Therefore, a tungsten carbide drill is generally recommended for drilling 
Al 7075.

Figure 1. 
Typical cutting tool for drilling aluminum alloys.



Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes...

120

4. Cutting parameters

Cutting parameters are important in drilling operations because they have a 
significant influence in determining the rates of material removal, tool wear, and 
tool life which could affect the drilled hole quality. The important cutting param-
eters which need to be appropriately considered and selected in drilling operations 
are cutting speed and feed rate.

4.1 Cutting speed

A cutting speed is measured in terms of the rate at which the outside or periphery 
of the tool moves to the work being drilled. The range of cutting speeds that are 
normally used in drilling Al 7075 is within 50 to 250 m/min for 6 to 8 mm diameter 
cutting tools. It was reported that increasing cutting speed caused a reduction in the 
machined surface roughness due to the improved material shearing [9]. Based on 
[9], which conducted drilling experiments using 180, 200, 220, and 240 m/min of 
cutting speeds, it was found that the surface roughness of Al 7075 decreases by 5.49% 
when the cutting speed is increased from 180 to 240 m/min. However, an increase 
in cutting speeds could increase the tool chatter which affects the surface roughness 
of the machined surface. This view is supported by previous research [10], which 
also reported that increasing cutting speed could increase the tool vibration caused 
by the spindle rotation, which would lead to poor machined surface finish. To avoid 
the tool chatter and vibration due to high cutting speed during drilling, proper 
fixture and clamping of the work material, as well as a secured spindle head must be 
ensured before starting the drilling operation.

Furthermore, high cutting speed can also cause an increase in cutting tempera-
tures between the tool and workpiece due to high heat generated during drilling oper-
ations which may lead to a higher tool wear rate. When the cutting speed is increased, 
the cutting temperature also increases which would result in the workpiece material 
sticking at cutting edges. This is supported by a previous study [11], which found 
that increasing cutting speed from 60 to 100 m/min caused the cutting temperature 
to increase from 195 to 240°C during drilling of Al 7075. Another previous study 
[9] shows that the flank wear increased from 0.08 to 0.19 mm due to an increase in 
cutting speeds from 180 to 240 m/min with 0.1 mm/rev feed rate which also resulted 
in decreased surface roughness from 4.015 to 3.619 μm. Although, higher cutting 
speed causes higher tool wear, using too low cutting speed is not recommended as it 
may cause the formation of Built-Up Edge (BUE) on the cutting edge which leads to 
high machined surface roughness and also cause low productivity. Based on [12], BUE 
formation was observed when drilling using a low cutting speed of 40 m/min with 
a cutting temperature of 160°C which resulted in surface roughness, Ra of 1.16 μm. 
Hence, using moderate cutting speeds within the range of 100 to 220 m/min is gener-
ally recommended when drilling Al 7075 to maintain good productivity.

4.2 Feed rate

Feed rate is a major factor that influences chip formation, cutting forces and 
hole quality. Feed rate is the distance that the drill moves into the workpiece for 
each complete turn of the cutting tool. The range of feed rates that are typically 
used in drilling operations of Al 7075 is within 0.01 to 0.10 mm/rev. A previous 
study [13] found that an increase in feed rate from 0.05 to 0.2 mm/rev at a constant 
cutting speed of 50 m/min caused the thrust force to increase from 825 to 1020 N 
and produce continuous chips which could entangle in the drill flutes hence causing 
poor machined surface finish. Another previous study [14] examined the effect of 
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feed rate on drilled holes and found that at high feed rates, there is a deterioration in 
the shape of the holes. This is due to the high thrust forces caused by the thick chip 
formation. Generally, a low feed rate is recommended when drilling Al 7075 as it 
causes low thrust force, produces a good machined surface finish and prolongs the 
tool life.

5. Chip formation

Chips are formed during drilling operation as the aluminum alloy is removed by 
the cutting edges. Understanding the chip formation and morphology is important 
because it can influence the tool wear and hole quality. A drilling operation on Al 
7075-T6 was conducted by the authors using 6.5 mm carbide drills at cutting speeds 
of 120 and 160 m/min as well as feed rates of 0.01 and 0.1 mm/rev. It was found 
that the chips produced are in the form of continuous, spiral, and discontinuous, as 
shown in Figure 2a.

The continuous chip in the form of a spiral or ribbon, as shown in Figure 2b, 
formed during drilling with increasing cutting speed. This is supported by previ-
ous research [15–17], which explained that the continuous chips formed due to 
material straining caused by thermal softening as a result of high cutting tempera-
ture. The material became more ductile, which led to the formation of continuous 
chips. Whereas, thinner continuous chips, as shown in Figure 2c are formed when 
the feed rate is decreasing. Continuous chips are typically undesirable because they 
could cause difficulty in chip evacuation as the chips entangle around the drill and 
jam in the flutes, which consequently could cause high surface roughness and poor 
drill hole quality [18]. In this case, a chip breaker is needed to break the chips into 
smaller pieces during drilling to facilitate chip evacuation from the drilled hole.

Based on [18], the chip becomes shorter as the drilling operation progresses 
as the resistance between the material and the drilling bit decreases. In addition, 
the chip produced unfolds due to the opposite of the torque of the friction to 
the chip rotation. The break-up of the chip into pieces is when the chip reaches 
its fracture point, whereas the continuous cone-shaped spiral chips break into 
smaller pieces when the chip exceeds the breaking torque between the tool and 
hole wall [18]. In addition, the use of chilled air during drilling Al 7075 with 
carbide drill could be favorable as it was found to result in shorter chips than dry 
drilling by 20 and 32.5% at cutting speeds of 120 and 160 m/min, respectively, 
as shown in Figure 3. The chip started to change into a segmented chip from a 
continuous chip due to the lower cutting temperature which lowered the thermal 
softening and material straining.

Figure 2. 
Chip morphology of Al 7075-T6 during drilling operations (a) continuous, discontinuous and smaller pieces 
chips (b) cone-shaped spiral chips (c) thinner continuous chips.
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6. Tool wear

Tool wear is an important element that can affect tool life, the machined surface 
finish of the drilled hole and hence hole quality. Tool wear is the change in the geom-
etry and dimension, particularly at the cutting edges, which indicates the failure 
rate of the cutting tool due to drilling a significant number of holes. The tool wear 
mechanisms that typically occur in drilling Al 7075 are abrasive and adhesive wear, 
as shown in Figure 4, which was observed during experiments conducted by the 
authors. The abrasive wear, as shown in Figure 4a, occurs as the tool material (e.g., 
carbide and cobalt), especially at the cutting edges, were abraded due to the remov-
ing process of the harder workpiece material (e.g., Al7075) in the drilling process. 

Figure 4. 
Tool wear mechanism when drilling Al 7075-T6 (a) abrasive wear, (b, c) adhesion of material, and (d) 
chipping at the cutting edge of carbide drills.

Figure 3. 
Comparison of chip length when drilling Al 7075-T6 at cutting speeds of 120 and 160 m/min and a constant 
feed rate of 0.05 mm/rev.
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Based on [19], scratches at the cutting edges parallel to the cutting direction will 
show the proof and region of abrasive wear. It was reported [20] that the abrasion 
mechanism occurs at a low cutting speed due to a low chip removal rate compared to 
drilling at a higher cutting speed. To minimize the abrasive wear, a cutting tool with 
a harder material than the workpiece material should be used in the drilling opera-
tion. Adhesive wear, as shown in Figure 4b and c, occurs when the chip or machined 
material adhere to the cutting edges due to high cutting temperature and pressure, 
which can cause edge chipping, as can be seen in Figure 4d when the adhered mate-
rial breaks off [21, 22]. Previous studies [20, 23] reported that increasing cutting 
speed from 76 to 198 m/min in dry drilling resulted in material adhesion due to an 
increase in cutting temperature, thus will lead to higher tool wear.

The tool wear is typically affected by the cutting parameters and process condi-
tions used. The authors experimented drilling Al 7075-T6 heat-treated using 6.5 mm 
carbide drills to investigate the effect of cutting speed and feed rate on tool wear. 
The tool wear was determined by measuring the change in the flank, as shown in 
Figure 5. This measurement follows ISO 3685:1993, which recommends that the end 
of tool life is reached when the flank wear is equivalent to 0.3 mm.

From the experiment conducted by the authors, it can be seen in Figure 6 that 
increasing cutting speed from 80 to 120 and to 160 m/min at a constant feed rate 
of 0.05 mm/rev resulted in increasing tool wear. This is likely due to increasing 
heat generation, which caused weakening of the tool material as well as material 
adhesion on the cutting edges. Feed rate also has a significant effect on tool wear. 
As shown in Figure 7, increasing feed rate from 0.01 to 0.05 and to 0.1 mm/rev 

Figure 5. 
Measurement of tool wear is taken as the change in flank length indicated by A, B, and C after drilling each 
10th hole compared to the initial flank length.

Figure 6. 
Tool wear in drilling Al 7075-T6 (heat-treated) using 6.5 mm carbide drills at cutting speeds of 80, 120 and 
160 m/min and a constant feed rate of 0.05 mm/rev.
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at a constant cutting speed of 120 m/min was found to increase tool wear. This is 
likely due to the increasing volume of material removed per tool rotation that could 
cause higher thrust force and weaken the cutting edges leading to higher tool wear. 
This indicates that a low cutting speed and low feed rate can produce low tool wear 
therefore a longer tool life.

Even though using a low cutting speed and a low feed rate can cause a lower tool 
wear rate in drilling Al 7075-T6, it is usually not preferable in the industry as this 
can lead to longer production time hence low productivity. Therefore, moderate 
cutting speed and feed rate could be used when productivity is a concern, although 
frequent tool change may be needed to ensure the tool wear does not affect the hole 
quality. Drilling in a dry condition typically results in high tool wear due to heat 
generated between workpiece material and cutting tool. Therefore, the presence 
of cutting fluid and chilled air during drilling Al 7075 could improve the tool wear. 
Referring to [24], chilled air can act as a coolant to reduce the temperature at the 
cutting zone, thus will result in low tool wear, hence longer tool life.

7. Hole quality

Ensuring that the holes are produced with good quality as required is important 
for component assembly hence the product functionality and service life. The 
drilled hole quality can be measured and assessed in terms of the hole diameter, 
roundness, machined surface roughness and burr formation.

7.1 Hole diameter and roundness

The diameter of drilled holes has been reported to increase when the cutting 
speed, feed rate and point angle increase [25]. The increase in cutting speed and 
feed rate leads to the increase in the oversized hole because of the vibrations that 
are induced at higher speed and feed rate [10, 26]. HSS drills have been reported to 
produce undersized holes compared to carbide drills [26]. Therefore, carbide drills 
are recommended for drilling the Al alloy to produce holes within the required 
tolerance. The authors conducted a drilling experiment on Al 7075-T6 (thickness of 
13 mm) using 6.5 mm diameter carbide tools with two different feed rates of 0.01 

Figure 7. 
Tool wear in drilling Al 7075-T6 (heat-treated) using 6.5 mm carbide drills at feed rates of 0.01, 0.05 and 
0.1 mm/rev and a constant cutting speed of 120 m/min.



125

Drilling of 7075 Aluminum Alloys
DOI: http://dx.doi.org/10.5772/intechopen.102864

and 0.1 mm/rev at a constant cutting speed of 120 m/min. The drilled hole diameters 
were measured and results are shown in Figure 8. Increasing hole numbers resulted 
in increasing hole diameter, which is likely caused by the increased chip adhesion 
on the cutting tool. Generally, the use of a higher feed rate of 0.1 mm/rev resulted in 
more accurate hole diameters closer to the tool nominal diameter of 6.5 mm.

In addition, hole roundness is also an aspect that determines the drilled hole 
quality. The roundness of the hole is defined as how closely the hole matches a 
perfect circle, which can be determined by measuring the consistency of the hole 
diameters at various orientations. The hole roundness error has been reported to 
be significantly influenced by the feed rate [15]. Based on [15], which conducted 
experiments on drilling aluminum alloy using a 6 mm diameter drill, the hole 
roundness error was found to be lower (0.030–0.038 mm) when using a lower feed 
rate of 0.04 mm/rev compared to the higher feed rate of 0.08 mm/rev which causes 
higher roundness error (0.05–0.06 mm). However, no significant difference in the 
roundness error was observed when cutting speeds changed from 25 to 50 m/min 
[15]. Therefore, using a low feed rate is recommended to ensure the hole is pro-
duced with minimum dimensional error. However, as cutting speed is likely to have 
less effect on the hole diameter, a higher cutting speed is recommended to improve 
productivity. Nevertheless, the tool wear needs to be observed as the material adhe-
sion could also affect the hole dimensional accuracy.

7.2 Surface roughness

The machined surface typically contains irregularities and deviations from the 
desired form due to the machining operations, cutting parameters, and cutting 
conditions used. These deviations are normally assessed as roughness. The surface 
roughness acts as an indicator to determine the quality of the holes and surface 
finish. Cutting parameters are seen to be the most critical factor that could affect 
the surface roughness. The authors conducted a drilling experiment on Al7075-T6 in 
two different conditions (dry and with chilled air) and different cutting parameters 
to determine their effects on the machined surface roughness (Ra). The pressure 
and flow rate of the chilled air that was used during the drilling were 14 m/s and 
6.9 bar, respectively. The surface roughness results, which were measured in terms 
of Ra are shown in Figure 9.

Figure 8. 
The effect of feed rate on hole diameter in drilling Al 7075-T6 (heat-treated) at a constant cutting speed of 
120 m/min and 6.5 mm diameter carbide cutting tools.
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Increasing cutting speed from 80 to 120 and to 160 m/min resulted in increasing 
surface roughness by the values as shown in Figure 9. This is supported by a previous 
study [12], which also conducted drilling of Al 7075 alloy with three parameters which 
are cutting speeds (within range of 40 to 120 m/min), feed rates (within range of 0.05 
to 0.15 mm/rev), and point angle (within range of 120 to 140°). It was found that an 
increase in cutting speeds from 40 to 120 m/min at a constant feed rate of 0.05 mm/
rev and point angle of 140° resulted in increased surface roughness value, Ra from 0.5 
to 1.16 μm. During drilling operation at higher cutting speeds, the ductility properties 
of aluminum alloy will increase because of the higher heat generated that is caused by, 
the higher spindle speed and energy. The higher cutting temperature causes thermal 

Figure 10. 
Thermal softening and material adhesion on the machined surface of Al 7075-T6 caused by drilling operations 
at high cutting speed (a) 5x magnification (b, c) 2000x magnification.

Figure 9. 
The effect of cutting speed and condition on surface roughness (Ra) in drilling Al 7075-T6 (heat-treated) 
using cutting speeds of 80, 120 and 160 m/min at a constant feed rate of 0.05 mm/rev and 6.5 mm diameter 
carbide drills.
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softening of the workpiece, consequently, more material adhesion on the machined 
surface, as shown in Figure 10, hence higher surface roughness (Ra).

Furthermore, the increasing feed rate when drilling Al 7075-T6 was also found to 
result in increased surface roughness, as shown in Figure 11. The material removal 
rate increases when the feed rate increases, which leads to higher cutting forces 
hence poor surface finish of drilled holes and higher Ra value. Whereas, using 
chilled air (10°C) during drilling resulted in 25–60% higher Ra than dry drilling, as 
can be seen in Figures 6 and 8. Therefore, using chilled air in drilling Al 7075 is not 
favorable in terms of surface finish. This is likely due to chilled air causing which 
works hardening of the chip, which causes poor machined surface finish as the chip 
evacuates from the holes. The higher Ra when using a higher feed rate is typically 
due to the feed mark on the machined surface as shown in Figure 12. The applica-
tion of high-pressure internal water-based cutting fluid has been recommended in 
drilling aluminum alloy to result in lower surface roughness [27]. The assistance of 
high-pressure cutting fluid (i.e., with a pressure of 50 bar) can improve chip evacu-
ation hence less tendency of the chip scratching the machined surface. However, 

Figure 11. 
The effect of feed rate and condition on surface roughness (Ra) in drilling Al 7075-T6 (heat-treated) using feed 
rates of 0.01, 0.05 and 0.1 mm/rev at a constant cutting speed of 120 m/min and 6 mm diameter carbide drills.

Figure 12. 
Feed mark on the machined surface of Al 7075-T6 (heat-treated) caused by drilling at a high feed rate of 0.1 
mm/rev; (a) the surface of the drilled hole that was sectioned into a half (b) the hole exit.
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careful handling and appropriate fluid disposal must be practiced to avoid environ-
mental pollution and health issues to operators.

7.3 Burr formation

Burrs are the common defect that occurred due to the machining process. A burr 
is the protrusion of workpiece material typically at the hole edges (entry and exit of 
the hole), as shown in Figure 13a and b. The burr height is measured as indicated in 
Figure 13b. The burr is hard and sharp, which can cause difficulty in assembly and 
may cause injury to the operators. Therefore, the burr is unwanted and needs to be 
deburred to ensure the good assembly of the parts.

The machining process could result in primary and secondary burrs. The 
primary burr occurs during the drilling operations after the material has been 
removed by the cutting edges. The secondary burr is the remaining material at the 
edge of the drilled hole after breakage of the primary burr due to deburring process. 
The formation of burr depends on the cutting parameters (cutting speed and feed 
rate), ductility of workpiece material, and tool geometry especially point angle. The 
authors experimented on dry drilling of Al 7075-T6 using carbide drills and it was 
found that using a higher cutting speed of 120 m/min generally resulted in a higher 
burr compared to 80 m/min, as shown in Figure 14. This is likely due to an increase 

Figure 14. 
The burr height when drilling Al 7075-T6 (heat-treated) using cutting speeds of 80 and 120 m/min at a 
constant feed rate of 0.05 mm/rev.

Figure 13. 
(a) Burr at the edge of the drilled hole (b) Burr height which is measured after the hole was sectioned 
into a half.
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in ductility of the alloy as more heat is generated with a higher cutting speed, caus-
ing the material to project at the edge [28]. In addition, the burr formation can also 
be influenced by feed rate. As shown in Figure 15, the usage of a higher feed rate of 
0.05 mm/rev resulted in higher burr compared to the lower feed rate of 0.01 mm/
rev. This is likely due to the higher volume of material removed.

A previous study [7] on the burr formation of Al 5083 caused by cutting param-
eters has also been conducted, in which the finding could be related to the case of Al 
7075. Feed rates within the range of 0.04 to 0.14 mm/rev and cutting speed range 
within 19 to 57 mm/min were used [7]. It was found that the feed rate highly influ-
ences the growth of burrs during drilling compared to cutting speed. Drilling at 
feed rate 0.14 mm/rev with 57 m/min cutting speed produced high burr formation, 
which is 7 μm, while drilling at 0.04 mm/rev feed rate produced the lowest burr 
formation which is 3.8 μm. The burrs resulting from drilling Al 5083 were observed 
to be more visible at the exit holes compared to entry holes. Therefore, using a low 
cutting speed and feed rate in drilling Al 7075 could be beneficial to minimize the 
burr formation, however, this may cause low productivity in the industry.

8. Future development in drilling technology

Drilling operations have always been necessary for the manufacturing and 
assembly of mechanical components, which are made of aluminum alloys. This 
motivates the industry and researchers to further investigate the drilling technol-
ogy that can produce good hole quality with longer tool life, hence optimizing 
productivity. Ultrasonic Assisted Drilling (UAD), which employs a cutting tool 
that is vibrated during the material removal process, has been receiving attention 
in the industry. The application of UAD on high-performance materials, including 
aluminum alloys, Carbon Fiber Reinforced Polymer (CFRP), and titanium alloys, 
has shown potential to reduce tool wear, reduce thrust forces and increase material 
removal rate, which is reported to be due to intermittent cutting and reduced chip 
resistance [21, 29]. In addition, the use of cryogenic coolant (i.e., carbon dioxide 
and liquid nitrogen) could be useful to facilitate heat removal during the drilling 
process, especially for deep hole production, which could result in less material 
adhesion and improved hole surface finish. Therefore, further research involving 

Figure 15. 
The burr height when drilling Al 7075-T6 (heat-treated) using feed rates of 0.01 and 0.05 mm/rev at a constant 
cutting speed of 120 m/min.



Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes...

130

these drilling technologies, particularly on aluminum alloys, is necessary for 
industrial applications.

9. Conclusions

In conclusion, tool wear and hole quality of drilled holes of Al 7075 are highly 
influenced by cutting parameters, cutting tool and conditions during the drilling 
operations. Results showed that lower cutting speed and lower feed rate are favor-
able to produce low tool wear and better hole quality in terms of diameter, round-
ness, surface roughness and burr. Low cutting speed causes less heat generation, 
hence there is less tendency of chip adhesion on the cutting edges and machined 
surfaces. This can result in low surface roughness as well as less bur formation, 
therefore leading to good hole quality. Whereas, low feed rate means there is less 
material removed per one rotation of the tool, which results in a smaller chip, 
better chip evacuation, low cutting forces and hence good machined surface finish. 
However, it is important to note that when using lower cutting speed and lower feed 
rate, the workpiece cutting length per minute is slower, and this leads to longer time 
consumption in producing the hole. To improve productivity, higher cutting speed 
and feed rate may be used in drilling Al 7075, however, cutting fluid should be used 
to dissipate the heat and facilitate chip evacuation hence producing good hole qual-
ity. Nevertheless, careful consideration needs to be taken in handling and disposing 
of the fluid to avoid environmental pollution and also health issues to the operators.
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Chapter 8

Application of the
Aluminothermic Reduction
Process for Magnesium Removal
in Aluminum Scrap
Rocio Maricela Ochoa Palacios, Citlaly Castillo Rodriguez,
Jesus Torres Torres, Perla Janet Resendiz Hernandez
and Alfredo Flores Valdes

Abstract

Magnesium is considered as impurity element in aluminum recycled for
obtaining some cast alloys, with low concentration Mg, because at 0.1 wt% results
in fragility, fractures, and defects. This research applies the aluminothermic
reduction process to decrease magnesium content in aluminum cans by adding
ZnO, to produce reaction products solid-state (Al2O3, MgO and MgAl2O4), and
there is a possibility to obtain Al-Zn alloy. The conditions of the process were,
melting temperature (750, 800, 850°C) and stirring velocity (200, 250, 300 rpm).
The Mg and Zn contents were measured for chemical analysis and scrap
generated from every process was analyzed by X-ray diffraction. The results show
how the aluminothermic reduction decreased Mg from 0.93 to 0.06 wt% and
increased zinc up to 5.52wt % in the molten metal. Therefore, this process can be
used to remove Mg and can also prevent the generation of polluting gases into the
environment.

Keywords: aluminum, scrap, aluminothermic, magnesium removal, Al-Zn alloy

1. Introduction

Aluminum alloys are a material required mainly in aerospace and automotive
sectors [1]. This has contributed to an increased demand for aluminum and there-
fore the search for new forms of production. Recycling products have been consid-
ered as an alternative source of raw material; however, the secondary aluminum
industry is facing up the implementation of different processes to return these
materials to everyday life, modifying the mechanical properties according to the
type of application to which it will be destined. For this reason, the trend toward
metal recycling has increased significantly in recent years, not only because of
economic aspects, but also because of the positive impacts on the environment
[2–4]. Nevertheless, there is still a lot of development to be done because the
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industry demands high-quality materials regardless of their origin. For cast alloys,
the aluminum scrap must be carefully selected because the impurities degrade the
material form that decrease the mechanical properties of the alloys. The most
common impurities in recycled alloys are Fe, Si, and Mg in the automotive industry
[5, 6]. Different refining processes are used for the removal of magnesium, such as
Cl2 or Fl2 gas injection, but the processes produce great amounts of HCl gas. Many
countries have been forced to regulate this process, while others have banned it due
to the high amount of polluting gases that are emitted into the environment [7–9].
Right to this, the industry needs to find new technologies to reduce the magnesium
in aluminum scraps, such as the process of compound separation methods or
aluminothermic reduction with different oxides [10–13].

This work uses the aluminothermic reduction process with ZnO powder, with
the objective of removing the magnesium content in aluminum molten scrap and
adding zinc for production aluminum alloys type 700. By implementing this tech-
nology, gases can be considerably reduced because the reactions produced in the
metal bath can lead to the formation of magnesium products in a solid-state and to
be easily removed with the slag.

2. Experimental procedure

The study used aluminum scrap from beverage cans as raw material in the
aluminothermic reduction process with ZnO powder as reactive, the composition of
both materials were analyzed by atomic emission spectroscopy (AES), the equip-
ment used was SPECTRO model M11, the results are shown in Table 1. The bever-
age cans were melted in 10 kg capacity induction furnace, then, the melted
aluminum was degassed using N2 gas for 10 minutes to obtain secondary
aluminum ingots cooled at room temperature. These ingots were cut into pieces of
2 kg to be melted again in a laboratory-scale induction furnace and carried out
aluminothermic reduction process using ZnO powder at 750, 800, and 850°C and
200, 250, and 300 rpm of stirring velocities. Figure 1 shows the induction furnace
where the aluminothermic reduction was carried out, (a) top view photography of
the furnace, (b) scheme of the interior furnace, and (c) the impeller used during the
experimentation. The time of all experiments was given for 60 minutes, taking
samples every 10 minutes to measure the magnesium and zinc content by AES. The
slag was analyzed by X-ray diffraction (XRD) to analyze reaction product types.
Finally, the microstructure of the alloys at the end of the process was analyzed by
scanning electron microscopy (SEM).

3. Results and discussion

Figure 2 shows the relationship of the magnesium content measured by AES
with respect to the treatment time from 1 to 60 minutes, at 750, 800, and 850°C and

wt. % Si Fe Cu Mn Mg Cr Ni Zn Ti Otros Al

Aluminum scrap 0.286 0.625 0.188 0.77 0.93 0.022 0.013 0.15 0.017 0.024 96.7

ZnO powder <0.01 0.02 — 0.01 — — — 76.65 — 22.32 96.7

Table 1.
Chemical composition of aluminum scrap and ZnO used by aluminothermic reduction process.
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stirring velocity of the impeller was 200, 250, and 300 rpm. The results show a
significant decrease in magnesium content for all conditions of work. Figure 3a–c
shows the increase of zinc content in the experiments. Therefore, it can be deduced
that the reaction of Eq. (1) governed the process of magnesium removal and zinc
added in melted aluminum. The temperature is the variable with the strongest
influence on the process, no matter the agitation speed, observing better results at
800 and 850°C, while at 750°C the contents of magnesium and Zn were out the
specification for to be used in the automotive industry.

1=2 Al lð Þ þ 1=4 Mg lð Þ þ ZnO sð Þ ➔ 1=4 MgAl2O4 sð Þ þ Zn lð Þ ΔG0 ¼ �223:99 kJ (1)

Graphics of Figures 2 and 3 indicate that the processes have an exponential
reaction after 20 minutes because this is the time necessary for wettability of the
ZnO solid particle with molten aluminum, which allows the reaction to be carried
out, where magnesium has an important effect [13, 14]. Figure 3d shows the ratio
in wt% of magnesium and zinc content at 800°C and 250 rpm, this experiment was
more favorable in the present study, because both contents are in the specification
for automotive application, giving values <0.06 wt% of Mg and 5.52 wt% of zinc.
Other zinc contents obtained were 1.66, 2.3, 2.3, 3.2, and 4 wt%, values used in the
aluminum industry in the 700 series alloys. Thus, the reduction process of ZnO
powder can remove magnesium and incorporate zinc in molten aluminum.

According to Hashiguchi [15], the change in the magnesium content can also be
to the reaction between dissolved magnesium and ambient oxygen gas too, the
process is carried out at ambient conditions can be explained by the reaction of

Figure 1.
(a) Top view photography of furnace, (b) scheme of the interior furnace, and (c) the impeller used during the
experimentation in aluminothermic reduction process.
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Figure 2.
Relationship between magnesium content and time with respect to temperature and stirring velocity, (a) 200,
(b) 250, and (c) 300 rpm.

Figure 3.
(a–c) Relationship between zinc content and time with respect to temperature and stirring velocity, and (d)
relationship between magnesium and zinc content in molten aluminum at 800°C and 250 rpm.
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Eq. (2). This can be demonstrated by the XRD analysis in Figure 4, where the slags
obtained in the experiments at 250 rpm and at 750, 800, 850°C are presented, the
compounds of these results are MgAl2O4, MgO, and Al2O3. Furthermore, it has been
reported that the reactions involved between solid ZnO and molten Al-Mg can be
carried out by the Eqs. (1)–(9), values of free energy calculated at 850°C.

Mg lð Þ þO2 gð Þ ➔ MgO sð Þ ΔG
0 ¼ �970:09 kJ (2)

4=3 Al2 lð Þ þO2 gð Þ ➔ 2=3Al2O3 sð Þ ΔG0 ¼ �882:46 kJ (3)

Al2O3 sð Þ þMg lð Þ þ 1=2O2 gð Þ ¼ MgAl2O4 sð Þ ΔG0 ¼ �1036:56 kJ (4)

2=3 Al lð Þ þ 1=3 MgO sð Þ þ ZnO sð Þ ➔ 1=3 MgAl2O4 sð Þ þ Zn lð Þ ΔG0 ¼ �220:23 kJ (5)

4=3 Al lð Þ þ 2ZnO sð Þ ¼ 2=3 Al2O3 sð Þ þ 2Zn lð Þ ΔG0 ¼ �205:82 kJ (6)

Figure 4.
XRD pattern of the slags produced at 250 rpm and (a) 750°C, (b) 800°C, and (c) 850°C during
aluminothermic reduction of ZnO.
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Mg lð Þ þ ZnO sð Þ ➔ MgO sð Þ þ Zn lð Þ ΔG0 ¼ �244:91 kJ (7)

Al2O3 sð Þ þ 3Mg lð Þ ➔ 3MgO sð Þ þ 2Al lð Þ ΔG0 ¼ �117:69 kJ (8)

Al2O3 sð Þ þMgO sð Þ ➔ MgAl2O4 sð Þ ΔG0 ¼ �92:02 kJ (9)

According to the free energy values of each reaction calculated at 850°C, the
decrease of magnesium and the increase of Zn in the aluminothermic reduction
process can be carried out mainly by reactions of the Eqs. (1), (2), and (4)–(7)
while Eqs. (3), (8), and (9) are reactions for slag formation.

The beverage cans used in this work were without any type of refining treat-
ment, therefore, the alloy presented higher contents of Fe, Si, Mn. Figure 5 shows
microstructure after the aluminothermic reduction process of secondary aluminum
with a matrix rich in zinc and second phases of Al6(Fe, Mn) and Al12(Fe, Mn)3Si,
the first phase with massive blocky morphology due to the content of the Mn in the
alloy, according to Liu [16], this element is the one that determines the morphology
of this type of intermetallic, while the phase Al12(Fe, Mn)3Si was presented less
quantity, this phase is formed by the cooling rate and diffusion of Si to the Al6(Fe,
Mn). Previous studies [17, 18] indicate that this transformation can also be carried
out in processes where there is a loss of magnesium and Si was effective nucleating
substrates for the transformation of Al6(Fe, Mn) to Al12(Fe, Mn)3Si.

4. Conclusion

Magnesium was removed from the aluminum scrap using the aluminothermic
reduction process of ZnO powder. The temperatures favored the decrease of

Figure 5.
SEM images of Al-Zn alloys from aluminothermic reduction process at 250 rpm and (a) 750°C, (b) 800°C,
and (c) 850°C. (d) Al6(Fe,Mn) and Al12(Fe,Mn)3Si phases on Al-Zn matrix.
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magnesium in the metal bath and generated reaction products as MgAl2O4, MgO,
and Al2O3 in solid-state, so that this process can help to reduce the emission of
polluting gas. Also, the ZnO powder was reduced, and the zinc incorporated into
the melted aluminum microstructure of the alloys has an Al-Zn matrix and second
phases of Al6(Fe, Mn) and Al12(Fe, Mn)3Si in the cast state. In this case, this process
can be favorable for the manufacture of alloys that can be applied in the automotive
sector.
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Chapter 9

Mechanical Resistance of a
Superficially Treated Alloy Drill
Pipe during Onshore Drilling
Lallia Belkacem

Abstract

A theoretical study was conducted to investigate the limit depth reached by
aluminum alloy drill pipes combined with steel pipes for deep well drilling in the
Algerian country. Therefore, the present study is based on various parameters that
have an impact on the fatigue behavior of these tubes, focusing particularly on the
damage caused by the gravity of the dogleg in the crooked path in addition to their
mechanical behavior, and determines the extent to which the aluminum drill pipe
can drill without failures using well-engineering software modeling which provides
the expected loads in the drilling and provides results more or less close to reality.
This analysis indicates that the aluminum drill pipe has good fatigue resistance,
despite the cumulative presence of axial and bending stress concentrations in the
dogleg zones.

Keywords: tortuous trajectory, torque, drag, dogleg, 2024 aluminum alloy, fatigue

1. Introduction

The increased depth of drilling over 4500 m has affected the complexity of
drilling operation as well as drilling rigs and their practices. Due to this, modern
drilling technologies are designed to increase the capacity of drilling equipment.
Because the possibility of increasing the drive power is quite limited and economi-
cally impractical, the application of alternative materials such as aluminum alloys
becomes the most cost-effective and relevant target [1]. For instance, drilling deep,
ultra-deep, and especially horizontal wells is extremely important to ensure the high
operational reliability of drill string, to reduce its stress-strain state, and to ensure
trouble-free operation at extreme loads and high temperatures. Drill string assem-
bly and its weight significantly affect the technical and economic parameters of the
well drilling process, the behavior of resisting forces, and specify the level of load in
the parts of a drilling rig.

Aluminum alloys possess several valuable physical and mechanical properties
that favorably distinguish them from steel, which is a traditional material in the drill
pipe. The following should be referred to as the basic properties of aluminum alloys:

• Low specific weight;

• Reduced modulus of longitudinal elasticity and shear;
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• Workability in pipe production using extrusion process;

• Corrosion resistance in aggressive environment and, first of all, in Н2S and
СО2.

Aluminum alloys are still of relatively limited use in drilling, since the tempera-
ture is of crucial importance here, since in deep wells, depending on the geological
section, the temperature at 3500–7000 m can reach 42,315 K, and in some cases
52,315–82,315 K [2, 3] for example D16 and 1953 alloys. D16 alloy has high strength
characteristics at room and elevated (up to 43,315 K) temperatures, medium
ductility, but very low corrosion resistance in drilling fluids.

• Non-magnetic and vibration resistance properties;

• High rate of weight reduction in solutions of various density [1, 4].

These properties of aluminum alloys specify the basic efficiency in light alloy
aluminum drill pipe (LAIDP) application in drill strings while constructing oil and
gas wells. Therefore, the work process in this paper is to first determine the limit up
to which the aluminum drill pipe can drill without failures by means of the Decision
Space Well Engineering software and second, point out the expected loads during
drilling [5].

2. Superficially treated 2024 aluminum alloy technology

The method of oxidization by micro arcs is an electrochemical surface treat-
ment; it is similar to the anodization, where we use a very high voltage in order to
produce electric discharges. It is a chemical conversion of the substrate by its oxide,
therefore an excellent adhesion. The oxide layer is formed by applying an electric
potential (at least 200 V), whereas the piece is immersed in an acid electrolyte.
Discharges are produced, agglomerate, and make the oxide dense and partially
converted to amorphous alumina in crystal form such as the cordon. The structure
of coatings applied by the micro-arc oxidation method to DI6 aluminum alloy) was
investigated with the use of scanning electron microscopy and chemical and X-ray
diffraction analyses. It was found that the coating is inhomogeneous. Its structure
and composition change across the thickness and the micro inhomogeneity
observed in analyzing the microstructure of a transverse micro-sample and con-
firmed by the data of coating microhardness measurements are characterized by
the formation of a honeycomb type structure. Consequently, the coating may be
considered as a composition material with uniformly distributed hard islands
surrounded by softer veins. Tables 1 and 2 shown chemical composition and
mechanical characteristics of aluminum alloy 2024 [5].

Designation (NF A03104) Chemical composition (%)

2024 AL Cu Mn Mg Si Fe

The complement 3.8–4.5 0.3–4.5 1.2–1.8 0.5 0.5

Table 1.
Chemical composition of the superficially treated alloy.
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3. Stress loads

The Decision Space Well Engineering Software Torque & Drag outputs can be
used to predict and analyze the torque and axial forces generated by drill strings,
casing strings, or liners while running in, pulling out, sliding, backreaming, and/or
rotating in a three-dimensional wellbore. The effects of mud properties, wellbore
deviation, weight-on-bit (WOB), and other operational parameters can be studied.

In Decision Space Well Engineering, many stress calculations are performed
using the following equations. These calculations include the effect of [6]:

• Axial stress (tension + bending + buckling)

• Bending stress approximated from wellbore curvature

• Bending stress due to buckling

• Hoop stress due to internal and external pressure

• Radial stress due to internal and external pressure

• Torsional stress from twist

• Von Misses force.

3.1 Drilling for 8½″hole section with steel drill pipe

The root causes for different problems encountered on the 8½ section in well
drilled in Algeria are;

1.Hole geometry (wellbore tortuosity 0.2032 m).

2.Inharmonic in drilling string and parameters: weight-on-bit (WOB), rotational
speed (RPM), bottom hole assembly (BHA).

3.High torque peaks, while drilling and back reaming (37,962–48,809) Nm
recorded at the surface [3].

3.2 Load summary

According to Table 3, the drill pipe is exposed to fatigue failure during all
operations, which is naturally related to the well trajectory, which has some

Tube
sections

Ultimate tensile
strength
σr [MPa]

Stress
σ0,2 in
[MPa]

Elasticity
limit

σpr [MPa]

Relative extension
to rupture
δ en %

elastic
range slope

α [°]

Young’s
modulus
E [MPa]

2 � 30 Before superficial treatment (OMA)

491 382 360 12 80 71,805

After superficial treatment (OMA)

468 360 337 13 81 8763

Table 2.
Results of tensile testing (micro-tests) on test-tubes in the superficially treated alloy, carried out on the machine
“ALA-TOO”.
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tortuosity as shown in Table 4, which displays doglegs per unit length in the string
during drilling operations and located points along the well that may be subjected to
high severe doglegs leading to a high degree of severity of the moment bending on
the mentioned areas. For that reason; the solution proposed in this paper consists in
simply replacing joints of standard steel drill pipe with lighter aluminum drill pipe
while keeping the same bottom hole assembly (BHA).

Thus; A torque and drag optimization study has been run to determine the
optimum number of ADP joints along the drill string to minimize friction and
reduce compression along the well trajectory and limit the maximum depth which
can aluminum drill pipe reached without any failure, accordingly, 150 joints of
standard steel DP have been replaced by aluminum DP above the BHA. Table 5
represented below give the main characteristics of ADP.

3.3 Results and interpretation

The results exposed in Table 6 indicate that aluminum drill pipe gives good
results in tortuous intervals compared to steel drill pipe but in total depth do not
exceed the 4000 m.

This result is confirmed by the output obtained in the torque drag effective
tension graph which has included the graphical curves on tension vs. distance along
with string (tension limit, helical buckling, sinusoidal buckling, in all operations
(rotate off bottom, rotate on bottom, tripping out, tripping in).

Accordingly; it is obviously seen that all operations curves do not cross the Tension
Limit curve; the drill string is located into a safe window; therefore, there is no danger
of exertion the aluminum drill pipe in the tortuous interval, as depicted in Figure 1.

Thus we can assume that the 0.2032 m drilling phase benefited from ADP for the
reason that; First of all aluminum drill pipe has significantly good fatigue, which is
confirmed by the fatigue ratio value which is 0.642 less than 1. As shown on Figure 2.

Fatigue ratio Rf ¼
σbending
�� ��þ σbuckling

�� ��� �
σfatigue Limt

¼ 1 is equal to the safety limit (1)

where σbendiing ¼ σflexion [6].

Load
condition

Stress
failure

Measured weight
(tonne)

Total
stretch (m)

Axial stress = 0

Distance from
surface (m)

Distance from
bit (m)

Tripping in Fatigue 123 6.60 3793 208

Tripping out 161 7.63 3793 208

Rotating on
bottom

137 6.74 3793 208

Backreaming 149 7.36 3793 208

Rotating off
bottom

147 7.25 3793 208

- Tripping in: when running in hole (RIH)
- Tripping out: when pull out hole (POOH)
- Rotating on bottom: means that the pipe rotates with axial movement.
- Rotating off bottom: means that the pipe rotates without any axial movement
- Backreaming: the practice of pumping and rotating the drill string while simultaneously pulling out of the hole.

Table 3.
Load summary for steel drill pipe.
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Secondly; the 0.2032 m drilling phase benefited from (aluminum drill pipe)
ADP since there was a considerable reduction of the surface torque and hook load as
illustrated in Figure 3, for the reason that there was a reduction in side force as
represented in Table 7.

As a final point; analysis of stresses in drill pipe and their results on each
one, are shown on the graph cited, in Figure 4 which gives us the different
results for the Stresses (psi), the critically of Failure will depend on the value of
these stresses. The Von Mises yield condition, states initial yield limit is based on
the combination of the three principal stresses axial stress, radial stress, and hoop
stress [3].

σVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σr � σh2ð Þ þ σa � σrð Þ2 þ σh � σað Þ2 þ 6σ2s þ 6σ2t

2

s
(2)

σVM: Von misses stresses, σa: axial stress, σr: radial stress, σh: hoop stress, σt:
torsion stress σS: shear stress [6].

Hole section
0.2032 m

Steel drill pipe/aluminum

Drill pipe (0.127 m)-G105 DP drill pipe (0.127 m) -AL2024

Depth 1350 (m) 2592.86 (m)

Elastic limit σe (MPa) 724 52127.5

Tensile strength σ m (MPa)) 931 359

Young’s modulus of elasticity E (MPa) 206896.55 88,763

σ endurance limite (MPa) 137.89 160

Note: The tool-joints for aluminum drill pipe are manufactured from steel.

Table 5.
Details in each specific drilling string and section.

Load condition Stress
failure

Measured
weight (tonne)

Total
stretch (m)

Axial stress = 0

Fatigue Distance from
surface (m)

Distance from
bit (m)

Tripping in 121,560 7.31 3793 207

Tripping out 160,340 8.52 3793 207

Rotating on bottom 135,690 7.34 3793 207

Backreaming 147,680 8.21 3793 207

Rotating off
bottom

14,680 8.07 3793 207

- Tripping in: when running in hole (RIH)
-Tripping out: when pull out hole (POOH)
- Rotating on bottom: means that the pipe rotates with axial movement.
-Rotating off bottom: means that the pipe rotates without any axial movement
- Backreaming: the practice of pumping and rotating the drill string while simultaneously pulling out of the hole.

Table 6.
Load summary for aluminum drill pipe.
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Thus; we can be well observed that the Von-Misses Stress is under the
tension limit line (red color), due to our model simulation is located into the safety
window.

Figure 1.
Effective tension limit curve.

Figure 2.
Aluminum drill pipe fatigue ration curve.
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Figure 3.
Hook load for aluminum drill pipe (ADP).

Rotating on bottom
ADP side force

Rotating on bottom
SDP side force

(m) (N) (lbf/length)

2908 3114 3172

2917 5805 5907

2926 10,814 11,009

2935 958 9751

2944 8723 8874

2953 6135 6326

2962 3177 3230

2971 2532 2572

2981 2736 2785

2990 3759 3822

2999 3906 3968

3008 3501 3559

3017 2024 2059

3026 1940 1975

3035 2296 2335

3044 4622 4706

3062 4422 4493

3071 3684 3750

30,791 9662 9831

Table 7.
Side force aluminum drill pipe (ADP)/steel drill pipe (DP).

153

Mechanical Resistance of a Superficially Treated Alloy Drill Pipe during Onshore Drilling
DOI: http://dx.doi.org/10.5772/intechopen.101867



4. Conclusion

In synopsis; aluminum drill pipe is subjected to less strain than steel drill pipe.
This is due to their lower modulus of elasticity and lighter density than steel drill
pipe. Which leads to a good fatigue resistance even at the simultaneous presence of
high applied torque and axial load, and severe doglegs, which makes the use of other
options Steel drill pipe impractical from the fatigue failure standpoint. The limiting
factor for using aluminum drill pipe in such severe conditions is not the fatigue
resistance of the material that the pipe is made of, but the high contact forces
between the wellbore and aluminum drill pipe.

Figure 4.
Aluminum drill pipe tripping out stress detail.
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Chapter 10

How Impact the Design of
Aluminum Swaging Circle Fitting
on the Sealing for Piping Systems:
Analytical and Numerical Model
Ahmet Atak

Abstract

Installation and repair of hydraulic installations are carried out by joining the
pipes in the field. Pipe connections in aviation are made in a very narrow space and
field. For this reason, fitting swaging method is used to connect the fittings to the
pipes with a hydraulic hand tool. The basis for developing a swaging tool is knowl-
edge of the design parameters for the plastic deformation of the swaging circle
fitting. In addition to the design parameter, pipes have to be joined in cryogenic
vacuum conditions, which require sealing in such sensitive and harsh conditions. In
this study, the effect of swaged circle fitting designs on tightness and strength was
determined and different swaging methods were examined for its improvement.
Different geometric swaged circle fittings are designed and analytical and numerical
models are solved. The solution results obtained show the characteristic effect of the
fitting swaging analysis methodology and the swaged circle fitting design on the
sealing of the pipe joint. The innovation is mainly the effect of the swaging circle
connection design on the sealing of the pipe joint. With the finding in this work, it is
now possible to develop or develop new tools for engineered swaging circle fitting.

Keywords: pipe joining, sleeve design, swaging ring, sleeve swaging method,
pipe connection

1. Introduction

The structural engineers faced many challenges to safely and durably design and
build the budget-consuming projects. The loadings may damage the piping struc-
tures or disturb their normal operations whenever their magnitudes reach the
strength limits of the structure material [1].

Mostly the structural engineers performed three-dimensional (3D) finite-
element analyses to investigate the behavior of buried pipe subject to strike-slip
fault movement in dry sand and, more realistically, in partially saturated sand [2].

Some literature presents specific methods and algorithms for evaluating poten-
tial damage zones of pipe joints that can be used to make decisions to ensure the
safety of use of hazardous production systems that also concern human life in the
gas-oil sector during the draft and detailed design and later use stages [3].
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Design analysis engineers recommend to specify mechanical closure and fatigue
conditions considering stress and amplitude depending on swage parameter and
material for using swaged fittings to joining in structural engineering and mechan-
ical handling [4].

In some load cases, to obtain more realistic results from design analysis for
structural systems, it is necessary to determine or to define suitable fastener stiff-
ness values in their connections [5].

It is necessary to propose an analytical or numerical useful method for the
practicing engineers in the rational design of pipe connections in detail designing
and structural analysis [6].

The most critically part of a piping is they are connections, each other or to
equipment. Piping solutions using non-welded connections and cold bent piping
offer significant value through reductions in fabrication and commissioning time,
while improving workplace safety. The benefits of non-welded piping technology
are ranging from reduced preparation and inspection time to a safer work
environment [7].

Different methods are used to join the tubes. One of them is rotary swaging, in
them the rotation energy changed to thermal friction energy and the fitting is
swaged on the pipe with approximately 100% sealing [8].

The swaging as a joining method is used today in most crucial industries includ-
ing the military, automotive, and medical. Within the military industry, swaging is
used to form items such as gun barrels and anti-tank rocket tips. Fittings are also
swaged into cable. Countless auto parts and systems, such as distress alert brake
cables, steering components, and powertrains, are produced by rolling. In the med-
ical sector; subcutaneous needles, catheter tape assemblies and optical parts and
assemblies are the first to come to mind as products produced by rolling the same.
In the energy sector; heater elements, heat conductive materials and zirconium
profiles can be listed (items that the renewable energy industry relies upon), can be
expertly machined using swaging machines. In aerospace; by swaging, the aero-
space industry is assured of high-quality control rods, wire rope cable assemblies,
and fluid transfer tubing [9].

It is useful for swaging tube and pipe made from the manufacturing industry’s
most common material (steel) and it’s also suitable for stainless steels, aluminum,
titanium alloys.

Also, swaged pipe in pipe construction has been increasingly used for offshore
pipeline system. The end connection, produced by plastering and rolling, is transmit-
ted to the outer tube by a cold deformation process and then connected to the inner
tube. The twin welded piping system provides excellent thermal insulation [7].

In any case, literature studies have shown how important fasteners are to struc-
tural design engineers. Piping designs are generally calculated with 16 bar and
below, and such connections are designed as removable flange or screw connec-
tions. In screw connections in such systems, rubber or metal plastered intermediate
element between the screw and the nut provides both the connection and the
sealing [10].

Connections in pipe systems operating under high pressure are produced using
rubber or metal unions produced using the swaging method. Such connections are
designed and tested at 1.5 times the working pressure and at burst pressure. Piping
systems used in aerospace are produced from either stainless steel or mostly alumi-
num alloy pipes. In addition to rubber plastic piping, and also their tightness is
tested by performing tests such as vibration tests under conditions far above
operating conditions [11].

Although there is not much in this field (ring swaging pipe connection), design
and analysis studies have been carried out [12].
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As can be seen in the swaging type A in Figure 1, both the direct connection of
the two pipes and the connection of the fittings with the pipe can be done with the
design of the swaging circle fitting (Sleeve), which is one of the main inspection
elements of the study. The pipes to be connected can also be of different materials;
however, different swaging parameters have to be determined in this case. These
connections, as in welded connections, are expected to be made to withstand more
pressures than the pipe itself. The design of the sealed swaging circle fitting pipe
significantly affects the mechanical strength and tightness of the joint. As can be
seen in Figure 1, the area to be compacted is designed as inclined and undulated in
the axial direction; this prevents it from being pulled in the axial direction. Like-
wise, the swaging circle fitting creates an obstacle to the tangential rotation of the
pipe in the fitting with waves in the circumferential direction. In addition, two
internal circumferential grooves have been designed to provide greater sealing by
placing an O-Ring in the ring.

In Figure 1, a cut-out view of the A-type fitting is given. Compression is applied
in two steps by pressing the first pipe from the right and then the pipe from the left
towards the center in a radial direction, so that the plastering circle counts the
plastic displacements. Pipes and the middle part of the fitting exposed to pressure
load does not exceed elastic loading. When pipes are of different materials, different
swaging parameters must be applied from right and left.

In Figure 2, there is a cross-sectional view of the B type. The swaging fitting is
axially and radially pressured to the first pipe from the right and then from the left
to the second pipe, resulting in plastic deformation. Pipes and middle part of c
fitting exposed to pressure load does not exceed elastic loading. When pipes are of
different materials, different swaging parameters must be applied from right and
left.

In Figure 3, there is a cut view of the Type C. The swaged fitting tube piece is
clamped radially to the first tube from the right and then from the left to the second
tube simultaneously with two pressure booster wedge rings. In the meantime,
sealing is tried to be achieved by creating plastic deformation. Pipes and middle part
of circle form fitting exposed to pressure load does not exceed elastic loading. When
pipes are of different materials, different swaging parameters from right and left
and different riser fitting designs must be applied.

In this study, the swaging circle fitting that will work without leakage under
high or low pressures is tightened with each of the three different methods shown
under the previous introducing, and the ability to join 2 aluminum alloy pipes is
modeled and analyzed by analytical and numerical methods. Different types (Types
A, B, and C) designs of aluminum alloy swaged strap fastener were designed in 3D

Figure 1.
A type swaging circle fitting; pressure equalizer design features in the radial direction [13].
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and mathematically solved using the finite element method. Due to the nature of
the numerical method, swaged circle pipe parts and pipes that are connected to each
other and may be in different materials are subject to elastic–plastic (bi-linear
material definition) deformations. For this reason, the numerical solution could
only be realized with a non-linear method [14–16]. In addition, since the material is
exposed to plastic pressure and there is friction between the elements, the solution
with the non-linear method becomes inevitable again [14, 16]. The nonlinear solu-
tion of the mathematical numerical model was carried out using the finite element
method (FEM) with the help of a commercial program on the computer. Different
swaging circle fitting designs were analyzed and compared, and the connection has
been improved by optimizing with swaging circle fitting design changes.

The numerical method proposed in this study are useful for the practicing
engineers in the rational design of pipe connections in detail designing and
structural analysis.

2. Analytical design of swaging circle fitting

The swaging circle fitting principle basically relies on mechanical-elastic defor-
mation of the fitting with the external pressure load and also subjecting the inner
connection pipe to elastic–plastic deformation.

Figure 2.
B type swaging circle; radial swaging designs with pressure against axial tension and pressure booster [13].

Figure 3.
Swaging type C; radial swaging by tightly compressing the pressure booster (wedge) fitting to the swaging circle
fitting by axial pressure force [13].
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Figure 4 shows the principle of elastic–plastic deformation applied to the inner
pipe and itself by applying pressure to the swaging circle fitting.

In general, stresses occur in the circumferential and radial directions in a pipe
loaded under an externally applied pressure. Its radial stress is equal to the applied
pressure on the pressure surface and 0 at the other inner surface. Ratio of pipe inner
radius to thickness is in the thin pipe class ri=s> 5, calculations are made according
to the middle radius and very small variation in thickness can be ignored [17]. Based
on this acceptance, the centrifugal tension equals half the pressure:

σr ¼ p
2
; s≪ rm (1)

Here: σr [MPa]: centrifugal tension,
p [MPa]: pressure applied,
da [mm]: outer diameter of the pipe,
s [mm]: pipe thickness,
rm ¼ da�s

2 [mm]: middle radius of the pipe.
Figure 5 shows the circumferential tension σtan and other parameters occurring

under the pressure applied on the pipe. Accordingly, the following equation is
written in accordance with the principle of equality of forces in the horizontal
direction:

! σtan ¼ p
rm
s

(2)

Here: σtan [MPa]: circumferential tension,
p [MPa]: pressure applied,
Dm [mm]: medium diameter of the pipe,
s [mm]: pipe thickness,
rm ¼ Dm

2 ¼ da�s
2 [mm]: medium radius of the pipe.

Thus, when the equivalent tension is geometrically collected, it is found as
follows:

σE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σtan2 þ σr2 � σtanσr

p

σE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
rm
s

� �2
þ p

2

� �2
� p

rm
s

p
2

r

σE ¼ p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rm
s

� �2
þ 1
4
� rm

2s

r
(3)

Figure 4.
Swaging principle with swaging circle fitting (sleeve) [13].
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Since the pipe is applied with a minimum degree of yield tension, the least
required minimum pressure for this is found by the following formula:

pmin ¼ Rp0,2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rm
s

� �2 þ 1
4 � rm

2s

q (4)

σtanA ¼ pDmL ! σtan2sL ¼ pDmL

! σtan ¼ pDmL
2sL

Here: pmin [MPa]: required minimum pressure,
Rp0,2 [MPa]: yield tension.
Example: Swaging circle fitting: R-29,4x2–6061-T6;
Yield value: Rp0,2 ¼ 240 MPa.
! rm,a ¼ da�s

2 ¼ 29, 4�2
2 mm ¼ 13.7 mm; medium radius of the swaging circle

fitting.

! pmin ,a ¼
240 Mpaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

13, 7
2

� �2 þ 1
4 � 13, 7

2∙2

q ¼ 33, 7 MPa ¼ 337 bar

Inner pipe: R-25,4x0,75–6061-T6;
Yield value: Rp0,2 ¼ 240 MPa:

! rm,i ¼ da,i�si
2 ¼ 25, 4�0, 75

2 mm ¼ 12, 325 mm inner pipe medium radius.

! pmin ,i ¼
240 Mpaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12, 325
2

� �2 þ 1
4 � 12, 325

2∙0, 75

q ¼ 14, 8MPa ¼ 148 bar

Total required minimum pressure: pmin ¼ pmin ,a þ pmin ,i ¼ 33, 7 MPaþ
14, 8 MPa ¼ 48, 5 MPa.

In order to create not only elastic but also permanent plastic deflection in
compressed pipes, it is recommended to apply a minimum pressure of more than
30% to the swaged flat fitting. Example: p ¼ 1, 3pmin ¼ 1, 3∙48, 5 MPa ¼ 63, 0 MPa.

Listed below are the reasons for the design features marked a to d in Figure 6
that correspond to the requirements of the ring:

a. In principle, as shown in Figure 4, the deformation of the tube will be greater
in the middle and decrease parabolic towards both sides of the ring.

Figure 5.
Peripheral (tangential) stress caused by the pressure pulse [13].

162

Aluminium Alloys - Design and Development of Innovative Alloys, Manufacturing Processes…



Accordingly, the highest stresses in the inner tube will not be in the middle
region, but in the region corresponding to the bottom of the fitting edge.
Homogenizing the stress requires homogenizing the plastic deformation,
requiring a more convenient beat circle connection. For this, a very small
slope (<1.5°) is given on the outer surface of the ring.

b. A circumferential groove is made for the inner diameter of the fitting for 2
sealing elements (O-Rings) in each leakage direction.

c. In the axial direction, a circumferential groove is formed in the middle of the
pressure zone of the fitting to make it difficult for the pipe to exit the ring.
When the fitting is tightened, a similar plastic deformation is made in the
inner pipe, making it difficult for the inner pipe to come out of the fitting in
the axial direction.

d. The circumference of the pressure area of the fitting is not circular but rather
wavy, making it difficult for the tube to exit the fitting in the circular
direction of rotation. When the fitting is tightened, a similar plastic
deformation occurs in the inner tube and the inner rod is prevented from
rotating in the ring.

The design features of the swaged circle fitting are illustrated in 3D in Figure 6
and described above. The analyzes of these different design features are analyzed
numerically using the finite element method (FEM).

3. Numerical solutions and interpretations of mathematical models

The flat swaged circle fitting described in Figure 6 and the other 4 swaged circle
fittings from A to C are designed in 3D with commercial program (SolidWorks®
2013). The described 3D Models (A, B, and C) are transferred to the numerical
commercial solver program (ANSYS Workbench® 14.5) using the Finite Element
Method and analyzed by adding physical parameters.

In this study, FEM-Analysis was performed by considering 4 different geometric
variations of swaged circle fitting. These have the following geometric design
features shown in Figure 6:

Figure 6.
Swaging circle fitting design [13].
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• Pattern “Flat” swaged circle fitting

• In Model “A”, small curved swaged circle fitting

• In “B” model; Small curved swaged circle fitting with inner groove for sealing

• In Model “C”, small curved, axially waved swaged circle with inner groove for
sealing

The Finite Element Models of 4 different fitting designs is shown in Figure 7 (in
Mesh form).

Figure 8 shows three separate stepwise loading cases applied in all of the Finite
Element Models in Simulation.

The Finite Element Models are solved numerically elastically-plastically by non-
linear method. The pictures below show the deformation values of these solutions
for the 3 loading cases described above. In particular, the high percentage of plastic
deformation and homogeneity indicates the quality of the connection.

In the “Flat” Model in Figure 9, since plastic deformation is not lagging behind
when the flat swaging circle fitting is released after being subjected to elastic–plastic

Figure 7.
Finite element model of swaged circle fitting design; a) flat; b) curve “a”; c) curved and fluted “B”; d) curved,
ribbed and wavy “C” [13].

Figure 8.
Applied load cases (LC: Load case) [13].
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deformation by applying pressure, it comes out under axial load very easily. Plastic
deflection corresponds to approximately 12% of the total deflection. The pressure
deformation in the inner pipe is very low.

In Model “A” in Figure 10; since plastic deformation is lagging behind when the
small curved flat swaging circle fitting is released after being subjected to elastic–
plastic deformation by applying pressure, it is now difficult to comes out under
axial load. Plastic deflection corresponds to approximately 39% of the total deflec-
tion. Plastic deformation shows density in two places and is not homogeneous.

In Model “B” in Figure 11; since plastic deformation is lagging behind when the
small curved flat swaging circle fitting with internal groove for sealing is released
after being subjected to elastic–plastic deformation by applying pressure, it is now

Figure 9.
Elastic–plastic deformations as flat fitting model FEM solution results [13].

Figure 10.
Elastic–plastic deformations as model “a” FEM solution results [13].
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difficult to comes out under axial load. Plastic deflection corresponds to approxi-
mately 17% of the total deflection. Plastic deflection distribution is more homoge-
neous than Model “A” but has a lower percentage.

In Model “C” in Figure 12; since plastic deformation is lagging behind when the
small curved, axially wavy flat swaging circle fitting with internal groove for sealing
is released after being subjected to elastic–plastic deformation by applying pressure,
it is now difficult to comes out under axial load. Plastic deflection corresponds to
approximately 78% of the total deflection. In this model, plastic deflection is both
high and in the most homogeneous state. The deflection in the connected pipes is

Figure 11.
Elastic–plastic deformations as model “B” FEM solution results [13].

Figure 12.
Elastic–plastic deformations as model “C” FEM solution results [13].
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within the elastic limits. It is possible to say that this connection showed a very good
solution in terms of both sealing and strength

4. Conclusion

To conclude, in this study, it has been determined that the effect of the swaging
circle fitting design on the tightened fittings has a great effect on the swaging force
besides the parameters such as material and mechanical properties, use environ-
ment, swaging method, swaging circle fitting material, and that the most and
homogeneous swaging occurs in the Model type “C” (curved, grooved and wavy)
clamping fitting design [13].

Although it is possible to combine different materials and combine two different
geometries with different methods, it has been shown in this study that combina-
tions should be modeled and analyzed with advanced engineering since they are
exposed to thermal and mechanical loads in terms of usage environments and has
high requirements such as sealing [13].
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