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Preface

Several essential elements characterize the turn of 2020 and 2021. Although 
the COVID-19 disease pandemic related to the transmission of the SARS-CoV-2 
coronavirus has dominated all global activities, the directions of all undertakings 
are generally determined by the sustainable development goals set by the United 
Nations [1]. It is about providing people around the world with permanent access 
to products and consumer goods that directly affect the level and quality of life, the 
quality and potential of health protection, protection of the climate and natural 
goods, dissemination and improvement of the level of education, information 
exchange and other aspects. An important role in this respect is played by the scien-
tific and engineering communities, serving to activate the development of societies. 
Undoubtedly, an important determinant of the present and future prosperity and 
high quality of life is the continuous development of engineering materials, closely 
related to the development of nanotechnology and surface engineering [2].

Industrial production is an important determinant of achieving the goals mentioned 
above, emphasizing ecological conditions, climate protection, and human health 
and life. The achieved stage of the scientific and technical revolution Industry 4.0 
includes smart factories manufacturing smart products for which raw materials are 
supplied by smart suppliers and [3]. Physical production processes are monitored 
by production systems and make smart decisions. It is possible to do experiments 
with the use of “digital twins” in virtual reality by simulating the actual conditions 
of production, operation and maintenance of products. To achieve these goals, 
cyber-physical systems (CPS), Internet of Things (IoT) and cloud computing are 
used, with the use of large data sets while ensuring cybersecurity. Automation, 
robotization and digitization are the current essences of industrial activities. The 
concept of the developed information society Society 5.0 [4] corresponds to this.

However, it turned out that this model is one-sided and requires a correction and 
a significant extension. The simplified approach in the classic Industry 4.0 model 
gives the erroneous impression that progress is only about monitoring, controlling, 
coordinating and integrating information and communication technologies that 
make up cyber-physical systems, without the need to make real progress in the 
field of technological machines, manufacturing technologies and the engineering 
materials necessary for the manufacturing of any product. A far-reaching simpli-
fication is also reducing technological issues only to additive production, which is 
not competitive to many other manufacturing technologies absolutely necessary in 
overall manufacturing processes. Therefore, a holistic, extended and supplemented 
model of industry 4.0 was developed [5–9]. Only such a model of Industry 4.0 is 
adequate to the actual situation in the developing industry.

The general development of material culture and human civilization in general and 
the associated level and quality of life of societies largely depend on the develop-
ment of technical materials, mainly engineering [10]. For thousands of years, 
materials have been implemented from which all products useful for life were made. 
The selection of materials for these goals was made by trial and error. Nowadays, 
the possibilities of using cyber-physical systems and large data sets and advanced 



methods of artificial intelligence and machine learning are the essence of the 
systematically implemented Materials 4.0 approach [5–10]. It is accompanied by 
the use of materials on-demand with properties designed and required by designers 
when still two decades ago, it was only possible to choose from the materials offered 
by manufacturers. Achieving the material engineering paradigm according to the 
six expectations rule (6xE) [2, 11] is fully ensured because the operational functions 
of the product are ensured by designing the expected material, processed using the 
expected technology, to give the expected geometric features and shape of the prod-
uct, enabling the expected structure to be obtained order to get a set of expected 
properties, ensuring the expected utility functions of the designed product.

Beginning in 10,000 years BC, humankind successively mastered the sourcing 
from nature and manufacturing of gold, copper, bronze, and finally iron and the 
manufacturing of products expected from these metals to meet the everyday needs 
of contemporary people [11]. It is also how the successive epochs of civilization 
development are defined. This progress was slow but systematic. In ancient Egypt, 
thousands of years BC, an engineering composite material, because artificially 
manufactured, was invented where reinforcement was made of straw fibres sur-
rounded by a clay matrix, dried in the sun [1]. An important stage in this develop-
ment was the invention of steel, which probably already took place around the 3rd 
century BC in ancient India. Still, it is believed that Sir Henry Bessemer, in 1856, 
was the first to devise a method that is considered the first step in the modern 
development of steelmaking and starting to steel mass production.

In 1825, Hans Christian Oersted discovered aluminium, and in 1856, thanks to the 
efforts of Henri Étienne Sainte-Claire Deville, industrial production of aluminium 
began, which in 1884 reached 3 tons in the world. Over time, numerous aluminium 
alloys have been developed, currently classified into eight series, differentiated 
by the alloying additives used, affecting significant but differentiated properties 
improvements.

Since the 1980s, AMC Aluminum Matrix Composites have become known, mainly 
due to their applications in the automotive industry. Due to the proliferation of 
carbon composites, AMC initially did not gain popularity. Breakthrough progress 
in this area dates back to the last 30 years. It was due to the attractive properties 
of AMC, including their density and functionality, as well as stiffness, strength, 
thermal and electrical properties. 

The increase in aluminium production, its alloys and composites with aluminium 
matrix were compared with steel world production. Despite the 30 times lower 
production of aluminium [12] than steel, aluminium alloys and composites with 
the aluminium matrix are significant due to their lower density than that of steel. 
The challenges posed by the development in the Industry 4.0 phase, especially the 
expectations of the automotive and aviation industries, force constant progress in 
the development of new materials with the participation of aluminium.

The book “Advanced Aluminium Composites and Alloys” is my another book published 
in my personal academic career and third prepared with IntechOpen. The topic 
is very familiar to me because I am interested in it as it is one of the main areas of 
my scientific interest for a long-time. This book contains a collection of studies by 
authors from 12 different countries. Despite the asymmetrical number of chapters on 
each fundamental topic, it means advanced aluminium-based composite materials 
and alloys of this metal, roughly half in volume was devoted to each of these topics.
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The book opens with my original study on advanced composites based on alumin-
ium alloys and their production processes. Composite materials were manufactured 
by gas pressure infiltration with liquid aluminium alloys of suitably formed porous 
skeletons sintered from a mixture of Al2O3 powder and carbon fibres then are ther-
mally degraded, using halloysite HNTs nanotubes by mechanical milling, consolida-
tion in press and sintering and selective SLS laser sintering of titanium powders. 
Another group of manufacturing technologies is the mechanical synthesis of a 
mixture of aluminium alloy powder and HNTs halloysite nanotubes or MWCNTs 
multi-wall carbon nanotubes, respectively, and subsequent consolidation with plas-
tic deformation. The third group concerns composite surface layers on substrates of 
aluminium alloys produced by laser feathering of WC/W2C or SiC carbides.

The next chapter in this part of the book, “The Theoretical Overview of the 
Selected Optimization and Prediction Models Useful in the Design of Aluminum 
Alloys and Aluminum Matrix Composites,” was written by Halil Ibrahim Kurt et al. 
from Turkey. This chapter presents original research results from their own work 
and cited from the literature on the theory of artificial neural network (ANN), 
adaptive neural fuzzy inference systems (ANFIS) and Taguchi method and their 
applications in engineering design and manufacturing of aluminium alloys and 
AMC composites.

All other chapters deal with various aspects of aluminium alloys. The chapter titled 
“Effect of Zr Addition and Aging Treatment on the Tensile Properties of Al-Si-
Cu-Mg Cast Alloys” is prepared by the international team of Jacobo Hernandez-
Sandoval et al. from Canada, Mexico, Egypt and the USA. The chapter concerns the 
tensile strength of analysed materials containing aluminium at room and elevated 
temperatures. Zirconium forms phases with the participation of Ti, Si and Al, and 
their coagulation leads to a decrease in strength.

Rafał Hubicki and Maria Richert from Poland have prepared a chapter entitled 
“The High-Speed 6xxx Aluminum Alloys in Shape Extrusion Industry”, where they 
analyzed alloys used in the automotive and construction industries.

The 9-person team of Uyime Donatus et al. from Brazil, South Africa, USA, UK 
and Canada wrote the next chapter entitled “Corrosion Resistance of Precipitation-
Hardened Al Alloys: A Comparison between New Generation Al-Cu-Li and 
Conventional Alloys”. The corrosion resistance of conventional alloys and new 
alloys of precipitation hardening alloys was compared. The AA6082-T6 alloy 
became the most resistant to corrosion, while the AA2024-T3 alloy showed the high-
est density of pitting spots.

The chapter “Machining of Al-Cu and Al-Zn Alloys for Aeronautical Components” 
by the team of Jorge Salguero et al. from Spain focused on the analysis of the rela-
tionship between drilling, milling and turning conditions, quality characteristics 
and the main wear mechanism during machining as factors influencing perfor-
mance improvement and micro and macro geometric deviations.

In turn, in the chapter “Analysis of Surface Roughness of EN AW 2024 and EN 
AW 2030 Alloys after Micromachining” developed by Francisco Mata and Issam 
Hanafi from Spain and Morocco, the focus was on this technology suitable for the 
production of very small components in the industry. Very good surface properties 
can be achieved when turning aluminium alloys with a diameter of not less than 
0.05 mm.
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Zygmunt Mikno from Poland has prepared a chapter on “Resistance Welding of 
Aluminum Alloys with an Electromechanical Electrode Force System”, which 
concerns the operation and depends on the new clamping solution in the weld-
ing machine and the optimization of the welding process of aluminium rods. The 
research consisted of the numerical analysis of two electrode pressure systems, i.e. 
conventional pneumatic and electromechanical, using the SORPAS software.

Last but not least is the chapter entitled “Applications of Aluminum Alloys in Rail 
Transportation” and was prepared in China by Xiaoguang Sun et al. This chapter 
focuses on the latest applications of aluminium alloys, including for the car body, 
gearbox and steering rack, and analyze key manufacturing techniques such as cast-
ing, forming and welding.

This book is a continuation of several books previously published in the last decade 
by InTech on various theoretical aspects, production, application and research of 
aluminium, its alloys and composites based on aluminium alloys, edited succes-
sively by Tibor Kvackaj (2011) [13], Zaki Ahmad (2011, 2012) [14, 15], Subbarayan 
Sivasankaran (2017) [16], Kavian Cooke (2020) [17].

Aluminium, its alloys and composites with aluminium participation undoubtedly 
belong to engineering materials of strategic importance for development in many 
areas. For about 150 years of practical use, they have found numerous applications, 
often competitive but in many cases unrivalled. Annual world production in 2015 
has exceeded 62,500,000 metric tons. The main recipients are the automotive, avia-
tion and transport industries, but also using these materials can be manufactured 
precision microelements.

At this point, I would like to thank the Authors for preparing individual chapters 
and the IntechOpen publisher for many months of cooperation in preparing this 
book for printing.

I am deeply convinced that this book is valuable and will be of interest to numerous 
PT Readers. Therefore, it remains for me to wish that my previsions meet with a 
friendly reception. I wish the PT Readers enjoy reading this book and hope it serves 
them in solving real engineering problems.

Leszek A. Dobrzański, Hon., Prof., Dr HC,
Director of Science Centre,

Medical and Dental Engineering Centre for Research,
Design and Production ASKLEPIOS, 

Gliwice, Poland
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Chapter 1

Advanced Composites with
Aluminum Alloys Matrix and
Their Fabrication Processes
Leszek A. Dobrzański

Abstract

This chapter introduces advanced aluminum alloy matrix composites and their
manufacturing processes. In the beginning, the state of the art is characterized and
the general characteristics of aluminum and its practical applications are presented,
starting with the history of aluminum. The current approximate distribution of
bauxite resources in the world and the production of bauxite and alumina in the
leading countries of the world, as well as the production of primary and secondary
aluminum and the range of aluminum end products, are presented. Aluminum
alloys intended for plastic deformation and castings, and composite materials in
general and with a matrix of aluminum alloys in particular, have been characterized
in general. Against this background, a detailed review of the results of the Author’s
own research included in numerous projects and own publications on advanced
composite materials, their production technology, their structure, and properties
were done. The range of aluminum alloy matrices of composite materials was
adequately characterized, which include AlSi12, AlSi7Mg0.3, AlMg1SiCu, AlMg3,
AlMg5, and AlMg9, respectively. Composite materials tested in terms of
manufacturing technology include three groups. The first group includes gas pres-
sure infiltration with liquid aluminum alloys of suitably formed porous preforms.
Porous frameworks as a reinforcement for pressure-infiltrated composite materials
with a matrix of aluminum alloys are produced by three methods. Al2O3 powder
with the addition of 30–50% carbon fibers is uniaxially pressed, sintered, and
heated to thermally degrade the carbon fibers and create the required pore sizes. In
the second case, the ceramic porous skeleton is produced with the use of halloysite
nanotubes HNTs by mechanical milling, press consolidation, and sintering. A third
method is SLS selective laser sintering using titanium powders. Another group of
manufacturing technologies is the mechanical synthesis of the mixture of
AlMg1SiCu aluminum alloy powder and respectively, halloysite nanotubes HNTs in
a volume fraction from 5 to 15% or multi-wall carbon nanotubes MWCNTs in a
volume fraction from 0.5 to 5%, and subsequent consolidation involving plastic
deformation. The third group of analyzed materials concerns composite surface
layers on substrates of aluminum alloys produced by laser feathering of WC/W2C
or SiC carbides. The structure and properties of the mentioned composite materials
with aluminum alloys matrices are described in detail. The chapter summary pro-
vides final remarks on the importance of advanced aluminum alloy composite
materials in industrial development. The importance of particular groups of engi-
neering materials in the history and the development of the methodology for the
selection of engineering materials, including the current stage of Materials 4.0, was
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emphasized. The importance of material design in engineering design is empha-
sized. Concepts of the development of societies were presented: Society 5.0 and
Industry 4.0. The own concept of a holistic model of the extended Industry 4.0 was
presented, taking into account advanced engineering materials and technological
processes. Particular attention was paid to the importance of advanced composite
materials with an aluminum alloy matrix in the context of the current stage of
Industry 4.0 of the industrial revolution. Growth in the production of aluminum, its
alloys, and composites with its matrix was compared with that of steel. Despite the
30 times less production, aluminum is important due to its lower density. The
challenges posed by the development in the Industry 4.0 stage, including the
expectations of the automotive and aviation industry, force constant progress in the
development of new materials with the participation of aluminum, including the
composite materials with an aluminum alloy matrix presented in this chapter.

Keywords: Aluminum, Aluminum alloys matrix composite, pressure infiltration,
halloysite nanotubes, multi-wall carbon nanotubes, additive manufacturing,
selective laser sintering, mullite, mechanical synthesis, laser feathering, Industry
4.0, Sustainable Development Goals, materials science paradigm, aluminummarket

1. State-of-the-art and the general characteristics of aluminium and its
practical applications

1.1 General characteristics of aluminum

Aluminum is a metal of very high technical importance [1–4]. It occurs in nature
in many minerals and is the third element (after oxygen and silicon) in terms of its
share in the earth’s crust. It is, however, the second metal after iron in terms of
technical applications. Its main ore is bauxite, from which pure Al2O3 oxide is pro-
duced, and then by electrolysis of the oxide dissolved in the molten cryolite (sodium
fluoroaluminate), blast aluminum is obtained, which can be further refined.

Aluminum has an atomic number of 13 and an atomic mass of 26.9815. It does
not show allotropes and crystallizes in a wall-centered regular network of A1 type
with a parameter of 0.40408 nm. The melting point of aluminum is 660.37°C and
the boiling point is 2494°C. The density of aluminum is 2.6989 g/cm3 at 20°C.
Aluminum in the annealed condition is characterized by tensile strength
70–120 MPa, yield strength 20–40 MPa, elongation 30–45%, and narrowing
80–95%. Aluminum can be cold and hot worked plastic deformed. In the cold
plastic deformed state with 60–80% degree of crushing, the tensile strength reaches
140–230 MPa, yield strength 120–180 MPa, hardness 40–60 HBW, with a reduced
elongation 1.5–3%.

Aluminum is characterized by high electrical conductivity – 37.74 MS/m,
constituting approx. 65% of the electrical conductivity of copper, and good
thermal conductivity. The electrical conductivity is significantly reduced with
increasing concentrations of impurities and impurities, mainly Fe and Si, as well
as Cu, Zn, and Ti. These elements also reduce the plasticity but increase the
strength properties. The Fe admixture hardly dissolves in aluminum, creating the
brittle Al3Fe phase. On the other hand, Si shows low solubility and does not form any
phases, it is in the free form. In the case of the simultaneous presence of Fe and Si, the
Fe3Si2Al12 or Fe3Si2Al9 intermetallic phases occur. Their separations, especially at the
grain boundaries, significantly reduce the plastic properties of aluminum.

Aluminum is highly resistant to corrosion. In the air, it is covered with a thin
layer of Al2O3, which protects against atmospheric corrosion, water, concentrated
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nitric acid, numerous organic acids, and hydrogen sulfide. On the other hand,
reducing acids HCl and HF, seawater, vapors, and mercury ions accelerate the
corrosion of aluminum. In order to improve corrosion resistance, aluminum may be
subjected to anodic oxidation (so-called anodization), i.e. an electrolytic process of
producing an oxide coating, e.g. in a 10% sulfuric acid solution, combined with
different colors of the metal surface.

Aluminum is extracted from ores in a complex process and, obviously, unknown
throughout most of human history [5–7]. On the other hand, hydrated potassium-
aluminum sulphate (KAl (SO4) 2 12 H2O) has been known for millennia as alum, or
more precisely aluminum-potassium alum, which occurs naturally as a mineral in
the form of granular, infiltrative clusters. Raids and efflorescence. It occurs in the
weathering zone of clay rocks, coals containing pyrite, marcasite and other sulfides.
It is also formed in the process of weathering igneous rocks rich in feldspar and
feldspar, incl. in Uzbekistan in the Kara-kum desert, in Italy near Vesuvius, in the
USA in Alaska and in Russia in Kamchatka. People have known alum since the 5th
century BC and it was widely used for staining as early as antiquity [8]. It was
widely distributed in international trade relations in the Middle Ages due to its use
in dyeing [8–10]. Aluminum was discovered in 1825 by Hans Christian Oersted
[11–13], a Danish physicist. The results of his work were extended by Friedrich
Wöhler [8, 13, 14], a German chemist. In 1854, both Robert Wilhelm Bunsen, a
German chemist, and Henri Étienne Sainte-Claire Deville, produced aluminum for
the first time by electrolysis. Electricity supply was ineffective at the time, so their
methods could not be developed in industry. At that time, aluminum was extremely
valuable, and therefore its price significantly exceeded that of gold. The situation in
this respect continued until 1856, when Deville first began industrial production
and not through the production of electrolytes [8], which he considered impractical
at the time, so he switched to chemical methods in the same year. In 1884, world
aluminum production reached 3.6 tons.

In 1886, Paul Héroult, French engineer and Charles Martin Hall, American
engineer, independently developed a method of producing aluminum, which
became the first large-scale production technology [8]. Their process is still in use
today and is known as the Hall-Héroult process (Figure 1) [15, 16]. This process and
the process developed by Carl Joseph Bayer, an Austrian chemist, determined the
wide dissemination of aluminum and its availability to the public, starting from
1889 (Figure 2) [8].

Nowadays, the commercial production of aluminum oxide by refining from
bauxite practically covers the Bayer process [17, 18] (Figure 2), which consists of:

1.Digestion, in which bauxite is ground and slurried to caustic soda (NaOH) which
is then pumped into large pressure fermentors where the caustic soda reacts with
aluminum oxide minerals to form soluble sodium oxide Na[Al(OH)4];

2.Clarification, in which a sodium oxide solution is processed in cyclones to
remove coarse particles; the remaining fluid is processed in thickeners where
the flocculates are added to the solid agglomerates which are removed with
fabric filters; the residue (red mud) is washed and discarded and the clarified
solution (containing Na[Al(OH)4]) goes to the next step;

3.Precipitation – aluminum oxide nucleating agents are added to the clarified
solution in order to facilitate the separation of larger agglomerated aluminum
oxide crystals; product-size crystals are separated from the small crystals
(recycled serve as nucleating agents) and washed to remove caustic residues;
agglomerates are transferred to the next step.
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4.Calcination – Na[Al(OH)4] agglomerates are placed in rotary kilns or
stationary fluidized bed calciners at a temperature higher than 960°C,
ensuring dehydration and obtaining commercial grade aluminum oxide.

Both these processes are still used in the production of aluminum and it is them
that have made aluminum popular in industry and everyday life. The statue of
Anteros, which was erected in 1893 at Piccadilly Circus in London, Great Britain,
can be considered a symbol of the growing role of aluminum and is considered the
first large work made of this material (Figure 3).

World aluminum production reached 6,800 metric tons in 1900. Figure 4 shows
changes in the production volume and prices of aluminum in the years 1885–2020.

In the late nineteenth and early twentieth centuries, aluminum alloys began to
be used more and more. The basis of modern aluminum production are the Bayer
and Hall-Héroult processes, further enhanced in 1920 by Carl Wilhelm Söderberg, a
Swedish chemist and his cooperators. In the twentieth century, the range of alumi-
num applications has significantly increased, including both in engineering and in
construction, to gain use in aviation as a strategically important material during
World War I. For these reasons, the importance of aluminum during the Second
World War was even greater, to exceed 1,000,000 metric tons for the first time in
1941. After the war, since 1945, aluminum consumption has been increasing annu-
ally by another 10% for almost three decades, gaining popularity in construction
applications, electrical cables, basic foil and the aerospace industry. In 1954, alumi-
num, ahead of copper, became the most widely produced non-ferrous metal, with
world production increasing to 2,810,000 tons per year. In the second half of the
20th century, aluminum found its way into transport and packaging, although its
production was critically assessed for environmental reasons, and as a result alumi-
num recycling developed. For example, in the United States, in the period from
1970 to 1980, the level of aluminum recycling increased 3.5 times, and by 1990 even
7.5 times. At the same time, mining and processing costs decreased and aluminum
production increased, exceeding 10,000,000 metric tons per year for the first time
in 1971. This was accompanied by a fall in aluminum prices since the beginning of

Figure 1.
The diagram of the Hall – Héroult cell for process for smelting aluminum through dissolving aluminum tained
in molten cryolite, and electrolyzing the molten salt bath.
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the 1970s. In 1973, that price was US$ 2,130 per metric ton (1998 US price level).
The launch of the production of beverage cans prompted a significant increase in
aluminum production in the early 1970s, despite the fact that in the 1970s and 1980s
the costs of primary aluminum production increased. However, it contributed to an
increase in the share of secondary aluminum in the overall production, due to its
significantly increased recycling. In the 1970s, aluminum became a stock exchange
commodity. In the 1970s, aluminum production from the United States, Japan and
Western Europe was gradually allocated to Australia, Canada, the Middle East,
Russia and China, where it was cheaper, e.g. in view of favorable tax regulations in
these countries. Production costs fell in the 1980s and 1990s. In the first decade of
the 21st century, the total share of the BRIC countries (Brazil, Russia, India and
China) increased from 32.6% to 56.5% in primary production and from 21.4% to
47.8% in primary consumption. China amassed a particularly large share of world
production thanks to abundant raw materials, cheap energy and government
incentives, and its share in consumption increased from 2% in 1972 to 40% in 2010.
In the United States, this share decreased to 11%. In the United States, Western
Europe, and Japan, most aluminum is used in transport, engineering, construction,
and packaging. World production continues to increase, surpassing 50,000,000
metric tons in 2013 and surpassing a record 58,500,000 metric tons per year in
2015. World production has now exceeded more than 62,500,000 metric tons per
year [19]. Aluminum is produced in greater quantities than all other non-ferrous
metals combined.

Figure 2.
The Bayer process of obtaining aluminum oxide from bauxite ores (a) the block diagram; (b) the example of
the industrial application.
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The basic raw material for the production of aluminum is bauxite [20–22]. Pierre
Berthier the French geologist discovered bauxite in Provence, France in 1821.
Bauxite is a sedimentary rock which contains a high aluminum content as mixture
of few minerals i.e. gibbsite (Al(OH)3), boehmite (γ-AlO(OH)) and diaspore
(α-AlO(OH)), goethite (FeO(OH)) and hematite (Fe2O3), clay mineral kaolinite
(Al2Si2O5(OH)) and also anatase (TiO2) and ilmenite (FeTiO3 or FeO.TiO2).
Australia is the largest producer of bauxite, followed by China. Figure 5 shows the
distribution of the main raw materials of bauxite in the world with the differences
in their abundance. Table 1 presents the production of bauxite and aluminum oxide
in the leading countries in the world in 2018 and 2019 and the current state of
bauxite raw material reserves [23].

Figure 3.
Statue of Anteros, the Greek god of revered love, on Piccadilly Circus in London, UK: (a) view of Piccadilly
circus; (b) detail of the monument with the figure of Anteros.

Figure 4.
Changes in the volume of aluminum production and prices in the years 1885–2020; (a) production volume in
the years 1885–1900; (b) changes in aluminum prices in the years 1900–2020 – Blue line, the actual price in
current values; red line – Price comparable in 1998; (c) production volume in the years 1900–2020; changes in
aluminum prices in the period from 1 December 2005 to 24 November 2020 (own study based on statistical
data).
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Aluminum is produced in many grades [24] with varying degrees of purity from
99.999 to 99.0%, a few examples of which are given below:

• the purest one containing 99.995% Al is used in the production of chemical
equipment and condenser films,

Figure 5.
Approximate distribution of bauxite reserves in the world according to data from 2019, with an indication of
differences in their abundance (the diameter of the red circle corresponds to the resource size) (own study).

Country (alphabetical order) Bauxite Reserves Bauxite Aluminum oxide

2018 2019 2018 2019

Australia 6,000,000 86,400 100,000 20,400 20,000

Brazil 2,600,000 29,000 29,000 8,100 8,900

Canada — — — 1,570 1,500

China 1,000,000 79,000 75,000 72,500 73,000

Guinea 7,400,000 57,000 82,000 180 300

India 660,000 23,000 26,000 6,430 6,700

Indonesia 1,200,000 11,000 16,000 1,000 1,000

Jamaica 2,000,000 10,100 8,900 2,480 2,100

Malaysia 110,000 500 900 — —

Russia 500,000 5,650 5,400 2,760 2,700

Saudi Arabia 200,000 3,890 4,100 1,770 1,800

Vietnam 3,700,000 4,100 4,500 1,310 1,300

United States 20,000 W W 1,570 1,600

Other countries 5,000,000 17,000 15,000 11,400 12,000

World total (rounded) 30,000,000 327,000 370,000 131,000 130,000

Table 1.
Production of bauxite and aluminum oxide in the leading countries in the world in 2018 and 2019 and the
current state of bauxite raw material reserves.
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• containing 99.8% Al is used for foils, cable coatings and plating,

• containing 99.5% Al for electric wires,

• containing 99% Al for everyday products.

There are three different types of primary aluminum, corresponding to different
production methods:

• commercially pure aluminum from the reduction of Al2O3 in the electrolyser,
representing the majority of industrial production; it may contain up to 1% of
impurities, and the purity very often exceeds 99.9%.

• refined aluminum produced by electrorefining commercially pure aluminum
in the cell layer; its purity ranges from 99.9% to 99.99 + %.

• zone refined aluminum produced by zone refining and with the appropriate
starting material and technique can produce metal with less than 1 ppm
impurities.

This purity was obtained thanks to the zone refining of electrodeposited metal
from organic baths.

Secondary aluminum is produced by remelting production scrap or obsolete
equipment and is usually recovered as alloys. Even after remelting high-quality
electrodes, the resulting “secondary pure aluminum” is less pure than the
corresponding primary aluminum because contamination by other materials occurs.

Most of the impurities in primary aluminum come from raw materials (bauxite,
soda, carbon). Therefore, their purity should be controlled, although it is also
important to vary the chemical composition of individual shipments, even if they
come from the same source, as they may differ in their composition, even by one
order of magnitude.

Metallurgical aluminum grades (with limited purity) are used in the production
of alloys and numerous everyday products, equipment for the food industry, for
some electric cables, heat exchangers, in construction, for coatings of steel prod-
ucts, and in the form of foil – for food packaging. Refined aluminum (high purity) is
used in electronics and electrical engineering and for the construction of special
chemical apparatus.

1.2 General presentation of aluminum alloys

The relatively low strength properties of aluminum can be increased – even
several times – by introducing alloying elements and heat treatment of the alloys
[24–30]. Table 2 gives the general classification of aluminum alloys according to
their chemical composition.

Most generally – due to the method of manufacturing – aluminum alloys are
divided into:

• for plastic deformation,

• cast.

Some of these alloys can be used both as cast and for plastic deformation.
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The alloys for plastic deformation usually contain up to about 5% of alloying
elements, most often Cu, Mg, Mn, sometimes also Si, Zn, Ni, Cr, Ti, or Li. Some of
these alloys are used in a plastic worked or in recrystallization annealed state, and
some are subjected to a precipitation hardening heat treatment. Aluminum alloys
with a concentration of alloying elements greater than 5% can also be subjected to
plastic deformation, under special conditions. Aluminum alloys can be shaped by
various methods of plastic deformation and are supplied in the form of many
metallurgical intermediates.

Cast aluminum alloys are mostly multi-component alloys with a high concentra-
tion – from 5 to 25% – of alloying elements, mainly Si, Cu, Mg, Zn, and Ni or their
various combinations. Cast Al alloys are characterized by good fluidity and often low
casting shrinkage. Alloys containing less than 5% alloying elements can also be used as
cast. In general, aluminum alloys can be sand-molded, die-cast, pressure-cast, and
lost wax methods although some of these methods are rarely used today.

1.3 General information on composite materials with aluminum alloys matrices

Advanced possibilities of shaping the properties of materials containing alumi-
num alloys are provided by the production of composites with an aluminum matrix
(AMC), where the matrix most often used is not aluminum but aluminum alloys
[31–45]. AMCs in relation to aluminum and its alloys show better physical and
mechanical properties, including a very favorable strength-to-weight ratio, high
strength and high modulus of elasticity, better fatigue strength, good ductility, low
thermal expansion coefficient, good wear resistance and corrosion resistance and
creep strength. Therefore, AMCs have found numerous applications, many times
unrivaled in comparison with aluminum alloys, when high properties are required,
e.g. in the automotive, aviation, manufacturing, armaments, energy and medicine
industries [46–62].

Aluminum
alloy series

Major alloy
additives

Characteristic

1xxx Lack
(admixtures
<1%)

Low strength properties and very high plasticity, making them
susceptible to cold and hot forming; thanks to the high purity of the
alloy, they are highly resistant to corrosion, and they are also
characterized by high thermal and electrical conductivity

2xxx Cu Has an increased hardness compared to 1xxx, but the corrosion
resistance is much lower

3xxx Mn Low strength, but susceptible to plastic deformation; they are very
well weldable and corrosion resistant

4xxx Si High strength and corrosion resistance

5xxx Mg Corrosion resistance is even higher than for 4xxx

6xxx Mg + Si Corrosion resistant, shows good plasticity, medium mechanical
strength

7xxx Zn + Mg Hard, high-strength aluminum alloys; they are characterized by the
highest strength of all aluminum alloys, but also low corrosion
resistance

8xxx Others, no
classification

Covers aluminum alloys which were not classified in the previous
series

Table 2.
Classification of aluminum alloys by chemical composition.
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Generally, a composite material, often simply referred to as a composite, is a
combination of two or more materials (reinforcement members, fillers and binder
constituting the matrix of the composite) differing in type or chemical composition
on a macroscopic scale [3]. Components of composite materials retain their identity
because they do not completely dissolve in each other and do not combine into
other elements, but interact together. Typically, these components can be physically
identified and exhibit interfacing surfaces.

Composite materials are usually artificially produced to obtain properties that
cannot be obtained separately by any of the components present. Composite mate-
rials are used to ensure appropriate mechanical properties, but also electrical, ther-
mal, tribological, various environmental and other properties. Composite materials
most often contain fibers or phase particles and are stiffer and stronger than the
continuous matrix phase. The many reinforcement elements also provide good
thermal and electrical conductivity and a lower coefficient of thermal expansion
and/or good wear resistance. However, there are exceptions that can also occur in
composite materials, such as rubber-modified polymers, where the discontinuous
phase is more compliant and more ductile than the polymer, resulting in increased
impact strength. Similarly, steel wires can be used to reinforce gray cast iron in
truck and tractor brake drums.

In general, composite materials can be classified on two separate levels. This
classification, although it may seem a bit eclectic, is of practical importance. The
first level of classification concerns the matrix material, and in this case the analysis
is limited to metals and their alloys, in particular aluminum and its alloys. At the
second level (Figure 6) the classification concerns the geometrical features of the
reinforcing materials which is presented in the Figure 7 also.

Composite materials based on non-ferrous metals, including aluminum, may
contain dispersoid particles with a diameter of 10–250 nm. These particles, usually
metal oxides, distributed in the matrix, affect the blocking of the dislocation move-
ment and even if they are not coherent with the matrix, they influence its strength-
ening. These particles cannot dissolve in the matrix, although a low solubility may
improve the adhesion of the dispersoids and the matrix. As Al2O3 does not dissolve
in Al, the Al2O3 – Al system effectively enhances the dispersive hardening of such a
composite material. There are numerous examples of this type of composite

Figure 6.
Classification of composite materials according to the type and geometrical features of reinforcing elements.
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materials, including sintered aluminum powder SAP reinforced by Al2O3 in 14%
and dispersion hardened nickel or iron alloys, oxide dispersion-strengthened ODS.

Powder metallurgy is a frequently used technology to produce metal matrix
composite materials, and this distinct group of composite materials is labeled P/M
MMCs (powder metallurgy metal – matrix composites) or P/M AMCs respectively
for aluminum matrix.

In the case of composite materials with a non-ferrous matrix, including alumi-
num and its alloys, reinforced with large particles, due to the relatively large size of
the reinforcing particles and the lack of their coherence with the matrix of non-
ferrous metals, dispersive hardening cannot take place. These groups of composite
materials, on the other hand, achieve a combination of functional properties
resulting from the interaction of both the matrix and the particles of the second
phase arranged therein, which often guarantee an increase in strength properties.

Fiber-reinforced composite materials are most often used to provide increased
static and fatigue strength, including specific strength and stiffness, which is
obtained by incorporating strong, stiff but usually brittle fibers into a soft but tough
matrix. The matrix only transmits applied load to the fibers, which for the most part
carry it. Composite materials of this group can show high strength properties both
at room temperature and at elevated temperature.

Many reinforcement materials are used. Boron, metal and ceramic fibers are
used to strengthen e.g. composite materials with a metal matrix, as well as with a
composition corresponding to the intermetallic phases. The described fibers have
gained a wide range of applications due to their very high utility values. However, it
should be noted that their price varies by as much as 50,000 times. Glass fibers are
used very commonly, although not in the case of composite materials with a non-
ferrous metal matrix, because their relative specific cost (cost of 1 kg of material)
ranges from 1 to 3. Aramid, carbon, ceramic oxide and an oxide fibers show very
good performance properties, but at a high price, because the relative cost related to
the cost of glass fibers ranges from about 15 for aramid and carbon fibers, although
also not used in the case of composite materials with a non-ferrous metal matrix, to
approx. 4500 for SiC fibers, which determines the limited use of these materials. In
very special cases, however, sapphire fibers are used, where special reinforcing
properties are required, as the relative price of this material exceeds 45,000.

Often, the fibers are stapled, their length does not exceed 10 mm, and they are
arranged randomly in the matrix of composite materials, especially those with a
polymer matrix.

Composite materials with a non-ferrous metal matrix including AMCs
reinforced with continuous fibers are a class of materials with a wide range of
applications due to their mechanical properties, wear resistance and thermal

Figure 7.
Examples of different types of reinforcement elements for composite reinforced materials: (a) dispersive
particles, (b) flakes, (c) discontinuous fibers, (d) continuous fibers in the form of a textile, (e) skeletally,
(f) layered in laminates.
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properties. It is possible to adapt their properties to requirements and provide
increased strength, stiffness, thermal conductivity, abrasion resistance, fatigue
strength and dimensional stability. These composite materials are non-flammable,
do not evaporate under vacuum, and are resistant to organic liquids, including fuels
and solvents. The matrix of these materials consists of monolithic alloys, usually
light metals, including aluminum, but also heat-resistant superalloys. They are
reinforced with boron, carbide, oxide and tungsten fibers in a continuous form,
usually with a volume fraction of 10–70% in the composite material, produced in
addition to materials with the same matrix reinforced with discontinuous fibers.
Aluminum oxide particles are a cheap solution and are most often used when the
metal matrix is cast, while the most common are silicon carbide and boron carbide
particles as a reinforcement in the form of discontinuous but also continuous fibers,
especially in aircraft structures (Table 3).

Reinforcing
fiber
material

Manufacturing process Application examples

Boron Hot pressing of the fiber system between
the metal foils

Tubular struts of the central part of the
space shuttle hull, cold heat dissipator
(diffuser) in the housings of electronic
microchips of multi-layer plates, neutron
radiation shielding material (e.g. in spent
nuclear fuel storage facilities or containers
for transporting such fuel), fan blades in
turbo-jet engines, aircraft wing plating,
aircraft landing gear components, bicycle
frames, golf clubs; Due to the degradation
of boron fibers above 480°C, high-
temperature applications are impossible
and manufacturing using casting or high
temperature low pressure pressing

SiC Investment casting, low pressure hot
forming, superplastic forming with
diffusion welding, isostatic hot pressing
HIP, green tape production by winding
fibers on films covering a rotating drum
and their initial bonding to the film using a
polymer resin, removed then in the
volatilization (evaporation) process or by
plasma spraying and subsequent pressure
diffusion welding of several such cut tapes
stacked at a temperature close to the
melting point and pressure consolidation
in an autoclave in a vacuum metal
container, as well as in closed forms to give
the required final shapes

Construction of aircraft elements, wings
up to 3 m long, elements of portable
bridges, small pressure vessel cylinders,
bullet stabilizers, missile casings

Graphite Vacuum diffusion welding of raw metal
(aluminum) strips with longitudinally
arranged fibers, diffusion rolling welding
Rapi-Press, continuous pressing, direct
metal infiltration process, casting

Very high strength components and
stiffness, e.g. the mast of the Hubble
cosmic telescope, thin-walled pipes of
small and large diameters (up to 2 m), with
complex shapes, produced with the near-
net-shape technology

Al2O3 Casting Pistons for internal combustion engines
(Toyota)

Table 3.
General characteristics of composite materials with aluminum matrix reinforced by continuous fibers.
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Various types of ceramics, e.g., Al2O3, SiC and B4C, are widely used to reinforce
aluminum matrix composites. They show very good properties, such as high
strength, high hardness, abrasion resistance.

Composite materials in metal-to-metal and metal-ceramic systems are produced
using liquid and solid-phase technologies. Liquid-phase technologies are based on
direct (in situ) methods, during which the fibrous structure of the composite is
obtained by solidifying the alloy with unidirectional heat dissipation, and on indi-
rect (ex situ) methods using foundry technologies, plastic processing and powder
engineering.

The basic manufacturing processes for AMC on an industrial scale can be
divided into the following groups:

• Liquid state processes, including stir casting, extrusion casting, injection
molding and in situ (reactive) process, ultrasonic assisted casting, vacuum
infiltration, pressureless infiltration and dispersion methods;

• Solid-state processes involving powder mixing followed by consolidation
(powder metallurgy), friction by shot-assisted high-energy powder grinding,
ion bonding by diffusion and vapor deposition techniques

• Liquid–solid processes including composite casting, semi-solid molding.

Methods of manufacturing composite materials with an aluminum alloys matrix with continuous
reinforcement

With the participation of the
liquid phase

Gravitational
• vacuum
• pressure

In solid
state

Diffusion welding

Hot rolling welding

Hot extrusion
welding

Bonding Bonding high-
energy shaping

Hot pressing with the participation of
the liquid phase

Plasma spraying

Methods of manufacturing composite materials based on aluminum alloys with discontinuous
reinforcement

With the participation of the
liquid phase

Methods of mixing metal in liquid
state
• by mechanical methods
• electromagnetic methods
• gas injection

In solid
state

Powder engineering
methods

Thixotropic manufacturing in the liquid–solid state

Spray methods

In situ generation methods:
• reactions in the system: liquid–liquid, liquid–gas, liquid–solid,
• reactions in salt mixtures,
• direct oxidation and nitriding,
• reactive spray molding,
• self-developing high-temperature synthesis,
• reactive plasma synthesis.

Table 4.
Classification of methods of manufacturing composite materials with a matrix of aluminum alloys with
continuous and discontinuous reinforcement.

15

Advanced Composites with Aluminum Alloys Matrix and Their Fabrication Processes
DOI: http://dx.doi.org/10.5772/intechopen.98677



A detailed classification can also be made, based on the type of reinforcement
(continuous and discontinuous) (Table 4).

Table 5 compares additionally some of the methods mentioned.
During the last quarter of a century, the processes of mechanical alloying,

known for a long time, have been used in the production of composite materials
reinforced with particles, causing improvement in the structure and dispersion
hardening of these materials and even distribution of hardening particles in the
matrix [33, 47, 63–65]. The resulting nanocrystalline or submicrocrystalline
structure improves the properties of newly developed composite materials
[34, 37, 47, 53, 63, 65].

2. Description of the materials taken into account and the technologies
used for their manufacturing

2.1 The range of matrices of aluminum alloy matrix composite materials
presented in this chapter

This chapter presents a generalization of the results of numerous own studies
and provides a detailed overview of the structure and properties and manufacturing
technology of several AMCs selected for presentation due to their advanced
manufacturing methods and unexpected properties and the resulting wide
application possibilities.

Among these materials, there are basically three groups of such materials
presented in this chapter, examined within the research projects [66–74] of the
Author of this chapter and doctoral dissertations [75–80] carried out under the
supervision of the Author of this chapter. The details were published earlier
[81–112]. The description in this chapter covers the main groups of composite
materials presented in Table 6, as follows:

1.composite materials manufactured by gas-pressure infiltration with liquid
aluminum alloys,

2.nanocomposite materials manufactured by mechanical synthesis of a mixture
of aluminum alloy powder with HNTs or MWCNTs nanotubes and the press
consolidation,

3.composite surface layers on the substrate of aluminum alloys as a result of laser
feather by introducing carbides powder.

Method Range of shape and size Range of volume
fraction

Damage to
reinforcement

Cost

Stir casting Wide range of shapes, larger
size up to 500 kg

Up to 0.3 No damage Least
expensive

Squeeze
casting

Limited by preform shape up
to 2 cm height

Up to 0.5 Severe damage Moderate
expensive

Spray casting Limited shape, large shape 0.3–0.7 Expensive

Powder
engineering

Wide range, restricted size Reinforcement
fracture

Expensive

Table 5.
Comparative analysis of different technique of composites manufacturing.
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In the above-mentioned composite materials, aluminum alloys listed in Table 7
were used as the matrix.

2.2 Manufacturing technologies of porous skeletons as a reinforcement of
pressure-infiltrated aluminum alloy matrix composite materials

In the case of the 1st composite material in question, porous Al2O3 ceramic
skeleton was produced by sintering Alcoa Industrial Chemicals CL 2500 powder
(Table 8) with the addition of 30, 40, or 50% by weight Sigrafil C10 M250 UNS
carbon fibers from SGL Carbon Group (Figure 8) with the properties given in
Table 9.

Al2O3 powder was wet-milled in a ball mill for 5 minutes to break up powder
agglomerates. In order to eliminate mutual electrostatic interactions and prevent
agglomeration of carbon fibers, Dolapix CE 64 was used, introduced into the Al2O3

No. Matrix Reinforcement A form of
reinforcement

Technology of
manufacturing

Literature

1 AlSi12 Sintered Al2O3 powder
with carbon fibers

Skeleton structure Gas-pressure
infiltration

[73–75]

2. AlSi12 Sintered HNTs
halloysite nanotubes
with carbon fibers

Skeleton structure Gas-pressure
infiltration

[68, 70,
74, 78]

3 AlSi12 Selective laser sintering
of titanium powder

Skeleton structure Gas-pressure
infiltration

[66, 70,
74, 80]

4 AlSi7Mg0.3 Selective laser sintering
of titanium powder

Skeleton structure Gas-pressure
infiltration

[66, 70,
74, 80]

5 AlMg1SiCu Halloysite HNTs
nanotubes

Reinforcing by
dispersive particles

Mechanical synthesis &
press consolidation

[68, 76]

6 AlMg1SiCu Multi-wall carbon
nanotubes MWCNTs

Reinforcing by
dispersive particles

Mechanical synthesis &
press consolidation

[67, 79]

7 AlMg3 WC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

8 AlMg3 SiC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

9 AlMg5 WC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

10 AlMg5 SiC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

11 AlMg9 WC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

12 AlMg9 SiC Powder particles in
remelted zone

Laser feather by
introducing powder in
remelted zone

[69, 70,
72, 77]

Table 6.
General characteristics of the discussed composite materials.
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suspension. To facilitate subsequent compression, 1% water-soluble polyvinyl alco-
hol Moviol 18–8 was added to the mixture. The powder was then dried by freezing
and sublimating water under reduced pressure and sieved through a 0.25 mm sieve.
The polyvinyl alcohol was activated after the powder was moistened with distilled
water and left for 24 h in a polymer foil bag. Then the powders were pressed
uniaxially in a die with a diameter of 30 mm on a manual laboratory press “Nelke”
and in a rectangular die with dimensions of 65x46 mm on a hydraulic plate press
Fontune TP 400 at a pressure 100MPa, for 15 seconds. The pressed preforms were
sintered in Gero tubular furnace in an air atmosphere with a flow of 20 l/min, with
slow heating up to 800°C at a rate of 20°C/h, heating for 10 hours for complete
thermal degradation of carbon fibers, heating up to 1500°C at a rate of 300°C/h,

Aluminum
alloys

Elements concentration, wt. %

Si Fe Cu Mn Mg Ti Other Al

AlSi12 10.0–
12.0

Max 0.3 Max
0.03

0.2–0.4 0.25–
0.32

0.08–
0.15

— rest

AlSi7Mg0.3 6.5–7.5 Max
0.15

Max
0.05

Max
0.10

0.25–
0.45

0.08–
0.15

V max 0.03

AlMg1SiCu 0.6 0.47 0.22 0.11 0.95 0.006 Cr 0.26; Zn
0.015

AlMg3 0.07 0.07 0.01 0 2.86 0.01 —

AlMg5 0.08 0.07 0.01 0 5.55 0.01 —

AlMg9 1.32 0.1 0.003 0.43 10.1 0.008 Zn 0.006

Table 7.
Chemical composition of the aluminum alloys used.

Density, g/cm3 Particle diameter D50, μm Share of other phases, wt%

Al2O3 Na2O Fe2O3 SiO2 CaO B2O3 other

3.98 1.80 99.80 0.05 0.02 0.01 0.01 0.01 0.10

Table 8.
Properties Al2O3 Alcoa CL 2500 powder.

Figure 8.
(a) Morphology of Sigrafil C10 M250 UNS carbon fibers (SEM); (b, c) powder mix of aluminum oxide and
carbon fibers (b) after pressing, (c) after sintering (macro).
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sintering for 2 h and cooling with the furnace. The sintered skeletons show larger
pores after the carbon fiber degradation and of much smaller dimensions around
the individual ceramic particles that were intentionally not densified to the maxi-
mum extent (Figure 9). As a result, the created ceramic skeleton is characterized by
a system of interconnected pores, ensuring high permeability of 2.48–10.56 m2 �
10�13 and facilitates infiltration with liquid aluminum alloy.

Appropriate Al2O3 wettability by the liquid aluminum alloy was ensured by
nickel coating the pores of the ceramic skeletons by using Atotech’s Futuron tech-
nology (Table 10) used to make metallic coatings on polymeric materials to create a
tin and palladium layer on the surface.

The solution of Noviganth Activator AK II ensures the exchange of tin on the
surface with metallic palladium, after which it is possible to apply a layer of the Ni-P
alloy by the chemical electroless method. The internal surfaces of the ceramic
skeletons were coated using a solution pumping device which used a spiral cooler in
the shape of a copper coil to ensure the required temperature. The sintered porous
skeletons were glued with the two-component adhesive “UHU plus endfest 300” to
the aluminum rings, which could be infiltrated with the liquid AlSi12 alloy after
heating in a furnace at 800°C. The sintered ceramic skeleton in a matrix coated with
graphite and heated to 450°C, was infiltrated by the AlSi12 liquid alloy at 800°C
using a punch in a Fontune TP 400 hydraulic plate press with a pressing speed of
17 mm/s and a maximum press pressure of 100MPa for 120 s. They were removed
from the mold and cooled with a stream of compressed air.

In the second case of the composite materials analyzed in this chapter, the
ceramic porous skeleton, which is the reinforcement of the composite, was
manufactured with the use of halloysite nanotubes (HNTs) by their mechanical
milling, press consolidation, and sintering. HNTs are provided by NaturalNano
(USA), and their phase composition is shown in Table 11. The nanotubes are
obtained from halloysite, which is a clay mineral of volcanic origin, which is

Diameter,
μm

Average length,
μm

Density,
g/cm3

Strength,
GPa

Young’s modulus,
GPa

Carbon content,
wt. %

8 135 1.75 2.5 26 >95

Table 9.
Properties of Sigrafil C10 M250 UNS carbon fibers.

Figure 9.
The fracture’s structure of the ceramic skeleton produced by sintering Al2O3 powder with (a) 30%; (b) 50%
carbon fiber content.
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characterized by high porosity, large specific surface, high ion exchange and easy
chemical and mechanical processing. Halloysite is a mineral [Al2Si2O5 (OH)4�H2O]
that occurs in three deposits in the world, including in Poland. At least 30% of
naturally occurring resources are in the form of nanotubes in the shape of polyhe-
dron, hollow inside as cylindrical objects of the diameter 40–200 nm and length of
up to 1–2 μm. After properly insulation HNTs can be used in nanotechnology. The
morphology and particle size distribution of the powders used are shown in
Figure 10.

For the manufacturing of porous ceramic skeletons, a mixture of halloysite
powder with a mass fraction of 30, 40, 50, 60, or 70% by weight, respectively, was
mechanically dry milled with Sigrafil CIO M250 UNS carbon fibers from SGL
Carbon Group, analogous to that used in the previous case. Additionally, the
MA7050 micronized amide wax powder with a mass fraction of 1% was used as a
lubricant, also reducing the adhesion between the powder material and the mill and
milling media, as well as leveling the friction between the die walls and powder
particles. The technology of manufacturing the porous skeleton was very similar to
that described in the 1st case. The milling of the mixture of the above-mentioned
components was performed with the use of a Fritsch Pulverisette 6 centrifugal ball
mill for 15 min.

The fragmented and homogeneous powder mixture obtained in this way was
formed by uniaxial cold pressing in closed dies, respectively, of circular (φ30 mm)

Treatment Reagent Temperature, °C Time, min

Surface activation Futuron Activator Room temperature 1

Noviganth Activator AK II 40–45 3

Applying Ni-P coating by
chemical electroless method

Noviganth PA Chemical Nickel 55 1.5

Table 10.
The course of coating Al2O3 ceramics with Ni-P alloy.

No. Phase Share, wt.%

Halloysite
nanotubes

Halloysite nanotubes
heated at 1100°C

Halloysite nanotubes
heated at 1500°C

1 SiO2 45.63 53.85 53.92

2 Al2O3 37.93 44.86 45.1

3 Fe2O3
* 0.46 0.58 0.59

4 TiO2 0.11 0.16 0.13

5 CaO 0.01 0.02 0.01

6 MgO 0.07 0.09 0.1

7 K2O 0.01 0.02 0.02

8 Na2O 0.03 0.18 0.09

9 P2O3 0.35 0.42 0.41

10 Loss on the kiln at 1025°C 15.58 0.24 0.04
*Total Fe converted to Fe2O3.

Table 11.
The phase composition of halloysite nanotubes provided by NaturalNano (USA).
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or rectangular (12 � 35 mm) cross-section for 15 s on a LabEcon 600 Fontijne
Grotnes hydraulic plate press. Preliminary tests allowed to set the pressing pressure
as 50, 75, and 100 MPa. The degradation and sintering cycle of the moldings in the
PRS 75 W high-temperature furnace by Czylok in the air atmosphere with the flow
of 5 l/h was analogous to that in the first case, but the sintering temperature,
determined on the basis of the analysis of the structure and mechanical and func-
tional properties, is 1500°C for 1 h heating and an optimal share of HNTs of 70%. In
this way, the structure of sintered porous mullite is obtained (Figure 11), which is
subjected to pressure infiltration in the device shown schematically in Figure 12
with the AlSi12 alloy.

Figure 10.
Morphology of halloysite nanotubes (a) and particle size distribution (b).

Figure 11.
Structure of the sintered skeletons (a) mullite with cristobalite nano-areas as confirmed by X-ray analysis (d);
(b) nanoparticle of mullite (HRTEM); (c) mullite structure. (f) elementary crystallographic cell of mullite
from fig. (b); (e), (f) influence of HNTs share and pressure on the apparent density (e) and bending strength of
skeleton (f).
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In the third and fourth cases of composite materials, selective laser sintering SLS
was used for the manufacturing of a porous skeleton, divided into two main stages:
design and manufacturing this skeleton (Figure 13).

In stage I, a given element is designed. The available specialized three-
dimensional software allows for almost complete control and repeatability of the
size and geometrical features of the designed elements, and also enables full control
of the conditions of the manufacturing process. The design result is a three-
dimensional computer-aided design CAD model in stereolithography STL format,
showing the surface of the element by means of a triangle mesh. The smaller tri-
angles are, the more precise the mapping of the surface is. By successively dividing
the element into layers of a specific thickness, the optimal conditions for the
manufacturing process are established, including laser power, scanning speed, layer
thickness, distance between successive remelting paths, and the diameter of the
laser beam. Software for Manufacturing Applications 3D Marcarm Engineering
AutoFab, integrated with the Renishaw AM 125 machine, used for selective laser
sintering, was used. The three-dimensional skeleton model was designed by CAD
using unit cells of a defined structure and size and by subsequently multiplicating
such unit cell to design a repetitive structure skeleton in which the pore size and
wall thickness are fully designed by the designer, characterized by completely open
pores.

On the basis of numerous technological experiments, the selection of “hexagon
cross” unit cells (Figure 14) was made and the conditions for the manufacturing by
selective laser sintering of porous titanium skeletons with a selected pore size of
250 μm (controlled unit cell dimensions 500 μm) and 350 μm (dimensions unit cell
600 μm). Experimentally, the relationship between the design arrangements and
the actual pore dimensions was established (Figure 15).

After giving the model the appropriate size and structure, it is divided into layers
with a predetermined thickness, with the number of layers corresponding to the
number of layers of powder that will sinter until obtaining the accuracy of the
model production depends on the laser power used: for low power 50 W it is
�20 μm in the XY plane, and for high power 200W � 100 μm in the XY plane with
a layer thickness of 20 to 50 μm. Manufacturing conditions are transferred to the

Figure 12.
Diagram of the infiltration device.
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designed model in STL format to the machine software for selective laser sintering.
The most favorable properties of titanium skeletons with the given pore sizes are
provided by the arrangement of unit cells at an angle of 45° to the x axis of the
coordinate system (Figure 11d).

Figure 13.
Schematic diagram of the selective laser sintering technology.

Figure 14.
(a-c) Basic hexagon cross unit cell, (d) computer model structure image showing the arrangement of unit cells at
an angle of 45° to the x axis of the coordinate system.

Figure 15.
Graph of the dependence of the pore size designed with the use of AutoFab software and titanium micro-
skeletons produced by the selective laser sintering method on the size of the base unit cell.
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In the second stage, the previously designed element is manufactured by the
method of selective laser sintering, layer by layer, until the final product is
obtained. Selective laser sintering is a complex thermophysical process, the course
of which depends on the type of material, the characteristics of the laser and the
environment, and the thickness of the powder layer, as previously stated, as well as
the diameter of the laser spot, the distance between the laser spots and the distance
between the laser paths (Figure 16).

In the case of porous materials, the laser power of 60 W was selected and, in
addition to the II laser path, the diameter of the spot was smaller than the distance
between the laser spots, marked as laser path I. The AM 125 system uses a YFL fiber
laser with ytterbium-doped active material and a maximum power of 200 W. The
AM 125 system is equipped with a vacuum chamber, which allows the use of a
unique method of emptying the working chamber of the device in such a way that
all gases are first pumped out of the working chamber, and then an inert gas such as
argon or nitrogen is introduced, providing an operating environment in which the
oxygen concentration does not exceed 100 ppm.

The technology of selective laser sintering can be treated as a modern technology
of powder engineering, where the process of building an element begins with the
distribution of the powder layer on a working table with position adjustable in
relation to the z-axis. This layer acts as a substrate for the created object. The laser
beam is guided along the surface of the powder in accordance with the previously
entered and appropriately configured information concerning the successive layers
of the cross-section of the spatial image of the object. Next, the working table with
the powder is lowered by the height (layer thickness) set by the user, another thin
layer of powder is spread, where the grains sintering, which takes place by surface
melting of another layer of metal powder grains with the previously sintered layers
of the manufactured element. Whether the powder is sintered or fused depends on
the manufacturing conditions. The process involves sintering with a liquid phase.
Successive layers of the cross-section are sintered together. The process is repeated
until a coherent element is obtained. After the construction is completed and the
temperature is lowered, the element is removed from the powder bed and subjected
to a finishing treatment, depending on the application, e.g. sandblasting or grind-
ing. The AM 125 device has a powder container with automatic valves delivering an
additional portion of the powder during the entire process, and its excess after the
distribution of the next layer in the working chamber is drained to the container,
which can be easily and quickly dismantled and placed at the powder sieving or

Figure 16.
Characteristics of a laser beam with a spot diameter: (a) smaller than the distance between the laser spots,
(b) greater than the distance between the laser spots.
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selection station thanks to which it is possible to reuse the powder in the next
process.

For the production of porous titanium skeletons, titanium powder was used with
the composition presented in Table 12 with the purity grade 2 and the grain size up
to 45 μm with a spherical shape. The powder used for the tests also has a reduced
oxygen concentration down to 0.14% (in titanium powders the average oxygen
concentration is about 0.5%).

The technology of selective laser sintering allows the production of microporous
titanium skeletons with completely open pores, with the full possibility of control-
ling the shape and size of these pores, and also allows the production of elements of
any designed shape, which makes it very competitive in relation to other material
manufacturing technologies of porous materials.

The mechanical properties of selectively laser-sintered titanium micro-skeletons
depend on the spatial orientation with respect to the main axes of the applied
external stress, the assumed pore size, the laser power, the size of the laser spot, and
the path of the laser spot. The best mechanical properties of 36 MPa (tensile
strength), 97 MPa (bending strength), and 125 MPa (compressive strength) are
obtained after selective laser sintering according to spatial orientation 45° in relation
to the x-axis, with a laser spot width of 50 μm, laser power 60 W, an assumed
porosity of 50–60%, corresponding to a pore size of 250 μm, for the course of a laser
spot for which the distance between the laser spots and the laser remelting paths in
relation to the diameter of the laser spot is equal to or smaller than the diameter of
the laser spot. The lowest mechanical properties of 8 MPa (tensile strength), 15 MPa
(flexural strength), 14 MPa (compressive strength), respectively, are ensured by
the 45° orientation in relation to the y axis and 45° in relation to the x-axis for the
same pore size �250 μm. The smaller assumed pore size influences the greater the
strength, and it varies from 8 MPa (tensile strength), 17 MPa (bending strength),
12 MPa (compressive strength) to 18 MPa, 43 MPa, 37 MPa, respectively, with a
reduction the pore size from 450 μm to 250 μm. As the pore size decreases, the
diameter of the laser spot also decreases from 90 to 50 μm, respectively, which helps
to increase the strength. With the increase of the laser power from 50 W to 60 W,
the mechanical properties increase, changing from 28 MPa (tensile strength),
72 MPa (bending strength), 74 MPa (compressive strength) to 36 MPa, 97 MPa,
125 MPa respectively. Using the same technological conditions for selective laser
sintering, changing the ratio of the diameter of the laser spot to the value of the
distance between the spots and paths of laser remelting from ≥1 to <1 results in
more than double the strength of porous titanium.

The titanium porous elements after selective laser sintering were subjected to
preliminary cleaning in isopropanol solution using an ultrasonic cleaner. After the
excess powder was removed from the pores of the titanium skeleton, the specimens
were digested with aqua regia for 1 hour using an ultrasonic bath to remove excess
powder loosely attached to the titanium skeleton that had not been removed in the
pre-treatment. Composite engineering materials, the model of which structure is
shown in Figure 14a, were produced by pressure infiltration of microporous

Mass concentration of elements, %

C O N H Fe Other Ti

Each Together

0.01 0.14 0.01 0.004 0.03 <0.01 <0.4 rest

Table 12.
Chemical composition of titanium powder.
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titanium skeletons produced by the selective laser sintering technology at a tem-
perature of 800°C under a pressure of 2–3 MPa for 2 minutes in a manner analogous
to the second case, using casting matrix material aluminum alloys, respectively
AlSi12 in third case and AlSi7Mg0.3 in fourth case (Figure 17).

2.3 Manufacturing technologies by mechanical synthesis and subsequent
plastic consolidation of aluminum alloy matrix composite materials

In cases 5 and 6, the composite materials were manufactured by mechanical
synthesis and subsequent plastic consolidation of the mixture of aluminum alloy
AlMg1SiCu powders as a matrix and reinforcement, respectively for variant 5
halloysite nanotubes HNTs as in variant 2 in the volume fraction of 5 to 15% and in
the variant 6 multi-wall carbon nanotubes MWCNTs in the volume fraction of 0.5
to 5% (Figure 18).

By using the mechanical alloying method, it is possible to produce nanostruc-
tured composite materials with the controlled particle size of the reinforcing phase
and their uniform distribution and resulting in increased mechanical properties.
Air-atomized aluminum alloy powder with nominal particle size <63 μm was
obtained from ECKA, Austria. Multiwalled carbon nanotubes MWCNTs with the
properties given in Table 13 were supplied by Cheap Tubes (USA).

Figure 17.
Structure diagram of engineering composite materials with reinforcement of a titanium skeleton laser selectively
sintered and pressure infiltrated with casting aluminum alloys; (a) diagram; (b) with AlSi12 matrix; (c) with
AlSi7Mg0.3 matrix (b, c: SEM).

Figure 18.
Structure comparison in the delivered state; (a) AlMg1SiCu aluminum alloy powder; (b) halloysite nanotubes
HNTs; (c) multi-wall carbon nanotubes MWCNTs (SEM).
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As before, the lubricant MA7050 was used for all powders as a process control
agent PCA reducing the adhesion between the feed and mill material with a mass
fraction of 1%. The four stations planetary ball mill Pulverisette 5 by the Fritsch
Company was used for mechanical synthesis using high energy mechanical milling
for 0.5 to 20 hours at 200 rpm. Detailed conditions are given in Table 14.

In the case 5th, halloysite nanotubes had to be annealed prior to high-energy
milling. A series of structural changes takes place in the halloysite, starting from
dehydroxylation causing a metastable state, during heating of halloysite nanotubes
at a temperature of�100°C, associated with the 1st endothermic reaction consisting
in the release of adsorption water (about 2% by weight), through the transforma-
tion into a regular spinel phase, in the temperature range of 400–600°C (peak at
548°C), when the 2nd endothermic reaction occurs, associated with hydroxylation
(OH- ions in the octaendric layer are exchanged for O2- ions (approx. 13% by
mass), ending with the formation of mullite at a temperature close to 950°C as a
result of an exothermic reaction associated with the reconstruction of the halloysite
structure and the formation of the Si-Al spinel phase as a transition form [113–115]
(15% by mass) [115]. These phenomena are confirmed by the thermogravimetric
analysis (Figure 19) performed with the use of a corundum crucible in the range it
is 20–1000°C in the air atmosphere to which 0.5018 g of halloysite nanotubes was
subjected. The halloysite nanotubes used for the tests were therefore annealed at the
temperature of 100, 500 or 700°C (HNT100, HNT500 and HNT700).

No. Properties Dimension Value

1 Outer diameter nm 20–30

2 Inner diameter nm 5–10

3 Ash wt. % <1,5

4 Purity wt. % >95

5 Length μm 10–30

6 Inner diameter m2/g 110

7 Electrical conductivity S/cm >100

8 Bulk density g/cm3 0.28

9 True density g/cm3 �2.1

Table 13.
Properties of multi-wall carbon nanotubes.

No. Description Reinforcement type

HNTs MWCNTs

1 Reinforcement’s
concentration

5; 10; 15 wt.% 0.5; 2; 3.5; 5 wt.%

2 Time of milling 0.5; 1; 1.5; 2; 2.5; 3; 3.5; 4; 5; 6 h 0.5; 1; 1.5; 2; 3; 4; 5; 10; 15; 20 h

3 Ball material AISI 420 quenched stainless steel

4 Ball diameter 20 mm

5 Ball-to-powder weight ratio 20:1

Table 14.
Milling process parameters.
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As a result of high-energy mechanical milling, crushed and permanently bonded
composite powders were manufactured. Composite powders obtained as a result of
high-energy mechanical milling were then cold pressed in a mold with a seat
diameter of 26 mm and pressure of 300 MPa, and then pressed at a temperature of
460–500°C using a graphite suspension in oil as a lubricant, without degassing, in a
cover made of AlMg1SiCu alloy. Co-extrusion of cold-pressed powders of rod-
shaped composite materials consisted of placing the molded part in a thick-walled
sleeve closed on one side by a punch, and on the other – by a die with a forming
hole. At elevated temperature, under the pressure of the punch, the material was
extruded through the die opening, obtaining a rod with a circular cross-section and
a diameter of 8 mm in the case of using HNTs or 6 mm in the case of using
MWCNTs, respectively.

2.4 Manufacturing technologies of the composite layers on the substrates of
aluminum alloy

All other cases 7–12 concern composite layers of several millimeters obtained on
the surface of casting aluminum alloys containing 3–10% magnesium. The desired
composite layer of the tested aluminum alloys was obtained as a result of smelting
the surface of the elements with the high-power HPDL ROFIN DL020 diode laser
and fusing ceramic powders directly into the liquid metal pool using a gravity
feeder (Figure 20). This laser is characterized by a very high beam power density,
up to 107 W/cm2, which means that the thermal impact on the surface of the
element is limited, and thus causes only slight stresses and thermal deformations.
The use of a diode laser for feathering ceramic powders into the surface layer of Al-
Mg alloys allows for a predictable and repeatable way to obtain a composite layer on
the surface of the analyzed aluminum alloys.

In order to minimize the power of the laser beam, shorten the time of the beam’s
impact on the surface and reduce the absorption of surface radiation, e.g. by grind-
ing, anodizing, or tarnishing with the use of etching chemicals. The use of a flux,
e.g. lithium chloride, is preferred. If this flux is not used, it would be necessary to
reduce the scanning speed and increase the power of the laser beam, which results
in increased linear energy and can lead to structure’s changes in a larger volume of
the material, making the technology less predictable and more difficult to control
than with laser feathering using flux on surfaces of aluminum-magnesium alloys.

Figure 19.
Thermogravimetric curve of TG (a) and DTG and DTA (b) curves of halloysite nanotubes and the course of
temperature changes during the tests (yellow dashed line).
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The purpose of selecting and optimizing the technological conditions of laser feath-
ering is to produce a surface durable composite layer of aluminum with embedded
carbides, characterized by a high coefficient of friction without the need for addi-
tional heat and surface treatment. The surface of the elements before laser feather-
ing was mechanically processed by grinding with sandpaper with a gradation of
60 μm and then covered with a lithium chloride-based flux under the trade name
“AluFlux”. Lithium chloride powder was mixed with anhydrous ethyl alcohol in a
ratio by volume of 1:5, resulting in a liquid suspension which was uniformly covered
over the entire surface of the laser-processed part. The surface prepared in this way
was dried for 30 minutes in a furnace at 50°C in order to evaporate the alcohol and
moisture from the element surface. WC/W2C and SiC powders were selected for
laser surface treatment, taking into account the wettability of their powders
(Figure 21). The conditions of the laser surface treatment, including the scanning
speed and power of the laser beam, the method of powder feeding, and the shape of
the laser spot, were determined on the basis of numerical calculations of the Finite
Elements Method FEM computer simulation. In the numerical model, the laser
beam power ranging from 0.5 to 2.5 kW, the beam scanning speed ranging from 0.2
to 0.8 mm/s, and the method of feeding the feathered powder through a paste
consisting of a mixture of water glass and powder, milled on the surface of two or

Figure 20.
Diagram of laser feathering of ceramic powder particles.

Figure 21.
Feathering powder of a) WC/W2C tungsten carbide; b) SiC silicon carbide.
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three grooves with a depth of 0.5 and 1 mm and a gravity feeder with a speed
depending on the density of the fed powder from 0.5 to 12 g/min. Table 15 presents
the decided experimental technical conditions of the laser feathering process and
basic information on the ceramic powders used. The method of feeding the feath-
ering particles into the area of the molten metal pool by means of a gravity feeder at
a speed of 1 g/min for SiC and 8 g/min for WC/W2C was selected. After the laser
surface treatment, no other thermal or thermo-mechanical treatments were
performed.

3. Structure and properties of the composite materials with aluminum
alloys matrices taken into account in this chapter

3.1 Structure and properties of the composite materials with reinforcement in
form of skeletons infiltrated with aluminum alloys matrices

In the first case of composite materials obtained by infiltration of porous skele-
tons, it is them that largely determine the properties. Pressure infiltration of porous
skeletons with liquid metal alloys is increasingly used in the production of metal-
matrix composite materials [116–140]. The benefits of using this technology include
near-net-shape mapping and high surface quality, the possibility of local product
strengthening and the use of a wide range of matrix and reinforcement materials,
high efficiency also at mass production scale with relatively low production costs
[87, 88, 141]. The interest in using aluminum oxide as the backbone of this group of
materials has increased significantly in the current two decades [88, 141–145]. In
the case of composite materials with reinforcement in the form of skeletons and an
infiltrated matrix of aluminum alloys, a metal-ceramic connection also plays an
important role due to the lack of wettability of aluminum oxide by aluminum alloys
[82–84, 87, 88, 141–143, 146–154]. It has been improved by applying Ni-P coatings
on Al2O3. A small proportion of pores with small dimensions ensures that after
infiltration a density close to theoretical, which increases with the increase of the
Al2O3 proportion. It was confirmed that composite materials with aluminum alloy
matrix can be manufactured by pressure infiltration of porous ceramic skeletons
made of a mixture of carbon fibers and Al2O3 particles, and the distribution of the

No. Technical characteristic Value

1 Laser beam power, kW 1.8; 2.0; 2.2

2 Laser beam scanning speed, m/min 0.5

3 Spot size, mm 1.8 x 6.8

4 Protective gas Argon

5 Protective gas flow, l/s 20

6 Alloying powder SiC WC

7 Powder particle size, μm 45–180 45–180

8 The amount of powder fed, g/min 1 8

9 Theoretical powder density, g/cm3 3.21 15.7

10 Melting point, °C 2730 2870

Table 15.
Technical conditions of the laser feathering process and general characteristics of the ceramic powders used.
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reinforcing phase in the matrix is uniform. The infiltration is complete, and the
fracture is mixed because the matrix is plastically deformed around the reinforcing
phase, while at the metal-ceramic interface, the fracture is brittle (Figure 22). The
Ni-P layer has a continuous structure with a thickness that does not clog the pores of
the sintered ceramic skeletons.

The hardness of composite materials reinforced with porous skeletons made of
Al2O3 particles increases with the increase in the proportion of the ceramic phase,
obtaining 48.88 and 51.74 HRA, respectively, with a 30% share of reinforcement
covered by Ni-P, and without it, which is more than 2.5 times increase in relation to
the matrix with a hardness of 19.19 HRA (Figure 23). The tensile strength of the
composite material reaches its maximum value with 25% reinforcement and
amounts to 299.07 MPa and 320.14 MPa, respectively, in the case of the material
with the reinforcement not covered or covered with Ni-P respectively. It proves the
desirability of covering the internal surfaces of porous frameworks with a Ni-P layer
in order to improve Al2O3 wettability by the liquid aluminum alloy and to improve
the metal-ceramic bond.

The abrasion resistance of these composite materials increases with the increase
in the proportion of the ceramic phase, and composite materials are characterized
by much lower wear than their matrix, and the smallest of them is the material with
a 25% ceramic phase (Figure 23c). Potentiodynamic studies confirm that the

Figure 22.
The fracture’s structure of the composite material a) without b) with an N-Pi layer on the Al2O3 skeleton.

Figure 23.
Dependence of (a) hardness; (b) tensile strength from the proportion of Al2O3 reinforcement in the form of a
porous sintered skeleton; (c) wear resistance with 30% Al2O3 reinforcement.
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corrosion resistance of composite materials reinforced with ceramic skeletons in
this way increases with the increase of the reinforcing phase. The presence of the
Ni-P coating applied to the surface of the ceramic, however, promotes corrosion
acceleration compared to the cases where this coating is absent, although the cor-
rosion resistance also improves in these cases along with the increase in the propor-
tion of the ceramic phase.

Composite materials reinforced with porous ceramic skeletons obtained from
Al2O3 particles or fibers consisting in their pressure infiltration with liquid AlSi12
alloy constituting the matrix provides the required structure, as well as mechanical
properties and wear resistance much more favorable than the aluminum alloy
constituting the matrix.

In the second case, composite materials are manufacturing using liquid AlSi12
alloy for infiltration of the skeleton from sintered mineral nanotubes obtained from
halloysite. Halloysite, like other secondary layered silicates, such as kaolinite or
montmorillonite, and in general aluminosilicates or aluminum silicates, can be used
to produce alternative reinforcement of composite materials with a matrix of light
metals, especially aluminum, reinforced with ceramic particles [155–168]. These
minerals can be used to produce mullite 3Al2O3�2SiO2, among others by sintering,
melting, or mechanical or chemical synthesis [169–173]. The mullite has good
mechanical and physicochemical properties, meeting the requirements for porous
skeletons as reinforcement for composite materials [174–177]. The porous skeletons
produced in this way are an alternative to preforms commonly used for the pro-
duction of composites based on aluminum alloys by infiltration methods, which are
ceramic skeletons or foams formed from particles or short fibers, with high porosity
60–90% [119, 163, 177–189]. They replace the particles of oxides, carbides, nitrides,
graphite, carbon, boron, glass, Al2O3 and SiC fibers, intermetallic phases used in
their production; fly ash microspheres and microgranules; Al2O3, SiC, SiO2

nanotubes; multi-walled carbon nanotubes, graphene and most often SiC and Al2O3

fibers. For economic reasons, it is beneficial to replace Al2O3 fibers with particles,
which also increases the strength of infiltrated materials by approx. 35%, despite a
slight reduction in abrasion resistance [84, 86, 87, 106, 148]. Halloysite in the form
of NHTs can be an alternative for both economic and mechanical properties rea-
sons. Among the sintered, porous ceramic skeleton, it is most preferable to sinter
HNTs at 1500°C with the share of 70% HNTs, while the differentiation of the
pressing pressure in the range of 50 to 100 MPa is of little importance (compare
Figure 19). All composite materials analyzed here are characterized by an infil-
trated structure with complete filling of the pores of the ceramic skeleton with the
matrix alloy and good adhesion at the phase boundary of the ceramic reinforcement
and the metallic matrix (Figure 24).

Composite materials manufactured according to the technology described as the
second case are characterized by a structure of evenly interpenetrating phases with
a contrasting structure. The matrix material is an α-solution with numerous pre-
cipitates of the coarse-crystalline β phase and fine precipitates of the iron-rich
phase, while the reinforcement is an evenly distributed, continuous mineral phase
in the form of irregularly shaped mullite. The strengthening of the above-
mentioned composites in the form of fine-grained mullite and cristobalite occurs as
a result of sintering mineral nanotubes and the accompanying series of structural
changes. The gas-pressure infiltration of these ceramic skeletons leads to the diffu-
sion dissolution of the cristobalite formed during sintering in the liquid aluminum
alloy. As a result, the excess of silicon in the liquid solution crystallizes in the form
of coarse precipitates, analogous to hypereutectoid Al-Si alloys. The relatively short
infiltration time does not affect the dissolution of mullite in the liquid solution. The
mechanical and functional properties of the discussed composite materials with
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HNTs reinforcement are the best in the case of sintering ceramic skeletons at
1500°C and at 70% HNTs (Figure 25).

The mentioned technology enables the manufacturing of composite materials
with enhanced mechanical properties and wears resistance, significantly exceeding
the functional properties of the alloy used as a matrix, providing the prospect of
their implementation on structural elements, e.g. in the aviation and automotive
industries.

The third and fourth cases of composite materials concern the use of micropo-
rous titanium skeletons manufactured by selective laser sintering with an adjustable
pore size and their controlled spatial orientation as reinforcement, manufactured by
pressure infiltration with liquid alloys AlSi12 or AlSi7Mg0.3, respectively.

Additive technologies have found a very wide application in numerous indus-
tries, including military, automotive, aviation, machine, household goods, but also
in medicine, both for the production of solid and porous elements [128, 190–218].
Porous materials produced with this technology can be used as skeletons for the
production of infiltrated composite materials with a matrix of aluminum alloys. The
structure of these composite materials with aluminum alloys matrix and titanium
skeleton reinforcement manufactured by additive technology does not contain any
local voids and pores. It is made of a matrix corresponding to the chemical compo-
sition of the alloys used, respectively, AlSi12 or AlSi7Mg0.3 (Figure 26) inside the
pores of a titanium skeleton with a size of 250–350 μm, which is a reinforcement
with a shoulder thickness of 200–300 μm depending on the sintering conditions.
The matrix and reinforcement composition was confirmed by X-ray diffraction
(Figure 26i-k). The results of the X-ray diffraction tests of the structure AlSi12/Ti

Figure 24.
Structure (a) of composite material with Al12Si matrix with reinforcement of sintered HNTs in 70% share;
(a) light microscope; (b) structure of intermediate zone between the reinforcement and the matrix with marked
points of analysis by EDS method (SEM); (c) results of the local EDS analysis; (d) X-ray analysis of the surface
of the composite material; (e) thin foil structure in the intermediate zone between ceramic and metal
(HRTEM); (f) solution of the FFT of the nano diffraction from the area (e); (g) MgAl2O4 unit cell model;
(h) fracture morphology of the composite material with 70% HNTs after the bending test (SEM).
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(Figure 26j) and AlSi7Mg0.3/Ti (Figure 26k) composite materials show that dur-
ing infiltration, phases with the participation of individual elements of the compos-
ite material, such as Al, Si, may be formed as well as Ti, AlSi and the AlSiTi phase.
The AlSiTi phase is formed in the area between the matrix material and the

Figure 25.
The relationship of (a) hardness, (b) bending strength, (c) the volume of the wear mark on the share of HNTs
and compaction pressure.

Figure 26.
The structure of the surface layer of the composite material with the reinforcement in the form of a titanium
skeleton manufactured by selective laser sintering SLS and a matrix made of aluminum alloy: (a-d) AlSi12,
(e-h) AlSi7Mg0.3; (a, e) SEM; (b-d, f-h) surface distribution of elements: (b, f) Ti, (c, g) Al, (d, h) Si; (i-k)
X-ray diffraction from the (e) image; (i) Ti skeleton; (j, k) composite materials with the matrix (j) AlSi12; (k)
AlSi7Mg0.3.
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reinforcement (Figure 27), and its chemical composition differs from that of the
reinforcement and the matrix, as Al, Ti, and Si were identified in the qualitative and
quantitative EDS method. In the matrix material, Mg, Cu, Ni can also be identified,
the concentration of which in the matrix is less than 1%.

The mechanical properties of pressure-infiltrated composite materials with a
matrix of selected aluminum AlSi12 or AlSi7Mg0.3 casting alloys (Figure 28)
depend on the spatial orientation with respect to the main axes of the titanium
micro-skeleton produced by selective laser sintering, the size of the pores in the
micro-skeleton and the sintering conditions, especially laser power and the size of
the laser spot. The bending strength is 280–430 MPa, and the compressive strength
is 480–600 MPa. The most advantageous mechanical properties: bending strength
of 430 MPa and compressive strength of 600 MPa, these composite materials obtain
after laser sintering of the skeleton with a laser power of 60 W, with a laser spot

Figure 27.
The structure of the AlSi7Mg0.3/Ti composite material (SEM) (b) and the scattered X-ray energy diagram and
the results of the quantitative analysis of the chemical composition of the AlSiTi phase of the place marked with
a red cross (a).

Figure 28.
Diagrams of the dependence of bending stress on deflection (a, b) and compressive stress on deformation (c, d)
for the AlSi12 alloy, titanium skeleton and AlSi12/Ti composite material (a, c) and AlSi7Mg0.3 alloy,
titanium skeleton and composite material AlSi7Mg0.3/Ti (b, d) with pore sizes of 500 or 600 μm (a, b) or
with a porosity of 50% (c) and 56% (d), respectively.
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with a diameter of 50 μm, the distance between the laser spots and between laser
remelting paths equal or smaller than the diameter of the laser spot when the spatial
orientation is 45° to the x-axis and if the pore size is 200–250 μm with a porosity of
approx. 50–60%.

Therefore, reinforcing the aluminum alloy with porous titanium skeletons has a
positive effect on the mechanical properties of the analyzed composite materials.
The AlSi12 alloy is characterized by a bending strength of about 170 MPa, while in
the case of the AlSi12/Ti composite material, the maximum bending strength was
obtained using a titanium skeleton with a porosity of 56%, obtaining a bending
strength of about 400 MPa, and with a titanium skeleton with a porosity of 66%.
strength of about 280 MPa was obtained. The strength of the AlSi12/Ti composite
material compared to the strength of solid titanium (1682 MPa) is more than four
times lower, however, compared to the strength of the AlSi12 alloy itself, it
increases twice. The use of a titanium skeleton with lower porosity, i.e. a skeleton of
greater strength, in the composite material with the AlSi12 alloy matrix, increases
the bending strength by about 230 MPa compared to the matrix material, while
when the skeleton with lower strength and higher porosity is used, the increase in
bending strength is not so significant at about 110 MPa compared to the matrix
material. In the case of a composite material with the AlSi7Mg0.3 matrix with the
use of titanium skeletons, the increase in bending strength compared to the matrix
material is approximately 100 and 130 MPa, respectively. When the same titanium
skeletons and different matrix materials are used, the matrix bending strength has a
dominant effect on the bending strength of composite materials, while if the same
matrix materials are used, the strength of the composite material is mainly deter-
mined by the strength of the titanium matrix.

The comparison of the fracture structure of the aluminum alloys constituting the
matrix of the composite materials discussed with the fracture structure of the
composite material after bending tests shows significant differences. The break-
throughs of aluminum alloys are flat, with visible planes along which the material
cracked, while in the case of composite materials, places characteristic of titanium
are distinguished (Figure 29). The studies of the breakthrough of the AlSi12/Ti and
AlSi7Mg0.3/Ti composite materials indicate that the combination of titanium and
aluminum alloys is durable and does not break when the bending force is applied.
The structure of the breakthroughs after the compression test is significantly dif-
ferent from the breakthroughs after bending. After the compression test, such a
clear separation of the matrix material from the reinforcement material cannot be
noticed, which is so clearly visible in the structure of breakthroughs after bending.

Micro-skeletal composite materials, manufactured by pressure infiltration with
selected aluminum casting alloys AlSi12 or AlSi7Mg0.3 to give the final shape and
geometric form, dedicated, among others for the automotive, machine-building,
and aerospace industries, as well as for medical and dental applications.

3.2 Structure and properties of the aluminum alloy matrix composite materials
manufactured by mechanical synthesis and subsequent plastic
consolidation

In cases 5 and 6 for mechanical synthesis of the composite materials in a plane-
tary mill (the so-called high-energy process) of AlMg1SiCu alloy powder and
respectively nanotubes obtained from halloysite or MWCNTs carbon nanotubes,
was used to produce the composite materials. In the initial stage of mechanical
synthesis, the originally spherical particles are deformed, flattened, and have a
lamellar shape. After 5 hours of mechanical milling, it was found out that most of
the particles were equiaxed with no flake shaped particles present. Changes in the
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shape and size of the milled powders are caused by the welding of individual
particles as a result of collisions with the milling media or the walls of the mill. The
flattened particle conglomerates formed as a result of welding become significantly
hardened, hard, and therefore prone to cracking. As the milling progresses, these
particles become fragmented and reassembled, which ultimately affects the random
orientation of the boundaries of the particles to be welded. The fact that the process
has reached a steady-state is provided by the relatively equiaxial shape of the milled
powder particles. In contrast to the milled powder of the AlMg1SiCu alloy, in the
case of the powder of the composite material, it was found out that the deformed
particles joined tightly, creating a morphologically homogeneous structure, free of
pores and discontinuities. Despite the twice longer milling time, the powder of the
AlMg1SiCu alloy consists of fine particles, which to a large extent form porous
conglomerates with irregular, non-aligned shapes and sizes varying in a wide range
from 10 to 200 μm. Extending the milling time results in a homogeneous distribu-
tion of the reinforcing particles, and it is also possible to produce powders with
equiaxed particles. The influence of the presence of reinforcement subject to frac-
ture under the conditions of mechanical alloying of the ductile aluminum matrix is
given in the diagram of the successive stages during mechanical alloying
(Figure 30). The examples of the corresponding structure for the case respectively
5 and 6 are given in Figure 31. Examples of correctly and incorrectly made rods in
the stage of plastic consolidation are shown in Figure 32.

In the case of 5th, the composite materials with the AlMg1SiCu matrix are
reinforced with nanotubes obtained from halloysite. The use of HNTs particles
reduces the bulk density of the mixture with the matrix powder of the AlMg1SiCu
alloy even by more than 50%, and this effect becomes present with the increase in
the proportion of the reinforcing phase. Reinforcement material particles are char-
acterized by a larger specific surface, irregular, often oblong shape, and form
porous conglomerates, thus characterized by a much lower bulk density compared
to globular AlMg1SiCu particles. In the case of mechanical milling of a plastic

Figure 29.
Breakthrough structure (a) AlSi12 alloy; (d) AlSi7Mg0.3 alloy; and composite materials based on (b, c)
AlSi12 alloy; (e, f) an AlSi7Mg0.3 alloy; after tests; (a, b, d, e) of static bending; (c, f) static compression.
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Figure 30.
Diagram of the successive stages of the ductile-brittle/ductile-ductile systems during mechanical alloying.

Figure 31.
Morphology (A), structure (B) after high-energy mechanical milling of a powder mixture of AlMg1SiCu alloy
with (a) 15% of halloysite nanotubes (red) or (b) 2% MWCNTs carbon nanotubes (blue) respectively in the
range of (a) 0.5–6 h or (b) 0.5–20 h.

Figure 32.
Exemplary view of bars containing AlMg1SiCu alloy with (a) 5% and (b) 2% of multi-wall carbon nanotubes
MWCNTs extruded at 460°C (a) and 500°C (b).
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powder of an aluminum alloy with a brittle reinforcing phase in the form of
halloysite nanotubes with a mass fraction of 15%, the increase of the bulk density
takes place in 2 times shorter time than in the case of matrix powder. As a result of
high energy milling, an equiaxial shape of the particles is obtained and an even
distribution of fine reinforcing particles confirming that the process has reached a
steady state. Further milling does not significantly affect the obtained structure and
properties of the powders. In the initial stage, the particle size distribution is char-
acterized by two peaks (Figure 33), because the tested powders are a mixture of
particles with a significant difference in size (the aluminum alloy powder has a
median of 62.30 μm, and halloysite nanotubes – 2.58 μm). The particle size of the
powders undergoes continuous, non-linear changes during milling. As the milling
time increases, the deformed particles are joined together and the peak on the
particle size distribution curve becomes wider at the base, and then with the
increase of the milling time and the associated increase in the proportion of large
particles resulting from repeated welding, an asymmetric deviation is achieved. Due
to the breakage of large particles, the asymmetry that has arisen gradually disap-
pears. Eventually, the process reaches a steady state, corresponding to a balance
between the powder particle aggregation and fragmentation mechanisms, which is
represented by symmetrical or a narrow particle size distribution curve (Figure 33).

Mechanical synthesis, in addition to the effect on the morphology and structure
of the manufactured composite powders, also affects their phase composition, and
increasing the milling time also affects the generation of a large number of defects
and results in the fragmentation of the crystal structure [219–221]. Already after
several minutes of milling, low-angle reflections from mineral halloysite crystals
disappear, leaving only reflections identified as α-Al on the diffraction patterns.
Structural changes occur during annealing of halloysite [169, 222–226]. The
interplanar distance of all halloysite powders is 0.72 nm, which proves permanent
dehydration [113, 114]. Annealing of halloysite nanotubes at the temperature of
500–700°C causes disorder of their crystal structure, which with increasing tem-
perature causes amorphization of halloysite as a result of disordering the packet
structure [227–230]. Mechanical high energy milling improves the distribution of
HNT100 reinforcement particles in the AlMg1SiCu matrix, more advantageously
than when using HNT500 and HNT700. With a short milling time, this ensures a
homogeneous structure of the nanocomposite material with an even distribution of
reinforcing particles without their agglomeration after consolidation. The consoli-
dation of powders consists in their successive cold pressing and hot extrusion,
resulting in a lack of discontinuities of the structure in the form of pores or cracks
and obtaining a material with a very fine structure (Figure 34a), devoid of
agglomerates of reinforcing particles. In the produced material, there are grains
with a size of several nanometers (Figure 34b-d) in the structure of the solid

Figure 33.
Relationship between the size of the mixture of AlMg1SiCu particles and HNT100 halloysite nanotubes in a
share of 10% from the time of high-energy milling.
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solution of the AlMg1SiCu alloy in a metastable state (Figure 34e-h). There are also
many regular, parallel, rhomboidal regions not exceeding a few nanometers
(Figure 34e), which most likely constitute the Guinier–Preston zones with the
concentration of Cu atoms [1, 231–233].

Based on the results of the X-ray phase analysis, the presence of only the matrix
phase in the analyzed composite materials, i.e. solid aluminum solution (Figure 35).

In addition to the nanometric grains of the Alα solution (Figure 36a) in the
matrix, there are precipitations of the Al2O5Si phase (Figure 36b) probably formed
during mechanical milling and the intermetallic primary phases AlFe3 and Al4 (Fe,
Cr, Mn) Si0.74 (Figure 36c) [234].

The high degree of plastic deformation caused by mechanical milling,
nanometric fragmentation of the structure, and dispersion hardening with particles

Figure 34.
The structure of the nanocomposite with AlMg1SiCu matrix with the share of 15% HNTs: (a) uniform
structure (light microscope); (b-d) very fine grains matrix structure (HRTEM); (e) rhomboidal
nanostructured regions in the matrix (HRTEM); (f) Fourier transform; (g) nano diffraction; (h) solution of
the diffraction pattern from Figure e.

Figure 35.
Results of X-ray diffraction analysis using a Cu lamp of AlMg1SiCu alloy powders and high energetic milled
nanocomposite materials with a matrix of this alloy with the participation of 5, 10, or 15% strengthening with
halloysite nanotubes, respectively (a) HNT100; (b) HN700.
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of halloysite and oxides results in an almost 3-fold increase in the microhardness of
powders than before milling and despite its reduction by about 30% after plastic
consolidation, the produced nanocomposite materials show microhardness 110–
150 HV0.1 (Figure 37a), higher than the Mg1SiCu alloy. The introduction of HNTs
particles into the Mg1SiCu alloy matrix using high-energy milling causes more than
a twofold increase in the yield point under compression, because the yield point for
compression with HNT100 nanotubes is 450–495 MPa at the test temperature of 25°
C (Figure 37b), and at the test temperature of 225°C is 265–280 MPa depending on
HNTs share. When using nanotubes HNT500 and HNT700, respectively, it is slightly
smaller (Figure 37c). Figure 37f-j show the course of compression diagrams at
various temperatures of 25–225°C. The tested nanocomposite materials show a
characteristic “dimple fracture” [235–238], sometimes also referred to as a ductile
foveal fracture [239] (Figure 38). Nanocomposite materials reinforced with HNTs
nanotubes are more resistant to frictional wear, as measured by changes in the
surface layer related to permanent deformation, mainly weight loss [1, 240, 241],
therefore they are characterized by a lower abrasion trace volume than the
AlMg1SiCu alloy (Figure 37d,e). Nanocomposite materials reinforced with HNT100

halloysite nanotubes with a mass fraction of 15% are characterized by over 180%
higher yield strength under compression, over 200% higher microhardness, and
nearly 250% higher friction wear resistance compared to the AlMg1SiCu alloy,
which is the matrix of the composite material.

In the case of 6th composite materials with AlMg1SiCu matrix reinforced with
MWCNTs, the main problem during manufacturing is the homogeneous distribu-
tion of carbon nanotubes in the matrix material. Of the several methods of dispers-
ing nanotubes in a metal matrix, such as mechanical milling, mixing in a turbulent
mixer or mixing with an ultrasonic homogenizer, only high-energy mechanical
milling leads to an homogeneous distribution of the reinforcement in the matrix
material, without agglomerating the MWCNTs on the surface [242–250]. Carbon
nanotubes can be placed between particles of a gas-atomized or spheroidal cold-
alloyed aluminum alloy. After mechanical milling on the surface of the ground
particles, no carbon nanotubes are present on the surface of any of the powders
ground for 5 or more hours [95, 242, 244, 246, 251–255]. With the increased share of
MWCNTs, the particle size decreases (Figure 39).

Figure 36.
The structure of nanocomposite with AlMg1SiCu matrix with 15% HNTs (TEM): (a) nanometric grains of
Alα solution; (b) Al2O5Si phase precipitations probably during mechanical milling; (c) intermetallic primary
phases Al4 (Fe, Cr, Mn) Si0.74; (d, f, h) diffraction patterns; (e, g, i) solutions of diffraction patterns.
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As a result of mechanical milling, the order of the structure of carbon nanotubes
and the interaction between the reinforcement and the matrix are degraded as a
result of breaking the sp2 bonds. The results of the Raman analysis confirm the
defect of the structure and the amorphization of carbon nanotubes (Figure 40),
indicating a reduction in the intensity of the G and G’ bands as well as an increase in
the intensity of the D band, which is confirmed by the ID/IG and IG’/IG intensity
factors ratios (Figure 40).

Carbon nanotubes during high-energy mechanical milling were dispersed and
placed between deformed aluminum alloy particles, which increases the density of

Figure 38.
The breakthrough of samples as dimple fracture style after the static compression test of nanocomposite materials
with the participation of halloysite nanotubes (a) 5%; (b) 10%; (c) 15%.

Figure 37.
Characteristics of the properties of a nanocomposite material with AlMg1SiCu matrix reinforced by HNTs in
the proportion of 0–15%: (a) the influence of the HNTs annealing temperature on the microhardness; (b, c)
influence of test temperature on compression yield point of nanotubes (b) HNT100; (c) HNT700; (d, e) effect of
a load in the range 1–4 N on abrasion volume after post-measurement; (d) 1000 cycles; (e) 2000 cycles; (f-j)
compressive stress curves as a function of deformation at temperature; (f) 25°C; (g) 75°C; (h) 125°C;
(i) 175°C; (j) 225°C.
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Figure 39.
The particle size distribution of the powder after high-energy mechanical milling for 5, 10, 15, and 20 h,
respectively, depending on the share of MWCNTs nanotubes: (a) 0%; (b) 2%; (c) 5%.

Figure 40.
Results of (a-m) Raman analysis and (n-r) distribution of intensity factors ratios (n, o) ID/IG and (p, r) IG”/IG:
a) MWCNTs nanotubes; (b-g, n, p) powder obtained from high-energy mechanical milling and (h-m, o, r)
after plastic consolidation, with milling time respectively for (b, c, h, i) 5 h; (d, e, j, k) 10 h; (f, g, l, m) 20 h,
depending on the share of MWCNTs nanotubes: (b, d, f, h, j, l) 2%; (c, e, g, i, k, m) 5% and (n-r) depending
on MWCNTs share and milling time 5, 10, 15 and 20 h.
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powders of nanocomposite materials (Figure 41a, b). The structure of the
nanocomposite material with the matrix of the AlMg1SiCu aluminum alloy
reinforced with MWCNTs is homogeneous (Figure 41c) with symmetrical,
approximately spherical grains, with a size of about 50–70 nm. Carbon nanotubes
show homogeneous dispersion and are strongly deformed (Figure 41d,e), which
was revealed after complete removal of the matrix by etching with HCl
(Figure 41f). However, literature reports [244, 251, 255–263] concerning the degree
of degradation of carbon nanotubes are not unequivocal.

However, extending the milling time from 5 to 20 hours causes increased deg-
radation of the structure of carbon nanotubes. It is accompanied by the
amorphization of nanotubes, which is associated with a reduction in the intensity of
the G ‘bands (Figure 40n-r). It has been found, however, that the structure of
carbon nanotubes may even be completely destroyed. Regardless of the share of
MWCNTs above 0.5% and the mechanical milling the time the manufactured
materials show a brittle fracture (Figure 42). The structure of the fractures also
shows the fine grain structure of the material.

Defective nanotubes are much more reactive, so during the next consolidation
involving plastic deformation at elevated temperature, as a result of the interaction
of carbon nanotubes with the AlMg1SiCu alloy matrix, in places where there are
nanotube defects and amorphous areas on their surface, probably intercalation of
aluminum atoms occurs between the carbon layers in MWCNTs. It is the direct
cause of the following precipitation of Al4C3 carbides (Figure 43) with a diameter
of approx. 5–10 nm and a length of 20–30 nm. The precipitation of these carbides
was also confirmed by X-ray analysis (Figure 44). Information on the Al4C3 car-
bides precipitation is also available in the literature in many cases of composite
materials involving carbon nanotubes [264–274]. However, neither X-ray structural

Figure 41.
The results of the thin foils investigations in the high-resolution transmission electron microscope HRTEM of the
nanocomposite with the share of 5% by volume of MWCNTs after plastic consolidation; (a) structure; (b) the
SAED diffraction pattern and the solution of the diffraction pattern from fig, a; (c) structure of nanograins;
(d, e) nano-areas of the nanocomposites inherited from carbon nanotubes; (f) the structure of carbon nanotubes
remaining after the HCl digestion of the material after high-energy mechanical milling for 10 h.
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analysis nor literature data indicate that Al4C3 is secreted directly as a result of
mechanical synthesis by milling for up to 50 h [275].

The share of MWCNTs and the manufacturing conditions of nanocomposite
materials have a relatively small effect on their density 2.56–2.57 g/cm3

(Figure 45a), in contrast to the microhardness (Figure 45b). The manufactured
nanocomposite materials reinforced with carbon nanotubes are characterized by
increased microhardness by up to 300% (Figure 45b), greater ultimate tensile
strength by over 200% (Figure 45c, e-g) and five times higher frictional wear
resistance to the unground AlMg1SiCu alloy, because with the increase of share of
MWCNTs, the volume of the wear mark decreases (Figure 45d). The coefficient of

Figure 42.
Breakthrough structure of a nanocomposite material manufactured with (a, b) 2% (c) 5% by volume
MWCNTs after high-energy mechanical milling for (a) 10 h; (b, c) 20 h (SEM).

Figure 43.
Structure of thin foils of a nanocomposite material reinforced with 5% by volume MWCNTs (STEM-BF);
(a) longitudinal section of the Al4C3 carbide in an AlMg1SiCu matrix; (b) MWCNT nanotube in
longitudinal section and Al4C3 carbide in longitudinal section in an AlMg1SiCu matrix; (c) MWCNT
nanotube in cross-section and Al4C3 carbide in longitudinal section in an AlMg1SiCu matrix; (d) Al4C3
carbide in an AlMg1SiCu matrix; (e) scheme of the distribution of Al (blue) and carbon (black) atoms in the
Al4C3 carbide crystallographic cell; (f) Al4C3 carbide in cross-section – [001] direction; (g) Al4C3 carbide in
longitudinal section and an AlMg1SiCu matrix.
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friction of nanocomposite materials is not only lower than the coefficient of friction
of materials made of the AlMg1SiCu alloy without MWCNTs, but also occurs in a
much smaller range, which is also confirmed by the literature [276].

The reason for such a significant strengthening of nanocomposite materials with
AlMg1SiCu alloy matrix, reinforced with MWCNTs carbon nanotubes, is dispersion
nanostructured precipitates of Al4C3 carbide. Without the precipitation of these

Figure 44.
Fragments of X-ray diffraction patterns confirming the precipitation of Al4C3 carbides in nanocomposite
materials with AlMg1SiCu matrix reinforced by 2% (a) and 5% (b) MWCNTs carbon nanotubes as a result
of plastic consolidation after prior high-energy mechanical milling for 5, 10, 15 or 20 h, respectively.

Figure 45.
Comparison of (a-d) properties of nanocomposite material obtained by consecutive high-energy mechanical
milling and plastic consolidation depending on MWCNTs share 0.05; 2.0; 3.5 and 5.0% and milling time
5,10,15 and 20 h respectively comparing to AlMg1SiCu; (a) density; (b) microhardness HV 0.1; (c) ultimate
tensile strength; (d) abrasion track volume; (e-g) the course changes the strength as a function of elongation
during a static tensile test of a nanocomposite material manufactured after high-energy mechanical milling for
5, 10, 15, and 20 h with MWCNTs share (e) 2%; (f) 3.5%; (g) 5%.
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carbides, these positive effects would not exist. However, note that this carbide is
highly hygroscopic and completely hydrolyzes in an aqueous medium to form
aluminum hydroxide and gaseous hydrocarbons such as methane or acetylene,
according to the reaction:

Al4C3 þ 12 H2O ! 3 CH4 þ 4 Al OHð Þ3 (1)

Similarly, the reaction with hydrochloric acid also causes decomposition of
aluminum carbide according to the reaction:

Al4C3 þ 12 HCl ! 3 CH4 þ 4 AlCl3 (2)

It leads to a deterioration of the corrosion resistance of the composite materials
and is a common factor contributing to mechanical failure. Even a small share of
aluminum carbide destroys composite materials with the participation of aluminum
and nano additives of allotropic forms of carbon in aggressive environmental con-
ditions, and even in atmospheric conditions, causing uneven pitting corrosion. It
limits the practical use of such composite materials [277]. Al resistance to electro-
chemical corrosion improves with the formation of Al4C3 on the Al surface, which
prevents the dissolution of the metal in the chloride-based solution [278, 279]. The
practical use of such nanocomposite materials will therefore be possible only in
cases where their surface will be tightly covered with appropriate, durable coatings
that effectively prevent contact of the material surface with water and other
aggressive environmental media that can be applied. It is obvious that the techno-
logical process of applying the coatings cannot dissolve Al4C3 carbides. This
requires further detailed studies as well as the eventual application of other coatings
described as preventing corrosion of various alloys and composite materials based
on aluminum or its alloys [280] including also the polymeric ones [281–284] and
maybe it could be also possible to use the atomic layers deposition ALD technology
while ensuring the required adhesion of such layers [285–288].

3.3 Structure and properties of the composite layers on the substrates of
aluminum alloy

In all other cases, 7th–12th, the result of the work carried out is to obtain a hard
and abrasion-resistant composite surface layer by introducing tungsten carbide or
silicon carbide powder, respectively, through the interaction of a laser beam on the
surfaces of aluminum AlMg3, AlMg5, AlMg9 alloys. Due to the use of laser treat-
ment, the surface of the aluminum material is characterized by a relatively low
density, receives better mechanical and tribological properties. Laser technologies
are now widely used in surface treatment not only in the treatment of aluminum
alloys, but many other alloys [289–317].

The share of feathering carbides WC/W2C or SiC in the surface layer of the
AlMg alloys depends on the conditions of the laser treatment. The largest share of
the feathered WC/W2C powder occurs for the AlMg9 alloy when a laser beam
power is 1.8 kW. The surface layer manufactured in this case is characterized by a
uniform distribution of the embedded particles in the matrix at a depth of up to
150 μm (Figure 46a), analogous to the laser treatment of the AlMg5 alloy surface
(Figure 46i, j). Increasing the power of the laser beam causes an increase in the
depth of remelting zone (Figure 47a), which results in greater dispersion of the
feathered particles in the remelted layer, and the accompanying increase in the
intensity of convection movements in the liquid pool affects the displacement of a
part of the powder to a depth of about 1.5 mm both in the case of AlMg9 alloy
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(Figure 46c, d) and AlMg5 alloy (Figure 46i, j). The AlMg3 alloy after laser
feathering of tungsten carbide with 1.8 kW laser beam power into the surface of the
AlMg3 alloy results in an even distribution of carbides both at a depth of up to
160 μm and at the bottom of the layer. On the other hand, increasing the power of
the laser beam causes gaps between the individual particles at a distance of up to
100 μm (Figure 46d).

The smallest proportion of the feathered powder occurs for the AlMg3 alloy after
laser feathering of SiC carbide powder with a laser beam power of 2.2 kW
(Figure 46e). As a result of laser feathering with a beam power of 2.0 and 2.2 kW,
the carbides are evenly distributed in the near-surface part of the layer at a depth of
up to 100 μm (Figures 46e,g and 47b). The best results for laser feathering of
silicon carbide are for the AlMg5 alloy (Figure 46k,l). Composite layers

Figure 46.
Structure after laser feathering with (a-d, i, j) WC/W2C carbides; (e-h, k, l) SiC carbides; (a-c, e, f) AlMg9
alloy; (d, g, i, j) an AlMg3 alloy; (h, k, l) AlMg5 alloy; using a laser beam with power: (a, b, f, g, h) 1.8 kW;
(e) 2.0 kW; (c, d, g, i-l) 2.2 kW; (a, e, i-l) SEM; (j, l) SEM-EDS; (b-d, f-h) light microscope.

Figure 47.
The effect of laser beam power of AlMg3, AlMg5, and AlMg9 alloys when feathering carbides (a, c, e) WC/
W2C; (b, d, f) SiC; on (a, b) depth of the remelting zone; (c, d) course of hardness changes depending on the
distance from the surface of the AlMg9 alloy; (e, f) the surface hardness versus the hardness of non-laser treated
alloys.
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manufactured with a laser beam power of 2.0 and 1.8 kW contain evenly distributed
embedded powder particles in the matrix of an aluminum alloy, including AlMg9
(Figure 46e,f), with the largest share of feathered SiC powder in the case of alloy
fusion AlMg5 with 1.8 kW laser beam power (Figure 46h). Single carbides with an
average diameter of 100 μm occur in the central part of remelting zone also at the
maximum power of the laser beam of 2.2 kW (Figure 46k, l).

Structure studies with the use of transmission electron microscopy and X-ray
phase analysis showed the presence of intermetallic phases and AlMg2, Al3Mg2,
Mg5Al18, Mg2Si precipitates.

Among the AlMg3, AlMg5 and AlMg9 alloys, the AlMg9 alloy has the highest
hardness (Figure 47f). The mechanical and tribological properties of the
manufactured composite layers containing respectively WC/W2C or SiC carbides
on the above-mentioned alloys largely depend on the power of the laser beam,
because too high power adversely affects the properties of these layers
(Figure 47f). As a result of laser feathering of carbide powder, the greatest increase
in hardness occurs for the AlMg9 alloy using a 1.8 kW laser beam (Figure 47e, f). In
the case of the two other alloys, the highest hardness occurs at this laser power, and
increasing the laser power causes a slight reduction in the hardness of the surface
layer (Figure 47e, f). The highest hardness of the layer is provided by laser feath-
ering of the WC/W2C powder into the AlMg9 alloy matrix with a laser beam power
of 1.8 kW (Figure 47e). The smallest increase in hardness is obtained when laser
feathering SiC powder into the AlMg3 alloy matrix with a laser beam power of
2.2 kW (Figure 47f). Increasing the power of the laser beam causes an increase in
the hardness with respect to the Al-Mg alloy substrate at a greater depth
(Figure 47c, d). The maximum value of hardness is lower than for treatment made
with a lower power of the laser beam (Figure 47c, d). The introduction of WC/
W2C into the Al-Mg alloys matrix enables obtaining a higher hardness of the layers
than in the case of laser feathering of SiC powder (Figure 47c-f).

Ball-on-disk abrasion resistance tests of the obtained composite layers as well as
aluminum alloy without laser treatment showed a significant increase in abrasive
wear resistance of surfaces obtained as a result of laser feathering of hard powders
of WC/W2C and SiC carbides, respectively, into the remelted matrix of AlMg3
alloys, AlMg5 and AlMg9. The highest abrasive wear resistance among all alloys and
laser feathering variants is obtained after laser feathering SiC powder into the
AlMg9 alloy matrix with a laser beam power of 1.8 kW. The highest wear resistance
among these alloys as a result of laser feathering of WC/W2C tungsten carbide
powder is demonstrated by AlMg9 alloy after feathering with a laser beam power of
1.8 kW.

The developed technology can find numerous applications, including in the
mechanical engineering, automotive and aviation industries.

4. Final remarks on the importance of advanced composite materials
based on aluminum alloys in the development of Industry

4.1 The general importance of engineering materials and the technology of
their manufacturing and processing

Already a dozen or so years ago, the concept of a half-life of detailed knowledge
was introduced by analogy to the half-life of radioactivity [318]. After this period,
characteristic for a given area of knowledge, about 50% of detailed information in
this area will be up-to-date, and the rest will become outdated due to new scientific
and technological discoveries. It is a measure of increasing the level of general
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knowledge of engineering staff, enabling them to be quickly transferred to the
practice of engineering design and product manufacturing as well as a wide appli-
cation area. It is undeniable that in the area of engineering materials and the
technology of their manufacturing and processing, the half-life of knowledge has
been greatly shortened over the course of history and now reaches only a few years
(Figure 48).

The development of natural materials, and with time predominantly engineering
materials, has become the basic determinant of the development of material culture
and human civilization in general, largely determining the level and quality of life of
societies achieved. It should be realized that to manufacture any product that is
accepted on the market, it is necessary to use properly selected engineering mate-
rials. Initially, for thousands of years, as described in publications, including own
publications [319–337], but also a hundred years ago, the selection of materials was
carried out by trial and error, which is considered the Materials 1.0 stage
(Figure 48). To date, even in 80% of cases, materials are systematically tested
according to the Materials 2.0 protocol [319, 320, 324, 333, 337, 338], after the
concept is developed and its subsequent verification, and then the prototype is
tested in laboratory conditions and only then tested and validated in real conditions.
The impact of environmental conditions should be investigated and the product life
cycle designed. In the case of the Materials 3.0 protocol, the procedure is similar,
except that the use of IT tools at the concept development stage is characteristic of
this stage. To design the target functionality, computational and simulation
methods are used, e.g. using the principles of quantum physics and chemistry,
methods of artificial intelligence, and databases. Nowadays, opportunities have
opened up for the use of cyber-physical systems and big data, as well as advanced
methods of artificial intelligence and machine learning, including artificial neural
networks and fuzzy logic, and more and more often smart systems cooperating with
people, which is the essence of the Materials 4.0 approach, which is now increas-
ingly being implemented. It is accompanied by the application of materials on-
demand, when not more than two decades ago, the principle of having to choose
materials only from the assortment offered by material manufacturers was in force.
The task set for the designer can now be formulated in the form of the question:
“what can be used to create a product interesting for the customer on the market?”
On the other hand, the approach that answers the question: “What can be

Figure 48.
Changes of: (a) the importance of individual groups of engineering materials throughout history; (b) the concept
of selection of engineering materials for products from the trial and error method (materials 1.0) to the
methodology using cyber-physical systems and advanced information technologies (Materials 4.0).
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manufactured from a material that is currently available or already known to us?” It
is anachronistic. Numerous grades from among much more than 100,000 currently
known and available engineering materials give new innovative potential in the
implementation of products. It is impossible to correctly select engineering material
for any practical application without the use of modern and highly developed
Computer-Aided Design CAD tools and other Computational Material Science
methods. There are two aspects to this approach. On the one hand, the material
properties of each product are designed by the constructor and an appropriate
engineering material should be produced that meets the requirements of a given
application solution, and on the other hand, the availability of one of the ready
materials having a set of properties according to the criteria should be analyzed,
using the available material databases. The problem is extremely important consid-
ering that an average small car has at least 15,000 parts and a passenger aircraft may
have 4.5 million or more elements. Of course, in each case, the right decision must
be made regarding the selection of engineering material and the appropriate tech-
nological process. All engineering materials are in each case equivalent from the
point of view of engineering design, provided that they meet a set of required
criteria, and the basis for multi-criteria optimization is a set of the best functional
and technological properties with the lowest possible manufacturing and processing
costs, as well as the use of the material and the product manufactured of it, taking
into account ecological aspects and the product life cycle. Product engineering
design is essential and is not an activity extracted from the overall product
manufacturing process, but an important element in satisfying market needs and at
the same time is dependent on them.

Product engineering design is composed of three elements that cannot be
separated and cannot exist autonomously (Figure 49) [3, 318–320, 324, 339–351],
which include:

• structural design, ensuring the shape and geometric features of the product,

• material’s design, ensuring the required physicochemical and technological
properties as well as product life cycle,

Figure 49.
Diagram of relationships between structural, material, and technological design as components of product
engineering design (a) and the 6xE octahedron of expectations resulting from the material science paradigm and
materials science (b).
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• technological design, ensuring the manufacturing of products with the required
properties, with the highest possible efficiency, the highest possible degree of
automation and computer aiding, and the lowest manufacturing costs.

The functional properties of products, are including mechanical, physicochemical,
thermal, magnetic, electrical, and optical properties, depending on the chemical
composition and the cross-sectional structure and very often also the surface struc-
ture of the materials and the conditions of use of the products and their compo-
nents. These conditions include also operate at high or low temperatures, in
conditions of cyclic loads, as well as in an aggressive gaseous or liquid medium.
Materials science deals with the assessment of the impact of the structure on the
electronic, crystalline, micro, and macroscopic scale on the properties of materials,
while material engineering covers the relationships between the structure, techno-
logical processes, and functional properties of materials used for numerous prod-
ucts and complex application systems, significantly determining the quality of life
of modern societies. The materials science paradigm corresponds to an octahedron
illustrating the 6xE rule (Figure 49b) [3, 318–320, 339, 340]. Expected operational
functions of the product are ensured by designing the expected material, processed
using the expected technology, in order to give the expected geometric characteris-
tics and shape of the product, enabling the expected structure and deciding to
obtain a set of expected properties of the designed product. The above-mentioned
approach provides people with continuous access to products and consumer goods
that directly affect the level and quality of life, climate, quality and potential of
health protection, education, information exchange, and other aspects recognized
by the United Nations as Sustainable Development Goals (Figure 50). It presents a
deeply humanistic mission of the engineering community in order to activate the
development of societies. For this reason, the real development of materials engi-
neering, including nanotechnology and surface engineering, and the accompanying
research, are an important determinant of present and future prosperity and high
quality of life. Sustainable development of this area is therefore of great interest to
societies.

Figure 50.
Civilization’s main threats and sustainable development goals enabling counteraction them and their
relationship to the development of engineering materials used on products.
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4.2 The importance of engineering materials and technological processes in the
context of the current stage of Industry 4.0 of the industrial revolution

All products of interest to customers, without exception, are made of engineer-
ing materials and cannot be built without them. The processes of using engineering
materials and other resources such as energy, capital, and people to make products
available using different machines and different technological processes organized
according to a well-designed plan are called manufacturing. The development of
manufacturing processes is closely related to the development of the material cul-
ture of societies, which was reflected in the Japanese approach of the Society from
groups of people practicing hunting and harmoniously coexisting with nature,
which was considered Society 1.0 to information and achieving the goals of Society
5.0 of the smart sustainable development, oriented to people, their well-being and
high quality of life, and ensuring economic development, which goals are achieved
by connecting cyberspace with the real world (Figure 51) [319, 320, 322, 352–357].

In Europe, a few years earlier, the German concept of Industry 4.0 was devel-
oped, already popular in many countries around the world, and also presented in
Author’s own works, describing the stages of the industrial revolution (Figure 52)
[195, 293, 319, 320, 322, 323, 332–337, 349, 350, 358–414].

The introduction of steam engines at the end of the 18th century, considered
Industry 1.0, marked the beginning of the industrial revolution. The current stage

Figure 51.
The concept of development from Society 1.0 to Society 5.0 (a) and the main events determining the
implementation of each of the stages (b).

Figure 52.
The concept and tasks of Industry 4.0 (a) and main tasks in the Industry 4.0 stage (b).
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of Industry 4.0 includes smart factories, supplied by smart suppliers, producing
smart products. Physical production processes are monitored by manufacturing
systems, making smart decisions, based on real-time communication with people,
machines, and sensors, and based on experiments performed on the so-called “Dig-
ital twins” in virtual reality using the simulation of real conditions of operation and
maintenance of manufactured products using cyber-physical systems (CPS), Inter-
net of Things (IoT) and cloud computing, with the use of large data sets. In the
classic Industry 4.0 model [319, 320, 322, 361, 367–369, 372–375, 378–382,
387–391, 393, 395, 402, 415, 416] it was recognized that this stage of using the nine
basic technologies described in the literature was achieved (Figure 53) [293, 319,
320, 323, 345–349, 360–415].

It turned out that this model is one-sided and requires a significant augmenta-
tion, mainly by taking into account engineering materials, technological
manufacturing processes and technological machines, and not only complex cyber-
physical systems and very advanced tools and information systems (Figure 54).

The most important thing is that manufacturing possible only in reality, thanks
to the physical system and on the condition of using real materials, usually engi-
neering ones. No product can be manufactured without materials. Therefore, they
should be absolutely included in the current Industry 4.0 model, because obviously
they are and were necessary for every stage of the industrial revolution from
Industry 1.0 to Industry 4.0. The simplified approach in the classic Industry 4.0
model creates the erroneous impression that the progress concerns only technolo-
gies covering monitoring, control, coordination, and integration of information and
communication technologies that make up cyber-physical systems (Figure 53),
without the need to make real progress in the field of technological machines,
manufacturing technologies and necessary engineering materials to manufacture
any product. It is obviously not true and therefore an adequate model must take into
account all these aspects [319, 320, 322, 332–336, 365, 417]. A far-reaching simplifi-
cation is also reducing the technological issues only to additive manufacturing, as it
was done in the classic Industry 4.0 model. Additive manufacturing cannot be
treated as ruthlessly competing with many known and used for many years, and
sometimes even millennia, technologies for manufacturing products, such as
foundry, machining, plastic working, heat treatment, surface engineering, joining
and welding, and assembly [319, 320, 322, 332–337, 345–349, 364, 365]. The enor-
mous technological progress that is taking place now and in the near future will not

Figure 53.
The crucial components of the current industry 4.0 model: (a) augmented set of leading technologies included in
cyber-physical systems; (b) smart systems included in the Industry 4.0 model.
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eliminate these technologies, so it is necessary to include them in the Industry 4.0
model. It should be noted that the systematic modernization and progress in the
field of these technologies concerns their mechanization, robotization, and above all
computer-aided engineering design and manufacturing within cyber-physical sys-
tems. It is obvious that the classic model of Industry 4.0 in fact concerns only the
computerization of technological processes, therefore, instead of it, it was necessary
to introduce the appropriate holistic augmented model of Industry 4.0 [319, 320,
418] leaving cyber-physical systems as one of the elements technology platform of
this new model (Figure 53).

Figure 54.
The holistic augmented model of Industry 4.0 taking into account advanced engineering materials and
technological processes and also the machines and production devices used, as well as twelve technologies related
to cyber-physical systems conditioning the development of production in the most modern phase of the industrial
revolution.

Figure 55.
Comparison of the annual total world production in 2015–2020 years of (a, b) crude steel (a, c) preliminary
aluminum (a – logarithmic scale); (d) changes of the average aluminum consumption per car in 1980–
2020 years.
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4.3 The importance of advanced composite materials with an aluminum alloy
matrix in the context of the current stage of Industry 4.0 of the
industrial revolution

The growing and more sophisticated requirements set by the conditions of the
current stage of the Industrial Revolution, conventionally designated as Industry
4.0, also pose challenges to designers and manufacturers of engineering materials.
They apply equally to the implementation of new engineering materials, techno-
logical processes of their manufacturing and processing, advanced methods of their
design, as well as the application of nanotechnology and surface engineering in this
area. Among engineering materials, world steel production remains extremely high
(Figure 55), despite reports of a decline in production in some countries due to the
SARS-CoV-2 coronavirus pandemic.

The Worldsteel Association published crude steel production data in August
2020. Compared to August 2019, world production was 0.6% higher, despite the
pandemic. The lowest production level, amounting to 137 million tons, was
recorded in April 2020. Since then, production has been increasing and in August it
amounted to 156.2 million tons. However, there has been a reshuffle in the market.
Production declines were recorded in the United States (�24.4%), Japan (�20.6%),
Germany (�13.4%), Russia (�4.6%), India (�4.4%) and South Korea (�1.8%).
From the beginning of the year, production decreased by 19% in North America, by
18.6% in the European Union, by 15.6% in South America, and by 4.5% in the
former Soviet Union countries. Production in the dominant country, i.e. China,
despite the pandemic, does not decrease, but even increases. China, as the largest
steel producer in the world, produced 94.8 billion tons in August, 8.4% more than
in the previous year. Comparing total production in the first eight months of 2020
and 2019, China grew by 3.7%. Increases in steel production also occurred in
Vietnam (32.9% compared to August 2019 and 11.5% in total since the beginning of
the year), in Turkey (22.9% compared to August 2019 and 0.6% in total since the
beginning of the year), in Iran (14.6%) and Brazil (6.5%).

Compared to steel, aluminum alloys are significantly lighter, and at low temper-
atures are characterized by higher impact strength. Aluminum alloys are the pre-
ferred structural materials used, among others, for the manufacturing of cars, in the
aerospace industry and mining machines, in the processing industry for various
high-performance elements for various applications, due to their relatively low
weight and favorable set of properties. Ecological considerations require the reduc-
tion of the total weight of cars, which indicates the need to produce many new
components from aluminum alloys (Figure 55). The use of lightweight materials for
the manufacturing of car components allows for compliance with increasingly
stringent air pollution regulations. It is obvious that a car with a lower weight allows
for lower and more economical fuel consumption, which clearly reduces the emis-
sion of exhaust gases, mainly carbon dioxide, into the atmosphere.

Annual global aluminum production is expanding (Figure 55) at a level almost
30 times lower than that of steel, although the aluminum market may also have
changed due to the COVID-19 pandemic. In 2015–2020 years, the total aluminum
production amounted to 374,840 tons, and thanks to the increase in production in
China in 2020, the total world production increased by a few percent compared to
2018, when it was higher than in 2019. The dynamics of aluminum production in
2015–2020 is shown in Figure 54. For example, in 2017, primary aluminum was
produced in 41 countries. The main producers were China (55%), Russia (6%),
India (5%), Canada (5%) and the United Arab Emirates (4%) in order of decreasing
aluminum production. The share of China in the global aluminum production is
growing year by year.
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The end-use rate of aluminum and its alloys in various application areas has been
established for many years. Aluminum has gained a good position on the world
market due to its significant share in increasing the fuel efficiency of vehicles and in
relation to its use in ecological construction products and ecological packaging. An
example are the main areas of application of aluminum and its alloys in the United
States and Canada (Figure 56).

According to the International Trade Center (ITC), the value of the aluminum
market and its products in 2018 amounted to USD 194.32 billion [419]. It was
estimated that the volume of the aluminum market in that year was 79 million tons,
and it is estimated that aluminum consumption will increase with compound annual
growth rate CAGR of 4.2% in the forecast period until 2025 [420]. Aluminum is
widely used for packaging and construction, and is also used in machinery and
equipment, and in the electrical and consumer durables industries. The main area of
application of aluminum is the automotive industry. Since aluminum is a light
metal, it is used mainly in car bodies and engines parts, what is an essential factor in
reducing car fuel consumption. It also applies to trucks, as, for example, the Ford
plant launched the production of an all-aluminum F-150 trak’s body in 2015 [421],
which reduced the weight of the truck by more than 300 kg, resulting in a signifi-
cant improvement in fuel efficiency and reduced total operating costs. International
agreements on fuel economy are influencing for increase the use of aluminum in the
automotive industry around the world. The expected increase in the production
first of all of electric vehicles, and also semi-autonomous and autonomous vehicles
as well as self-driving cars and trucks will further strengthen the aluminum auto-
motive market. This segment is estimated to grow at a CAGR of 4.3% by 2025.
Aluminum is now widely used in smartphones, tablets, laptops, flat screen TVs,
monitors and other consumer electronics products. According to estimates provided
by the Global System for Mobile communications Association (GSMA), the number
of mobile phone users worldwide will increase from 5.1 billion in 2018 to 5.8 billion
in 2025. Therefore, the global smartphone and smart TV market will be subject to a
CAGR growth of 8–10% in the forecast period until 2025, which will affect the
increase in demand on the aluminum market. Aluminum is the second most used
metal in construction after steel, and according to the World Bank, in 2016, the
gross domestic product GDP of construction was 25.4%. Aluminum is widely used

Figure 56.
Main areas of application of aluminum and its alloys in the US and Canada in 2017 (compiled according to
data from the US Geological Survey and Aluminum Association 2017, available on July 15, 2018).
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in windows, curtain walls, roofing and cladding, sunshades, solar panels, railings,
shelves and other temporary structures. The growing construction activity around
the world creates more and more opportunities for the aluminummarket. However,
there are differences in aluminum consumption by end-use category in high (HIC),
low (LIC) and middle income countries (MIC). In low- and middle-income coun-
tries, aluminum is mainly used for the production of electrical systems and in the
construction industry. In high-income countries the main areas of application are
products in the transportation sector, including cars, commercial aircraft and rail-
way stock.

It is estimated that the aluminum market will grow in CAGR above 3% in the
forecast period until 2025, although earlier data even indicated an increase in alu-
minum consumption up to 120 Mt. with an average growth rate of about 4.1% per
year. The global aluminum market is expected to grow by 6.5% CAGR to reach USD
235.8 billion in 2025. This means that the annual production of bauxite should
increase to approx. 570 Mt., and of aluminum oxide to approx. 230 Mt. However, a
diversified increase in the use of aluminum is expected in different geographic areas
(Figure 57). The main driver of the global aluminum market is the growing con-
struction activity in the Asia-Pacific region. In North America, the growing number
of construction projects and growing investments in the United States and Canada
are driving the market under study. This upward trend is likely to continue,
depending on the financing of larger projects. On the other hand, the slowdown in
the global automotive industry and the unfavorable conditions resulting from the
COVID-19 outbreak are holding back market development, and earlier forecasts are
obsolete. Therefore, it is estimated that the construction industry will dominate the
global aluminum market in the coming years. The Asia-Pacific region will be the
fastest growing in the world in this situation, due to rising consumption in China,
India and Japan, with a growing population, rising middle-class income and urban-
ization. In fact, the Asia-Pacific region will generally dominate the global aluminum
market. The electronics manufacturing market in this region will develop rapidly in
the coming years due to the numerous Original Equipment Manufacturer OEMs,
low cost and availability of raw materials and cheap labor, as well as cooperation
with numerous entities in Germany, France and the United States in the field of
production services and assembly. China is expected to be the world’s largest

Figure 57.
Different scale of growth of aluminum markets in different geographical areas of the world in 2020–2025 due
to the diversification of the development of the end-user industry.
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market for civil aircraft sales by 2040 among all countries, which will have a
significant impact on the demand for aluminum. For example, China is expected to
purchase new aircraft from Boeing by 2036 worth USD 1.1 trillion. The growing
demand for aluminum is also significantly influenced by the growing demand for
cargo transportation, therefore the production of commercial aircraft in Japan will
continue to increase, including the production of new generation F-35A fighters and
other military aircrafts. Thus, the demand for aluminum in the Asia-Pacific region
will increase rapidly in the next two decades due to the rapidly expanding end-user
industry.

Aluminum is the only material that more than covers its own collection costs in
the consumer disposal stream and is 100% recyclable, retaining its properties for an
indefinite period of time. More than 70% of the aluminum produced from the
beginning of industrial use of aluminum has been recycled and is still used today. In
view of the expected growth of the global aluminum market in 2025 to USD 235.8
billion, and the related expected increase in the production capacity of bauxite
mines around the world, one should take into account the probable increase in the
share of secondary aluminum from new scrap, proportional to the total consump-
tion. However, the share of aluminum produced from old scrap may decline, as in
countries with high economic growth, the share of aluminum used to build new
infrastructure with long-term use is significant. It could undoubtedly have a nega-
tive impact on greenhouse gas emissions, unless the stricter requirements of the
climate policy force an increase in the efficiency of aluminum smelters and the
related reduction of energy consumption for aluminum production. Recycling alu-
minum saves over 90% of energy costs compared to primary production, and thus
reduces the use of fossil fuels, including oil, the energy of which would be used to
produce fresh aluminum. For the recovery of post-consumer scrap, it is important to
diversify the end use of aluminum. For example, statistically, an average of 113,000
aluminum cans are recycled in the world every minute, and their value per year
amounts to over USD 800 million. Aluminum used in cars and vehicles can be easily
recycled. Many applications in the transport sector, but also in the electronics sector,
have a much shorter real life-time and therefore they are more recyclable than elec-
trical systems and construction applications. According to the Aluminum Association,
more than half a million tons of aluminum used in cars are recycled annually [419].

The challenges posed by the developing industry in the Industry 4.0 stage and
the expectations of the automotive and aviation industries force constant progress
in the development of new materials using aluminum. The undoubted advantages
of these materials include the density almost three times lower than that of steel,
which is the main premise for applications in the area of transport. Newer and
newer aluminum alloys with other alloying elements are being developed and
implemented. Of course, there are also alloys of other elements in which aluminum
is an alloying element. Aluminum matrix composite materials ACMs have a steady
share of the systematically growing group of materials using aluminum. This chap-
ter presents a generalization of the results of numerous own studies and provides a
detailed overview of the structure and properties and manufacturing technology of
several new AMCs selected for presentation due to their advanced manufacturing
methods and unexpected properties and the resulting wide application possibilities
(Figure 58).

Among these new advanced aluminum matrix composites materials, there are
basically three groups of such materials [66–80], including:

1.composite materials manufactured by gas-pressure infiltration with liquid
aluminum alloys, respectively, eutectic AlSi12 and hypoeutectic AlSi7Mg0.3,
constituting the matrix, in which the reinforcement has a skeleton structure,
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obtained alternatively by sintering Al2O3 powder with the participation of
carbon fibers enabling, after their removal, obtaining a porous structure,
sintering mixtures of HNTs halloysite nanotubes with carbon fibers, after their
removal, providing a porous mullite skeleton and selective laser sintering of
titanium powder to obtain a skeleton with the porosity of at least 50% with
pores with a size of 50–500 μm,

2.nanocomposite materials manufactured by mechanical synthesis using high-
energy mechanical milling of a mixture of an aluminum alloy powder for
plastic deformation AlMg1SiCu with alternatively halloysite HNTs nanotubes
and multi-wall carbon nanotubes MWCNTs and the next two-stage press
consolidation and subsequent cold pressing in the first order hot at an elevated
temperature in order to produce bars of the assumed diameter,

3.composite surface layers on the substrate of aluminum alloys, alternatively
AlMg3, AlMg5, AlMg9, manufactured by surface laser feathering by
introducing powder, alternatively tungsten carbide WC/W2C or silicon
carbide SiC with the use of fluxes as agents supporting the operation of the
laser beam and facilitating the selective remelting of the aluminum alloys,
without the need for additional heat and surface treatment.

The structure, technology, and properties of these materials were presented, as
well as the application perspectives, especially in transport and biomedical devices,
as well as in connection with the implementation of the Industry 4.0 stage of the
Industrial Revolution.
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Chapter 2

The Theoretical Overview of the
Selected Optimization and
Prediction Models Useful in the
Design of Aluminum Alloys and
Aluminum Matrix Composites
Halil Ibrahim Kurt, Engin Ergul, Necip Fazil Yilmaz
and Murat Oduncuoglu

Abstract

The growing attention regarding aluminum alloy matrix composites within
the aerospace, automotive, defense, and transportation industries make the
development of new engineering materials with the improved mechanical
properties. Currently, materials are selected because of their abilities to satisfy
engineering demands high for strength-to-weight ratio, tensile strength, corrosion
resistance, and workability. These properties make aluminum alloys and aluminum
matrix composites (AMCs) an excellent option for various industrial applications.
Soft computing methods such as the artificial neural network (ANN), adaptive-
neuro fuzzy inference systems (ANFIS), and Taguchi with ANOVA are the most
important approaches to solve the details of the mechanism and structure of
materials. The optimal selection of variables has important effects on the final
properties of the alloys and composites. The chapter presents original research
papers from our works and taken from literature studies dealing with the theory
of ANN, ANFIS, and Taguchi, and their applications in engineering design and
manufacturing of aluminum alloys and AMCs. Also, the chapter identifies the
strengths and limitations of the techniques. The ANFIS and ANN approaches stand
out with wide properties, optimization, and prediction, and to solving the complex
problems while the Taguchi experimental design technique provides the optimum
results with fewer experiments.

Keywords: aluminum matrix composites, hybrid, modeling, engineering
approaches, optimization, ANN, Taguchi, ANOVA, genetic algorithms, ANFIS

1. Introduction

Since the early 1920s, iron-based materials, which have an indisputable advan-
tage in the industry, have gradually begun to leave their places to materials with
high specific strength like metal matrix composites. Metal matrix composites have
interesting physical and mechanical properties. In metal matrix composites, the
properties of the matrix material and the properties of reinforcing materials are
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combined, resulting in higher mechanical and performance properties. Production
costs are also an important factor, as well as the physical and mechanical properties
of structural materials. Although high technology materials exhibit high physical
and mechanical properties, high production costs restrict their use. Metal matrix
composites are widely used in aerospace, automobile, military, and biomedical
applications because of their high specific strength and considerably low density.

In the fabrication of MMCs, aluminum (Al) is one of the most popular matrix
materials because of its low density, good corrosion resistance, and strengthening
capability. Aluminum (Al) is a chemical element with the atomic number 13 and
symbol Al. It is a non-magnetic and ductile metal that seems a color of silver in the
boron group. Al is a metal with an atomic weight of 26.981 g/mol, melting temper-
ature of 660°C and a density of 2.7 g/cm3. The development of new materials will be
of greater importance in future technological advances. Aluminum alloys and alu-
minum matrix composites can combine the beneficial properties of aluminum and
other metals, ceramics and production techniques.

The mechanical, physical and chemical properties of aluminum alloys vary
depending on the alloy elements and microstructure. Aluminum alloys are divided
into two groups as wrought (forged) and cast alloys (Figure 1). This classification is
as follows:

Given the composite materials, it can be said that one of the most important is
the method of production. Production methods are classified according to the
temperature of the metallic matrix during production. Aluminum matrix compos-
ites can be produced by many techniques such, as stir casting, compo casting,
powder metallurgy, additive manufacturing, cold spray, friction stir processing,
and infiltration, etc. All these methods have different advantages and disadvantages
in terms of cost, appropriateness, labor, training, efficiency, time, temperature, and
simplicity, etc. Therefore, the production methods of metal matrix composite
materials can be divided into four groups;

1.Liquid phase production methods

• Vortex addition technique

• Compo-casting

Figure 1.
Classification of aluminum alloys.
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• Pressure-less infiltration process

• Ultrasonic infiltration

2.Solid phase production methods

• Powder metallurgical methods

• Mechanical alloying

• Diffusion bonding

• Spark plasma sintering (SPS)

3.Gaseous state fabrication

• Chemical vapor deposition (CVD)

• Physical vapor deposition (PVD)

4.In-situ production method

• Internal oxidation process

• Unidirectional solidification process

Aluminum matrix composites can be produced with different kinds of rein-
forcement like MgO, SiC, Al2O3, B4C, CNT and fibers are used to fabricate com-
posites. Figure 2 shows the reinforcement types for aluminum matrix composites.
The type and ratio of matrix material and reinforcement and process parameters are
some of the most variables in composite fabrication.

The most popular reinforcements for fabrication of aluminum matrix compos-
ites are carbon nanotubes (CNTs) and silicon carbide (SiC). For individual
MWCNTs, they can achieve an elastic module approaching 1 TPa and tensile
strength of 100 GPa. Especially, CNT are used to advance to strength of aluminum
alloys. SiC is a material with low thermal conductivity; low thermal expansion
coefficient, high thermal shock resistance, hard, semiconductor and greater

Figure 2.
Reinforcement types.
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refractive index value than diamond and is one of the most suitable reinforcement
materials to make highly wear-resistant composites. The role of the reinforcement
in a composite material is fundamentally one of increasing the mechanical proper-
ties. The final properties of the composites reinforcement depend on the individual
properties of the reinforcement selected and the matrix.

Aluminum matrix composites are utilized in a wide range of components for
advanced manufacturing. Mechanical behavior of aluminum matrix composites can
be examined in detail. Increased mechanical properties compared to non-reinforced
aluminum enables the applications of these materials in different engineering fields
to increase. The low costs of particle reinforced aluminum matrix composites in
some applications compared to other composites make them very attractive mate-
rials. The fact that these materials exhibit good mechanical behavior in high-
temperature applications is another important point for their commercial success.

Thus, it is important to select the optimal levels of the parameters and variables.
Therefore, experimental parameter relationships can be accurately predicted and
the need for materials and time can be eliminated using these approaches, ANFIS
and Taguchi, are widely used on the complicated and nonlinear systems of the
different engineering applications. These approaches are widely used in advanced
engineering applications as they are a combination of various calculation methods.
They also include process design, numerical modeling, estimation and optimization,
and the control process. Modeling, estimation and optimization of features are
useful and the most important part of engineering to solve complex problem.
Important advantages of the calculation techniques are determined during the
design and optimization of the process variables to be used during the production
phase. These methods are useful for selecting the desired parameters optimally,
placing them in systems, analyzing results, digitizing production, minimizing
power consumption, and solving real-life problems in the process.

2. Production methods and data collection

The prediction or optimization methods require large experimental data sets that
are expensive to produce. Here we describe methods to discover material parame-
ters in the absence of experimental data. In effect, this algorithm strategy starts
with the ability to “learn” and from its experience to accelerate the evolutionary
process. This algorithm is tested against several problems and demonstrates that it
matches and typically exceeds the efficiency and reproducibility of standard. The
success of these methods in a range of problems is to accelerate materials design in
the absence of a lack of experimental data.

In addition to experimental effort, modeling with artificial intelligence (AI) is
one of the most important approaches to solve the details of the system and make
life easier. The purpose of artificial intelligence is to obtain results with high effi-
ciency using knowledge and make it a reality. The most commonly used artificial
intelligence techniques to solve complex problems are the adaptive network-based
fuzzy inference systems (ANFIS), Taguchi and artificial neural networks (ANN),
and these systems are also called soft computing methods. The use of soft comput-
ing techniques is powerful modeling techniques related to the statistical approach
for predicting parameters.

Over the last decades, the interest of the modeling techniques in different fields
of materials science has been increased [1–7]. It is aimed to find the optimum
solution with better performance by using human intuition, thinking and decision-
making ability, eliminating uncertainties with simple and low-cost solutions and in
solving complex and difficult to solve problems. In our previous works, new
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formulations are developed for the ultimate tension strength (UTS), wettability,
critical angle, wear properties of aluminum alloys and composites and welding
properties of produced metals using ANN, Taguchi, ANOVA and ANFIS,
respectively.

3. Optimization methods

3.1 The artificial neural networks (ANNs)

Artificial intelligence is defined in the world of science as the ability of a com-
puter or a computer-assisted machine to perform tasks related to higher logic
processes such as human qualities, finding solutions, and understanding, making
sense, generalizing and learning from past experiences. Learning ability underlies
the logic of artificial intelligence. The greatest contribution of artificial intelligence
will be to implement the most correct way they have learned very quickly. Artificial
intelligence technologies consist of expert systems, fuzzy logic artificial, neural
networks and machine learning and genetic algorithms [8].

ANNs are computer software where basic functions such as generating new data
from the data collected by the brain by learning, remembering, and generalizing by
imitating the learning path of the human brain. ANN is synthetic structure that
mimics biological neural networks. ANNs; inspired by the human brain, it has
emerged as a result of the mathematical modeling of the learning process.

3.1.1 ANNs structure

Since artificial neural networks are modeling of biological neural networks, first
of all, it is necessary to look at the structure of the biological nervous system. The
structure of neurons, the basic building block of the biological nervous system,
consists of four main parts; dendrite, axon, nucleus and connections (Figure 3a). It
has a tree-rooted structure located at the end of the dendrites nerve cell. The task of
dendrites is to transmit signals from other neurons or sense organs to which it is
attached to the nucleus. The nucleus collects the signals coming from the dendrite
and transmits them to the axon. These collected signals are processed by the axon
and sent to the connections at the other end of the neuron. Connections transmit
newly produced signals to other neurons.

Biological nerve cell and artificial neural network simulations are given in
Figure 3a and b. As shown in Figure 3b, n data is entered into a cell. The entered
data is multiplied by weights and all data are collected and then bias is added,
resulting in clear judgment. The net input is passed through the activation function
and data output is obtained.

Figure 3.
(a) Biological nerve cell and (b) artificial neural network.
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Artificial neural networks are structures formed by the binding of artificial
nerve cells. Artificial neural networks are examined in three main layers; input
layer, hidden layers and output layer (Figures 3b and 4) [9].

Input layer: it is the layer where inputs from the outside world come to the
artificial neural network. Although there are as many cells in this layer as the
number of entries from the outside world, the inputs are usually transmitted to the
lower layers without any processing.

Hidden layer(s): information from the input layer comes to this layer. The
number of hidden layers can vary from network to network. The number of neu-
rons in the intermediate layers is independent of the number of inputs and outputs.
Although increasing the number of intermediate layers and the number of neurons
in these layers increases the computational complexity and duration, the artificial
neural network can also be used in the solution of more complex problems.

Output layer(s): it is the layer that produces the outputs of the network by
processing the information from the intermediate layers. The outputs produced in
this layer are sent to the outside world. New weight values of the network are
calculated by using the output produced in this layer in feedback networks.

Artificial nerve cells are similar to biological nerve cells. Artificial neurons also
form artificial neural networks by bonding between them. Just like biological neu-
rons, artificial neurons have sections where they receive input signals, collect and
process these signals, and transmit outputs. An artificial nerve cell consists of five
parts;

i. Inputs: inputs are data coming to neurons.

ii. Weights: the information coming to the artificial nerve cell is transmitted
to the nucleus by multiplying the weight of the connections they arrive
before reaching the nucleus through the inputs. The values of these weights
can be positive, negative or zero.

iii. Transfer function (combining function): transfer function is a function
that calculates the net input of that cell by multiplying the incoming inputs
by multiplying the weights of an artificial nerve cell. Some transfer
functions are given in Table 1.

iv. Activation function: this function designates the response that the cell will
produce in response to this input by processing the net input to the cell. The
activation function is usually chosen as a nonlinear function which are a

Figure 4.
Layers in ANN.
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feature of ANNs, come from non-linear feature. Today, “Sigmoid function
and Tangent Hyperbolic Function” are the most widely used as the
activation functions in general. Table 2 shows the activation functions.

v. Outputs: the value of the activation function is the output value of the cell.

3.1.2 Classification of ANNs

ANNs have the following key features such as, non-linearity, parallel operation,
learning, generalization, error tolerance and flexibility, working with missing data,
using multiple variables and parameters and adaptability. Artificial neural networks
applications are mostly used in prediction, classification, data association, data
interpretation and data filtering processes. In ANNs, according to their structure;
artificial neural networks are divided into two as forward and feedback depending
on the way the neurons they contain. There is only a link from one layer to the next
layers. In contrast to feed-forward (FF) neural networks, feed-out of a cell is not
only input to the layer of the cell that comes after it. It can also be linked as input to
any cell in its previous layer or its layer. With this structure, feedback neural
networks display a nonlinear dynamic behavior. ANNs are divided into three as
consulting, advisor-less and reinforced learning according to learning algorithms.
Artificial neural networks are divided into two as static and dynamic learning
according to learning time. According to layers, single layer networks consist only
of input and output. In multilayer sensors, the structure to which many neurons,
which are structurally nonlinear activation functions, are connected with certain
superiority, are called multilayer sensors.

3.1.3 Training and testing of ANNs

Although the structure of an ANN and the number of nerve cells vary, there are
no accepted rules for the formation of an artificial neural network. While artificial

Net ¼ PN
i¼1Xi ∗Wi The weight values are multiplied by the inputs and the net values are calculated

by adding together the found values.

Net ¼ QN
i¼1Xi ∗Wi The weight values are multiplied by the inputs and then the net input is

calculated by multiplying the values found by each other.

Net ¼ Max Xi ∗Wið Þ After the weights of n inputs are multiplied by the inputs, the largest of them is
considered as net input.

Net ¼ Min Xi ∗Wið Þ After the weights of n inputs are multiplied by the inputs, the smallest of them is
considered as net input.

Table 1.
Transfer function.

Sigmoid
function

F Netð Þ ¼ 1
1þe�Net The sigmoid activation function is continuous and derivable

function. It is the most commonly used function in ANN
applications due to its non-linearity. The function produces a
value between 0 and 1 for each of the input values.

Tangent
hyperbolic
function

F Netð Þ ¼ eNetþe�Net

eNet�e�Net
Tangent hyperbolic function is a function similar to sigmoid
function. In the sigmoid function, the outcome values range from
0 to 1, while the output values of the hyperbolic tangent function
range from �1 to 1.

Table 2.
Activation function.
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neural networks with less than the required hidden layers are insufficient in solving
complicated functions, artificial neural networks with too many hidden layers
encounter undesirable instability. The problem encountered after determining the
number of hidden layers is in deciding how many neurons will be present in each
layer. There is no problem with the input layer; this number is equal to the number
of inputs in the system. Likewise, the output layer can be determined by the desired
output number. The main problem is to specify the neurons number in the hidden
layers. The traditional matrix algorithm says that the matrix dimensions must be
either equal to the inputs number or the number of outputs. Unfortunately, there is
no mathematical test about how many neurons will be found in the hidden layer in
the most efficiently. The decision should be made by applying the trial and error
method [10].

In the learning process of artificial neural networks, inputs are received from the
external environment; a reaction output is generated by passing through the acti-
vation function. This output is again compared to the output given by experience.
Errors are found with various learning algorithms and the real output is tried to be
approached. In general, 80% of the samples are given to the network and the
network is trained. Then the remaining 20% is given and the behavior of the
network is examined. Thus, the network is tested.

It is the step of finding examples that have already occurred for the event that
the network wants to learn. As the samples are collected for training the network
(training set), the samples (test set) must be collected to test the network. After
learning the network event, the performance of the network is measured by show-
ing the examples in the test set. His success against the examples he has never seen
reveals whether the network has learned well.

3.2 Adaptive-neuro fuzzy inference systems (ANFIS)

ANFIS is a kind of artificial neural network that is based on Takagi-Sugeno fuzzy
inference system. The technique is developed in the early 1990s [1]. Various
methods have been developed to increase the effectiveness of fuzzy systems and to
contribute to the adaptation technique. One of them is the ANFIS technique, in
which the identification process is performed with a fuzzy model, the operation of
which takes place within the adaptive network structure. Neural adaptive learning
techniques allow developing a model that “learns” the system by using the data set
for the fuzzy modeling procedure. The fuzzy model to be used in the identification
of the system has acquired the ability to update itself by using the environmental
information about the system and by utilizing the input and output data related to
the system thanks to its adaptive network structure. Essentially, the ANFIS struc-
ture consists of the representation of Sugeno fuzzy systems as a network structure
with neural learning capabilities. This network consists of a combination of nodes,
each placed in layers, to perform a certain function. 52 fuzzy inference system
selection of membership functions is arbitrary, it depends on the user. The form of
membership functions also depends on the parameters. However, it cannot be easily
noticed how some form of membership function should be based on the data in
some models [2].

3.2.1 General architecture and operation

Neural adaptive learning techniques enable to develop a model that “learns” the
system by using the data set for the fuzzy modeling procedure. In other words,
ANFIS creates a fuzzy inference system (FIS) by editing the membership function
parameters using the input/output data set back-propagation (BP) algorithm alone
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or in combination with the least-squares method. This arrangement allows the
system to learn the related system with the help of data modeled by our fuzzy
system. In other words, it adapts to the data it will model. It is therefore adaptable.
Thanks to its adaptive network structure functioning, it has acquired the ability to
update itself by using environmental information about the system as well as uti-
lizing the input and output data related to the system. It also includes advanced data
analysis techniques such as ANFIS, numerical grouping and rule sets.

ANFIS consists of six layers. The first layer is called the input layer. Input signals
in this layer are transferred to other layers. Layer 2 is the fuzzification layer. Each
output consists of membership degrees depending on the input values and the used
membership function. Layer 3 is the rule layer; each node in this layer refers to the
rules and the number created according to the Sugeno fuzzy logic inference system.
Layer 4 is the normalization layer, accepting all nodes and calculating the normal-
ized level of each rule. The 5th layer is the purification layer and the weighted result
values of a rule given in each node are estimated. Layer 6 is the total layer with only
one node (

P
). In this layer, the output value of each node is added and the actual

output of the system is obtained.

3.2.2 Learning algorithm

ANFIS’s learning algorithm is a hybrid learning algorithm that consists of using
the least-squares method and the back-propagation learning algorithm. This learn-
ing algorithm is based on error back-propagation. There are two parts to a step in
the learning process; in the first part, input samples are produced and the prelimi-
nary parameters are accepted as constant and the best final parameters are deter-
mined with the least mean square method. In the second part, the input samples are
reproduced and the preliminary parameters are replaced by the gradient descent
method, with the final parameters considered constant. This process is repeated
later [3].

3.3 Taguchi

Taguchi design is a set of methodologies that take into account the variability
inherent in the material and manufacturing processes at the design stage. Taguchi
has not brought theoretical innovations to experimental design. However, it has
made innovations in applications in production and has enabled the method to be
accepted in the manufacturing sector with successful applications.

Traditional experimental designs are difficult to use, especially when dealing
with a large number of experiments and increasing the number of processing
parameters. Therefore, the Taguchi experimental design method ensures that more
than one factor is taken into account at the same time, but it also ensures that the
most optimum result is obtained by performing fewer experiments Design of
experiment (DOE) in Taguchi is used to design the experimental run layout, to
study the effect of level change in the process parameters on the output perfor-
mance, because any change in the input parameters affects the output functional
performance. It is important to know that all factors do not effect on the perfor-
mance in the same manner [4].

3.3.1 S/N (signal/noise) ratio

Taguchi employs the signal-to-noise (S/N) ratio as its preferred sort character-
istic. S/N ratio is employed as a finite value in place of a standard deviation. In its
simplest form, the S/N ratio is the ratio of the mean (signal) to the standard
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deviation (noise). S/N ratio properties can be divided into three categories as shown
in Table 3.

Regardless of the sort characteristic category, a higher S/N ratio comes up to
better sort characteristics. Hence, the optimum degree of process variables is the
degree by the highest S/N ratio.

The initiative of the Taguchi technique is to fix the sort characteristic to be
optimized. The sort characteristic is a variable that has an important effect on the
product class of the variation. It is the output value to be sighted. The next step is to
describe noise values that can harm system performance and class. Noise values are
parameters that cannot be checked or are very expensive to check. The third feature
is the definition of control parameters that are considered to have important effects
on quality features. Control variables are conception factors that can be adjusted
and continued. The levels of each test are determined at this stage. The level
number of each parameter defines the test area. The matrix experiment and the
analysis procedure should be identified. First, the suitable orthogonal array for
noise and check variables are selected. Taguchi has provided many standard
orthogonal arrays for this aim. After choosing the proper arrays, a procedure must
be defined to simulate the change in class characteristic owing to noise factors.
Taguchi suggest an orthogonal array-based simulation to interpret the mean and
variance of a product’s output owing to alterations in noise factors. The next step is
to make a matrix experiment and record the outcomes. The Taguchi technique can
be employed in any situation in which there is a checkable operation. The checkable
operation can be a real equipment test, mathematical equation, or computer pattern
that can adequately pattern the reply of many yield or operation. After the experi-
ments are made, the configuration of the most suitable parameter in DOE should be
designated. To check up on the outcomes, the S/N ratio which is a calculation of
performance to select the check levels that can deal with noise and considers both
average and variability is employed as a performance criterion in the Taguchi
technique. As a last step, experimental validation is made using the optimum
levels predicted for the examined check variables. We can say that the Taguchi
method is a powerful tool that can provide simultaneous improvements in quality
and cost.

3.3.2 Analysis of variance (ANOVA)

Taguchi technique cannot judge and designate influence of individual factors on
all operation, while the importance level and the contribution of individual factors
can be very well specified by ANOVA [6]. Analysis of variance is a statistical

The lowest is
the best.

S
N : �10 log 1

n

Pn
i:1y

2
i

� �
In such problems, the target value of Y is zero. The smallest
value represents the signal to noise ratio for its best condition.

The biggest
is the best.

S
N : �10 log 1

n

Pn
i:1

1
y2i

� �
In this case, the value of Y is a non-negative measurable
property with an ideal goal as infinity. The greatest value refers
to the signal/noise ratio for the best case.

Nominal is
the best.

S
N : 10 log y

s2y

� �
In this case, the nominal value is the target when we have a
characteristic with double tolerance. So if all the parts are
brought to this value, the variation is zero and the best. The
target value represents the signal to noise ratio for its best
condition.

y = response value, y0 = mean of the response value, s = standard deviation, and n = number of trails for given
experiment.

Table 3.
S/N ratios.
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instrument that is used to designate the difference or similarity between two or
more data groups. ANOVA formally helps to find the significance of all main vari-
ables by comparing the mean square versus a calculation of the test faults at a
specific class of confidence. The goal of experimentation is to find possible methods
to reduce the deviation of the required quality as much as possible. This can be
reached by identifying those parameters which play a significant role in the perfor-
mance characteristic [5, 6].

4. Potential application of ANN, ANFIS, and Taguchi approaches for
aluminum alloys and aluminum matrix composites

The effects of temperature, time, and the additions of magnesium and copper on
the wetting behavior of Al/TiC are studied theoretically [7]. The R values of training
and test sets are 0.911 and 0.903, respectively. The formulation is presented in
explicit form. The proposed model shows good agreement with test results and can
be used to find the wetting behavior of Al/TiC. The contribution of input parame-
ters on the output is revealed with sensitivity analysis is shown in Figure 5. In the
input parameters, the time and temperature have a stronger effect on the wetting of
TiC system.

Effects of friction stir processing (FSP) parameters and reinforcements on the
wear behavior of 6061-T6 based hybrid composites are investigated [11]. The dif-
ferent neuron numbers are used to determining the optimal architecture of the
system. The system parameters affect the learning rate and so the prediction rate. It
is obtained with 17 neurons through MSE, MAE and R values. The R2 values of
training and test sets are 0.998 and 0.995 which are quite high. The sensitivity
analysis for the studied AMCs is given in Figure 6. The change in the applied load
will be affected the wear volume loss of the composites. The applied load increases
the wear in the composites.

A mathematical formulation is derived and given clearly to calculate the wear
volume loss of the composites. The influence of input variables on the wear volume
loss of the composites is also investigated using the prepared formulation. The wear
volume loss of the composites significantly enhanced with increasing sliding dis-
tance and tool traverse and rotational speeds. A minimum wear volume loss for the
hybrid composites with complex reinforcements is specified at the inclusion ratio of
50% TiC +50% Al2O3 because of improved lubricant ability, as well as resistance to
brittleness and wear. It is clear that the formulation can be used in prediction of
wear loss of the composites and so, the time and production cost can be reduced.

The effects of FSP parameters and hybrid ratio on the UTS of Al matrix (5083)
hybrid composites are investigated in detail [12]. The numbers of different neurons

Figure 5.
Sensitivity of the input parameters for Al/TiC system.
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in one hidden layer (10–15) are used to determine the optimum model architecture.
The optimal model architecture is conducted with 15 neurons. The MSE, MAE and
MAPE are utilized as error-evaluation criteria, and the correlation coefficient (R) is
chosen to estimate the performance of the proposed model. The maximum R and
minimum error values are obtained with 15 neurons. A mathematical formulation is
derived, and test results are compared with those of the model. In Figure 7, the
error percentage of the composites is showed. The average error is 11% for training
set and 4% for test set. This shows that the prediction ability of the proposed model
can be accepted.

The effects of factors influencing strength, such as tool rotational and traverse
speeds, and volume fractions of, carbon nanotube (CNT), aluminum oxide (Al2O3),
graphite (Gr), silicon carbide (SiC) and zirconium oxide (ZrO2) are also studied
using the proposed formulation. Test results showed that the UTS of these compos-
ites significantly increased with increasing CNT, tool rotational and traverse speeds.
In addition, the effects of complex reinforcements with different volume fractions
on the 5083 AMHCs are examined. A maximum tensile strength for the hybrid
composites is found at the inclusion ratio of 10% Gr + 5% ZrO2.

The effect of different alloying elements on the ultimate tensile strength of Al-
Mg2Si composites is studied using ANN [13]. The input variables are Al, Mg, Si,
copper, manganese, chromium, phosphorus, beryllium, boron, lithium, yttrium and
sodium wt.% and the output is UTS in unit of MPa. Three different neuron numbers
in one hidden layer (12, 13 and 14) are used. The training data set (70%) the
validation data set (15%) and test data set (15%) are used. The optimal architecture
is found to be 12-12-1 architecture with logistic sigmoid transfer function. The R,
MSE and MAE values are used as the error criteria. The minimum MSE and MAE
and the maximum R values are obtained in test set. The sensitivity of input vectors

Figure 6.
Sensitivity of the input parameters for 6061 AMCs.

Figure 7.
Error values of the composites: (a) training set and (b) test set.
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on UTS of Al-Mg2Si composites is given in Figure 8. It is clear that Mg has more
impact on UTS of Al-Mg2Si composites because there are a linear relation between
the size and morphology of the Mg2Si phases and the mechanical properties of the
composites containing Mg and Si elements. The results showed that all the data sets
have quite high correlation and accuracy and therefore, the proposed mathematical
function can be used in ANN studies.

The UTS of unrefined Al-Zn-Mg-Cu alloys and refined the alloys by Al-5Ti-1B
and Al-5Zr master alloys are calculated with ANN [16]. There is no well-defined
procedure to determine the optimal model structure, so the different neuron num-
bers in one hidden layer (5–20) are used with the trial and error approach. The
optimal structure for this works is the 15-17-1 with logistic sigmoid transfer func-
tion. The R, MAE and MSE are used for the performance of datasets. The sensitivity
results (Figure 9) display that the Mg element and heat treatment have the higher
effect on the UTS of the Al-Zn-Mg-Cu Alloy. Because alloying elements interact
with other metals and form intermetallic compounds, and these compounds are
precipitated by heat treatment, resulting in high strength. The mathematical for-
mula is obtained and the influences of scandium and carbon contents are researched
using the formulation. The optimum additions of scandium and carbon rates are
observed to be 0.5 Sc and 0.01 C wt.% to obtain the maximum UTS value. The
prediction model with the obtained formulation has a high reliability rate.

The UTS, ductility, porosity, hardness and density of Al-Mg-Ti alloys are studied
by ANN. The influences of input parameters are examined by the sensitivity

Figure 8.
Sensitivity of the input parameters for the alloy [14, 15].

Figure 9.
Sensitivity of the input parameters for the Al-Zn-Mg-Cu alloy.
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analysis. The Mg element within all input variables has the highest effect on the
UTS and hardness of the alloys while the Ti element has the density and ductility.
The linear correlation values for all variables are higher than 0.91 that the model
accuracy is very high (Figure 10).

Satyanarayana et al. [17] researched the influence of reinforcement and defor-
mation on volumetric wear of aluminum matrix composites the reinforced with red
mud nano-particles using ANN and regression model. Authors used the activation
function of sigmoid function, the RMSE and MAPE, four input parameters, two
hidden layers with seven and six neurons, one output parameter that is volumetric
wear 124 data for training set and 20 data for test set in the ANN model. The R2 and
MAPE values of regression and ANN models are 0.9775 and 0.989, and 12.96 and
7.30%, respectively, and RMSE for ANN models is 0.3177. They observed that
ANN approach predicted the wear rate of the composites with excellent agreement
than mathematical regression model and it could be useful to decrease time, effort
and cost.

The hardness, ultimate tensile strength (UTS), and yield strength (YS) of A413/
B4C composites that are produced with squeeze casting route are modeled using
ANN and statistical modeling [18]. Authors used the 18 data for training, 9 data for
testing, the hyperbolic tangent sigmoid function (TANSIG) and the linear transfer
function (PURELIN) for the activation function, the Levenberg-Marquardt algo-
rithm (TRAINLM) and the gradient descent with a momentum BP algorithm
(TRAINGDM) for the training algorithm. There are layers of three inputs, three
output and 50 + 50 neurons in two hidden layers. The data are normalized within
the range (0–1) before training and testing. MSE, R and prediction percentage error
are used the performance criteria of the system. They observed that the optimal
architecture is 3-2-2-3 (the numbers of hidden layers and neurons are 2) with
Levenberg-Marquardt algorithm and the results are in good agreement with exper-
imental values. The R is 0.96 for hardness, 0.95 for UTS and YS, and MAPE is 1.42
for hardness, 0.62 for UTS and 0.59 for YS. It can be concluded that the cost and
time could be saved with the proposed model. The full design of 33 (three levels and
three factors) factorials are used to design connection between the input and out-
come variables, and the design of experiment (DOE) with ANOVA is used to
determine the significance of each factor on the responses. The pressure is 70, 105
and 140 MPa, preheating temperature of die is 150, 225 and 300°C, and B4C rate is
4, 8 and 12 wt.%, respectively. The R2 is 95.25% and the adjusted R2 is 93.83% that
shows a high effect of the model. The squeeze pressure with contributing of about
44–46% has a powerful effect on mechanical properties, while B4C wt.% has about
33–43% and preheating temperature of die has about 9–16%. All P-values of the
response are lower than 0.005. The optimal ratio of the pressure, B4C rate and
preheating temperature of die are seen to be 140 MPa, 12 wt.% and 225°C,
respectively, to obtain the maximum mechanical properties.

Figure 10.
Sensitivity analysis of the Al-Mg-Ti alloys.
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The process parameters and experimental variables Al5059/SiC/MoS2 compos-
ites are optimized by ANN and Taguchi [19]. The five input and the six output
variables and 27 data are used in the ANN model for training and testing. The
performance of output variables is determined by R2 which is 98.12% surface
roughness, 98.63% for temperature, 96.98% for radial force, 98.54% for feed force,
99.34% for material removal rate (MRR) and 98.71% for tangential force. The L27
orthogonal array (three levels and five factors) with “smaller is better” criteria for
Taguchi design is performed. The optimum S/N ratios for surface roughness are
found to be 5% SiC, 40 cutting speed of 1000 rpm, μm particle size, 200 mm/min
feed and 0.5 mm depth of cut, respectively. For the temperature, all values are the
same but cutting speed are 500 rpm. The optimum values varied for radial force,
feed force, material removal rate and tangential force. The significance and influ-
ence of process variables on the quality are studied analysis of variance (ANOVA).
Authors reported that the best important variable in all input parameters on the
milling operation is silicon carbide addition (wt.%) in the composite followed by
the feed rate, depth of cut, cutting speed and particle size of SiC.

Al2219 alloy reinforced with TiC+Al2O3 + Si3N4 is produced by squeeze method
[20]. The melt temperature, die temperatures, stirring speed, feed rate and stirring
time (min) are varied. To optimize the mechanical properties of hybrid composites,
a statistical investigation is performed by ANFIS-gray wolf optimizer (ANFIS-
GWO) and ANFIS-K-nearest neighbor (ANFIS-KNN) algorithms. They observed
that the optimization results predicted the most suitable process parameters to
obtain aluminum hybrid composites with high mechanical properties, and experi-
mental and optimization results showed an optimal combination of hybrid and
process parameters.

The flow stress values of 6061 Al-15% SiC metal matrix composites are predicted
by an ANFIS [21]. The hot compression tests are applied to composites at various
strain rates and temperatures. In the used ANFIS model, there are 17 rules with 17
membership functions (MF) which is Gaussian type for input MF, and linear
parameters are 68 and non-linear parameters are 102. The samples of training and
checking data are 88 and 12, respectively. The percentage mean error (PME) and
RMSE are used to performance criteria. The predicted PME value of the flow stress
by the ANFIS is less than 1.4%. Author declared that ANFIS with a hybrid learning
algorithm can accurately be estimated the flow stress for the composites. In order to
find the number of hidden nodes, there is not any way to obtain a highly system
performance. The flow stress of 6061 Al-15% SiCp for plastic deformation can.

The impact resistance (IR) of Al-epoxy laminated composites by 2, 5 and 10-
layers and has notch tip configuration with crack divider and crack arrester is
predicted using ANFIS [22]. The experimental results of 126 are conducted for
ANFIS model. The structure of ANFIS is obtained by seven input variables and the
triangular and Gaussian membership functions (MFs). In this ANFIS model, the
system is trained using 103 data and tested using 23 data. The best R2 value of the
Gaussian MFs model is 97.73% for training set, and the minimum R2 value is 91.95%
in the test dataset with the triangular MFs model. They concluded that both models
had high R2 values and strong potential, and IR of Al-epoxy laminated composites
could be predicted by highly accurately with the proposed model under the given
condition.

Kandpal et al. [23] optimized the EDM process parameters of AA6061/10%
Al2O3 aluminum matrix composites casted by stir casting method using Taguchi
route with ANOVA. The three factors with three levels in design of experiment
section are set thus orthogonal array of L9 “larger is better” criteria is selected
chosen. The input parameters are current and time of pulse and duty factor and the
output factor is material removal rate (MRR). Authors declared that the current is
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the most affecting parameter on material removal rate and the optimal variables are
14 A for pulse current, 200 μs for the pulse on time and 50% for duty factor to
obtain the maximum MRR.

Method Advantages Disadvantages

ANN Function approximation
Data classification
Data processing
System control
The solution of nonlinear problems
Prediction
Explicit formulation
Storing information throughout the network
Ability to work with missing knowledge
Having error tolerance
Having distributed memory
Gradual deterioration
Machine learning
Parallel processing ability
Detecting all possible interactions between
variables

Training for each problem
Large volumes data requirement
Hardware requirement
Failure to explain the behavior of the
network
Determining the appropriate network
structure (topology)
Difficulty displaying the problem to the
network
Not knowing the training time of the
network
Problem must be numerical
Extremely addictive to data and
applications
Selecting of appropriate input variables

ANFIS Numerical grouping
Rule setting
Prediction
Better learning ability
A much smaller convergence error
Fewer adjustable parameters
Parallel computation
A well-structured knowledge representation
A better integration
Linguistic expressiveness of inaccurate inputs
and system outputs
Adaptability
The ability to process information simultaneously
Calculation to be efficient
Working with linear techniques
To be successful with optimization and adaptive
techniques
Continuity guarantee of the output
Suitable for mathematical analysis
There is no vagueness
Reaching to the target faster
The solution of nonlinear problems
Function approximation
Data classification
Data processing
System control

Training for each problem
Hardware requirement
Large volumes data requirement
Selecting of appropriate input variables
Low accuracy when there are not enough
training data
Cannot handle multiple output systems
Long run time when the number of
membership functions is large

Taguchi Experimental design (system, tolerance,
parameter)
The possibility of calculating the inter-factor
interactions not possible in the experimental
design by changing one factor at a time
Showing which factor is important
Finding all available compositions

High fault tolerance
Difficulty of calculating the effects of
unexpected changes in experimental
conditions
Randomization, repetition and blocking
of experiments
Exponentially increasing the size of the
experiments with the number and levels
of factors
Difficulty in explaining the high level of
interactions

Table 4.
Advantages and disadvantages of the model.
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The wear behavior (SWR: specific wear rate) of LM25/fly ash composite mate-
rials produced with stir casting route is optimized using Taguchi design of experi-
ment with ANOVA [24]. The experimental design is carried out by the orthogonal
array of L27 (three levels and four factors) “smaller is better” criteria in which
sliding speed, load, reinforcement and sliding distance are input factors. The change
in load compared to the other input variables would more be affected the SWR.
Authors observed that the used optimization model reduced the specific wear rate
and confirmed the increasing of wear resistance of the composites by the proposed
optimum parameters. They also said that the Taguchi method is useful in optimiz-
ing the specific wear rate.

Table 4 shows the advantages and disadvantages of the model used. It is clear
that each method has different advantages and disadvantages. ANN, ANFIS and FL
techniques use the experimental results but Taguchi is used for the experiment
design which provides the maximum output with the minimum experiment.

Table 5 shows the decision matrices for ANN, ANFIS and Taguchi approaches.
In the decision matrices, weighting factor (WF) is designated using the information
in Table 4. The score values where ANFIS has the highest score value are close each
other. For example, ANN runs with higher data volume compared to ANFIS. This
shows why ANN has the score 3 while ANFIS has the score 4. The Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) method is used for the
more detailed analysis in shown in Table 6.

The main purpose of TOPSIS, which is a multi-criteria decision making method,
is to enable the organization, interpretation and analysis of information in decision
making. TOPSIS method reveals the distances to positive and negative ideal solu-
tions, revealing ideal and non-ideal solutions. In the TOPSIS, the parameters are
normalized (Eq. (1)), calculated weighted normalized matrix (Eq. (2)), ideal the
best and worst values, Euclidean distance from ideal best and worst (Eqs. (3) and
(4)), and performance (Eq. (5)), respectively, using following equations;

Xij ¼
XijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j�1X

2
ij

q (1)

Vij ¼ Xij x W j (2)

Sþi ¼
Xm
j�1

Vij � Vþ
j

� �2
" #0:5

(3)

S�i ¼
Xm
j�1

Vij � V�
j

� �2
" #0:5

(4)

Ci ¼ S�i
Sþi þ S�i

(5)

WF 1 5 4 2 3 Score

Method Time Features Predicting Volume Design

ANN 3 5 5 3 1 57

ANFIS 3 5 5 4 1 59

Taguchi 4 3 3 5 5 56

Table 5.
Decision (score) matrices.
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The ideal best and worst values are the determining of the minimum or maxi-
mum values in the given ranges. The Ci values show the ranks of ANN, ANFIS and
Taguchi methods. The maximum and minimum Ci values for the minimum data
volume and design and the maximum data volume and design are observed at
ANFIS and Taguchi approaches, respectively. This explains that if the analysis of
broad features such as the solution of nonlinear problems, data classification, data
processing, system control, or prediction will be performed, ANFIS or ANN tech-
niques should be applied. If an experiment design with different variables will be
executed, the Taguchi method should be used. So, experiment variables and its
effects with less experimental study can reveal easily.

5. Conclusion

The key parameters are determined by executing the artificial neural network
(ANN), adaptive-neuro fuzzy inference systems (ANFIS) and Taguchi with
ANOVA. The nonlinear problems, the function approximation, data classification,
data processing and system control etc., in engineering applications of AMCs can be
easily carried out by soft computing approaches. Although many different methods
are used for this purpose, we can say that the most popular and the most widely used
methods are Taguchi, ANN and ANFIS approaches due to factors such as the mini-
mum error, maximum accuracy, fast, cost, and time in forecasting, decision analysis,
optimization, modeling and solution of complex problems and etc. One of the most
important tasks in ANN and ANFIS is the determination of the number of layers,
neuron, hidden layer, learning algorithm, and transfer function because there is no
well-defined procedure to find the optimal parameter settings and network archi-
tecture. These variables affect the learning and forecasting abilities of the system
with high accuracy. In the ANN, datasets must be normalized. ANFIS has the
advantage to combine both ANN and Fuzzy knowledge. So ANFIS is more precise in
term of efficiency even though ANN may outperform ANFIS model. ANFIS algo-
rithm has a hybrid learning approaches in its structure. This helps the algorithm to
be faster and more precise in term of efficiency than most of ANN algorithm.

The models have an important advantage coming from their ability to generate
mathematical equations that can be easily programmed and used in applications in
the production process. The theoretical analysis of material parameters is quite
complicated due to various factors. The explicit formulations are proposed using
these methods for estimating the parameters of composites. The training require-
ment for ANN includes large amounts of data, but this does not apply to ANFIS.
The calculations can be made with the mathematical formulation obtained from the
ANN which is an important advantage of ANN compared to the other methods.
ANFIS and Neural Networks must be trained for each problem. The compatibility
of experimental and theoretical results is researched by MSE, MAE, MAPE, RMSE,
R and R2 criteria because the minimum error criteria and maximum correlation
coefficient are expected. The sensitivity of input parameters on the output in the
stated studies, and the decision and TOPSIS matrices for three approaches are
derived and discussed. Also, the advantages and disadvantages of the methods are
tabulated. It can be concluded that ANFIS and ANN approaches can be used to solve
the many complex problems with minimum error, control system, detect the inter-
actions between variables, reach the target faster, predict and optimize the results
with the maximum accuracy. The Taguchi is an experimental design method and
provides the optimum results with fewer experiments using multiple results at the
same time. The system, parameter and tolerance design is the special interest of the
Taguchi.
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Chapter 3

Effect of Zr Addition and 
Aging Treatment on the Tensile 
Properties of Al-Si-Cu-Mg Cast 
Alloys
Jacobo Hernandez-Sandoval, Mohamed H. Abdelaziz, 
Agnes M. Samuel, Herbert W. Doty and Fawzy H. Samuel

Abstract

The present study focused on the tensile properties at ambient and high tem-
peratures of alloy 354 without and with the addition of zirconium. Tensile tests were 
performed on alloy samples submitted to various aging treatments, with the aim of 
understanding the effects of the addition made on the tensile properties of the alloy. 
Zirconium reacts only with Ti, Si, and Al in the alloys examined to form the phases 
(Al,Si)2(Zr,Ti) and (Al,Si)3(Zr,Ti). Testing at 25°C reveals that the minimum and max-
imum quality index values, 259 and 459 MPa, are observed for the as-cast and solution 
heat-treated conditions, respectively. The yield strength shows a maximum of 345 MPa 
and a minimum of 80 MPa within the whole range of aging treatments applied. The 
ultimate tensile and yield strength values obtained at room temperature for T5-treated 
samples stabilized at 250°C for 200 h are comparable to those of T6-treated samples 
stabilized under the same conditions, and higher in the case of elevated-temperature 
(250°C) tensile testing. Coarsening of the strengthening precipitates following such 
prolonged exposure at 250°C led to noticeable reduction in the strength values, 
particularly the yield strength, and a remarkable increase in the ductility values.

Keywords: aluminum alloys, aging, thermal exposure, tensile testing, precipitation, 
fractography

1. Introduction

The 354 alloy belongs to the Al-Si-Cu-Mg system similar to B319 alloy that is 
widely used for automotive engine blocks [1]. The high silicon content in the 354 alloy 
improves the alloy castability whereas the presence of Cu and Mg noticeably enhances 
the yield strength (YS) and the ultimate tensile strength (UTS) of the 354 alloy due 
to the formation of intermetallic phases, mainly Al2Cu or eutectic Al + Al2Cu, and 
Mg2Si precipitates [2, 3]. However, segregation behavior of Cu may lead to incipient 
melting during solution treatment which will apparently reduce the alloy strength 
[4]. Addition of Mg has a strong affinity to react with Sr, leading to the formation of 
a complex Mg2SrAl4Si3 intermetallic phase, and hence reducing the effectiveness of 
Sr as a Si modifying agent [5]. In the absence of Cu, high Fe and Mg contents lead to 
the formation of π-FeMg3Si6Al8 phase which is difficult to dissolve during the solution 



Advanced Aluminium Composites and Alloys

118

treatment process [6, 7]. In the quaternary Al-Si-Cu-Mg alloy system, Q-phase 
(Al4Mg8Cu2Si6) can coexist with the Al2Cu, Mg2Si, and Si phases depending on the 
levels of Cu, Mg, and Si [8–11]. The different factors that may influence the mechani-
cal behavior of cast aluminum alloys are schematically represented in Figure 1 [12].

Zirconium may be added to Al alloys in order to refine the grain structure due to 
the presence of fine coherent dispersoids (mainly Al3Zr) which obstruct dislocation 
motion and in turn, enhance the elevated temperature mechanical properties of 
aluminum alloys [13]. In order to increase the volume fraction of Al3Zr precipitates 
and based on the phase diagram of Al-Zr, the concentration of Zr in the alloys 
investigated in this study was kept at around 0.3 wt.% [14].

The main purpose of solution heat treatment is to obtain a supersaturated solid 
solution at high temperatures (below the eutectic temperature). As a result, a 
homogeneous supersaturated solid solution (SSSS) will form through dissolving 
the precipitated phases during the solidification process, such as β-Mg2Si, θ-Al2Cu, 
Q-Al5Cu2Mg8Si6, π-Al9FeMg3Si5 and β-Al5FeSi phases. The β-Mg2Si and θ-Al2Cu 
phases can be easily dissolved when the optimum solution heat treatment tempera-
ture and time are employed. The solution treatment temperature is determined 
according to the alloy composition and solid solubility limit; however, it must be 
lower than the melting point of the phases that exist in the as-cast structure to avoid 
incipient melting of these phases [15, 16].

Following the empirically developed concept of quality index proposed by 
Drouzy et al. [17, 18] Cáceres proposed a mathematical model emphasizing the 
significance of the quality index as follows [17, 19, 20]:

 ( ) ( )qnn exqn qpQc n− = + log0.4 100  (1)

where quality index Q can be calculated using the relative quality index (q), 
strain-hardening exponent (n), and the strength coefficient (K).

Figure 1. 
Schematic representation of factors affecting alloy performance [12].
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The present study was undertaken to explore the effect of Zr addition and aging 
conditions of the as cast tensile bars on:

1. Characterizing the microstructural features of the investigated alloys,

2. Exploring the tensile properties at both ambient and elevated temperatures, and

3. Correlating the tensile properties to the microstructural features to establish the 
strengthening or softening mechanisms responsible for the observed properties.

It should be noted here that the term “temperature” applies to aging tempera-
tures as well as testing temperature.

2. Experimental procedure

Alloy 354 modified with 200 ppm of strontium (using Al-10% Sr master alloy) 
and grain refined using 0.20 wt.%Ti (Al-5%Ti-1%B) was used as the base alloy 
(alloy A). To this alloy, 0.3%Zr in the form of Al-25wt.%Zr master alloy was added 
(alloy B). The chemical compositions of both alloys are listed in Table 1. Figure 2 
shows the microstructure of the as-received base alloy ingots. Melting and casting 
procedures were carried out as described elsewhere.

Alloy code Element (wt.%)

Si Fe Cu Mn Mg Zr Ti Sr Al

A 9.1 0.12 1.8 0.0085 0.6 — 0.18 0.02 87.6

B 9.1 0.12 1.8 0.0085 0.6 0.3 0.18 0.02 87.6

Table 1. 
Chemical composition of the 354 alloys used in this study.

Figure 2. 
Microstructure (200×) of the base alloy 354 used in this work.
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To prepare test bars for the tensile tests, three samples for chemical analysis 
were also taken at the time of the casting; this was done at the beginning, in the 
middle, and at the end of the casting process to ascertain the exact chemical 
composition of each alloy. The experimental work was divided into two stages: 
Stage I in which the 354 alloy (alloy A) was used, and Stage II where the 354 
alloy with 0.3%Zr (alloy B) was used. In Stage I, the melt temperature was kept 
around 750°C, whereas in Stage II, the melt temperature was superheated to 
800°C, to ensure the complete decomposition of the Al-25%Zr master alloy used.

2.1 Stage I-alloy A

Tensile bars were solution heat treated at 495°C for 8 h, followed by quenching 
in warm water at 60°C, after which artificial aging was applied according to the plan 
listed in Table 2. After aging, the test bars were allowed to cool naturally at room 
temperature (25°C). All of the samples, whether as-cast, solution heat-treated, or 
aged, were tested to the point of fracture using an MTS servo-hydraulic mechanical 
testing machine at a strain rate of 4 × 10−4 s−1.

The yield strength (YS) was calculated according to the standard 0.2% offset 
strain, and the fracture elongation was calculated as the percent elongation (%El) 
over 50 mm gauge length, as recorded by the extensometer. The ultimate tensile 
strength (UTS) was also obtained from the data acquisition system of the MTS 
machine. The average %El, YS, or UTS values obtained from the five samples tested 
per condition were considered to be the values representing that specific condi-
tion. An extensometer, or strain gage was used in the tests to measure the extent of 
deformation in the samples.

Samples for metallography were sectioned from the tensile-tested bars of all 
the alloys studied, about 10 mm below the fracture surface. The percentage poros-
ity and eutectic Si-particle characteristics were measured and quantified using an 
optical microscope linked to a Clemex image analysis system. The microstructures 
of the polished sample surfaces were examined using an Olympus PMG3 optical 
microscope. Phase identification was carried out using electron probe microanalysis 
(EPMA) in conjunction with wavelength dispersive spectroscopic (WDS) analysis, 
using a JEOL*JXA-889001WD/ED combined microanalyzer operating at 20 kV and 
30 nA, where the electron beam size was ~2 μm.

Mapping of certain specific areas of the polished sample surfaces was also carried 
out where required, so as to show the distribution of different elements within the 
phases. The fracture surfaces of tensile-tested samples were also examined using the 
same SEM, employing the backscattered electron (BSE) detector and EDS system. 
The fracture behavior was analyzed using the backscattered electron (BSE) images 

Temperature 
(°C)

Aging time (h) and aging condition codes

2 4 6 8 10 12 16 20 24 36 48 72 100

155 1 2 3 4 5 6 7 8 9 10 11 12 13

170 14 15 16 17 18 19 20 21 22 23 24 25 26

190 27 28 29 30 31 32 33 34 35 36 37 38 39

240 40 41 42 43 44 45 46 47 48 49 50 51 52

300 53 54 55 56 57 58 59 60 61 62 63 64 65

350 66 67 68 69 70 71 72 73 74 75 76 77 78

Table 2. 
Artificial aging conditions used for room temperature tension tests.
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obtained, and analysis of the EDS spectra of phases observed on the fracture surface. 
Differential scanning calorimetry (DSC) was used to characterize the sequence 
of reactions occurring during the heating and/or cooling cycles of an alloy sample 
during a DSC scan which continuously changes with the increasing or decreasing 
temperature cycle to produce peaks according to the two expected reactions:

• Phase formation → heat emission → exothermic peak

• Phase dissolution → heat absorption → endothermic peak

2.2 Stage II-alloy B

For the high temperature tensile tests, samples from selected conditions were 
tested to fracture using an Instron Universal mechanical testing machine at a strain 
rate of 4 × 10−4 s−1. The heating furnace installed on the testing machine is an electri-
cal resistance, forced-air box type, having the dimensions 30 × 43 × 30 cm. The yield 
strength (YS) was calculated according to the standard 0.2% offset strain, and the 
fracture elongation was calculated as the percent elongation (%El) over the 25.4 mm 
gauge length as recorded by the extensometer. The ultimate tensile strength (UTS) 
was obtained from the data acquisition system of the universal machine. In order to 
reach and stabilize the intended test temperature during the tests, at the time that the 
samples were mounted in the tensile machine, the furnace was already pre-set at  
the required temperature; also, these samples were kept mounted in the furnace 
of the tensile testing machine for 30 min before the start of every test.

3. Results and discussion

3.1 Stage I-alloy A

Figure 3 shows the macrostructure revealing the grain size for alloy A, about 200 μm. 
A complete modification of the silicon particles in the microstructure of alloy A in the 
as-cast condition can be seen in Figure 4(a). From Figure 4(a) and (b), solution heat 
treatment has changed the morphology of the silicon particles from faceted to globular. 
As a consequence of solution heat treatment, there may also be observed a reduction in 
the number of silicon particles and a reduction in the density of the silicon phase, due to 
the diffusion of silicon into the aluminum matrix. The white arrows in Figure 4(a)  
show the rounded shape of the dendrites with grain refining [21], whereas Figure 4(b) 
reveals the dissolution of the Al2Cu phase observed in Figure 4(a)—circled.

Zhu and Liu [22] proposed a model of the granulation of unmodified eutectic 
Si composed of three major stages during heat treatment: (i) the mass transport of 
solute, (ii) a discontinuous phase fragmentation, and lastly (iii) spheroidization. 
During heat treatment, the silicon atoms in the matrix at the Si particle tips dif-
fuse to locations on the curved surfaces of the particles, leading to the dissolution 
of eutectic silicon at the tips. This transport of silicon atoms ultimately causes the 
fragmentation and spheroidization of eutectic silicon which is important from 
strength point of view compared to Si particles with sharp edges which act as sites 
for stress concentration.

The values of secondary dendrite arm spacing (SDAS), porosity, modification 
level, and grain size for both the as-cast (AC) and solution heat-treated (SHT) 
condition are listed in Tables 3 and 4. As can be seen, SHT resulted in (i) no 
noticeable change in both the SDAS and grain size, (ii) a significant decrease in 
the particle density due to coarsening of the eutectic Si particles, and (iii) almost 
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complete solubility of Al2Cu in the aluminum matrix. Since the solutionizing 
temperature was well below the incipient melting temperature, tensile test bars 
revealed negligible change in the amount of porosity, i.e., no incipient melting.

Alloy code 
condition

SDAS 
(μm)

Grain size 
(μm)

Porosity (%) Volume fraction of intermetallics 
(%)

EPMA

Av* Av SD** Av SD

A-AC 19.3 201 0.14 0.06 3.08 0.32

A-SHT 23.1 192 0.12 0.05 1.27 0.10

*Average.
**Standard deviation.

Table 3. 
SDAS, porosity%, grain size, level of modification, and volume fraction of intermetallics for alloy A.

Figure 3. 
Macrograph showing grain size of the tensile bars in the as-cast condition.

Figure 4. 
Optical microstructure: (a) before, and (b) after solution heat treatment.
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Figure 5 illustrates the effect of aging treatment on the alloy strength parameters. 
The main observations inferred from this figure can be summarized as follows:

1. Solution heat treatment and artificial aging at 190°C for 2 h or at 155°C for 
100 h resulted in an increase in the alloy strength by ~64% over its as-cast 
strength.

2. Aging at 155 or 170°C for a long period of time offered maximum resistance to 
softening.

3. The greatest decrease in tensile strength occurred at 240°C (312 MPa at 
2 h to 240 MPa at 100 h). Similarly, a significant decrease in strength 
took place upon aging at 190°C for a lengthy time (from 382 MPa at 2 h to 
314 MPa at 100 h) indicating the end of peak-aging or the commencement 
of over aging.

Alloy 
code 
condition

Area 
(%)

Particle length 
(μm)

Roundness ratio 
(%)

Aspect ratio Density 
(particles/

mm2)Av Av SD Av SD Av SD

A-AC 14.58 3.522 3.94 0.4302 0.181 2.033 0.8609 39110

A-SHT 10.868 4.286 3.144 0.554 0.1547 1.641 0.5429 12080

Table 4. 
Silicon particle characterization for alloy A.

Figure 5. 
Variation in alloy tensile parameters as a function of aging temperature and time: (a) UTS, (b) YS,  
and (c) %El.
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4. The greatest reduction in the alloy UTS and YS levels resulted when the tensile 
bars were aged at a temperature as high as 350°C even for a short period of 2 h.

5. In comparison to the ascendant and steady strength curves corresponding to 
aging temperatures of 155°C and 170°C, fluctuations in the strength curves 
were observed at aging temperatures of 190°C and over, similar to that re-
ported by Reif [23] where a similar alloy was used and an ascendant monotonic 
strength curve was observed at an aging temperature of 155°C.

6. Although the highest ductility values were obtained after 2 h aging at 350°C (~5%), 
none of the aging conditions reached the higher ductility values exhibited by the 
solution heat-treated condition (~6.5%). This observation may be considered evi-
dence that the mechanical behavior displayed by alloy A is common to that of the 
Al-Si-Cu-Mg alloys whose strength is obtained at the expense of ductility [24, 25].

In order to analyze the alloy quality by means of the Quality Index charts, the as-
cast and the solution heat treated conditions plus aging conditions at 155°C, 190°C, 
and 350°C for aging times in the range of 2–100 h were used. From a previous study 
[5], K was calculated as 500 MPa.

The plastic strain and the quality index (Q ) both exhibit a great improvement fol-
lowing solution heat treatment. The fact that plastic deformation (q) was about 0.31 in 
the solution-treated condition means that the alloy reached 31% of its maximum quality 
index value (Q ). The importance of q is that it shows how much a sample is away from 
its maximum possible ductility q = 1 and indicates that it would be possible to control 
the microstructure, for example by reducing the SDAS, or the porosity, or intermetallic 
level to enhance the alloy ductility and hence, the quality index, Q. When the ductility 
increases sharply from the as-cast to the solution heat treated condition, such changes 
can be related to the spheroidization of silicon particles and to the uniformity of the 
microstructure in the solution heat-treated condition, as shown in Figure 6(a).

Figure 6. 
Q-charts following: (a) SHT, (b) aging at 155°C, (c) aging at 190°C, and (d) aging at 350°C. Legends in  
(b) apply for other charts. The curved lines indicate the passage from 2 to 10 to 100 h.
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From the data presented in Figure 6(b)–(d), it is evident that the change in 
crystallographic structure of Al2Cu phase from G-P zones (155°C) to a metasta-
ble phase (190°C) to a stable phase (350°C) is the main parameter controlling the 
alloy performance quality. As can be seen, at each aging temperature, all points 
fall within a narrow circle due the progress in the formation of the precipitated 
phase. The broken lines in these figures show the change in the Q-level as a 
function of aging temperature. The width of the circle deceased from 175 MPa 
(155°C) to 75 MPa (190°C) to 25 MPa (350°C), representing the hardening and 
softening behavior of the alloy as a function of the aging temperature and time 
[26]. Using aging times of 2 and 100 h as reference points, the Q , UTS and %El 
values are presented in Table 5. As can be seen, the Q values after 2 h are more-
or-less same over such a large range of aging temperatures, due to the variation 
in both UTS and %El. However, aging for 100 h revealed highest value at 190°C 
compared to 155°C (under aging) and 350°C (over aging). The Q values for 
test bars aged at 350°C for 100 h is the same due to the balance between UTS 
and %El.

3.2 Stage II-alloy B

The heat treatment procedures followed for the alloy B are listed in Table 6. The 
same treatments were applied for both 25°C and 250°C tensile testing.

Figure 7 [27] shows the DSC heating curves of the alloys in the as-cast and 
SHT conditions, where three explicit peaks could be detected and coded 1, 2, 3. 
Considering the main parameter is the precipitation of Al2Cu phase particles, 
thus the height of peak number 1 following SHT compared to that in the as-cast 
condition plays a crucial role in controlling the alloy performance after aging. 
In addition, it is an indication of the effectiveness of the SHT process in dis-
solving the initial Al2Cu phase. In Figure 7, peak # 1 after solutionizing is more 

Heat treatment procedures and parameters

Heat treatment Solution treatment Quenching Aging

SHT* 495°C for 5 h Warm water (60°C) NA

T5 temper N/A N/A 180°C for 8 h

T6 temper 495°C for 5 h Warm water (60°C) 180°C for 8 h
*SHT, solution heat treatment.

Table 6. 
Heat treatment procedures and parameters applied to alloys investigated in stage II.

Aging temperature (°C) Q (MPa) UTS (MPa) %El Aging time (h)

155 432 300 3.5 2

190 432 388 1.5 2

350 406 221 5.3 2

155 340 387 0.9 100

190 470 324 1.5 100

350 406 198 5.3 100

Table 5. 
Q , UTS and %El values for alloy A after 2 and 100 h aging at different temperatures.
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or less negligible due to dissolution of most of the Al2Cu phase, as shown in 
Figure 4(b).

The principle phases seen in alloy B are demonstrated in the optical as well as 
backscattered (BSE) images displayed in Figure 8(a) and (b) [27], respectively. 
Figure 8(a) exhibits α-Al dendrites separated by eutectic silicon colonies. The 
phases observed in Figure 8(b) were identified using EDS analysis and reference 
to the results of Hernandez-Sandoval [28] and Garza-Elizondo [29]. Selective EDS 
spectra identifying these phases are displayed in Figure 8(c) through Figure 8(d). 
The existence of Al2Cu phase in the block-like form may be attributed to the pres-
ence of Sr. in the alloy which leads to segregation of copper to localized areas [30]. 
The platelets of the Fe-rich β-Al5FeSi phase are easily recognized in the BSE image, 
surrounded by the blocky Al2Cu particles. The Mg-rich Q-phase (Al5Cu2Mg8Si6) 
is found growing out of the Al2Cu phase as seen in the BSE image. The absence of 
coarse Al3Zr precipitates [31] may be related to superheating that led to considerable 
dissolution of the Al3Zr phase from the master alloy during the melting process. 
As a result, the coarse Zr-containing phases are rarely detected since Al3Zr par-
ticles act as nucleation spots for these coarse phases. According to Garza-Elizondo 
[29], coarse Zr-rich particles may be nucleated on the undissolved Al3Zr particles 
provided by the master alloy, i.e., Al-15 wt.%Zr. In the present study, superheat-
ing the melt to 800°C would significantly reduce the numbers of Al3Zr particles 
in the matrix. The predicted fine zirconium trialuminide (Al3Zr) dispersoids that 
may be present on a nanoscale would require a high magnification BSE image to be 
detected.

Figure 9(a) shows a bright-field (BF) TEM image obtained in a T6-treated 
sample of alloy B with the electron beam parallel to the [001] zone axis. This figure 
shows a high density of uniformly distributed needle-like precipitates which are 
oriented along <110> family of directions and aligned along the [100] planes. The 
length of these precipitates ranges from 50 to 150 nm, close to the reported size 
of θ′-Al2Cu plates (50–100 nm long) [32, 33]. Figure 9(b) displays the associated 
selected area electron diffraction (SAED) pattern obtained from Figure 9(a). 
The observable discrete diffraction maxima for the precipitates in SAED pattern 
indicate the presence of θ′-Al2Cu, where the streaks most probably result from the 
presence of fine S′-Al2CuMg particles. Computer simulation studies [34–37] on the 
S′-phase reflections show that they are hidden within the streaks of θ′.

Figure 7. 
Portion of the DSC heating curves of as-cast and as-quenched alloy B samples [27].
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In the present work, Figure 10(a), the addition of ~0.3 wt.%Zr to the 354-type 
Al-Si-Cu-Mg cast alloy in the as-cast condition improves the ambient-temperature 
(25°C) strength values of the Zr-free 354 alloy (alloy A), by ~26 MPa (UTS) and 
40 MPa (YS), respectively. Following SHT, the UTS and ductility values remained 
almost constant at ~300 MPa and ~ 6.3%, respectively, while the yield strength 
increased by ~33 MPa compared to alloy A. It is believed that the improved strength 

Figure 8. 
(a) Optical micrograph at 200× magnification, and (b) backscattered electron image of alloy B (354 + 
0.3 wt.%Zr), obtained at a low cooling rate of 0.35°C/s, showing the different phases present in the alloy;  
(c–g) EDS spectra corresponding to Al2Cu, (Al,Si)3(Ti,Zr), Q-Al5Mg8Cu2Si6, (Al,Si)3Zr, and β-Al5FeSi phases 
observed in (b) [27].
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values of alloy B emphasizes the role of Zr addition in enhancing the ambient-tem-
perature tensile properties through the formation of fine secondary strengthening 
precipitates (Al3Zr) as reported by many authors [14, 38–40]. The fact that UTS and 
YS in the T5 and T6 conditions are very close may be attributed to the strengthening 
effect of the fine dispersoids, which precipitate during the artificial aging stage of 
the T5, and T6 treatments as reported in Figure 9.

Tensile testing at 250°C, endured a significant softening due to the possible 
coarsening of the strengthening precipitates (Al2Cu) that existed during tensile 
testing at room temperature (Figure 11). In addition, the T5 heat treatment did 

Figure 9. 
(a) Bright-field TEM image of alloy B in T6-treated condition, and (b) the selected area electron diffraction 
(SAED) pattern.

Figure 10. 
(a) Ambient, and (b, c) high temperature tensile properties of alloy B.
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not improve the elevated-temperature strength values of the as-cast alloys but 
reduced the alloy ductility by ~50%. However, application of the T6 heat treatment 
noticeably enhanced the strength values of the as-cast condition from about 175 
to 225 MPa. Another parameter to consider is the effect of thermal stability. In the 
present work, some tensile samples were stabilized at 250°C (following the T5 and 
T6 aging treatment) for a lengthy period of time, i.e., 100 and 200 h. As can be seen 
from Figure 10(c), the stabilized T5-treated alloy B samples exhibit better strength 
values (UTS and YS) than those obtained in the stabilized T6-treated condition. 
However, the ductility values obtained after stabilization of the T5-treated samples 
are dramatically lower in comparison. Figure 11(a) shows Al2Cu particle size and 
distribution in a T6 sample stabilized at 250°C for 200 h, whereas Figure 11(b) is 
the corresponding EDS spectrum.

A detailed investigation of the fracture surfaces of tensile bars of alloy B were 
examined in the T6-treated condition, before and after stabilization for 200 h at 
250°C. The T6-temper treatment was selected due to its wide use in the automo-
tive industry. The BSE image shown in Figure 12(a) [41] shows the fracture 
surface of the tensile-tested alloy in the T6-treated condition. The fracture surface 

Figure 11. 
(a) Backscattered electron images showing the size and distribution of precipitates in the T6-treated B alloy 
after stabilization at 250°C for 200 h; (b) EDS spectrum corresponding to the rod-like particles in (a).
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Figure 12. 
Fracture surface of T6-treated alloy B: (a) BSE image showing a uniform dimple structure and cracked 
particles (arrowed), (b) EDS spectrum corresponding to the point of interest in (a), and (c) high 
magnification BSE image showing a cracked Al-Si-Ti-Zr particle (arrowed) [41].
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Figure 13. 
Fracture surface of alloy B: (a, b) BSE images of T6-treated alloy after stabilization at 250°C for 200 h showing 
a coarse dimpled structure, coarsened precipitates and Alx(Zr,Ti)Si particles involved in the crack initiation 
process, and (c) corresponding EDS spectrum of the phase of interest as shown in (b) [41].



Advanced Aluminium Composites and Alloys

132

has a dimpled-structure throughout, which indicates the ductile nature of the 
fracture mode. In addition, the BSE image exhibits the precipitation of Alx(Zr,Ti)
Si compound, in the form of star-like shape, as confirmed by the associated EDS 
spectrum in Figure 12(b). Also, cracks can be spotted in various particles of this 
compound, as indicated by the arrows. The higher magnification BSE image shown 
in Figure 11(c) reveals a cracked Alx(Zr,Ti)Si phase particle.

Figure 13(a) [41] shows the fracture surface of the T6-treated B alloy tested 
at 250°C after stabilization for 200 h at the testing temperature. The dimple 
structure is coarser compared to that before stabilization at 250°C. This obser-
vation would explain the improved ductility of the alloy due to the softening 
behavior associated with the prolonged elevated-temperature exposure at 250°C. 
Coarsened precipitates appear in the interiors of the dimples, as indicated by the 
oval contours in Figure 13(a). The BSE image and the EDS spectrum shown in 
Figure 13(b) and (c), respectively, confirm the presence of Alx(Zr,Ti)Si phase 
particles.

4. Conclusions

Based on an analysis of the results presented in this article, the following conclu-
sions may be made:

1. For the base 354 alloy A, solution heat treatment and artificial aging at 190°C 
for 2 h or at 155°C for 100 h resulted in an increase in the alloy strength by 
~64% over its as-cast strength. Aging at 155 or 170°C for a long period of time 
offered maximum resistance to softening.

2. The Zr-rich intermetallic phases appear in two different forms, namely 
(Al,Si)2(Zr,Ti) in block-like form, and containing high level of silicon, and 
(Al,Si)3(Zr,Ti) in needle-like form, containing high level of aluminum.

3. Quality index (Q) charts constructed for alloy 354 characterize the tensile 
properties in terms of the heat treatment conditions applied. Minimum and 
maximum Q values, i.e., 259 and 459 MPa, are observed for the as-cast and 
solution heat-treated conditions, respectively; the yield strength shows a maxi-
mum of 345 MPa and a minimum of 80 MPa within the range of aging treat-
ments applied.

4. DSC runs carried out on alloy B (354 alloy + 0.3%Zr) revealed peak patterns 
which included differences in peak heights—which reflected the amount of the 
precipitated phase, and shifts in the transformation temperature.

5. Melt superheating at 800°C is beneficial in terms of reducing the amount 
of coarse Zr-rich phases in the alloy structure, as it provides efficient 
dissolution of the Al3Zr phase from the master alloy during the melting 
process. Coarse Zr-containing phases are rarely observed due to the lim-
ited number of Al3Zr particles available to act as nucleation sites for these 
coarse phases.

6. TEM investigations confirm that the investigated alloys are strengthened 
primarily by θ-Al2Cu and S-Al2CuMg precipitates and their precursors, in 
addition to a secondary strengthening effect by precipitates in the form of 
Alx(Zr,Ti)Si which form following the addition of Zr.
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7. Prolonged exposure at 250°C, resulting in coarsening of the strengthening 
precipitates, causes noticeable reduction in strength values, particularly the 
yield strength (cf. 160 and 325 MPa), and a remarkable increase in the ductility 
values (cf. 6.3 and 1.1%).

8. The strength values (UTS and YS) obtained at room temperature for the 
stabilized T5-treated alloy samples are comparable to those of the stabilized 
T6-treated condition, and higher in the case of elevated-temperature tensile 
testing.

9. The fracture surface of the T6-treated alloy B after stabilization for 1 h at 
250°C reveals a dimpled-structure throughout, indicating the ductile nature of 
the fracture mode.

The Alx(Zr,Ti)1-xSi complex compound is observed with star-like and blocky 
morphologies, with cracks appearing in various particles of this compound. By 
increasing the stabilization time up to 200 h, coarser and deeper dimples are 
formed, highlighting the improved ductility of the alloy due to the softening behav-
ior associated with the prolonged exposure at 250°C.

© 2020 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

The High-Speed 6xxx Aluminum 
Alloys in Shape Extrusion Industry
Rafał Hubicki and Maria Richert

Abstract

This chapter describes and analyzes the 6xxx aluminum alloys used in the shape 
extrusion sector dedicated to automotive and construction industry. The division and 
application of 6xxx aluminum alloys are performed. The precipitation hardening of 
6xxx (Al-Mg-Si) alloys is presented as these alloys easily undergo deformation and 
present the potential for new kinds of alloys for high-speed extrusion. The mecha-
nisms of strengthening are shown with the evolution of precipitation sequences. Also 
some examples of industry applications of 6xxx aluminum alloys are presented.

Keywords: aluminum alloys, extrusion, aging, microstructure

1. Introduction

1.1 Characteristics of aluminum alloys

Historically, aluminum was first produced in 1825 by reducing aluminum chlo-
ride with potassium amalgam. In 1886, Héroult and Hall discovered the possibility 
of producing aluminum by electrolysis. In 1895, aluminum was first used as a mate-
rial for the church roof. With the increase in the production of aluminum, which 
occurred especially after the Second World War, the scope of its use expanded. 
Today, aluminum alloys are widely used in transport, mechanical engineering, 
electrical and energy industries, food industry, chemical industry, sports, aviation, 
transport, yacht and shipbuilding, and many other fields. Below, in Table 1, the 
grades of aluminum alloys used in industry are presented.

Group Series Alloy

Al 1xxx 1050A, 1070A

Al-Cu 2xxx 2014, 2017, 2024

Al-Mn 3xxx 3103, 3003

Al-Mg-Si 6xxx 6060, 6063, 6061, 6082

Al-Si 4xxx 4032

Al-Mg 5xxx 5019, 5083, 5754

Al-Zn 7xxx 7003, 7020, 7022, 7075

Table 1. 
Industrial aluminum alloy groups.
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Aluminum alloys are highly ductile, so it is easy to make the desired structural 
elements, machine parts, and others from them.

By changing the content of alloying elements in aluminum alloys, the strength prop-
erties can be adjusted. A very effective factor influencing the strengthening of alumi-
num alloys is heat treatment—supersaturation and aging. This treatment is possible for 
Al-Mg-Si 6xxx series alloys, which show a variable solubility in the solid state. Similar 
possibilities are also available for the 2xxx, Al-Cu-Mg, and 7xxx, Al-Zn-Mg-Cu, alloys 
(Figures 1 and 2). However, the most popular alloy for profile extrusion is 6xxx series.

During the extrusion process, aluminum alloys are placed in the extrusion press 
container (cylinder) and pressed by a pressing ram (or stem—via a dummy block 
or pressure plate). The metal flows out through the hole in the die, which gives the 
shape to the extruded profile (Figure 3).

The state of stress in most of the plasticized area is a three-axial nonuniform 
compression. It is therefore possible to make large plastic deformations without 
affecting the consistency of the material (maximum elongation coefficients are 
about 300, average—about 50). This is the main advantage of extrusion processes. 
Large deformations require high forces. The main limitation to the scale of defor-
mation that can be obtained in one extrusion operation is not the phenomenon of 
material decohesion (as in many other processes) but the strength of the tools.

When the extruded section leaves the tool, it is cooled with water or air and 
then drawn, still in the malleable state. This removes the stresses accumulated in 
the aluminum alloy and at the same time allows to achieve the expected and correct 
profile dimensions. The profiles are then cut and obtain ultimate strength by hot or 
cold hardening.

Figure 1. 
Isothermal section of ternary Al-Cu-Mg phase diagram at 400°C, h ¼ CuAl 2, S¼ MgCuAl 2, and T ¼ (Cu 
1-x Al x) 49 Mg 32. Along the dashed red line, the atomic fraction is constant, 94Al-6 Mg. And at the red star, 
the composition point is 90Al-4Cu-6 Mg, namely, the average composition of the eutectic region, shown with 
the dashed white box.
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Figure 2. 
Phase diagram Al-Cu-Mg-Zn: (a) polythermal diagram, (b) distribution of phase fields in the solid state in 
the aluminum corner, and (c) single-phase domains [1].

Figure 3. 
Extrusion diagram and extrusion press for aluminum alloys.
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In the case of large strains, hot extrusion is used, because during cold extrusion 
the forces are so high that the tools do not withstand the loads. Cold extrusion for 
large deformations can only be performed for soft materials (e.g., pure aluminum).

2. 6xxx series aluminum alloys for extrusion of shapes

The 6xxx series alloys are the most commonly used and their global consump-
tion is the largest. The worldwide demand for aluminum is around 29 million tons 
per year. About 22 million tons is new aluminum and 7 million tons is recycled alu-
minum scrap. The use of recycled aluminum is economically and environmentally 
compelling. It takes 14,000 kWh to produce 1 ton of new aluminum. Conversely, it 
takes only 5% of this energy to remelt and recycle 1 ton of aluminum. There is no 
difference in the quality between virgin and recycled aluminum alloys [2].

Alloys of the 6xxx series are heat-treated as they show a variable solubility in 
the solid state. Figure 4 shows a pseudo-binary system Al-Mg2Si. The variable solid 
solubility curve allows for heat treatment of 6xxx series alloys. After plastic working 
(e.g., extrusion), the supersaturation and artificial aging of these alloys are applied. 
After supersaturation, which consists in rapid cooling of the alloy, it is then heated 
to an appropriate temperature in order to precipitate hardening phases.

The phase sequence in this alloy is as follows:

 " ' '
    super-saturated solid solution SSSS

atomic clusters GP zones / B U / S
( )

− − −β −β −β  (1)

Figure 4. 
Calculated equilibrium phase diagram of Al-Mg2Si pseudo-binary alloys with excess Mg.
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Table 2 describes the characteristics of the precipitating phases [12].
Si plates appear in silicon-rich alloys. All phases that show the shape of needles 

are consistent with the direction <100> of the aluminum matrix.
The extrusion temperature of Al-Mg-Si alloys ranges between 400°C and 500°C, 

which causes that all phases are dissolved in the alloy to form a solid solution. 
Therefore, in order to prevent the precipitation of an incoherent phase of Mg2Si, a 
rapid quenching of the alloy is required after extrusion.

Rapid quenching maintains the supersaturation of the alloy’s solid solution 
caused by Mg and Si and a high concentration of vacancies, also resulting from 
rapid cooling. The supersaturation is followed by the aging process (Figure 5). 
It is carried out at temperatures from 165°C to 185°C until maximum hardness is 
reached—state T6.

Hardening achieved as a result of aging depends on the size and density of the 
precipitations and the volume of metastable phases obtained.

Isothermal heating at 175°C induces the precipitation of β-phase hardening the 
alloy. The β″-phase is the most effective hardening phase in Al-Mg-Si alloys and is 

Phase Phase 
form

Formula Spatial 
group

Network parameters

GP zones [3, 4] Needles Unknown C2/m a = 1.48, b = 0.405, c = 0.648, β = 105.3 deg

β″ [5, 6] Needles Mg5Si6 C2/m a = 1.516, b = 0.405, c = 0.674, β = 105.3 deg

β′ [7, 8] Needles Mg1,8Si P63 a = b = 0.715, c = 0.405, γ = 120 deg

U1 [7, 9–11] Needles MgAl2Si2 P3m1 a = b = 0.405, c = 0.674, γ = 120 deg

U [7–11] Needles MgAlSi Pnma a = 0.675, b = 0.405, c = 0.794

B [9] Lath Unknown Hexagonal a = 1.04, c = 0.405, γ = 120 deg

β Plates Mg2Si Fm3m a = 0.6354

Si Plates Si Fd3m a = 0.5431

Table 2. 
Precipitations in 6xxx series alloys.

Figure 5. 
Sketch of precipitation hardening phases.
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formed at temperatures between 125°C and 200°C. The β″-phase composition is 
Mg5Si6; therefore, an appropriate Mg/Si ratio of 5/6 should be maintained during 
the casting process. The β-phase (Mg2Si) is not formed below 200°C, so it cannot be 
present in alloys aged below this temperature.

Marioara et al. [12] studied phase β″ precipitation at different Mg/Si ratios. 
The research showed that a higher Si content in the alloy promotes the forma-
tion of a large number of fine GP zones in a shorter time than alloys with a 
lower Si content. After annealing for 3 h at 175°C, there was a sharp peak of 
hardness associated with the appearance of GP zones in these alloys, and 
after 17 h, a wider peak of hardness associated with the occurrence of phase 
β″ precipitation appeared. Alloys richer in Mg had thicker elements of micro-
structure than alloys with an increased Si content. They also contained less 
U2 precipitations but were richer in β′ precipitations. The studies carried out 
revealed a strong influence of Si, the content of which controls the process of 
phase precipitation through the formation of precipitation clusters in the initial 
stages of annealing.

The great interest in Al-Mg-Si alloys is related to their application in the auto-
motive industry. Chakrabarti et al. [13] conducted a research proving that the 
strengthening phase involved in the Al-Mg-Si ternary alloys is the metastable β″ 
phase [14, 15].

Kuroda et al. studied the effect of small amounts of Ni, Co, and V on hardness 
after age hardening of the AlMgSi base alloy. It was found that the additives increase 
the hardness, with the highest value of hardness occurring after the introduction of 
Ni and two-stage aging [16].

The influence of Cu addition on the precipitation process in AlMgSi alloy was 
studied by Zandbergen et al. [17]. The occurrence of Cu in all investigated precipi-
tations of the hardening phases of the alloy was determined.

On the other hand, the influence of Zn and Ag additives on the precipitation 
process in AlMgSi alloys was analyzed in the work of Saito et al. [18]. The research-
ers found a weak influence of Zn on the precipitation sequence of hardening phases. 
They found that Zn is built into the structure of precipitations replacing some 
elements in the network of precipitated phases.

A new alloy based on AlMgSi, with the addition of Mn that did not require 
aging after extrusion, was presented by Lee et al. [19]. Mn creates precipitations 
of 0.05–0.5 μm. The alloy containing 1 wt.% Mn had high strength properties and 
good ductility in comparison with the commercial 6N01 alloy. Moreover, it showed 
higher fatigue resistance.

Chen et al. studied the process of phase precipitation in Al-Mg-Si alloys 
[20]. They showed that the formation of Mg5Si6, hardening AlMgSi alloy, is 
preceded by the precipitation of Mg2Si2,6Al6,4 and more precisely Mg2Si2Al7. 
The precipitation of this phase is dependent on the temperature of the aging of 
the alloy.

Mechanisms of hardening with β″ particles, characterized by coherence with 
aluminum network, were studied by Ringdalen et al. [21]. The study concerned 
the alloy 6060 and included the interaction of the dislocation lattice with the 
precipitations.

The AlMgSi alloy, due to the possibility of heat treatment, has a high potential 
for modeling its structures and properties. Analyzing the process of supersatura-
tion of this alloy and subsequent aging, it is possible to obtain the assumed proper-
ties. Hardening phases in the AlMgSi alloy nucleate heterogeneously at the grain 
boundaries and iron precipitations, which are always present in AlMgSi alloys 
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(Figure 6). Precipitations of β″, the hardening phase of AlMgSi alloy, can be found 
at Figure 7. Their growth to larger sizes is associated with the formation of Mg2Si 
phase. Large Mg2Si particles are not an obstacle to displaced dislocations and do 
not increase the strength properties of the alloy.

An example of research on the heat treatment of AlMgSi alloys is the article 
by Richert et al. [22] concerning the new, multistage aging of the 6xxx series 
alloys. The studies of Ryen et al. [23] showed the presence in alloys AA6063 and 
AA6068, after aging precipitations as B′, β″, U2, and U1, β′ and some unidentifi-
able crystal structures. Detailed studies of the precipitations in aluminum alloys 
are also presented in the work by Andersen et al. [24]. From this work, data 
were taken from the composition of the precipitations formed during aging in 
AlMgSi alloys:

β-Mg2Si,
U1-MgAl2Si2 ‘A’
β″-Mg4(AlxMg1-X)Si4
U2-Mg4Al4Si4
β′-Mg9Si5
B′ ~ Mg48Al16Si36
GP-Mg4(AlxMg1-x)Si4

The author found that the early stages in Al-Mg-Si and Al-Mg-Cu systems have 
isostructural GP zones being 1D strings along <100>Al, identical to the eye-like 
units of the β″-phase, where Cu can replace Si. Calculations show GP zones can 
take different compositions, the most stable being Mg4Si4Mg and Mg4Cu4Al, with 
Mg and Al as central interstitial columns. Solute clusters for the GP zones are likely 
short defect-free needles using a vacancy to produce a central interstitial column. 
The needle-shaped β″-phase is the most important hardening precipitate in the 
AA6xxx system.

Figure 6. 
Hardening phases in AlMgSi alloy.
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3. High-speed aluminum alloy

3.1 Studies on the production of a high-speed extrusion alloy

3.1.1 Research methodology

In this work, tests were carried out on 6060 alloy with three different chemical 
compositions, falling within the definition of the standard EN-AW 755-2 (Table 3).

Alloy 1 with the lowest Si and Mg contents, Alloy 2 with medium Si and Mg 
contents, and Alloy 3 with the highest Si and Mg contents were prepared as follows 
(Figure 8):

1. The billets were continuously cast from 6060 alloy, with a diameter of 228 
mm, from three melts, differing in the content of alloying components:

• Alloy 1 (low alloying content)

• Alloy 2 (with medium content of alloying elements—standard composition)

• Alloy 3 (high alloying content)

2. The billets were homogenized in accordance with the technology used in 
Grupa Kęty S. A.

3. The extrusion of profiles (four-hole die) was performed on a 35 MN press as 
follows:

• From each alloy, three billets were extruded with the standard speed of the 
extrusion ram for this shape, and three billets with the extrusion ram speed 
increased by 20%.

• The temperatures of the extrusion billets and the press container were the 
same for all billets.

• All extruded sections were saturated on the press runout table and then  
artificially aged in the furnace to T66.

• Three samples of each extruded section were taken for each hole to check the 
strength properties and material hardness of the sections.

Figure 7. 
Nanometric precipitations in AlMgSi alloy [25].
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The tests of mechanical properties of extruded sections were carried out on the 
Zwick Z300 fatigue tester.

1. In the second stage, only Alloy 1 was tested as promising the highest ductility 
and thus the possibility to use the highest extrusion rate for the manufactured 
sections.

The following tests were carried out:

• Alloy 1 was extruded with the following set speed rates: standard (7 billets); 
standard + 20% (7 billets); standard + 30% (8 billets); standard + 40% (7 
billets); standard + 50% (9 billets); and standard + 60% (9 billets),

• The temperatures of extrusion billets and the container were the same for all 
variants of extrusion.

• From each extruded shape according to each variant of the ram speed, 12 
samples with 1000 mm length (72 samples in total) were taken in order to 
check the strength properties and for hardness measurement.

• All extruded sections were saturated on the runout of the press and then 
subjected to different variations of artificial aging to T66.

• After extrusion of the sections and their heat treatment, the yield point and 
tensile strength of the samples were determined on the Zwick Z300 fatigue 
tester, and hardness tests were carried out on the Zwick ZHU250 testing 
machine.

Figure 8. 
Aluminum alloy billets before loading onto the loading ramp of the press [26].

Si Fe Cu Mn Mg Cr Ni Zn Ti

Alloy 1 0.38 0.20 0.01 0.04 0.36 0.01 0.01 0.02 0.02

Alloy 2 0.45 0.22 0.01 0.04 0.40 0.01 0.01 0.02 0.01

Alloy 3 0.49 0.21 0.01 0.05 0.45 0.01 0.00 0.01 0.02

Table 3. 
Chemical composition of billets tested.
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• On the basis of the results presented in Table 4 and the results of properties 
tests, the aging variant to achieve the properties of the alloy, according to 
PN-EN 755-2,2016-05 standard, was selected.

• After extrusion and aging, hardness tests were performed on the Zwick 
ZHU250, and the yield point and tensile strength were determined on the 
Zwick Z300 fatigue tester machine.

Table 4. 
Aging curves of Al-Mg-Si alloy with the lowest composition of alloying elements, second stage of research.
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• Observations of the sample structure on the Olympus GX53 and Olympus GX71 
and GX51 optical microscopes with digital image capture were performed.

• Samples for microscopic examination and microhardness testing were mounted in 
the EpoFix epoxy resin. The samples prepared in this way were subjected to grind-
ing (on abrasive papers with the following grades: 220, 500, 800, 1200, 2000, and 
4000) and two-stage mechanical polishing according to Struers’ procedure using 
a diamond-paste suspension DiaDuo with a grain size of 3 μm and a colloidal 
silicon oxide suspension OPS for finish polishing with a grain size of ¼ μm.

Two methods of etching were used:

1. Etching in 0.5% HF acid solution—this method highlights the particles present 
in the microstructure.

2. Anodizing in Barker’s reagent composed of 1.8 ml HBF4 + 100 ml H2O—color 
contrast was obtained from individual grains during polarized light observation.

• Microhardness measurements were performed using the Vickers method 
with the SHIMADZ HMV-G hardness tester. Microhardness tests were carried 
out on metallographic specimens at a load of 100 g (HV0.1), and the time to 
withstand the load was 10 s.

• Observations of the microstructure and morphology of the precipitations with 
the scanning electron microscope JEOL JSM-6460LV were also performed, 
using the EDS microanalyzer.

• The share of Mg2Si phase in the tested samples was determined using the X-ray 
method. X-ray examinations were performed on PANalytical Empyrean poly-
crystalline diffractometer with Cu Kα1 = 1.5417 Å, at U = 40 kV and I = 30 mA, 
equipped with PANalytical High Score Plus program integrated with ICDD 
PDF4+ 2016 crystallographic database. PIXcel detector was used in the tests. 
The test range was 10–120° of 2θ angle.

• In the third stage of experimental testing, Alloy 1 was subjected to different aging 
variants in order to answer the question on which aging variant allows to achieve 
the assumed alloy properties, compliant with the standard, despite the lowest 
values of Mg and Si components. The evaluation of the properties of the samples 
after aging was performed by hardness and microhardness measurements.

3.1.2 Comparative results of tested alloys

The research revealed that after casting and homogenization, Alloy 1 has a 
correct structure with equiaxed grains and broken lattices of iron precipitations 
(Figure 9).

Figure 10 shows the yield point (R0.2) and tensile strength (Rm) of extruded 
profiles made of Alloy 1 with the lowest alloying content and other alloy composi-
tions with higher content of alloying elements, i.e., Alloy 2 and Alloy 3. According 
to the requirements of the standard, the extruded section should have minimum 
R0.2 = 160 MPa and Rm = 215 MPa. The shape made of Alloy 2 with the average con-
tent of alloying elements and Alloy 3 with the highest content of alloying elements 
obtained the property level required by the standard EN755-2 (for products made of 
alloy 6060, in the T66 state). The properties of Alloy 3 are too high. And the shape 
with the lowest level of alloying elements failed to obtain such a level.
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Figure 11 illustrates the plasticity of the alloys tested. The highest value of 
elongation was achieved by the section with the lowest content of alloying elements. 
This result indicates that the alloy potentially has a plasticity level allowing to use 
higher extrusion rates in relation to the other alloying components.

The delta (Figure 11), i.e., the difference between R0.2 and Rm, shown in the dia-
gram (Figure 11) illustrates the “yield strength reserve” and confirms the favorable 
deformation conditions for the alloy with the lowest level of alloying elements with 
respect to the potential of utilizing its higher plasticity.

The yield point and tensile strength level of Alloy 1 must be achieved by means 
of a new, finely developed heat treatment.

The next figure (Figure 12) shows the elongation of the extruded sections and 
their hardness. The obtained result confirms that the alloy with the lowest content 
of alloying elements (Alloy 1) has the highest yield strength reserve.

3.1.3  Studies on the effects of the extrusion rate on the properties, structures, and 
phase compositions of the alloy with the lowest content of alloying elements

The potential possibility of using the cheapest Alloy 1 with the lowest content 
of alloying components while optimizing the extrusion rate for the most efficient 

Figure 9. 
The structure of Alloy 1 billet with the lowest content of Mg and Si alloying elements.

Figure 10. 
Yield point and tensile strength of extruded sections from billets with three different contents of the main 
alloying elements.
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process created grounds for research into heat treatment optimization to achieve 
the properties required by the standard. Alloy 1 has been tested for its structures, 
properties, and phase compositions.

Table 5 shows the macrostructure and microstructure of extruded Alloy 1 
shapes with respect to the increasing extrusion rate. It is characterized by the 
equiaxed grains of medium size (medium chord parameter) in the range from 
46 μm to 54 μm. Homogenization of the structure and grain size with a maximum 
grain size difference of 15% results from the hot working, activating the processes 
of structure recovery during extrusion.

Results of phase composition tests of extruded shapes are presented in Figure 13.
There is a final slight decrease in the content of the precipitated phases at the 

highest extrusion rate applied standard value +60%. At the standard rate +20%, the 
highest phase content of Mg2Si and Mg5Si6 was recorded. The obtained result sets 
the direction for actions aimed at obtaining sections with assumed properties at the 
highest efficiency of the extrusion process. An increase in the extrusion rate above 
20%, without changing the subsequent heat treatment applied after extrusion to the 

Figure 11. 
Elongation and yield strength reserve of extruded sections from billets with three different contents of the main 
alloying elements.

Figure 12. 
Elongation and hardness of extruded sections from billets with three different contents of the main alloying 
elements.
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T6 state, is an optimal variant ensuring the highest efficiency of the process.  
On the other hand, if the applied heat treatment allowed for a significant increase  
in the hardening phase, then higher extrusion rates could be applied.

3.1.4 Effect of heat treatment on the properties of extruded sections made of Alloy 1

The alloy meets the criteria of a high-speed extrusion alloy as the tests resulted 
in a significant increase in the extrusion rate of sections in relation to the rate cur-
rently used. However, due to the low content of Mg and Si alloying elements, the 

Deformation 
rate

Section macrostructure Section microstructure Grain size, 
average 
grain 
diameter 
μm

Standard 
value—X

53

X+20% 46

X+30% 54

X+40% 52

X+60% 48

Table 5. 
Structure of Alloy 1 sections depending on the extrusion rate.
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classical heat treatment did not allow to obtain the recommended level of properties 
according to the standard. Therefore, it was necessary to carry out a number of 
studies to develop a new heat treatment that would ensure that the yield point, ten-
sile strength, and hardness value of the standard were achieved. Table 6 contains 
data on the parameters of the applied heat treatment variants.

The analysis of the obtained data showed that in variant 19 of heat treatment, 
the yield point reached the level assumed in the standard. The obtained result is a 
great technological achievement and promises a better economic result.

The research has shown that it is possible to produce a cheaper alloy (low 
content of base alloying elements), which allows to use a 60% higher extrusion rate 
and, using an appropriate heat treatment, achieve a comparable level of properties 
to alloys containing higher levels of Mg and Si elements.

The higher ductility of the new high-speed extrusion alloy enables the produc-
tion of a greater tonnage of products per unit of time than the currently used alloys, 
which translates into increased production efficiency.

4. Summary: 6xxx aluminum alloys for a high-speed extrusion

At the beginning of the twenty-first century, commercial concerns involved in 
the production and sale of extrusion sections made of aluminum alloys started to 
show interest in increasing the productivity of the extrusion process through a radical 

Figure 13. 
Phase changes in extruded sections.

Aging curve Press ram/stem speed Rm [MPa] R0.2 [MPa]

Aging option 19 Standard value—X 212.0 188.5

X+20% 218.8 195.3

X+30% 201.0 176.0

X+40% 211.0 186.8

X+50% 200.5 176.3

X+60% 216.0 183.8

Table 6. 
Final results of strength properties after heat treatment for Alloy 1: stage 2.
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change in the technology. The subgrades of alloy 6060 with a reduced content of alloy-
ing elements, called lean alloys or high-speed alloys, began to form. They were charac-
terized by an increased plasticity in relation to classical alloy 6060, as a result of which 
the speed of the process increased by 20% in comparison with alloys with classical 
chemical composition. In order to obtain certain strength properties, it was necessary 
to use unconventional aging cycles of the material. Because the alloys required an 
increase in extrusion rate, lean alloys were used primarily for extrusion of sections 
with relatively uncomplicated cross sections. These types of sections were mainly used 
in the construction industry, so they were sometimes called building alloys. By 2007, 
thanks, among other things, to the exchange of workers between the companies, the 
production technology of building alloys became widely known, and the hydro con-
cern started to produce billets from these alloys for sale to the general public, designing 
and producing new generations of alloys for fast extrusion at the same time.

Designing alloys for high-speed extrusion requires a deep knowledge of the 
hardening mechanisms and plastic deformation processes. During hot deformation, 
which takes place in extrusion, it is important to know the effect of temperature on 
the extrusion processes. The processes of structure recovery during hot deformation 
are dynamic recrystallization and dynamic recovery. In aluminum and its alloys, 
which exhibit high stacking-fault energy, dynamic recovery processes take place.

All effects in the extrusion process are temperature and speed controlled. It is 
shown that the mechanism of deformation is either dynamic recovery or dynamic 
recrystallization, according to whether the alloy is of high or low stacking-fault 
energy. This leads to extrudate structures which contain either subgrains, ideally 
with no static recrystallization occurring, or grains formed by successive dynamic, 
metadynamic, and static recrystallization. It is shown that either type of structure is 
related to, and can be controlled by, the prevailing Zener-Hollomon (Z-H) param-
eter Z. There is thus also a relationship between properties and Z [27].

The Zener-Hollomon parameter is given by equation:

 ( )= Z e\ exp Q/ RT  (2)

where e  is the strain rate, Q is the activation energy, R is the gas constant, and T 
is the temperature.

The Zener-Hollomon parameter decreases with a decreasing strain rate and an 
increasing temperature. In the actual industrial production, to avoid the occurrence 
of cracks, low Z conditions (lower strain rates and higher temperatures) are usually 
preferred; however, when the deformation rate is too low, the temperature drop is 
serious, which is harmful for deformation [28].

In case of high-speed extrusion alloys Z-H parameter should increase, the strain 
rate will increase and temperature should be lowered. The decrease of subgrain/
grain size should be expected.

Deformation temperature and strain rate are important factors controlling 
the hot deformation flow stress. The experimental results show that the dynamic 
softening is accelerated with the increase of deformation temperature and decrease 
of strain rate. Strain effects on flow stress and hence on extrusion pressure are 
predominant for hot extrusion (due to strain rate sensitivity). Therefore, it is 
rather difficult to predict the extrusion force in hot extrusion. We can estimate the 
strain rate at any location x in the billet from the geometrical considerations. Let a 
cylindrical billet have an initial radius of Ro and extruded radius of Rf. be semi-cone 
angle of the die.

We can formulate the strain rate at any location x from the entry of die as
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The average strain rate undergone by a billet is given by
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2

3 3
f
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0 0

0

α
ε = −  (4)

where v0 is the velocity of ram.
It is generally believed that the average grain size (DA) decreases with increasing 

strain rate and decreasing temperature and is independent of initial grain size and 
accumulated strain.

The effects of temperature and strain rate can be expressed in terms of the 
second-order function of the Zener-Hollomon parameter, Z, in an exponent-type 
function of temperature and strain rate, as follows [29]:

 ( )2
A 0 1 2ln lnD B B Z B Z= + +  (5)

where B1 and B2 are polynomial coefficients. Generally, the grain size of as-
extruded material decreases with the increase of the Zener-Hollomon parameter. 
The fact that the Z-H parameter determines the microstructural evolution reveals 
that the foundation of an ultrafine-grained structure is formed dynamically and 
the process is closely related to the thermal activation process during and after the 
deformation.

In general, dynamic recrystallization does not seem to occur in aluminum 
alloys with Mg below 4%. The high recovery processes develop in such aluminum 
alloys—with subgrain lattice formation.

The size of stable subgrains that result from dynamic recovery in aluminum 
alloys depends upon hot working conditions. McQeen et al. [30] expressed this by 
equation:

 sd a b log Z= +  (6)

where ds is the subgrain size, Z is the Zener-Hollomon parameter, and a and b 
materials are constant.

The subgrain size usually reaches a limiting value of a few microns in aluminum 
alloys. With continued deformation, there is usually no further decrease in the 
subgrain size.

For hot extrusion, the extrusion pressure p is directly proportional to stain 
rate. As strain rate increases, the extrusion pressure also increases, almost 
linearly. As ram speed increases, the extrusion pressure also increases, due to 
increasing strain rate. However, the extrusion pressure is reduced with increased 
working temperature in hot extrusion (Figure 14). The extrusion speed has some 
limit depending on billet temperature. It means that the technological applica-
tion of high-speed alloys requires some experimentally developed extrusion 
parameters.
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In the analysis of hardening of polycrystalline materials, the component (σy), 
described by the model of the Hall-Petch (H-P) equation, acquires a particular 
importance as it allows to determine the value of lower yield point as a function of 
grain size:

 1/2
y 0 yó ó k d−= +  (7)

where σy: normal stress corresponding to the yield point; σ0: stress of internal 
friction of the mobile dislocations; ky: slope factor, characterizing the resistance of 
grain boundaries to dislocation motion; d: diameter of grain or subgrain.

For this reason, the selection of conditions of extrusion rate and temperature 
determining the grain size is of great importance in the technology of extrusion of 
aluminum alloys.

At present, high-speed extrusion alloys are a desired alternative to conventional 
alloys due to the prospect of higher tonnage throughput per unit of time. The 
expected effect of this action is an increase in the company’s profit. In the interna-
tional literature, it is difficult to find data on the chemical composition of alloys for a 
high-speed extrusion because they are confidential information, which results from 
the well-understood interest of the company. There is also a noticeable lack of wider 
interest of scientists in this subject, who usually strive to disseminate the results, 
as it is contrary to companies’ confidentiality requirements. Therefore, this type of 
research is usually conducted in a narrow circle of professionals closely cooperating 
with the industry. Among the literature items and reports that appear on the websites, 
there is information about progress in the production of new aluminum alloys for 
specific purposes, e.g., for the automotive, construction, high-speed rail, and other 
industries. The purpose of the alloys determines their production and properties.

The research conducted on fast extrusion alloys is a promising direction for the 
development of section production and provides prospects for improving extru-
sion technology. Great possibilities of increasing the productivity of the extrusion 
process connected with the implementation of these new quality aluminum alloys 
are also an element of the struggle for the market and increase in the productivity of 
companies.

Figure 14. 
Temperature dependence to extrusion speed.
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Abstract

The corrosion resistance of conventional (AA2024-T3, AA6082-T6 and 
AA7050-T7451) and the new generation (AA2050-T84, AA2098-T351, AA2198-T8, 
and AA2198-T851) precipitation-hardened alloys has been studied and compared 
using electrochemical and non-electrochemical approaches. The AA6082-T6 was 
the most resistant alloy followed by the new generation Al-Cu-Li alloys, except the 
AA2050-T84. All the alloys exhibited pseudo-passivity, except for the AA2024-T3 
alloy which presented the highest number of pitting sites per cm2 and also exhib-
ited the most insidious form of corrosion amongst the alloys tested. However, the 
alloy with the highest corrosion depth was the AA2050-T84 alloy followed by the 
AA2024-T3 and AA7050-T7451 alloys. Intergranular corrosion was associated with 
rapid rates of penetration. In addition to the microstructural features of the alloys 
before corrosion, the modes of localized corrosion in the alloys were also influenced 
by evolving microstructural features (such as re-deposited Cu) during corrosion.

Keywords: wrought Al alloys, new-generation Al alloys, localized corrosion, 
microstructure, SEM

1. Introduction

New generation Al alloys are being developed to meet lightweight requirements 
in the automotive and aerospace sectors. For a successful introduction, the alloys 
must possess specific strengths, mechanical properties and corrosion resistance 
superior or at least equal to those exhibited by conventionally used Al alloys. 
Concerning corrosion, the currently used high strength 2xxx and 7xxx series alloys 
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in the aerospace sector are highly susceptible to severe localized corrosion (SLC), 
but adequate care should be taken in ensuring that the proposed replacements (the 
new generation Al-Cu-Li alloys) exhibit better in-service corrosion performances.

There are reports in the literature [1–3] comparing the corrosion resistance of 
selected conventional alloys to that of the new generation Al-Cu-Li alloys, and 
most of these studies were based on the use of electrochemical techniques [1, 3]. 
However, electrochemical techniques alone cannot give enough information about 
the corrosion behavior of these alloys. This is because electrochemical techniques 
are largely designed to generate data from activities occurring on the surfaces of 
materials. Sub-surface details from tens to hundreds of microns beneath the surface 
are very difficult to obtain via electrochemical methods. Attacks in precipitation-
hardened aluminum alloys can penetrate hundreds of microns beneath the surface 
as fissures with non-linear pathways that are difficult to follow from the surface. 
This is in addition to the fact that the attacks can also transit easily from one form to 
the other, and the active area of corrosion is very difficult to establish [4].

Thus, it is always important to examine the surfaces and cross-sections of the 
corroded alloys via microscopic techniques before concluding. In this regard, it is 
also important to mention that conclusions from nano to mesoscale microscopic 
approaches should be drawn with caution because even macro/microscale results 
can be very misleading if care is not taken.

In this work, the comparison between the corrosion resistance of the new 
generation Al-Cu-Li alloys and that of conventional aluminum alloys have been 
made using scanning electron microscopy with the results correlated with poten-
tiodynamic polarization results. Alloys from all the precipitation-hardened series 
(2xxx, 6xxx and 7xxx) were selected. The selected alloys are industrial alloys in 
the common tempers in which they are being employed. These alloys derive their 
strengths from the formation of finely and uniformly distributed nano-sized phases 
in their matrix. To accomplish the precipitation of these phases, alloying elements 
with reducing solid solubility as temperature decreases are used for this purpose. 
Examples of elements that fall into this category include, copper, magnesium, zinc 
and, lithium. The potentials of the intermetallic particles formed by these elements 
are often different from that of the matrix (i.e. these particles are either cathodic 
or anodic to the matrix) when exposed to aggressive environments, and this results 
in the development of localized corrosion which compromises the integrity of 
the alloys in service. The form and extent of localized corrosion are alloy specific. 
Establishing the severity and how insidious the different forms of attacks in com-
peting alloys are crucial to improving the performance of the components built 
from these alloys. Thus, in this work we have compared the forms and how insidi-
ous the corrosion attacks in selected industrially important alloys are, especially 
by contrasting between the attacks in new generation and conventional aluminum 
alloys in sea-water environment.

2. Experimental

The conventional alloys employed in this study are the AA2024-T3, AA6082-T6 
and the AA7050-T7451 alloys, and the new generation alloys are the AA2050-T84, 
AA2098-T351, AA2198-T8 and AA2198-T851 alloys. The compositions of these 
alloys are as presented in Table 1. These alloys are commercial alloys in the tempers 
in which they are mostly employed.

Prior to the corrosion tests, the samples were sequentially polished to a 1 μm 
surface finish using SiC papers and diamond pastes.
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The main investigation in this work was based on optical and scanning electron 
microscopy of the surfaces and cross-sections of the alloys after a 72 h corro-
sion immersion test in 3.5% NaCl solution. Polished samples of the alloys were 
employed, and beeswax was used to expose an area of 1 cm2 on the alloys.

Other corrosion tests employed in the investigation were potentiodynamic 
polarization tests, agar-gel visualization test and scanning vibrating electrode 
technique (SVET) measurements.

Potentiodynamic polarization curves of the alloys were obtained in the 3.5% 
NaCl solution. A three-electrode cell comprising the sample as the working elec-
trode, an Ag/AgCl reference electrode and a platinum wire as a counter electrode 
was employed for the polarization tests. The scans were initiated at −100 mV of the 
open circuit potential (OCP) values to +800 mV of the OCP. OCP measurements 
were conducted for 90 min prior to the polarization measurements, and a scan rate 
of 1 m V/s was employed.

Details of the agar-gel visualization test are similar to those reported in previous 
work from the same group [5], except that a universal indicator was employed this 
time in the place of phenolphthalein.

For the scanning vibrating electrode technique (SVET) measurements, an 
Applicable Electronic Produced SVET machine with an ASET 4.0 software was 
employed using a 5 mM NaCl solution. SVET maps and optimal images were 
obtained every 2 h. Further details on the SVET procedures can be found in a previ-
ously published work from the same group [6].

Scanning electron microscopy (SEM) analysis was conducted using a JEOL 
JEM 6010 LA and TM 3000 microscopes equipped with an energy-dispersive x-ray 
spectroscopy (EDS) detector. Transmission electron microscopy (TEM) was con-
ducted using a JEM-2100F microscope. The TEM samples were prepared by twin-jet 
electropolishing using 35% nitric acid in methanol after an initial thinning through 
grinding with SiC papers.

3. Results and discussion

The results of the corrosion studies are presented in two parts. Firstly, results 
from electrochemical analyses are presented and compared. Majorly, potentiody-
namic polarization and SVET results are compared, while agar visualization test was 
employed to understand the pH variation around an SLC site further. Subsequently, 
SEM examination of the surfaces and cross-sections of the alloys are presented and 
compared.

Cu Li Fe Zr Cr Mg Zn Si Mn Ag

AA2024-T3 4.2 0.2 0.1 1.6 0.2 0.1 0.4 0.15

AA2050-T84 3.64 1.0 0.04 0.12 0.36 0.02 0.39

AA2098-T351 3.4 1.0 0.04 0.4 0.3 0.02 0.05 0.003 0.3

AA2198-T8 3.32 0.96 0.005 0.51 0.31 0.004 0.004 0.002 0.26

AA2198-T851 3.31 0.96 0.004 0.4 0.31 0.01 0.03 0.25

AA6082-T6 0.33 0.74 0.05 0.71 0.40

AA7050-T7451 2.15 0.04 0.14 1.53 6.80 0.08

Table 1. 
Composition (wt. %) of the alloys used in this study.
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3.1 Electrochemical tests

3.1.1 Potentiodynamic polarization

Presented in Figure 1 are the potentiodynamic polarization results of the 
selected alloys in 3.5% NaCl solution. Figure 1a combines the potentiodynamic 
polarization curves of all the alloys investigated, while Figure 1a, b shows the 
curves of the new generation Al-Cu-Li alloys (AA2050-T84, AA2098-T351, 
AA2198-T8 and AA2198-T851) and the curves of the conventional alloys 
(AA2024-T3, AA6082-T6 and AA7050-T7451), respectively. Figure 1d is a plot of 
extrapolated corrosion potential (Ecorr) and pitting potential (Epit) values for the 
different alloys from the plots in Figure 1a (The Epit, in this case, is the potential 
beyond which there is a large increase in current density compared with the pseu-
dopassive region just above the Ecorr). These results show that, amongst the new 
generation alloys, the AA2050-T84 alloy with the lowest Ecorr value (≈−0.82 V) 
exhibited the highest tendency to corrode, while the AA2098-T351 and AA2198-T8 

Figure 1. 
Potentiodynamic polarization results of selected heat-treatable aluminum alloys in 3.5% NaCl solution.
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alloys, with the highest Ecorr values (≈−0.68 V), exhibited the lowest tendency 
to corrode. The Ecorr value (≈−0.76 V) of the AA2198-T851 alloy was in between 
those of the AA2050-T84 and AA2098-T351/2198-T8 alloys indicating that the 
AA2198-T851 alloy has more corrosion tendency than the AA2098-T351/2198-T8 
alloys but lower tendency than the AA2050-T84 alloy.

Nonetheless, all the new generation alloys exhibited pseudo-passive behavior 
under the conditions tested. The Epit – Ecorr difference shows the potential range 
for the active – pseudopassive behavior. Pseudopassivation occurs because of the 
formation of a non-protective oxide layer on the alloys [7, 8]. It should be noted 
that the Epits in these alloys are not the actual pitting potentials of the alloys. These 
alloys develop severe localized corrosion at OCP (i.e. at potentials lower than the 
pseudopassive range). The oxide formed after the active regions is only formed on 
non-pitting sites. And the contribution of the pitting sites to the total current is 
overshadowed by the current flowing from the larger surface with an oxide layer 
[8]. Thus, the pseudopassive current predominates at this potential range. However, 
after the potentials designated as Epits, the contribution of the pitting areas to the 
overall current flowing from the surface becomes significant [8] and superior to the 
pseudopassive current, and this leads to pronounced current density increase per 
potential.

For the conventional alloys, the AA7050-T8451 alloy, with an Ecorr value in 
the range of ≈−0.84 V, exhibited the highest tendency to corrode, followed by the 
AA6082-T6 alloy with an Ecorr value of ≈−0.72 V. The AA2024-T3 alloy, with an 
Ecorr value of ≈−0.63 V, exhibited the lowest tendency to corrode. Amongst the 
three conventional alloys compared, the AA2024-T3 alloy did not show any pseudo-
passive range in the condition tested. In fact, amongst all the alloys compared, the 
AA2024-T3 alloy was the only alloy that did not exhibit a pseudopassive behavior. 
This implies that the contribution of the pitting areas to the total current was 
significant (from potentials equal to or below the Ecorr) and swamped that from 
the oxide-covered surface. Thus, the AA2024-T3 alloy possibly presented a higher 
active pitting area compared with the other alloys.

Nonetheless, for all the alloys, AA2024-T3 > AA2098-T351/AA2198-T8 > AA608
2-T6 > AA2198-T851 > AA2050-T84 > AA7050-T7451 in terms of Ecorr values. Based 
on this, the AA7050-T7451 alloy exhibits the highest tendency to corrode and should 
be the most susceptible to corrosion amongst all the alloys. The AA7050-T7451 
alloy also presented the lowest potential at which the current from the pitting areas 
contributes significantly to the total current flowing from its surface. Also, it is 
expected that the AA2024-T3 alloy should exhibit the least tendency to corrode in 
NaCl environment amongst the alloys investigated. Also, since the new generation 
alloys have lower Ecorr values compared with the AA2024-T3 alloy, the new genera-
tion Al-Cu-Li alloys should be more susceptible to corrosion compared with the 
AA2024-T3 alloy.

However, potentiodynamic polarization results are not sufficient to establish the 
corrosion resistance of these alloys, especially as it is difficult to rely on extrapolated 
current density values for aluminum alloys in near-neutral NaCl environments. One 
of the reasons being that it is difficult to establish the active corroding area [4]. For 
a quick comparison, SVET immersion tests were conducted on samples represent-
ing the Al-Cu-Mg, Al-Cu-Li, Al-Mg-Si and Al-Zn-Mg series as presented in the 
section below.

3.1.2 SVET immersion tests

Figures 2 and 3 present the SVET result of the AA2024-T3 (Al-Cu-Mg), 
AA2198-T851 (Al-Cu-Li), AA6082-T6 (Al-Mg-Si) and AA7050-T7451 (Al-Zn-Mg) 
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alloys after 2 and 18 h of immersion (Two 2xxx series alloys were selected to have 
a conventional (AA2024-T3) and a new generation Al-Cu-Li alloy (AA2198-T851) 
representation. Also, the solution employed in this case was 5 mM NaCl solution. 
This solution is less aggressive compared with the 3.5% NaCl solution since it con-
tains less chloride ions, and it was chosen to allow for easy monitoring of the in-situ 
corrosion activities on the alloys with time.)

Pronounced anodic activities were observed on the AA7050-T7451 and 
AA2024-T3 alloys within the first 2 h of immersion (Figure 2). The SLC sites were 
easily discernible on the AA2024-T3 alloy (Figure 2b) but difficult to find on the 
AA7050-T7451 alloy (Figure 2h) at macroscale because of the nature of pit cover-
ing and corrosion product formation on the later alloy (this is discussed further in 
the section below). For the AA2198-T851 alloy, the anodic activities were not that 
pronounced (compared with these two alloys), and only traces of SLC sites were 
observed (an example is indicated by the red arrow). Localized activities associ-
ated with SLC were not observed on the AA6082-T6 alloy. The localized activities 
observed in the early hours were transient and no stable SLC site was initiated on 
this alloy after 2 h.

In the later hours of the test, the anodic activities were reduced at the surfaces 
of the AA2024-T3 and AA7050-T7451 alloys were pronounced SLC activities were 
observed because corrosion products had covered the sites on the AA7050-T7451 
and AA2024-T3 alloys. At this stage, visible SLC sites were evident on the 
AA2198-T851 alloy. However, corrosion products also formed on these sites and 
reduced the anodic activities recorded by the SVET. Again, for the AA6082-T6 alloy, 

Figure 2. 
SVET current density maps and optical images of the tested alloys in 5 mM NaCl solution after 2 and18 h of 
immersion.
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no trace of SLC activity was recorded by the SVET and the optical macrograph also 
did not reveal any trace of SLC site.

Presented in Figure 3 is a plot of the peak current density recorded on the 
alloys throughout the test. As evident, the highest peak current density values 
were recorded on the AA2024-T3 and AA7050-T7451 alloys. Peak current density 
values as high as 298.3 and 377.8 μA/cm2 were recorded on both alloys, respectively. 
Lower peak current density values were recorded on the AA2198-T851 alloy with 
the highest being in the range of 60 μA/cm2. For the AA6082-T6 alloy, the peak 
current density values were near zero with the highest being about 11 μA/cm2. The 
average peak current density values recorded on these alloys were 114.49 μA/cm2 
for AA7050-T7451, 73.03 μA/cm2 for AA2024-T3, 21.0 μA/cm2 for AA2198-T851 and 
2.38 μA/cm2 for AA6082-T6. This implies that the AA7050-T7451 alloy was the most 
susceptible and the corrosion rate on the alloy was the highest. However, it should 
be noted that the peak current values on this alloy were emanating from a few SLC 
sites compared with the AA2024-T3 alloy. The number of SLC sites were highest on 
the AA2024-T3 alloy, and high current density values were emanating from multiple 
sites across the surface of the alloy. This possibly explains why no pseudo-passivity 
was observed on the AA2024-T3 alloy during potentiodynamic polarization, since 
the sum of the current from the pitting sites would be very significant, swamping 
the total current flowing from the oxide-covered area.

The SEM images of the surfaces of the alloys before the removal of corrosion 
products show SLC sites on the AA2024-T3, AA7050-T7551 and AA2198-T851 alloys 
but not on the AA6082-T6 alloy (not even trenching associated with the cathodic 
Al-Fe-Si rich phases were observed on the AA6082-T6 alloy). The reason for the 
immaculate corrosion resistance of the AA6082-T6 alloy in the test environment 
used may be because of the insignificant amount of Cu. Galvanic coupling activities 
associated with Cu-rich particles are often more pronounced than those associated 
with Fe and Si-rich particles. The AA6082 alloy is, however, susceptible in chloride 
environment when Mg2Si particles are precipitated in the presence of precipitate 
free zones (PFZs) at the grain boundaries (GBs), and this is most common in the 
weld heat-affected zones and overaged temper (T7) of the alloy. For the other alloys, 

Figure 3. 
Plots of peak current density values recorded on the alloys during the SVET immersion test.
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the microstructural factors associated with the formation of SLC are readily present 
in their microstructure in the present tempers. These factors include S-phase and 
Cu-rich particle clusters for the AA2024, η phase (and its variants) and PFZs for 
AA7050, and T1 particles for the AA2198 alloy.

The SLC sites on these susceptible alloys were covered with corrosion products, 
and these sites were found within corrosion rings (especially as showcased in the 
SEM image of the AA2198-T851). The observed corrosion rings resulted from pH 
difference between the regions around the SLC pits and the surroundings. The 
reduction reaction of dissolved oxygen occurs in the surrounding region, while 
H+ ions are generated from the hydrolysis of Al3+ inside the pit. During the pitting 
process, the H+ ions migrate from within the pits to the mouths of the pits due to 
electrostatic potential difference [9]. Thus, H+ ions are present around the pit/SLC 
site and cause a local reduction in the pH around the pit mouths as evident in the 
agar-visualization result in Figure 4a–d (see the evolution of the sites labelled 1 and 
2). Also, although the predominant reduction of H+ to generate H2 bubbles occurs 
inside the pits, some of the ions are reduced around the pit mouths. What is clear, 
as will be seen in the section below, is that there is a boundary between the low pH 
region around the SLC sites and the high pH region surrounding the sites, and this 
boundary defines the domain of the corrosion rings as clearly depicted by the black 
arrow of the site labelled 2 in Figure 4a–d. The site labelled 1.

SEM analysis was further carried out after the removal of corrosion products 
on the surfaces of the alloys that exhibited SLC. In agreement with the SVET peak 
current density values, the width and extent of the attack on an SLC site were most 
pronounced on the AA7050-T7451 alloy. However, those of the AA2024-T3 were not 
as pronounced as expected especially when compared with those on the AA2198-T851 
alloy. Intergranular corrosion (IGC) expanding only within about 70 μm was observed 
on the surface of the AA2024-T3 alloy, whereas intragranular corrosion expanding 
beyond 100 μm was observed on the AA2198-T851 alloy. Also, it appears as if more 

Figure 4. 
Optical images showing the pH around SLC sites on AA2198-T851 alloy during agar visualization test and the 
corresponding surface after the removal of the gel.
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materials were consumed on the AA2198-T851 alloy compared with the AA2024-T3 
alloy. From these two alloys, the widths and the intensity of corrosion observed 
from the SEM images do not appear to correlate well with the current density values 
recorded during the SVET measurements. The peak current density values and the 
number of SLC sites indicate that the AA2024-T3 alloy was more prone to corrosion 
compared with the AA2198-T851 alloy. However, the SEM images of the surfaces after 
the corrosion test, tend to indicate otherwise. Also, the diameters of the corrosion 
rings were larger on the AA2198-T851 alloy compared with the AA2024-T3 alloy.

Nonetheless, the SVET results indicate that in order of rate of corrosion attack 
the AA7050 > AA2024 > AA2198-T851 > AA6082-T6 alloy. Thus, except for the 
AA6082-T6 alloy which exhibited no trace of corrosion during the test, the new 
generation AA2198-T851 Al-Cu-Li alloy is better than the conventional AA2024-T3 
and AA7050-T7451 alloys. However, it is difficult to relate the observed SVET results 
to those of the potentiodynamic polarization curves of the alloys based on Ecorr 
values. The only relatable correlation is the magnitude of the current density values, 
which is quite high for the AA2024 alloy in agreement with the predominance of 
the pitting current over the pseudopassive current from OCP as observed on the 
potentiodynamic polarization curve. Thus, to get more details in a bid to establish 
the corrosion resistance of the alloys, a non-electrochemical approach is needed.

3.2 Non-electrochemical approach

The non-electrochemical approach employed in this study involves optical and 
scanning electron microscopy analyses of the surfaces of the selected alloys after a 
72-h immersion test. The surfaces were examined before and after the removal of 
corrosion products. Following these, cross-sectional examinations of the corrosion 
attacks were then carried out.

Presented in Figure 6 are the optical images of the surfaces of the alloys after the 
immersion test. The new generation Al-Cu-Li alloys are placed on top—Figure 7a–d, 
while the conventional alloys are placed below, Figure 6e–g. At this scale, discern-
ible SLC pits were pronounced on the new generation Al-Cu-Li alloys with the 
AA2050-T84 alloy appearing to exhibit the most number of pitting sites. The con-
ventional alloys did not exhibit pronounced discernible pitting sites except for the 
AA7050-T7451 alloy (as depicted by the arrow). However, similar to the SVET sample, 
the surface of the AA7050-T7451 alloy was glossy and did not show any trace of corro-
sion (except for the area depicted with red arrow). No trace of SLC was found on the 
AA6082-T6 alloy at this scale. The AA2024-T3 alloy also appeared to show no trace of 
SLC sites when wet. However, after the surface was dried under an air stream, multiple 
SLC sites appeared to be present on the surface of the alloy. Thus, the optical micro-
graphs presented tend to show that the new generation Al-Cu-Li alloys are more prone 
to corrosion compared with the conventional alloys. Amongst the conventional alloys, 
the AA6082-T6 appeared to be the most resistant compared with the other two alloys.

However, polarization curves show that the AA6082-T6 and AA7050-T7451 alloy 
have high tendencies to corrode in the test environment. Thus, it is necessary to 
examine the extent of corrosion further at higher magnifications. In this regard, the 
surfaces of the corroded alloys and the cross-sections are examined using the SEM.

3.2.1 New generation Al-Cu-Li alloys

3.2.1.1 AA2050

Figure 5 presents the SEM images of the corroded surface and cross-section of 
the AA2050 alloy before and after the removal of corrosion products. The SLC sites 
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were situated within corrosion rings. The number of SLC sites per cm2 was about 
14. The corrosion features observed on the surface of the alloy suggest that the 
attack was predominantly intergranular, and the attacks were aligned according to 

Figure 6. 
Optical images showing the corroded surfaces of selected aluminum alloys after 72 h immersion in 3.5% NaCl 
solution at macroscopic scale.

Figure 5. 
SEM images of the corroded (a, b) surface of AA2050-T84 alloy ((a) before and (b) after the removal of 
corrosion products) and (c, d) cross-section showing the depth and different SLC types in the alloy.
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the direction of deformation (see the inset from the region highlighted with blue 
rectangle in Figure 5b). In certain regions, superficial attacks were observed at the 
mouths of the pits (as indicated by the green arrow in the inset Figure 5b). It does 
appear as if the corrosion products from the pit preferentially etches the surface 
around the pit mouth. As earlier mentioned, H+ ions migrate from within the pits to 
the mouths of the pits. This migration results in the decrease of the pH near the pit 
mouths. Thus, the local chemistry around the pit mouth is different from those in 
the surroundings. In this region, the solution can be aggressive owing to the reduced 
pH which can result in the mild attack of the surface of the alloy.

Cross-sectional images of the corroded AA2050-T84 alloy are presented in 
Figure 5c, d and Figure 8a, b. Attacks were observed penetrating as deep as 420 μm 
beneath the surface. Also, both intergranular and intragranular attacks were 
observed. The observed attack morphologies suggest that the attack initiated as 
IGC and then transited to intragranular. The magnified images in Figure 8 show the 
typical progression of the attack. Cu-rich particles were observed to promote the 
dissolution of the adjacent matrix in the direction of corrosion propagation. Non-
uniform precipitation was also observed as depicted in the images. The A-regions 
were richer in particles than the B-regions. This may affect the rapid propagation of 
the attack as observed since a galvanic cell will be most likely created between the 
particle-rich bands and the bands with lesser particles. Another interesting feature 
was the activities of redeposited Cu (Figure 8b). The re-deposited Cu promoted 
the dissolution of the matrix in a version similar to the Cu-rich particles. This 
sort of secondary attack caused the transition of the attack from intergranular to 
intragranular.

In the AA2050 alloy, initiation of IGC has been associated with Cu and Li enrich-
ment of the GBs although reports are associating the corrosion susceptibility of the 
AA2050 alloy with the activities of T1 particles at the GBs [10, 11]. A recent detailed 
report by Yan et al. [12] has shown that IGC attacks are most likely due to Cu-Li 
enrichment or the presence of S-phase at the GBs. Also, Guerin et al. [13] showed 
that, even though the T1 precipitates populated the GBs in AA2050 alloy, the IGC 
observed in the T34 alloy was not due to the activities of the T1 phase. Other fac-
tors, such as high level of misorientation, were suggested to have more influence on 
IGC susceptibility. Thus, the attack observed in this work probably initiated at the 
GBs due to Cu and Li enrichment of the GBs, but the transition to intragranular cor-
rosion occurred due to non-uniform precipitation, the presence of cathodic Cu-rich 
coarse particles in the corrosion paths, and the activities of re-deposited Cu which 
acted as local cathodic sites for the dissolution of the adjacent matrix.

3.2.1.2 AA2098-T351, AA2198-T8 and AA2198-T851

The corrosion behaviors of these alloys are very similar, and this is why they 
are grouped in this section. Figure 7 presents the SEM images of the surfaces and 
cross-sections of the AA2098-T351 alloy. The corrosion features in the three alloys 
are similar.

These alloys exhibited SLC sites formed within corrosion rings, and the attacks 
spread on the surfaces of the alloy with re-deposited Cu at the edges of the attacks. 
From the examination of the images of the surfaces after the removal of the cor-
rosion products, it was observed that the attacks spread laterally with that of the 
AA2098-T351 alloy being the most pronounced (as much as 2 mm). In addition to 
the lateral spread, undercutting also occurred for the three alloys. Furthermore, the 
number of pits per area were significantly lower compared with the AA2050-T84 
alloy - ranging between 3 and 8 per cm2 for the three alloys. The AA2198-T8 alloy 
was the least susceptible to corrosion. It exhibited the lowest number of pits per 
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area and the depth of attack was only in the range of 50 μm. The depth on the 
AA2098-T351 alloy was around 70 μm. The most susceptible of the three alloys was 
the AA2198-T851 alloy. The attack depth on this alloy was as much as 110 μm. The 
reason for the increased susceptibilities of the AA2098-T351 and AA2198-T851 alloys 
to corrosion is because of the “51” temper treatment. This treatment involves an extra 
deformation process which introduces more dislocations into the alloys. Dislocations 
are preferred sites for the precipitation of the T1 phase which is the phase respon-
sible for the formation of SLC in these alloys [6, 14–19]. Thus, the AA2198-T851 
and AA2098-T351 alloys contain more T1 particles, particularly the AA2198-T851 
alloy since it is artificially aged. The higher densities of the TI particles in these two 
alloys make them more susceptible compared with the AA2198-T8 alloy. And this is 

Figure 7. 
SEM images of the corroded surface of AA2098-T351 alloy (a, b) before and (c, d) after the removal of 
corrosion products. (e) A cross-sectional view of the corrosion.
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evident in the depths and spread of the attack. Nonetheless, the attacks on the three 
alloys spread more laterally and did not penetrate to very high depths as observed 
on the AA2050-T84 alloy. These three alloys, the AA2098-T351, AA2198-T8 and 
AA2198-T851, did not exhibit any form of intergranular corrosion. Also, it is impor-
tant to note that the coarse intermetallic particles in these alloys are not associated 
with the initiation of SLC. The coarse particles cause the localized dissolution of the 
surrounding matrix, and, consequently are associated with the formation of trenches 
and cavities (micro-pits).

The increased depth in the AA2050-T84 alloy may be associated with the highly 
localized regions of attack with pronounced non-uniform precipitation in bands. 
Another important factor to note is that the SLC initiation in the AA2098-T351, 
AA2198-T8 and AA2198-T851 alloys is associated with the T1 phase which is present 
in the interiors of the grains as shown in Figure 9. This results in the intragranular 

Figure 8. 
SEM images of the cross-section of AA2050-T84 alloy showing SLC morphology and non-uniform precipitation 
in the alloy.
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attack observed. The GBs in these alloys are resistant to corrosion as shown in 
previous works from the same group [20, 21]. On the other hand, the SLC initiation 
in the AA2050 alloy is associated with Cu and Li enrichment at the GBs [12]. This 
results in intergranular corrosion which transits to intragranular (due to the effects 
of non-uniform precipitation, cathodic Cu-rich particles and Cu-redeposition) 
and penetrates very deep into the alloy. Thus, the corrosion behaviors of the new 
generation Al-Cu-Li alloys are not the same, the corrosion morphology and rate 
in the AA2050 alloys are very different from those of the other new-generation 
Al-Cu-Li alloys. For the later alloys, the attacks propagate laterally, predominantly. 
What is however common amongst the alloys is that irrespective of whether the 
attacks are penetrating deeply into the alloy or spreading laterally, the deformation 
the alloys were previously subjected to played a role in the propagation of attacks. In 
the AA2098 and AA2198 alloys, the attacks spread laterally according to the rolling 
direction. Also, in the AA2050 alloy, the attack spread and penetrated according to 
the rolling effect. Thus, in these alloys, there is a relationship between deformation 
and the propagation of SLC.

3.2.2 AA2024-T3 alloy

Figure 10 presents the SEM images of the surface of the AA2024-T3 alloy before 
and after the removal of corrosion products. Before the removal of corrosion prod-
ucts, it was difficult to locate the SLC sites. After the removal, small-sized SLC sites 
were observed all over the surface of the alloy. The number of SLC sites per area 
was more than 400. The cross-sectional images presented in Figure 11 shows the 
attack depths and the corrosion morphologies. The region in brown square region 
in Figure 11a is further analyzed in Figure 12. Figure 11c and 11d are magnified 
images of the blue and green square regions in Figure 11a and 11b, respectively. The 
red arrows indicate intergranular attack, the blue arrows indicate trenched particles 
and the yellow arrows indicate regions that have been attacked intergranularly. 
Attacks were observed to have penetrated as deep as 220 μm. Thus, the attack on 

Figure 9. 
HAADF image of the grain interior of AA2198-T851 alloy showing the typical hexagonal T1 precipitates 
present in new generation Al-Cu-Li alloys.
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this alloy is very insidious since numerous small-sized attacks are penetrating very 
deep into the alloy without pronounced signs at the surface, especially during cor-
rosion as shown by the differences between the wet and dried surface in Figure 6.

SLC attacks in AA2024 alloy are usually nucleated at regions with clusters of 
Cu-rich particles irrespective of whether they are S-phase particles or not [22–27]. 
However, in this work, most of the particles analyzed in the vicinity of attacks were 
predominantly S-phase particles. This is not surprising since the S-phase constitutes 
more than 60% of the coarse intermetallic particles present in the AA2024 alloy 
[28]. The S-phase associated attack resulted in pitting and transition to intergranu-
lar attack as the attack propagated. This is reflected in Figure 11, where trenching 
around cathodic particles are also revealed. Also, partial consumption of particles 
which resulted from the heterogeneities of the individual particles was observed 
(Figure 12).

With respect to the attack features, three types of coarse particles were 
observed (Figure 12): highly heterogeneous particles (HT); more homogeneous 
particles (HM); and high Cu-containing particles (HC). Partial dissolution of 
particles is associated with the HT particles. From Figure 12, it can be seen that 
the HT particles contain regions that are richer in Cu relative to the other regions 
of the particles. The EDX analysis of the observed HT particles revealed that they 
were predominantly Al-Cu-Mg particles with significant differences in the weight 
percentages of the three elements. For instance, in one of the particles, the Al, 
Cu, Mg weight percentages were 25.16, 63.69 and 1.23, respectively, in one region 
and 35.29, 49.02 and 12.59 in another region. The presence of multi-components 

Figure 10. 
SEM images of the corroded surface of AA2024-T3 alloy (a) before and (b–d) after the removal of corrosion 
products.
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in a coarse particle has been previously reported in the literature [25, 29]. Micro-
galvanic coupling can occur within HT particles [29], and the micro-galvanic 
interactions between the compositionally different domains in the particles 
(and the matrix) possibly resulted in the selective dissolution of the most active 
regions in the particles. These regions are most likely richer in Mg compared with 
the other regions, and are, therefore, anodic both to the matrix and the other 
regions of the particles. The HM particles were not found to be associated with 
any form of corrosion activities in this work. They are possibly (Al,Cu)x(Fe,Mn)
ySi group of particles with lower Cu/Fe ratio as reported by Boag et al. [22] 
who also showed that trenches were not formed around these particles except 
after prolonged hours of exposure. The HC particles are Cu-enriched Al-Cu-Mg 
particles and Al-Cu-Fe-Mn particles. EDX analysis revealed that the Cu-enriched 
Al-Cu-Mg particles are dealloyed S-phase particles with Al and Mg contents in 
the range of 17 and 1.0 wt %, respectively, compared with 35.29 and 12.59 wt % 
of the HT particles. The selective leaching of the Al and Mg components resulted 
in the formation of Cu-rich remnants. The high Cu-content of the Al-Cu-Fe-Mn 
particles are associated with the re-deposition of Cu on these particles since they 
are cathodic particles [24]. The HC particles caused the dissolution of the adjacent 
matrix, and, hence, the formation of trenches.

From Figure 11, it is clear that there are links between the particle-associated 
attack and the GB attacks, and these links provide pathways for deep penetration 
into the alloy. However, it is important to note that the transition from pitting to 
intergranular corrosion is a typical corrosion characteristic of this alloy [30–32]. 

Figure 11. 
SEM images of the cross-section of corroded AA2024-T3 alloy showing different depths and morphologies of 
attacks.
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Also, because of the non-linear form of these links, the attacks branch significantly 
such that it is often difficult to follow the attacks from the surface to regions far 
beneath the surface through cross-sectional examination.

Unlike the new generation alloys, especially the AA2098 and AA2198 alloys, the 
initiation of SLC in the AA2024-T3 alloy is associated with the coarse intermetal-
lic phases, and the propagation of attack appears to have no relationship with the 
rolling direction. Also, far more SLC sites were observed on the AA2024-T3 alloy, 
and the attacks penetrated very deep into the alloy - twice as deep as those observed 

Figure 12. 
SEM images of the cross-section of a corroded AA2024-T3 alloy showing different types of precipitates 
with respect to the corrosion activities. These images were obtained from areas within the brown square in 
Figure 11a.
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on the new generation alloys (except for the AA2050-T84 alloy). This shows why 
the total current from the pits swamps that of the pseudopassive as observed on the 
polarization curves. Thus, it can be argued that the new generation Al-Cu-Li alloys 
(except for the AA2050-T84 alloy) are more corrosion resistant compared with the 
AA2024-T3 alloy.

3.2.3 AA6082-T6

Presented in Figure 13 are SEM images showing the corroded surfaces of the 
AA6082-T6 alloy before and after the removal of corrosion products and the cross-
sectional image obtained afterwards.

In this alloy, the predominant form of corrosion was trenching, and cavity 
(micro-pit) formation and this was associated with the activities of the coarse 
Fe-rich particles. The Fe-rich particles were the predominant coarse particles on 
this alloy. The formation of SLC was very rare. In fact, only a site was found in the 
entire area exposed, and it was not pronounced. The observed SLC was intergranu-
lar (Figure 13d) and penetrated only as deep as 30 μm. The formation of IGC in 
this alloy is as a result of the formation of Mg2Si particles at the GBs with widened 
precipitate free zones (PFZs) [33] as typified in the TEM image in Figure 14a. The 
Mg2Si (β) phase is highly anodic to the Al matrix [34, 35]. The absence of precipi-
tates at regions immediately adjacent to the GBs promotes galvanic interactions 
between a highly anodic Mg2Si phase and the PFZs. Upon exposure, the Mg compo-
nent of the Mg2Si phase is selectively dissolved leaving behind a Si-enriched particle 

Figure 13. 
SEM images of the corroded surface of AA6082-T6 alloy (a, b) before and (c) after the removal of corrosion 
products. (d) Cross-section of the corroded alloy showing the intergranular attack.
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remnant. Although some authors have argued that Si-enriched particles rapidly 
form SiO2 in the presence of water and are therefore not effective cathodes [36–38], 
it is believed that this remnant is cathodic and causes the dissolution of the adjacent 
PFZs [33, 39]. An example of the activities of the Si-enriched Mg2Si particles can be 
seen in Figure 14b, c. The images provided were obtained from a mildly corroded 
region of an AA6082-T6 sample that was exposed to 3.5% NaCl solution for 7 days. 
The corrosion products were not removed before obtaining the images. From these 
images, it can be seen that the Si-enriched particles cause the dissolution of the 
adjacent matrix leading to the selective dissolution of the GB.

Nonetheless, the AA6082-T6 alloy is the most resistant to corrosion amongst the 
selected alloys compared—the number of SLC sites per area and the depth of SLC 
penetration were the lowest. This agrees with the SVET result.

3.2.4 AA7050-T7451

Figures 15 and 16 present the SEM images of the corroded surfaces (before 
and after the removal of corrosion products) and the cross-section of the 
AA7050-T7451 after the 72-h immersion test. Figure 15b is a magnified image of 
the marked region in Figure 15a. As with the other alloys, corrosion rings were 
also formed around SLC sites. However, except for the highly pronounced region 
of attack, the corrosion products blended well with the surface and covered 

Figure 14. 
(a) TEM bright-field image showing widened PFZ and Mg2Si precipitates at the grain boundary of the 
AA6082-T6 alloy. (b) SEM images showing Si-enriched remnants at the GB of the corroded surface of 
AA6082-T6 alloy.
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pitting sites smoothly. And this is the reason behind the glossy appearance of the 
surface at macro-scale (Figure 6h). After the removal of the corrosion products, 
pronounced SLC sites numbering up to 24 per cm2 were revealed. The SLC was 
predominantly IGC, but other forms of intragranular corrosion were also observed 
(see Figure 16c and the region labeled z in Figure 16d). Furthermore, superficial 
IGC were observed across the entire surface examined (Figure 16e). It is clear 
from the images in Figure that the selective dissolution of the particles precipitated 
at the GBs plays an important role in the IGC attack. In the 7xxx series alloys, the 
η(Zn2Mg) phase and its variants are usually associated with IGC [40–42]. This 
phase is highly active compared with the matrix of the alloys and preferentially 
dissolves upon exposure to aggressive media. The potential difference between a 
widened PFZ and the grain interior also plays a role in the selective dissolution of 
the GBs in 7xxx series alloys [43].

The SLC attacks propagated according to the elongation induced by the prior 
deformation process. The SLC attacks penetrated as deep as 143 μm into the alloy 
(Figure 16f). The SEM image in Figure 16c shows that the propagation of the SLC 
was also affected by grain specific bands similar to the grain features revealed by 
Donatus et al. [44, 45]. Again, superficial dissolution of regions around some pit 
mouths, similar to what was revealed on the AA2050 alloy, were observed. This 
further shows the effect of the local chemistry changes around the mouths of 
the pits.

Figure 15. 
SEM images of the corroded surface of AA7050-T7451 alloy before the removal of corrosion products showing 
different types of SLC sites on the alloy.
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Compared with the new-generation Al-Cu-Li alloys, the AA7050-T7451 alloy 
is far more susceptible to corrosion both in terms of depth of penetration (except 
for the AA2050-T84 alloy) and the number of attacks per cm2. Also, the attack on 
AA7050-T7451 is far more insidious compared with all the alloys tested since it is 
very difficult to detect at macro-scale.

4. Summary

Table 2 gives a summary of the corrosion type, morphology and the microstruc-
tural features associated with the corrosion of the selected aluminum alloys.

Figure 16. 
SEM images of the corroded (a–e) surface and (f) cross-section of AA7050 alloy after the removal of corrosion 
products. Different forms of corrosion including a superficial form of intergranular attack (e) were observed.



Advanced Aluminium Composites and Alloys

180

Presented in Figure 17a are curves showing the peak depth of corrosion 
attack and the number of SLC sites per cm2 for the selected alloys. In terms of 
depth of penetration, the most corrosion-resistant alloy is the AA6082-T6 alloy 
followed by the new-generation AA2098-T351, AA2198-T8 and AA2198-T851 
alloys. The “51” treatment increased the susceptibility of the later alloys. The 
corrosion rate of the AA2050-T84 is the highest with the attack penetrating twice 
as deep as that of the nearest alloy (the AA2024-T3) alloy. In terms of the number 
of pits per cm2, the AA2024-T3 presented the highest number followed by the 
AA7050-T7451 alloys. These two alloys, alongside the AA2050-T84 alloy, are the 
least corrosion-resistant alloys.

Figure 17b shows the length of the spread of SLC on the surfaces of the alloys. 
Although the new generation Al alloys are more resistant in terms of corrosion pen-
etration and the number of pits per cm2, these alloys presented the largest lengths 
of SLC attacks on the average. This was most evident in the AA2098-T351 alloy. 
These alloys only exhibited an intragranular form of attack and this form of attack 
only propagated and spread laterally, but predominantly according to the direction 
of deformation.

It is also important to note that the corrosion behaviors of the Al-Cu-Li alloys 
are not the same. Different factors trigger and promote SLC in these alloys. The 
AA2050-T84 alloy presented a very different degree of susceptibility and morphol-
ogy in comparison with the other third-generation Al-Cu-Li alloys namely, the 
AA2098-T351, AA2198-T8 and the AA2198-T851 alloys. However, it is important to 
state that the AA2098 alloy is a precursor to the AA2198 alloy [46]. This probably 
explains why their corrosion behaviors are similar. It is also very evident from the 
results that, except for the AA6082-T6 alloy, every other alloy that exhibited IGC 
presented very high rates of corrosion attack penetration. The new generation 
Al-Cu-Li alloys (except for AA2050-T84) that exhibited only intragranular corro-
sion were more resistant to corrosion penetration.

Alloy SLC type and morphology Associated microstructural features/
phases

AA2050-T84 Predominantly IGC and pitting developed 
from IGC
Deeply penetrating and less branched attack

GB enrichment [12, 13].
Redeposited Cu.
Non-uniform precipitation of particles.

AA2098-T351 Intragranular attack (no IGC)
Exfoliating layers in attacked grains.
Shallow and laterally spreading attack.

Intragranular T1 particles.

AA2198-T8 Same as AA2098-T351. Same as AA2098-T351.

AA2198-T851 Same as AA2098-T351 + band-like attack. Same as AA2098-T351.

AA2024-T3 Predominantly IGC and pitting with particle 
consumption, and particle-GB linked attack.
Deeply penetrating and highly branched 
attack.

S-phase and heterogeneous Cu-rich 
particles.

AA6082-T6 IGC
Less pronounced penetration.

Mg2Si (β) particles and precipitate free 
zones at GBs.

AA7050-T7451 IGC, pitting and intragranular band-like 
attack
Deeply penetrating and less branched 
attack.

Zn2Mg (η) and η-phase variants at GBs 
[40–42], and the presence of PFZs [43].

Table 2. 
Summary of SLC type and morphology and associated microstructural features and phases in the alloys 
investigated.
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Furthermore, there seems to be a strong relationship between the direction of 
attack propagation and spread with the direction of deformation. This was evident 
in at least five out of the seven alloys investigated. Also, all the alloys exhibited 
trenching and the formation of cavities (micro-pits). These types of attack are 
associated with the activities of cathodic coarse intermetallic particles.

In conclusion, the new generation aerospace alloys (except for the AA2050-T84) 
are more resistant to corrosion than the conventional aerospace alloys (AA2034-T3 and 
AA7050-T7451) but are less resistant compared with the AA6082-T6 alloy. It was difficult 
to fully establish these differences from electrochemical approaches (especially from the 
potentiodynamic polarization technique). Thus, it is advisable always to employ a non-
electrochemical approach when the corrosion resistance of Al alloys are to be compared, 
and this can be combined with electrochemical techniques to gain more insight.
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Abstract

Machining operations are chosen by aircraft manufacturers worldwide to 
process light aluminum alloys. This type of materials presents good characteristics 
in terms of weight and physicochemical properties, which combined with a low cost 
ratio making them irreplaceable in aircraft elements with a high structural com-
mitment. Conventional machining processes such as drilling, milling and turning 
are widely used for aeronautical parts manufacturing. High quality requirements 
are usually demanded for these kinds of components but aluminum alloys may 
present some machinability issues, basically associated to the heat generated during 
the process. Among others, surface quality and geometrical deviations are highly 
influenced by the condition of the cutting-tool, its wear and the cutting parameters. 
Consequently, the understanding of the relationship among the process parameters, 
the quality features and the main wear mechanism is a key factor for the improve-
ment in the productivity. In this chapter, the fundamental issues of drilling, milling 
and turning are addressed, dealing with the relationship between cutting param-
eters, wear phenomena and micro and macro geometrical deviations.

Keywords: aluminum, drilling, milling, turning, cutting tool, tool wear

1. Introduction

Aluminum is considered a valuable material thanks to its lightness (around 
a third of copper and steel density), its mechanical properties and its resistance 
to corrosion. This highly malleable material presents an excellent thermal and 
electrical conductivity. It is also a magnificent light reflector that gives to it an 
attractive natural appearance. Furthermore, neither magnetic nor toxic, this metal 
is 100% recyclable, increasing its value even as a waste. In fact, its recycling offers 
powerful economic incentives [1, 2]. It should be noted that around 70% of the 761 
million of tons of aluminum produced since 1886 continue in use [3].

The large number of chemical elements that can be alloyed to pure aluminum 
allow to find a suitable aluminum alloy for every industrial case. The different com-
positions help to enhance some of the mechanical properties, as is shown in Table 1.

Nonetheless, these alloys easily respond to hardening mechanisms, reaching 
strengths up to 30 times higher than the pure aluminum strength [4, 5]. For these 
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reasons, the variety of applications for aluminum is constantly increasing, being an 
essential part of our life.

Particularly, transport industry absorbs more than a quarter of the produced 
aluminum, being applied to any type of transport. Cast alloys are widely used in the 
automotive industry while forging alloys predominate in the aeronautic field.

This material is indispensable for the aeronautic industry since its origin, due to 
the high influence on the total weight of the aircraft. It is estimated that each ton of 
weight reduction in the structure of an airplane, considering an average weight of 
80 kg per passenger, luggage on board included, results in an increase of 12 passengers 
per flight [6]. Likewise, the weight of the aircraft is directly proportional to fuel 
consumption as well as operational and maintenance costs, especially in landing gear 
consumable elements [7].

Consequently, light materials such as titanium-based alloys, composite materials 
and aluminum alloys are the most common choices for the structural elements of 
this sector. Despite nowadays it seems to be a trend trying to replace aluminum 
alloys by composite materials, forged aluminum alloys or some of its variants 
2xxx (Al-Cu) and 7xxx (Al-Zn) series are still strategic materials for most of the 
structural parts (Figure 1) [8]. Their choice ensures a wide scope and a predictable 
in-service behavior [6]. That’s why, 82% of the structure of a Boeing 747 aircraft and 
70% of a Boeing 777 are made of this type material [1, 4].

Aeronautical parts have specific characteristics. They are designed to increase 
their strength and reduce their weight as well as to be integrated in the aircraft 
using assembly operations.

In the case of aluminum machining, the cost is significantly influenced by the 
machinability problems, which are basically associated with the heat generated 
during machining due to the deformation of the crystal lattice and the friction 
between the chip and cutting-tool [9].

The study of machining processes and the theory of metal cutting dates back to 
F.W. Taylor, who published “On the Art of Metal Cutting” in the early 20th century 
[10]. Since then, the scientific/technical advances have been spectacular, among the 
most noteworthy milestones are: new materials and tool coatings, automation of the 
machine tool, increasing the process accuracy and its monitoring, among others.

The most common operations are milling and turning to shape the component, 
while drilling is mainly used to prepare assembly operations. These processes keep 
in common the material removal in order to give the desired shape and dimensions, 
that is, to add value to the workpiece.

Due to the widespread use of forging alloys, it is common to find parts with a 
high Buy to Fly ratio (BtF). The BtF defines the relation between the weight of the 

Al + Cu • Increased strength and hardness
• Combined with Mg produces a heat treatable alloy

Zn • Increased strength and hardness
• Possibility of stress corrosion
• Combined with Mg produces a heat treatable alloy

Si • Good corrosion resistance
• Combined with Mg produces a heat treatable alloy

Mn • Increased resistance to corrosion

Mg • Increases strength and hardness
• Good corrosion resistance
• Increased weldability

Table 1. 
Main alloying elements used in aluminum alloys.
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purchased raw material and the weight of the part that finally flies [8, 11], which 
means that most of the raw material is removed transforming it into chips during 
the machining operation. In fact, milling of monolithic parts can achieve up to 12: 1 
BtF. Such high BtF factors will affect the primarily cost, weight, and performance of 
the part.

In summary, the aeronautical components start from a large volume of raw 
material, in which is necessary to remove the excess of material. Depending on 
the geometry and function of the component, various machining processes can be 
used, standing out the drilling, milling and turning processes. The correct control 
of these machining processes allows to obtain high quality parts, as those demanded 
in aeronautics.

1.1 Chapter scope

In the following sections, the main characteristics of these machining processes 
are presented based on a literature review. The text analyzes when and how each 
machining is used, covering the parameters and the cutting-tool wear effects on 
the quality of the produced components. This text is illustrated with examples 
extracted from experimental campaigns performed by the authors of this chapter.

All the experimental work and most of the literature find is focused on the two 
main Al series which characteristics are shown in Table 2.

2. Drilling of aerospace aluminum alloys

Aircrafts are subjected to a wide temperature ranges during their service, 
being able to reach up to 40°C while operating in airports and temperatures below 
−50°C when flying. This wide gradient implies that the structural joints must be 
designed to withstand stresses in a wide thermal gradient. Therefore, the joint 

Figure 1. 
Structural parts manufactured in aluminum in an A319 aircraft.
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must be made with rivets, while the use of welded joints is not certified. Because 
of this, drilling is one of the prior machining operations in the assembly of 
aerospace components [11, 12].

Drilling operation have a direct impact on the performance of the riveted joint, 
affecting mainly its dimensional compatibility with the part to join and the joint 
fatigue behavior, being particularly important in airframes parts. For this reason, 
drilling is monitored measuring the thrust force and the torque produced during 
the machining. Afterwards, some quality parameters such as roughness, burr 
formation or roundness, are usually measured to ensure the quality of the obtained 
hole [13–15].

Identification Aluminum 
Association

AA2024 AA7475 AA7050 AA7075

UNS A92024 A97475 A97050 A97075

ISO AlCu4Mg1 AlZn5.5MgCu(A) AlZn6CuMgZr AlZn5.5MgCu

Composition Si ≤0.5 ≤0.1 ≤0.12 ≤0.4

Fe ≤0.5 ≤0.12 ≤0.15 ≤0.5

Cu 3.8–4.9 1.2–1.9 1.9–2.5 1.2–2.0

Mn 0.3–0.9 ≤0.06 ≤0.1 ≤0.3

Mg 1.2–1.8 1.9–2.6 2.0–2.7 2.1–2.9

Cr ≤0.1 0.18–0.25 ≤0.04 0.18–0.28

Zn ≤0.25 5.2–6.2 5.9–6.9 5.1–6.1

Ti ≤0.15 ≤0.05 ≤0.06 ≤0.2

Al Rem. Rem. Rem. Rem.

Properties Density  
(kg/m3)

2.78 2.81 2.83 2.81

Melting  
point (°C)

500–638 477–635 490–630 475–635

Thermal 
conductivity 

(W/m°C)

121–151 163 157 130

Thermal 
expansion 
(um/m°C)

23.2 23.2 24.1 23.6

Young’s 
Modulus 

(GPa)

73 72 72 72

Percent 
elongation 

(%)

6–20 12 10 11

Ultimate 
tensile 

strength-UTS 
(MPa)

440–495 531 495–550 525–570

Heat 
treatment

T3, T4, 
T361, T6, 
T81,T861

T7651 T74 T6, T651, T73

Table 2. 
Most frequent aeronautical aluminum alloys designation, compositions and technical properties [5].
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This quality is usually affected by different factors, including the correct the 
selection of the cutting parameters, movements of the operator during the machining, 
incorrect chip removal, marks produced by the cutting-tool due to uncontrolled vibra-
tions, as well as imperfections in the drilling angles [16].

Uncontrolled vibrations can be reduced by using automatic drilling machines or 
by reducing the length of the cutting-tool, decreasing the deflection of the tip and 
improving the roundness cylindricity of the hole [16]. However, the main problems 
of aluminum drilling are roughness, burr formation and cutting-tool wear, which 
are related mainly to the machining parameters [17].

Additionally, fatigue behavior is highly influenced by the roughness, even more 
than by residual stresses, so their control becomes a critical task. A higher rough-
ness on the hole surface reflects deeper machining marks, scratches and gauges 
that may work as stress concentration points, increasing the possibilities of crack 
propagation by magnifying the stress on the part at the assembly point [18].

2.1 Influence of the drilling parameters

Drilling is an axial machining operation where the cutting-tool rotates and 
penetrates perpendicular to the surface to be drilled at the same time, Figure 2.

It is governed by two main parameters: tangential cutting speed (V) and linear 
feed rate (F). V is usually provided by the tool manufacturer, in function of the 
cutting-tool material. From V and the tool diameter (D), the spindle speed (S) can 
be calculated by using Eq. (1):

 =
·
VS
Dπ

 (1)

Similarly, F depends on the feed per tooth (fz), the number of cutting tooth (Z) 
and S. This parameter can be calculated using Eq. (2):

 = · ·zF f Z S  (2)

Both parameters have a direct impact on the quality of the hole, and though on 
the quality of the joint.

In a general way, lower values of roughness are obtained when low cutting 
speed and feed-rate are used [17, 19]. Higher spindle speed brings longer chips that 

Figure 2. 
Drilling scheme and image of a drilling process.
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curl inside the hole, producing marks on its surface [19]. Other way to improve 
the roughness results it to use high point and helix angles [20], but in this case, 
diamond coatings should be considered to increase wear resistance [17]. Similarly, 
higher-feed rates increase thrust force and though the wear behavior, while an 
increase of the cutting speed slightly reduces the thrust forces.

Cylindricity and perpendicularity errors rise by increasing feed-rate and depth 
of cut, but cutting speed have a different effect in both of them. Low cutting speed 
reduces roundness error but it also peaks the perpendicularity error, so the optimum 
value should be selected depending on the part requirements [21].

Probably, the most relevant phenomenon in the drilling of aluminum alloys is 
the burr formation. Burrs in aluminum are usually classified as type “A”, uniform 
along the hole [22]. They are related to the aluminum ductility (10–12% elongation), 
affected by the drill geometry (point angle, helix angle, diameter, web thickness and 
chisel edge) and the process parameters (F, S). Low feed-rates are recommended to 
reduce burr height, especially near the exit of the cutting tool [22], while a proper 
cutting speed can interact on the burr thickness. Additionally, large point angles 
minimize burr height [19]. If the selection of the suitable parameters cannot avoid 
burr appearance, deburring operations before riveting and assembly are performed. 
They depend on the burr height, being mandatory when it excess 0.3 mm.

Finally, the dimensional accuracy is mainly related to the helix angle. Larger helix 
angles increase it [20]. However, it should be considered that oversized holes are 
common and low cutting speed and high-feed rates can also increase its deviation 
from the nominal value [19], mainly due to adhesion wear mechanism.

Aluminum alloys are usually machined under dry conditions using tungsten 
carbide (WC-Co) tools but more aggressive parameters can be selected depending 
on the lubricating conditions. Carbide tools increase the process efficiency in terms 
of wear behavior [14] but they may have an impact on the hardness and the cylin-
dricity whereas parameters need to be carefully selected to not increase the tool 
wear due to thermal effects.

When liquid lubricants are used, they should be placed inside the working 
area, but as drilling edges work inside the material, the chips produced inside it are 
constantly removed upward, forcing the lubricant to be evacuated from the place 
of action and reducing its cooling effect [16]. For this reason, the most adopted 
lubricating option to avoid this problem it to project the cutting fluids trough the 
cutting-tool, creating an internal lubrication.

Wear control is essential to obtain the expected quality parameters, affecting 
the diameter, the roughness and burr height. As example of the aforementioned, 
Figure 3 shows different graphs analyzing the diameter, the roughness, the burr 
and cutting forces evolution in the dry drilling of AA7475 alloy.

It can be observed a diameter reduction produced by the heat effect on the 
expansion of the hole during the drilling operation. A slight opposite trend can 
be found for the thrust force due to the loss of cutting edge capacity, reduced by 
wear effects. Similarly, burr height easily grows over 0.3 mm, the maximum value 
permitted, forcing deburring operations as long as the tool wear increase. At last, 
Ra values present a high variability, indicating the presence of dynamic problems 
or a poor chip evacuation, as well as the alternate effects of the secondary adhesion 
wear mechanism. However, they are far from 3.2 μm, the maximum value allowed 
for metal alloys.

2.2 Advanced drilling techniques

Drilling of aluminum components is sometimes performed in multiple materials 
at the same time such as stacks or laminates. For this reason, different advanced 
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drilling techniques are used to improve the quality of the hole and avoid possible 
defects derived from them.

• Orbital Drilling (OD) is a technique where the hole is produced using a milling-
tool instead of a drill bit. The cutting tool generates an orbital path to create the 
hole instead of an axial one. This technique is usually limited to 40 mm depth 
to reduce the possible vibration produced during the operation, which may 
decrease the hole quality as well as the cutting-tool life [23]. Moreover, cutting 
forces are lower than the obtained in conventional drilling, increasing the option 
of robots and machines that can be used in this operation [24]. It also drops the 
thermal effect of the machining, by its discontinuous cut and the short chip pro-
duced, that is also continuously removed reducing the need of lubricants [25]. 
This technique is quite useful when stacks of aluminum and titanium are drilled.

• Vibration Assisted Drilling (VAS) is a technique that combines the drilling 
operation with an impose high frequency vibration on the tool. It reduces the 

Figure 3. 
Diameter, average roughness, burr and cutting forces evolution in the dry drilling of a AA7475 alloy drilled 
using a double-lip 6.6 mm diameter cutting-tool, S = 4800 rev/min and F = 1085 mm/min.
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cutting forces, the burr formation and it increases the breakability of the chip, 
which increases the surface quality and reduces the dimensional error and the 
wear behavior [26, 27]. This technique includes peck drilling, where the ampli-
tude and the frequency are higher and created by the alternative axial displace-
ment in the machining center. VAS is a common technique for aluminum and 
fiber composite stacks drilling.

3. Milling of aerospace aluminum alloys

Milling of aluminum in the aeronautical industry is used to produce light 
components with a high accurate dimension. This operation creates slim parts or 
monolithic parts. Peripheral milling is performed in the first type to adjust the 
final dimensions of preformed sheets. Otherwise, monolithic parts come from 
a rough stock of aluminum and up to the 95% of the material can be removed 
[28], as it was mentioned before. For this reason, milling of aeronautic alloys 
selects the most aggressive parameters, so the material removal rate is as high as 
possible.

The quality of these type of parts is verified trough the surface quality and the 
dimensional accuracy [29] and both types involve at some point of the operation, a 
low stiffness situation were deflection and vibration, including chatter issues, may 
appear severally affecting their final quality. Consequently, low stiffness becomes 
determinant to select the machining parameters and reduce wear behavior. 
Additionally, this process has to consider residual stresses produced and released 
during the milling as well as the temperature achieved, especially to meet the 
precision targets [30].

In contrast to drilling, the continuous release of chip and cooling effect of 
inconstant contact favor manufactures to recommend high speed machining 
parameters. This option reduces the wear mechanism and increase the process 
efficiency. Nevertheless, high speed combined with low rigidity makes easier the 
appearance of chatter. These vibrations can arise due to the system excitation at 
the natural frequency response of the cutting-tool or the workpiece or due to the 
amplification of the displacements caused by the forces and the lack of stiffness [31, 
32]. In these cases, the cut is unstable creating an un-constant chip thickness, which 
is afterwards reflected on the surface quality [33, 34]. Similarly, the static deflection 
produced by the forces involved in the process leads to over or under cuts, affecting 
the final dimension of the parts [35, 36]. These facts enhance the importance of the 
workholding to ensure the final quality of the parts.

Therefore, different workholding and fixture devices had being designed to 
increase the part stiffness. Most of them change their position during the operation 
to ensure the maximum rigidity of the complete system all over the operation [37]. 
It is common to combine them with active damping actuators to attenuate vibra-
tions [38]. The better clamping system, the more aggressive the parameters will be 
and the higher the efficiency of the process.

Regarding the parameters and tool path selection, analytical approaches can 
be useful to reduce defects on the part and in-process issues. Simulations must 
include an accurate model of the material and a system that allows them to consider 
the continuous material removal, which will update the rigidity behavior of the 
part [39].

For the particular case of tool path and strategies, virtual twins’ develop-
ments are common since they allow to predict the part behavior and improve the 
operation [40].
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3.1 Influence of the milling parameters

Milling is a machining process where a rotary cutting-tools is used to remove 
material. The tool advance into a work piece varying the direction on one or several 
axes, Figure 4. This operation is defined with the same cutting parameters pro-
posed in the expressions that govern drilling operation, Eqs. (1) and (2), including a 
radial feed rate.

Conventional milling strategies are prone to generate undercut while climb 
milling is usually related to overcut [37]. Symmetric tool paths are selected to 
compensate the effect of residual stresses in the part deformation [41] as well as 
to reduce in-process deflection. Similarly, particular tool paths may be designed 
to increase the part stiffness during the cutting operation [42].

In terms of parameter selection, higher cutting speeds and lower axial depths of 
cut reduce the cutting forces and though the deflection [35, 36]. High cutting speeds 
also have an impact on the temperature of the process. When high cutting speeds 
are used, the chip formation mechanism changes to a near to adiabatic process. In 
this situation, the chip takes a relevant role as a heat exchanger, evacuating most 
of the heat generated and keeping the workpiece and cutting-tool relatively cold. 
This fact directly influences the cutting force components, as is shown in Figure 5. 
The force in the feed rate direction is reduced up to 50% from 600 to 750 m/min, 
the high speed machining range for aluminum. The other force component is kept 
almost constant and proportional to the feed rate.

Roughness is also proportional to the feed-rate, directly increasing with it. 
Nevertheless, the adhesion wear mechanism can produce alterations in the geometry 
of the cutting-tools, improving the surface quality with the machining time, as is 
shown in Figure 6.

Milling operations are usually performed in different steps, roughing and 
finishing, as a consequence burr formation is less significant than in drilling opera-
tions. However, deburring operations may be included in the same process if the 
tool wear considerably increases, having direct impact on the burr height, Figure 7.

The cutting tools recommended for aluminum milling have the following char-
acteristics. Very sharp edges to minimize adhesion and to perform a smooth cut. 
Two-lip cutting tools, with low helix angles (25°-30°) and long pitches to facilitate 
the evacuation of large chip flow rates [43, 44]. In order to reduce dynamic insta-
bilities, lower than 5 length-to-diameter ratios (L/D < 5) are recommended.

Whereas the choice between integral or insert tools depends on the applica-
tion, rounded inserts are more stable if they work with a considerably larger 
radial (20–60% diameter) than axial paths (2–8% diameter) [45] while integral 

Figure 4. 
Milling scheme and image of milling processes.
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Figure 7. 
Burr height evolution during the milling of an AA2024-T3 alloy.

cutting-tools, with both flat and toroidal tips, work much better laterally, with axial 
depth of cut between (50–150% diameter). However, these depths of cut also depend 
on the conditions described in the previous paragraph [45].

3.2 Advanced milling techniques

Nowadays there is a great interest in the machine intelligence. In this sense, 
different monitoring solutions are available to control the process. This measure 
allows to control the system state and with an adaptive control system, auto-
regulate the cutting parameters.

For instance, an increase of the part vibration can be detected through the cutting 
forces or the acoustic emission frequency analysis will lead to a decrease of the 
surface quality, if it is detected on time and there is a model governing the case, the 
correct parameters can be changed so the situation is inverted [46].

Similarly, distance sensors are used to act on the depth of cut, so when the 
distance recorded is not in the expected range the system automatically modifies the 
depth of cut improving the dimensional accuracy [47, 48].

Figure 5. 
Evolution of the cutting force components, obtained during the milling of a AA2024-T3 alloy, as a function of 
the cutting speed and the feed rate. Axial depth of cut is kept constant at 10 mm.

Figure 6. 
Roughness average evolution during the milling of an AA2024-T3 alloy.
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Finally, the cutting power and the cutting force signals can provide informa-
tion about the tool wear or the process temperature improving the dimensional 
accuracy. It should also be considered that the variation on the cutting parameters 
can extend tool life slightly decreasing the material removal rate but increasing the 
process efficiency.

4. Turning of aerospace aluminum alloys

Despite turning processes are mainly applied in aerospace to critical elements, 
such as connecting bolts for gates and actuators built of titanium alloys, several 
non-critical elements are made of aluminum, as shafts, fasteners and spacers. These 
parts are also evaluated in terms of roughness, roundness, parallelism deviation and 
residual stresses to define their in-service behavior, but their requirements are less 
stringent than those for critical structural parts.

Turning is the simplest machining process, so its use is also essential to obtain 
preliminary results that may give an initial approximation to more complex pro-
cesses like drilling and milling. That’s why, this operation is commonly used to 
define the machinability of the alloys as well as the tool wear behavior in orthogonal 
or oblique cutting configurations, therefore its importance.

Several studies about the turning of aluminum alloys identify the importance of 
cutting parameters on the micro geometrical properties of the generated surfaces, 
evaluating them in terms of roughness average (Ra) [49]. Few of them correlate the 
residual stresses and machining of aluminum alloys [50], but the induced residual 
stresses are in all cases compressive not having a negative effect on the part. Finally, 
the roundness is usually measured from the parallelism deviation, since it is a 
relevant feature that can affect the in-service behavior.

4.1 Influence of the turning parameters

Turning is the most suitable machining process to create revolution surfaces by 
using a cutting-tool. This operation has two main movements to set the dimensions, 
one along the Z axis of the stock (F) and another, along the X axis, where the depth of 
cut (d) is set. At the same time, the tangential cutting speed is produced by the rota-
tion of the part (S) cutting the part. These three actions are represented in Figure 8.

Regarding the cutting parameters, they are defined by the same expressions that 
govern drilling and milling operations, but in this case, D is the diameter of the 
cylindrical part. Turning cutting-tools work with just one cutting-edge, simplifying 
Eq. (2) in Eq. (3), where f is the feed per revolution:

 = ·F f S  (3)

These parameters have a direct impact on the micro and macro geometrical 
deviations as well as on the tool wear. Generally, better Ra results are achieved when 
low feed-rates and high cutting speeds are applied during short machining times 
(Figure 9).

Ra is also affected by the machining time (Figure 10). It gradually decreases due 
to the adhesive wear [51]. This mechanism modifies the initial tool geometry, due to 
the material adhered to the rake and clearance faces, that reduces the edge position 
angle [52]. This fact decreases the height of the peaks created in each step, produc-
ing a smoother surface, in a similar way that was exposed for milling.
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Figure 10. 
Roughness average evolution in the turning of AA2024 as a function of the depth of cut.

Shape quality criteria for turning parts include roundness and parallelism devia-
tions (PD). However, PD is easier to measure so its analysis is more usual [53, 54]. 
This criterion is also affected by the cutting parameters as is shown in Figure 11 [55]. 
High cutting speeds achieve higher precision, while the feed rate has a combined 
effect in the deviations. The alloy used affects the machine dynamics, for instance 
the UTS of AA7475 (531 MPa) compared to AA2024 UTS (440 MPa) increase the 
deviation. For this reason, parametric surfaces are used to find the minimum PD by 
selecting the better cutting parameters.

Figure 8. 
Turning scheme and image of a turning process.

Figure 9. 
Ra as a function of the cutting speed in the dry turning of AA2024-T3, depth of cut 1 mm and machining time 
10 s.
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Finally, as in the previous machining processes, the current trend in the 
machining of Al alloys is to minimize or eliminate the environmental impact 
reducing or avoiding the use of cutting fluids (dry turning) [56–58].

However, both turning and dry turning can have a negative impact on the 
in-service behavior of the parts or components manufactured, by reducing the 
functional performance of the process through the loss of the quality or the surface 
integrity [51, 56, 59]. Dry machining also has an impact on the wear behavior 
affecting the macro geometrical properties of the machined elements, in terms of 
dimensions or shape tolerances.

5. Cutting-tool wear in the machining of aluminum alloys

In the previous sections, the main machining techniques applied in the 
machining of aluminum aerospace alloys have been explained. For each machining 
process, it was indicated the influence of cutting-tool wear in the quality features 
of the machined parts. For this reason, it is relevant to explain the wear mecha-
nisms that take place in the machining of aluminum alloys.

When the cutting-tool penetrates the part, it causes a compressive plastic 
deformation, which intensity can exceed the bond energy in certain planes, 
leading to shearing or sliding elements along planes. At the same time, the elastic 
recovery of the chip and the tribological interaction between the part-chip-tool 
provoke an exchange of heat that may thermally affect the tool properties. This 
change of properties or tool wear may be produced by different wear mechanism 
but all of them lead to possible changes in the cutting forces or in the dynamic 
stability of the process modifying, as a consequence, the properties of the surface 
generated [60–63].

The most common wear mechanism of aluminum alloys machining is second-
ary adhesion. This phenomenon takes place due to the temperature achieved 
in the process, the thermal conductivity (between 120 and 165 W/m°C) of the 
part-tool combination and the selected cutting speed. This mechanism, as well as 
the temperature and parameters associated, has been deeply studied for ferrous 
materials. Nevertheless, these studies are not directly applicable for softer materi-
als such as aluminum. The high plasticity of this material favor chipping or notch 
wear for low cutting speeds [61, 62, 64].

Secondary adhesion appears divided in to two well-located phenomena, the 
Built-Up Edge (BUE) is located close to the cutting edge and the Built-Up Layer 
(BUL) is placed on the rake face [60, 65], as it is shown in Figure 12.

Figure 11. 
Parametric surface PD (f,v) for AA2024 (left) and AA7050 (right).
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Figure 13. 
Scheme of the secondary adhesion mechanism.

This adhesion process appears in different steps, which are represented in 
Figure 13. At the beginning of the machining process, a layer of material is adhered 
on the rake face of the cutting-tool, creating a BUL due to a mechanic-thermic effect 
of the cutting mechanism. Once it is formed, the cutting-tool geometry changes, 
promoting the growth of the adhered material over the cutting edge (BUE), which 
grows up to a critical thickness. Once this critical thickness is reached, BUE is 
mechanically extruded along the rake face, increasing the thickness of BUL and 
forming an adhered multilayer of material [66, 67].

Both the BUL and the BUE can disappear, be detached and be rebuilt, causing 
the gradually breaking of cutting-tool particles that are removed by the chip flow. 
This is therefore, a dynamic mechanism with successive layers of chip material 
welded and hardened. This cyclic behavior may change a gradual wear into a full 
weakening and even into the complete fracture of the tool [66, 67]. Figure 14 shows 
the previous instants to the detachment of the adhered material, enriched with 
cutting-tool (WC-Co) elements in the machining of AA2024 alloy. This fact may 
also be favored by a weak edge or other types of tool wear, such as abrasion and 
diffusion.

Figure 12. 
Secondary adhesion in turning insert, milling and drilling cutting tools.
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If the temperature achieved is low the adhesion is not very significant, no matter 
if the chips are long or short. Otherwise, when a critical temperature is reached, 
other types of wear mechanisms such as diffusion may appear, increasing the 
synergy effect previously described [68, 69].

6. General remarks

The use of aluminum alloys, mostly forged, remains essential to build aircrafts. 
Al-Cu and Al-Zn are the most used alloys due to their excellent physicochemical-
cost ratio properties. They come as raw material as sheets, blocks or cylinders that 
have to be drilled, milled or turned, in order to give them a final geometry.

Drilling, milling and turning are complex machining processes whose funda-
ments are based on the theory of metal cutting. The drilling process is fundamental 
in the manufacture of aircraft for the assembly of the structures using rivets. For 
specific applications with high quality requirements, OD and VAS techniques are 
used. Milling produces light components with a high accurate dimension, being 
mainly applied to monolithic parts that present deflection, overcuts, residual 
stresses and part deformation issues if the parameters are not properly selected. 
Turning generates surfaces of revolution, used to manufacture non-critical ele-
ments as shafts, fasteners and spacers.

The parameters that governs the machining processes, mainly cutting speed and 
feed rate, are highly related to the quality features usually required in aeronautics, 
surface quality, burr formation, macro geometrical deviations, form errors, etc. 
Generally, feed rate increase cutting forces and roughness while the effect of the 
cutting speed is related to thermal phenomenon and its influence depends on the 
machining regime. Feed rate selection usually comes with an agreement between 
different quality criteria and the process efficiency and high cutting speeds are the 
best choice whenever they are possible. Finally, both affects the tool wear produce 
by the secondary adhesion mechanism creating a BUL/BUE, which affects the macro 
and micro geometrical deviation. However, these effects can be diminished in dif-
ferent ways, using advanced tool coatings or projecting harmful cutting fluids in the 
cutting zone. In more advanced systems, machine intelligence is commonly used to 

Figure 14. 
Detachment of adhered material in the dry turning of AA2024.
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Chapter 7

Analysis of Surface Roughness of 
EN AW 2024 and EN AW 2030 
Alloys after Micromachining
Francisco Mata and Issam Hanafi

Abstract

Micromachining is the most suitable technology for the production of very small 
components (micro-components) in the industry. It is a high-precision manufac-
turing process with applications in various industrial sectors, including machine 
building. This chapter presents the experimental study of the roughness (Ra and 
Rt) of aluminum alloys using a specific micro-turning process. The roughness mea-
surements carried out show how it is possible to achieve very good surface qualities 
up to 0.05 mm diameter. For lower diameters, the surface quality worsens and the 
shape defects increase (conicity) due to the very low rigidity of the workpiece, 
which makes it very sensitive when passing through the forming process. The fun-
damental objective of this research is to analyze the surface quality of the finishes 
obtained in these micromachining processes and to evaluate their suitability to the 
specifications required by the mechanical industry (roughness, presence of burrs, 
shape and geometry, etc.). Predictive roughness models are proposed, with a good 
degree of approximation, to help characterize micromachining processes.

Keywords: micromachines, micro-turning, miniaturization, models

1. Introduction

The traditional machine concept, consisting of large mechanical elements with 
high energy consumption, low precision, and little degree of automation, has given 
way to much more complex realities in the integration of technologies (mechanical, 
pneumatic, electronic, etc.), in the reduction of sizes and consumption, and of 
course, in the possibility of performing high-precision operations with exhaustive 
controls. In this context, it is possible to speak of micromachines, which are small 
machines to develop operations of precision and are integrated by mechanisms and 
components of very small size. Consider, for example, the machinery of a watch or 
the injection systems used in the automotive industry. It is therefore necessary to 
manufacture components of very small dimensions, that is, micro-components for 
applications in the mechanical, biomedical, automotive, or mechatronic industries, 
among others.

The development of new materials with high performance, their study at 
micro- and nanotechnological scale, and the continuous attempt to achieve as 
compact designs as possible support the need to advance manufacturing processes 
on this scale [1]. The miniaturization of components has become a specialty within 
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the design and micro-manufacturing, a discipline also differentiated, involving 
machines, tools, and measuring equipment that must necessarily be adapted to the 
particularities of this type of conformation. This implies a growing demand for the 
integration needs of microscale components manufactured using different materi-
als, including metals and their alloys [2–5].

Micro-fabrication can be carried out using adapted traditional shaping tech-
niques (microinjection), by chip removal in machine tools (using tools of appropri-
ate geometry), or using other advanced conformation techniques (laser, ultrasound, 
photochemical forming, thermal diffusion, electric discharge, etc.) [5]. Machining 
meso (<10 mm) and micro (<1 mm) are the most suitable technologies for the pro-
duction of very small components in the industry [1–7], especially when high surface 
finishing and dimensional tolerances are required. These are high-precision manu-
facturing processes with applications in leading sectors such as the following [7, 8]:

• Medical industry: Production of small components that can be used as parts 
of bone and dental prostheses (implants and micro-implants) or as essential 
devices for performing surgical operations.

• Electronics industry: Instrumentation and control equipment (sensors, 
 actuators, etc.), telephony components, etc.

• Aerospace industry: Flow control elements, control devices, etc.

• Automotive industry: Small actuators, fuel injection nozzles and injectors, 
micro-valves and other small components (screws, pins, bearing needles, 
micro-axes, micro-wheels, etc.), and microsensors for pressure signal col-
lection, temperature, proximity, angular speed, or acceleration. Indeed, the 
evolution of automobiles in recent decades toward the integration of mechani-
cal and electronic technologies (mechatronics) demands components of very 
small dimensions for stability control systems, electronic injection, air bag, etc.

• Watchmaking: Micro-mechanisms (wheels, etc.).

• Micromachines: Integrated by microsensors, micro-motors, micro-gears, 
micro-actuators, etc.

In elements and microelements that have to integrate mechanisms, where there 
must be contact and relative movement between them, the surface finish becomes 
critical in addition to the precise dimensional adjustments. The small size of some 
of these elements and their peculiar shape, together with the specification of a good 
surface finish that prevents premature wear, requires opting for micro-conforming 
processes such as turning or milling, essentially. It should be added that the machin-
ing of micro-workpieces does not necessarily involve the use of small-volume 
machine tools (“micro-lathes” or “micro-milling machines”); micromachining 
operations can be developed in the conventional CNC machines and therefore it is 
important to carry out experimental studies leading to the characterization of these 
processes (establishment of limits to ensure the integrity and quality of machined 
workpieces, definition of appropriate functional cutting parameters, study of the 
geometry of cutting tools, determination of achievable surface quality levels, etc.)

The study of surfaces is a technique for characterizing materials, which is very 
useful in practice. Surface roughness is a parameter that has a great influence on 
the behavior and functionality of mechanical components and on production costs 
[9, 10], constituting an important quality control variable. Roughness is critical in 



211

Analysis of Surface Roughness of EN AW 2024 and EN AW 2030 Alloys after Micromachining
DOI: http://dx.doi.org/10.5772/intechopen.93560

mechanical contacts in addition to other fields such as fluid circulation or biomedi-
cal applications. The surface roughness obtained during the machining process is 
affected by the cutting parameters, tool wear, and material hardness. To achieve 
the desired roughness, it is necessary to know the mechanisms of the cutting and 
detachment of the material and the kinetics of machining processes, which affect 
the performance of the cutting tools [11].

In most applications of the machined micro-workpieces, high quality is required 
on shaped surfaces, including dimensional accuracy and surface integrity. For this 
reason, it is necessary to carry out various investigations with the aim of optimizing 
the cutting parameters in order to obtain a certain roughness [9, 12] and tolerable 
formal characteristics (cylindricity).

Conventional micromachining is a flexible approach that can use any material 
that can be machined [13]. However, it has some restrictions on the development 
of components [14]. It is therefore necessary to investigate, to develop models that 
allow to optimize the processes, and to improve the quality of the products and to 
lower the production costs.

In order to reduce the number of tests required for a complete characterization 
of micromachining processes, statistical nonlinear regression techniques, numerical 
strategies based on neural networks or other similar techniques can be used [15–19], 
which will allow us to establish prediction models and help us to better understand 
cutting mechanisms. Based on these models, the experimental program can be 
completed in order to know the particularities of the micromachining processes and 
to define the corresponding physical cutting models.

In recent times, due to environmental requirements, these processes are carried 
out in the absence of cutting fluids [20]. However, the total suppression of fluids 
results in very aggressive process conditions [21–23]. Each alloy has its own char-
acteristics of machinability, which will mark the operational limits of the process. 
Although conventional machining processes for metals and their alloys are therefore 
well known, it is not possible to make a direct extrapolation and anticipate what the 
behavior will be in the event of chip removal operations on very small workpieces. 
In these cases, the geometry of the tool and the stability of the workpiece (lean:stiff 
ratio) can significantly influence the results and differentiate the behavior pattern 
from the conventional machining of standard size workpieces.

The main objective of this research is to analyze the surface quality of the fin-
ishes obtained in these micromachining processes and to evaluate their suitability to 
the specifications required in micro-components of different devices and machines 
(roughness, presence of burrs, shape and geometry, etc.). Nonlinear models are 
proposed in this study that can help in the characterization of micromachining 
processes, depending on the diameter required for a given application as well as the 
necessary surface quality.

2. Materials

Aluminum (Al) has a combination of properties that make it very useful in 
mechanical engineering, such as its low density (2700 kg/m3) and its high resis-
tance to corrosion. Its mechanical strength (up to 690 Mpa) can be significantly 
increased by suitable alloys. Aluminum alloys are a viable alternative in improving 
flexibility and competitiveness. The current trend is its gradual incorporation into 
the definition of industrial cycles incorporating high-speed machines, advanced 
CNC, and specific aluminum alloys. The intrinsic characteristics of aluminum 
alloys favor high-speed machining with feed and cut speeds much higher than those 
achieved with ferrous alloys.
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As far as possible, metal carbide tools should be used for turning, as they offer 
higher productivity and a longer service life.

This type of alloy has applications in dental prostheses, micro-valves, actuators 
and other instrumentation components, injectors of different motors, precision 
mechanisms, and in general, components of micromachines.

Commercial EN AW 2024 and EN AW 2030 aluminum alloys are used for the 
experiments. Chemical composition and some mechanical properties of tested 
aluminum alloys are given in Tables 1 and 2.

3. Experimental procedure

The micro-turning process has been carried out on an Eclipse CNC Lathe, with a 
power of 1.5 Kw and 4000 rpm maximum rotation speed of the head (Figure 1).

To measure roughness (mean roughness: Ra, and maximum roughness: Rt), 
given the very small diameter of the machined workpieces, a Talysurf CLI rough-
ness meter (Figure 2) has been used for topographic exploration, using an induc-
tive contact sensor or noncontact laser meter. A conventional optical microscope 
(Figure 2) has been used for the observation of conicity and cylindricity.

EN AW 2024 EN AW 2030

Designation (ISO) AlCu4Mg1 AlCu4PbMg

Density 2.77 2.82

Modulus of elasticity in N/mm2 72.4 × 103 73.6 × 103

Mean coefficient of expansion in m/m.°C 22.9 × 10−6 23 × 10−6

Thermal conductivity in W.m/m2.°C 120 190

Table 2. 
Mechanical properties of tested aluminum alloys.

Cu Mn Zn Mg Fe Cr Si Ti

EN AW 2024 4.15 0.65 0.5 0.69 0.7 0.1 0.45 0.2

EN AW 2030 4.5 1 0.5 1.3 0.7 0.1 0.8 0.2

Table 1. 
Chemical composition of tested aluminum alloys.

Figure 1. 
Eclipse lathe used in micro-turning tests. Left: Equipment. Right: Example of turning program followed.
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For cutting tools, SDCR2020K-07 and finishing insert have been used, with the 
characteristics reflected in Figure 3.

The cutting parameters used were as follows: cutting speed: 500 rpm, feed rate: 
0.002 mm/rev, and depth of cut: 0.001 mm. The diameter of the test pieces ranged 
from 0.5 to 0.025 mm, with lengths ranging from 10 to 5 mm, in order to keep a 
minimum value of the L/D ratio (length/diameter). Figure 4 shows some details of 
turning tests and shows the relative size of machined workpieces.

Figure 2. 
Measuring equipment. Left: Talysurf CLI roughness meter. Right: Optical microscope.

Figure 3. 
Cutting tool geometry.

Figure 4. 
Details of the experiment. Display of the machined test pieces (0.2 mm in diameter, as shown in the image).
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In certain applications, such as those where precise adjustments have to be made 
in the component assembly process, it is essential to be able to obtain accurate 
diameters in accordance with the technical specifications laid down in the relevant 
project. For this purpose, it is necessary to use techniques to characterize the quality 
of the parts, including the study of roughness, the determination of the degree, or 
percentage of conicity-cylindricity and dimensional precision.

4. Mathematical models for prediction

Finally, as regards the treatment of the results, it is possible to establish math-
ematical models of prediction, which can be very useful to characterize the pro-
cesses, while serving as a practical guide for the development of the same, setting 
certain cutting conditions, materials, tools, etc. When measuring the accuracy of 
the estimate and the predictability, account shall be taken of the following:

The sum of squares of errors (SSE), which is the sum of squares of the devia-
tions of the residue values from their sample mean.

Multiple coefficient determination, R2, and R2 adjusted, are some common 
measures in regression analysis, denoting the percentage of variance justified by 
independent variables. The adjusted R2 takes into account the size of the data set, 
and its value is slightly lower than its corresponding R2.

The validation process was performed by comparing the observed values and 
the estimated values using the different methods through the mean quadratic 
error (RMSE).

5. Results and discussion

5.1 Analysis of experimental data

After the micro-turning tests were carried out, the roughness was measured and 
the cylindrical properties of the machined parts were studied. Table 3 shows the 
experimental results of the roughness parameters, Ra and Rt, for the two materials, 
depending on the diameter of the workpiece.

As can be seen, and especially significantly in the mean roughness (Ra), 
the roughness is maintained at low and almost constant values as we reduce the 
diameter of the workpiece, up to 0.2 mm. For lower values, there is an increase in 
roughness, especially for values of 0.05 mm and below. This increase is due to the 
low rigidity of the workpieces and the sensitivity to vibrations.

Figure 5 shows an example of roughness profile obtained.

Diameter (mm) EN AW 2024 EN AW 2030

Ra (μm) Rt (μm) Ra (μm) Rt (μm)

0.4 1.4514 26.145 1.4031 21.327

0.2 1.3011 22.308 1.3170 20.196

0.1 1.3821 25.236 1.3392 23.376

0.05 1.4928 22.032 1.4581 22.814

0.025 5.5316 46.173 3.958 38.471

Table 3. 
Experimental roughness values.
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The appearance of the surface and the machining marks can be seen in Figure 6.
As regards the preservation of the formal characteristics of the workpieces, the 

conicity (%) has been calculated with the help of increased images. The conicity, 
as a function of length and diameter, is calculated using Eq. (1). The results are 
presented in Table 4.

 [ ]% Dc
L

= 100  (1)

It is observed that the conicity values are generally low, although they may not 
become manageable in certain applications. The conicity or “cylindricity defect” is 
increased by reducing the diameter of the workpiece, mainly due to the increased 
sensitivity of the workpiece as it passes through the machining process. It can also 
be seen how the conicity values are always lower in the case of titanium alloy, which 
may be due to its greater rigidity and its greater ease for micromachining (an interac-
tion of the cutting tool with the micro-workpiece is expected to be somewhat more 
“fluid,” which should probably translate into lower values of the cutting forces).

Figure 5. 
Example of the obtained roughness profile.

Figure 6. 
Workpiece (450 magnifications), diameter: 0.2 mm.
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Figure 7 shows the detail of the graphical treatment performed to measure 
conicity. It is important to use an appropriate “length-to-diameter” ratio to reduce 
conicity, vibration and improve the surface quality of machined workpieces.

5.2 Prediction models

The mathematical models developed for the prediction of the roughness param-
eters, Ra and Rt, are presented below.

 Ra= -8 -5.1672,188×10 ×d +1,377  (2)

 ( ) ( )Rt = 1063,98×10 ×exp -868,9×d +22,4×exp 0,3462×d  (3)

 ( )( )Ra=1,35+exp 4,16+ -128,47 ×d  (4)

 ( )( )Rt =21,62 + exp 5,45+ -105,037 ×d  (5)

Table 5 reflects the measures of the goodness of the estimate and the predict-
ability, using the parameters SSE, RMSE, R2, and R2 adjusted.

As can be seen, the values indicate that the estimates made are generally very 
good. Figures 8 and 9 show the experimental roughness values of micromachined 

Diameter (mm) EN AW 2024 EN AW 2030

Conicity (%) Conicity (%)

0.4 6.25 5.85

0.2 6.66 6.21

0.1 6.94 6.32

0.05 7.26 6.83

0.025 8.42 7.91

Table 4. 
Evolution of conicity according to the diameter of the workpiece.

Figure 7. 
Obtaining conicity.
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Models SSE R2 R2 adjusted RMSE

(2) 0.011 0.99 0.99 0.075

(3) 7.824 0.98 0.92 2.797

(4) 0.0040 0.99 0.99 0.0283

(5) 5.1754 0.98 0.98 1.0174

Table 5. 
Validation of proposed nonlinear models.

Figure 8. 
Experimental and predicted roughness values as a function of the diameter of the workpiece. (a) Ra and (b) Rt 
for EN AW 2024.
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surfaces (Ra and Rt) for EN AW 2024 and EN AW 2030 as one with the representa-
tion of prediction models versus the diameter of the workpiece. In all cases, it is 
observed how the proposed models adjust the range of the experimental values with 
great approximation.

6. Conclusions

The roughness of machined surfaces is the best indicator of product quality and 
provides relevant information on their potential for application in different sectors. 
This work is part of a research on the micro-turning of these materials with the aim 
of evaluating up to what diameters it is possible to work with conventional finishing 

Figure 9. 
Experimental and predicted roughness values as a function of the diameter of the workpiece. (a) Ra and (b) Rt 
for EN AW 2030.
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tools. Certainly, better behavior is to be expected when specific tools are used for 
micro-turning. However, low surface roughness values are generally obtained, 
enabling the specifications of a significant number of practical applications where 
dimensional accuracy is critical. Among these applications are components and 
micro-components used in the construction of micromachines (micro-axes, bearing 
needles, etc.) and, in general, small instrumentation parts, injection systems, etc.

The results obtained allow us to conclude that it is possible to conform by chip 
removal very small revolution pieces (0.05 mm in diameter) with these alloys, guar-
anteeing very good surface qualities according to the typical specifications of these 
applications. It is important to note that the deformation progress used is very low, 
which has undoubtedly contributed to low roughness values. The use of low values 
of feed rate and low depths of cut allows cutting forces of very small values in order 
to guarantee the integrity of the machined workpieces (there is obvious risk of 
plastic or even fracture if not). On the other hand, the proposed models show very 
good adjustments as corroborated by the indicators of goodness.

© 2020 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

Resistance Welding of Aluminium
Alloys with an Electromechanical
Electrode Force System
Zygmunt Mikno

Abstract

The idea presented in this chapter is an innovative welding machine electrode
force system. The operation, advantages of the new solution and the optimisation
of the welding process were illustrated by the welding of aluminium bars (5182)
(ø 4 mm). The solution involves controlling the force and/or displacement of
welding machine electrodes. The modulation of electrode force significantly
improves welding, particularly as regards aluminium alloys (requiring a very short
welding process). The tests involved the numerical analysis of two electrode force
systems, i.e. a conventional Pneumatic Force System (PFS) and an Electro-
mechanical (Servomechanical Force) System (EFS). The numerical tests were
performed using SORPAS software. FEM calculation results were verified
experimentally. The technological welding tests were conducted using inverter
welding machines (1 kHz) equipped with various electrode force systems.
The research included metallographic and strength (peeling) tests and measure-
ments of characteristic parameters. The welding process optimisation based on
the EFS and the hybrid algorithm of force control resulted in i) more favourable
space distribution of welding power, ii) energy concentration in the central weld
zone, iii) favourable melting of the material within the entire weld transcrystal-
lisation zone, iv) obtainment of the full weld nugget and v) longer weld nugget
diameter.

Keywords: resistance welding of aluminium, electromechanical force system,
cross-wire welding, projection welding, electrode force, FEM

1. Introduction

Force constitutes one of the most important parameters in the resistance
welding process. The remaining parameters include current and current flow time.
During cross-wire projection welding (particularly of aluminium alloys) involving
the use of a conventional application, i.e. the pneumatic force system (PFS), it is
very difficult, nearly impossible, to make a weld containing the full weld nugget.
Aluminium, when subjected to welding, gets plasticised very quickly, which is
responsible for the formation of the excessively large area of contact between
welded elements and, consequently, results in a rapid decrease in current density.
These are not favourable conditions for the melting of materials. In addition, the
PFS is characterised by high inertia and the impossibility of performing fast changes
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in force during current flow. For this reason, the value of preset force is usually
constant and unfavourably too high. If the aforesaid force is excessively high,
the high deformation of welded elements (bars) may occur as a result. The overly
low force may lead to the formation of projection joint imperfections (such as
expulsion caused by high temperature in contact areas) [1]. In the PFS, force
applied during the welding process results from specific force preset by a
pneumatic cylinder. The displacement of electrodes results from the action of
this force and the changeable mechanical resistance of materials subjected to
welding. A significant disadvantage of the above-presented method of control is
the fact that neither force nor displacement (during the flow of current) is actually
controlled.

An alternative solution requires another method making it possible to carry out
faster changes in force during the welding of materials [1–3]. In publication [1], the
authors emphasise the growing popularity of the electromechanical
(servomechanical) force system (EFS) and an advantage consisting in an increase in
an electrode displacement rate during welding. In publication [2] the authors
inform about the possible extension of the window of technological parameters,
improving the weldability of materials. In work [3, 4] the authors mention the
possible modulation of force and its fast changes, particularly at the final stage of
the welding process. The authors stress an increase in electrode service life in spot
resistance welding and the application of servomotors in the riveting technology
[5]. In publications [3, 6] authors state that the EFS has eliminated the dynamic
impact of electrodes against a welded material (during the exertion of initial force),
which was characteristic of pneumatic actuators. The EFS has enabled a gentle
“touch” of an electrode against a material being welded. In work [3] the authors
enumerate other advantages of the EFS including (i) superior (faster) operation of a
welding gun (servo) in space, (ii) greater repeatability of force, (iii) reduced noise,
(iv) shorter welding time and (v) shorter movement during the closing and opening
of the electrodes, extending the service life of related mechanisms.

The tests discussed in the article aimed at replacing the PFS with the EFS. It was
also important to appropriately control the servomotor in order to perform the
controlled movement/shift of electrodes, particularly during the flow of current.
The control process has changed considerably, i.e. the displacement of electrodes is
a preset parameter and resultant force depends on the displacement of electrodes
and the resistance of the deformation of a contact area being heated. Available
reference publications do not contain information about such a method of electrode
movement control as that presented in this study.

The authors [7, 8] describe a new control system and the results of its operation,
particularly noticeable in projection welding. In [7, 9] the authors refer to a new
control system applied when welding sheets with an embossed projection. Another
use of the new solution, i.e. cross-wire welding, and the welding of nuts are
presented in publications [10–12] respectively.

In publications [7–12] the authors present a completely different solution, i.e.
the slowing down of the displacement of an electrode during the projection welding
of sheets with an embossed projection. This approach is new and characterised by
advantages which are definitely worth mentioning. The above-named idea can be
used in relation to aluminium alloys as these materials require a very short welding
time (50 ms). It is possible to decrease the penetration of bars and to generate more
energy in the optimum place, i.e. in the contact area between the bars. The new
idea of electrode displacement control significantly alters the previous approach to
the course of the resistance welding process (projection cross-wire welding) and
considerably influences the development of the entire research area (pressure
welding).
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2. Characteristics of welding machine electrode force systems
(EFS and PFS)

The essence of the EFS (in comparison with that of the PFS) involves a signifi-
cantly higher rate of changes, i.e. changes in the force and/or displacement of
electrodes. During the resistance welding process, the aforesaid approach is of
significant importance because of the fact that the time of welding current flow in
typical applications is very short and amounts to 0.2 s (200 ms). The optimisation
(improvement) of the welding technology requires the modulation (change) of
electrode force during the above-named time. Regrettably, as regards the conven-
tional electrode force system (PFS), common in industrial applications, such mod-
ulation is impossible because of the significant inertia (delay) of this solution.
Figure 1 presents exemplary courses of electrode force and displacement in relation
to the PFS (dashed line) and EFS (full line). The aforesaid courses refer to two
operating modes, i.e. the approach mode and the force mode. The time necessary to
obtain previously adjusted electrode force, i.e. electrode force stabilisation time
(EFST), by the PFS exceeds 200 ms. The EFST parameter related to the EFS is
significantly shorter and restricted within the range of 50–80 ms, depending on the
configuration of the EFS (servomotor power, gear etc.). An important characteristic
of this solution is the possibility of modulating the course of electrode force during
the flow of current, which is nearly impossible as regards the PFS.

The EFS can be controlled in two different manners, i.e. using an algorithm
enabling the control of force and an algorithm enabling the control of the (elec-
trode) displacement rate. The first of the algorithms is already used in industrial
practice. The time of delay in the stabilisation of preset electrode force is restricted
within the range of 50–80 ms. In such an operating mode, it is possible to modulate
force and obtain two or three different values (in CFT amounting to 200 ms).

Figure 1.
Comparison of the EFS and PFS based on exemplary courses of electrode force and displacement in relation to
operating modes: (a) approach mode and (b) force mode [13].
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The aforesaid time (50–80 ms) depends on the configuration of the EFS (motor,
gear) and on the preset value of force. In turn, the second algorithm (developed by
the author) has been used to weld demanding (in the aforesaid respect) materials,
i.e. aluminium alloys. Until today, the author has not come across any information
concerning the method of control presented in this chapter.

The unique characteristic of the EFS and of the solution is a special algorithm,
where the control of the displacement of electrodes results in the exertion of elec-
trode force. In the above-named algorithm of control, delays between preset and
actual values are counted in milliseconds, making it possible to develop a very fast
algorithm enabling the exertion of variable (electrode) force [9]. The above-
presented manner of controlling the force of electrodes through the control of their
displacement alters previous views on methods enabling the control of force
(movement of electrodes) in the resistance welding process.

3. Methodology of numerical and experimental tests

The crosswise projection welding of aluminium bars (Al 5182) performed using
the PFS was subjected to numerical analysis verified experimentally and aimed to
subsequently optimise the welding process performed using the EFS system. The
assumed acceptance criteria included (i) obtainment of the full weld nugget having
a diameter of not less than 1.5 mm, (ii) lack of deformation and the penetration of
the bars less than 20% of the diameters of elements subjected to welding
(ΔlPP = 1.6 mm), (iii) lack of overheating in the area of contact between the
electrode and the material being welded (Te-m max ≤ 500°C), (iv) lack of expulsion
and (v) maximum current flow time tPP max = 63 ms. An additionally expected
result was the reduction of (welding) current flow time.

The material of bars subjected to welding and adopted in FEM-based calcula-
tions was aluminium alloy grade 5182 with solidus (temperature) being 577°C and
liquidus amounting to 638°C [14]. The chemical composition of the aluminium
alloy grade Al 5182 used in the bars is presented in Table 1.

3.1 FEM calculations

The numerical calculations were performed using the SORPAS® 3D software
program [15]. The calculations were carried out for ¼ of the model and its mirror
reflection in relation to the plane determined by x-z-axes and y-z-axes (Figure 2).
The mesh in the area of contact between the elements (bars) subjected to welding
was concentrated in order to provide the appropriate accuracy of calculations. The
lack of proper mesh density resulted in the lack of contact between the elements
subjected to welding and, consequently, incorrect calculations.

3.2 Numerical (FEM) model

The numerical model of the crosswise welding of bars is presented in Figure 2.
The calculations were performed using the 3D model [15].

Al (max) Mn (max) Mg (max)

95.2 0.35 4.5

Table 1.
Chemical composition of the materials subjected to welding, i.e. bars made of aluminium alloy grade Al 5182.
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The numerical calculations included the analysis of (i) waveforms of dynamic
resistance and momentary power, (ii) energy supplied to the weld, (iii) diameter
and volume of the molten material of the weld nugget, (iv) displacement of elec-
trodes (penetration of bars), (v) expulsion (if any) and (vi) temperature in the
electrode bar contact area (Te-m, point 251—Figure 2a). The primary objective
included the determination of the most favourable space distribution of welding
power enabling the melting of the material in the central zone of the joint (to obtain
the full weld nugget). As in all other cases of projection welding, the aspect of
particular importance was the beginning of the welding process, i.e. the beginning
of welding current flow.

3.3 Process parameters

The assumptions adopted in the numerical model included (i) copper electrodes
(A2/2) and (ii) elements subjected to welding, i.e. aluminium (grade Al 5182) bars
having a diameter of 4 mm and a length of 12 mm (Figure 2a). The 3D model was
composed of approximately 9000 elements. To ensure the required accuracy of
calculations, it was necessary to concentrate the mesh in the area of contact between
the bars (Figure 2b).

Data related to the electrodes and materials subjected to welding and used in the
FEM calculations were obtained from the SORPAS software program database
(Table 2) [14]:

• Aluminium bars Al 5182—material database designation SORPAS AA5182(O):
Al95, Mn0.25, Mg4.5, solidus (577°C), liquidus (638°C) (Table 3)

• Electrodes of class A2/2 CuCrZr (Table 4)

Based on the present recommendations and guidelines concerning the crosswise
projection welding of bars, the following ranges of parameters were adopted for:

• PFS [16–18]: (i) welding current I = 8.0–12.0 kA, (ii) welding current flow time
tPP = 3 ms (upslope) + 60 ms (primary welding time) and (iii) electrode force
F = 0.5–1.5 kN

• EFS: (i) welding current I = 8.0 kA, (ii) welding current flow time tPP = 3 ms
(upslope) + 35 ms and (iii) control of electrode displacement during the flow of
welding current [11].

Figure 2.
Model (3D) of the crosswise welding of aluminium bars (Al 5182).
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The numerical calculations were performed in relation to a DC inverter welding
machine (1 kHz). The remaining welding cycle parameters are presented in
Table 2. Table 5 presents the preset parameters of the welding cycle and the
parameters characteristic of variants selected for FEM calculations.

The PFS variants are designated as P1 ÷ P9 (P, pneumatic system), whereas the
EFS variants are designated as E1 ÷ E3 (E, electromechanical system). The analysis
of the welding process performed in relation to the PFS aimed to investigate and
depict the variability of process parameters and determine the most favourable
welding conditions (MFWC). The results of the analysis revealed the lack of the
monotonicity of the weld nugget growth (Figure 4a) visible in relation to a force of
0.75 kN. For this reason it was necessary to perform additional calculations in this
area, i.e. for a value of 0.7 kN and that of 0.8 kN. In total, the analysis of the process
was focused on 35 points (I = 8/9/10/11/12 kA, F = 1.5/1.25/1.0/0.8/0.75/0.7/0.5 kN).

The numerical optimisation concerning the process involving the use of the EFS
was performed for lower values of current than those analysed in relation to the PFS
(8.0 ÷ 10.0 kA). The numerical calculations were continued until the occurrence of
one (of six) previously adopted boundary conditions.

3.4 Experimental tests

The experimental tests were performed using inverter welding stations (DC
1 kHz) shown in Figure 3a (PFS) and Figure 3b (EFS). The welding parameters
were recorded using a LogWeld 4 measurement device.

The results obtained in the numerical calculations were verified experimentally.
The experimental tests involved nine variants (P1–P9) from Table 5 (PFS). All of
the variants (Figure 6) were subjected to destructive tests (peeling), confirming the

Time step increment Squeeze Upslope Weld Hold Unit

Pneumatic force system 500 10–70 200 500 ms

Electromechanical force system 200 10 250–300 500 ms

Time step 0.1 0.1 0.1 1 ms

Convergence control

Convergence accuracy

Electrical model 1.00E�5

Thermal model 1.00E�5

Mechanical model 1.00E�5

Welding parameters

Welding current DC

Heat loss to the environment

Air temperature 20 °C

Heat transfer rate 300 W/m2 K

Electrode dimensions

Length � width 10.0 � 8.0 mm

Electrode height 5 mm

Contact between welded elements Sliding

Table 2.
Parameters of the SORPAS software program used in numerical (FEM) calculations.
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Figure 4.
Variability of characteristic parameters in relation to the PFS (Al 5182, ϕ = 4 mm, MES) [11]: (a) weld nugget
diameter, (b) current flow time, (c) displacement (of electrodes - penetration of bars), (d) energy (of welding).

Figure 3.
Welding machine stations: (a) SPD: (1a) inverter welding power source Harms & Wende (25 kA, 1 kHz),
(2a) welding machine housing ASPA (5.5 kN), (3a, 4a) measurement device LogWeld 4, (5a) pneumatic
actuator, (6a) head for measurements of electrode force, (7a) laser sensor for displacement measurements, (8a)
welding current measurement sensor and (9a) leads for measurements of welding voltage. (b) SED: (1b)
electromechanical welding machine F = 2 kN, (2b) servomotor, (3b) linear gear, (4b, 5b) measurement device
LogWeld 4 and (6b) electrode force measurement module.
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formation of the ring weld. However, none of the PFS variants satisfied the previ-
ously assumed criteria. Nonetheless, in spite of the exceeding of the
previously assumed value of bar penetration and the obtainment of the ring weld,
variant P5 was adopted as the reference variant for further optimisation-related
activities. The reason for such a choice resulted from the fact that the aforesaid
variant (P5) enabled the obtainment of the longest weld nugget diameter. Parame-
ters similar to those used with reference to variant P5 were used in additional
technological welding tests (Table 6, PE1–PE3). The results related to the preset
parameters of the technological cycle and characteristic parameters of selected
welding tests involving the use of the PFS and variants PE1–PE3 are presented in
Table 6.

The welding cycle parameters used in relation to variants PE1–PE3 included
electrode force F = 1.0 kN, welding current I = 9.0–10 kA and welding time
tPP = 43–63 ms. The metallographic tests involving the above-named variants con-
firmed the results obtained in the numerical calculations, e.g. the ring-like shape of
the weld nugget.

Key: Irms, root-mean-square current; PE, pneumatic experiment.

4. Process optimisation

The optimisation of the crosswise projection welding of bars was performed
using the EFS. The primary criterion of the optimisation process involved the
obtainment of the full weld nugget having a diameter of not less than 1.5 mm. The
optimisation process assumed the use of the EFS and, in addition, the adjustment of
the lowest possible value of welding current.

The optimisation process also aimed to adjust appropriate and lower
electrode force than that applied initially in the process performed using the PFS
and to control the displacement of the electrodes so that it could be possible to
obtain the most favourable space distribution of welding power, i.e. ensuring the
emission of appropriately more heat (energy) in the central part of the contact
area between elements being welded (in order to melt the material of these
elements) [10, 11].

The preset welding cycle parameters (grey) and the parameters characteristic of
the technological welding tests performed using the EFS are presented in Table 7.
The technological welding tests were performed using a current of approximately
8.0 kA, i.e. the lowest value analysed in relation to the welding process performed
using the PFS. The aforesaid value of current applied in the PFS, within the
entire range of analysed values of electrode force (0.5 kN ÷ 1.5 kN), was
insufficient to melt the material of the elements subjected to welding. The welding
process was optimised using the EFS and a welding current of 8.0 kA and that of
8.5 kA as well as the appropriate profile of electrode force (variants EE1 and EE2,
Table 7).

5. Results

5.1 FEM calculation results

The PFS-related numerical calculation results are presented in Figure 4 and
Table 8. The results are presented in spatial diagrams developed using the Statistica
software program [19]. Figure 4 presents (in the form of a spatial diagram) the
formation of the weld nugget diameter (Figure 4a), welding time (Figure 4b), bar

233

Resistance Welding of Aluminium Alloys with an Electromechanical Electrode Force System
DOI: http://dx.doi.org/10.5772/intechopen.93242



N
o.

V
ar
ia
nt

no
.

P
re
se
t
pa

ra
m
et
er
s

R
ec
or
de

d
pa

ra
m
et
er
s

E
le
ct
ro
de

fo
rc
e

U
ps

lo
pe

M
ai
n
w
el
di
ng

ti
m
e

T
ot
al

cu
rr
en

t
(I

rm
s)

W
el
di
ng

en
er
gy

B
ar

pe
ne

tr
at
io
n

(d
is
pl
ac
em

en
t
of

el
ec
tr
od

e)
W

el
d
di
am

et
er

N
um

be
r
of

te
st
s

C
ur

re
nt

T
im

e
C
ur

re
nt

T
im

e

kN
kA

m
s

kA
m
s

kA
kJ

m
m

m
m

pc
s

A
B
1

B
2

C
1

C
2

D
E

F
G

H

1
PE

1
1.
0

10
.0

3
10

.0
40

–
60

10
.0

0.
23

1.
50

1.
5

20

2
PE

2
1.
0

9.
5

3
9.
5

50
–
70

9.
5

0.
21

1.
38

1.
3

20

T
ab

le
6.

Pr
es
et

an
d
ch
ar
ac
te
ri
st
ic

pa
ra
m
et
er
s
of

th
e
PF

S
(e
xp

er
im

en
t)

[1
1]
.

N
o.

V
ar
ia
nt

no
.

P
re
se
t
pa

ra
m
et
er
s

R
ec
or
de

d
pa

ra
m
et
er
s

Fo
rc
e

U
ps

lo
pe

M
ai
n

w
el
di
ng

ti
m
e

T
ot
al

cu
rr
en

t
( I

rm
s)

E
le
ct
ro
de

di
sp

la
ce
m
en

t
an

d
ti
m
e

W
el
di
ng

en
er
gy

B
ar

pe
ne

tr
at
io
n

(d
is
pl
ac
em

en
t
of

el
ec
tr
od

e)

W
el
d

di
am

et
er

N
um

be
r
of

te
st
s

In
it
ia
l

M
in
.

M
ax

.

C
ur

T
im

e
C
ur

.
T
im

e
t 1
/Δ

l 1
t 2
/Δ

l 2
t 3
/Δ

l 3
t 4
/Δ

l 4

kN
kA

m
s

kA
m
s

kA
m
s/
m
m

kJ
m
m

m
m

pc
s

A
1

A
2

A
3

B
1

B
2

C
1

C
2

D
E
0

E
1

E
2

E
3

F
G

H
I

1
E
E
1

1.
0

0.
4

1.
0

8.
0

3
8.
0

45
8.
0

10 0.
08

30 0.
25

10 0.
05

30 0.
25

0.
16

0.
70

1.
87

20

2
E
E
2

1.
0

0.
4

1.
0

8.
5

3
8.
5

40
8.
5

10 0.
08

25 0.
25

7
0.
05

30 0.
25

0.
20

0.
75

1.
92

20

K
ey
:I

rm
s,
ro
ot
-m

ea
n-
sq
ua

re
cu
rr
en
t;
E
E
,e
le
ct
ro
m
ec
ha

ni
ca
le
xp

er
im

en
t.

T
ab

le
7.

Pr
es
et

an
d
ch
ar
ac
te
ri
st
ic

pa
ra
m
et
er
s
of

th
e
E
FS

(e
xp

er
im

en
t)

[1
1]
.

234

Advanced Aluminium Composites and Alloys



penetration depth (electrode displacement) (Figure 4c) and welding energy
(Figure 4d). The correlations are presented in relation to various values of welding
current and electrode force.

Numerical values related to the graphic representation of the results presented in
Figure 4 are presented in Table 8(a-d), containing, in addition, information about
the following:

• Unsatisfied criterion (Table 8e), i.e.:

• tPP max—maximum time of welding current flow (tPP max = 63 ms)

• ΔL—displacement of electrodes (penetration of bars, ΔLmax = 1.6 mm, 20% of
the diameters of the bars)

• W—expulsion

• Weld itself (Table 8f), i.e.:

• D—weld nugget diameter: below 0.7 mm; (S, small nugget diameter)

• R—ring-shaped weld nugget: 0.7 mm < D ≤ 1.5 mm; (R, ring weld nugget)

• F—full weld nugget: D > 1.5 mm; (F, full weld nugget)

• Weld nugget volume (Table 8g)

a. current flow time

b. displacement (of electrodes - penetration of bars)

c. welding energy.

The results presented in Table 8 supplement the information concerning the
(course of) variability of the characteristic parameters from Figure 4.

Table 8 also contains the numerical calculation results obtained for the EFS
(green). In relation to all of the previously assumed parameters, the conditions
concerning the optimised method of control were satisfied.

The comparison of the FEM calculation results (in the form of the distribution of
temperature) related to the two (i.e. PFS and EFS) electrode force systems, differ-
ent values of welding current (8.0 and 10.0 kA) and various ranges of temperature
(20–638°C and 577–638°C) is presented in Figure 5.

5.2 Experimental test results

The PFS-related technological welding tests involving the aluminium bars were
performed in relation to all of the nine variants P1–P9 from Table 5. The results
after the peeling tests are presented in Figure 6.

Parameters similar to those used with reference to variant P5, i.e. in relation
to which the longest weld nugget diameter was obtained, were used in additional
technological welding tests performed in relation to a wider welding current
range of 9.0–10.0 kA. Results (in the form of metallographic structures)
related to the above-presented parameters are presented in Figure 7. The preset
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Current [kA] (a) Weld nugget diameter [mm]

0.5 mm < d < 1.5 mm d < 0.5 mm Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 0.1 0.1 0.2 0.0 0.1 0.0 0.3 1.95

9 0.0 0.0 0.6 0.0 0.0 0.0 1.1 2.00

10 0.1 0.1 1.5 1.1 0.1 0.0 1.5 2.20

11 0.0 0.7 0.3 0.0 0.2 0.5 1.1

12 0.0 0.0 0.2 0.1 0.1 1.2 0.8

Current [kA] (b) Current flow time [ms]

t_weld >63 ms t_weld <63 ms Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 63 63 63 63 63 63 63 38

9 63 63 63 63 63 63 9 25

10 46 56 59 63 63 63 8 20

11 38 48 53 60 63 63 6

12 29 39 46 49 49 27 5

Current [kA] (c) Final electrode displacement [mm]

D < 1.6 mm D > 1.6 mm Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 1.47 1.25 1.00 0.95 0.9 0.80 0.57 0.60

9 1.60 1.62 1.50 1.30 1.10 1.00 0.28 1.20

10 2.38 2.07 2.13 1.75 1.70 1.40 0.19 1.50

11 2.00 2.20 1.90 1.80 1.70 1.65 0.16

12 1.85 2.15 2.54 1.90 0.80 0.70 0.15

Current [kA] (d) Energy [kJ]

E < 0.16 0.16 < E < 0.32 E ≥ 0.32 Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 0.17 0.19 0.20 0.20 0.21 0.22 0.25 0.16

9 0.17 0.22 0.25 0.27 0.27 0.26 0.06 0.10

10 0.17 0.23 0.29 0.33 0.29 0.32 0.07 0.13

11 0.16 0.24 0.30 0.35 0.32 0.36 0.06

12 0.15 0.24 0.30 0.34 0.33 0.22 0.05

Current [kA] (e) Achieved criterion

D > 1.6 mm t, welding time (63 ms) E, expulsion Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 t t t t t t t OK
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welding cycle parameters in relation to variants PE1 and PE3 are presented in
Table 6.

In terms of the EFS, the technological welding tests were performed in relation
to a current of 8.0 kA and that of 8.5 kA (Table 7, variants EE1 and EE2). The
comparative results in the form of the metallographic structures of the joints are
presented in Figure 8a1–a2 and b1–b2 (in relation to the PFS and EFS,
respectively).

6. Discussion

6.1 FEM calculations

The PFS-related conclusions based on the analysis of the results presented in
Figure 4 and Table 8 are the following:

Current [kA] (e) Achieved criterion

D > 1.6 mm t, welding time (63 ms) E, expulsion Servo

Force [kN]

9 t t t t t t E OK

10 D D D t t t E OK

11 D D D P t t E

12 D D D D D E E

Current [kA] (f) Type of nugget

F, full nugget R, ring nugget L, low nugget
(f < 0.7 mm)

Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 L L L L L L L F

9 L L L L L L R F

10 L L R R L L R F

11 L L L L L L R

12 L L L L L R R

Current [kA] (g) Weld nugget volume [mm3]

0.5 mm < V (vol.) < 1.5 mm3 V (vol.) < 0.5 mm3 Servo

Force [kN]

1.50 1.25 1.00 0.80 0.75 0.70 0.50

8 0.0 0.0 0.0 0.0 0.0 0.0 0.1 4.50

9 0.0 0.0 0.0 0.0 0.0 0.0 0.2 5.25

10 0.0 0.0 0.9 0.3 0.0 0.0 0.7 5.60

11 0.0 0.2 0.0 0.0 0.0 0.2 0.5

12 0.0 0.0 0.0 0.0 0.0 1.3 0.1

Table 8.
FEM calculation results concerning the crosswise projection welding of bars in relation to the PFS and EFS (AL
5182) [11].
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• Maximum obtainable weld nugget diameter amounted to 1.5 mm (Table 8a,
parameter field 1).

• Ring-shaped weld was formed (Table 8f, parameter field 2) within the entire
range of the variability of welding current parameters and that of electrode
force, also as regards the longest obtained weld nugget diameter (i.e. restricted
within the range of 1.0–1.5 mm).

Figure 5.
Distribution of temperature in the welding area (FEM) in relation to: (a/b) PFS (I = 8 kA, F = 1.0 kN),
(c) PFS (I = 10 kA, F = 1.0 kN) and (d) EFS (I = 8.0 kA, force exerted by the servomotor).
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Figure 6.
Specimens after the peeling tests (PFS, variants P1–P9).

Figure 7.
Results of the metallographic tests for the PFS (F = 1 kN, I = 9.0/10.0 kA).
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• Criterion concerned with the exceeding of the maximum welding current flow
time (tPP max = 63 ms) was observed in relation to the lower value of welding
current (Table 8e, parameter fields 3a and 3b, respectively).

• The highest volume of the molten material was observed in relation to the
highest values of welding current and the lowest values of electrode force
(Table 8g, parameter field 4). The above-named parameters were also
connected with relatively low welding energy (Table 8d, parameter field 5).
However, welding time was relatively short and amounted to a few
milliseconds. In the aforesaid case, even the slight exceeding of the welding
time resulted in expulsion (Table 8e, parameter field 7).

• Excessive penetration of the bars (above the acceptable value) was related to
the obtainment of the higher value of welding current and the higher value of
electrode force (Table 8c, parameter field 6a (final penetration), and
Table 8e, parameter field 6b (penetration value ΔlPP > 1.6 mm)).

• Risk of expulsion was accompanied by the lowest value of electrode force and
the higher value of welding current (Table 8e, parameter field 7).

The crucial aspect which remained was the failure to satisfy the principal crite-
rion, i.e. the obtainment of the full weld nugget having a diameter of 1.5 mm.

The analysis of the FEM-based calculation results, presented in Figure 5, is as
follows:

• In relation to the PFS, a welding current of 8.0 kA and a force of 1.0 kN, Figure 5
presents the distribution of temperature within the entire range of temperature
subjected to analysis, i.e. from ambient temperature to the melting point
(liquidus) (Figure 5a). In such an approach, within the range of temperature,
the melting of the material did not take place, and the weld nugget diameter
calculated by the SOPRPAS software program amounted to a mere 0.2 mm.
Figure 5b presents the distribution of temperature within the range of solidus
(577°C) to liquidus (638°C). In the above-presented approach, within the entire
range of welding time, it was impossible to obtain the melting of the material. As
a result, the solid-state joint was formed within the entire area of contact.

Figure 8.
Metallographic test results in relation to [11]: (a) PFS, (a1) variant PE1 and (a2) variant PE3; (b) EFS,
(b1) variant EE1 and (b2) variant EE2.
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• In relation to a higher current of 10.0 kA (F = 1.0 kN) and the PFS, energy
supplied to the weld was higher. However, the plasticisation of the welding
area combined with the exertion of constant and excessively high (electrode)
force led to the situation where the material was melted and pushed outside.
This, in turn, resulted in the increasingly large area of contact between the
elements subjected to welding (bars), leading to the abrupt decrease in current
density and, consequently, the immediate cooling of the weld material.
Although it was possible to observe the melting of the material, the process was
extremely short (2 ms) Figure 5c2. Precisely after two milliseconds, the
temperature in the entire welding area decreased below the melting point
(Figure 5c3).

• In relation to the lowest analysed current value amounting to 8.0 kA
(Figure 5d) and the EFS, because of a different manner of electrode force
control, it was easily possible to observe the welding of the material (subjected
to welding) and the formation of the full weld nugget from the very beginning
of the flow of welding current. In terms of the case under analysis, i.e. the
welding of aluminium bars (Al 5182), the shutdown of current resulted in the
immediate (within 1 ms) lowering of temperature below the melting point
(Figure 5d5–d6). The foregoing indicated the intense discharge of heat from
the welding area and, consequently, demanded process control-related
parameters, i.e. welding current and electrode force. It should be noted that in
relation to a current of 8.0 kA and the PFS, the joint formed within the entire
area of contact (between the elements being welded) was in the solid state and
no visible melting of the material had taken place (Figure 5a).

6.2 Experimental tests

In relation to the EFS and variants EE1 and EE2 from Table 7, it was possible to
obtain the melting of the material within the entire area of the weld. Importantly,
the melting of the material took place in the central (most favourable) part of the
welded joint. The obtained weld nugget diameter exceeded the previously assumed
value amounting to 1.5 mm (Figure 8b1–b2).

6.3 Comparison of results

The comparative metallographic test results concerning the PFS and EFS are
presented in Figure 8. In relation to the PFS (Figure 8a1–a2), it was possible to
observe the formation of the ring-shaped weld nearly within the entire range of
technological cycle parameters (Figures 6 and 7). In terms of the EFS, the material
subjected to welding was melted in the central part of the joint, and the weld nugget
“grew” from inside towards outside.

7. Optimisation of the projection welding process illustrated with an
example of the crosswise projection welding of bars

Based on the FEM calculation and experimental test results, the optimisation of
the crosswise projection welding of (aluminium) bars could be characterised as
presented below. The process of optimisation was performed on the basis of char-
acteristic courses/waveforms of related parameters (electrode force, momentary
power, electrode displacement and the weld nugget diameter) in relation to the
two (i.e. pneumatic and electromechanical) electrode force systems (Figure 9).
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To present the issue in a more convenient manner, the comparison was based on the
same value of welding current, i.e. 8.0 kA. It should be emphasised that in relation
to the PFS, the aforesaid value was insufficient to obtain a proper joint. The melting
of the material was nearly invisible (Figure 5b). In turn, as regards the EFS, it was
possible to obtain the full weld nugget having the previously assumed diameter
exceeding a minimum of 1.5 mm (Figure 5d).

Curves 1 and 3 in Figure 9 refer to the PFS, whereas curves nos. 2 and 4 are
related to the EFS. Curves 3 and 4 present the welding current waveform in relation
to the PFS and EFS, respectively.

There was a strict correlation between the characteristic process parameters,
where the change of one of them immediately led to changes in the remaining
parameters. To explain the existing correlations, it was necessary to divide the
analysis of the process into stages.

The PFS-related process could be described as follows. After adjusting the preset
constant electrode force (Figure 9a, curve 1) as well as the specific value of welding
current and the time of current flow (Figure 9a, curve 3), during the first stage
subjected to analysis (K1), specific welding energy was generated (Figure 9b, curve
1). The waveform of the welding power (stage K2) had a direct effect (ultimately)
on the specific displacement of the electrodes (Figure 9d, curve 1). At the subse-
quent stage (K3), the effect of the above-named factors led to the obtainment of the
weld nugget characterised by a specific shape and the diameter of a mere 0.2 mm
(Table 5, variant P4; Figure 9c, curve 1).

As regards the use of the PFS, the value of welding current amounting to 8.0 kA
was overly low, only enabling the plasticisation of the material and resulting in an
excessive increase in the area of contact between the elements subjected to welding.

Figure 9.
FEM calculation results: (a) electrode force, (b) momentary power, (c) weld nugget diameter, (d)
displacement of electrodes (bar penetration depth): —Curves 1 and 3, PFS (variant P1, I = 8.0 kA,
F = 1.0 kN); —Curves 2 and 4, EFS (variant E1, I = 8.0 kA, force exerted by the servomotor).
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The foregoing led to a decrease in current density and, consequently, precluded the
melting of the material subjected to welding. The material in the contact area was
only heated and plasticised, whereas the maximum welding time amounting to
63 ms was exceeded.

The starting point for the optimisation of the crosswise projection welding of
bars involved a proper change in the course of the displacement of electrodes (bar
penetration depth) (Figure 9d, curve 2) resulting from the use of the EFS and the
application of an appropriate algorithm enabling the control of the electrodes [9].
The essence of the new method of control, i.e. a change in the course of the
displacement of electrodes, consisted in the direct control of the aforesaid parame-
ters, particularly during the flow of welding current. The new method of control
involved the exertion of lower electrode force at the beginning of current flow and a
decrease (slowing down) in the rate of displacement (of electrodes) aimed to
obtain, at the subsequent stage (K4), the more favourable distribution of power
density as well as to generate higher welding power (Figure 9b, curve 2) in com-
parison with those accompanying the use of the PFS [10]. The slowed down dis-
placement of the electrodes combined with constant welding current led to an
increase in resistance in the contact area between the elements (materials)
subjected to welding and, consequently, an increase in welding power.

At the subsequent stage (K5), the above-presented method of control translated
into the more favourable course of electrode force (Figure 9a, curve 2). The
obtained values of electrode force were lower than those accompanying the use of
the PFS. It should be noted that electrode force directly affected the value of
resistance in the contact area (particularly in the welded bar-welded bar configura-
tion), which, in turn, led to the proper space distribution of welding power and
energy. As a result, the area of contact between the elements subjected to welding
was smaller, the resistance in the aforesaid contact area was higher, and the distri-
bution of temperature in the welding area was more favourable. All of the above-
presented factors made it possible (at the final stage (K6)) to obtain the full wed
nugget having the nominal diameter exceeding 1.5 mm (Figure 9c, curve 2). The
aforesaid favourable outcome resulted from the more favourable distribution of
temperature in the welding area, ultimately leading to the melting of the material
and the formation of the weld nugget having the appropriately longer diameter.

The summary of the above-presented analysis concerning a welding current of
8.0 kA identified as overly low to obtain a proper joint using the PFS should contain
a statement saying that the use of the EFS and the application of the appropriate
control of electrode force and/or displacement (after satisfying the remaining
requirements (quality-related criteria)) made it possible to significantly improve
the welding process and obtain the full weld nugget having the diameter of a
previously assumed length (> 1.5 mm).

8. Summary

The adjustment of the most favourable parameters in the crosswise projection
welding of bars performed using the PFS is extremely difficult, if not impossible,
particularly as regards soft materials such as aluminium alloys. Electrode force is
unfavourably excessively high in relation to necessarily short welding time (bars Al
5182 – 40–60 ms) and high welding current. Such conditions are mutually exclusive
and constitute a significant obstacle when adjusting welding parameters. The pri-
mary limitation is the dynamics of the electrode force system, i.e. the impossibility
of quickly controlling electrode force in short time, particularly during the flow of
current.
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A characteristic of the PFS is the fact that the preset parameter is (electrode)
force and the resultant parameter is the displacement (of electrodes), not controlled
in any way.

The improvement of the welding process (extension of the window of parame-
ters) requires the use of the EFS. In the operating mode involving the displacement
of electrodes, it is possible to set a more convenient trajectory of electrode move-
ment, enabling the obtainment of the more favourable distribution of current
density and the more favourable space distribution of welding power. This, in turns,
translates into the generation of higher energy in the central area of the joint and, as
result, the generation of higher temperature in the aforesaid area and, consequently,
the obtainment of the full weld nugget having larger dimensions that those obtain-
able using the PFS.

The use of the EFS makes it possible to control the displacement of the elec-
trodes during the flow of current, reach the final, previously assumed, position of
the electrodes and exert lower final pressure (force) by the electrodes.

The FEM calculation results indicate the possibility of successful welding using
even lower welding current than that used in the experimental verification
(8.0 kA).
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Acronyms

PFS pneumatic (electrode) force system
EFS electromechanical (electrode) force system
tPP/CFT (welding) current flow time
upslope time of current upslope from the initial to the final value

of the cycle range
MFWC most favourable welding conditions
EFST electrode force stabilisation time
ΔLPP max � ΔLPB max maximum displacement of electrodes (penetration of

bars)
Te-m max maximum temperature in the electrode – welded material

contact area

Glossary

Weld nugget is a part of the spot, projection or seam weld molten during the
welding process [20].
Expulsion signifies the expulsion (during welding) of the molten metal from
the area of contact between elements subjected to welding or from the area of
contact between the electrode and a given element subjected to welding [21].
Welding area in spot or projection welding (e.g. of sheets with an embossed
projection) is the area including the weld nugget, heat affected zone (HAZ) as
well as the area of contact between the electrode and the material subjected to
welding along with adjacent areas.
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Chapter 9

Applications of Aluminum Alloys 
in Rail Transportation
Xiaoguang Sun, Xiaohui Han, Chaofang Dong  
and Xiaogang Li

Abstract

This chapter focus on the latest applications of aluminum alloys in rail  
transportation field. The typical high-strength aluminum alloys used on high speed 
train is introduced. The unique properties of aluminum alloys are analyzed. The 
detailed application is illustrated including car-body, gear box and axle box tie 
rod. The main challenges encountered in the application are also mentioned. The 
key manufacturing techniques, such as casting, forming, welding, are analyzed. 
Finally, the future improvement directions for better application is summarized. 
It is expected to set up a bridge for materials providers, equipment manufacturers 
and end-users, thereby promoting the advance of manufacturing technology and 
application of aluminum alloys in wider fields.

Keywords: aluminum alloy, application, rail transportation

1. Introduction

With the rapid development of human civilization, the consequent air pollution 
and greenhouse gas (GHG) emissions have threaten human being for years. Energy 
conservation and emission reduction is an increasing priority in the development of 
transportation industry.

A number of approaches can be used to improve energy efficiency and reduce 
CO2 emission, such as reducing aerodynamic resistance, transmission loss, tire 
rolling resistance, and weight [1]. Among these options, lightweight structure is cur-
rently considered as one of the most efficient solutions. In recent years, lightweight-
ing has become a major research theme in the transport industry around the world.

Material substitution appears a promising option for lightweighting. 
Traditionally, steel, such as low-carbon steel and stainless steel, is  used as main 
material to build major structure of transportation equipment. Titanium, alumi-
num and magnesium are promising lightweight metallic materials as alternatives 
to steel and cast iron. Among these materials, aluminum shows a balanced per-
formance, such as light weight, good corrosion resistance, good formability, high 
specific strength and relatively low cost. Density of aluminum alloy is only one 
third of steel. Considering structural optimization due to material replacement, the 
overall weight of rail car-body is decreased by 50% when aluminum is used. This 
degree of reduction deserves an  effort in engineering application.

Although aluminum accounts for ~8 wt% (by mass) of the earth’s crust, the high 
affinity of aluminum for oxygen, as well as the stability of aluminum oxides and 
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silicates hindered its separation for a long time. For this reason, aluminum became 
economic for engineering applications only at the end of the nineteenth century [2].

Aluminum alloys was originally used in aviation industry which is an important 
part of the transportation industry. It was firstly used on Junker F13 fuselage with 
the invention of 2017-T4 alloy in 1920. It began to be used in the manufacture of 
train with increase of the train speed until 1980s. So far, it has been widely used in 
passenger cars with speeds above 200km/h, such as German ICE series high-speed 
EMU car-body, French ALSTOM double-decker TGV high-speed EMU car-body, 
Italy Pendolino(ETR) series pendulum high-speed EMU car-body, Japanese 
Shinkansen, and Chinese CRH high-speed EMU car-body and so on. Especially 
with the huge expansion of high-speed rail lines in China in the last 20 years, the 
development and application of aluminum alloy prospered.

A series of new manufacturing processes, such as friction stir welding and laser 
welding, were developed and applied. These technical progress promoted application 
of aluminum alloy not only in high speed trains but also urban rail vehicles, which 
continuously contributes to energy conservation and climate change. This chapter will 
introduce the application status and key technologies of aluminum alloy for manu-
facturing high speed train. It is expected that the technical analysis and summary will 
inspire and encourage material scientist and engineers to vigorously push technologi-
cal innovation for comfortable travel experience in an environmental-friendly mode.

2. Characteristics of aluminum alloy

The special operating environment of trains and unique properties of aluminum 
alloy promotes the their combination, which favored the popularization of high speed 
train and in-depth application of aluminum alloy in transportation industry. For engi-
neering application on rail transit vehicles, aluminum has the following advantages:

(1) The net weight of the vehicle can be greatly reduced. The use of aluminum alloy 
can greatly reduce the net weight of rail passenger car while it meets the safety 
requirements in the aspect of strength and rigidity. Generally speaking, car-
body made of aluminum alloy is 30%~50% lighter than that of steel. For high-
speed and double-deck trains, the most effective way to make vehicles light is to 
increase the proportion of aluminum used in vehicles as much as possible.

(2) Aluminum alloy has excellent fire resistance. Although the melting point of 
aluminum (660 °C) is much lower than that of steel (1530 °C), the fire-resis-
tant of the car body is not only related to the melting point of the material, but 
also to the thermal conductivity of the material. Compared with steel, alumi-
num alloy has excellent thermal conductivity and better heat dissipation.

(3) Aluminum alloy has good corrosion resistance. The surface of aluminum al-
loy is easy to form a layer of dense oxide film, which has a good anti-oxidation 
ability in the atmosphere. Therefore, car-body made of aluminum alloy has 
better corrosion resistance than that of steel, especially in the components 
that are not easy to be coated, such as the box structure and some of its inter-
nal beams and columns, aluminum counterpart show obvious advantages. 
At the same time, aluminum alloy surface can be colored, painted, sprayed, 
through chemical methods to greatly improve the corrosion resistance of the 
components, together with improved decorative effect.

(4) Aluminum alloy is easy to process, manufacture and maintain. With the de-
velopment and application of large hollow and complex section aluminum 
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profiles, aluminum welding technology is constantly improving, and vehicle 
manufacturing technology is becoming more and more mature. Aluminum 
alloy parts is easy to be replaced, and suitable for all kinds of surface treat-
ment. The workload need for manufacturing rail car-body is also greatly 
reduced than the steel one.

(5) The price of aluminum alloy is moderate. The high price of aluminum material 
increases the manufacturing cost of vehicles, but aluminum alloy also makes ve-
hicles light, which leads to the increase of transport capacity, reduction of energy 
consumption and reduction of maintenance costs. Taking the comparison of 
maintenance hours of vehicles leaving the factory at 10 A as an example, steel car 
is 100%, aluminum car is 52%.The recovery value of scrapped vehicles is 100% 
for steel vehicles and 480% for aluminum vehicles. From the perspective of com-
prehensive economic benefits, the use of aluminum vehicles is economical and 
reasonable. Therefore, the final cost of using aluminum alloy is moderate.

3. Typical aluminum alloys and their properties

Aluminum alloys commonly used in high-speed trains include 5000 series, 6000 
series and 7000 series. 5000 series alloys show maximum strength and high corro-
sion resistance among the typical non-heat treatable alloy, which adapt to welded 
structure. 6000 series alloys show moderate strength and good corrosion resistance, 
together with perfect extrusion formability making complex and thin-wall hollow 
section possible. 7000 series alloys show excellent strength among age-hardening 
aluminum alloy, which provide wide space for weight reduction. Typical aluminum 
alloys for high speed train car-body are shown in Table 1.

Series Designation State Mechanical properties Application 
area

Note

Tensile 
strength/

MPa

Yield 
strength/

MPa

Elongation/ 
%

5000 5083 O ≥275 ~ 350 125 ~ 200 ≥16 Front skin Plate

6000 6005A T6 ≥270 ≥225 ≥8 Underframe, 
sidewall, 
roof, end 

wall, beam

Plate, 
3 ~ 5 mm

6005A T6 ≥255 ≥215 ≥6 Underframe, 
sidewall, 
roof, end 

wall, beam

Section, 
3 ~ 5 mm

6082 T6 ≥310 ≥260 ≥10 Underframe, 
end beam

Plate, 
3 ~ 6 mm

6106 ≥250 ≥200 ≥8 End wall Section

7000 7B05 T4 ≥315 ≥195 ≥11 Underframe, 
end beam

P, 2.9 ~ 6.5

7B05 T5 ≥325 ≥245 ≥10 Underframe, 
end beam, 

traction 
beam

Section

Table 1. 
Typical aluminum alloys for high speed train car-body [3, 4].
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4. Detailed application

In railway vehicles, aluminum alloy is primarily used in manufacturing car-
body and its ancillary structure. The car-body is a prolonged hexahedral structure. 
Aluminum is used to manufacture all parts of the structure, including roof, 
underframe, end wall and side wall. However, different aluminum designations are 
selected for different parts of the car-body based on their properties shown in section 
3. Both extruded section and plate are used. Extruded profiles account for about 70% 
of the total weight of the aluminum alloy car-body, while the plates account for about 
27%, and the castings and forgings account for about 3%. On the other hand, there 
is an emerging trend that aluminum alloy come into application to other structures 
such as gear-box and axle box than car-body. The detailed introduction is as follows.

4.1 Car-body

The development of aluminum alloy materials and large extruded profiles paves 
the way for the modernization and lightening of railway vehicles, In recent years, 
with the popularity of lightweight design concept for railway vehicles, as well as the 
requirement of simplified construction and maintenance, large integral thin plate 
and hollow complex thin wall profiles has been developed successfully. In Japan, 
6N01(6005 alloy) alloy with better extrusion, welding and corrosion properties 
has been developed to produce porous complex thin-wall hollow profiles, widely 
replacing 7N01 and 7003 profiles as the floor, side plate and roof structure of 
the car-body. In Western Europe, aluminum alloy body is mainly made of 6005A 
extruded profiles, the main reason of which is that the extrusion performance of 
6005A is better, the production process is more simplified, and the stress corrosion 
problem of 7000 series alloy can be avoided. The application of typical aluminum 
alloys on 300 series Shinkansen high speed train is shown in Figure 1. A complete 
car-body is shown in Figure 2. As is shown, the car-body is mainly composed of 
extruded section.

Figure 1. 
Application of aluminum alloys on car-body of Shinkansen 300 series high speed train.
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The car-body can be easily welded automatically with through - length welds, as 
shown in Figure 3. The aluminum section profiles can be designed according to the 
section structure of the car-body, as shown in Figure 4. Typical extruded section 
profiles for high speed train are shown in Figure 5.

However, when it comes to the head car, the structure is quite different. In order 
to achieve optimal aerodynamic performance running at high speed, a streamlined 

Figure 2. 
Typical car-body of high speed train made of aluminum alloy.

Figure 3. 
Typical sidewall of high speed train composed of extruded sections.

Figure 4. 
Part of a section structure of high speed train car-body.
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design was given to the head car, as shown in Figure 6. This unique shape make 
the it impossible to manufacture with relatively regular and straight sections. 
Therefore, beam and slab structure became the optimum option for head car. As 
shown in Figure 7, a framework is designed based on the requirement for stiffness 
and strength to support the front skin against plastic deformation. It is welded with 
hundreds of beam made of aluminum plates prior to skin fixation. Afterwards, the 
skin is divided into small pieces based on the principle of good workability. Each 
piece is deformed to specific shape based on the design profile. Then the piece is 
fixed on the framework one after another, shown in Figure 8.

4.2 Gear box

For further reduction of the weight of the train, it is obviously not enough by reduc-
ing the weight of the car-body because the car-body accounts for only about 20% of 
the total mass of the train. Key components of bogie including traction motor, wheel-
sets, frame and braking system attracted attention of proponents of lightweighting. 

Figure 5. 
Typical extruded section profiles for high speed train.

Figure 6. 
Streamlined head car of CRH 380A high speed train.
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The lightweighting of gear box can help to reduce unsprung mass and wear or damage 
to rail. In this part, the application of aluminum alloy on gear box is introduced.

Gear box of high speed train is manufactured by casting aluminum rather 
than wrought alloy due to complex and unequal thickness. Low pressure casting is 
widely used in non-ferrous alloy casting because of its high feeding pressure and 
temperature gradient and stable filling, which can effectively improve the density of 
castings and product yield.

AlSi7MgA and AlCu4Ti are commonly used as casting materials for gear box 
due to good flowability, low thermal expansivity and shrinking percentage. Typical 
aluminum gear boxes on CRH series high speed train are shown in Figure 9.

4.3 Axle box

Axle box is one of the important bearing parts of trian bogie and transfer joint 
of motion. The left axle box part is installed on the axle journal through a rolling 
bearing, and the right swivel arm is connected with the positioning swivel seat on the 

Figure 7. 
Internal structure of the head car of high speed train.

Figure 8. 
Head car of high speed train.
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Figure 9. 
Typical aluminum gear boxes on CRH series high speed train.

Figure 10. 
3D model of an aluminum alloy axle box.

Figure 11. 
Finished aluminum alloy axle box of high-speed train.
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frame through an elastic node. When the train is running, axle box bears the action 
of vertical force, longitudinal force and transverse force.Therefore, the bearing con-
dition of the axle box body is complex, and its structure and performance stability 
are very important for the safe operation of the train. 7050 aluminum alloy forgings 
shows high strength and toughness, which can significantly reduce unsprung weight. 
The weight of forged aluminum product decrease 62.5% as compared to the tradi-
tional carbon steel one. Therefore, forging aluminum alloy axle box is widely used on 
high-speed train. 3D model of an aluminum alloy axle box is shown in Figure 10. A 
typical finished aluminum alloy axle box of highspeed train is shown in Figure 11.

5. Key manufacturing techniques

The engineering application of aluminum alloy in the field of rail transportation 
encounter a series of challenges, which promote the development of a series of key 
manufacturing techniques including casting, forming welding and anti-corrosion 
processes.

5.1 Casting

Casting is an important process for the manufacture of complex structures such 
as gear box. The main challenges of gearbox casting process are as follows:

(1) Ensure there is no cold partition, porosity and other defects in the thin-
walled area, so as to meet the requirements of casting appearance quality.

(2) Ensure there is no excessive shrinkage porosity, shrinkage cavity and other 
defects on the box surface, flange, hanging and other key parts, so as to meet 
the internal quality requirements of castings radiographic inspection.

(3) Ensure a high requirements for machining surface pinhole and non-machin-
ing surface, especially for aluminum alloy castings that are easy to produce 
pinhole defects.

In the production of aluminum alloy gearbox for high-speed EMU, the common 
casting defects include porosity, pinhole and shrinkage cavity.

In order to eliminate those pores, two measures need to be taken on the premise 
of controlling the air production content of molding sand. Firstly, the venting near 
the inner runner and riser should be improved by opening more air hole and hol-
lowing out the loam core of the outer molding. Secondly, thickness of the coating 
should be guaranteed to decrease surface void on the sand (core) by using coating 
with high thermal conductivity such as zircon powder. The filling pressure and 
holding pressure are increased appropriately, so as to increase the resistance of gas 
entering the metal liquid.

The key of eliminating pinhole mainly relies on the control of hydrogen content in 
liquid aluminum. The refining process can reduce the oxidation inclusion and hydro-
gen content in liquid aluminum, and thus effectively reduce pinhole forming tendency.

Regarding to shrinkage cavity at the top of gear box, it is proved effective by 
simulating the solidification process with MAGMAsoft. Chilling block and riser 
locating can be optimized to ensure the feeding channel of the top riser unblocked 
under reasonable temperature distribution.
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5.2 Forming process

There are four different technologies available to manufacture the front skin panels 
of the head car. The most commonly used one is the hammer press where a hammer 
machine is used conveniently to produce the target shapes. However, the dimensional 
tolerance of the produced product heavily depends on the worker’s experience. After 
installing the panels on the structural frame, any further modifications of the geo-
metrical features can only be completed by using the hand tools such as hammer. Such 
a manual process renders the high repeatability of manufactured components almost 
impossible. The second technique is the expanding-stretching process. It is applicable 
for the panels with curved profile but only to a certain extent. Additionally, the rotat-
ing press machine, which mainly aims for manufacturing a panel with small and uni-
form curvature, is used, while a process called mould press that uses mould to produce 
the target shape is employed for the panel with complicated and small curvature.

As shown in Figure 12, the front skin of a typical CRH 380A high speed train is 
divided into around 70 small pieces which are joined together through a total of 170 
meters long welding line. As the length of each panel is limited to only 1 meter, the 
manufacturing process becomes time consuming and low efficient for producing a 
considerable amount of small components. The product quality of the front panel is 
also compromised due to the increased residual stress resulted from the uneconomi-
cal and complicated assembling process.

In order to ensure the assembly precision of each piece, a commercial finite element 
analysis simulating the skin drawing and springback process based on flexible multi-point 
die is necessary. In order to improve the computational efficiency and obtain satisfactory 

Figure 12. 
Front panel of CRH 380A high speed train.

Figure 13. 
Distribution of MISES stress and equivalent plastic strain for forming of a single piece.
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computational accuracy, the dynamic explicit algorithm is used to simulate the drawing 
process, and the static implicit algorithm is used to calculate the springback. Figure 13 
shows the Distribution of MISES stress and equivalent plastic strain for forming of a single 
piece. The forming process is developed based on the simulation results which can save 
experimental time and improve adaptability to different products, shown in Figure 14.

5.3 Welding

Due to special thermal physical properties and welding characteristics of alumi-
num alloy, such as low melting point, thermal conductivity, high electrical conduc-
tivity and the expansion and shrinkage, high content of alloy elements as compared 
to carbon steel and stainless steel [5, 6], it is much more easily to produce pores, 
crack, lack of penetration, incomplete fusion, large welding deformation, bite edge 
and slag when aluminum alloys are welded. The assembly precision, quality and 
performance can be severely affected by welding process. Therefore, the welding 
process is quite crucial in the manufacture of high speed train.

The following aspects should be considered as the basis of selecting welding method:

(1) Aluminum alloy is coated with a dense oxide film which can easily adsorb 
moisture and bring hydrogen to molten pool. The aluminum can also become 
oxidate slag existing in the weld which affecting the performance. Therefore, 
it is very important to remove the oxide on the base metal and groove surface 
of aluminum alloy before welding.

(2) The thermal conductivity of aluminum alloy is five times that of low carbon 
steel. High power or energy concentrated welding heat source should be a 
preferential option. And preheating is necessary for thick plate welding.

(3) The thermal expansion coefficient and cooling shrinkage rate of aluminum 
alloy are two times that of steel. Therefore, aluminum alloy melting welding 
deformation is serious. Deformation control measures such as reverse defor-
mation and reinforcement constraint should be considered.

(4) Aluminum alloy material has different kinds of alloying elements, and the 
loss of alloying elements during fusion welding is easy to lead to the decrease 
of joint strength and corrosion resistance, and the weld metal and heat 
 affected zone are easy to produce intergranular cracks. Cracking susceptibil-
ity should be considered.

Figure 14. 
Skin drawing based on flexible multi-point die.
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In this section, three typical welding processes which are widely used in manu-
facturing process of high speed train are introduced.

5.3.1 Arc welding MIG

Pulse MIG welding is the most widely used and developed method of aluminum 
alloy welding which is characterized by large thermal power, high linear energy, 
good energy concentration and good protection effect. The above features are suit-
able for welding aluminum alloy based on its unique thermal physical properties. 
Pulsed MIG welding can be used to control wire melting and droplet transition, 
improve arc stability and achieve droplet jet transition with small average current, 
thus suitable for all-position welding.

Considering the cathodic atomization effect of MIG welding on removing alu-
minum oxide film, DCEP (Direct Current Electrode Positive) is commonly used for 
pulse MIG welding. Semi-automatic pulse MIG welding are fit for irregular short 
welds while regular long straight welds are usually automatically MIG welded with 
laser tracking, shown in Figure 15.

Typical defect includes poor formability, burning through, excessive penetra-
tion, cracking, pore and slag, as shown in Figure 16.

5.3.2 FSW welding

In addition to the traditional MIG welding, friction stir welding(FSW) has 
been widely used. This process and MIG welding process are not compatible on the 
design groove. Groove designed according to MIG welding process cannot be used 
for friction stir welding, so the promotion of this technology is subject to certain 
restrictions. However, FSW shows unique advantages as follows:

(1) Low manufacture cost. No consumable welding materials, such as electrode, 
wire, flux and protective gas, are required during the welding process. Weld-
ing stirring head is the only consumption. It is not necessary to remove the 
oxide film before welding, which reduce cleaning time and improve produc-
tion efficiency.

(2) Good welding quality. The temperature of friction stir welding is relatively 
low, so the microstructure change of the heat affected zone is negligible, and 
the residual stress is low leading to a low deformation. The joint efficiency is 
high as compared to MIG weld.

(3) Environment-friendly. The welding process is safe. There is no pollution, no 
smoke, no radiation, etc.

(4) Less energy consumption. Because friction stir welding solely depends on the 
welding head rotation and movement, it saves more energy than fusion weld-
ing or even conventional friction welding.

(5) High welding efficiency. It can complete the welding of long weld, large sec-
tion and different position at one time.

The above advantages promote its application in rail transportation field, shown 
in Figure 17. It can be seen that FSW showed flat weld than MIG which requires 
little post-processing (Figure 18).
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Figure 15. 
Automatically MIG welding process.

Figure 16. 
Typical defect in aluminum alloy weld.
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The defects in friction stir welding joints mainly include holes, unwelded 
joints, flaps and grooves. Defects are mainly caused by the fact that in the 
welding process, different parts of the weld metal have undergone different 
thermomechanical processes, and thus bring overheating or insufficient flow 
of plastic materials. The top of the weld is subjected to the strong friction and 
stirring effect of the stirring needle and the shaft shoulder at the same time, even 
if the welding speed is very high or the stirring head speed is not high enough, 
it can still ensure a certain heat input and form a defect free connection; In the 
middle of the weld, the heat input is less than the top, but the heat output is 
also less than the top and bottom, so the total heat absorption is greater than 
the top and bottom, and the material softening degree is the highest. The heat 
input at the bottom of the welding seam is the least and the output is the largest. 
so the welding defects will appear at the bottom of the welding seam when the 
process parameters are not properly selected or the size of the welding tool is not 
appropriate.

Figure 17. 
FSW process of a sleeper beam.

Figure 18. 
A comparison between MIG and FSW welds.
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5.3.3 Laser-MIG welding

Laser-MIG welding is a new welding technology, which has a wide development 
prospect. The laser -MIG hybrid welding technology combines the laser welding 
technology and MIG welding technology organically, which overcomes each other's 
shortcomings, and thus favor to obtain high quality welding joint.

Laser -MIG welding uses both laser beam and arc, which has the characteristics 
of high welding speed, stable welding process, high thermal efficiency and allowing 
greater welding assembly clearance. The laser -MIG welding pool is smaller than 
that of MIG welding. As compared to MIG welding, laser-MIG welding shows lower 
heat input, smaller heat affected zone and smaller work deformation.

Based on the characteristics of concentrated heat source, strong penetration and 
arc wire filling welding, a new design of joint and groove of laser-MIG hybrid weld-
ing was carried out through experimental optimization and verification. Compared 
with the traditional MIG welding, the upper groove angle is smaller, the depth is 
smaller for laser-MIG hybrid welding.

The wide application range and high efficiency of laser-MIG welding enhance 
its competitiveness in terms of investment cost, reduced production time, reduced 
production cost and improved productivity. Currently It is in the stage of small-
scale application in the manufacture of high speed train and relevant component, 
shown in Figure 19.

Figure 20 shows a comparison between MIG and laser-MIG hybrid welds. The 
laser-MIG hybrid welds is flat which reflect a good formability.

Figure 19. 
Lase-MIG weld machine for roof of aluminum car-body of high speed train.

Figure 20. 
A comparison between MIG and laser-MIG hybrid welds.
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5.4 Anti-corrosion process

The increasing operation speed of train make it experience the baptism of differ-
ent environments within hours. The environmental change is quite complex when 
the train goes from inland to coastal cities, from high to low latitudes, from low to 
high altitude. The weather may change dramatically from sunny to rainy. The tem-
perature may change from subzero to 40°C, The humidity may change from very 
dry to very damp (~100%). The air may change from fresh and clean to polluted. It 
may contain dust, oxysulfide, oxynitride, or chloridion. These ingredients would 
lead to corrosion to aluminum alloy which is detrimental to the safety and long-term 
reliability of the train, especially when it’s running at speed higher than 200 km/h.

As is known, aluminum shows good corrosion performance since it can form 
passive film in atmosphere. However, the corrosion resistance is also threatened by 
alloying elements and aggressive environmental factors. Pitting, galvanic and stress 
corrosion are common types of corrosion for engineering structure made of alumi-
num used in atmospheric environment.

For rail vehicle, an organic coating system is used to protect aluminum against 
corrosion. In order to deal with different environments, the coating system for 
outer surface is different from internal surface. The outer coating system is used 
to fight against harsh natural environment while the internal coating tackle the 
condensing water and leaking water from washing room. Therefore, it has higher 
requirement for the outer coating system. It needs to be evaluated by a series of 
accelerated corrosion test including salt spray test, damp heat test and high-low 
temperature test. The outer coating system consists of sand blasting pretreatment, 
epoxy primer, polyurethane putty, polyurethane interlayer, polyurethane finishing 
coat and varnish. The internal coating system consists of cleaning, etch coating, 
rust inhibiting primer and polyurethane top-coat. In case aluminum component 
joints with other alloys, a surface pre-treatment accompanied by rust inhibiting 
primer is necessary to ensure physical isolation from each other and against gal-
vanic corrosion (Figure 21).

6. Conclusion

In this chapter, the latest applications of aluminum alloys in rail transportation 
field is introduced. The typical high-strength aluminum alloys used on high speed 
train was illustrated combined with the unique characteristics of aluminum alloys. 
The detailed application on key part of rail vehicle including car-body, gear box and 
axle box tie rod, were introduced. The main challenges and engineering experience 
were also mentioned. The key manufacturing techniques, such as casting, forming, 

Figure 21. 
Coated outer surface and internal surface of aluminum car-body.
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