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Preface

This book, Recent Advancements in Aluminum Alloys, consists of eleven chapters 
that address different topics related to aluminum alloys, ranging from the basics of 
aluminum alloys to advanced applications of aluminum alloys prepared by various 
techniques. The book is organized into four sections: “Introduction to Aluminum 
Alloys”, “Fabrication of Aluminum Alloys”, “Properties of Aluminum Alloys”, and 
“Advanced Applications of Aluminum Alloys”.

Section 1 includes two chapters. One introduces the topic and the other focuses 
on aluminum alloys and their grain refinement. Both chapters are important for 
understanding the basic principles of aluminum alloys and their properties and 
applications. Section 2 includes three chapters on the fabrication of aluminum alloys 
by various advanced techniques. The chapters discuss extrusion, low- and high-
pressure casting, and additive manufacturing techniques to prepare different grades 
of aluminum alloys. Section 3 consists of two chapters that examine the physical and 
chemical properties of aluminum alloys and how the properties of aluminum alloys 
can be altered by adding dispersing agents. They also discuss how the composition 
of aluminum alloys affects their various physical and chemical properties. Section 4 
includes four chapters that review advanced applications of aluminum alloys. They 
discuss how environmental wastes can be converted to environmental wealth by using 
an eggshell as reinforcement in aluminum alloys. Chapters in this section also discuss 
corrosion resistance applications, friction stir welding processes, and more. 

Recent Advancements in Aluminum Alloys is designed to help mechanical, biomedical, 
and chemical engineers, metallurgists, materials scientists, chemists, and those work-
ing in industry. It is also a useful resource for undergraduate and graduate students. 

Dr. Shashanka Rajendrachari
Assistant Professor,

Department of Metallurgical and Materials Engineering,
Bartin University, 

Bartin, Turkey
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Chapter 1

Introductory Chapter: Introduction 
to Aluminum Alloys
Emre Altaş, Shashanka Rajendrachari and Vutukuru Mahesh

1. Introduction

With the advancement of technology and scientific studies, new areas of use have 
been created for existing materials. In this way, the interest in new materials with high 
quality that can meet current needs has increased [1]. The developing technology and 
scientific studies to date are in search of improving the desired properties of existing 
materials and the emergence of new materials that can be alternatives. This search 
continues with the emergence of materials with new qualities [2]. Compatibility of 
physical and characteristic properties is very important in material selection. For 
this reason, many methods have been developed and continue to be developed today. 
Particularly in the aviation, space, gas turbines, automotive, and maritime industries, 
materials that are high-performance, light, and durable, and can combine features 
such as stability at high temperatures are needed [3–5].

Aluminum and its alloys, which are widely used especially in the aviation industry, 
can be preferred and used in long-lasting applications due to their features such as low 
density, high specific strength, and resistance to oxidation [6, 7]. Among the reasons 
why aluminum metal and its alloys have different usage areas in different sectors are 
that they can be easily produced, shaped, and processed, have high corrosion resis-
tance, are lightweight, and have good strength properties. Additionally, aluminum is 
extremely suitable for recycling [8, 9]. Aluminum alloy is almost infinitely recyclable, 
and the recycling process requires only 5% of the energy of primary aluminum 
production. High-purity aluminum is a soft material with an ultimate strength 
of approximately 10 MPa, which limits its usability in industrial applications. To 
compete with other building materials, the strength of Al-based materials needs to 
be significantly increased. There are several ways to increase the strength of metal-
lic materials: alloying with sufficient elements, adding appropriate strengthening 
particles, plastic deformation, or grain size reduction [10].

Aluminum alloys are the most used metallic engineering materials after steel 
today. Aluminum and its alloys, which are widely used especially in the aviation 
industry, can be preferred and used in long-lasting applications due to their features 
such as low density, high specific strength, and resistance to oxidation. Among the 
reasons why aluminum metal and its alloys have different usage areas in different sec-
tors are that they can be easily produced, shaped, and processed, have high corrosion 
resistance, are lightweight, and have good strength properties. In addition, aluminum 
alloys provide significant advantages over other engineering materials due to their 
features such as high thermal conductivity, nonflammability, and being completely 
recyclable and weldable [11, 12].
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During the production phase, material scientists constantly improve the prop-
erties of the materials they have obtained by moving them to macro dimensions 
under more minimized conditions. The purpose of this is that today’s technology 
is competitive in the market and the features of the materials needed are no longer 
affordable. Above all else, one of the most distinctive features required from materials 
is to ensure continuity [13–15]. In other words, the material produced gives the same 
physical results and reactions when used at different times but under the same condi-
tions. Therefore, it is important that the material has a homogeneous microstructure 
and an equal stress distribution on the material [16–18]. In recent years, different 
production methods have been developed in addition to traditional powder metal-
lurgy methods in the production of some critical parts. Mechanical alloying is one of 
these methods. This method is used to alloy metals without exposure to any chemical 
or heat treatment [19–21]. With mechanical alloying, metals can be alloyed without 
the need for melting or heat treatment. The mechanical alloying process involves cold 
welding of solid powder particles to each other and breaking them after deformation 
hardening. At the same time, particle-reinforced composites are produced using the 
mechanical alloying method, in which the best microscopic or macroscopic combina-
tions of different materials are provided in order to obtain fine microstructures in 
powders [22–25].

2. Aluminum and aluminum alloys

Aluminum is found in the form of aluminum silicate in rocks, feldspars, feldspa-
thotites, and micas in clay soils formed by the disintegration of bronze, bauxite, and 
iron-rich laterite. Bauxite, the most important aluminum ore, contains 52% alumi-
num oxide [26, 27].

Aluminum is the most abundant metallic element in the earth’s crust after iron, 
and it became economically produced in engineering applications toward the end of 
the nineteenth century. With the emergence of the first internal combustion engine 
vehicles, the engineering value of aluminum as an automotive material began to 
increase. Aluminum, which meets the need for a light and conductive material for 
the transmission of electricity over long distances, has also taken its place in the 
new industry that was born on strong, light, and break-resistant parts, along with 
the work of the Wright brothers on aviation. Nowadays, aluminum is used to obtain 
value-added products in many transportation sectors such as automotive, defense 
industry, aviation, rail systems, and maritime. Aluminum production is generally 
made from ore and recycled scrap. Today, aluminum production from ore is approxi-
mately twice that of aluminum production from scrap [28, 29]. Aluminum is the 
third most abundant element after oxygen and silicon, with a content of 8% in the 
earth’s crust. Even though there are so many, it was discovered after minerals such as 
iron, copper, tin, lead, gold, and silver. Aluminum is found in nature as a compound. 
The existence of this abundant element was detected only in 1808 by the British Sir 
Humphry Davy [30].

The most distinctive feature of aluminum, which is used in all areas of human 
life and especially in engineering applications, is its lightness. It is the lightest metal 
after magnesium and beryllium. Due to the superior properties provided by alumi-
num and its alloys, their consumption is increasing rapidly and new areas of use are 
opening up every day. Although pure aluminum is a very active metal in the galvanic 
series, the protective oxide layer that easily forms on its surface makes it widely used. 
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This impermeable, hard, and protective oxide layer consisting of aluminum oxide 
(Al2O3) significantly increases the corrosion resistance of aluminum. Accordingly, 
as aluminum is purified, its corrosion resistance and conductivity increase. For this 
reason, aluminum alloys, which are very sensitive to corrosion, are now protected 
from corrosion by cladding in pure aluminum [31]. On the other hand, the very low 
strength of pure aluminum can be increased by cold working. Today, aluminum and 
its alloys have, due to its properties, become one of the most important construction 
and engineering materials used in the industry. While it has properties, such as high 
thermal and electrical conductivity and corrosion resistance in its pure form, these 
properties have spread to a much wider spectrum with alloying and have become 
widely used. Today, more than 100 aluminum alloys are widely used in industry. The 
most important features are summarized below [26]:

• Aluminum is lightweight. It weighs only one-third of the weight of a steel mate-
rial of the same volume.

• Aluminum is resistant to weather conditions, foodstuffs, and many liquids and 
gases used in daily life.

• Aluminum has high reflecting ability. With its silvery white color contributing 
to this feature, it has an attractive appearance for both interior and exterior 
architecture. This beautiful appearance of aluminum is achieved by anodic 
oxidation (anodizing), lacquer materials, etc. with applications, such as 
period can be preserved. In fact, in many applications even a natural oxide 
layer is sufficient.

• The strength of various aluminum alloys is equal to or higher than that of 
ordinary structural steel.

• Aluminum is an elastic material, especially for chipless manufacturing processes. 
Therefore, it is resistant to sudden impacts. Additionally, its durability does not 
decrease at low temperatures. (The resistance of steels against sudden impacts 
decreases at low temperatures.)

• Aluminum is a metal that is easy to machine. So much so that it can be turned 
into foil or wire with a thickness of less than 1/100 mm.

• Aluminum conducts heat and electricity, as well as copper.

• All methods, such as casting, forging, rolling, pressing, extrusion, and drawing, 
can be applied to shape aluminum.

2.1 Mechanical properties of aluminum

The modulus of elasticity of aluminum is approximately one-third of that of steel. 
In other words, the amount of elastic deformation of aluminum under the same load 
is three times that of steel. This feature is of great importance in design calculations. 
The low modulus of elasticity is considered an advantage when exposed to impact 
loads since the resistance of aluminum is higher than that of steel. It allows the 
absorption of large amounts of energy [32]. One of the main features of aluminum is 
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its ease of shaping and processing according to conventional manufacturing methods. 
Since pure metal is soft and has the ability to become wire, it can be rolled, drawn, 
and shaped by applying various cold processes such as drawing, bending, pressing, 
and molding [33].

2.2 Chemical properties of aluminum

Aluminum is not available in pure form due to its high chemical activity. 
Therefore, its production is made from bauxite ore consisting of iron oxide and 
aluminum silicate. Due to a fixed oxide layer formed on the aluminum surface in 
contact with air, the metal and its alloys generally show great resistance to the corro-
sive effects of the atmosphere. Aluminum reduces the oxides of other metals due to its 
affinity for oxygen. Due to this feature, powdered aluminum is used in the production 
of metal oxides such as chromium, vanadium, barium, and lithium by reducing them 
[10]. Since aluminum is nontoxic, it is widely used in many areas, especially in the 
production of equipment in the food industry. Again, due to this feature, it is widely 
used in the packaging of food and medicines, cigarettes, and tea [34].

2.3 Physical properties of aluminum

Low density, one of the physical properties of aluminum, comes to the fore in 
many applications. The density of aluminum in the commercial group is approxi-
mately 2.70 g/cm3. When equal volumes are compared, aluminum has approximately 
one-third the weight of iron, copper, and zinc. In some applications, it is not enough 
to focus on the lightness advantage of metal alone. For example, a material that does 
not have sufficient strength but has low density is not very useful for the elements 
that make up the structure of an aircraft. In this case, while pure aluminum is not 
suitable for use, aluminum alloys are used, where strength and lightness are desired 
together [5].

Aluminum and its alloys also need different criteria in comparison with the 
traditional materials and manufacturing methods with which they have to compete. 
When expressed in terms of concepts such as specific strength, specific stiffness, 
and discontinuous yielding during forming, aluminum alloys exhibit equivalent and 
sometimes superior performance compared to traditional materials [2].

These properties of aluminum make it preferred for the automotive and manufac-
turing sectors. Saving fuel and reducing costs due to its lightness in the transportation 
sector and regulations on the emission number of vehicles on national and interna-
tional platforms have made aluminum the best alternative material for the transporta-
tion sector [35].

2.4 Usage areas of aluminum alloys

Increasingly complex production methods, differentiating and diversifying con-
sumer demands, increasing population, and the awareness that the limits of natural 
energy resources are rapidly approaching over time with production have necessitated 
radical changes in the production methods and raw materials that have been custom-
ary so far in many sectors. Although their industrial usage date is recent, aluminum 
alloys have rapidly taken part in production [28].

Aluminum is used extensively in the automotive industry because it is a light 
metal, and its use is constantly increasing. Aluminum is used in the production of 
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radiators, engine parts, body sheets, and structural parts in the automobile industry. 
Aluminum is used in the construction of cargo transportation and passenger com-
partments in airplanes train transportation systems and in the production of ship 
hulls and propellers in the ship industry. Considering that energy will become more 
valuable in the future as a new area of use, aluminum batteries will find a wide range 
of applications (Figure 1). Aluminum-sulfur batteries are the first examples of these 
applications. With these batteries, it is possible to reach an efficiency of 250 Wh/kg. 
Another example is aluminum air-fuel cells [37].

Esthetic applications of aluminum alloys in the construction industry have a lon-
ger history than manufacturing and other strategic applications. In the construction 
industry, the needs could be met without the need for high technology, but according 
to the strength and corrosion properties of aluminum and in most applications, where 
both are required together, the aluminum industry had to carry out basic studies in 
technology and production methods, which resulted in the development of alloys and 
different production methods [38].

Figure 1. 
Diagram of applications of aluminum batteries along with other different types of batteries [36].
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A Review on Fundamentals of
Grain Refining of Al-Si Cast Alloys
Ehab Samuel, Hicham Tahiri, Agnes M. Samuel,
Victor Songmene and Fawzy H. Samuel

Abstract

Grain refining is considered one of the most important liquid metal processing
processes for aluminum alloys. Three different types of grain morphology are possible:
columnar, twin columnar and equiaxed. The present work reviews most of the theo-
ries that were proposed during the past three decades. These theories were mainly
based on thermal analysis and thermodynamics to explain the mechanisms of grain
refining of Al-Si based alloys, including the role of the master alloy used i.e., Al-B,
Al-Ti, and Al-Ti-B alloys. Other aspects were also examined, mainly the interactions
between Si and/or Sr and the grain refining master alloy, superheating of the molten
metal as well as holding time prior to casting. This phenomenon is normally termed
“poisoning” since it reduces the effectiveness of the added grain refiners. The effects
of grain refining on the alloy microstructural characteristics, mechanical properties,
machinability, hot tearing etc. have not been addressed in the present article.

Keywords: grain refining, master alloys, poisoning, theories, thermodynamics

1. Introduction

Grain refinement in Al-Si casting alloys is usually assessed by the presence of
titanium Ti and boron B. Since the 1980s, thermal analysis has established itself as an
important alternative for determining the degree of grain refinement and in
predicting the degree of modification of the eutectic silicon. Grain refining is one of
the most important liquid metal processing processes for aluminum alloys. Three
different types of grain morphology are possible: columnar, twin columnar and
equiaxed. It is well known that an equiaxed grain structure provides uniform
mechanical properties, reduced hot tear, second phase distribution and microporosity
on a fine scale [1–5].

Grain refining in aluminum alloys aims to increase the number of crystallization
sites of the pro-eutectic phase (α-Al phase) and avoid columnar growth. In order to
have a fine scale grain size, the most widely practiced way is to present effective
nuclei in the liquid metal using the Al-Ti-B grain refiners which usually contain active
seeds like TiAl3, TiB2, AlB2 or (Al,Ti)B2. Thermodynamic studies suggest that these
latter particles convert to TiB2, so that the titanium would diffuse into the (Al,Ti)B2

particles while the aluminum diffuses out, resulting in the formation of TiB2 [6–8].
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While the Al-Si alloy system is widely used in industry, constituting around 85–
90% of aluminum parts produced, the eutectic silicon in untreated alloys is often very
coarse, leading to poor mechanical properties, mainly ductility. These properties are
strongly influenced by the morphology of the eutectic silicon. The latter changes from
its original raw structure of platelets to a less harmful and finer fibrous structure
termed as eutectic Si modification which leads to a significant improvement in the
mechanical properties of the products. Modification of the eutectic silicon is usually
accomplished by adding certain modifying agents such as strontium Sr. However,
over-modification can lead to the formation of porosities and returns the silicon to its
original shape, again weakening the characteristics of the alloy. The addition of stron-
tium in Al-Si alloys leads to a considerable increase in the amount of the α-Al dendritic
phase and changes the shape of the dendrites. In the presence of a grain refiner like
Al-Ti-B, the modifier reduction is considerable since the Sr-Ti interaction alternately
changes the volume fraction of the dendritic phase of α-Al and the morphology of the
silicon phase [9, 10].

This study aims to establish suitable grain refining mechanisms in Al-Si alloys to
study the consequences of the refining-modification interaction in these alloys. Dif-
ferent time and temperature parameters on the thermal analysis curves are analyzed.

1.1 Solidification phenomenon

Grain morphology in as-cast alloys can be categorized as equiaxed or columnar.
The grains of an equiaxed structure are nucleated in the liquid pool ahead of the
solidification front on particles deliberately added as inoculants or present as impuri-
ties. In engineering alloys, the supercooling required to launch a grain onto an inocu-
lant particle is produced by constitutional effects: the splitting of the solute between
liquid and solid creates a solute profile ahead of the solidification front, lowering the
local liquidus temperature. In the absence of equiaxed grains, growth is typically
columnar; columnar grains grow approximately perpendicular to the direction of heat
flow and have high elongation. The growth of columnar grains is blocked if there are
enough equiaxed grains. Given the importance of grain morphology to the properties
of a cast alloy, it is important to predict the conditions that cause the transition from
columnar to equiaxed growth [11, 12].

During their growth, equiaxed grains can adopt various morphologies, depending
on the rate of cooling and the content of solutes in the liquid metal and the degree to
which a grain can grow before impact or collision with other grains. Equiaxed grains
initially grow as spheroids, but a smooth solid-liquid interface becomes unstable as the
radius of the grain increases. The grain becomes globular and then adopts a strongly
branched dendritic structure. This evolution is accelerated by high cooling rates and
dissolved solids content.

The morphology of the columnar grains is influenced by cooling carried out con-
stitutionally ahead of the solidification front. In situations where supercooling is
greater ahead of this front than at the front itself, the solid-liquid interface is unstable
and results in dendritic structures. The greater the constitutional cooling, the more
pointed and branched the dendrites.

In the absence of a constitutionally cooled region, the solid-liquid interface
remains planar. The observed microstructure can be influenced by magnification of
the dendrite arms after solidification is complete; the structure of a solidification front
that has been quenched to preserve its structure is often markedly different from one
formed without quenching under otherwise identical solidification conditions.
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1.2 Importance of thermal analysis

Thermal analysis could provide a reliable method for determining grain size, modi-
fying the eutectic silicon and even quantifying the iron content of the alloy if the latter is
equal to or greater than 0.6% by weight [13]. Thermal analysis consists in recording the
evolution of the temperature of an alloy as a function of time during solidification.
During cooling, heat is released and the temperature rises to a value close to the
equilibrium value. This warming process is called recalescence. Supercooling, which
represents a thermodynamic force, appears on the solidification curve as a drop in
temperature below the equilibrium temperature of the reaction [14].

Grain refinement is a result of two separate processes: nucleation of new liquid
aluminum crystals, followed by growth to a limited size. Both of these processes need
a driving force which must be provided to the system through supercooling and
supersaturation with respect to the equilibrium conditions of the real system.
Figure 1a shows that during the entire first period of the solidification process, only
those parts of the liquid metal which are in contact with the mold walls are cooled to
such a degree that the nucleation of new aluminum grains can take place. Figure 1b
shows that nucleation begins above the steady state growth temperature. This means
that new crystals can be formed, not only at the first contact of the liquid bath with
the cold walls of the mold, but also in the liquid.

Figure 1.
(a) First part of a cooling curve and its derivative obtained from liquid metal close to the wall of the casting mold.
(b) Cooling curve and its derivative of a sample to which titanium boride particles have been added. The
nucleation temperature is below the liquid metal growth temperature. The recalescence phenomenon shows a very
low value of (dT/dt)max, indicating a sample whose grains are refined.
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This phenomenon occurs due to particles with a high nucleation power (titanium
borides). The latter becomes active at a supercooling of only 0.1–0.2°C when added to
the liquid metal. Seed particles added to liquid metal must be effective substrates for
heterogeneous nucleation in order to achieve grain refinement. However, nucleation
can occur only if the liquid alloy is sufficiently cooled. In a solidification system, the
remaining liquid pool can be cooled only if there is some solute in this liquid pool to
limit solid growth or columnar competition with equiaxed solidification. Thus, effi-
cient refining requires heterogeneous nucleation and growth restriction. Al-Ti-B
refiners which are generally used for this purpose, consist of particles of TiB2 with a
diameter ranging from 0.1 to 10 μm and Al3Ti particles with a diameter ranging from
20 to 50 μm, dispersed in an aluminum matrix [15]. Al3Ti can be a very effective
nucleant for aluminum, but this phase dissolves quickly when the refiner is added to
commercial purity aluminum, because all the titanium content in the liquid metal is
well within the limit of solubility [16, 17]. It is well accepted that some excess titanium
(beyond that combined with B in TiB2) is required for efficient nucleation [14].

Other temperature parameters seen in Figure 1 correspond to:
TE = The liquidus equilibrium temperature.
TG = The steady state growth temperature of the molten metal.
TN = The onset of nucleation temperature. TN is called the nucleation power of the

particles present in the liquid metal. This point is most easily recognized by a sudden
change in the derivative, as shown in the figure.

TMIN = The temperature at which the newly nucleated crystals have grown to such
an extent that the latent heat released swings out of equilibrium. After this time, the
molten metal actually heats up to the steady state growth temperature. The period of
time required for this heating is called the recalescence period (tRec).

1.3 Nucleation phenomenon

The grain refinement is carried out by the addition of master alloys of the Al-5Ti-
1B and/or Al-Ti type in an embossed form. The addition rate of 1 kg/1000 kg gives Ti
and B additions of 0.005% and 0.001%, respectively. Such an addition would typically
produce grains of equiaxed structure with a grain size ranging from 100 to 150 μm in a
small commercial pure aluminum ingot. The phenomenon of grain refining is directly
linked to the process of nucleation and growth of aluminum grains. This is based on
the nucleation ideas of Volmer and Weber [16].

The theory involves homogeneous and heterogeneous nucleation. In a solidified
pure metal, the critical nucleus size for survival is given by:

r ∗homogène ¼
�2γsL
ΔGv

(1)

The free energy barrier is given by:

ΔG ∗
homogène ¼

16πγ3sL
3ΔG2

v
ffi ΔHfΔT

Tm
(2)

where γsL is the surface energy of the interface separating the solid seed from the
liquid in J/m2.

By substituting ΔGv ¼ LvΔT
Ts in Eq. (2), we obtain the following relation:
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ΔG ∗ ¼ 16πγ3sLTs
3L2

v

 !
1

ΔT2

� �
(3)

where Lv is the latent heat of solidification per unit volume, ΔT is the supercooling
(Ts � T) and Ts is the undercooling temperature. As for heterogeneous nucleation,
the critical size of a nucleus is given by:

r ∗h́et ́erogène ¼
�2γsL
ΔGv

(4)

Eqs. (1) and (4) are identical for both types of homogeneous and heterogeneous
nucleation. The potential barrier that the germ must cross to reach its critical size is
given by the following equation:

ΔG ∗
h́et ́erogène ¼

16πγ3sL
3ΔG2

v

 !
f θð Þ (5)

where f(θ) is a function of the contact angle θ on the substrate on which nucleation
takes place. Figure 2a shows a nucleated solid on a substrate in a liquid. Figure 2b
shows the variation of f(θ) with θ and since f(θ) is always ≤1, the critical free energy
for heterogeneous nucleation is always less than or equal to that for homogeneous
nucleation. However, it is clear that effective heterogeneous substrates are those with
θ close to zero [10]. Undercooling ΔT values are of the order of 0.1–0.2°C for observ-
able nucleation rates in commercial aluminum alloys with grain refiners. Therefore,
clearly heterogeneous nucleation takes place. The simplified expression for the het-
erogeneous nucleation rate per unit volume in m3 s�1 is:

Ivh́et ́erogène ¼ 1018Np
v exp

�16πγ3sLf θð Þ
3KBΔS2ΔT2

� �

a b

Figure 2.
Schematic representation showing (a) the formation of a spherical wetting of a solid S on a substrate, contact angle
and surface tensions, (b) the variation of f (θ) with θ where f (θ) is equal to (2–3 cos θ + cos3θ)/4.
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where KB is the Boltzmann constant J/°C, Np
v is the number of nucleant/m3 and

Ivh́et ́erogène is the heterogeneous nucleation rate of nucleant/m3 s. Therefore, if the con-
tact angle is near zero, the wetting of the substrate for nucleation is promoted and the
rate of nucleation is increased.

When the nucleation sites are homogeneously dispersed in the liquid pool, the
result is a fine grainy structure. The important topics for understanding the nucleation
phenomena are summarized as follows: (1) the contact angle between the molten
metal and the nucleation particles, (2) the interface energy between the molten metal,
and (3) the nucleants and the coherence of the lattices of the nucleants and metal
liquid. The presence of possible phases at different T in the liquid pool can be evalu-
ated by comparing the free energy ΔG of the reactions.

Based on thermodynamic data, the calculated results are shown in Figure 3. It can
be observed that ΔG(TiB2) is much more negative than ΔG(Al3Ti) and ΔG(AlB2) in
the range of T from 700 to 1200°K, while ΔG(Al3Ti) is less negative than ΔG(AlB2). In
other words, the TiB2 phase is easier to form than the Al3Ti and AlB2 phases. With
increasing temperature, the changes of free Gibbs enthalpy of TiB2 and AlB2 are
almost constant while that of Al3Ti became small. In fact, the theoretical prediction
indicates that Al3Ti particles become unstable when the reaction temperature is
increased. From the crystallographic point of view, and to further explain the high
stability of the TiB2 nucleation sites, the hybridization of the 3d orbital of titanium and
the 2p orbital of boron is the main reason for the strong bond between these two
elements. The bonding behavior between Ti and B layers is a combination of covalent
and ionic nature.

1.4 Effect of overheating

As the Ti/B ratio is decisive for better grain refining, the casting temperature also
plays a very important role when determining the grain size. Li et al. [18] studied the
effect of overheating on pure aluminum before casting. Figure 4 clearly shows the
relationship between the superheat temperature and the average grain diameter. It is
clear that as the temperature is increased from 725°C to 950°C, the average grain sizes

Figure 3.
Gibbs free energy of TiB2, AlB2, and Al3Ti as a function of temperature.
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increase linearly. Casting temperature is a significant factor during the performance of
grain refining. If the holding temperature is too high after inoculation, some fading or
degradation occurs. This can be attributed to the growth and arrangement of TiB2

particles, leaving a liquid alloy depleted of nucleating particles for efficient grain
refining.

It is known that the size of the TiB2 particles that form inside the aluminum
depends on the temperature of the liquid metal; at high temperatures, the particles
being formed are so large that they can settle to the bottom of the liquid bath by virtue
of their greater density.

In general, overheating increases the grain size [11, 19], but in some cases it
reduces it [20].

1.5 Master alloys

By adding three master alloys of the type Al-Ti-B, Al-Ti and Al-B with an excess of
TiB2 (Ti/B = 2.22), Lu et al. [21] examined the grain size in an Al-7%Si alloy (compo-
sition close to that of the hypoeutectic A356 alloy). The performance of these master
alloys is shown in Figure 5. Indeed, the binary Al-Ti alloy is found to be less efficient,
while the Al-B alloy is the strongest grain refiner in the Al-Ti alloys, since the grain
size changes from 2000 μm to only 200 μm. From a certain level (0.1% by weight),
the grain size remains constant even if the amount of master alloy is increased, hence
the plateau obtained during supersaturation in master alloy.

In contrast, Al-B alloys show inefficient behavior in pure aluminum [22]. Similar
observations were made by Sigworth and Guzowski [6] Cooper et al. [23] proved that
the efficiency of residual nucleants of the TiB2 and Al3Ti type decreases with the
number of recyclings of the Al-Si alloys, which explains the increase in grain size as a
function of the number of repetitions of castings [24].

1.5.1 Al-Ti-B

The only controversial point in the ternary system of Al-Ti-B is related to the two
borides TiB2 and AlB2. Both crystallize in the same crystal structure (hexagonal shape)
with similar lattice parameters. The question is to determine if they form a single-

Figure 4.
Effect of undercooling temperature on the grain size of pure aluminum.
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phase continuous compound (Al,Ti)B2 or if they coexist in a two-phase balance
AlB2+TiB2. A single phase was previously assumed by Hayes et al. [25] considering all
experimental data available at that time. Roger et al. [26] investigated a 1000°C
isothermal section in the titanium-rich region using quantitative microprobe phase
analysis of three molten ternary alloys. They found that TiB2 is in equilibrium with all
Al-rich Al-Ti binary phases. The aluminum-rich corner of the ternary phase diagram
was first calculated by Hayes et al. [27]. No ternary parameter was used in this work.

The question whether TiB2 and AlB2 exist in two separate phases or as a solid
continuous solution has not been resolved. Zupanic et al. [28] investigated arc melted
alloys in the triangular composition Al-AlB2-TiB2 and found four solid phases: (Al),
AlB12, AlB2 and TiB2. The AlB12 phase, which is stable at very high temperatures in the
Al-B binary system, decomposes during annealing below 900°C. Both borides AlB2

and TiB2 were found to coexist even after 1000 h at 800°C. Formation of mixed
diboride (Al,Ti)B2 was not observed [29]. Fjellstedt et al. [30] have produced Al-rich
alloys by several different sample fabrication methods. They concluded that only the
maximum solubility of aluminum in TiB2 (up to 0.15 wt% Al) and titanium in AlB2

(up to 0.2 wt% Ti) exists at 800°C, hence a continuous phase (Al,Ti)B2 is not stable.
Based on the entity of this data, the AlB2 and TiB2 phases were modeled in the

work of Gröbner et al. [31] as two separate phases without any solubility. No ternary
phase or ternary solubility exists in this system, no ternary parameter is needed for the
calculation. The complete phase diagram for the Al-Ti-B system can be calculated
from the binary data and the extrapolation. An isothermal section at 500°C is given in
Figure 6. It is important to note that the phase equilibria in the Al-rich corner are not
changed significantly if a homogeneous ideal range of (Al,Ti)B2 solution has not been
assumed. The reason for this is the much higher thermodynamic stability of TiB2

compared to that of AlB2.
When an Al-Ti-B type master alloy is added to an alloy such as A356 (�7%Si),

several intermetallic phases are created. Among these, there is mention made of
intermetallics of the (Al,Si)3Ti [32, 33] and Ti6Si2B [31] type. Ramos et al. [34] carried
out detailed research on the ternary phase Ti6Si2B which belongs to the Ti-Si-B sys-
tem. Thanks to X-rays, this phase is characterized by a hexagonal crystalline structure
with lattice parameters a = 0.68015 nm and c = 0.33377 nm, and it forms a liquid
through the following peritectic reaction: L + TiB + Ti5Si3 $ Ti6Si2B.
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Figure 5.
Grain refining of 356 alloy using different master alloys.
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As shown in Figure 7, which presents a liquidus projection of the Ti-rich part of
the Ti-Si-B system, five regions of primary solidification coexist, namely, Tiss, Ti5Si3,
Ti6Si2B, TiB and TiB2. At 1200°C, the Ti6Si2B phase is formed in two-phase fields: Tiss,
Ti5Si3 and TiB. Solidification ends with an invariant ternary eutectic Tiss + Ti6Si2B +
Ti5Si3, which should correspond to the lowest liquidus temperature in the region
shown in the figure. Based on the invariant reaction temperatures in the Ti-rich side of
the Ti-Si [35] and Ti-B [36] systems, this ternary eutectic temperature should be less
than 1330°C.

Figure 6.
Calculated isothermal section of the Al-Ti-B ternary system at 500°C.

Figure 7.
Projection of the liquidus of the Ti-Si-B system in the Ti-rich part. The symbol Δ marks the composition of the
Ti6Si2B phase.
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1.5.2 Al-Ti

One of the effects of the presence of titanium Ti in an aluminum alloy is the
reduction in grain size. However, this reduction is no longer achievable in pure
aluminum since the number of grains per unit length increases, and consequently, the
size of the grains also increases as shown in Figure 8. This size becomes almost
constant when the content in titanium is between 0.08% and 0.13% before it begins to
increase again with increasing percentage of titanium [36].

Grain refinement in aluminum alloys by the addition of Al-Ti master alloys has
been widely applied and studied in recent years. The grain refining mechanism by Al-
Ti is not much doubted and can be explained by the action of Al3Ti particles as
heterogeneous nucleating centers [37] as well as by the peritectic theory. The size,
morphology and quantity of the nuclei of the different microstructures of the Al-Ti
master alloy seem to be important factors in determining the degree of grain refine-
ment. The efficiency of the grain refiner depends on its chemical composition and its
processing parameters such as the maintenance at such a temperature, the contact
time, the mechanical agitation and the rate of cooling. To show the effect of increasing
the percentage of titanium, Simensen [38] investigated a series of Al-7%Si alloys with
a cooling rate of the order of 1°C/s. Al-10%Ti rods were added to the liquid metal
making alloys with Ti in the range of 0.01–0.18%Ti. The cooling curves showed that at
first the grains began to grow at some supercooling. The gradual addition of titanium
increased the growth temperature of the alloys according to the following equation:
Tgrowth = 613.2°C + 30.2%Ti (by weight). As for the grain size of the alloys, it was
reduced from about 2000 μm to 250 μm when the titanium content increased from
0.01% to 0.12%. The best results were obtained when the Al3(Ti,Si) phases were
nucleated on the TiB2 particles during cooling, whereas the aluminum grains which
form on the Al3(Ti,Si) intermetallics yield the fine-grained material.

On the other hand, Li et al. [39] investigated the effect of various microstructures
on grain refinement by Al-Ti master alloys synthesized at high temperature by mixing
aluminum with titanium. The results of their work showed that the variation in
experimental parameters, such as the stoichiometric ratio of the initial powders, the
particle sizes of the powders, the use of fluxes, etc., led to the formation of various
structures of the master alloys, in particular sizes, morphologies and quantities of

0.04 0.08 0.12 0.16 0.20

Figure 8.
Number of grains per unit length as a function of Ti content in pure aluminum.
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Al3Ti particles. The intermetallic particles showed needle-like morphology in the lack
of aluminum powder in the initial mixture which was related to the higher reaction
temperature (Figure 9a). The same particles had needle-like and blocky forms at the
same time (mixed morphology) which resulted from the lower reaction temperature
(Figure 9b). Block-like Al3Ti crystals were formed at the lower reaction temperature
when excess aluminum powder was added to the initial mixture (Figure 9c).

In order to clearly highlight the effect of the increase in titanium on the grain size
and on the growth temperature Tc, Tøndel and Arnberg [40] studied the behavior of a
binary alloy of the Al-10% Si type, with Ti additions through an Al-6%Ti master alloy.
Two series of alloys were prepared: series A cast in a cold mold (0.02–1.5% Ti) and
series B cast in a preheated mold (0.02–0.2% Ti). It was essential to compensate for
the effect of differences in silicon content on the liquidus temperature before studying
the effect of titanium additions on the recorded Tc growth temperature. Temperature
data therefore compensated for the true deviation in Si content from a chosen low
composition, 9.6%Si, in the claim that Ti additions do not change the slope of the
liquidus line of the Al-Si system in small temperature intervals. The calculation was
made with a polynomial that describes the liquidus temperature as a function of the Si
content in hypoeutectic Al-Si binary alloys: Tliq (°C) = 660–5.59Si–0.14Si.

The phase identification clearly shows that when the Ti content is increased,
intermetallic particles will appear in the solidified material. An example of a large Ti
(Al,Si)3 type crystal (�250 μm) is found in a B-series sample. Microprobe analyses of
different samples show that Al3Ti arises when silicon varies from 12 to 13% in the
solution. This may, in fact, be an indication that the Al3Ti particles of the master alloy
have survived in the Al-Si liquid metal which thereby reaches equilibrium composi-
tion. The illustration in Figure 10 suggests that the peritectic composition at 0.15% Ti
is shifted to lower Ti concentrations when silicon is present because the particle is too
large to be a result of exceeding the 0.15% Ti limit by only 0.023% Ti [41–43].

1.5.3 Al-B

The use of Al-B type master alloys (with 1–4%B) to achieve grain refining in Al-Si
alloys is very common since this type of refiner is the most powerful in this type of
alloys [43, 44]. The main particles that favor germination sites are AlB2 (more stable
in Al-Si) and AlB12. The average AlB2 particle size varies with the B content in the
master alloy as shown in Figure 11a. It is obvious that the small additions in B have a
remarkable effect on the solidification process of the alloy. Figure 11b shows the

a b c

Figure 9.
Microstructures Al-Ti master alloys. (a) Master alloy with acicular Al3Ti particles. (b) Master alloy with a
mixture of acicular and blocky Al3Tiparticles. (c) Master alloy with blocky Al3Ti particles.
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effect of boron additions on the first part of solidification of an Al-9.6%Si alloy. The
cooling curve increased by �2 to 3°C when 161 ppm B was added. The addition of B
eliminates the phenomenon of supercooling and recalescence on the solidification
curve.

Several concepts of the grain refinement mechanism of B on hypoeutectic Al-Si
alloys have been adopted: the effect of B grain refinement on the α-Al phase and on
the eutectic silicon with different additions of master alloys at 850°C was studied by
Wang and Bian [45], where master alloys formed under different temperature condi-
tions were studied to explore the morphologies of the AlB2 particles; the sample slowly
cooled with the addition of grain refiner was made to explore the mechanism of
refinement. The master alloy can refine not only the α-Al dendritic phase, but the
eutectic silicon. Theoretical analysis indicates that although the AlB2 particles do not

Figure 10.
Growth temperature Tc and grain size as a function of Ti.

(a) (b)

Figure 11.
(a) Average particle size of AlB2 as a function of the content of B in Al-B, (b) cooling curve of the Al-9.6%Si alloy
as a function of the added B.

24

Recent Advancements in Aluminum Alloys



participate directly in the pure Al nucleation process in the presence of silicon, they
provide a substrate for the precipitation of a small silicon content on which α-Al will
grow without supercooling. As the temperature decreases to the eutectic line, AlB2

later nucleates the eutectic silicon; AlB2 particles appear in two different morphol-
ogies, namely hexagonal platelet and tetradihedron morphology which depend on
temperature processing conditions.

As grain refining is an important process in industrial practice and has been the
subject of much study, microstructural characterization of master alloys is useful in
monitoring their production to ensure consistency of performance [43, 46]. AlB2

particles appear in master alloys in two different morphologies, namely, as hexagonal
platelets or as a regular tetradihedron. This difference in morphology depends on the
state of treatment. The hexagonal platelet morphology is favored by low temperature
production, the reaction between Al and KBF4 is inactive, and the solubility of B in
liquid aluminum is rather low. The formation of the AlB2 phase is affected by the long
distance diffusion of B atoms, which makes the obvious growth trend of the crystal.
The growth of the AlB2 particle proceeds by the diffusion of B atoms along <1120> at
the edge of the crystal platform, the diffusion rate of B along <0001> is negligible.
The schematic representation is shown in Figure 12.

The tetradihedron morphology is tilted to be formed at high temperature. The
chemical reaction of Al and KBF4 proceeds rapidly at high temperature, therefore, the
content of B in the aluminum liquid bath is higher at high temperature than that at
low temperature. The diffusion of B atoms has relatively little influence on crystal
growth, each plane of AlB2 grows with almost the same speed. The diffusion velocity
of B along <0001> cannot be neglected. When the diffusion velocity of B along <
1120> is a little higher than that along <0001>, the tetradihedron morphology will be
formed as shown in Figure 12b. No evidence that the morphology has an influence on
the efficiency of the refiner was found, however, it seems that the hexagonal plate is
always located in the center of two silicon flakes. The tetradihedron morphology is
tilted to lie at the center of α-Al [43].

Very small additions of boron to Al-Si alloys lead to the precipitation of aluminum
borides. To the Al-Si eutectic liquid, an addition of about 0.01% by weight of B is
sufficient for this effect. It is the dominant feature of the calculated Al-B-Si phase
diagram section at 0.1%B by weight, as shown in Figure 13. It looks like the binary
Al-Si diagram with just AlB2 as the additional equilibrium phase. The other boride,

Figure 12.
Schematic representation of AlB2 morphologies; (a) hexagonal insert, (b) tetra-dihedron.
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AlB12, precipitates out of the liquid at high temperature and high in Si. In order to
completely dissolve 0.1%B by weight, the liquid must be heated above 775°C. Using
the Si-B master alloy, all boride particles should be formed in-situ during solidifica-
tion, presumably in fine distribution and acting as strong nucleation sites. Only the
binary peritectic reaction in the reverse direction, L + AlB12 ! AlB2 is observed upon
superheating at T = 972 � 5°C [41–47]. If AlB2 formation is also suppressed by cooling
Al-Si-B liquid alloys, the metastable phase diagram should be considered. Such a
calculation proves that the relevant phase boundaries in Figure 14 are virtually
unchanged, just the saturation phase AlB2 is replaced by AlB12. This minor difference
is also demonstrated by the calculated ternary eutectic:

L Stable ¼ Alð Þ þ Sið Þ þ AlB2 at 576:9°C and L with 12:5%Si, 0:010%B wt:%ð Þ,
L Metastable ¼ Alð Þ þ Sið Þ þ AlB12 at 576:89°C and L with 12:5%Si, 0:011%B wt:%ð Þ:

Both equilibria are just slightly below the calculated binary eutectic L = (Al) + (Si)
at 577°C and L with 12.5% Si by weight. Due to the slow formation of AlB2 in the liquid
metal, it is very likely that the next stable phase, AlB12, will be formed instead. The
particles found in the center of the grains are in fact B-rich, but it can be difficult to
distinguish between AlB2 and AlB12 by backscattered electron and X-ray mapping
techniques [48, 49]. The work carried out by Gröbner et al. [31] proves that, from the
ternary phase diagram and thermodynamics, the two Al borides could be equally well
formed. The fact that boron is a very efficient grain refiner in Al-Si alloys, but not in
pure aluminum [4], is convincingly explained by the additional presence of dissolved
silicon with a high growth restriction factor [50].

Figure 14 gives an overview of the grain size when the A356 alloy is treated by
three grain refiners. In the absence of any addition, the grain size amounts to about
1850 μm in the base alloy, see Figure 14a. After an addition of 0.08%Ti using the
Al-10%Ti master alloy, the size drops to approximately 800 μm, see Figure 14b.

Figure 13.
Section of the Al-B-Si system calculated at 0.1%B. The composition of the ternary liquid eutectic is 12%Si and only
0.01%B; the temperature is 0.1°C below 577°C of the Al-Si binary eutectic system.
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The aluminum grain size continues to decrease when 0.08% Ti is added using Al-5%
Ti-1%B, see Figure 14c. A minimum value is obtained thanks to the boron-based
refiner (Al-4%B) since the grain size is reduced to 200 μm, see Figure 14d. Adding
excess titanium or boron has no effect on reducing the aluminum grain size. On the
contrary, an overdose of titanium or boron can lead to deleterious effects on the
microstructure of the alloy, and consequently on its mechanical properties.

1.5.4 Effect of master alloys

The literature concerning the influence of the addition of Al-Ti and Al-B master
alloys on grain refining is very voluminous. Li et al. [51] investigated the effect of the
Ti:B ratio on the solidification structure of a molten aluminum arc which is similar to
the welding arc process. Al blocks were prepared, a hole with a diameter of 3.5 mm
and another with a diameter of 7.5 mm deep were drilled in the center of each
aluminum block in order to hold the two types of powder used (Al-Ti and Al-B).
Grain size measurements were made using the linear intercept method, and were

     (a)                    (b)

     (c)                    (d)

2000 μm

Figure 14.
Evolution of the grain size of the A356 alloy: (a) no addition, (b) Al-10%Ti, (c) Al-5%Ti-1%B, (d) Al-4%B.
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conducted at the edge, middle and center positions of each weld. The results are
plotted in conventional form in Figure 15. This plot shows a minimum grain size at
about 0.07% Ti.

Such a minimum has never been reported previously in welding or casting. How-
ever, one must be careful when interpreting such graphs because the Ti:B ratio also
affects the performance of grain refiners.

The benchmarks shown in Figure 15 are obtained for different Ti:B ratios. The
minimum occurs when the Ti:B ratio approaches an atomic ratio of 2:1, which is the
stoichiometric ratio for the formation of TiB2 and the highest mole number of TiB2 in
the solder. Thus, it is concluded from these data that a stoichiometric TiB2 is the most
effective compound for a good grain refinement of aluminum under these experi-
mental conditions. This disagrees with a few previous reports [52] which point out
that excessive Ti is necessary for good grain refining under casting conditions.

1.6 Theories of grain refining

Grain refining is an important technique for improving the properties of aluminum
products. Various explanations have been presented in order to provide, a suitable
mechanism for grain refining such as nucleating particle theories and phase diagram
theories. Both categories of the theories are about the two types of particles present in
Al-Ti-B master alloys. Particle theories or boride theory suggest that nucleation occurs
on the borides in the master alloy (TiB2, AlB2 and (Ti,Al)B2), while phase diagram
theories explain grain refinement by nucleation on the TiAl3 properitectic phase.

1.6.1 Particle nucleation

Cibula [53] proposed that nucleation is produced on borides or carbides when the
latter are present. Borides are added by a master alloy, whereas carbides are formed by
a reaction of residual carbon present in the liquid metal with additional titanium
which results in a TiC-like form. The nucleation behavior of all borides can be

Figure 15.
Effect of of Ti and B additions on the average grain size.
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discussed concurrently, since TiB2 and AlB2 are known to be isomorphic and hexago-
nal, with lattice parameters changing only slightly, having a = 0.30311 nm and
c = 0.32291 nm, and a = 0.3009 nm and c = 0.3262 nm, respectively. The boron mixed
phase is formed by replacing titanium atoms in the lattice with aluminum atoms. The
stability of the (Al,Ti)B2 phase is not known; however, it is thought to convert to TiB2

after a long hold time. Figure 16 shows the crystal structure of these two locations
[54, 55].

When the Al-Ti-B master alloy is added, the titanium is present in hypoperitectic
amounts (less than 0.15% Ti, Figure 16), where boron particles are often found at the
grain centers, with titanium-enriched dendrites growing outside of them. This evi-
dence suggests that borides nucleate in the α-Al phase. However, for other reasons,
borides were thought to be less efficient nucleation sites than Al3Ti. In the master
alloys, the borides are pushed or rejected towards the grain boundaries while the
aluminides are at the centers of the grains [21]. Recently, Schumacher and Greer [55]
confirmed that borides are pushed to grain boundaries and no grain enhancement is
observed when there is no dissolved titanium. Additionally, borides are known to
need some supercooling to nucleate aluminum, while aluminides need none.

Al3Ti particles are known to be strong nucleating bodies. If titanium is present at
hypo-peritectic concentrations, a dramatic grain enhancement is observed. Al3Ti are
found in the center of the grains at concentrations where they are stable, and multiple
orientation ratios have been recognized between Al3Ti and the aluminum matrix [49].
Obviously, it can be concluded that Al3Ti is a better nucleant than TiB2. Phase diagram
theories have been developed to explain how Al3Ti could be an active nucleant with
hypo-peritectic compositions.

1.6.2 Theory of phase diagrams

The theories in this category are grouped under this heading because each theory
suggests that the grain refinement is caused by a peritectic reaction on the primary
Al3Ti particles. In general, it has been suggested that a peritectic point shifts at low
titanium concentrations (e.g. 0.05% Ti) caused by the addition of boron, and that this
is the reason for the grain enhancement [54]. Therefore, it has generally been assumed
that there is a peritectic Al-Ti-B ternary, and speculations and theories have been
based on this assumption. The first attempt to explain the grain refining mechanism
dates back to 1951. Crossley and Mondolfo [49] proposed a peritectic theory based on
the peritectic reaction in the phase diagram of the Al-Ti system as:

Liquidþ TiAl3 ¼ α� Al solid solutionð Þ:

B

Al or Ti

Figure 16.
Crystalline structure of AlB2 and TiB2.
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It is reasonably clear that the titanium aluminum crystals added by the master alloy
are active nucleants and that the observed fading is due to the dissolution of these
nucleants with time. Davies et al. [56], and Maxwell and Hellawell [57] observed TiAl3
particles at the center of the grains of the α-Al dendritic phase. The cooling curves
published by Arnberg et al. [58] also support the order of nucleation, i.e., they show no
supercooling but a nucleation temperature (Tn) above the melting point (Tf) of the liquid
metal. This observation implies that nucleation occurs by a peritectic reaction around the
peritectic temperature (665°C)which is higher than themelting point of pure aluminum.

Although the peritectic theory successfully explains the behavior of Al-Ti type master
alloys, no consensus has emerged to explain the increased efficiency of commercial grain
refiners containing titanium Ti and boron B. The authors of the peritectic theory suggest
that the improved performance of boron is due to the shift of the peritectic composition
from 0.15% Ti towards the aluminum end of the phase diagram, which ensures the
thermodynamic stability of TiAl3 at low levels of addition of Ti (�0.02%). Determined
phase relationships show that the solubility of TiAl3 is practically unaffected by the
presence of boron B. However, contrary to these thermodynamic predictions, Mondolfo
et al. [48] obtained experimental data indicating the effect of boron by shifting the
peritectic to the Al-rich end of grain seems to be far from being achieved. Figure 17
presents the aluminum-rich part of the Al-Ti system diagram which clearly shows the
domain of existence of the different phases with their formation temperatures.

1.6.3 Theory of peritectic transformation

This theory was very popular in the late 1980s and early 1990s supported by Vader
and Noordegraaf [59], and Bäckerud et al. [60, 61]. This theory assumes that TiAl3 is a
stronger nucleant than TiB2. Therefore, it tries to explain how borides could slow
down the dissolution rate of TiAl3 when an Al-Ti-B master alloy is added to the liquid
aluminum bath, so that the more powerful nuclei remain active longer. It suggests that
the borides form a shell around the aluminides and therefore slow down the

Figure 17.
Al-Ti binary diagram (Al rich corner).

30

Recent Advancements in Aluminum Alloys



dissolution of the aluminides as the diffusion must proceed through the boride shell.
The finally dissolved aluminide leaves a liquid cell inside the boride shell, approxi-
mately peritectic in composition. Peritectic reaction takes place to form α-aluminum
and growth occurs from there. A schematic representation of the peritectic reaction is
shown in Figure 18.

Although this theory appears to fit experimental results, there is strong evidence
against it, particularly that described by Johnsson et al. [62]. Borides are very stable in
liquid aluminum alloys, compared to TiAl3 particles, to hypo-peritectic titanium com-
positions (� 0.15% Ti by weight). The peritectic theory suggests that borides are more
soluble than TiAl3, because the borides must dissolve in the liquid bath so that they can
reprecipitate onto the more slowly dissolved TiAl3 particles in the titanium-rich region
produced by its dissolution - which does not seem possible. Even with boron in the
master alloy, TiAl3 still dissolves after a few minutes at high temperatures.

Johnsson [63] melted and re-solidified a hypo-peritectic alloy and found that the
efficiency of grain refining did not change with the number of cycles. If the peritectic
mechanism were to occur, one would expect the efficiency of grain refining to
decrease with the number of repetitions, as this would further allow the diffusion of
titanium; therefore, the peritectic reaction would cease to occur. Boride shells have
been found in the grains of the aluminum, although it is inconclusive that these were
the site of nucleation. If they acted as nucleants, this was not the dominant mecha-
nism, as more often boride particles were found in the grain center at hypoperitectic
concentrations of titanium. Therefore, the evidence suggests that the peritectic
mechanism did not work.

1.6.4 Theory of hyper-nucleation

Jones and Pearson [5] assumed the concept of hyper-nucleation theory at the
TiB2/liquid metal interface. They proved that when titanium is in excess, the titanium
atoms segregate at the TiB2/liquid metal interface, providing a stabilized layer of
atoms on the surface of the TiB2 crystals. This layer, being a full solution of Ti and Al,
was predicted to remain stable above the melting point of pure aluminum, i.e., it exists
in the liquid metal before casting. During cooling, such a layer will allow the growth of
the primary α-Al phase without any supercooling. Although this concept seems the
most promising, no experimental evidence is there to support it. Figure 19 presents a
model of the hyper-nucleation theory [5, 64–66]:

Figure 18.
Schematic presentation of peritectic reaction.
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1.6.5 Duplex theory of nucleation

Mohanty et al. [67–70] suggest that the formation of Al3Ti is caused by a concen-
tration gradient of titanium towards the boride particles, constituted by an activity
gradient towards the borides. Due to the local equilibrium near the borides, the Al3Ti
would be stable and could subsequently nucleate in the α-Al phase, as for alloys whose
titanium is found in hyper-peritectic concentrations. Jones [70] supported this tita-
nium gradient theory of segregation, but there is no conclusive evidence that a tita-
nium gradient exists. As early as 1977, Naess and Berg [71] tried to suggest that there
would have been a high concentration of titanium around the borides in the liquid
pool, but their evidence showed nothing more than the predicted solute profile on the
solidification of an Al-Ti alloy.

The duplex theory of nucleation is not totally new. In 1971, Bäckerud [72] claimed
to have observed Al3Ti on boride particles and to have proposed a series of reactions to
explain this. It was also mentioned by Cornish [52], who proposed that the role of
borides is to facilitate the formation of Al3Ti at hypo-peritectic concentrations due to a
variation in the peritectic composition, which then induces nucleation via the
peritectic reaction. They used some of the same arguments as Mohanty et al. [69]
about the segregation of titanium to borides. If the TiB2 particles nucleate the Al3Ti
particles, which, in turn, nucleate the α-Al, then the mechanism is still unexplained,
especially since the difference in the expected nucleation temperatures and the non-
application of the theory to the alloys of foundries are always a problem. If Al3Ti
particles form on the surface of TiB2 particles that increase nucleation, then it is the
borides that act directly or indirectly as nucleation sites.

1.7 Effect of Si

The alloy composition effect seems to be quite complex. It has been documented for
the Al-Si [73–78] system that the grain size first decreases with increasing the alloying

[a] [b]

[c] [d]

Figure 19.
Schematic presentation of the theory of hypernucleation. (a) Excess of Ti (Ti/B > 2.21) in solution, (b) Ti
segregation at the interfaces TiB2-liquid metal, (c) formation of layers of TiAl3 on TiB2, (d) nucleation of α-Al
through peritectic reaction.
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concentration and then, after reaching a minimum, the grain size increases with further
additions. The minimum is obtained near the maximum solubility limit and some
researchers have therefore reported the minimum in grain size at a maximum range of
solidification, and therefore at the maximum time of solidification, suggesting that an
alloy with a wide range of solidification grants a longer time for nucleation. However,
Bäckerud and Johnsson [79] recently suggested that a cellular structure transition to
dendrites with well developed orthogonal branches is responsible for the transition, i.e.
a cellular-dendritic transition during the growth of equiaxed crystals. They proposed
that the transition occurs at a growth restriction factor of 20. This factor is equal to
ΣimiC0,i (ki-1) where m is the slope of the liquidus line, C0 is the composition of the
liquid and k is the equilibrium distribution coefficient for all elements.

In order to identify the effect of increased silicon content on the morphology and
grain size in hypoeutectic Al-Si alloys, Lee et al. [80] used six silicon concentrations, 1,
2, 3, 4, 5 and 8 (wt %) combined with five levels of master alloy (grain refiner) of Al-
5%Ti-1%B. The different samples were solidified in a preheated cylindrical graphite
crucible at a cooling rate of 0.7°C/s. The results indicate that grain size is controlled by
a combination of nucleating power and constitutional conditions at the growing crys-
tal interface. Figure 20(a) and (b) illustrate the evolution of the grain size according
to the concentrations of silicon Si and titanium Ti.

The TiSi2 type phases are the main cause of such poisoning. The micrograph given
in Figure 21 proves the presence of these phases. Other researchers have proposed
that they are Al3Ti particles instead of TiB2, which become coated by certain complex
aluminides or silicides formed by the interaction of silicon with Al3Ti. These interme-
tallic compounds may be unable to nucleate aluminum during solidification, since
they have always been observed at grain boundaries instead of grain centers [81].
However, since boron atoms are too light to be detected by energy dispersive X-ray
spectroscopy, the possibility of the existence of borides cannot be ruled out by the
absence of boron in the spectrum. Through X-ray energy dispersive spectroscopy, the
TiSi2 phase was identified by the presence of the high intensity peaks relative to
titanium and silicon elements. As for Figure 22, it illustrates the distribution of the
elements of this phase in a 390 alloy treated with 0.4% Ti and cast after 120 minutes.
The spectrum relating to the TiSi2 phase is given in Figure 23.

1.8 Sr-grain refiner interaction

The addition of strontium as a modifier in Al-Si alloys causes a transition in the
morphology of the eutectic silicon from an acicular to a fibrous and fine form. How-
ever, strontium can also lead to the formation of a long and columnar α-Al dendritic
phase. The Al-5Ti-1B master alloy is often used as a grain refiner to achieve a fine,
equiaxed grain structure in aluminum and its alloys. The TiB2 or/and TiAl3 particles of
the Al-5Ti-1B master alloy are thought to be able to act as nuclei for the primary α-Al
phase. However, in Al-Si alloys with a high level of silicon (%Si more than 7% by
weight), the grain refining power of the master alloy of Al-5Ti-1B is lower compared
to that of Al-3B and Al-3Ti-3B master alloys [81, 82]. It was therefore thought that the
silicon poisoned the nucleation nuclei. This is mainly related to the formation of
silicon and titanium above the TiAl3 particles, and Kori et al. [83] specified that this
poisoning effect could be neutralized by increasing the level of addition of the main
alloy of Al-5Ti-1B. The sequence of the grain refiner and modifier addition has a
significant influence on the grain grade of the α-Al dendritic phase when compared to
the combined addition as shown in Figure 24.
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When the liquid bath is treated with both a grain refiner and a modifier, the
evolution of the Sr concentration in the liquid metal is highly time dependent for higher
levels of addition of the Al-Ti-B grain refiners, Ti-B Figure 25 shows this phenomenon.
The zero-time concentration is the level of Sr in the liquid aluminum before the addition
of either Al-Ti-B grain refiner. After addition, a weakening of Sr is observed for the two
liquid alloys; the liquid bath treated with Al-1.5Ti-1.5B master alloy loses its Sr much
faster, especially at the initial stage after addition, compared to the liquid bath treated
with Al-5Ti-1B. This explains the rapid loss of eutectic modification in the liquid alloy
treated with Al-1.5Ti-1.5B, it means that there is insufficient free Sr in the liquid
aluminum tomodify all the eutectic silicon. The rapid loss of strontium can be explained
by external oxidation and vaporization as shown in Figure 25 [84].

As discussed before, boron B is the most efficient refiner for the A356 alloy. With
the addition of strontium and the latter’s reaction with boron B, the overall percent-
ages of strontium and boron capable of acting as a refiner and modifier respectively
decrease and therefore would not be as effective as those obtained when each is added

(a)

(b)

Figure 20.
(a) Average grain size as a function of Ti content for 6 levels of Si, (b) same as in (a) using Al-5%Ti-1%B master
alloy.
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individually. In order to demonstrate the resulting reaction, strontium and boron were
added to pure aluminum, and the casting was carried out under the same conditions as
those existing during individual addition. Microstructural analysis proved that

Figure 21.
Backscattered electron micrograph identifying the formation of TiSi2 phases in a 390 alloy (�17%Si) treated with
200 ppm Sr, 0.4%Ti and cast at 750°C after 120 minutes of dwell time.

           Al

iTiS

Figure 22.
Distribution of aluminum, titanium and silicon in a 390 alloy treated with Al-10%Ti, 200 ppm Sr, showing the
TiSi2 phase and cast after 120 minutes of holding time.
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Figure 23.
Dispersive X-ray (EDS) analysis of the TiSi2 phase proven by high intensity peaks.
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Figure 24.
Analysis of grain size of 356 alloy treated with Al-1%Ti-3%B master alloy: 1%Ti and 0.02%Sr [83].

Figure 25.
Sr concentrations as a function of time after AlTiB grain refiners were added to achieve 0.15% Ti in the liquid
bath. The broken line refers to the case of Sr modification without addition of any grain refiner.

36

Recent Advancements in Aluminum Alloys



strontium and boron react with each other forming compounds of the SrB6 type
according to the following reaction: Sr + 6B ! SrB6. This last product is confirmed by
the results obtained by Li et al. [85] and Nafisi [86]. This type of compound, whose
name is strontium hexaboride, is characterized by a very high melting temperature of
2500°C [87] with a weight ratio of Sr:B equivalent to 1.35:1.

This reaction proves that each atom of Sr could react with six atoms of B and
consequently form a compound SrB6. The intermetallics SrB6 and TiB2 could act as
nucleants but it should be considered that the consumption of boron in the compound
is one of the main parameters. It means that AlB2 consumes less amount of boron in
comparison with SrB6. Considering a constant amount of boron, the density of nucle-
ating particles is much higher in the case of AlB2 since a lower number of boron atoms
is associated with this compound. Therefore, the greater the number of effective
nucleants, the greater the probability of having a smaller grain size. Using dispersive
X-ray (EDS) analysis, the SrB6 phase was identified and confirmed by high intensity
peaks. The strong affinity between strontium and boron is shown in Figure 26
obtained using the electron microprobe. The size of SrB6 compounds varies between
5 and 10 μm, and their color is a mixture of dark gray and white [88].

Figure 26.
Mapping produced by the electron microprobe showing the association of strontium and boron in pure aluminum
forming SrB6 type phases [88].
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2. Conclusions

Based on the presented survey of literature on the fundamental aspects of grain
refining of Al-Si cast alloys, the main points could be summarized as follows:

1.Of primary importance are the grain size, the dimension of the dendritic cells or
the interdendritic space, and the shape and distribution of the eutectic mixture,
which consists mainly of silicon. A fine, equiaxed grain structure is always
desired since a finer grain size promotes improved casting strength by
minimizing shrinkage, hot cracking and hydrogen porosity.

2.To achieve grain refining, the most widely practiced way is to introduce effective
seed nuclei into the liquid metal using Al-Ti-B grain refiners which usually
contain active seeds like TiAl3, TiB2, AlB2 or (Al,Ti)B2.

3.The introduction of titanium in Al-10%Ti leads to the formation of ultrafine
intermetallics of the (Al,Si)3Ti type. The latter constitute nucleation sites for the
α-Al phase. When added to liquid metal, the Al-4%B master alloy shows
remarkable potency in comparison to other grain refiners.

4.For master alloys, residual titanium in alloy A356 reacts with boron B to form
TiB2 which subsequently acts as an active seed alongside AlB2 for the α-Al phase.

5.The addition of strontium and the grain refiner Al-5%Ti-1%B shows a certain
affinity between the modifier and boron. This affinity, limited by the outer
surface of the TiB2, partially deactivates the effect of the refiner since the
minimum granular size is obtained for a Ti content of 0.2–0.3% by weight,
compared to that obtained with the addition of Al-10%Ti and strontium.

6.The introduction of AlB2 in Al-4%B form in alloys containing traces of titanium
leads to the reaction between boron and titanium to form TiB2. Grain refining is
achieved primarily with TiB2 rather than AlB2, or both, depending on the
titanium content in the given alloy.

7.In the presence of strontium, boron reacts with strontium to form compounds of
the SrB6 type which is supposed to be a very weak refiner.

8.The affinity between titanium and boron is higher than the affinity existing
between boron and strontium. Note also that B does not react with Si unlike
titanium, however, it leads to better results.

9.The presence of excess silicon in Al-Si alloys leads to a strong interaction between
titanium and silicon. This high affinity leads to the formation of (Al,Si)2Ti-type
phases, weakening the nucleation opportunities of the dendritic phase and
consequently reducing the degree of grain refinement. Titanium disilicide phase
tends to form more when the liquid metal is held for long periods.
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Chapter 3

Quality Assurance of Aluminium 
Extrusion for 6xxx Series Alloys
Ying Pio Lim and Heng Kam Lim

Abstract

Aluminium extrusion of 6xxx series alloys is gaining more and more importance 
and indispensable in the market for applications in automotive (great potential for 
EV in the near future by 2030), construction, architecture, electronics, marine and 
rail transport. The 6000 series alloys can be divided into soft alloy (e.g. 6060, 6063) 
and hard alloy (e.g. 6005A, 6061, 6082) for different applications based on customer’s 
requirements for tensile strength, yield strength, elongation, surface finishing (pow-
der coating and anodizing) and heat treatment. To produce good quality extrudates 
with quality that can meet customer’s stringent requirements has become a challeng-
ing job nowadays for extruders in developing country like Malaysia. In order to be 
competitive in the global market, the products have to be produced at minimum cost 
and just-in-time to meet the committed delivery date. This will require a very good 
implementation of quality system in the production to ensure customer’s satisfaction 
is achieved from time to time. Based on the real experiences of working in an inter-
national scale extruder, the effective methods taken to improve product quality and 
productivity are elaborated throughout the chapter.

Keywords: aluminium alloy, extrusion, defects, quality assurance, material handling

1. Introduction

Aluminium alloy can be defined as a substance having metallic properties and 
composed of two or more alloying elements of which the base metal is aluminium. 
Most aluminium alloys contain 90–96% aluminium, with one or more other ele-
ments added to provide a specific combination of properties and characteristics. It is 
quite usual to have several minor alloying elements in addition to one or two major 
alloying elements to impart special fabrication or performance characteristics for the 
sake of manufacturability and desired mechanical properties. The 6xxx series alloys 
have both magnesium and silicon as their main alloying elements, which combine 
as magnesium silicide (Mg2Si) following solid solution [1]. Alloys in this series are 
heat treatable. This series of aluminium alloys can be divided into soft alloy and hard 
alloy (jargon used by production people to indicate the tensile strength of the alloys, 
soft alloy has maximum tensile strength 215 MPa, while hard alloy has maximum 
tensile strength 310 MPa). Examples of soft alloy are 6063, 6061 and 6463, while the 
hard alloy encompasses 6061, 6005A and 6082 for the most common applications 
in consumer products, architectural structures and construction. Figure 1 indicates 
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the category of 6xxx series alloys according to their silicon and magnesium contents, 
which corresponds to their mechanical properties.

The 6xxx series alloys are especially suitable for hot extrusion process because of 
its extrudability to form solid or hollow/semi-hollow cross sections. The alloys are 
also heat treatable with artificial aging process to achieve the desired tensile strength, 
yield strength and elongation. There are a number of reasons why the 6xxx series are 
popular for various applications in extruded profiles, as stated below [2]:

• Density approximately one-third that of steel and has high strength-to-weight 
ratio with tensile strength ~340 MPa for 6082-T6 alloy.

• Good electrical conductivity of 48–50 IACS for alloy containing ≥97.6% Al  
and ≤0.19% Fe.

• Good thermal conductivity to be made as heat sink.

• Good corrosion resistance.

• Good ductility and workability (due to the fcc structure) for fabrication by roll-
ing, stamping, drawing, spinning, roll forming, forging, and extrusion.

• Cryogenic toughness, as the fcc structure does not become brittle at low 
temperatures.

• Variety of surface finishes ranging from clear to colour anodized, colour powder 
coating and PVDF coating (polyvinylidene fluoride) for functional or cosmetic 
applications.

• Nontoxic for food storage, cookware, and food processing applications (RoHS 
and REACH Compliance).

• Recyclable for sustainable manufacturing.

Figure 1. 
6xxx series alloy types and their Magnesium and Silicon weight percentages.
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In this book chapter, the focus is on conventional direct hot extrusion process. The 
word “hot” is referring to the preheating of the billet before the direct extrusion pro-
cess. The basic process consists of forcing a preheated billet of round shape which is 
loaded into a container by a hydraulic ram with dummy block at its front end. The ram 
is linked to the main piston of a main cylinder powered by hydraulic system [3]. The 
aluminium billet can be preheated from 400 to 500°C in a preheat-oven designed with 
3–4 heating zones. The temperature settings are in increasing trend from inlet zone to 
outlet zone. The billet will be forced to squeeze through a die which is also preheated 
to about 450–480°C to form a uniform cross-section profile either in solid, hollow or 
semi-hollow shape according to specific product design. The extruded profile will be 
subjected to air- or water-cooling process according to its temper requirements [4]. 
The run-out table on which the profile is placed is installed with cooling fans to blow 
the profile for continuous cooling process until it is stretched to straighten the mate-
rial in the long length (ranging from 20 to 40 m). The stretching process also serves 
to impose strain hardening effect on the material for subsequent effective natural and 
artificial aging to achieve the desired mechanical properties. The stretched profile will 
be moved by conveyor to the cutting station to be cut into the desired order length 
(with tolerance of ±5 mm) and the material will be loaded into trolley and stacked 
into layers separated by spacer bars.

2. Defects in extrusion

Aluminium alloy in extruded form is easily subject to damage due to external 
forces because the surface is relatively soft and requires extra precaution to prevent 
the unwanted damage that can cause the extruded profile deemed to be a reject (unac-
ceptable product that does not fulfil standard or customer specifications). The defects 
in extrusion can be caused by multiple factors in the process related to the 4Ms in root 
cause analysis technique, namely man, machine, material and method. There are four 
main reasons that contribute to the defect’s formation in the extruded products [5].

i. Defects in incoming billet (e.g. hydrogen contents exceed 0.2 cc/100 g, lack of 
homogenization—β to α transformation <80%, inclusion, scales/flakes, internal 
crack, undissolved oxides etc.).

ii. Physical defects in die-set (e.g. mandrel offset, die bearing worn-out, die aper-
ture oversized cause dimensional inaccuracy etc.).

iii. Extrusion process parameters not optimized (e.g. inappropriate extrusion pres-
sure, billet temperature, ram speed etc.).

iv. Post-extrusion operations suboptimization (e.g. rough material handling, insuf-
ficient stretching, saw chips at cutting machine caused scratches etc.).

A local extruder from Malaysia (company’s name is not to be disclosed) is willing 
to share with the authors the extrusion rejection data from Jan till Sept 2022. The data 
is shown in Figure 2.

The top 10 defects in extrusion in descending order are dented surface, bubble/
blister, tearing, scratches, die broken, water mark, streaking line, shape out, backend 
defect and soda mark.
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To ease understanding, each of the defects are briefly explained below and illus-
trated with pictures.

i. Dented. Depressions appeared generally on the runout face of the extruded 
profile, Figure 3.

ii. Bubble/blister. Raised areas on the profile surface most often aligned in the 
extrusion direction due to subsurface gas expansion, Figure 4.

iii. Tearing. Fine transverse cracks or tears associated with areas of high friction 
such as edges. They occur when exit temperature or speed is too high, Figure 5.

Figure 3. 
Dented mark on extrudate.

Figure 2. 
Top 10 defects of extrusion for 9 months.
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iv. Scratches. Superficial marking on surface due to interfacial contact between alu-
minium and other materials, Figure 6. Scratches are undesired in milled finished 
(MF) products if good surface finishing is required. Scratches which is not deep 
(<0.3 mm) are acceptable for products that will be powder coated because it can 
be covered. Light and heavy scratches (above 0.1 mm) are rejected for products 
that need anodizing process because the anodic layer is too thin (25 micron max) 
to cover the scratches. Surface that is subjected to sand blasting and anodizing 
might not be able to eliminate the scratches too.

v. Die broken. When die is broken at the die plate bearing area, a non-perfect 
cross-sectional shape will be formed. The defect will be continuous along longi-
tudinal direction of extrusion, Figure 7.

Figure 4. 
Bubble or blister appearing on extrudate surface.

Figure 5. 
Tearing.
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vi. Water mark. Heavy oxidation of surface associated with entrapment of mois-
ture. Could be due to direct contact with rain water, residual cooling water from 
extrusion machine’s cooling box or condensation, Figure 8.

vii. Streaking lines. They are bands or lines appearing darker or lighter, brighter or 
duller, in colour and tone different from the remainder of the surface, Figure 9. 

Figure 7. 
Die broken.

Figure 6. 
Scratches.
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The basic cause of this streaking is a difference in microstructure between the 
streaked portion of the extrudate surface and the remainder, which leads to a 
difference in response in etching and anodizing.

viii. Shape out. Basically, it is dimension out of spec, linear or angular dimension, 
Figure 10. This is more inclined to happen on hollow profiles than solid profiles. 
Deflection of mandrel due to high pressure is one of the major causes.

Figure 8. 
Water mark.

Figure 9. 
Streaking lines.
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ix. Backend defect. A coned shape defect formed at one third of the extrudate due 
to the centre material of billet flowing through the die while the billet outer skin 
remains stationary at the container wall. This forms an annular separation in the 
cross section where there is a separation of inner core and external zone. After 
anodizing, it forms dull line underneath the surface, Figure 11.

x. Soda mark. It is not corrosion or water mark but it will appear after anodizing. 
If material was delayed for rinsing after etching, the residual caustic soda on the 
surface can cause soda mark, Figure 12.

Figure 11. 
Backend defect.

Figure 10. 
Shape out.
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3. Customer’s requirements for extrudates

As an extruder who is highly reputable for its quality products that can meet 
the requirements of global customers with competitiveness in quality, delivery and 
after-sales service, the company is used to gaining the customer’s confidence and 
provide quality assurance by signing agreement with customer for the high volume of 
orders received. The agreement entrusts the company to manufacture and deliver the 
aluminium profiles all according to the terms and conditions contained in the agree-
ment. The company must be ISO 9001 certified and undertakes to manufacture the 
products in strict compliance with all provisions of the agreement signed. Therefore, 
it is necessary for the manufacturer to understand the quality requirements of the 
customer thoroughly and execute effective quality management system to fulfil the 
requirements to ensure customer’s satisfaction is achieved to secure long term busi-
ness relationship.

The extruded products can be categorized into three main categories, namely mill 
finish profiles, powder coated profiles and anodized profiles. In this chapter, the focus 
is on mill finish profiles. The mill finish profiles to be used in painting and anodizing 
applications are required to comply with standards EN 12020-2, EN 755 and EN 573. 
The dimensional, mechanical and surface aspect requirements are usually specified in 
the product drawings and quality documents provided by customers.

Aluminium profiles are not only meant to work as structural support, but more 
importantly they are also for decorative purpose. Therefore, cosmetic criteria for 
surface of the profile are very important. The surface inspection can be categorized 
into three types:

• Primary/main—Visually critical surface directly viewed by observer and forms 
part of the product function, e.g. door frame.

• Secondary—Visible but not critical because observer does not view it directly, 
but it shall be of uniform surface quality, e.g. door edges.

Figure 12. 
Soda mark.
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• Non-visible—Non visible surface which is hidden from normal observation angle.

Typical surface defects characteristics are listed in Table 1 with their inspection 
criteria.

Every extruded profile has a specific material specified in the drawing. The correct 
material must be used (e.g. 6063) and its chemical compositions must be verified 
by spark test (using arc/spark optical emission spectrometry (OES) analyser). The 
chemical compositions must comply with EN 755-2 or ASTM B221-14. The customer 
has the right to cut sample from the delivered lots and send to a third-party laboratory 
to verify its chemical compositions. Dispute will arise if the compositions vary from 
the results stated on the mill-cert of supplier. In that situation, the sample will be sent 
back to supplier for inhouse testing and another third-party testing.

No Defect characteristic Direct view quality Indirect view quality

1 Spot defects (crater, spots, 
solid-, slag-, oxide-
inclusion, pick-up, etc.)

Max 5 defects per meter/per 
side with a diameter of < 1.0 
mm. Defects allowed only if 
not contrasting appearance. 
Distance of defects must not be 
located closer than 100 mm to 
each other in all sides/direction.

Max 7 defects per meter/per 
side with a diameter of < 1.0 
mm. Defects allowed only if not 
contrasting appearance. Distance 
of defects must not be located 
closer than 100 mm to each other 
in all sides/direction.

2 Scratches (linear, 
mechanical damage of the 
surface)

Max 5 defects per meter/per 
side, wide, with a diameter 
of <0.15 mm, length < 15 
mm. Defects allowed only if 
not contrasting appearance. 
Distance of defects must not be 
located closer than 100 mm to 
each other in all sides/direction.

Max 7 defects per meter/per side, 
wide, with a diameter of <0.15 
mm, length <15 mm. Defects 
allowed only if not contrasting 
appearance. Distance of defects 
must not be located closer than 
100 mm to each other in all sides/
direction.

3 Stains and discoloration Not allowed. Not allowed.

4 Roughness, cracks Not allowed. Not allowed.

5 Extrusion line (groove/
grooving)

Allowed only by regular optical 
appearance.

Allowed only by regular optical 
appearance.

6 Mechanical damage of all 
forms (dented, chipped 
off, etc.)

Not allowed. Not allowed.

7 Semi finish related 
irregularities (bumps, 
lumps, streaking lines, 
etc.)

Not allowed. Not allowed.

8 Water corrosion Not allowed. Not allowed.

9 Stop marks (band like 
pattern visible around the 
full perimeter)

Not allowed. Not allowed.

10 Tearing/speed cracks 
(initial crack at edge of die 
bearing and propagates to 
extruded part)

Not allowed. Not allowed.

Table 1. 
Extrusion surface defects characteristic.
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Mechanical property is an essential requirement of the extruded profiles. The 
specifications of mechanical property can be found in EN 755-2 or ASTM B221-14. 
Usually, the supplier has to possess a calibrated static tensile test machine of 100 kN 
capacity to do the test internally. On special request, the test can be done externally by 
a certified test service provider and certified test report is produced. The test results 
will be included in the mill-cert of the product. Usually the ultimate tensile strength, 
yield strength and elongation will be reported to qualify the product. The test speci-
men’s dimensions must follow international standard such as that specified in ASTM 
B557M-15. The mechanical property is related to the temper of the alloy. 6xxx series 
aluminium alloy is heat-treatable. The correct process must be done to achieve the 
desired temper. When the products are supplied for marine applications, the mechani-
cal property requirements will have to comply with either Bureau Veritas (BV) Rules 
on Materials and Welding for the Classification of Marine Units NR216 or American 
Bureau of Shipping (ABS) Rules for Materials and Welding (Part 2). The standards have 
specific test specimen’s dimensions different from that of ASTM. The tests required to 
do include tensile test and drift expansion test (to test compression strength). The most 
common materials used for marine applications are 6061-T6 and 6082-T6.

Dimensional tolerances of the extruded profiles are critical to meet the customer 
requirements as first priority. Malaysia’s extruders are used to following the JIS H 
4100 standard for dimensional tolerances. The standard provides clear guidance on 
linear length, angle, straightness, flatness and twist. Advanced measuring machine 
like Romidot Vision H300 is used to measure the linear and angular dimensions of the 
profiles. The profiles have to be cut and deburred before measurement. Measurement 
of straightness, flatness and twist has to be done on a granite measuring table that has 
to be calibrated for levelling.

Quality can be defined by the degree of consumer satisfaction where the products 
are produced according to all technical specifications stipulated on drawings and 
customer-supplier quality agreement. Quality is also considered as faultless products 
where fewer defects is equivalent to lower costs. Hence, to satisfy customer needs and 
ensure product delivery according to their requirements, it is necessary to find solu-
tions to overcome quality issues by gathering information about the entire production 
chain, analysing it, and making better decisions to implement continuous improve-
ment by using PDCA methodology. It can help companies improve their operational 
efficiency and overall product quality [6].

4. Quality assurance activities in extrusion

The company is specialized in the development and production of aluminium 
profiles for applications in engineering, architectural and industrial works in general. 
The products are supplied to local market and also to global market in South East 
Asia, North America, Europe and Australia. The company's quality policy is aimed 
at absolute customer satisfaction with punctual delivery and meeting the product 
functional requirements. The company's pursuit of excellence is a constant pursuit 
to strengthen business relationship, committed to developing and continuously 
improving the product quality and satisfactory after sales service. Therefore, Quality 
Management System (QMS) is its central pillar and various quality assurance activi-
ties have to be planned and implemented systematically to achieve the quality objec-
tives. The following sub-sections will elaborate activities that have been implemented 
in the production system to ensure the right product quality at the right cost.
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4.1 Control plan

A control plan describes the methods for controlling product and process variation 
in order to produce quality parts that meet customer requirements. Control plans are a 
critical part of the overall quality process. They are living documents that are updated 
as processes change and improve throughout the product lifecycle [7]. The product 
control plan consists of process flow in its second column; therefore, it is also consid-
ered as process control plan incorporated. The control plan is designed specifically 
for a customer who has stringent quality requirements and they will conduct supplier 
audit to confirm that their products have product/process control plan to ensure good 
quality. Technical specifications are specified in the control plan which include process 
parameters, QC inspection criteria and chemical compositions. Control points are the 
location where measurement is done and specific equipment is listed. Related docu-
ment or record is also specified and responsible persons are stated. Figure 13 shows an 
extracted example of control plan (specific data is obscured for confidential purpose).

4.2 FMEA

Failure Mode and Effects Analysis (FMEA) is a guide to the development of a 
complete set of actions that will reduce risk associated with the system, subsystem, 
and component or manufacturing or assembly process to an acceptable level [8]. 
The FMEA concerned here is Process FMEA (PFMEA) which is used to analyse the 
already developed or existing processes. PFMEA focuses on potential failure modes 
associated with both the process safety/effectiveness/efficiency, and the functions of 
a product caused by the process problems. PFMEA is a structured approach designed 
to achieve the following objectives:

• Predict failures and prevent their occurrence in manufacturing and other  
functional areas that generate defects.

Figure 13. 
Product control plan.
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• Identify the ways in which a process can fail to meet critical customer requirements.

• Estimate the Severity, Occurrence and Detection (SOD) of defects.

• Evaluate the current Process/Product Control Plan for preventing these failures 
from occurring and escaping to the customer.

• Prioritize the actions that should be taken to improve and control the process 
using a Risk Priority Number (RPN).

• Minimize loss of product performance or performance degradation.

• Develop Preventive Maintenance plans for in-service machinery and equipment.

A partially extracted example of PFMEA for extrusion process is shown in Figure 14.

Figure 14. 
Extrusion FMEA.
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4.3 Preventive maintenance

The extrusion process is a heavily mechanical process involving the extrusion press 
machine and other accessories that construct the whole extrusion line. Poor preventive 
maintenance will cause extensive unscheduled downtime and reduce productivity. Bad 
condition of machine and accessories will also cause quality problem. The extrusion 
run-out table is mainly consisting of roller and belt conveyor. The fibre material of the 
roller and belt are subject to wear and tear after some time. The aluminium profiles are 
inevitably touching with the roller and belt during material handling process. Poor surface 
of the fibre material will cause scratches on the aluminium profiles. Therefore, the roller 
and conveyor belt must be changed whenever the surface has deteriorated. The extrusion 
press consists of many hydraulic cylinders as its major mechanical force. Oil leakage is 
a major issue and weekly inspection must be done on the main cylinder, side cylinders, 
container cylinders and shear cylinder. The line filters for servo control and oil cooler 
must be changed periodically before they are clogged. The shear blade of extrusion press 
that cut the butt end and the shear blade of billet preheat oven must be replaced when 
the blades are blunt. The water volume and pressure of the cooling chamber (usually 
mist spray at high pressure) must be inspected to be working in good condition because 
effective cooling is important to T6 tempered products. Rough saw cutting station must be 
maintained to be free of chips sticking to the conveyor belt and roller to prevent scratches. 
Operators are asked to always blow the chip off and do thorough cleaning every end of 
shift. Figure 15 below shows the good vs. bad conditions in a typical extrusion press.

4.4 Material handling

Aluminium surface is fragile and susceptible to scratched and dented damages 
when handled improperly. The extruded profile is long ranging from 20 to 40 m. 

Figure 15. 
Good vs. bad conveyor.
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Due to asymmetric contraction after cooling the profile tends to be in banana shape 
on the cooling table. Such a long profile needs two operators to handle at both ends. 
However, sometimes the operator handles it alone at one end, he will flip the profile 
and drag it on the belt conveyor surface, and this inclines to cause scratches and 
dented marks on the profile. When the operators are doing stretching, they have to 
carry the profile to the stretcher clamping platform, they are not able to lift up the 
profile from the table but to drag it for positioning and damages will be incurred if 
the handling is rough. Therefore, the supervisor and line leader are instructed to train 
their operators to do proper material handling on the conveyor table. The profiles 
must also align with proper distance in between them on the conveyor table to prevent 
knocking each other. Figure 16 shows an example of the improper material handling 
and arrangement on the conveyor table that prone to cause damages.

4.5 8D report

Defects detected in the shipment lots to customer will trigger “general customer 
complain report” (GCCR) if a single profile records a defect of 2% out of the total 
delivered quantity. QA department is responsible to answer the GCCR in 7 days after 
confirmation of the defects by sales department. The QA engineer has to investigate 
the complaint by requesting physical sample from customer (for testing purpose) or 
high-definition pictures. Based on the basic information of sale order no and delivery 
no, the QA engineer will extract data from SAP system to obtain the information of 
delivery date, manufacturing date (extrusion, anodizing, powder coating, fabrication 
or packing), alloy type, surface finishing specification, aging report and QC inspec-
tion report. The QA engineer will then do root cause analysis and fill in the 8D report 
in the GCCR reply form. The 8D report consists of 8 sections of team members, 
problem description, containment action, define the root cause, implement the cor-
rective actions, implement the horizontal corrective actions, and verify effectiveness 

Figure 16. 
Good vs. bad materials stacking on conveyor table.
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of actions and preventive actions for recurrence. Sometimes, the company will send 
QC inspectors to customer’s premise to do sorting or rework. If the reject quantity is 
huge, materials might be sent back for rework or scrap. The practice of 8D report will 
be recorded to the drawing file of the profile to alert the production and QC inspector 
of the complaint so as to take precaution in manufacturing and inspection process in 

Figure 17. 
8D report.
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subsequent orders to prevent the recurrence of defects. The drawing file is uploaded 
in the server and the production and QC staff will always access to the latest copy of 
drawing to check historical customer complaint record when that particular profile is 
being extruded. An example of 8D report is shown in Figure 17.

4.6 Quality campaign

The company has launched a quality campaign with the objective to cultivate 
quality awareness among the employees to achieve the company’s goals of quality 
products, excellence of services and on-time delivery as the cornerstone of promoting 
quality culture. Quality campaign involves top and medium management to dissemi-
nate some ideas to the workers to help them enhance their quality awareness. One of 
them is to “look-think-act”. When a worker sees something abnormal, he has to think 
why it happens so? And to take action to do something right. The worker should not 
be ignorant of what is happening around him. He has to be always concerned about 
the machine is running properly, process parameters are correct, quality of products 
are good with minimum rejection, workplace is in proper 5S condition etc. Workers 
are taught to understand that quality is everyone’s responsibility. Quality does not 
happen by chance; it is the outcome of coordinated efforts from all people involved in 
the process. Do not finger pointing but to work together for solutions whenever there 
is problem. After launching the campaign, the campaign committee conducted 5S 
audits at extrusion, anodizing, powder coating and fabrication departments. Research 
has shown that 5S is able to improve productivity and quality. Top winner of 5S of the 

Figure 18. 
Quality with integrity.
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workstation’s workers will be given certificate of appreciation, souvenir and free meal 
coupon. Banner and poster of quality campaign are printed and displayed at many 
places in office and production areas. The slogan of the quality campaign is “Quality 
with Integrity”, Figure 18.

4.7 Training

Aluminium extrusion is a process that requires comprehensive knowledge to 
understand the critical success factors that contribute to quality and productivity. 
The workers are not solely required to do labour intensive job but also to understand 
many technical aspects of the process and product. They have to understand the 
importance of process parameters like billet preheat temperature, die preheat tem-
perature, die exit temperature, container temperature, ram speed, extrusion cooling 
rate and stretching rate. The billet quality and its impact on product’s metallurgy and 
mechanical properties have to be understood also. The QC inspectors must be able to 
identify all extrusion defects and have some basic knowledge of the possible causes 
of defects. The QC inspectors play an important role to verify defects and instruct 
production to stop and change die whenever necessary to prevent over-production of 
defective products. The QA department has taken initiative to write a QC Handbook 
for all QC inspectors to understand and practice. The handbook also serves as a train-
ing material to new staff. The company also conducted internal and external training 
for engineers on the topics of leadership, root cause analysis and problem solving, 
ISO9001 QMS Awareness, Report Writing Skills, etc.

4.8 Extrusion process parameters control

Hot extrusion is a thermal deformation process done on the solid phase of bil-
let. The management of temperature is significant to the extrusion quality and also 
productivity. Different alloys of billet must be preheated according to their individual 
upper limit temperatures. An empirical guideline is given in Figure 19, quoted from 
ASTM B807M-06. The extrusion speed is dependent on the billet temperature. The 
billet temperature is controlled by setting the temperatures of heating zones in the 
billet preheat oven. There is a region where we aim to achieve so we can maximize  
the extrusion efficiency as indicated in Figure 20. The die exit temperature is also 
very important because overheating will cause tearing defect on the surface due 
to localized melting spot when the material passed through the bearing surface; 
while lower exit temperature will cause insufficient cooling slope and hence inferior 

Figure 19. 
Extrusion billet temperature high limits.
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mechanical property. If it is T6 tempered material, minimum cooling rate has to be 
achieved to obtain the desired tensile and yield strength after artificial aging. The 
ASTM B807M-06 provides guideline on exit temperatures and cooling rates for 
different alloys as shown in Figure 21. The die exit temperature can be monitored by 
installing Infrared Radiation (IR) pyrometer at the machine as shown in Figure 22. 
Die exit temperature is correlated with billet preheat temperature and extrusion ram 
speed. These two parameters will be controlled by the operators to achieve the desired 
die exit temperature which is monitored in real-time by the IR pyrometer.

4.9 7S Lean workplace

The company is promoting the awareness of 7S lean workplace. 7S is defined 
as sort (seiri), set in order (seiton), shine (seiso), standardize (seiketsu), sustain 
(shitsuke), safety and spirit. It is a combination of Japanese 5S with two new elements 
of safety and spirit. The objectives of 7S are:

Figure 20. 
Extrusion speed and billet temperature windows. Courtesy R. Peris.

Figure 21. 
Extrusion die exit temperature and cooling rate.
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• Eliminate wastes

• Reduce space used for storage

• Streamline production

• Optimize efficiencies

• Improve safety

• Improve maintenance

• Improve quality and productivity

• Improve morale of employees

It is believed that a company that cares for its employee’s safety will truly care for 
the product quality of its customers. An unsafe workplace will incur threat of life and 
stress of mind on the workers and cause disruption on their performance. Quality 
and productivity both suffer when employees are under stress, unsatisfied, or unable 
to complete their mission due to injury. But when the workplace is safe, it frees up 
employees to focus on their quality and their productivity. The 5S Method is a stan-
dardized process that when properly implemented creates and maintains an orga-
nized, safe, clean and efficient workplace. Improved visual controls are implemented 

Figure 22. 
Extrusion billet infrared temperature recorder.
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as part of 5S to make any process non-conformance obvious and easily detectable [9]. 
Spirit refers to cultivating the interest and passion in 7S through audit, competition 
and reward; also to strengthen the spirit of team work among workers from top to 
down. The audit on safety and 5S will be conducted continuously for one week in the 
department and score will be given to the outcome of audit. The top scorer will be 
announced and presented with honorarium and certificate of appreciation.

5. Conclusions

The product quality of 6xxx series aluminium extrusion is dependent on multiple 
factors in the whole process stream. There are technical and management aspects that 
play the equivalent importance in ensuring quality and customer satisfaction. The 
production and QC teams must first be able to identify the extrusion defects correctly 
and do segregation of defects to prevent them from flowing to downstream process 
and wasting resources to process defective materials. PFMEA is important to guide 
production and maintenance team to take appropriate actions to prevent suboptimal 
process that will contribute to generating defects. There is sufficient knowledge base 
to determine the correct process parameters especially the temperature settings and 
control. The process must be stabilized within the controlled windows and operators 
must be trained to respond to anomaly in process by taking immediate actions to stop 
process and investigating the root cause to prevent continuous generation of defects. 
Historical data shows that the top five defects always dominated by scratches and 
dented damage which are due to improper material handling on conveyor table and 
trolley stacking. Intensive education and training have been provided to workers to 
improve their material handling. Quality can be viewed as a culture to cultivate in the 
workers. The company has taken initiative to launch quality campaign and 7S lean 
workplace campaign to promote the awareness of quality and importance of safety 
and housekeeping on product quality, productivity and morale. It is very important to 
cultivate the attitudes of continuous improvement and lifelong learning because we 
should not feel complacent with our current achievement and forget to make changes 
to cope with emerging challenges coming in our way. The extrusion industry has to 
grow and prosper in a sustainable manner with the commencement from optimizing 
its internal manufacturing process to improve quality, efficiency and reducing waste.

© 2022 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 4

Low- and High-Pressure Casting
Aluminum Alloys: A Review
Helder Nunes, Omid Emadinia, Manuel F. Vieira and Ana Reis

Abstract

Low- pressure casting and high-pressure casting processes are the most common
liquid-based technologies used to produce aluminum components. Processing condi-
tions such as cooling rate and pressure level greatly influence the microstructure,
mechanical properties, and heat treatment response of the Al alloys produced through
these casting techniques. The performance of heat treatment depends on the alloy’s
chemical composition and the casting condition such as the vacuum required for high-
pressure casting, thus, highlighting the low-pressure casting application that does not
require a vacuum. The level of pressure applied to fill the mold cavity can affect the
formation of gas porosities and oxide films in the cast. Moreover, mechanical proper-
ties are influenced by the microstructure, i.e., secondary dendritic arm spacing, grain
size, and the morphology of the secondary phases in the α-matrix. Thus, the current
study evaluates the most current research developments performed to reduce these
defects and to improve the mechanical performance of the casts produced by low- and
high-pressure casting.

Keywords: aluminum alloys, low-pressure casting, high-pressure die casting,
microstructure, mechanical properties

1. Introduction

Low-pressure casting (LPC) involves feeding the molten material, typically a light
metal alloy such as aluminum or magnesium, into the mold cavity by applying a gas
pressure onto the melt surface. This causes the melt to rise through a riser tube, placed
in a crucible, and fill the mold cavity located above the furnace. This mold can be a
permanent one (LPDC, low-pressure die casting) or made of sand (LPSC, low-
pressure sand casting), affecting the solidification rate [1, 2]. This process can be
applied to produce a vast range of components with complex geometries, such as
wheels and engine crankcases [3]. Although this process requires a higher capital cost
than gravity casting, it becomes more competitive by producing better-quality melts
and castings with fewer defects, especially in small or medium series, which has
greater production yield and allows the application of heat treatments, unlike other
processes, such as high-pressure die casting [4, 5].

High-pressure casting is an established casting process for low melting tempera-
ture alloys representing about 60% of all castings used in the automotive industries.
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Due to its high pressure, only permanent molds can be used, and thus it is called high-
pressure die casting (HPDC). This process is characterized by a short process cycle
and high productivity alongside the ability to produce parts with complex geometry,
thin sections, and good surface quality. The major disadvantage of HPDC is the high
cost of the equipment and dies. However, this can be compensated with production
series above 5000–10,000 castings/year [6–8].

This book chapter mainly aims at comparing the process and metallurgical aspects
as well as the mechanical properties of Al alloys produced by LPC and HPDC. Finally,
some of the most recent developments in the casting process are discussed.

2. Metallurgy aspects of casting Al alloys

The properties of Al-Si alloy castings are significantly influenced by several
microstructure features, including secondary dendrite arm spacing (SDAS), bifilms,
and porosities [9].

2.1 Alloys

Aluminum alloys used in casting are often Al-Si or Al-Si-Mg, series 4xx.x and 3xx.
x, respectively. The presence of silicon is critical in these alloys, since it increases the
melt fluidity and decreases the coefficient of thermal expansion, facilitating casting
and improving mechanical properties. The quantity of silicon added to the aluminum
depends on the casting process, regarding HPDC, because of the high solidification
rate, silicon contents required are between 8 and 12%, whereas, in LPSC, silicon
contents between 5 and 7% are typically used. Thus, the most used and researched
alloy for LPC is the A356 alloy, also known as ISO AlSi7Mg0.3 whose chemical
composition can be found in Table 1 [2, 11].

Figure 1 presents an overview of the mechanical properties obtained by various
researchers of the AlSi7Mg0.3 alloy produced by LPC [4, 5, 12–18]. Most of these
researchers applied the heat treatment T6 (solution heat treatment followed by water
quenching and then artificial age hardening) with the aim of enhancing the mechan-
ical properties. In this graph, Quality Index (QI) values are also represented. This
index is calculated through eq. (1):

QI ¼ UTSþ d ∗ log 10 A%ð Þ (1)

where ultimate tensile strength (UTS) is in MPa, A% is the elongation, and d is a
constant dependent of the alloy, and for the Al-Si-Mg system d it is usually 150 [19].

Regarding HPDC, the most widely used alloy is AlSi9Cu3(Fe) which is normally a
secondary alloy, and the chemical composition of this alloy includes some Fe as shown
in Table 2. The effects of the presence of Fe are discussed in the next sections.

Table 3 represents some of the mechanical properties of this alloy defined in the
standard NP-EN 1706 (2000) [10] and some results from different studies [20–22].

Alloy Si Fe Cu Mn Mg Zn Ti Al

AlSi7Mg0.3 6.5–7.5 <0.19 0.05 0.10 0.25–0.45 0.07 0.08–0.25 Bal.

Table 1.
Chemical composition of the AlSi7Mg0.3 (in wt.%) alloy requirements of the EN 1706 standard [10].
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The biggest difference between the properties of LPC and HPDC is the elongation
values, expecting lower values of elongation due to the effect of porosities. For the
AlSi9Cu3(Fe) alloy, the QI can be calculated through eq. 2 [21]:

QI ¼ YSþ 210 ∗ log 10 A%ð Þ þ 13 (2)

2.2 Microstructures

Figure 2 illustrates the microstructure of the AlSi7Mg0.3 alloy produced by LPDC.
The as-cast microstructure (Figure 2 a and b) consist of dendrites of α-Al with the
eutectic phases formed in the interdendritic spaces. In this case, the eutectic is com-
posed of fine Si particles distributed in Al resulting from the eutectic reaction. Finally,
it is also possible to identify coarse dark Mg2Si particles (identified in the figure with
red circles and arrows). As mentioned before, these types of alloys are normally

Figure 1.
State of the art of mechanical properties of the A356 with T6 alloy produced by LPC.

Alloy Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti Al

AlSi9Cu3(Fe) 8–11 <1.3 2–4 0.55 0.05–0.55 0.15 0.55 1.2 0.35 0.25 0.25 bal

Table 2.
Chemical composition of the AlSi9Cu3 (in wt.%) alloy requirements of the EN 1706 standard [10].

UTS (MPa) YS (MPa) A (%) Hardness QI

Standard NP EN 1706 (2000) [10] min. 240 min. 140 > 1 min. 80 HB min. 153

Špada et al. [20] 263 � 3 — 1.9 � 0.1 95 � 2 HV —

Cecchel et al. [21] 262 � 3 158 � 4 1.6 � 0.1 �98 HV 213

Timelli et al. [22] 323 252 3.8 93 HV 387

Table 3.
Mechanical properties of the HPDC AlSi9Cu3(Fe) alloy.
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submitted to a T6 heat treatment. The initial stages of solubilization (540°C for 6 h),
quenching in water (at 40°C), and finally artificial aging (155°C for 200 min) resulted
in a similar microstructure as before. However, the Si particles become coarser and
more rounded, as shown in Figure 2 f. With the increase in aging time and tempera-
ture, the UTS and yield strength (YS) tend to increase and elongation decreases due to
the precipitation of very fine Mg2Si phases, which are not possible to observe by
optical microscopy [9].

Concerning the HPDC parts, the microstructure is more refined than other casting
methods due to the rapid filling and fast solidification. When observing the cross
section of a cylindrical casting produced by HPDC, three zones with distinct micro-
structures can be identified: skin layer, segregation band, and central zone (in the
opposite direction of heat dissipation). When the molten Al is inside the shot sleeve,
the α-Al phase starts to nucleate and grow from the walls that are commonly referred
to as externally solidified crystals (ESCs). During the filling process, these crystals are
forced to the center zone; thus, the solidified microstructure in this zone is composed
of several coarse dendritic ESCs with sizes larger than 10 μm. Inside the die cavity, the

Figure 2.
Microstructure of the alloy A356.2 produced by LPDC: (a) and (b) as cast state; (c) and (d) after solubilization
and quenching; (e) and (f) aged state [9].
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α-Al phase continues to form however in small sizes, normally smaller than 5 μm. The
high cooling rate of the melt due to the interaction with the cooler die cavity surface
creates larger undercooling, promoting rapid nucleation of the α-Al phase and origi-
nating the skin layer. With ESCs continuously growing and partially interlocked
during filling, liquid segregation between the central and skin zones is promoted and
forms an inhomogeneous microstructure zone known as a segregation band. In this
zone, the α-Al phase content is relatively low, and other phases, such as eutectic Si and
intermetallic compounds, are present in larger quantities [7, 23–25].

2.2.1 Fe-rich phases

Fe is the most prejudicial contamination of Al alloys. The incorporation of these
impurities occurs mainly during the recycling process and is impossible to remove by
conventional methods, such as pyrometallurgy. Fe tends to react with Al to form hard
and brittle intermetallic phases with a wide range of chemical formulas, sizes, and
shapes. The β-Al5FeSi is the most detrimental phase due to its plate-like shape that
works as a stress concentration source and fragilizes the alloys. Recycled alloys,
known as secondary aluminum alloys (SAAs), are mainly used in casting due to lower
chemical restrictions needed in these processes when compared with wrought alloys.
However, since the SAAs in the present recycling system is the last sink of the recycled
Al alloys, a scrap surplus is expected to occur soon. Thus, it is necessary to enhance the
applicability of these alloys by reducing the negative effects of the Fe-rich and
obtaining SAAs with mechanical properties comparable to the primary alloys [26–28].

Even though in HPDC, the Fe can aid the ejection of the casting part from the die
and prolong the die life by avoiding soldering between the two materials, and the
brittle Fe-rich phases also negatively affect the mechanical properties of the alloys. In
this process, the Fe-rich phases, specifically α-Al(Fe, Mn)Si can form as early as in the
shot sleeve stage by nucleating in oxides from the melting furnace as Jiao et al. [24]
reported in a study with AlSi10MnMg alloy. Two types of morphology were distin-
guished in this case, and the particles formed in the shot sleeve presented a shape like
a hexahedron with a size of around 14 μm alongside the particles formed inside the
cavity due to the higher cooling rate had smaller sizes, around 6 μm, with a spherical
shape. In another study [7] using the same alloy, three different morphologies of the
Fe-rich phase shapes were identified: polyhedral – a well-defined cube; fine compact –
a claw-like shape; and Chinese script-type shape – similar to a compact skeletal
structure. However, to the author’s knowledge, only a few articles that study the
effects of these phases on alloys produced by LPC or HPDC have been published.
Thus, a more in-depth understanding of the process parameter effects on the forma-
tion of the Fe-rich phases is needed to enhance the applicability of the SAAs.

2.3 Defects

The hydrogen pickup by the melt and the formation of defects such as bifilms are
the two most severe issues in Al-casting. In the LPC process, the alloy is usually heated
and melted under an inert gas flux, such as argon, excessive melt oxidation, and
hydrogen pickup are minimized and may provide a cleaner melt. However, the mate-
rial and all equipment must be dried to remove any moisture, and the slag must be
removed before casting. Since it is possible to vary the casting velocity by altering the
pressure supplied to the melt, this technique is distinguished by smooth filling and
good feeding capabilities. An uncontrolled filling of the mold cavity provokes a melt
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with high turbulence and promotes the entrapment of air. This turbulence also
facilitates the molten metal to fold onto itself, which is unable to join due to the
oxide layer and creates long and thin defects known as bifilms. These surface-
entrained defects have been shown as the primary factor for porosity formation in
LPC [6]. As a result, it is critical to ensure many processes features in the mold
design and casting methods, such as preventing “waterfall” effects, which occur
when molten metal falls into a depression and providing a melt velocity in the mold
cavity of fewer than 0.5 m/s. These are some examples of guidelines established by
Campbell to limit the melt turbulence and the number of defects [3, 7].

In the HPDC process, it is commonly verified that scrap rates of 5 to 10% due to
the occurrence up to 30 specific types of defects can occur. Some of the most common
defects that have a direct effect on mechanical properties are gas porosity and oxide
films, similar to LPC [6, 8, 29]. Other defects can occur when further processes are
applied to HPDC parts, specifically heat treatment. The high pressure associated with
this process creates a high quantity of entrapped gasses in the Al. These gasses are
originated from the decomposition of the die lubricants and from the entrapped air
during the injection. During heat treatment, especially due to the high temperatures of
the solution treatment stage, the gasses expand forming the defect known as blisters
turning the piece unsuitable to use. And thus, commonly the alloys produced by
HPDC are considered as not heat treatable [30].

3. LPC and HPDC methodologies and processing parameters

In this section, process cycles, working parameters, and recent advancements in
LPC and HPDC are presented, as well as some effects of these aspects on the micro-
structure and mechanical properties of the alloys.

3.1 Equipment

The equipment used in LPC and cold chamber HPDC is shown in Figure 3.
A furnace, a mold – which may be composed of metal or sand – and a feeder tube –
which lets the metal rise from the crucible to the mold cavity – are the most common
parts of the equipment required for LPC. Whereas, a shot sleeve with a hydraulic
operated plunger, an intricate, and costly metal die, as well as complex systems for
mold fixing, part ejection, and die cooling are the main equipment components for
cold chamber HPDC [32].

3.2 Process cycle

A comparison between the two process cycles of LPC and HPDC is represented in
Figures 4 and 5, respectively. Some similarities can be observed which are mainly the
stages of filling and solidification under pressure. LPC consists initially of melting the
alloy inside the furnace used for casting or by the loading of already molten Al by a
ladle. When the molten is prepared for casting, the feeder tube and mold are placed on
top of the furnace. By applying gas pressure, commonly with Ar, the melt rises
through the feeder tube and fills the mold cavity. The pressure is maintained during
the solidification of the material inside the mold. When the pressure is released, the
remaining molten material falls back into the crucible. The mold is then opened when
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dies are used, or the sand mold is destroyed by vibrations. Finally, parts can be moved
to post-processing, such as heat treatment and sand-blasting [33].

The HPDC cycle mainly includes five steps, as shown in Figure 5: spraying and
closing of the die; dosing of molten Al into the shot sleeve; injection of the melt by the
application of pressures between 7 and 140 MPa through a plunger; solidification
under pressure; and the opening of the die and the ejection of the part. Then the part
follows to post-process, such as trimming. Mostly, the die is clamped to securely close
together the two halves of the die that are already attached to the casting machine
with enough force to guarantee that the die does not open during injection of the
molten metal or solidification. The surface of these dies must be clean and lubricated

Figure 3.
General scheme: (a) LPC and (b) cold chamber HPDC (adapted from [31]).

Figure 4.
General scheme of the LPC cycle [33].
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to facilitate the ejection of the parts. The molten Al that was previously transferred
into a chamber and part of this is then injected into the die cavity [6].

3.3 Design of die for LPC

One of the most recent studies about LPC is regarding the geometry design of the
transition zone from the feeder tube to the mold cavity. While HPDC’s most recent
studies focus on applying a vacuum in the casting process.

Different numerical studies have been carried out to investigate the effects of
geometrical parameters of the die design and the feeder tube. Yaki [33] evaluated the
influence of cylindrical and cone-shaped riser tubes on liquid rising pressure and
stability. The later geometry promotes a lower liquid pressure during rising and a
more stable filling. This can be observed in Figure 6, which represents the velocity
vector diagram of liquid at 10s of rising. In the case of the cylindrical tube, it is
possible to observe a vortex inside the tube that increases the turbulence of the melt.

Figure 5.
General scheme of the HPDC cycle. Adapted from [31].

Figure 6.
Fluid velocity vector of the cylindrical riser tube (left) and the cone-shaped tube (right) [33].
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This does not occur with a conic riser tube allowing the melt to rise with more
stability.

Bedel et al. [34] evaluated the impact of die geometry on filling dynamics through
simulation and experimentation. Another study [35] observed that the horizontal
section’s geometric parameters of the furnace, the rising tube, and the mold cavity
were responsible for oscillation during filling. According to specific geometric param-
eters studied, the section changes ratio and the section transition height impacted
filling dynamics, concluding that the melt flow will be more unstable by applying
greater pressure ramp and section change between the furnace and feeder tube. Thus,
these researchers [34] aimed at designing an algorithm to be applied in LPC. This
algorithm may be used to construct the filling system to find the proper filling pres-
sure ramp for any complicated component. Some processes on this algorithm consist
of determining the possible orientation of the parts, computation of the maximal
vertical section change for each orientation, and selection of the orientation with the
lowest corresponding value. It can be useful for the determination of the transition
height (trans) and the actual section change (R) in a filling system to be used with a
specific feeder tube. With the 3D map developed by Bedel et al. or any equivalent
Lagrangian model, the maximal pressure ramp can be determined as a function of the
R and trans-values. And thus, the maximum filling pressure ramp and the minimum
filling system height can be determined for any component.

3.4 Vacuum-assisted HPDC

Vacuum-assisted high-pressure die casting (VHPDC) has been studied with the
main purpose of reduction of entrapped air and quantities of oxide films in the cast.
This is done by applying a low atmospheric pressure in the shot sleeve and cavity
during injection and filling [36]. With applying vacuum, some process parameters are
altered, such as the filling time, which tends to be faster. In a simulation study, Kan
et al. [37], employing 500 Pa of pressure and a melt speed of 1 m/s, verified that the
mold cavity under vacuum was filled in 0.95 seconds whereas the filling process took
1.2 seconds in the non-vacuum study. These results for vacuum and non-vacuum real
experiments were 0.6 and 0.8 s, respectively, thus, saving about 21% of the time cycle.

In Figure 7, it is possible to observe the microstructures of AlSi9Cu3(Fe) alloy
produced by VHPDC. These images did not show any grain size deference from
similar microstructures of alloys produced without vacuum, as shown in Figure 8
from the same study [25]. The phases α-Al, eutectic Si, and Fe-rich phases also did not

Figure 7.
Microstructure of the AlSi9Cu3(Fe) cast by VHPDC (a) skin layer; (b) central region; and (c) observation of
micro-porosities [25].
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vary significantly with the usage of vacuum. Thus, the main differences were porosity
levels and thus increased casting integrity. Reducing trapped air allows the application
of heat treatment to the cast without causing the blister defects mentioned above [36].
The pores tended to be fewer and smaller, with a decrease in volumetric porosity,
from 0.34 to 0.09%, and were distributed more evenly with VHPDC. This reduction
in porosity enhanced the fatigue life (about 16%) of the alloy with a 4% increase in
fatigue strength. The static tensile properties were improved slightly, especially UTS
from 314 to 326 MPa and elongation from 2.11 to 2.81% [25]. In another study, Hu
et al. [38] proved that increasing the vacuum levels can indeed improve the YS of the
alloys with the reduction in pores volume.

In a study of the effect of T6 heat treatment on the alloy AlSi11MgMn, Liu et al.
[39] observed a decrease in UTS, while the elongation increased for alloys produced
by VHPDC. In this alloy, the microcracks formed near the large α-Fe intermetallic and
not due to the eutectic Si particles. The heat treatment could change Si morphology
from fibrous particles to more globular shapes. Thus, the type of fracture observed
corresponded to a more ductile behavior than the fracture of the non-heat-treated
alloy.

3.5 Melt treatments

In LPC, some processes should be performed on the molten alloy to guarantee
good melt quality such as grain refinement and eutectic silicon modification to pro-
vide the desired mechanical properties. Grain refining of α-Al grains seeks to improve
the alloys’ mechanical properties, such as ultimate tensile strength and fatigue
strength. It is commonly accomplished by adding B and Ti via master alloys, consti-
tuted by Al-Ti-B compounds, by the creation of Al3Ti and/or TiB particles as nucle-
ation agents during solidification. Although the performance of the latter type is
mostly reported, a recent study revealed the better performance of Al2.2Ti1B-Mg
grain refiner. This master alloy leads to the growth of an Al2.2Ti1B-Mg layer on the
TiB2 particles. Decreasing the mismatches between TiB2 and Al promotes the nucle-
ation of α-Al and results in a higher efficiency refining process than the other master
alloys [40].

Besides, the primary goal of silicon modification is to reduce the size and form of
eutectic particles to increase elongation values. The eutectic silicon modification is
also done by master-alloy additions containing specific elements, such as Sr. or Na,

Figure 8.
Microstructure of the AlSi9Cu3(Fe) cast by HPDC (a) at the surface; (b) central region; and (c) porosities
defects [25].
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that force the nucleation of the eutectic silicon to occur after the formation of eutectic
aluminum. The presence of these elements guarantees that silicon grows between
these α-Al grains and acquires a fibrous morphology, and shorter length [41]. How-
ever, the effect of these additions on defect formation is not yet thoroughly studied,
with several studies showing contradictory observations. Sr additions influence the
number of bifilms and the size of the pores, whereas B stimulates the formation of
defects in the castings’ cores. Furthermore, the Sr combines with the Al2O3 to generate
the spinel Sr.Al2O3, facilitating the oxides to break into smaller ones [4, 42, 43].
Therefore, the additions using master alloys are a significant step in the casting
process to enhance the mechanical properties by modifying the microstructures of the
alloys. Moreover, alloys modified and refined have been shown to present lower
porosities and higher density values than alloys without these treatments [44]. To
avoid excessive porosity originating from the dissolved hydrogen, normally
degassing processes are carried out before casting. Several technologies can be
applied to degas the melt such as rotor degassing with argon and ultrasonic melt
treatment [45, 46].

3.6 Effects of process parameters

In LPC, several parameters have a notorious effect on the properties and quality of
the alloys. Some of these parameters include the mold material, the filling conditions,
and the holding pressure (HP).

The type of materials used in the casting molds affects the cost and quality of the
castings. Sand molds are typically less often used than permanent ones, and the use of
dies allows higher productivity. However, compared to sand molds, this kind of mold
requires a higher capital investment. The mechanical properties might also be
impacted by the type of mold. The refined of α-Al phase, which exhibits smaller
dendritic arm spacing, and eutectic Si particles in the metallic dies to induce higher
values of UTS and elongation. This refinement is attributed to shorter solidification
times [4].

Puga et al. [12] evaluated the effects of mold-filling parameters effects on the
mechanical properties of an LPSC AlSi7Mg0.3 alloy. In this study, two different
pressure-time curves were evaluated for two temperatures (650 and 700°C). The
main difference in these curves is the number of ramps. While one curve only has two
ramps, the other curve presents an intermediate third ramp which controls and
reduces the filling velocity to smaller than 0.5 m/s. This last curve allowed a smoother
filling with lower pressurized speed (Pa/s) and created a casting with fewer defects,
such as porosities and oxides. And thus, the casting produced with a 3-ramp curve at
650°C presented the highest values of UTS (253 � 9 MPa), yield strength
(YS = 215 � 5 MPa), and elongation (2.4 � 0.2%). These authors revealed that the
application of ultrasonic degassing treatment promoted the refinement of the
alloys. This treatment at the lowest temperature (650°C) provoked a more intensive
grain refinement and a more globular microstructure and enhanced the mechanical
properties.

The LPC allows solidification to occur under a certain pressure known as holding
pressure (HP). Several researchers, for example, Timelli et al. [47] and Wu et al. [16],
reported a relation between HP with several characteristics such as SDAS and poros-
ity. The local cooling rate during solidification has an impact on SDAS, which is a
commonly used aspect to determine the grain size in casting alloys. Smaller SDAS
values indicate a more refined microstructure, which improves some mechanical
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properties [48]. Timelli et al. concluded that by increasing HP from 35 to 50 kPa, the
SDAS decreased from 67 to 58 μm and the porosity levels reduced from 0.3 to 0.1%.
On the other hand, Wu et al. studied an even higher HP of 85 at 300 kPa. With the
highest pressure, the researchers obtained SDAS values of 39 � 6 μm (for a cooling
rate of 1°C/s) and 21 � 2 μm (for a cooling rate of 10°C/s). The density of the alloys
also reached the highest values for these conditions. With the smallest SDAS and
lowest porosity levels, the alloy solidified under the highest pressure and cooled faster,
presenting the highest UTS value (293 � 11 MPa) and elongation (14 � 1%) of all the
alloys studied.

It has been widely reported that the process parameters of HPDC affect the
mechanical properties and microstructures of the alloys. Cho et al. [49] observed a
strong proportional relationship between dendrite arm spacing and cooling rate. With
the increase of the cooling rate from 15 to 100°C/sec, the dendrite arm spacing of
AlSi9Cu3 and AlSi11Cu3 alloys reduced to more than half, from 12 to 5 μm and from 8
to 5 μm, respectively.

Santos et al. [50] observed no clear correlation between pressure (35 or 70 MPa)
and injection temperature (579, 643, or 709°C) with the porosity of the AISi9Cu3(Fe)
alloy produced by HPDC. Samples with 70 MPa have the lowest and highest values of
porosity, 3 � 1 (579°C) and 5 � 1 (709°C). Moreover, these parameters had some
effects on the microstructure of the alloys, specifically the α-Al phase. Higher tem-
peratures promoted a refinement of this phase, while at lower temperatures the
dendrite structure tends to be fragmented. The injection temperature seems to have
no significant effect on mechanical properties, but the highest values of UTS were
absorbed with the highest temperature (244 � 12 and 265 � 8 MPa, with 35 and
70 MPa injection pressure, respectively). The elongation values were constant,
between 4 and 5%, in all alloys. However, no correlation between UTS and YS could
be determined with these parameters. In another study of the same alloy, Obieka et al.
[51] concluded that a higher pressure of about 140 MPa provoked an increase in all the
mechanical properties of the alloy: UTS, YS, elongation, hardness, and impact
strength. These results were mainly attributed to the refinement of the microstructure
and the various phases.

4. Conclusions

This book chapter allowed for some direct comparisons between low-pressure
casting and high-pressure die casting, as follows:

• Even though HPDC needs a higher initial investment, usually it is still more
profitable than LPC due to its lower cycle time and higher productivity. The cycle
time is one of the major differences between the processes.

• The microstructure of the most used alloys (for LPSC AlSi7Mg and HPDC
AlSi9Cu3(Fe)) obtained from the process presents some similarities, such as α-Al
dendrites with eutectic particles in-between. However, the HPDC provokes a
refinement of the structure due to the fast filling and cooling causing small values
of SDAS.

• Castings from HPDC tend to show higher quantities of defects than LPC ones,
especially porosities due to the entrapment of air and turbulence during filling.
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• Some of the most recent developments in both processes were analyzed. In recent
studies, algorithms have been defined to establish rules for die design dies for
LPC. In HPDC, applying a vacuum has been studied to improve some mechanical
properties and to allow the application of heat treatments.
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Chapter 5

Additively Manufactured
High-Strength Aluminum
Alloys: A Review
Fahad Zafar, Ana Reis, Manuel Vieira and Omid Emadinia

Abstract

This chapter summarizes the recent advances in additive manufacturing of
high-strength aluminum alloys, the challenges of printability, and defects in their
builds. It further intends to provide an overview of the state of the art by outlining
potential strategies for the fabrication of bulk products using these alloys without
cracking. These strategies include identifying a suitable processing window of additive
manufacturing using metallic powders of conventional high-strength aluminum
alloys, pre-alloying the powders, and developing advanced aluminum-based compos-
ites with reinforcements introduced either by in situ or ex situ methods. The resulting
microstructures and the relationship between these alloys’ microstructure and
mechanical properties have been discussed. Since post-processing is inevitable in
several critical applications, the chapter concludes with a brief account of post-
manufacturing heat treatment processes of additively manufactured aluminum alloys.

Keywords: additive manufacturing, high strength, aluminum alloy, advanced
processing, challenges, defects, advanced composites

1. Introduction

Additive manufacturing (AM) of aluminum (Al) alloys has found industrial appli-
cations and now has become a firmly established field. The number of research
publications regarding Laser Powder Bed Fusion (L-PBF), one of the most popular
AM processes, has shown an exponential increase during the last decade [1]. This
trend is certainly not unpredictable, considering the prior wide industrial use of
conventional Al-alloys due to their lightweight, high specific strength, and corrosion
resistance. AM further broadens the horizon of applications for Al-alloys by its ability
to produce complex geometric shapes with hollow sections for weight reductions [2].
The high-strength aluminum alloys (HSAAs) are particularly interesting in the aero-
space and automotive industries. Special efforts have been directed at AM of HSAAs,
and interesting advances have been made in this field [3, 4], especially in the last
decade. Since the L-PBF technique has attracted the most research interest and shown
promising results with HSAAs, most of the discussion and references made in this
chapter will be focused on L-PBF of HSAAs, limitations in processing, strengthening
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mechanisms, recent achievements, defects in printed materials, and possible strategies
to overcome them.

Directed energy deposition (DED) [5] and wire arc additive manufacturing [6]
processes have also been utilized for the manufacturing of HSAAs. Since DED offers
freedom from restriction to use a closed chamber and offers the possibility of printing
large structures, a brief review of DED of HSAAs is presented in this chapter.

2. Laser powder bed fusion of aluminum alloys

Most of the foundry alloys, especially those designed for casting with near-eutectic
compositions, are readily printable with negligible risk of cracking, sufficient fluidity,
and minimal hot tearing susceptibility (HTS). These favorable characteristics have
attracted immense research interest and led to accelerated development in AM of Al-
Si alloys. But these alloys could only achieve a low-medium yield strength of <300
MPa. In contrast, some wrought alloys (2xxx, 7xxx series) can achieve far higher
(�300–500 MPa) yield strength. However, these alloys have not been found readily
printable by L-PBF [7, 8].

2.1 Limitations in processing

The L-PBF production of HSAAs faces challenges such as characteristic columnar
microstructure eventually promoting hot cracking susceptibility (HCS) [9, 10], wide
solidification range [11], solute loss due to evaporation [12], limited scanning speed to
avoid cracking [13], balling, oxidation, and gas porosity.

Columnar grain growth is typically observed in L-PBF processing of Al-alloys due
to the direction of the maximum thermal gradient [14]. In addition, for a certain set of
L-PBF process parameters, multiple ratios of temperature gradient (G) and growth
rate (R) may exist in the melt pool favoring columnar growth (either in cellular,
planar, or dendritic mode). This columnar growth, more specifically the cellular or
dendritic growth, leads to poor strain accommodation, and degraded liquid perme-
ability eventually leading to high HCS [15] as shown in Figure 1a–f.

Figure 1.
(a–f) Solidification cracking observed in AlMg4.5Mn0.7 (re-printed from [16]).
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HSAAs tend to have a wide solidification range (or freezing interval), which
results in diminished backfill of liquid between coarse columnar crystals [17]. Solute
loss occurs due to high processing temperatures during L-PBF, lower boiling points of
certain alloying elements and their associated higher equilibrium vapor pressures
(than that of aluminum). Table 1 gives numerical figures for the evaporation of Zn
and Mg in three different Al-alloys during L-PBF [12].

In metal deposition during additive manufacturing, liquid metal may not wet the
impinging layer (or substrate) due to the surface tension of the liquid. To minimize
the surface energy, the deposited liquid metal takes a spherical shape, termed balling
(see Figure 2a).

Alloy State Zn% Mg% Ni% Mn% Cu% Fe% Cr% Si%

AA2017 Before 0.21 0.72 0.009 0.57 4.0 0.40 0.016 0.56

After 0.07 0.48 0.013 0.61 3.9 0.50 0.035 0.58

AA7020 Before 4.3 1.3 0.006 0.29 0.10 0.29 0.13 0.077

After 3.0 1.0 0.009 0.30 0.17 0.31 0.14 0.13

AA7075 Before 5.8 2.6 0.007 0.054 1.4 0.25 0.18 0.081

After 3.9 2.1 0.007 0.057 1.5 0.27 0.20 0.11

Table 1.
Solute element concentration before and after L-PBF [12].

Figure 2.
(a–i) Micrographs of selective laser-melted AZ61 magnesium alloy under different laser scanning speeds showing
balling and porosity defects (re-printed from [18]).
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Being highly reactive toward atmospheric oxygen, aluminum alloys tend to oxidize
readily by reaction with a small quantity of oxygen trapped in the air gaps between
aluminum powders, which causes inferior quality in L-PBF deposited HSAAs [19].

Porosity defect has been widely reported as well as investigated in Al-alloys, and a
porosity of 0.5% is generally termed acceptable in AM Al-alloys [20]. Insufficient
melting of powder (or lower than the optimum volume energy density of laser) [21],
moisture absorption in Al-powder from the atmosphere [21], spatter and smoke
formation during AM process [22], and use of helium as inert gas for the process [23]
can increase the porosity of resulting AM product.

2.2 Trends in the elimination of defects

Continued efforts have been made in the past decade to over the problems
discussed above. Broadly, three main strategies have gained particular attention,
showing promising results with HSAAs. These strategies are briefly listed below, and a
discussion of their application and limitations will follow:

1.Designing of new alloys, to provide further strengthening, primarily by solid
solution strengthening and/or grain boundary strengthening. Transition
elements and/or rare-earth elements (e.g., Sc and Zr) have gained particular
interest in this regard as dispersoids. Further strengthening through precipitation
hardening may also be possible.

2.Tailoring material or process for adaptation of existing HSAAs for AM. This strategy
seeks to enable AM of existing high-strength wrought aluminum alloys (e.g.,
AA2024, AA7075, and AA2219) and adapt them to AM by modifying them to
diminish solidification cracking (most frequent limitation for AM of these
alloys). Tailoring process parameters and defining the process window to print
such existing wrought HSAAs have proved less successful. Existing high-strength
foundry-grade Al-alloys can also be additively manufactured similarly.

3.Development of advanced composite materials for AM. This approach involves the
distribution of fine (micro/nano-sized) ceramic/carbon-based reinforcement or
facilitating in situ reaction to generate a reinforcing phase to strengthen Al-alloys.

Though designers prefer to utilize existing materials with sufficient reliable prop-
erty data, it should be kept in mind that even well-established alloys present a signif-
icantly different microstructure after additive manufacturing due to rapid thermal
processing. While in the previous discussion, three different strategies are presented
for the elimination of defects in HSAAs, there is some overlap in these strategies to
achieve an acceptable set of properties in the AM HSAAs. Moreover, there are several
interdependent factors that affect the printability and the quality of the final AM
product, which cannot all be discussed at length here, provided the scope of this text.
Figure 3 presents these factors, stemming either from the raw materials or the AM
processing strategy.

2.3 Grain refinement strategy

The addition of nucleating agents to achieve the heterogeneous nucleation of
aluminum grains upon the potent primary particles is utilized for grain refinement in
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HSAAs. The heterogeneous nucleation promotes the formation of equiaxed grains.
Such grain refinement leading to equiaxed grains is highly desirable as it offers bene-
fits, such as reduced susceptibility to hot tearing, higher strength, lesser anisotropy,
and shrinkage porosity.

A consequent reduction in the fraction of columnar grains enhances the printabil-
ity of HSAAs. For equiaxed growth of a crystal, heat must dissipate from the crystal to
melt (G < 0) [24]. In contrast, during L-PBF, heat dissipates from the melt to crystals
and onward down to the substrate (G > 0). Thus, high enough undercooling is
required to promote equiaxed grain growth. The heterogeneous nucleation diminishes
the nucleation barrier by facilitating the growth of Al matrix crystals on preexisting
nuclei that have a small lattice parameter misfit with that of the matrix [25]. As the
growth of equiaxed grains progresses on nuclei, they impinge upon the neighboring
equiaxed grains as well as the growing columnar grains, which restrict columnar
growth. This phenomenon is termed as “columnar to equiaxed transition” (CET) in
the solidification processing literature. The reduction in columnar grain growth also
reduces the crack susceptibility in the AM HSAAs, which is a common problem faced
during L-PBF of conventional wrought aluminum alloy grades.

The transition metal Scandium (Sc) and Zirconium (Zr) have best served this
purpose [26, 27]. Sc provides exceptional grain refinement in aluminum alloys. The
primary Sc-containing particles serve as heterogeneous nuclei, which can mitigate
solidification cracking. Sc alloying imparts a significant precipitation hardening in
aluminum alloys, though it is limited by the solid solubility of Sc (0.4%) in aluminum.
However, rapid solidification rates in the L-PBF process enable the retention of as

Figure 3.
Factors influencing the properties in additively manufactured HSAAs.
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much as double this quantity in solution, which can be precipitation strengthened by
nano-Al3Sc precipitates during subsequent ageing treatment at 250–300°C [28]. Sc
also restricts grain growth in aluminum alloys since Al3Sc dispersoids serve to pin the
grain boundaries and stabilize the grain structure [29]. These Al3Sc particles have a
small mismatch of lattice parameter with that of the aluminum matrix (0.4103 nm vs
0.4049 nm), which makes them highly effective nucleation sites for α-aluminum
grains. In aluminum alloys, every 0.1% wt. Sc provides a 40–50 MPa increment in
yield strength. This increase results from the precipitation strengthening by the for-
mation of L12 coherent precipitates (Al3Sc) during aging heat treatment [30]. Upon
further addition of transition metals with low diffusivity in aluminum, such as Ti, Zr,
and Hf can partially substitute Sc atoms forming precipitates such as Al3Sc1–xZrx.
These resulting precipitates are highly resistant to further coarsening due to core-
shell-like structure, and they offer a further advantage of high-temperature stability
(aged at 325°C) [31] as compared with precipitates of conventional precipitation-
hardened aluminum alloys (typically aged �120–190°C). However, Sc has been iden-
tified as a critical raw material by European Commission [32], and alternates must be
explored to offer a competitive advantage.

In an Al-Zn-Mg-Cu-Ta alloy, Ta forms in situ primary Al3Ta particles and can dissolve
in the second phase Al2Cu to restrict further coarsening during heating cycles [33].

Figure 4 presents the tensile yield strengths achieved in state-of-the-art HSAAs
bearing Sc and Zr, which clearly shows a possibility to achieve a yield strength higher
than 500 MPa with an acceptable ductility.

Though it is worth mentioning here that multiple strengthening mechanisms may
play role in strengthening, with the dominance of one or the other mechanism in the
case of a particular HSAA (for further insight into strengthening mechanisms, see
Ref. [34]).

2.4 Eutectic strategy and narrowing down the freezing range

Eutectic strategy is more commonly applied in L-PBF of Al-Si alloys, which
facilitates sufficient backfilling of cracks. The terminal stage of solidification [35] is

Figure 4.
Tensile yield strength (95% confidence mean) of recent Zr, Sc-strengthened HSAAs.
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considered a stage with the highest hot cracking susceptibility. The conventional
wrought high strength age-hardenable alloys (2xxx, 7xxx) contain alloying elements,
which tend to widen their solidification range, leading to the segregation of low
melting point phases during grain growth [36]. The solidification range is defined as
the difference between the liquidus and solidus temperatures of the alloy. Inspired by
the excellent printability of Al-Si alloys, researchers were tempted to use Si as an
additive to the metal powder of existing wrought aluminum alloys. Pre-alloying with
3.74 wt.% Si reduced the freezing interval and eventually decreased the solidification
cracking susceptibility in modified Al-7075 [37]. In another study, ultimate tensile
strength and yield strength of 548 and 403 MPa were achieved in a newly designed
alloy with Si alloying wherein numerous Al-Mg2Si fine eutectics were formed in situ
upon L-PBF, which helped mitigate solidification cracking [38]. The addition of Ce in
the Al matrix narrows down the freezing range. Al-3Ce-7Cu was printed successfully
with 0.03% porosity and a UTS of 456 MPa in as printed condition. The alloy showed
good tensile strength (UTS:186 MPa, YS:176MPa) at 250°C as well [39].

2.5 Post-processing heat treatment

High cooling rates inherent to AM process enable the achievement of unique
metastable microstructures in the as-fabricated parts, which are readily transformed
to equilibrium phases upon exposure to high temperatures. It is a common practice in
industries to carry out a stress-relieving heat treatment to dimmish the risk of distor-
tion or cracking due to high residual stresses after rapid thermal cycling of AM
processes like L-PBF. Although in most cases, a simple heat treatment cycle serves for
the intended application of AM products, some demanding applications may require a
combination of this heat treatment with hot isostatic pressing.

As a general observation in the case of AM aluminum alloys, the conventional heat
treatment procedures applicable for cast/wrought aluminum alloys involving solution
heat treatment and ageing destroy the strengthening benefits gained through L-PBF,
whereas a direct aging treatment can retain some of these benefits and still sufficiently
relieves the residual stresses [40].

A typical problem faced by precipitation strengthened (e.g., Al 2xxx) aluminum
alloys is posed by their low ageing temperature. While these alloys are age-hardened
for strengthening between 150 and 200°C, this temperature is not high enough to
relieve the residual stresses in the L-PBF parts, which need a temperature around 300°
C. If stress relief is carried out at 300°C, strength in these alloys may only be regained
by solution treatment followed by precipitation hardening. However, solution treat-
ment of L-PBF precipitation hardenable alloys eradicates the beneficial effects of rapid
solidification gained by rapid laser processing. Hence, it is difficult to use typical
heat-treatable aluminum alloy for laser processing and gain its advantage originally
inherent to artificially aged wrought aluminum alloys.

Alternatively, an alloy that can be age-hardened (or retain the strength gained
during AM) at a stress-relieving temperature of �300°C may serve as a HSAA. Such
an alloy can retain the gained strength while still relieving the residual stresses with a
single aging treatment (direct aging). The addition of a slow diffusion element (like
Sc/Zr) to conventionally non-heat treatable Al-alloys of 3xxx and 5xxx series has
induced remarkable strengthening since they tend to age-harden at much higher
temperatures (≥300°C) (see Table 2).

Figure 5 presents the alloying element(s)-wise tensile yield strength (YS) and
elongation% of some selected HSAAs from the research literature. It can be observed
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Alloy Year Post-
process

UTS
(MPa)

YS
(MPa)

el. % P, SS, t, HS* Ref.

Al-Mg-Sc-Zr 2020 St + aged 511 504 7.3 325, 1200, 30, 80 [41]

Al-Mn-Mg(Sc/Hf/Zr
modified)

2022 As built 504 438 10.9 300, 700, 30, 105 [42]

Al-Mn-Mg(Sc/Hf/Zr
modified)

2022 D-Ageing 542 487 7.4 300, 700, 30, 105 [42]

Al-Mn-Sc 2022 As built 412 395 21 350, 1600, 30, 100 [43]

Al-Mn-Sc 2022 D-Ageing 572 559 9.8 350, 1600, 30, 100 [43]

Al-Mn-Sc 2020 D-Ageing 573 571 16 370, 1000, 30, 100 [44]

Al-Mn-Mg-Sc-Zr 2021 As built 703 508 8.2 190, 700, 30, 100 [45]

Al-Mn-Mg-Sc-Zr 2021 D-Ageing 712 621 4.5 190, 700, 30, 100 [45]

Al-Mg-Si-Sc-Zr 2021 St + aged 580 385 19 160, 200, x, x [46]
*P—power (watts), SS—scan speed (mm/s), t—layer thickness (mm), HS—hatch spacing (μm).
D-Ageing—Direct aging, St + aged—solution treated and artificially aged.

Table 2.
Mechanical properties and process parameters of Sc, Zr alloyed HSAAs.

Figure 5.
Alloying element-wise tensile yield strength and elongation of selected high-strength alloys [11, 14, 38, 41–57].
TE—transition element(s), AB—as-built, SA—solution treated and aged, DA—Direct aged.
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that many of these alloys demonstrate a YS higher than 350 MPa (comparable with
that of conventional wrought HSAAs).

It can be inferred from Figure 5 that a yield strength superior to 550 MPa and
reasonable ductility can be achieved in Al-Mn-transition element(s) alloy after direct
aging heat treatment. Without alloying of transition elements, a yield strength supe-
rior to 450 MPa has been achieved with close to 10% elongation in L-PBF using Al-Zn
+ Ti, B and Al-Cu + CaB6 (composite ball-milled powders.

3. Directed energy deposition of aluminum alloys

Directed energy deposition (DED) is defined as a process in which focused thermal
(laser, electron, or plasma) energy melts the feedstock material during deposition.
Argon or nitrogen gas is used as a shielding gas to protect against the formation of
aluminum oxide scale during thermal exposure. The most widely applied DED pro-
cesses are wire arc additive manufacturing (WAAM) and laser DED (or Laser-
engineered net shaping) processes.

Several studies investigated the deposition of aluminum alloys by laser-directed
energy deposition (DED) [58, 59]. However, the results are not much promising, and
several challenges lie ahead of DED of aluminum alloys to compete with conventional
wrought alloys or their additively manufactured L-PBF counterparts.

DED of high-strength aluminum alloys faces technical challenges due to the high
surface reflectivity of Aluminum, and higher laser power input is required to melt the
blown aluminum powder completely [60]. This in turn leads to gas porosity by
selective evaporation of lighter constituent elements such as Magnesium and Zinc
[58, 61]. The high coefficient of thermal expansion (CTE) of aluminum alloys leads to
shrinkage upon solidification followed by cracking or severe deformation due to
intense repetitive thermal cycling during the DED process [62]. The inherent ten-
dency of surface oxidation and moisture absorption from the atmosphere [62, 63] and
poor flowability of powder, owing to low density, adversely affects the powder mass
flow rate, which results in inferior quality of deposit [64].

In more recent studies on DED of high-strength Al-7075 alloy using gas-atomized
powders, a crack-free, low-defect bulk material was deposited having an ultimate
tensile strength of 222 � 17 MPa and an elongation of 2%, which is significantly lower
than the wrought 7075-T6 [65]. Moreover, the hardness only increased from (85 � 4)
HV0.5 to (93 � 2) HV0.5 upon artificial aging. In another study on DED of Al-7050
alloy, hardness of a 100HV was achieved in an as-built, defect-free bulk deposit;
subsequent heat treatment increased the hardness to 128 HV [61]. Due to the relative
ease of deposition and wide processing window Al-Si alloys have results comparable
with those of cast counterparts; however, as of now, high-strength aluminum alloys
could not be deposited successfully with DED.

4. Particulate-reinforced aluminum-based composites

Aluminummatrix composites (AMCs) have already found wide applications in the
aerospace and automotive industries. AM of AMCs gained particular interest due to
freedom of design possibilities and further opportunities for weight reduction through
modification of properties by reinforcement of Al-matrix. Either an ex situ or in situ
approach is utilized for the optimization of microstructure and the resulting
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properties in AM. In “ex situ” AMCs, the reinforcements are synthesized externally
and then added to the matrix, while the reinforcements are synthesized during AM
process in the “in situ” AMCs. While ex situ AMCs synthesized using L-PBF have
shown promising results, the limitations such as poor wettability of reinforcement by
the Al-matrix, limited ability of grain refinement, and a higher likelihood of residual
stress due to difference in thermophysical properties between the reinforcement and
the matrix cannot be overruled [66].

Various methods are adopted for mixing powders of metallic alloys (matrix) and
reinforcements. The selected method affects the resultant powder morphology and
influences the laser reflectivity and the heat transfer process during L-PBF. A list of
the selected methods and the factors to consider before choosing a particular process
over the others is presented in Table 3.

Though the direct mixing process is simple, agglomeration of fine particles (nano-
sized) and poor wettability are inevitable.

Ball milling is much popular due to its low cost and wide applicability to several
powders. Being a nonequilibrium process, it includes a repetitive sequence of defor-
mation, fracture, and cold welding of metal powder particles [67]. Initially, fracture
occurs in brittle reinforcement particles, while cold welding dominates in the Al-
matrix powder due to plastic deformation. During this deformation and cold welding,
reinforcement powders are dispersed in the matrix. Since the Al-matrix gets harder
following deformation and cold welding, once again fracture phase dominates until
certain dynamics between cold welding and fracture ensures a stable powder size

Method Factor Desirability Factor Rating

Direct mixing cost least √

applicability Max. √ √ √ √

use with various vol.
fractions

Max. √ √ √ √

Ball milling cost Least √ √

applicability Max. √ √ √ √

dispersion in matrix Max. √ √ √ √

time Least √ √ √

flowability Max. √

Direct mixing or ball milling + in situ
reaction

cost Least √ √

dispersion in matrix Max. √ √ √ √

complexity Least √ √ √ √

In situ pre-alloying + gas-atomization cost Least √ √ √ √

flowability Max. √ √ √ √

dispersion in matrix Max. √ √ √ √

applicability Max. √ √ √ √

complexity Least √ √ √ √

Table 3.
Methods for preparation of feedstock for L-PBF.
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without agglomeration [68]. Ball milling induces grain refinement in the milled pow-
ders, mainly due to high energy input accompanied by severe plastic deformation into
the powders. The process includes the generation of various crystal defects (disloca-
tions, point defects), which increase the internal energy of the system(lattice) with
the subsequent evolution of final grain boundaries, thus relieving the high energy. Ball
milling also offers the freedom of choosing a wide size range of powders/granules as
the starting material size. However, the irregular shape, rough surface, and flattening
of Al-powder adversely affect the flowability of ball-milled Al-powders. Being highly
ductile, Al alloys need longer duration milling cycles as compared with steels or
titanium alloys. Han et al. [69] milled 4 vol.% Al2O3/Al powders with up to 20 h
milling using different milling strategies (presented in Table 4).

Hence, a careful selection of a processing route for composite feedstock synthesis/
production and selection of optimum processing parameters is pivotal to achieve
desirable properties in AM of HSAAs.

The laser absorptivity of Al-composite powders tends to increase with the addition
of reinforcements, and it increases with an increase in the amount of reinforcement in
the composite. For example, the laser absorptivity of AlSi10Mg is 0.09 [70], while
TiB2/AlSi10Mg composite powder has an absorptivity of 0.71 [71]. Thermal conduc-
tivity is another important thermophysical property to consider in the case of Al-
matrix composites. Independent of their thermal conductivity, nano-sized reinforce-
ment particles tend to decrease the effective thermal conductivity of the composite
powders because they introduce interfacial thermal resistance and scatter the energy
carriers [72].

In short, there are several considerations for the selection of an appropriate rein-
forcement, which are interdependent, and hence, the selection of reinforcement needs
due attention. Any change in the physical and thermal property of feedstock can lead
to redistribution of the thermal field and causes changes in fluid dynamics.

In a recent study, Al-2024, an age-hardenable Al-alloy powder, was modified by
mechanical alloying using the ball milling technique. 0.5 w% of CaB6 nanoparticles of
200nm (avg. size) were milled with Al-2024 powder (�63 μm) for 2h at 150 rpm,
baked for moisture removal, and then printed using the L-PBF technique. A good
combination of mechanical properties (UTS: 478 MPa, YS: 428 MPa, el.: 13%),

Process Step Powder condition

Milling
for 20 h

After 4 h milling Irregular shape,
size > 100 μm

After 8 h milling Morphology changed,
Size reduced

After 16 h milling Fracture took over,
Size (several particles) �20 μm, large particles observed

After 20 h milling Fracture continued
Size range of smaller particles narrowed further (�20 μm), large
particles from previous observation did not fracture

Milling for 20 h, with cyclic 10
min milling and 5 min break

some large and plate-like particles formed

Milling for 20 h, with cyclic 10
min milling and 15 min break

Fewer large particles formed a relatively more quantity of finer powder (
<90 μm)

Table 4.
Ball milling parameter of 4 vol.% Al2O3/Al [69].
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comparable with those of conventional wrought Al-2024 was achieved in as-built
condition. The CaB6 nanoparticles acted as highly effective heterogeneous nuclei due
to low lattice mismatch with Al-matrix and facilitated CET, thus enabling a crack-free
build [50].

Extensive research has been conducted to reveal and assess the strengthening
mechanisms involved in the strengthening of composites (not discussed in this text),
and different strength prediction models have been proposed. A quadratic summation
strength prediction model, originally proposed by Clyne and later modified by Sanaty-
Zadeh [73], can be used for estimating the strength of nano-composites.

σy ¼ σm0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔσOrowanð Þ2 þ ΔσGRð Þ2 þ Δσloadð Þ2 þ ΔσCTEð Þ2 þ ΔσModulusð Þ2

q
(1)

Alloy/
reinforcement
(wt.%)

mfg. method/
temper

UTS, YS, el.% Comp. powder
preparation

Laser
deposition
conditions

Source

MPa, MPa, % Method P, SS, LT, HS,
Spot S.*

Al-Cu-Mg
(Al2024)/TiC (2)

L-PBF/as-built 388, 332, 10.2 BM, BPR:5:1, 130 rpm,
total milling: 3 h

200, 200, x,
40, 90

[74]

Al-Cu-Mg
(Al2024)/TiC (2)

L-PBF/St +
aged

507, 456, 6.6 BM, BPR:5:1, 130 rpm,
total milling: 3 h

200, 200, x,
40, 90

[74]

Al-Cu-Mg
(Al2024)/CaB6 (1)

L-PBF/as-built 428, 478, 13 BM, BPR:5:1, 150 rpm,
total milling: 3 h

200, 1000, x,
30, 100

[50]

AlSi10Mg/TiB2 +
TiC (1.5 + 1.5)

L-PBF/as-built 552, 325, 12 BM, BPR:5:1, 150 rpm,
total milling: 4 h

270, 1600, x,
30, 110

[75]

AlSi10Mg/TiC (3) L-PBF/as-built 453, 267, 4.8 BM, BPR:5:1, 150 rpm,
total milling: 4 h

270, 1600, x,
30, 110

[75]

AlSi10Mg/TiB2 (3) L-PBF/as-built 361, 200, 3.8 BM, BPR:5:1, 150 rpm,
total milling: 4 h

270, 1600, x,
30, 110

[75]

AlSi10Mg/TiB2 (in-
situ synth.)

L-PBF/as-built 501, 320, 12.7 Pre-doped composite
powder synthesis

300, x, x, x, x [76]

Al-Cu-Mg-Ag-Ti-B
(pre-doped Al-Cu/
TiB2)/TiB2 (pre-
doped) (x)

L-PBF/as-built 403, 317, 10.2 Pre-doped composite
powder synthesis

[77]

Al-7075/TiN (x) WAAM/T6 503.6, x, 10.9 Powders suspended in
ethanol gel and pre-

placed after each layer
deposition

xx [78]

AlSi10Mg/Nbc (3) L-PBF/as-built 393, x, 12.7 BM without balls, 71
rpm, total milling: 2 h

300, 500, 150,
x, 30

[79]

AlSi10Mg/Nbc (6) L-PBF/as-built 281, x, 9.8 300, 500, 150,
x, 30

[79]

*P—power (watts) SS—scanning speed (mm/s), LT—layer thickness (μm), HS—Hatch spacing (μm), Spot S—spot size
(μm).

Table 5.
Mechanical properties and processing parameters of AMCs.
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Where σm0 is the yield strength of the unreinforced matrix, ΔσOrowan is the contri-
bution by Orowan strengthening, ΔσGR is a contribution by grain size strengthening,
Δσload is a contribution by load-bearing strengthening, ΔσCTE is a contribution by
dislocation density strengthening, andΔσModulus is a contribution by elastic modulus
mismatch strengthening.

However, there is no consensus as to which model closely reflects reality, up till
now. Since all models assume a perfect distribution of particles and bonding of inter-
faces, the calculated values from these models are always higher than the experimen-
tal values nevertheless showing a similar trend.

Table 5 presents the powder preparation methods, processing technique(s),
mechanical properties, and laser processing conditions used for deposition in the most
recent publications. These data also give a fair picture of the most recent HSAA
composites and well reflect the possibility of modifying the properties (mechanical
strength, wear resistance, etc.) of base aluminum alloy by the addition of appropriate
reinforcement. The strengthening in such composites has reportedly been gained
through multiple strengthening mechanisms, as mentioned earlier.

5. Conclusions

• A high demand exists for readily printable L-PBF high-strength light-weight
parts of aluminum alloys and such alloys have been introduced.

• One of the simplest and currently feasible ways to achieve high strength is
possible through using pre-alloyed Al alloy powder having Mn, Zr, Sc or Mg, Zr,
and Sc, which enables to gain the benefit of high strength and stress relieving at
the same time. Since scandium has already been identified as a critical raw
material by European Commission, alternate grain refiners should be explored.

• The as-is printing of existing conventional wrought aluminum alloy grades with
comparable mechanical properties is still challenging. However, recent progress
has resulted in defect-free printing of ex situ reinforced wrought Al-2024 alloy
with good mechanical properties, which suggests a possibility of utilizing this
strategy for other aluminum alloys.

• Grain refinement through the addition of grain refiners (elements, ceramic
particulates) reduces the cracking susceptibility and may also enable the material
to withstand higher temperatures.

• In situ reinforcement approach for Al-matrix composites can achieve better
dispersion and may prove more advantages than ex situ reinforcements. Further
exploratory work is needed in this direction.
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Chapter 6

Effect of Casting Processes, Rare 
Earth Metals, and Sr Addition on 
Porosity Formation in Al-Si Cast 
Alloys
Ehab Samuel,  Agnes M. Samuel, Victor Songmene  
and  Fawzy H. Samuel

Abstract

The present work was carried out on A413.1cast alloy that was characterized by 
short freezing temperature range. Measured amounts of high purity (99.99%) rare 
earth metals (Ce, La, La + Ce) were added to the non-modified and Sr-modified 
molten metal. Three casting molds were used viz., graphite mold heated at 600°C 
for the purpose of obtaining solidification curves, metallic mold with three variable 
opening angles heated at 350°C, and a step-like metallic mold heated at 200 and 
400°C. The main results are earth metals (RE) would lead to porosity formation in all 
molds with increase in its percentage in Sr-modified alloys. Since the maximum α-Al 
network formation temperature is in the range of 575–580°C, some of the RE may pre-
cipitate in the liquid state leading to blocking the flow of the liquid metal. However, 
considering the metal was degassed using high purity argon gas, most of the observed 
porosities are of shrinkage type. In addition, increasing the amount of used RE, and 
hence percentage of unsoluble intermetallics results in marked decrease in the alloy 
strength. The only observed advantage is the effectiveness of La is reducing the alloy 
grain size due to its low affinity to react with Ti.

Keywords: casting process, rare earth metals, porosity formation, mold type, tensile 
properties

1. Introduction

The rare earth elements (REE) represent the 17 metallic elements in the periodic 
table with high atomic numbers (57–71). This series is composed of the 15 lanthanides 
on the periodic table in addition to Sc (21) and Y (39), which exist in the same ores 
containing the oxides of the REE/RE [1–4]. Most of the RE elements were named 
after the places where they were found or after the names of the scientists who dis-
covered them. The term ‘rare’ was used since these types of ores were never previously 
reported [5]. Although there are several extraction methods to produce individual 
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rare earth metal that have been described in the literature [6–9], little is published on 
their purity. It is stated that the purity of produced RE from their oxides falls between 
88.5 [10] and 96.5% [11]. Also, the purity of RE depends on their prices due to the 
high cost of production [12].

During the past two decades, a fairly large number of articles have been pub-
lished on the application of the rare earth metals La and Ce in Al-Si alloys. The 
authors claim that the addition of 0.2% of La or Ce produces significant modifica-
tion of the eutectic Si particles [13–18], grain refining [19–21], and improvement 
in the alloy mechanical properties [22–24], which make RE very attractive for 
automotive industries. However, using high purity 99.99% La and Ce, Samuel and 
coworkers attributed the reported observations to the presence of tramp elements 
associated with the original ores and, thus, not necessarily caused by the added 
RE. In addition, the presence of a large volume fraction of RE-based intermetallics 
leads to severe deterioration of the alloy’s mechanical properties [25–27]. Most 
of these studies were carried out on 356 alloys that were characterized by their 
long freezing range (6.5%Si). Figure 1 shows a clear depression in the eutectic 
temperature of 356 alloys (like that reported for Sr addition [28]). However, the 
microstructure did not reveal a significant modification [29, 30] of the eutectic Si 
as claimed by the other authors.

The present work was carried out on A413.1 alloy to investigate the effect of the 
addition of different concentrations of La and Ce with and without Sr. This class of 
alloys is used for intricate thin-walled castings requiring pressure tightness, tough-
ness, and good resistance to corrosion. The alloys have good machinability with 
carbide tooling. Aluminum A413. Zero is similar to Aluminum 413.0 except its iron 
content is lower than in A380 alloy. The 413 alloy is characterized by its short freez-
ing range (~5°C at 0.8°C/s)). Hence, if the metal is well degassed, the only source of 
porosity is shrinkage porosity caused by mold geometry and temperature. To elabo-
rate on this statement, three types of molds were used: a graphite mold (heated at 
600°C), a variable angle metallic mold (heated at 350°C), and a step-like mold heated 
at 200°C and 400°C.

Figure 1. 
Effect of addition of high purity La and Ce on the thermal behavior of 356 alloys (solidification rate of about 
0.8°C/s), (b) alloy #1, (c) alloy #11. Note the absence of modification [28].
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2. Experimental procedure

Table 1 lists the chemical analysis of the as-received 413 alloy. To obtain the 
solidification curves and to identify the main reactions and corresponding tem-
peratures occurring during the solidification of the A413.1 alloy, thermal analysis 
was conducted for all the needed compositions to be prepared. The molten metal 
(using a 2-kg SiC crucible, heated to 750°C using an electrical furnace) for each 
composition was cast into a graphite mold preheated to 600°C to obtain a slow 
solidification rate resembling equilibrium conditions. A high-sensitivity Type-K 
(chromel-alumel) thermocouple was attached to the center of the graphite mold—
Figure 2(a); the temperature-time data was collected using a high-speed data 
acquisition system.

The ingots were melted in a 40 kg capacity SiC crucible using an electrical resis-
tance furnace. The molten metal was degassed using pure, dry argon, and introduced 
into the melt using a graphite rotary impeller (at a speed of 130 rpm). Prior to 
degassing, measured amounts of Sr, La, and Ce were added. The three elements were 
introduced into the molten alloy in the form of Al-10%Sr, Al-20%La, and Al-20%Ce 
master alloys. At the end of the degassing period, the molten alloy was cast into two 
different molds, which provided different solidification rates:

1. A variable angle metallic mold (0∘, 5∘, and 15∘) heated at 350°C (Figure 2(b) and 
(c)).

2. A step-like metallic mold heated at either 200°C or 400°C (Figures 2(d) and 
(e)).

The melt was also poured into an ASTM B-108 permanent mold (preheated at 
450°C to drive out moisture) for preparing the tensile test bar castings (gauge length 
of 70 mm and a crosssectional diameter of 12.7 mm). Tensile bars were solutionized 
at 510°C for 8 h, quenched in warm water at 60°C, and thereafter aged at 180°C for 
2, 8, 20, and 50 h, followed by air cooling. All tensile bars were pulled to fracture 
using an MTS servo-hydraulic tensile testing machine at a strain rate of 4 × 10−4 s−1. 
All bars were tested at 25°C, and each value represents the average of 10 tensile bars. 
The volume fraction of the precipitated intermetallics was determined using a JEOL 
JSM-6480LV scanning electron microscope coupled with an energy dispersive X-ray 
spectrometer (EDS) was used for examining the microstructures and semiquantita-
tive analysis of the phases observed.

Table 2 summarizes the measured SDAS values obtained from the examined 
samples. Phase identification was carried out using an electron probe microanalyzer 
(EPMA) in conjunction with energy dispersive X-ray (EDX/EDS) analysis and 
wavelength dispersive spectroscopic (WDS) analysis where required, integrating a 
combined JEOL JXA-8900lWD/ED microanalyzer operating at 20 kV and 30 nA, 

Alloy Si Mg Mn Cu Fe Sr Ti B

A413.1 11.17 0.14 0.218 0.71 0.344 0.0000 0.052 0.0003

Table 1. 
Chemical composition of A413.1 alloy (% weight).
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Figure 2. 
(a) Schematic of the thermal analysis setup. (b) Schematic of the metallic variable mold—all dimensions are in 
mm. (c) Sections from actual castings—arrows indicate samples position for metallographic examination. (d) 
Schematic of the step-like metallic mold (small 5 mm and large 20 mm) all dimensions in mm. (e) Actual mold 
and casting.
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where the size of the spot examined was ∼2 μm. Table 3 summarizes the actual La 
and Ce concentrations using spectroscopic analysis. Average concentration of added 
Sr was in the range 150–180 ppm.

3. Results and discussion

3.1 Thermal analysis: graphite mold

Figure 3(a) depicts the solidification curve and its first derivative obtained from 
the base A413.1 alloy solidified at 0.8°C/s revealing a narrow solidification range of 
approximately 5°C compared to 43°C reported for the commercial A356.1 alloy as 
listed in Table 4. With the addition of 180 ppm Sr, the eutectic temperature in both 
alloys was dropped by about 7–8°C. In the absence of Sr, with the addition of La or 
Ce up to 1.5% (actual concentrations are reported in Table 3) the maximum drop in 

Mold Mold temp. (°C) Mold section SDAS (μm)

Average SD

Graphite 600 Center 68.63 5.49

200 Large 31.56 2.92

Step-like 200 Small 16.17 1.89

400 Large 41.66 3.02

400 Small 22.46 3.96

Variable angle 325 Large 53.62 5.7

325 Small 25.04 3.0

Table 2. 
Average secondary dendrite arm spacing of the examined A356 alloy samples.

Aimed concentration (wt%) Actual concentration (wt%)

La Ce La Ce

0.2 0 0.187 0

0.5 0 0.384 0

1 0 0.717 0

1.5 0 0.94 0

0 0.2 0.022 0.083

0 0.5 0.237 0.308

0 1 0.067 0.82

0 1.5 0.078 1.288

Table 3. 
Aimed and actual La and Ce concentrations (weight%).
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Figure 3. 
Solidification curves and their first derivatives in: (a) base A413.1 alloy, (b) A413.1 alloy +180 ppm Sr, and (c) 
A356.1 alloy for comparison.
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the eutectic temperature of A413.1 alloy is less than 2°C, taking into consideration 
that fluctuation in the solidification rate becomes more pronounced when the alloy 
is modified with Sr in addition to RE. According to Mahmoud et al. [28], the eutectic 
temperature can be expressed as:

 
( )R oC =577 -12.5 Si·(4.59· Mg +1.37· Fe+1.65· Cu+0.35· Zn

+2.54· Mn+3.52· Ni)
T w w w w w

w w       (1)

As can be seen, Sr was not taken into consideration. Based on this equation for the 
present alloy, 𝑇𝑇R for A413.1 is about 574°C as reported in Table 4.

According to [31], both Al-La and Al-Ce reveal a eutectic reaction at low RE 
concentration as depicted in Figure 4. From Table 4, the addition of La or Ce up to 
1.5% seems to have a marginal effect (3–4°C) on the two main reactions in A413.1 
alloy, that is, precipitation of α-Al and (Al + Si) eutectic, increasing the freezing zone 
to 10°C. Figure 5(a) exhibits the effect of gradual addition of Ce on the temperature 
of the (Al + Si) eutectic reaction, reaching maximum 2–3°C at 1.5%Ce, which is due 
to the change in the alloy composition. The addition of 180 ppm Sr was proven to be 
more effective in reducing the (Al + Si) eutectic reaction by about 8–10°C as shown 
in Figure 5(b), leading the total increase in the in the freezing zone to be 15–17°C 
compared to 45°C in the case of A356.1 alloy. Another point to be considered from 
Figure 5(c) is the appearance of undercooling for (Al + Si) curves treated with Sr 
(about 2–3°C) with no effect on undercooling associated with the precipitation of 
α-Al phase, which is apparently controlled by addition of grain refiners [32]. Also, 
increasing the Ce content between 0.5 and 1.5% has no independent effect as shown 
in Figure 5(c).

Another important aspect to be discussed is RE-grain refiner interaction. 
According to the Hall-Petch relationship,

 σ 1/2= K+1 / d                                                         (2)

RE α-Al 
(°C)

Al + Si (°C) Freezing 
zone

ΔT (°C) 
increase in 

α-Al

ΔT (°C) 
decrease in 

Al + Si

0 577 573 4-5 0 0

Sr (180 ppm) 574 564 10 — 8

1.5 La 577 570 7 0 2

1.5 Ce 580 569 10 3 2

1.5 La +180 ppm Sr 574 565 9 — 7

1.5 Ce +180 ppm Sr 580 565 15 3 S

356 alloy 612 569 43

356 allov+Sr 609 561 48 8

Table 4. 
Effect of RE and Sr on the solidification characteristics of A413.1 alloy.
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where σ = alloy strength, K is constant, and d is the average grain diameter. To 
emphasize this concept, the base alloy was grain refined with 0.12%Ti in the form of 
Al-5%Ti-1%B mater alloy added to the molten metal prior to degassing. Although the 
alloy originally contains 0.05%Ti in the form of TiBor, however, during remelting, the 
TiBor loses its effectiveness. The Ce-rich phase occurs in the form of gray compacted 
slugde or in star-like form (Figure 6(a) and (b)). Some authors [33–35] have defined 
an empirical factor (the “sludge factor”), given by:

 ( ) ( ) ( )Sludge Factor = 1 X%Fe + 2 X%Mn + 3 X%Cr                          (3)

When this factor becomes larger than a certain critical value, “sludge” may occur. 
All the elements are known as transition elements, which include Ti as well.

The X-ray distribution of Ce and Ti in one of the particles in Figure 6(a) are 
illustrated in Figure 7(a) and (b), respectively, revealing strong intensity of Ti as 
confirmed by the associated EDS presented in Figure 7(c), where the ratio of Ti/Ce is 
about 11.3/17.6 in weight % (approximately 65%). Figure 6(c) displays the precipita-
tion of La-rich particles that are characterized by their shiny appearance and flat 
surface. As in the case of Ce, Figure 8 reveals the X-ray distribution of La and Ti in 
one of the platelets in Figure 6(c), where the white arrow is near the bottom of the 
intensity bar. The EDS pattern exhibited in Figure 8(c) reveals that the Ti concentra-
tion is almost 2% compared to La, which is about 40 (wt.%), that is, Ti/La is approxi-
mately 0.05%, which explains the absence of a Ti peak in the EDS spectrum.

Figure 4. 
Sections from (a) Al-La and (b) Al-Ce binary diagrams.
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Figure 5. 
(a) Effect of addition of Ce, (b) Ce + Sr on the solidification characteristics of A413.1 alloy, and (c) enlarged 
portions of (Al + Si) reactions in (b).
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Figure 9 shows a series of macrostructures revealing the variation in the grain 
size of A413.1 alloy as a function of the added Ti, La, and Ce. The average grain size 
of the as-received alloy was about 1850 μm (based on measuring about 100 grains 
using the line intercept method)—Figure 9(a). Once the grain refiner was added, 
the average grain size was reduced to 750 μm (Figure 9(b)) indicating that 0.12%Ti 
is sufficient to refine the alloy grains. Figure 9(c) clearly shows the effect of Ce-Ti 
interaction; although the grain size was further reduced to 500 μm (Figure 9(c)), the 
combined addition of (La + Ti) resulted in a much finer grain size of about 370 μm 
(Figure 9(d)), representing 20% of the original grain size. The difference between 
grain size in Figure 9(c) and (d) represents the amount of Ti lost in interacting with 
Ce in the form of non-dissolvable intermetallics, which have a negative effect on 
the alloy mechanical properties, as depicted in Figure 10 for Ce-rich intermetallics. 
Figure 11 reveals a series of backscattered electron micrographs taken from the tested 
bars demonstrating the change in the size and distribution of the precipitated Al2Cu 
phase particles, on going from fine rounded particles (Figure 11(a)), to short platelets 
(Figure 11(b)), to a mixture of thick platelets and spherical particles (Figure 11(c)) 

Figure 6. 
Precipitation of RE intermetallics in A413.1 alloy containing: (a) 1.5%Ce; (b) high magnification image of (a); 
(c) 1.5%La.

Figure 7. 
X-ray images of (a) Ce, (b) Ti, (c) EDS spectrum showing the.

Figure 8. 
X-ray images of (a) La, (b) Ti, (c) EDS spectrum showing the Ti and La concentrations.
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indicating the beginning of incoherent precipitation. The EDS spectrum displayed in 
Figure 11(d) shows in addition to Al2Cu particles, presence of Ce-rich intermetallics 
(gray phase in Figure 11(c)—orange arrows.

As mentioned in the experimental section, alloys for thermal analysis were not 
degassed due to the size of the used crucible, which reflected on porosity formation 
in the base alloy when RE was added. Since Ce-based phase particles precipitate in 
the form of star-like particles, their dendrite arms can be seen passing through the 
α- Al dendrite network as illustrated in Figure 12(a), whereas La-rich platelets are 
observed lining the inner walls of the gas pores as demonstrated in Figure 12(b).

3.2 Metallic variable mold

In this part, La, Ce, and La + Ce were added to the molten metal with and without 
Sr. Figure 13(a) demonstrates the occurrence of a hot zone in a small section toward 
the bottom of the mold (the first part to be filled with liquid metal). These zones are 

Figure 9. 
Effect of grain refiner, Ce, and La addition on the alloy average grain size: (a) as-received alloy, (b) after 
addition of 0.12%Ti, and (c) Ti + Ce, (d) Ti + La.
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Figure 10. 
Effect of aging time at 180°C and Ce concentration on the ultimate tensile strength of A413.1 alloy.

Figure 11. 
Precipitation in A413.1 alloy containing 1.5%Ce and aged at 180°C: (a) 2 h, (b) 8 h, (c) 50 h, and (d) EDS 
spectrum corresponding to the white square in (c).
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pockets of liquid metal surrounded by solidified materials. As a result, during the 
solidification of these pockets, severe shrinkage cavities are formed, exemplified in 
Figure 13(b).

Since the mold is open-face, severe shrinkage cavities would occur at the top of 
each casting as highlighted by the inset micrograph in Figure 13(a). Also, oxide films 
may get trapped in the castings (SrO films), which would contribute to porosity 
concentration [36]. Thus, to minimize the error in evaluating porosity mainly due to 
RE, samples were sectioned from the middle of each casting as shown in Figure 2(c). 
Figure 14 depicts the effect of RE and (RE + Sr) on porosity percentage in castings 
at different titling angles. It should be mentioned here that the term (Ce + La) means 
addition of equal amounts of both elements, that is, double the amount of an indi-
vidual element addition.

According to Mahmoud et al. [37–40], Ce reacts with La and other alloying 
elements mainly Al, Fe, Sr, and Cu. Although the added amount of RE is double that 

Figure 12. 
Effect of RE-based intermetallics on porosity formation: (a) Ce and (b) La.

Figure 13. 
(a) Radigraphs of castings made using variable metallic mold heated at 350°C. (b) Shrinkage cavities that 
resulted from the solidification of a hot zone.
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of a single element addition, the resulting volume fraction of intermetallics is higher 
than that obtained from individual elements but not necessarily double the volume 
fraction shown in Figure 10. Figure 14(a) and (b) display the variation in % of total 
porosity as a function of casting section and added RE. Both Ce and La addition in the 
same quantity produces the same pattern except for the addition of La, where it may 
result in a slightly higher value (0.28%) than that reported for Ce (0.22%) due to the 
difference in the morphology of the precipitated intermetallics, that is, platelets vs. 
star-like. Doubling the concentration—(La + Ce)—Figure 14(c) increased the % of 
porosity to about 0.42% (large sections). As shown in Figure 14(d), treating the alloy 
with 150 ppm Sr led to a noticeable increase in % porosity, up to 0.5%, representing a 
mixture of porosity caused by RE and Sr.

In order to gain a better understanding of the data presented in Figure 14, a series 
of backscattered electron taken from large section samples is shown in Figure 15 
demonstrating the progressive increase in % porosity with the added elements. 
Figure 15(a) represents the base alloy revealing the absence of porosity, whereas 
Figure 15(b) of A413.1 alloy containing 1.5%La exhibits the appearance of scattered 
shrinkage cavities shown in areas marked A, B, and C. As presented in Figure 5, the 
maximum melting point of the present alloy containing 1.5%La is in the range of 575–
580°C, which is much lower than the eutectic reactions depicted in Figure 4. Thus, it 
is reasonable to assume that La- and Ce-rich intermetallics may be precipitated prior 

Figure 14. 
Effect of RE on porosity percentage: (a) Ce, (b) La, (c) Ce + La, and (d) RE + Sr—arrows point to a large 
section (maximum % of porosity).
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to the formation of the α-Al network, leading to blocking the flow of liquid metal and 
hence explaining the large pore shown in Figures 15(c) and (d). Figure 15(e) and (f ) 
are good examples of precipitation of Sr-rich components in the aluminum matrix in 

Figure 15. 
Variation in porosity as a function of added RE (large sections): (a) no addition (b) 1.5% La, (c and d) 1.5% 
La + 1.5% Ce, (e) backscattered electron image of Sr addition, and (f) X-ray image of Sr in (e)(g) porosity 
associated with a long chain of oxide films-white arrow (f) morphology of an eutectic Si particle in a Sr-modified 
alloy—blue arrow.
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the vicinity of large shrinkage cavities. Since there was no filtering, oxides can easily 
slip into the melt and create fine pores along their lengths as displayed in Figure 
15(g). An example of a modified Si particle in Sr treated alloy is given in Figure 15(f ).

Another parameter to be considered is the density of porosity caused by addi-
tion of the above elements as illustrated in Figure 16. The curve is divided into 
three blocks separated by thin broken lines. In each case, the density systematically 
increases as the mold angle increases, and the total amount of the added RE (no 
modification was used) reaching a maximum of 420 pores/mm2 (1.5%La + 1.5%Ce, 
large angle). With the addition of 150 ppm Sr into the molten metal, a significant 
steady increase took place with the increase in the added materials reaching almost 
1100 pores/mm2—Figure 17, which is almost three times what was observed in 
Figure 16.

Figure 16. 
Variation of density of porosity as a function of casting angle and added RE.

Figure 17. 
Variation of density of porosity as a function of added RE and Sr.
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3.3 Step-like metallic mold

As shown in Figure 2(d), the step-like mold is made of thick walls (10 mm) with 
a pore cavity almost half the weight of the total casting to minimize occurrence of 
shrinkage cavities within the casting itself. Also, 1 mm from the top of sectioned 
samples was removed to avoid any possibility of interfering with casting shrinkage 
cavities with those resulting from the addition of RE (La + Ce). Both Figures 18 and 
19 reveal that aside from the increase of the parameter with the amount of introduced 
materials, a marked observation is that the slope of the curve is divided into two 
distinct angles when the melt was modified with Sr (150–180 ppm), in large sections, 
similar to those exhibited in Figure 17. The black circle in Figure 18 shows a relatively 
high % porosity in small sections heated at 200°C, which may in part be due to reduc-
tion in the fluidity of molten metal in the non-modified alloys.

Figure 18. 
Variation of area percentage porosity as a function of mold temperature, sample section, and RE.

Figure 19. 
Variation of pore density as a function of mold temperature, sample section, and RE.



Recent Advancements in Aluminum Alloys

130

Figure 20 exhibits optical micrographs taken from large sections (400°C). 
Figure 20(a) and (b) show the precipitation of RE in non-modified and Sr-modified 
alloys, respectively-light gray phases (1.5%La +1.5%Ce). Since the molten metal was 
degassed prior pouring into the mold, most of the porosity is caused due to shrinkage. 
The pore size is small due to the use of a large filling cavity. Since no filtration was 
applied, some oxide films were able to pass through as shown in Figure 20(c).

4. Conclusion

Based on the present results on the effect of additives and casting process on 
porosity formation in A413.1, the following conclusions may be drawn:

1. The addition of 1.5% rare earth metals (RE) largely increases the melting point 
of A413.1 alloy by 5-7 degrees due to the presence of new alloying elements, 
which is independent of Sr-modification.

2. RE reduces the eutectic temperature by about 3-4 degrees in non-modified alloys and 
9°C in Sr-modified ones. There is no difference between 0.5% and 1.5% RE addition.

Figure 20. 
Optical micrographs of RE and Porosity in large sections at 400°C: (a) precipitation of RE intermetallics in 
non-modified alloy, (b) precipitation of RE intermetallics in Sr-modified alloy, (c) porosity formation in non-
modified alloy, and (d) porosity formation in Sr-modified alloy.
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3. Increasing %RE has a marked deterioration on the alloy strength due to large 
volume fraction of insoluble intermetallics.

4. Due to the high affinity of Ce to react with Ti, the addition of 1.5%Ce would poi-
son the grain refining. On the other hand, La has no reaction with Ti, and hence 
addition of 0.12%Ti + 1.5%La would lead to about 80% reduction in the alloy 
grain size.

5. Most of the observed porosities are caused by shrinkage, especially in Sr-treated 
alloys, regardless of the mold type.

6. The observation that some of the round pores are lined by layers of RE  
intermetallics may suggest that these intermetallics were precipitated in the 
liquid state blocking the flow of the liquid metals (maximum alloy melting point 
is about 580°C).

© 2023 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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The Effect of Chemical 
Composition on EN AW 6XXX 
Series Aluminum Alloys
Emrah Fahri Ozdogru

Abstract

6XXX Series Aluminum alloy is an Aluminum–Magnesium–Silicon family 
(6XXX series) alloy which is the most common and widely used in many  
sectors such as automobile, aircraft, marine and construction, owing to its low 
cost, high strength to weight ratio, good formability, weldability, excellent corro-
sion resistance, and higher thermal conductivity. The principal alloying elements 
in 6XXX series are Silicon (Si) and Magnesium (Mg) and they are controlling 
the mechanical properties of the alloy with the precipitation on heat treatment 
process. Considering all elements used in 6XXX alloys, the main objective for alloy 
development is to get high productivity with superior mechanical properties which 
means to create alloy chemistry for having easy flow during extrusion, less quench 
sensitivity, and high mechanical properties with short aging cycle after extrusion 
process. In this chapter, Alloy developments for aluminum alloys which is mainly 
used for automotive (6063 and 6082 alloy will be the main target) will be discussed 
and industrial practice results will be given. Many Optical microscope and SEM 
(Scanning Electron Microscope) pictures will be shared coming from the lab 
and industrial scale works. The characterization method to see the effect of alloy 
 elements will be also one of the focuses on this chapter.

Keywords: aluminum alloys, extrusion, 6063 and 6082 aluminum alloys, 
microstructure, chemical composition

1. Introduction

Aluminum is third most abundant elements (the most abundant as a metal) found 
in the earth crust as bauxite. It has a face centered cubic crystal structure and it is a 
silvery-white, soft, ductile, and non-magnetic metal. The physical and mechanical of 
aluminum makes it the most broadly used metal after steel on the market. Aluminum 
is one of the lightest engineering metals, having a strength to weight ratio higher to 
steel and similar approaches for conductor cables against the copper.

Aluminum in its pure forms relatively soft and for this reason, the aluminum is 
alloyed with a range of different elements to achieve required mechanical and physi-
cal properties. The most important property of aluminum is its light weight with 
having density 2.7 g/cm3, which is about one-third of steel.
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Aluminum alloys have excellent casting application with its low melting point, 
high degree of fluidity in molten stage. Structural materials require not only high 
strength to weight ratio, besides reasonable cost, but also high fatigue resistance. 
Aluminum alloys have some other attributes like good electrical and thermal con-
ductivities, corrosion resistance, good workability, ductility, and strength which 
make aluminum alloy widely usable and useful materials. Because of its good form-
ability and workability, it can be easily forged and extruded to any shape and size. 
Aluminum and its alloys when exposed to atmosphere, combines with oxygen to form 
a protective oxide coating which blocks further oxidation and protect the surface 
especially on the DC casting application. The formation of protective oxide coating 
makes it highly corrosion resistant. If the protective layer of aluminum is scratched, it 
will instantly reseal itself [1, 2].

Among the aluminum alloys, 6XXX series aluminum alloy which is the Al-Mg-Si 
family are the most common group and seen on the engineering applications such 
as construction, automobile, aircraft, marine and railway due to its high mechanical 
strength, corrosion resistance. 6XXX series commercial aluminum alloys do not pro-
mote the mechanical properties like either 2XXX or 7XXX series alloys, but the range 
is one of the most versatile heat-treatable aluminum and offer good corrosion resis-
tance and formability with medium strength. The ability to improve their mechanical 
properties is very clear in 6XXX series. The reason behind the use of aluminum alloys 
in so many different purposes is the element diversity in the chemical composition 
and the ability to adjust the heat treatments as desired.

The requirements for producing high quality 6XXX series aluminum alloys are 
inevitably associated with the precision alloy design, innovative production tech-
nology and use versatile heat-treatment practices and enhancement of mechanical 
properties [3–5].

The principal alloying elements in 6XXX series are Silicon (Si) and Magnesium 
(Mg) and they are controlling the mechanical properties of the alloy with the pre-
cipitation on heat treatment process. The 6XXX series aluminum alloys are the best 
alloy for the extrusion process and one the most common alloys for extrusion applica-
tion due to wide range profile production and focus for many applications such as 
construction, home appliances such as kitchen and furniture, electricity purposes, 
industrial application and automotive, rail and aerospace.

The focus of this review paper is to put together the latest knowledge available 
from various sources on alloy designation, industrial processing, development of 
properties and potential use of AA6XXX wrought alloys.

2. Chemistry and Its effect on phase formation in 6XXX aluminum alloys

The pure aluminum is very soft and easy to form. However, it is not possible to use 
in any engineering application. Therefore, aluminum is alloyed in order to increase 
strength. On 6XXX series aluminum alloys, the Mg and Si are the major alloying 
elements. The main strengthening mechanisms are precipitation or age hardening, 
work hardening and grain boundary strengthening. The purpose of adding Mg and Si 
is to from MgxSiy compound (stochiometric relationship will be detailed on further 
pages) inside the grain. The other popular alloying elements are Mn, Cr, Cu, Zr, Sc 
and Ti (mostly as a grain refiner). Fe is a trace element and always coming from the 
mineral and production of the pure aluminum. The final purpose of the alloy design is 
to establish a perfect microstructure to achieve best strength, ductility and toughness 
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along with other properties like corrosion and fatigue. Figure 1 shows the summary 
of alloying elements in some common 6XXX series aluminum alloys.

By increasing the Mg and Si content on the alloy system, the mechanical strength 
improves and but also, the other applications such as process response, aging, and 
surface treatment will be affected. The well-known 6XXX series alloy grade according 
to Mg/Si ratio is given in Figure 2.

Mg and Si are major alloying elements and easily dissolute on the aluminum solid 
solution during solution heat treatment process [6]. Magnesium (Mg) and silicon 
(Si) which combine to form the Mg2Si precipitates. These precipitates occur in several 
forms which may be divided into the following three categories.

Figure 1. 
Specific alloying elements in some common 6XXX series aluminum alloys. (Image copyright © belongs to TRI 
METALURJI A.S.).

Figure 2. 
Mg/Si ratio vs. alloy grades (Image copyright © belongs to TRI METALURJI A.S.).
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       SSSS → solute clusters → GP-zones → β” → β’ → β (Mg2Si).

In details;

• β” (beta double prime) Mg2Si, the smallest type of Mg2Si precipitate that is rod- 
shaped and contributes most to mechanical properties when densely dispersed.

• β’ (beta prime) Mg2Si, a larger version of rod-shaped precipitate that grows from 
the β” category. The β’ precipitates have a negligible contribution to mechanical 
properties.

• β (beta) Mg2Si, the largest Mg2Si precipitate that is cube-like in shape and due to 
its size Its not affecting to mechanical properties. Figure 3 shows typical view of 
MgxSiy precipitation in 6082 aluminum alloys.

Figure 3. 
Mg2Si intermetallic formation in 6082 aluminum alloys a) fine and well distributed and b) coarse and 
heterogenous distributed (the pictures were taken from the billet slice after quenching process) (a) Fine Mg2Si 
(β” intermetallics-beta double prime-) (b) Coarse Mg2Si (β -beta-), (Image copyright © belongs to TRI 
METALURJI A.S.).
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The proper ratio for Mg2Si is Mg/Si = 1.73, but this is impossible to achieve with 
ordinary operating tolerances; thus, most alloys have either magnesium or silicon 
excess. Magnesium excess leads to better corrosion resistance but lower strength and 
formability; silicon excess produces higher strength without loss of formability and 
weldability, but there is some tendency to intergranular corrosion.

The formation of Mg2Si precipitates give rise to the simple eutectic system with 
aluminum. At elevated temperature, the solute element dissolves in the solid solution 
but because of the decrease in solubility at lower temperature forms age-hardenable 
Mg2Si precipitates. Figure 4 shows the Al-Mg2Si phase diagrams. According to the 
phase diagram, with increasing amount of Mg and Silicon, peritectic point which 
means Mg2Si precipitation formation starts to decrease the eutectic reaction starts 
earlier than the expectation.

On the practical application such as casting, homogenization and extrusion 
process, the temperature control is becoming vital parameters to achieve mechanical 
strength and better surface properties of the aluminum material.

In other words, looking at the alloy simulation program such as JMAT-PRO®, It’s 
also inevitable seen that the evaluation of Mg2Si formation itself is not enough, since 
the formation of excess silicon or excess magnesium condition. By increasing the 
Mg and Si content on the alloy system, the peritectic point shifts to the aluminum 
solid solution side and peritectic points (temperature) also reduced with some point. 
Figure 5 shows two different Mg, Si content aluminum alloy peritectic point evalua-
tion (on the phase diagram, The Iron content was not taking into account).

Figure 5 shows clearly that why EN AW 6082 aluminum alloy is more sensitive 
for production and why it should be extruded in low speed. The low eutectic point 
phases restrict the extrusion speed and not allowed to go up higher production speed. 
Precipitation of the alloying elements as coherent GP zones and coherent β′′ and 
hexagonal coherent β′ (Mg2Si), during aging treatment, provides strengthening due 
to the presence of coherency strain field around the precipitates, which interacts with 
the moving dislocations. Formation of nonequilibrium coherent hexagonal precipita-
tion gives the highest precipitation strengthening in AA6XXX alloys. The typical 

Figure 4. 
Al-Mg2Si pseudo binary phase diagram [7].
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phase transformation analysis by using DSC for standard EN AW 6082 aluminum 
alloys during again is given in Figure 6.

Iron (Fe) is also present in the alloys and combines with silicon (Si) and aluminum 
(Al) to form AlFeSi dispersoids. These intermetallic do not contribute to the strength 
of the alloy but, if they are not correctly processed, they will have a detrimental effect 
on the extrudability of the alloy. Accurate control of Fe contents in 6000 series alloys 
is important for surface finishing applications. Different levels of Fe will cause varia-
tions in glossiness response during anodizing. Fe is also known to reduce conductivity. 
As Its well known, the homogenization process is applied to DC casting billet in order 
to provide phase transformation for Fe based dispersoid. During homogenization, the 
needle shape Kβ-AlFeSi dispersoid transform into cubic shape. Figure 7 shows before 
and after homogenization microstructure of EN AW 6063 aluminum alloys.

DC casting is the most common and well-known method for 6XXX series. On the 
metallurgy of 6XXX series DC casting, the two main metallurgical issues which are 

Figure 5. 
Two main 6XXX series aluminum alloys peritectic reaction (a) Mg: 0.35% and Si: 0.50% (typical 6060 Al Alloys) 
(b) Mg: 0.7% and Si: 09% (typical 6082 Al alloys).
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Figure 6. 
Typical DSC (Differential Scanning Calorimetry) curves of EN AW 6082 aluminum alloys showing the coherent/
incoherent MgxSiy based intermetallic. (Image copyright © belongs to TRI METALURJI A.S.).

Figure 7. 
AlFeSi based dispersoids phase transformation a) before and b)after homogenization. (Image copyright © belongs 
to TRI METALURJI A.S.).
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MgxSiy precipitation and AlFeSi phase transformation, are being controlled in order 
to match required mechanical properties and surface effect, respectively.

To understand better of the effect of these two phases, the thermal history of the 
billet and extrusion process should be analyzed in detail. Figure 8 shows the thermal 
history of the 6XXX series aluminum alloys for billet casting and extrusion.

After the casting, the needle shape AlFeSi(Mn,Cr) based dispersoid and very low 
number of MgxSiy phase are formed. During the high temperature heat treatment, 
which is called solution heat treatment or homogenization process, all alloying ele-
ments starts to diffuse to the aluminum solid solution phases. However, due to the low 
diffusion rate of some elements such as Fe, Mn, and Cr, the dispersoids are formed 
but different morphology. Table 1 shows the diffusion rate (diffusion coefficient rate) 
of the elements in aluminum at 600°C.

The more important points regarding the diffusion coefficient are that during the 
solidification of the liquid aluminum alloy, the segregation zone is appearing on the 
surface of the DC cast billet. The solidification rate on the surface of the billet is so 
fast that elements cannot move on time to travel to the aluminum solute solution and 
remains on the dendrite arms and create the inverse segregation zone (ISZ) on the 
surface. Figure 9 shows typical ISZ microstructure after homogeneous.

Figure 8. 
General thermal history of the 6XXX series aluminum alloys. (Image copyright © belongs to TRI METALURJI 
A.S.).

Elements D/cm2/s at 600°C Elements D/cm2/s at 600°C

Cu 4,8.10−9 Fe 3,8.10−10

Mg 2,1.10−8 Mn 2,5.10−10

Zn 1,6.10−8 Co 8,4.10−10

Si 1,6.10−8 Ni 8,1.10−10

Cr 1,3.10−12 Zr 2,4.10−12

Table 1. 
Diffusion coefficient of elements in Al at 600°C.
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The Inverse segregation zone is a superficial phenomenon and behaves different 
depending on casting parameters and alloy chemistry. Figure 10 shows SEM images 
of the different surface intermetallic formation on the surface of the billet.

As a result of uneven solidification on the surface, the segregation zone is occurred 
and, on this zone, the chemical composition is also uneven and different than the bulk 
material chemical composition. Figure 11 also shows the uneven element composition 
(weight%) on the inverse segregation zone area on typical EN AW 6060 aluminum 
alloys.

During homogenization heat treatment, The needle shape of AlFeSi(Mn,Cr) 
transforms to rod/round shape AlFeSi(Mn,Cr) phases as shown in Figure 7. This 
transformation is crucial for the following thermo-mechanic process such as extru-
sion. The needle shape AlFeSi(Mn,Cr) is very brittle and low eutectic temperature 
behavior and during the extrusion and open to create a surface defect such as pick-up. 
Besides the surface problem, the productivity of the extrusion (or extrusion speed) 
will also decrease, and the extrusion die life will be also affected by low phase trans-
formation ratio. On the contrary, the higher amount of transformed AlFeSi (saying as 
cubic alpha-αc) will provide higher extrusion speed, better surface condition (or bet-
ter esthetic) and increase die life. The aim for transformation ratio from needle shape 
(Kβ) to round shape (αc) should be minimum %95. However, the industrial practices 
are showing us the average ratio is between %85–95 depending on the furnaces type 
(batch or continuous type homogeneous furnace).

The second part of the homogenization process is cooling. During soaking period 
of homogenization process, all Mg and Si atoms dissolve in alpha aluminum phase 
due their high solubility and create super solute solution structure. The aim of the 
cooling process is to keep them in solute solution condition. However, it never hap-
pens even in high cooling rate. There is always some low percentage coherent β-Mg2Si 
present on the system.

Figure 9. 
Typical ISZ formation on the 6063 aluminum alloys. (Image copyright © belongs to TRI METALURJI A.S.).
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Figure 10. 
Different AlFeSi dispersoid morphology formed on the surface of EN AW 6063 aluminum alloys billet during 
solidification (a) Plate like AlFeSi dispersoid in dendrite structure (b) Plate like AlFeSi dispersoid in dendrite 
structure (c) Needle shape AlFeSi dispersoid (d) Needle shape AlFeSi dispersoid. (Image copyright © belongs to 
TRI METALURJI A.S.).

Figure 11. 
The element compositional deviation on the inverse segregation zone area [8].
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The 6XXX series aluminum alloys are a quench sensitive group and that’s why, the 
quenching system should be well adjusted in billet homogenization and extrusion pro-
cess as well. Figure 12 presents the quench effect vs. precipitation of the MgxSiy particles.

As Its clearly seen that on Figure 12, the faster cooling provides the more β” phase 
which is finer and gives better/reliable mechanical properties and faster extrusion speed.

By reducing the cooling rate, especially on EN AW 6082 aluminum alloy, creating 
the problem on mechanical problems and extrudability of the alloy. The soft cooling 
practices creates plate like (coarse) Mg2Si phases (shown in Figure 3b) and increase 
the precipitate free zone. On automotive purposes application such as crash box, the 
fast cooling is a must to get better folding characteristics. Figure 13 shows different 
folding characteristics based on different cooling application after extrusion process.

Copper has appreciable solubility and strengthening effect. The addition of Cu, in 
variable concentrations, produces substantial solid solution and precipitation strength-
ening. In presence of magnesium and silicon, copper produces age-hardening effects 
at room temperature. The weldability and corrosion resistance are decreased, and the 
weight of the alloy is increased with the copper addition. On 6043 alloys, copper gives 
more mirror-like surface effect after anodizing process. On the contrary, Increasing the 
iron level gives more dull surface effect. Copper addition to the 6XXX series aluminum 
alloys is more popular in automotive purposes profile production such as crash box and 
some side support profiles which is applied high deformation energy on the car. In case 
of copper addition to the alloy, the two new phases are forming on the billet micro-
structure. The first one is Al2Cu-ϴ and the second one Al5Cu2Mg8Si6-Q phase. Theta 
phase behaves like β (Mg2Si) phases and depending on the temperature incoherent and 
coherent phases precipitate and present different behavior. And Q phase is thermody-
namically stable phases and enhance the response for long term thermal stability test 
for crash application. The other important alloying elements are Mn and Cr which give 

Figure 12. 
Precipitation of Mg2Si vs. Cooling speed after soaking of the billet (Image copyright © belongs to TRI 
METALURJI A.S.).
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good homogenization response on the 6063 and 6060 aluminum side. And as for 6082 
and 6005 A, The Mn and Cr control the grain growth during extrusion and refers to 
anti-recrystallization elements like other Zr and Sc elements. Figure 14 shows grain 
structure micrograph about the grain size control during the extrusion.

Figure 14 shows the effect of Cr element after the extrusion process in grain size. 
Cr addition creates AlCr based dispersoid and due to grain boundary pinning effect, 
the final grain size and its structure changed completely from abnormal grain size to 
equiaxed and fine grain size.

The planned additions of trace elements like Cr, Mn, Zr, and Sc can restrict the 
softening mechanisms during elevated temperature deformation. The fine grain 
structure ensures strengthening by grain refinement and work hardening. The trace 

Figure 13. 
Different folding characteristics depending on cooling rate, a) air, b) standing wave (Image copyright © belongs to 
TRI METALURJI A.S.).
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elements show significant role in altering the physical, mechanical, and corrosion 
behavior of Al and its alloys.

Alloying elements B, Ti in some AA6XXX alloys cause the control of grain size 
and produce grain boundary strengthening of those alloys. The machinability can be 
higher by the addition of Bi and Pb in AA6XXX alloys. The solid solution strengthen-
ing to some extent can be caused by lattice parameter control in commercial alloys 
due to presence of Mg and Si in solid solution.

Figure 14. 
Effect of Cr addition to EN AW 6005 A alloys without Cr and with Cr. (Image copyright © belongs to TRI 
METALURJI A.S.).
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3. Conclusion

Among the aluminum alloys AA6XXX series is the most used alloy group for all 
engineering applications. Understanding of alloy chemistry and obtaining optimized 
production parameters and correct usage of materials generates high efficiency with 
reduced production costs. Even small changes of Si and Mg in alloy chemistry could 
create differences on the mechanical properties of alloy and combining this alloy 
chemistry with process parameters of heat treatment shows major progress on the 
alloy properties and usage.

© 2023 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 8

Conversion of Environmental 
Waste to Engineering Wealth: 
Eggshell Particulates as a 
Reinforcement Agent in Al-6063
Isaac Enesi Dongo and Monday Itopa Momoh

Abstract

In the quest to improve on some properties of aluminum alloy for better engineer-
ing application, eggshell particulate was used to reinforce the alloy at various percent-
ages in this research. The reinforcement was carried out at a superheated temperature 
of 700°C in order to have homogenous mixture prior to casting. Micro hardness, 
impact and microstructure were evaluated. It was observed that eggshell particulates 
has positive impact on the mechanical properties of aluminum with sample X2 rein-
forced with 4% eggshell particulate possessing the highest hardness value of 187.1 Hv 
in comparison with the control sample Xo showing the least value of 100.7 Hv. The 
impact result complemented the hardness results with samples X1 and X2 reinforced 
with 2% and 4% respectively of eggshell particulates exhibiting the highest impact 
value of 4.7 J each. This thus indicates that eggshell particulate can be considered as 
an alternative reinforcing agent in improving the mechanical properties of aluminum 
6063. The particulate however dampens the corrosion resistance of Al6063 to deterio-
ration in saline environment with the control sample Xo showing the least corrosion 
rate (0.15711 mpy), corrosion density (−0.012211 A/cm2) and the highest corrosion 
potential (0.99186 V). Thus, indicating that the material is not recommended for use 
in such environment. However, more percentage of the particulates is recommended 
in order to affirm the optimum ratio to which Al6063 would yield better properties.

Keywords: particulates, Al-6063, micro hardness, corrosion, mechanical properties 

1. Introduction

The demand for light weight and cost-effective engineering materials with high 
strength most especially in automobile, aerospace and structural applications to 
enhance performance are on the increase. Interestingly, aluminum and its alloy with 
matching characteristics of light weight, low cost, good thermal and electrical prop-
erties desirable in various engineering applications had stimulated research interest. 
These good properties as well as the recyclability of aluminum had made it a promis-
ing candidate for engineering application. Recently, it is used in all sector of human 
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endeavor today which is not limited to just structural and automobile applications but 
also in cooking utensils household furniture, electrical industries, etc., are making use 
of aluminum either pure or its alloyed form. However, the global increasing demand 
for light weight material with enhanced mechanical properties over the conventional 
alloys in the emerging industrial applications and requirement has recently fueled the 
curiosity of researchers on advanced engineering material (metal matrix composites) 
developments [1].

Reinforcing a metal matrix phase resulted in metal matrix composite with pro-
cessing techniques serving as major hub for tailoring the resulting properties into 
the desired application. Reinforcement material can simply be regarded as strength 
enhancer or bad carrying member in MMCs. It is usually a non-metallic in nature 
including ceramic, egg shell waste, agro and bid shell waste [2, 3].

Reinforcement material can simply be regarded as strength enhancer or bad 
carrying member in MMCs. It is usually a non-metallic in nature including ceramic, 
egg shell waste, agro and bid shell waste. Metal Matrix Composite (MMCs) was 
dated back two decades ago. This was to improve physical, mechanical properties and 
weight serving advantages associated with matrix composite compared to unrein-
forced alloy [4, 5].

Various viable industrial and agro waste that has been investigated in aluminum 
alloy matrix include agricultural (rice husk, bamboo leaves, eggshell, animal bone, 
coconut shell, etc.) waste and industrial (quarry dust) waste material. His investiga-
tion shows that agro and industrial waste can be used as aluminum matrix reinforce-
ment material due to their promising properties enhancement [6, 7].

There are various available processing routes for processing of MMCs includes 
squeeze casting, infiltration powder metallurgy and stir casting technique. 
However, stir casting process has widely been reported to be most viable and eco-
nomical route for particle reinforced metal matrix composite (PMMCs) processing 
and production [8, 9].

Egg shell is an agro-based waste product (after consumption) that is readily avail-
able in any society; and its major constituent is calcium carbonate which makes it use-
ful as reinforcement for aluminum 6063. In view of areas of application of aluminum 
alloys, this research becomes imperative to improve the performance of the material.

2. Experimental procedure

Aluminum alloy 6063 with known chemistry (Table 1) was used as base material 
and eggshell powder used as the reinforcing agent.

The eggshell was sourced from the local tea vendor in Okene, Nigeria. The col-
lected eggshells were rinsed and cleaned thoroughly with fresh water to remove the 
accompanied dirty and the inner membrane of the shell. It was then dried in sunlight 
for 7 days to completely remove the moisture. Grinding and pulverization was then 
carried out to convert the eggshell into powder, this is essential to increase the surface 

Element Al Si Fe Mg Cu Mn Cr Ni Zn Sn

% 89.22 8.36 0.76 0.14 1.19 0.20 0.01 0.05 0.32 0.19

Table 1. 
Chemical composition of Al-Mg-Si alloy.
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area of the particulate for effective interaction in due course of melt mixture. The 
pulverized powder was later fed into the set of vibratory sieve shaker arranged in 
decreasing order of mesh sizes. This classification yielded a very fine particulate, 
using 70 mesh size to produce, a particle size equivalent to 0.000212 μm (Table 2).

2.1 Preparation of the casting process

In the preparation of the casting process, charcoal, crucible pots and molding sand 
was sourced. This process involves the use of molten material usually metal poured 
into a mould cavity that takes the form of the finished parts. The mold material then 
cools with heat generally being extracted via the mold, until it solidifies into the 
desired shape.

A plastic pattern of cylindrical shape diameter of 6 mm and length of 30 mm was 
used. Adequate shrinkage allowance was provided. Silica sand was gotten and mixed 
manually with bentonite (as a binder) and water to ensure mouldability.

2.2 Specimen preparation and analysis procedure

The furnace was charged and fired to a superheated temperature of about 700°C. 
While waiting for the furnace to increase in temperature the eggshell was being 
weighed on the weighing balance in grams gotten from the charge calculation rep-
resenting 2%, 4% and 6%. The Al-6063 alloy was charged into the crucible pot and 
placed in the furnace. The alloy turned liquidus at a temperature of 660°C but was 
left to super heat so as not to turn solidify upon removal. 2% eggshell particulate, as 
weighed, was added to the melt and stirred for about 60 s and the combined charge 
was left to stay in the furnace for about 10–15 min before it was removed and poured 
inside the mould for solidification. This process was repeated for 4% and 6% eggshell 
particulates. A control sample was also cast without reinforcement.

The first casting was labeled X0 representing Al-6063 without reinforcement. This 
serves as the control sample; X1 representing 2% of eggshell particulate; X2 represent-
ing 4% of eggshell particulate; and sample labeled X3 representing 6% of eggshell 
particulate (Table 3).

The hardness of the sample was evaluated using vicker’s micro hardness testing 
machine to determine its ability to resist indentation when subjected to load of 300 g 

Element Weight (%)

Natural hen 
eggshell

Boiled hen 
eggshell

Natural duck 
eggshell

Boiled duck 
eggshell

CaCO3 96.48 96.48 96.48 95.99

S 2.31 3.59 1.24 1.92

Mg 0.404 0.440 0.996 0.927

P 0.501 0.469 0.508 0.481

Al – – – 0.309

K – – 0.0839 0.00957

Sr 0.0737 0.0734 0.118 0.093

Table 2. 
Chemical composition of eggshell.
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for a dwell time of 10 s using standard procedure (ASTM E-384-17). As a comple-
ment, Impact testing of metals was performed to determine the toughness of both 
reinforced and unreinforced Al-6063 by calculating the amount of energy absorbed 
during fracture (ASTM A-370).

The surface of the developed composite was examined using a scanning electron 
microscope (SEM). The scanning electron microscope uses a focused beam of high 
energy electron to penetrate a variety of signals at the surface solid specimen. The 
signal that is derived from the electron sample interactions was reveal the information 
about the sample including the external morphology, texture, chemical composition, 
crystalline structure and the orientation of the material that makes up the samples.

3. Results and discussion

3.1 Effect of eggshell particulate on the hardness

Figure 1 shows the average hardness plot of the hardness of reinforced Al6063 
with eggshell. Micro hardness testing machine was used to evaluate this property. In 
the course of conducting the test, a test load of 4.904 N was used over a dwell time 
of 10 s. Three indentations were made on each sample and the average calculated and 
documented. From the result, it was observed that there was a general increment in 
the hardness values of the reinforced samples. While there were gradual but rapid 
increase in the hardness value to the peak in sample X2 reinforced with 4% eggshell 
particulates, a drop was observed in the X3 sample (reinforced with 6% eggshell 
particulates). Generally, the reference sample was observed to display the least 
hardness value and the reinforced sample indicates that eggshell particulates are of 
much importance to Al alloy for better engineering performance where high strength 
is required. The excel model shows that the optimum hardness value of the composite 
can be attained at about 4.6% eggshell particulate reinforcement with a rank correla-
tion coefficient of 1.

3.2 Effect of eggshell particulate on the impact energy

Like the hardness experiment, impact test was conducted at a room temperature of 
25°C. The experiment was necessary in order to evaluate the toughness or the amount 
of energy the reinforced samples can absorbed prior to failure. From the result in 
Figure 2, it was observed that samples X1 and X2 reinforced with 2% and 4% of egg-
shell particulates exhibited the highest impact value with a sharp drop in sample X3 

Label Weight of materials (kg) % weight of particulate Equivalent weight of 
particulate (g)

Xo 2.26 – –

X1 2.26 2 45.2

X2 2.26 4 90.4

X3 2.26 6 135.6

Table 3. 
Particulate mixture in Al-6063.
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reinforced with 6%. This thus implies that Sample X1 and X2 displays a positive effect 
of the particulates and can be useful in a vibratory environment within the scope of 
other properties considered.

3.3 Effects of eggshell on the microstructure

Figure 3(a–d) shows the micro view of the structure of the aluminum alloy (both 
reinforced and as-cast). The image was captured at high resolution of 1000×, the 
resolution was ensured to be consistent in order to juxtapose the multi-images. From 
the displays, it shows that there was a metal flow in the sample Xo reinforced (without 
reinforcement), the flow could be due to the absence of hardness enhancer. This limi-
tation is taken care of in the reinforced sample (X1, X2 and X3) which shows a display 

Figure 1. 
Hardness trend showing the effect of eggshell particulates on Al-Mg-Si alloy.

Figure 2. 
Toughness of reinforced Al-Mg-Si alloy.
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of the eggshell particulates precipitates distributed round the structure of the mate-
rial. This precipitates account for the significantly improved mechanical properties of 
the reinforced alloy under consideration. Also, the uniformly distributed particulate 
in the structure shows that there was thorough stirring, thus homogeneity, of the melt 
prior to casting.

3.4 Effects of eggshell particulates on the corrosion behavior

Machine designed to operate in marine environment are generally vulnerable to 
failure by corrosion. It is therefore imperative that the corrosion susceptibility of the 
materials used for such facility be investigated to establish the mechanism for its miti-
gation. The unreinforced and reinforced samples were subjected to potentio-dynamic 
electrochemical measurement technique in accordance to ASTM G34 standard to 
determine its behavior in simulated saline environment.

Figure 4(a–c) show the extracted parameters from the linear polarization plots, 
results shows that the reinforced alloy generally displayed similar polarization curves 
and passivity characteristics. It was observed that in spite of the recorded improve-
ment in the mechanical properties, the entire reinforced sample exhibited poor cor-
rosion resistance in saline environment. The as-cast sample (without reinforcement) 

Figure 3. 
(a) SEM view of as-cast Al-Mg-Si alloy, (b) SEM view of sample X1, (c) SEM view of sample X2 and (d) SEM 
view of sample X3.
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has the lowest corrosion rate of 0.15711 mpy compare with those reinforced with 
2.0 wt.% eggshell (0.85262 mpy), 4.0 wt. % eggshell (3.4385 mpy), and 6 wt.% 
eggshell particulate (1.6528 mpy). Correspondingly, the unreinforced sample has the 

Figure 4. 
(a) Showing the current densities of the samples, (b) showing the corrosion rates of the samples, and (c) showing 
the corrosion potentials of the samples.
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least corrosion current density of −0.01221 × 10−5 A/cm2 and the highest corrosion 
potential of 0.99186 V compared with the reinforced sample exhibiting high current 
densities and potentials. From the above corrosion parameters obtained from the 
electrochemical test, it was discovered that the unreinforced Al6063 has the best cor-
rosion resistance hence it has the least corrosion current density, lowest corrosion rate 
and the highest corrosion potential.

4. Conclusion

The mechanical properties of Al-6063 have been enhanced in this research owing 
to the adoption of eggshell particulates as reinforcing agent. The reinforcement was 
carried out at varied percentages and at a superheated temperature of 700°C in order 
to ensure homogeneity in the mixture prior to casting. Micro hardness, impact and 
the microstructural characterization were carried out under varied condition. From 
the results, it was observed that eggshell particulates have positive impact on the 
mechanical properties of Aluminum under consideration. While a significant rise in 
the hardness value was observed, the gradual increment in the impact result comple-
ment the hardness results. This thus indicates that eggshell, which ordinarily is con-
sidered a dangerous agro-waste, can be considered as an alternative reinforcing agent 
in improving the mechanical properties of Aluminum 6063. The particulate however 
dampens the corrosion resistance of Al6063 to deterioration in saline environment, 
indicating that the material is not recommended for use in such environment.

© 2023 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 9

The Microstructure and Mechanical
Properties of the Aluminum Alloy
(AA 6061 T6) under the Effect of
Friction Stirs Processing
Emad Toma Bane Karash and Mohammad Takey Elias Kassim

Abstract

The following chapter study the friction stir processes (FSP) is used to improve the
surface characteristics of the alloy AA6061-T6 on the surface topography, hardness,
tension mechanical characteristics, and microstructures of aluminum alloy, the
impacts of friction stir process tool travel and rotation speeds were investigated. All
friction stir processes (FSW) in this investigation used a cylindrical tool without a pin
that had a 20 mm diameter, rotated at different rotating speeds 800, 1000, 1250, and
1600 rpm, and at different travel speeds 32, 63, and 80 mm per minute. The exami-
nation of the current study's data and the test results showed that in stir friction
processes, hardness rises with cutting depth. The study of the crystal structure showed
that the hardness increased by twice as much for two stages as it did for one stage.
Additionally, it was observed that as cutting depth increased, the size of the granules
representing engineering defects grew smaller. Additionally, in the case of two stages,
the ratio of granule size to friction was twice as high as in the case of one step.
According to the results, using a single-stage friction stir process increased yield
strength by 18% and tensile strength by 9.5%, while using a two-stage friction stir
process increased yield strength by 20.4% and tensile strength by 11.5% when com-
pared to metal basis.

Keywords: friction stir processes, aluminum alloy, linear speed, travel speed,
hardness, microstructure

1. Introduction

The lightness of aluminum in comparison to other forms of metal is one of its
qualities that led to its widespread application in all industrial sectors. Due to its
density, which is around one-third that of steel as an engineering material, and the
fact that heat-treatable aluminum alloys may provide a high percentage of
resistance, aluminum ranks second in importance only to steel as an engineering
material. It ranks third among the earth’s accessible elements, behind silicon and
oxygen, making it one of the most abundant metals in the crust of the planet.
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It also happens to be one of the most chemically efficient metals, making up 7.5% to
8.1% of the weight of the earth’s surface [1, 2]. The ability of heat-treated aluminum
alloys to withstand corrosion by water, salts, and some other substances makes this
metal resistant to natural climate variables, which is another significant characteristic
in the business. Aluminum’s high affinity for the union with oxygen and the develop-
ment of a thin surface layer are what cause it to have such a good ability to resist
corrosion. From its oxide, it is impenetrable (Al2O3). The metal is exposed to air,
which causes it to develop. Corrosion is halted by it. As a result, it is used to make
tanks for the chemical industry, as well as to make colors and use its powder in paint.
An additional benefit of aluminum is that it is a non-toxic metal, making it a
valuable material. Corrosion is prevented by it. As a result, it is employed in the
creation of tanks for the chemical industry as well as the production of colors and
paint using its powder. Aluminum is utilized in the creation of containers for storing
food and soft drinks since it is a non-toxic metal in addition to having all these other
significant qualities [2, 3]. Numerous previous researchers have examined and inves-
tigated the friction stir welding processing parameters for improving the mechanical
qualities of the welded joint [4–6]. It would be equivalent to claiming that different
joint technology alloys are employed in fabrication because fusion welding has melted
a lot of them while producing secondary phases due to thermal absences using base
materials as a pin device [7]. Due to this, compared to alloys of various compositions,
the temperature distribution in nugget zones (NZs) has risen more gradually. The best
solution to this issue is to gather rotational and transverse speeds. The tool is therefore
essential in FSW [8]. It has been addressed in detail how to fabricate surface compos-
ites with different reinforcement combinations, such as AA7075-TiO2, AA7075-and-
TiO2-SiC, and TiO2 + SiC, while maintaining consistent tool rotation, tool travel speed,
and number of passes. The same is meant to increase hardness. It has been noted that
the friction stir treated surface composite had an average hardness that was 4 times
more than the parent metal [9, 10].

2. Friction stir process studies

The technique of friction and stir treatment derives from surface engineering
technology, which allows localized removal of plumbing flaws by changing or
smoothing the microstructure and enhancing the material’s mechanical properties.
The investigation of the friction stir process (FSP) for aluminum alloys was the subject
of a number of studies.

J. M. Salman [11] investigated the impact of two rotational speeds (710 rpm) and
three linear speeds (116, 189, and 303 mm/min) on the mechanical characteristics
and microstructure of an aluminum-zinc-magnesium-copper alloy. Shock resistance,
elongation, a rise in the hardness value, and an increase in the tensile and yield
strength were all seen to increase during the process. Observations were made along
the original and treated samples’ structural details in great detail. A variety of thermal
treatments, including fermentation, equation, and hardness by quenching in water,
were applied to several samples that shown improved fermentation process parame-
ters. The outcomes also demonstrated an increase in the heat produced during the
procedure. The findings also revealed a drop in the linear speed and an increase in
the heat produced throughout the operation when the rotational speed was raised.

A friction stir procedure was used to blend SiC particles with an aluminum alloy
type (6351) to create molecular composite materials in a work by V. V. Murali Krishna
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et al. in 2015 [12]. Using a friction stir process tool with or without a motor, the
samples were rotated and lateral accelerated at constant rates. An optical
microscope was used to obtain the (SiC) reinforcements and make measurements
of the microstructure of the changed surfaces. At the University of Technology
Malaysia, the mechanical characteristics were estimated using the tensile test.
The study demonstrated that the number of multi-stage runs results in an improve-
ment in the crystal structure of the friction stir process, and the results of the tensile
tests showed an increase in the toughness and hardness of the microstructure for one
run of the friction stir process of the models, but a decrease in the durability of
the models with the increase in runs, which is attributed to the dissolution of solid
precipitates.

The effects of the frictional stir process on the structural and mechanical
properties of an aluminum casting alloy with a high degree of hardness were studied
by Karthikeyan et al. in 2008 [13], using three different feeding rates (10, 12 and
15 mm/min) and two different tool speeds (1400 and 1800 rpm). It was found that
increasing the tool speed for a given feed results in an improvement in the
mechanical properties. Additionally, the hardness values of the internal structure of
the processed materials rise as a result of the machine’s increased rotational speed. As
evidenced by the data, the internal structure’s hardness values become as close as
feasible to the internal structural hardness of the primary materials as one moves
away from the weld mass’s center. The findings of the mechanical properties
process also reveal optimal values at a feed rate of (12 mm/min). It was noted that
the average crystal size of (350 nm) in models worked using a machine with a
horizontal linear speed of (15 mm/min) and a rotational speed of (1400 rpm) in
When the average crystal size was 400 nm) for the same feeding speed and
rotational speed. The average crystal size in (25) places on the base material (6.2 m),
and it was noted that the average crystal size of (350 nm) in models worked using a
(1400 rpm).

In terms of the study, Al-Danaf et al., 2010 [14] examined how the frictional
stir process affected commercially rolled sheets (AA5083). A rotary tool with a
rotating speed of 430 rpm and a transverse feeding rate of 90 mm/min was used to
apply friction stir to the models. And that after this process, a 1.6 m-wide fine
crystalline microstructure was obtained. It was discovered that a reduction in the
crystal size resulted in a noticeably improved level of ductility and a reduction
in forming forces. The ductility was determined using the tensile elongation at a
temperature of 250°C, at three stress ratios. The frictional stir procedure
increased the ductility of the working materials with a coefficient that varied
between (2.6–5) when compared to the ductility of the final product, in the same
range of stress rates that were examined. The original metal’s Vickers hardness test
score was (HV 80), however the number at the center of mass was higher and reached
roughly (HV 95).

3. Metal property

Aluminum alloy (T6) - 1 (AA606) heat-treated sheets were employed as the
foundation metal in this work. Table 1 show the alloy’s chemical makeup, and Table 2
that can be trusted provided the alloy’s mechanical characteristics. According to Table,
this alloy is allowed for use with aluminum alloy [15–18].
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4. Initialization of friction stir process (FSP)

Aluminum alloy (AA 6061-T6) with a nominal composition in (Wt. %) was the
substance used. The dimensions and thickness of the ingot were adjusted on a milling
machine to obtain the necessary dimensions (220 * 30 * 3 mm in size), after which it
was prepared in a different way (Butt joint configuration) so that the welding line is
perpendicular to the rolling direction. This was done to prevent altering the boards’
original composition. Using a set rotational speed for the friction tool and a welding
linear speed of 800 rpm and 80 mm/min, the friction stir process was performed on a
typical vertical milling machine. In both stages, the friction tool is at varying depths of
25, 50, 100, 150, 200, 300, and 400 m. A single pass of the friction tool was made
during the first stage of the samples’ friction process, and a double pass was made

Element Materials (%) Nominal chemical composition Actual chemical composition

Zn Max. - 0.15 0.108

Si 0.4–0.8 0.415

Fe Max. - 0.08 0.408

Ga — 0.011

Cu 0.15–0.4 0.269

Mn Max. - 0.15 0.063

Mg 0.8–1.2 0.895

Cr 0.04–0.35 0.208

Ni — 0.013

Ti Max. - 0.15 0.017

V — 0.011

Others each Max. - 0.05 0.005

Others total Max. - 0.15 0.025

Al 95.8–98.6 97.552

Table 1.
Chemical composition of AA 6061-T6.

Material properties Nominal value [15] Actual value

Tensile Yield Strength
MPa

276 245

Ultimate Tensile Strength MPa 310 309

% EL 17 16

Modulus of Elasticity
Gpa

69.8 68

Hardness, Vickers 107 101.5

Hardness, Brinell 95 93.5

Table 2.
Mechanical properties of AA 6061-T6.
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during the second stage on a plate of thickness (3 mm). Figure 1 depicts the friction
model’s dimensions and shape.

The friction stirrer is typically made of carbon tool steel (X12M), which has
undergone heat treatment to achieve the desired hardness (62.85 HRC), giving it a
high degree of durability and resistance to heat and sulfating. The chemical compo-
nents of the friction stirrer have also been examined in the Department of Standard-
ization and Quality Control in Baghdad; further information is provided in Appendix
(B). The friction tool’s diameter was concave (mm 10). The friction tool’s geometry, as
indicated in Figure 2, was utilized. The chemical components of the friction stir
process tool utilized are described in full in Table 3, which was chosen in accordance
with Table 4.

All friction stir activities in the mechanical workshop are performed on the vertical
milling machine. We also created a straightforward fixture out of carbon steel to hold
the components while they were being welded together and fixed using the friction
technique. In the present study, four rotational speeds (800, 1000, 1250, and
1600 rpm) and three linear speeds (32, 63, and 80 mm/min) were selected from the
factors of frictional stir processes, namely the linear speed of the milling machine table
and the rotational speed of the friction tool. To complete the friction stir procedure,
the tool was turned clockwise (C.W.). Some models of aluminum alloy and the
procedure for carrying out the friction stir process are shown in Figure 3.

In order to determine how the frictional stir process affects the alloy’s properties,
frictional stir operations are carried out on the alloy for one stage (one pass) and two
stages (double pass) at various depths (Figure 4).

For both the first stage and the second stage of the models, light microscopy and
scanning electron microscopy were used to analyze the microscopic structure of the
friction stir process models. Where I exposed the grain boundaries using Keller’s
reagent (for a duration of 10–20 sec.) at room temperature and for all samples. The
friction zone hardness was measured by applying a load of (27 gm.) for (15 s) using
an indenter) of a pyramid shape made of diamonds according to the specification
(ASTM-E384) [20]. The precise hardness measurements were performed using a
Vicker’s micro hardness device (Zwick/Roell Z HV). As shown in Figure 5, readings
are obtained at three sites for each model, one of which is in the center of the frictional

Figure 1.
Displays the size and shape of the alloy friction stir process model (AA6061-T6).
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stir area close to the surface. The other two readings are taken on a straight line to the
right and left of the center, with a 1 mm gap between them (Figure 5). With a
rotational speed of 800 rpm and a linear speed of 80 mm/min and different cutting
depths (25, 50, 100, 150, 200, 300, 400 m), transverse tensile models for the base
metal and friction tool stir process were prepared in two stages, with the first stage
being once and the second stage being twice.

Figure 2.
The tool’s geometric design, as used in the friction stir procedure.

Model Specification Mechanical tests

Alloy Steel ISO 6508 Hardness (HRC) 62.85

Chemical composition

C % 0.845 Al % 0.007

Si % 0.265 Co % 0.098

Mn % 0.240 Cu % 0.118

P % 0.037 Nb % 0.001

S % 0.009 Ti % 0.006

Cr % 4.17 V 1.79

Mo % 2.31 W 6.52

Ni % 0.136 Sn % 0.005

Fe % Rem.

Table 3.
Lists the chemical components of the tool used in the friction stir operation.
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5. Macro and microstructure specimens

Following the friction stir and welding processes, the samples are prepared for
microscopic inspection using the following steps:

Samples were created from acrylic material using hot supports after being cut to
length and thickness from the cross-section of the area to be investigated. Size and
fineness of hydrate (graded from coarse to fine (220, 320, 600, 1000, 1500, 2000
grit). The samples are then polished and polished using diamond paste with a granular

Thickness

No. Alloy mm Tool material

1 Aluminum alloys < 12 Tool steel, WC – Co

2 Magnesium alloys < 6 Tool steel, WC

3 Copper < 50 Nickel alloys, PCBN (a)

4 Copper alloys < 11 Tool steel

5 Titanium alloys < 6 Tungsten alloys

6 Stainless steels < 6 PCBM, tungsten alloys

7 Low – alloy steels < 10 WC, PCBN

8 Nickel alloys < 6 PCBN

a. PCBN, polycrystalline cubic boron nitride

Table 4.
It displays a few of the materials used to make welding tools [19].

Figure 3.
Frictional stir process of models.
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size of m 1 and lubricating oil to produce a bright, scratch-free surface that resembles
a mirror. In addition to water grinding, the sample may also be submerged in alcohol
for a brief period of time, carried with specialized forceps, and then washed with
running water after the polishing and polishing procedure. Finally, the samples
undergo an exposition procedure (also known as etching) using Keller’s reagent solu-
tion for 10–20 seconds. Following this, the samples are rinsed in water, their surfaces
are cleaned with methanol alcohol, and they are dried by being placed in heated air.
According to ASTM E3–01 [13], the microstructural investigation was performed on
all samples at room temperature using the following materials: distilled water, con-
centrated hydrochloric acid (1.5 ml), concentrated nitric acid (2.5 ml), and concen-
trated fluoric acid (1.0 ml) (95 ml).

A magnification light microscope (X20) was used to prepare the samples for
microscopic analysis, and the microstructure of the base metal and the other samples
were discovered.

6. Friction stir processes (FSP)

The metallurgical and mechanical properties of the stir area change as a result of
the heat produced by friction between the stir tool and the components to be welded

Figure 4.
Multiple stages of friction stir processes for models: A-single stage, b- two stage.

Figure 5.
Shows how to perform an accurate hardness reading.
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and the plastic deformation in the stir area during the stir process (FSP). A number of
operational and engineering elements, such as the friction tool’s rotating speed, the
table’s linear speed, the stir device’s form and shape, the quantity of heat entering the
stir region, and other considerations, have an impact on these changes.

6.1 The best model to use for the friction stir procedure

The sample of the optimum model, which achieves the best mechanical properties
within the best suited parameters, was tested at the friction tool’s rotating speed of
800 rpm and linear speed of 80 mm/min for one stage and a depth of 400 m, as
indicated in Table 5. The average value of the modulus of elasticity in this case was
(1.2%) compared to the base metal, and the greatest results were an increase in the
average yield stress (16.9%) and maximum tensile stress (11.1%).

6.2 The impact of cutting depth on the friction stir process’ microstructure

The original mineral’s microstructure is made up of elongated grains with an
average grain length of (187) m and a length-to-thickness ratio of (2.97), together
with a heterogeneous distribution of precipitate particles as seen in Figures 6 and 7.

The friction stir tool shoulder’s spinning and pressing forces on the plate surface,
along with the heat created by plastic deformation, cause a surface stirred layer
(modified surface) to form beneath the tool shoulder to a depth of roughly a microm-
eter. The cutting depths (25, 50, 100, 150, 200, and 400 m) and stir layer were

No. Travel
speed
(mm/
min)

Tool
rotation
speed
(rpm)

Specimen
No.

Average Yield
strength 0.2%

offset
y, MPa σ

Average
Tensile
strength
(ST,MP)

Elongation
(%)

Modulus of
Elasticity
(E, Gpa)

Base Metal 245 309 16 69.5

1 32 800 1 275 327 15 68.42

2 271 333 16 69.61

2 1000 3 273 331 11 68.77

4 279 335 14 71.87

3 1250 5 272 331 10 70.03

6 274 336 12 71.07

4 1600 7 269 328 8 70.54

8 272 335 9 71.27

5 63 800 9 271 333 9 60.91

10 275 337 9 71.86

6 1000 11 280 337 10 63.45

12 278 332 12 66.58

7 1250 13 268 335 10 66.71

14 275 338 12 68.6

8 1600 15 272 329 12 63.06

16 277 331 10 65.73
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produced in two stages during the primary trials of the current study at an 800 rpm
rotational speed and 80 mm/min travel speed, respectively. Both the first and second
stages involve one pass each. From the chosen 800 rpm rotational speed with an
80 mm/min travel speed, Figures 8–19 show all surfaces stirred layers created.

The reason for this is that the grains in the center of the friction area are
smooth, equal in size along their axes, and smaller than the grains of the base metal.
This is because the process of re-smoothing the crystalline sizes of the particles
deposited in this area as a result of the plastic deformation caused by the high
rotational movement of the friction tool and the occurrence of recrystallization as a
result of the heat generated has occurred. As a result of the support’s head
(Shoulder) rubbing on the metal frame. Through a single analysis of the crystal
structure of the friction process, as shown in the images of the microscopic structure
of the alloy, Studying the crystal structure of the friction process for a single time
allows us to observe that, while cutting from the surface of the original metal, there is

No. Travel
speed
(mm/
min)

Tool
rotation
speed
(rpm)

Specimen
No.

Average Yield
strength 0.2%

offset
y, MPa σ

Average
Tensile
strength
(ST,MP)

Elongation
(%)

Modulus of
Elasticity
(E, Gpa)

9 80 800 17 285 338 12 69.83

18 288 341 13 70.89

10 1000 19 277 328 13 63.57

20 272 325 13 65.33

11 1250 21 265 316 16 54.09

22 271 337 13 71.95

12 1600 23 261 318 12 51.68

24 263 322 12 68.42

Table 5.
The tests of the friction stir process of aluminum alloy (T6–6061) samples are compared for various rotational
and linear speeds in order to select the optimal model for one stage and a depth of (400 m).

Figure 6.
Show different magnifications of the basic mineral’s microstructure (AA6061-T6).
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Figure 8.
Micrographs of the friction stir layer taken once at 0 μm depth, 800 rpm rotation speed, and 80 mm/min linear
speed.

Figure 7.
Images captured by scanning electron microscopy of the aluminum alloy’s base metal a backscattered electron
micrograph and a secondary electron micrograph are also available.

Figure 9.
Micrographs of the friction stir layer cut once at a depth of 25 μm at an 800 rpm rotational speed and an 80 mm/
min linear speed.

Figure 10.
Micrographs of the friction stir layer cut once at a depth of 50 μm at an 800 rpm rotational speed and an 80 mm/
min linear speed.
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Figure 11.
Micrographs of the friction stir layer cut once at a depth of 100 μm at an 800 rpm rotational speed and an 80 mm/
min linear speed.

Figure 12.
Micrographs of the friction stir layer taken at a single 150 μm cutting depth, 800 rpm rotating speed, and 80 mm/
min linear speed.

Figure 13.
Micrographs of the friction stir layer taken at a single 200 μm cutting depth, 800 rpm rotating speed, and 80 mm/
min linear speed.

Figure 14.
Micrographs of the friction stir layer taken at a single 400 μm cutting depth, 800 rpm rotating speed, and 80 mm/
min linear speed.
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Figure 15.
Micrographs of the friction stir layer taken twice at a cutting depth of 25 μm and at 80 mm/min in linear motion
and 800 rpm in rotation.

Figure 16.
Micrographs of the friction stir layer taken twice at a cutting depth of 50 μm and at 80 mm/min in linear motion
and 800 rpm in rotation.

Figure 17.
Micrographs of the friction stir layer taken twice at a cutting depth of 100 μm and at 80 mm/min in linear motion
and 800 rpm in rotation.

Figure 18.
Micrographs of the friction stir layer taken twice at a cutting depth of 200 μm and at 80 mm/min in linear motion
and 800 rpm in rotation.
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a percentage reduction in the size of the geometric flaws of the metal surface as
follows:

When the depth of the cut was (25 m), the percentage of the size of the defects
decreased (3.03% size), at (50 m, the percentage of decrease was approximately
(3.32% size), at (100 m), the decrease was clearly greater, reaching (21.61% size), at
(150 m), it was (30.42% size), at (200 m), it was (38.32%), and the highest decrease
was recorded when the depth of the cut was (400 m).

The size of the fault grains in the metal surface decreased in comparison to the
surface of the original metal in the following ways: The depth of cut at (25 m) was (4%
size), the depth at (50 m) was (6% size), the depth at (100 m) was (10% size), the
depth at (150 m) was (35% size), the depth at (200 m) was (38% size), and the depth
at (400 m) had the largest percentage of grain size decrease, which amounted to
(400% size).

Observe from the crystal structure and analysis that the geometric flaws have
smaller grains and that the size of these grains reduces as the depth of cut increases.
Furthermore, there is a greater proportion of shrinking and smallness in the friction
process over two times than there is in the friction process over one time.

6.3 The impact of cutting depth on the friction stir process’ mechanical
characteristics

For the friction stir process of aluminum alloy samples (T6–6061), the necessary
mechanical examination tests (hardness examination, tensile test, finding the value of
the elastic modulus, and finding the value of yield strength) are carried out at a
rotational speed (800 rpm) and a linear speed (mm/min80) for one and two times as
well as for different depths of the process. Surface stir caused by friction. The out-
comes are displayed in the Tables 6 and 7.

The frictional mixing process’s cutting depth and the hardness value are related in
Figure 20. The figure clearly illustrates the relationship between the cutting depth and
the hardness value in the case of the friction mixing process for two times, and it also
indicates that this rise in hardness value remains considerable up to a depth of
(300 mm). As the cutting depth is increased to stroke (300 mm), the hardness value
increases dramatically, however this growth is drastically decreased. Additionally, a
comparison between the single and double frictional mixing cases, where the hardness
value rises as the cutting depth increases In addition, the amount of frictional mixing
that occurs during a double frictional mixing process is greater than it is during a

Figure 19.
Micrographs of the friction stir layer taken twice at a cutting depth of 400 μm and at 80 mm/min in linear motion
and 800 rpm in rotation.
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Cutting
depth
μm

Specimen
No.

Average Yield
strength

0.2% offset
y σ
MPa

Average
Tensile
strength

ST
MPa

Modulus
of

Elasticity
E

GPa

Elongation
%

Hardness
HV

Kg/mm2

Average
Hardness

HV
Kg/mm2

Base Metal 245 309 69.5 16 101.5 101.5

0 36 247 311 70 14.4 100.8 101.6

37 259 310 71 14.6 102.4

38 260 313 67 15.1 101.7

25 39 267 315 69 12.2 101.3 102.2

40 263 318 67 9.7 101.1

41 272 316 69 8.0 104.2

50 42 272 322 67 10.6 105.5 103.5

43 270 325 68 11.5 101.6

44 269 322 69 15.1 103.4

100 45 279 324 68 11.0 104.5 104.1

46 280 327 69 11.9 103.1

47 277 331 69 12.9 104.7

150 48 283 331 66 15.0 100.6 104.3

49 282 326 70 10.8 108.1

50 278 336 69 10.2 104.2

200 51 281 328 69 12.2 110.7 108.1

52 286 339 70 12.6 108.1

53 282 334 67 17.4 105.6

300 54 281 336 71 10.2 112.7 110.7

55 285 330 67 9.1 111.8

56 288 341 71 8.7 107.6

400 57 289 343 72 14.0 112.1 110.9

58 282 333 69 13.1 108.8

59 284 339 70 13.6 111.7

Table 6.
Compares the results of the friction stir experiments conducted on samples of aluminum alloy (T6–6061) at two
different speeds: 800 rpm for rotation and 80 mm/min for linear motion, for one stage of the surface.

Cutting
depth
μm

Specimen
No.

Yield strength
0.2% offset
y σ MPa

Tensile
strength
ST MPa

Modulus of
Elasticity
E GPa

Elong.
%

Hardness
HV

Kg/mm2

Average Hardness
HV Kg/mm2

Base Metal 245 309 68 16 101.5 101.5

50 60 275 324 62.33 11.9 105.9 103.5

61 273 322 58 11.3 103.7

62 276 323 44 8.7 100.8
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single frictional mixing process. This is because the homogeneity of the crystals is
greater, and the high temperature of the double frictional mixing process results in a
reduction in engineering flaws and impurities.

Cutting
depth
μm

Specimen
No.

Yield strength
0.2% offset
y σ MPa

Tensile
strength
ST MPa

Modulus of
Elasticity
E GPa

Elong.
%

Hardness
HV

Kg/mm2

Average Hardness
HV Kg/mm2

100 63 284 328 46.36 15.1 104.6 106.1

64 279 330 44.77 13.8 109.6

65 285 331 49.78 13.2 104.1

150 66 284 339 53.75 14.9 112.6 113.4

67 287 340 59.42 14.4 115.6

68 284 337 54.77 15.6 112.1

200 69 289 340 58.75 14.6 119.1 117.2

70 284 342 58.64 14.8 115.2

71 286 340 59.33 12.2 117.3

300 72 288 342 54.35 12.8 122.6 123.3

73 292 344 52.15 14.6 124.1

74 289 340 53.47 13.7 123.1

400 75 290 345 53.35 11.9 125.1 124.2

76 288 344 50.5 11.3 120.5

77 295 345 52.48 8.7 127.1

Table 7.
Compares the results of tests on the friction stir process for samples of aluminum alloy (T6–6061) at two different
speeds: 800 rpm for rotation and 80 mm/min for linear motion.

Figure 20.
Shows the connection between the hardness value and the frictional mixing process’ cutting depth. Comparison of
the mixing processes used once and twice.
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The maximum tensile stress rate increases with the increase in cutting depth, as
shown in Figure 21, which contrasts the cases of the single and double friction mixing
processes. Additionally, the double frictional mixing procedure is (2%) more efficient
than the single frictional mixing technique.

7. Conclusions

The following conclusions can be reached after doing the study, reviewing, and
discussing the findings:

1.The results of the examination and analysis show that the hardness increases
with an increase in the cutting depth in the friction mixing processes; for one
stage of frictional mixing, it increased by 9.3%, and for two stages, it increased
by 22.4% compared to the base metal and at a depth of (400 m), and the increase
is greater in the mixing process. With a rate of 13.1%, frictional mixing occurs
twice from frictional mixing occurs once.

2. It is also clear from the microscopic structure of the samples that were subjected
to the friction mixing processes that increasing the friction mixing process’
cutting depth increased the homogeneity of the crystals and significantly
reduced the number and size of engineering defects and impurities. Additionally,
the reduction is greater when combining twice.

3.For one stage of the frictional mixing process, the yield strength increases by
18%, the tensile strength by 9.5%, and for two stages of the frictional mixing
process, the yield strength increases by 20.4% and the tensile strength by
11.5%.

Figure 21.
Shows the relationship between the value of the tensile stress rate and the cutting depth of the friction mixing
process. Comparison of the mixing processes used once and twice.
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4.One stage of the friction mixing process improves the rate of hardness by 8.3%
compared to the base metal, and two stages of the friction mixing process
increase the rate of hardness by 18% compared to the base metal.

5.As the welding tool’s rotating speed is increased, the bending resistance reduces
while the welding table’s linear speed increases. Using a friction mixing welding
tool with a square indentation bump as opposed to one with a conical bump
improves the bending resistance (cone).
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Chapter 10

Electrochemical Corrosion Study of
Cold-Rolled AA8015-Alloy
Processed by Reversing Cold
Rolling Mill at Varying Surface
Roughness
Olayinka Olaogun, Esther Titilayo Akinlabi and
Cynthia Samuel Abima

Abstract

AA8015-alloy is a general-purpose aluminium alloy having a wide range of
applications. Electrochemical corrosion testing of cold-rolled AA8015-alloy processed by
reversing cold-rolling mill at different surface roughness in natural seawater were
investigated. The AA8015-alloy utilised in this study was cold-rolled in a reversible
Achenbach cold-rolling mill in four number of passes to a gauge thickness of 1.2 mm.
This industrial cold rolling process was achieved at Tower Aluminium Rolling Mill,
Sango-Ota, Nigeria. The different surface roughness’s each with three cold mounted
samples, 1.54 μm, 0.83 μm, 0.18 μm and 0.04 μmwere achieved on automated polishing
machine using 320-grit, 800-grit, 1200-grit and diamond abrasive MD-Mol respec-
tively. Electrochemical corrosion experiments were conducted on the samples in natural
seawater using a computer-controlled potentiostat in an open polarisation cell set-up at
room-temperature. The corrosion behaviour on surface morphologies of the samples
was observed by high-mega-pixel camera and scanning electron microscope. Findings
reveal asymmetric polarisation curves, and the polarisation resistance increases as the
surface roughness decreases. Consequently, corrosion-rate reduces as the surface get
smoother and EDS elemental analysis shows the existence of insoluble sulphate and
chloride complexes formed on the surfaces. Conclusively, surface roughness affects the
corrosion resistance of cold-rolled AA8015-alloy in natural seawater.

Keywords: cold-rolled AA8015-alloy, electrochemical corrosion, reversible rolling
mill, surface roughness, corrosion rate analysis

1. Introduction

The useful lifespan of any component or device is always established at its
design and manufacturing stage [1]. In extractive metallurgy, large billets have to be
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reduced by mechanical deformation processes such as forging, rolling and
extrusion for further reduction and change in their shapes. There are three basic
temperature ranges in metal forming at which the metal (workpiece) can be
formed which are hot working, warm working and cold working [2]. Cold working
is a strengthening mechanism that involves plastic deformation. This strengthening
mechanism is mostly utilised in ductile metals. In addition, cold working takes place
when the processing temperature of the mechanical deformation of the ductile metal
is below the recrystallization temperature [3–5]. Cold working in mechanical rolling
process is eminent as compared to pressing, drawing, spinning and extruding.

The cold working in rolling process, known as cold rolling, involves deforming
the ductile metal by using rolls at low temperatures, especially at temperatures below
the recrystallization temperature of the specific metal. Cold rolling processes are
achieved by using rolling mills to produce metal sheets of a certain required
thickness. The vast majority of cold rolled metal is in the form of flat rolling. Worth
noting is the fact that cold rolling has enormous benefits in its ability to manufacture
products from relatively large pieces of metal at very high speed in a continuous manner
with good surface finish, highly accurate tolerances and stronger products. In addition,
cold rolling process eliminates shrinkage effect, increases hardness and elastic limit. It
also promote decrease in ductility due to strain hardening effect [2, 4, 6, 7].

There has been advances in research on corrosion behaviour of cold rolled metal-
alloys in various solutions reported. Liu et al. [8] carried out electrochemical measur-
ing technique on metastable Cr-Mn-Ni-N austentic stainless steel in acidic medium.
Their findings shows that Fe and Cr dissolutes on the stainless steel surface in the
process of corrosion which is clearly facilitated by the cold rolling deformation. Stud-
ies by Ma et al. [9] demonstrated that high strained cold rolling deformation such as
70 and 90 percent reduction in thickness in Ta-4 W alloy improves corrosion resis-
tance due to preferential crystallographic orientations. More studies [10–13], also
confirms that cold rolling deformation effect in metal-alloys greatly influence the
corrosion current density and corrosion potentials.

Moreover, open literature reports evidence of aluminium and its alloys corroding
under typical applications. To mention a few. Rao et al. [14] in their literature review
on stress-corrosion cracking, confirm that 2xxx, 5xxx and 7xxx aluminium alloys are
susceptible to stress-corrosion cracking. Moreover, a review on the corrosion inhibi-
tion performance evaluation for aluminium and its alloys in chloride and alkaline
solutions by Xhanari and Finsgar [15], confirms evidence of corrosion in aluminium.
Further scholarly articles [16–25] reported also indicate that aluminium and its alloys
corrode, despite its formation of a natural oxide layer that is chemically inert. How-
ever, corrosion study on aluminium 8-series especially aluminium 8015-alloy is yet to
be reported.

Conducting effect of corrosion on varying degree of surface roughness in cold
rolled metal reduction has been a grey area of research. Therefore, this research work
focus on an extensive in-depth experimental investigation on the corrosion behaviour
of cold-rolled AA8015-alloy in natural seawater solution at varying surface roughness
condition.

2. Achenbach reversing mill and cold rolling process

The Achenbach reversing cold rolling mill utilised in this study is a 4-high single
stand unit at Tower Aluminium Rolling Mill, Sango-Ota, Nigeria. The 4-high
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reversing mill detail description and pictorial representation are presented in Table 1
and Figure 1 respectively.

The annealed coiled AA8015-alloy with 7 mm sheet thickness is heated up to
approximately 120°C before been loaded into the deforming rolls at industrial ambient
temperature. The alloy sheet was cold rolled successively at thermal equilibrium
maintained at about 70°C by passing it back and forth in four successive pass

Description

Type Single Stand Reversing 4Hi Cold-Rolling Mill

Make Achenbach

Strip width 1250 mm

Speed 485 m / minute

Inner coil diameter 600 mm

Outer coil diameter 1520 mm

Entry thickness Max. 8 mm

Exit thickness Min. 0.20 mm

Hydraulic System Pressure 40 Bar

Load Capacity 12,000 kN

Table 1.
Description of Achenbach 4-high reversing cold rolling mill at towers aluminium rolling mill.

Figure 1.
Pictures of Achenbach 4-high reversible cold rolling mill at tower aluminium rolling mill; (a) left-end of the
loaded coil, (b) cold rolling process, (c) right-end of the loaded coil, (d) computer numeric control unit, (e) bigger
view of the 4-high reversible cold mill, (f) end view of the rolls.
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schedules in alternate directions until desired thickness of 1.2 mm is attained. The pass
schedules were chosen to maintain reasonable constant drive power and rolling force
during successive passes.

3. Experimental details

3.1 Material, sample preparation and electrolyte solution

The cold-rolled AA8015-alloy specimen was investigated using Bruker Elemental
Optical Spectrometry and the obtained elemental composition is given in Table 2.
The cold-rolled alloy specimen was square-cut using automated Mecatome T300
cutting machine embedded with a 10S25 cut-off wheel based on the inscribed
markings on the surface having dimensions 10 mm by 10 mm. Twelve corrosion
specimen samples were prepared according to ASTM standard G1–03 [26] and cold
mounted using EpoFix Resin and hardener following Struers application note for
cold mounting procedures [27]. Further surface treatment was done on the cold
mounted samples using SiC emery paper of varying 320, 800 and 1200 grit and
diamond polished with MD-Mol disc surface on automated grinding/polishing
machine. Four different surface conditions were attained after cleaning with distilled
water and acetone. The surface roughness (Ra) was determined with HOMMEL-
ETAMIC TURBO roughness and contour metrology, for each surface conditions
given in Table 3.

A natural seawater electrolyte solution was utilised in the experiment with a pH of
7.04, taken from the Sea at Durban, South Africa. Table 4 depicts the chemical
composition of the seawater at 3.5% salinity. The major ion in parts per million (ppm)
is shown.

3.2 Electrochemical measurements

Potentiodynamic electrochemical technique was utilised in determining the corro-
sion behaviour of the cold-rolled AA8015-alloy at varying surface roughness following

Element Si Fe Cu Mn Mg Cr Zn Ti Al

Weight % 0.478 1.338 0.146 0.074 0.035 0.0067 0.072 0.011 balance

Table 2.
Chemical composition of AA8015-alloy in weight per cent.

Cold-
rolled
AA8015
alloy

Surface roughness
value with 320 grit
SiC paper (Ra)

Surface roughness
value with 800 grit
SiC paper (Ra)

Surface roughness
value with 1200

grit SiC paper (Ra)

Surface roughness
value with

diamond polishing
(Ra)

Units

Cold-
rolled
samples

1.54 0.83 0.18 0.04 μm

Table 3.
Surface roughness values of cold-rolled AA8015-alloy corrosion samples under different surface conditions.
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ASTM standard G5 [29]. The potentiodynamic polarisation curves were generated
using the Ivium Compact-Stat Potentiostat computer-controlled with accustomised
Ivium corrosion analysis software to produce Tafel fit lines. Electrochemical experi-
ments were conducted for three samples of the cold-rolled alloy at each surface
roughness carried out at room temperature in an open glass cell containing 200 ml
solution of natural seawater. This is important to confirm reproducibility and preci-
sion. Open circuit potential (Eoc) measurement of each sample of the cold-rolled

Element PPM in sea water

Chloride (Cl�) 18,980

Sodium (Na+) 10,556

Sulphate (SO4
2�) 2649

Magnesium (Mg2+) 1262

Calcium (Ca2+) 400

Potassium (K+) 380

Bicarbonates (HCO3
�) 140

Strontium (Sr2+) 13

Bromide (Br�) 65

Borate (BO3
3�) 26

Fluoride (F�) 1

Silicate (SiO3
2�) 1

Others —

Table 4.
Major ion composition of seawater at 3.5% salinity [28].

Figure 2.
Electrochemical corrosion experimental set-up; (a) Ivium compact-stat Potentiostat, (b) an open glass cell system.

187

Electrochemical Corrosion Study of Cold-Rolled AA8015-Alloy Processed by Reversing Cold…
DOI: http://dx.doi.org/10.5772/intechopen.110060



aluminium 8015-alloy at varying surface roughness was first determined, according to
ASTM standard G69 [30]. The polarisation cell set-up for determination of Eoc consist
of connections of the working electrode (prepared cold-rolled aluminium 8015-alloy
samples at different surface roughness) and the silver/silver chloride reference elec-
trode in natural seawater electrolyte solution to the potentiostat. Subsequent
potentiodynamic experiments carried out utilised a conventional three-electrode
polarisation cell that includes a platinum counter-electrode. A linear potential sweep
in the anodic direction was performed at a scan rate of 0.167 mV/s, starting from
250 mV below the Eoc and terminating at 250 mV above the Eoc. The scanning electron
microscope images were recorded to ascertain the interaction of seawater medium
with the alloy surface using TESCAN VEGA Scanning Electron Microscope with
Energy Dispersive X-ray Spectroscopy (EDS). Figure 2 shows the experimental
polarisation cell set-up accordingly.

4. Results and discussion

4.1 Open circuit potential (Eoc) and potentiodynamic polarisation result

The measured potential of the working electrode (cold-rolled AA8015-alloy) at
varying surface roughness is given in Figure 3, as a function of time for an hour
duration. The variations of the open circuit potential against Ag/AgCl with the time
plot for the three samples show a steady state variation almost throughout the time
duration with relatively stable drifting within 0.1 V for samples with surface rough-
ness 1.54 μm and 0.83 μm, and 0.05 V for samples with surface roughness 0.18 μm and
0.04 μm respectively. The open circuit potential (Eoc) values for the three samples at
each surface roughness all show electronegative potentials, given in Table 5. These
steady-state Eoc values were taken at the last 3600 seconds. The anodic and cathodic
reactions on the alloy surface are in equilibrium at these potentials.

Figure 3.
Variation of open circuit potential with time for cold-rolled aluminium 8015-alloy at (a) 1.54 μm; (b) 0.83 μm;
(c) 0.18 μm and; (d) 0.04 μm surface roughness’s in natural seawater.
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Likewise, Figure 4 shows the polarisation curves generated for each
potentiodynamic polarisation test for all the samples. Observations for each curve
shows similarity in shape and are asymmetric. Furthermore, the Tafel behaviour on
the cathodic side extends over a wider potential range than on the anodic side. In
addition, the anodic current rose more steeply with changes in potential than the
cathodic current. This indicates that reduction reaction occurs at slower rate than
oxidation reaction. Therefore, cathodic reaction controls the electrochemical corro-
sion of the cold-rolled AA8015-alloy. The drifting occurrence in the polarisation
curves confirms electrochemical noise. These suggest indication of sudden inert
oxide-layer film rupture causing dissolution of the AA8015-alloy.

Cold-rolled
AA8015 alloy
samples

Surface
roughness

Ra ≈ 1.54 μm

Surface
roughness

Ra ≈ 0.83 μm

Surface
roughness

Ra ≈ 0.18 μm

Surface
roughness

Ra ≈ 0.04 μm

Units

Sample 1 �0.739 �0.740 �0.713 �0.734 V

Sample 2 �0.714 �0.728 �0.723 �0.710 V

Sample 3 �0.740 �0.759 �0.703 �0.714 V

Table 5.
Open circuit potentials (Eoc) for cold rolled AA8015 with varying surface roughness.

Figure 4.
Polarisation curves of cold-rolled AA8015-alloy immersed in natural sea water at surface roughness’s (a)
Ra ≈ 1.54 μm; (b) Ra ≈ 0.83 μm; (c) Ra ≈ 0.18 μm; (d) Ra ≈ 0.04 μm.
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4.2 Corrosion rate analysis

The Tafel plot analysis on the cold-rolled AA8015-alloy samples at each surface
roughness condition are presented in Figures 5–8. The current-potential data obtained

Figure 5.
Tafel analysis of cold-rolled aluminium 8015-alloy at Ra ≈ 1.54 μm. (a) Sample 1; (b) sample 2; (c) sample 3.

Figure 6.
Tafel analysis of cold-rolled aluminium 8015-alloy at Ra ≈ 0.83 μm. (a) Sample 1; (b) sample 2; (c) sample 3.
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Figure 7.
Tafel analysis of cold-rolled aluminium 8015-alloy at Ra ≈ 0.18 μm. (a) Sample 1; (b) sample 2; (c) sample 3.

Figure 8.
Tafel analysis of cold-rolled aluminium 8015-alloy at Ra ≈ 0.04 μm. (a) Sample 1; (b) sample 2; (c) sample 3.
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were plotted as logarithms of current against potential for both the anodic and
cathodic branches. Straight lines that best fit the data at high potentials were achieved
at selected potential range markers on both anodic and cathodic curves. The point of
intersection yields the corrosion current density (Icorr) and the corrosion potential
(Ecorr). The corresponding electrochemical kinetic parameters and corrosion rate for
each surface roughness condition of the cold-rolled AA8015-alloy in natural seawater
solution were computed and given in Tables 6–9.

Corrosion parameters Sample 1 Sample 2 Sample 3

E. corr (V) �0.7746 �0.7289 �0.7324

i cor. (A) 9.78E-07 1.42E-06 1.16E-06

I cor. (A/cm2) 9.78E-07 1.42E-06 1.16E-06

Rp (Ohm) 14,040 6051 7173

ba (V/dec) 0.036 0.021 0.02

bc (V/dec) 0.266 0.288 0.485

C. Rate (mm/y) 0.01063 0.01538 0.01266

Table 6.
Corrosion rate analysis of cold-rolled AA8015-alloy at Ra ≈ 1.54 μm.

Corrosion parameters Sample 1 Sample 2 Sample 3

E. corr (V) �0.735 �0.7639 �0.7708

i cor. (A) 1.17E-06 1.19E-06 4.23E-07

I cor. (A/cm2) 1.17E-06 1.19E-06 4.23E-07

Rp (Ohm) 8021 10,650 28,580

ba (V/dec) 0.022 0.032 0.03

bc (V/dec) 0.813 0.379 0.443

C. Rate (mm/y) 0.01268 0.01297 0.004599*

Table 7.
Corrosion rate analysis of cold-rolled AA8015-alloy at Ra ≈ 0.83 μm.

Corrosion parameters Sample 1 Sample 2 Sample 3

E. corr (V) �0.7509 �0.7086 �0.729

i cor. (A) 2.53E-06 1.39E-06 8.81E-07

I cor. (A/cm2) 2.53E-06 1.39E-06 8.81E-07

Rp (Ohm) 8236 8130 17,130

ba (V/dec) 0.054 0.028 0.039

bc (V/dec) 0.458 0.341 0.309

C. Rate (mm/y) 0.02749* 0.01516 0.009581

Table 8.
Corrosion rate analysis of cold-rolled AA8015-alloy at Ra ≈ 0.18 μm.
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The mean value calculated results in Table 10, reveals the effect of polarisation
resistance (Rp) and corrosion rate on the surface roughness of cold-rolled AA8015-
alloy in natural seawater solution at room temperature. Significant observation reveals
increase in Rp values as the cold-rolled alloy surface roughness get smoother. Low Rp

value of 9.088 kΩ recorded for surface roughness, Ra ≈ 1.54 μm shows low resistance
to corrosion attack as compared to high Rp value of 30.84 kΩ recorded for surface
roughness, Ra ≈ 0.04 μm. This is evidence in the visual inspection macrograph after
electrochemical corrosion. See Figure 9. Similarly, the rate of corrosion decreases as
the surface roughness reduces.

4.3 Visual inspection and SEM analysis

The macrographs in Figure 9 were taken after electrochemical corrosion experi-
ment. The presence of black spots on the surface reveals the extent of the attack in the
form of localised corrosion. The magnitude of dissolution of the cold-rolled alumin-
ium alloy in natural seawater solution revealed in the macrographs confirms increase
in corrosion resistance as the surface roughness becomes smoother.

Further microstructural analysis using Scanning Electron Microscope (SEM)
revealed corrosion by pitting in all the surface roughness conditions, given in
Figures 10–13. In addition, substantial insoluble substrate complexes were observed,
confirming evidence of corrosion. However, SEM images at surface roughness,
Ra ≈ 1.54 μm is without the presence of insoluble substrate complex. This could be due
to the high mechanical surface flaws because of the 320-grit SiC paper. Moreover, EDS

Corrosion parameters Sample 1 Sample 2 Sample 3

E. corr (V) �0.683 �0.731 �0.7398

i cor. (A) 3.89E-06 7.11E-07 4.38E-07

I cor. (A/cm2) 3.89E-06 7.11E-07 4.38E-07

Rp (Ohm) 4089 23,520 38,160

ba (V/dec) 0.039 0.044 0.043

bc (V/dec) 0.721 0.286 0.407

C. Rate (mm/y) 0.04223* 0.00773 0.004764

Table 9.
Corrosion rate analysis of cold-rolled AA8015-alloy at Ra ≈ 0.04 μm.

Surface roughness, Ra (μm) Polarisation resistance, Rp (kΩ) Corrosion rate, (mm/yr)

1.54 9.088 0.01289

0.83 9.336 0.012825

0.18 12.630 0.0123705

0.04 30.840 0.006247

Table 10.
Mean values of polarisation resistance and corrosion rate of cold-rolled AA8015-alloy at different surface
roughness values.
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analysis in Figure 14 shows sulphur and chlorine ions present in the insoluble sub-
strate confirming the adsorption chloride and sulphur molecules in seawater at the
defective spots were oxide layer is dissolved.

5. Conclusions and future work

Electrochemical corrosion of the cold-rolled AA8015-alloy at varying surface
roughness in natural seawater was investigated. This was shown in the open circuit
potential and potentiodynamic polarisation. Outcome revealed:

1.Evidence of pitting corrosion

2.Subsequent surface roughness conditions examined shows that surface
roughness affects the corrosion resistance of cold-rolled AA8015-alloy

3.Presence of insoluble substrate on AA8015-alloy surface in corrosion process

4.Corrosion resistance increases with high percent reduction of cold rolled
AA8015-alloy

For in-depth analysis and to understand the active corrosion characteristics of cold
rolled AA8015-alloy and in addition to the relationship between the microstructural

Figure 9.
Macrographs showing localised corrosion attack on cold-rolled AA8015-alloy surface samples after electrochemical
corrosion. (a) Ra ≈ 1.54 μm; (b) Ra ≈ 0.83 μm; (c) Ra ≈ 0.18 μm (d) Ra ≈ 0.04 μm.
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evolution and corrosion behaviour of cold rolled AA8015 in natural sea water. Future
investigation using X-ray diffraction (XRD), electron back scatter diffraction (EBSD)
and X-ray photoelectron spectroscopy (XPS) are recommended.

Figure 10.
SEM images of corroded cold-rolled AA8015 sample at Ra ≈ 1.54 μm. (a) Image before corrosion at 314-x
magnification; (b-d) images after corrosion at increased magnifications.
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Figure 11.
SEM images of corroded cold-rolled AA8015 sample at Ra ≈ 0.83 μm. (a) Image before corrosion at 209-x
magnification; (b-d) images after corrosion at increased magnifications.
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Figure 12.
SEM images of corroded cold-rolled AA8015 sample at Ra ≈ 0.18 μm. (a) Image before corrosion at 219-x
magnification; (b-d) images after corrosion at increased magnifications.
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Figure 13.
SEM images of corroded cold-rolled AA8015 sample at Ra ≈ 0.04 μm. (a) Image before corrosion at 246-x
magnification; (b-d) images after corrosion at increased magnifications.

Figure 14.
EDS spectrum showing the elemental composition of the insoluble substrate on the surface.
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Additional information

This paper is a revised and expanded version of a paper entitled [Corrosion
behaviour of cold-rolled aluminium 8015-alloy in natural sea water at 0.18 μm surface
roughness] accepted for presentation at [4th International Conference on Mechanical,
Manufacturing and Plant Engineering, Melaka, Malaysia. November 14–15, 2018].
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Chapter 11

Experimental Investigations on 
Advancements of Aluminum Alloys 
with Friction Stir Process
Bazani Shaik, M. Muralidhara Rao, G. Harinath Gowd,  
B. Durga Prasad and J. Ranga

Abstract

Friction stir processing is a very promising method widely joining varieties of 
metals in other relatively marine, shipbuilding, automotive industries, aeronautical, 
and heavy machinery industries due to the following advantages, such as, low porosity, 
less tendency to cracking, and fewer defects. Research investigates the mechanical 
properties for input parameters such as welding speed, rotational speed, tilt angle, 
and axial force, and output parameters such as tensile strength, microhardness on 
advancements of aluminum alloys by using friction stir processing based on cost. 
Taguchi L9 used for the carrying research on experiments with trailing on parent 
materials in different ranges of input responses on welding speed is 60 mm/min, rota-
tional speed 1250 rpm, tilt angle 3°, and axial force of 12 KN output responses tensile 
strength are 167 MPa measured on the basis of ASTM on specimens and analysis for 
carrying and using design of experiments and mathematical modeling, the relations 
with empirical process useful for the development for automated design.

Keywords: aeronautical industries, mechanical properties, advancements of aluminum 
alloys, friction stir process, welding

1. Introduction

The friction stir welding process is currently very useful for ship manufacturing 
and industry-oriented aircraft and automotive for butt, lap with spot-on dissimilar 
joining of applicability Al-alloys and other materials of Mg-alloys, the production of 
mass of light transportation systems and fuel consumption has significantly reduced 
[1]. Studied resistance of ironing with process aluminum alloys are increased to 
improve the silicon oxide nanoparticles for the limit of iron [2]. Studied mechanical 
properties and microstructural evaluation of AZ31B of sheets has 3 mm thickness 
welded of optimum conditions. The material of workpieces for joining friction stir 
processing with tool is shown in Figure 1 [3, 4]. Studies on tempered steel with 
quench property are feasible of tensile strength 1635 Mpa and research focus of differ-
ent types of high carbon steels and medium are accepted successfully of friction stir 
welds. Joining of Al6061 or NiTip composite with the distribution of homogeneous 
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particles without product interface reaction is prepared successfully by friction stir 
processing took place combination of good damping with thermal physical proper-
ties on the treatment of heat process in the composite [ 5 ,  6 ]. Al–Li 2099 T86 of stress 
corrosion cracking applications and [ 7 ,  8 ] developments of new alloy in aircraft 
industries are identified aluminum–lithium alloys with the [ 9 ,  10 ] substitute of high 
strength aluminum alloys on spacecraft manufacturing and launchers. The properties 
of strength, toughness, and [ 11 ,  12 ] stiffness are adopted with aluminum alloys. The 
aluminum–lithium alloys advanced took place with stress corrosion [ 13 ,  14 ] crack-
ing on structural space applications. The parameters used for welding have [ 15 ,  16 ] 
cohesive bands and circular shapes and path studied of tool intention.  

   2. Materials and methods 

 The friction stir process mainly involves the basic need for materials and methods 
influences by welding of dissimilar AA7075T651 and AA6082T651 with having thick-
ness of 6 mm and by using advanced numerically controlled stir process are carried 
out experiments on the basis of lot of literature survey and trail error methods on 
input parameters varying with proportionate condition done at Annamalai university. 
Chemical compositions with base material are shown in   Table 1  . The specimens 
of the plate taken dimensions on the basis of gap is 100 mm × 50 mm × 6 mm. The 
dimensions cut by the edges with smooth areas to do easily joining process of butt 
welding for the two dissimilar aluminum alloys are placed advancing side and retreat-
ing side are shown in   Figure 2   for the fixed clamps will be adjusted for specimens. 

  Figure 1.
  Friction stir welding process.          

             Elements Si Fe Cu Mn Mg Cr Ni Zn Ti Al  

  Al7075-T651 0.12 0.2 1.4 0.63 2.53 0.2 0.004 5.62 0.03 89.26 

 Al6082-T651 1.05 0.26 0.04 0.68 0.8 0.1 0.005 0.02 0.01 97.03  

  Table 1.
  The chemical compositions of AA7075T651 and AA6082T651.  
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The designed tool with advanced condition material taken as M2-Grade SHSS tool 
diameter of the shoulder is 18 mm and length of the probe is 6 mm. After the friction 
stir processing, the weld zone appears perfectly, for the testing of the welding speci-
mens are taken as standards of ASTM E8 and tensile test specimens before shown in 
Figure 3 and specimens after testing are shown in Figure 4. The combination and 
particular diameter of standard specimens are taken for the impact strength shown in 
Figure 5. The AA7075T651 advancing side and AA6082T651 in retreating side to have 
the proper joining of materials and for the improvement of mechanical properties. 

Figure 2. 
Weld position of dissimilar aluminum alloys of friction stir welding.

Figure 3. 
Specimens of tensile test before testing with ASTM E8.
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The advanced methodology applied for different parameters to obtain easy way of 
influencing the properties of mechanical by using dissimilar welding of notations 
and units are described in   Table 2   and experimental design of Taguchi model input 
parameters and output parameters is shown in   Table 3  .        

         S. no Parameters Notation Unit Levels 

 1 2 3  

  1 Welding speed WS mm/min 40 50 60 

 2 Rotational speed RS rpm 1150 1250 1350 

 3 Axial force AF KN 9 10.5 11  

  Table 2.
  Input variables for actual and coded.  

  Figure 4.
  Specimens of tensile test after testing.          

  Figure 5.
  Specimens of impact test.          
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3. Design of expert

The design of experts in series with the test for the researcher useful for changes 
in input variables on a processor system is shown in Figure 6 due to the effect of 
variables of responses measured. The applicability of computer simulation models 
and physical on the factorial designs took place sensitively for the estimation of the 
combination of effect for two or more factors.

The design of experiments and methods of the traditional difference taken place 
approach in a better way of values on variables of parallel and it does not cover 
the main effects on the variables on the different interactions and the possibility 
of approach for identifying optimal values on the variables of combination with 

Exp. 
no

Input process parameters Output responses

Rotational 
speed (rpm)

Welding 
speed 

(mm/min)

Tilt angle 
(degree)

Axial 
force 
(KN)

Tensile 
strength 

(MPa)

Impact 
strength 

(J)

Elongation 
(%)

1 1150 40 1 10 162.00 10.55 9.60

2 1150 50 2 11 158.99 10.31 9.41

3 1150 60 3 12 155.00 9.00 8.50

4 1250 40 2 12 171.00 12.20 10.80

5 1250 50 3 10 164.99 11.16 10.05

6 1250 60 1 11 158.00 9.30 6.78

7 1350 40 3 11 174.99 13.10 12.15

8 1350 50 1 12 173.00 13.03 11.25

9 1350 60 2 10 167.00 11.30 10.10

Table 3. 
Experimental design of Taguchi model.

Figure 6. 
Process model of the design of expert.
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experimental runs. The design of experiments is carried out in four phases: Screening, 
Planning, Optimization, and Verification.

The influence of rotational speed on tensile strength has increased based on the 
tool welding speed varies the strength with respect to the elongation has improved to 
the maximum extent depends on the rotational speed. Figure 7 shows the increases in 
rotational speed depends on the heat increases at the welding zone area. The friction 
coefficient decreases with the melting condition. The friction stir process region 
intricate the fine particles will be distributed in the uniform portion. The effect of 
tool stirred the position on the flow of metal optimum depends on the increase of 
tensile strength.

The percentage of elongation along transverse direction obtained from the tensile 
test plotted against the welding speed. The plates (Figure 8) shows welded with a 
rotational speed of 1250 rpm and weld speed of 40 mm/min. While the plates were 
welded at 1150 rpm and 60 mm/min. The influence shows the properties of higher 
heat input on the basis of influenced elongation.

The influence of tilt angle on tensile strength (Figure 9) shows the manner of the 
position at the bottom area of the welded part and it will increase the position of tool 
speed with respect to the material and designed shoulder based. The region of the 
position will make difference between the tool changes the yield strength to improve 
the microstructure with ductility.

The influence of axial force on tensile strength (Figure 10) shows the significance 
of friction stir processing at the joining area. The joint took place in the position 

Figure 7. 
Influence of rotational speed on tensile strength.
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Figure 8. 
Influence of welding speed on tensile strength.

Figure 9. 
Influence of tilt angle on tensile strength.
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of rotational speed is 1250 rpm and tensile strength 164.99 MPa and the welding 
speed takes the major role due to increasing of force is 12 KN has the strength will be 
superior at the position of part counter.

The influence of rotational speed on impact strength produces Figure 11 shows the 
frictional heat required to plasticize the material and also the effect of proper mixing 
of the dissimilar alloys. The changes in the position of the part speed will be low and 
have good mechanical properties at the welding speed is higher.

The influence of welding speed on impact strength shows Figure 12 maintains the 
region with the center point of the notch makes the higher energy in order to analyze 
the impact energy at an instant with the increasing of welding speed 60 mm/min and 
impact energy of the notch shows 9.2 J.

The influence of tilt angle on impact strength shows Figure 13 increases of the 
impact energy with 11 J with respect to the tilt angle 3° will be maximum of increasing 
tool tilt angle.

The influence with axial force on impact strength Figure 14 shows the tool stirring 
action plays a major role of the part to increase the rotational speed with the resultant 
of the weld area. The surfaces that occur groove condition because insufficient mate-
rial will be visible. The zone of the weld part decreases with rotational speed due to 
the effect of distribution with temperature at the area of weld zone.

The influence of rotational speed on elongation shows in Figure 15 with the 
increase of rotational speed on the higher input of heat. The position of the tool will 
be the friction decreases with the heat input condition. The friction stir processing is 

Figure 10. 
Influence of axial force on tensile strength.
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Figure 11. 
Influence of rotational speed on impact strength.

Figure 12. 
Influence of welding speed on impact strength.
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Figure 13. 
Influence of tilt angle on impact strength.

Figure 14. 
Influence of axial force on impact strength.
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the best condition for the optimized region on the fine particles with the distribution 
of uniform.

The percentage of elongation along transverse direction obtained from the tensile 
test plotted against the welding speed. Figure 16 shows plates welded with rotational 
speed is 1250 rpm and weld speed of 40 mm/min. While plates welded rotational 

Figure 15. 
Influence of rotational speed on elongation.

Figure 16. 
Influence with welding speed on elongation.
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speed is 1150 rpm and welding speed 60 mm/min. The proportion area influences the 
heat input due to the elongation of 11.25%.

The influence of tilt angle on elongation shown in Figure 17 is the position of tool 
depends on the material adjustment at the shoulder region of the part condition varies 
with the improvement condition in a friendly environment at the joining portion of 

Figure 17. 
Influence of tilt angle on elongation.

Figure 18. 
Influence of axial force on elongation.
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the yield works due to the microstructure will give perfect condition in the region of 
the part due to tilt angle maximum 3° and elongation of 9.7%.

The influence of axial force on elongation shows in Figure 18 with the flow of 
zone part due to higher heat input it occurs at the probe area. The tool pin changes the 
position in order to move the actual flow of material to control the plastic deforma-
tion easily. The shoulder will be the major portion force will increase the depth level 
of plunge working the linear position. The axial force increases the due to increase of 
the pressure at a higher extent the shoulder area will be stirred normal position easily.

4. Conclusions

The present investigation shows the aluminum alloys with the application of 
Taguchi design of experiments helped us in conducting the experiments in an effec-
tive manner without losing accuracy. Two-dimensional plots are plotted between the 
input process parameter and the output responses using Design-Expert software. The 
tensile strength is increasing with the increase in rotational speed and the axial force 
values and the tensile strength is decreasing with the increase in the weld speeds. The 
impact strength increases, when there is an increase in the values of rotational speed 
and axial force. Whereas the impact strength tends to decrease with the increase in 
the weld speeds. The elongation also increases with the increase in rotational speed 
and axial force. The results presented in the work are analyzed on the basis of analysis 
process conducted with microstructures with different zones on thermo mechanical 
treatment zone has higher plasticity due to eutectic constituents Cu–Al precipitation 
on rolled condition and parent metal has rolled temper condition.

© 2023 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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