AST Advances in Science and Technology
A\XRJ Research Journal

Advances in Science and Technology Research Journal 2024, 18(5), 234-244
https://doi.org/10.12913/22998624/190786
ISSN 2299-8624, License CC-BY 4.0

Received: 2024.06.10
Accepted: 2024.07.20
Published: 2024.08.01

Analysis of Plastic Forming During Rolling of AI1050-AZ31-Al1050
Layered Composites for Transport Purposes

Dariusz Rydz', Grzegorz Stradomski', Michat Patega', Mariusz Salwin?,
Michat Opydo', Arkadiusz Szarek?®, Joanna Fik?, Tomasz Chmielewski?

! Faculty of Production Engineering and Materials Technology, Czestochowa University of Technology, al.
Armii Krajowej 19, 42-201 Czestochowa, Poland

2 Faculty of Mechanical and Industrial Engineering, Warsaw University of Technology, ul. Narbutta 86, 02-524
Warsaw, Poland

3 Faculty of Mechanical Engineering and Computer Science, Department of Technology and Automation,
Czestochowa University of Technology, al. Armii Krajowej 21, 42-201 Czestochowa, Poland

Faculty of Science and Technology, Jan Dlugosz University in Czestochowa, ul. Armii Krajowej 13/15, 42-200
Czestochowa, Poland

* Corresponding author’s e-mail: mariusz.salwin@onet.pl

ABSTRACT

The aim of the research was to determine the possibility of producing and using layered composites made of alu-
minium and magnesium alloys A11050-AZ31-A11050. The use of layered composites often results from economic
conditions. The work analyzed the current research, technological and production potential, as well as selected
microstructural phenomena occurring in the tested multilayer materials and the effects of the rolling process. The
material for the study was obtained using the explosion welding technology, one of the few enabling universal join-
ing of often difficult-to-weld metals. The rolling process was carried out on a semi-industrial duo rolling mill with
a roller diameter of @300 mm. The composite input material for the rolling process was heated to a temperature
of 380 °C. The effect of the rolling process on the distribution of metal pressure forces on the rolls, the geometric
parameters and the microstructural changes occurring in the plastically formed layered composite were an-alysed,
and the energy gain from using a structure in which the currently used aluminium com-ponents were replaced with
the tested composite was estimated. The research results presented in this paper prove that in the rolling process of
the layered composite there are differences in the deformation values of the A11050 and AZ31 layers. These differ-
ences are caused by the properties of the materials combined into the layered composite. The use of the proposed
composite material in industrial conditions will enable the weight of selected elements to be reduced by up to 60%,
which will have a positive impact on the energy efficiency of the entire structure.

Keywords: layered composites, rolling of composite sheets, explosion welding, modern materials, aluminium and
magnesium alloys.

INTRODUCTION

Current climate policies in the EU, China,
the USA and other highly developed countries
are forcing the search for new construction and
material solutions to reduce energy consumption.
One direction of development in the materials
field are aluminium and magnesium based alloys

234

[1]. While aluminium alloys have good resistance
to oxidising agents, magnesium does not, which
is why surface protection is so important [2, 3].
Works on new lightweight construction materials,
including composite materials with favourable
strength properties have been conducted in many
research and development centres. [4, 5]. These
research works generated an increased interest in
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non-ferrous metals, mainly aluminium and magne-
sium alloys [6, 7]. The fact that magnesium alloys
have the highest strength in relation to their density
has resulted in a great interest in these materials [8,
9]. Magnesium alloys have become widely used
in many industries, which include the automotive,
aerospace, electronics, etc [9, 10]. The advanta-
gious functional properties of magnesium alloys
(low density and high strength) are the reason for
the widespread use of these materials, especially
in the fabrication of layered composites [11, 12].
Many research works are being carried out on im-
proving the processes of plastically formed com-
posite products. In recent years, there has been a
continuous increase in interest in composite mate-
rials, especially layered ones. This has been con-
firmed by the number of publications listed in such
databases as Google Scholar, Semantic Scholar,
Elsevier, BAZ TECH. When analysing the number
of publications according to the Google Scholar
database, bimetals were discussed in 5,990 review
articles, and in the content of 90,800 of all papers
monitored by the database. These data lead to the
conclusion that there has been a diametric growth
in interest in topics relating to bimetals during the
period under review. In the case of AI/Mg bimet-
al and layered composite Al/Mg/Al, the Google
Scholar reports 19,200 results for review articles
and 62,300 results in total, with the dynamic in-
crease mainly in the last decade.

The afore-presented analysis on the number
of publications relating on layered materials,
including Al/Mg confirms the high scientific in-
terest in the subject under study, although much
lower among scientists in Poland [13, 14]. This
therefore justifies the choice of the subject under
study [15]. Very important to these considerations
are the work relating to the numerical modelling
of the processes of plastically forming compos-
ite products [16, 17]. Numerical research often
makes it possible to determine technological pa-
rameters which in turn, to a certain extent, control
the mechanical properties of the produced com-
posite materials [18, 19]. Of relevance here are
the methods of joining layered composites [20,
21]. Another very important matter is the selec-
tion of the method and conditions for plastically
forming process [22, 23]. Both during the joining
of the composite layers and its forming, a num-
ber of processes take place that affect the quali-
ty of the bonding areas of the composite layers,
the changes that take place in the microstructure
that determine the later properties of the finished

product [24, 25]. The goal of this study was to
determine the influence of the rolling process on
the microstructural changes in the A11050-AZ31-
Al1050 composite layers. The quality of the
bonding areas of the layered composites was also
analysed [25, 26, 27].

The combination of low-density and high-
strength layers into a single Al1050-AZ31-
Al1050 composite results in invaluable structural
materials suitable for automotive and aerospace
industries. The Al1050 outer layers show very
good corrosion resistance and are made of ductile
material. The AZ31 layer used in the composite,
on the other hand, have high strength and rein-
forces the layered composite.

MATERIALS AND METHODS

This paper presents the results of laboratory
tests on the rolling process of three-layer A11050-
AZ31-Al1050 composite sheets. Subjecting the
AZ31 layer to bilateral plating with AI1050 lay-
ers was due to the properties of the alloy [9, 11].
Among other things, the material used for the outer
layers has a higher corrosion resistance compared
to the higher-strength AZ31 alloy [21, 23]. The bi-
lateral plating with A11050 layers applied will not
negatively affect the most important advantage,
which is the low weight in relation to the strength
properties [7, 9]. For this reason they should be of
interest to both the automotive and aerospace in-
dustries. The material for testing was made using
the explosion-welding method by the Polish Ex-
plomet company. The maximum shearing stress
was approx. 62 MPa, this combined with the val-
ues presented, among others, in the publication
[24]. Figure 1a shows a schematic diagram of the
joining method and Figure 1b shows a sample cut
from the finished sheet. The chemical composition
of the materials tested is shown in Table 1.

The manufacture of flat multilayer products
requires an appropriate metal joining method.
For joining flat multilayer products, the method
of explosion welding of metals and their alloys is
commonly used. The second stage in the manu-
facture of multilayer sheets is the rolling process.
The bimetals obtained by this method as well as
multilayer composites consisting of more than
two materials, have unique structural properties.
They are characterised by high strength, corro-
sion resistance and excellent electrical conductiv-
ity. Explosion welding can be used for materials
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Figure 1. (a) Schematic diagram of the explosion-welding method, (b) sample cut from the finished sheet

Table 1. Chemical composition of alloys used in explosive welding processes (wt. [%])

Material Al Mg Cu Zn Ni Si Mn Fe
AZ31 3.50 95.00 0.05 0.80 0.01 0.10 0.40 0.01
Al1050 99.50 0.047 0.05 0.008 0.01 0.06 0.005 0.32

that can be also joined by traditional methods as
well as metals and their alloys for which there is
no alternative technology. The rolling process for
flat multilayer products is often dictated by the
impossibility of directly joining layers with thick-
nesses corresponding to the finished multilayer
product. In addition, in the process of rolling mul-
tilayer sheets, it is possible to affect the mechan-
ical properties and structure of finished products
by causing large deformations. Depending on the
intended use, the rolling process often followed

> | F
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Figure 2. View of a laboratory rolling line with DUO 300 rolling mill

by a heat treatment. After the explosion-welding
process, samples 26 mm thick (where 20 mm was
the AZ31 layer while the Al11050 plating layers
were 3 mm thick each), 100 mm wide and 150 mm
long were cut off. The rolling process was carried
out on a semi-industrial DUO 300 reversible lab-
oratory rolling mill with a roller diameter of 300
mm, in the rolling laboratory in the Department
of Metallurgy and Materials Technology at the
Czestochowa University of Technology (Figure
2). The mill’s measurement system enabled the
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measurement of the energy and force parameters
of the process, i.e. the pressure force exerted by
the metal on the rolls measured directly by the
force sensors and the rolling torque, measured in-
directly from signals received from the frequency
converters supplying the drive motors of the up-
per and lower rolls.

As part of the work, examination of the con-
nection areas of the composite layers was carried
out, both immediately after connection by explo-
sive welding and after subsequent stages of the
rolling process. The research was carried out us-
ing a JEOL JSM-6610LV (Japan) scanning elec-
tron microscope (SEM) working with the EDX
microanalyzer from Oxford Instruments X-Max.

RESULTS

The rolling process was carried out in two
stages as shown in Table 2. In the first series, the
feedstock was subjected to rolling through two
passes after being heated in the furnace to 380 °C.
Then it was put back into the furnace and, after
heating to a temperature of 380 °C was subjected
to rolling in a second series consisting of three
passes. The rolling speed in each case was con-
stant at 0.3 m/s.

The results of the research made it possible
to select the conditions for the process lead-
ing to a defect-free product with high quality
requirements.

During laboratory tests, the optimum condi-
tions for the rolling process were determined. As
a result of the experimental tests, the values of the
metal pressure forces on the rollers during subse-
quent passes were recorded. (Figure 3).

On the basis of the results of the tests on
the rolling of triple-layer sheets composed of

Table 2. Process parameters for rolling composite sheets

Al1050-AZ31-Al11050 presented in Figure 3, it
can be observed that the values of the metal pres-
sure force on the rolls in successive passes increase
in series 1 as well as series 2. For this reason the
rolling process required the reheating of the rolled
samples. This was due to the rapid cooling of the
feedstock and, as a result, led to a sharp increase in
the metal pressure forces on the rollers (particular-
ly evident in the case of the second rolling series).

The rolling process resulted in composite
sheets with a final thickness of 10 mm were ob-
tained, without delaminations and cracks in the
joining area (Figure 4). In addition, thanks to bi-
lateral plating of the AZ31 layer with A11050 lay-
ers, there was no bending of the composite strip
after exiting the rolling line. This was due to the
same deformation pressures from both the top
and bottom rollers. In general, it can be concluded
that the tested composite plates can be success-
fully rolled without affecting the durability of the
bond between the layers forming the three-lay-
ered composite. The research was carried out us-
ing a JEOL JSM-6610LV (Japan) scanning elec-
tron microscope (SEM) working with the EDX
microanalyzer from Oxford Instruments X-Max.

This was followed by an in-depth analysis us-
ing SEM microscopy. The bonded area (Figure 5)
was assessed as the most important from the point
of view of the durability of the entire composite.
The sample was subjected to analysis after the
last pass, due to the fact that macroscopic evalu-
ation of the sample after each pass did not show
any separations.

As it can be noticed, there are no distinct
small zones of separation, but an area of vary-
ing colour can be observed. This zone, to the
authors’ knowledge, is most likely an area of re-
melting in which intermetallic phases are formed.
These phases are in most cases characterised by

) ) Thickness of individual composite layers [mm]
Series Pass | Relative deformation Composite sheets
. AI1050
no. no. £ [%] thickness [mm] AZ31
Top Bottom
380 °C 26.00 3.00 3.00 20.00
| 1 20.00 20.80 2.38 2.38 16.04
2 17.30 17.20 1.95 1.94 13.31
Reheating to 380 °C
3 18.02 14.10 1.58 1.58 10.94
Il 4 16.31 11.80 1.28 1.28 9.24
5 15.17 10.01 1.06 1.06 7.89
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Figure 3. Distribution of metal pressure forces on the rollers during the rolling
process, (a) and (b) after heating to 380 °C; (c-e) after reheating to 380 °C

b)

Al1050

significant hardness and thus brittleness. There- As it can be observed, two types of AI3Mg2
fore, an EDX analysis of this area was carried out  (f) and AI12Mgl7 (y) are visible in the bonding
for identification purposes. Fig. 6 presents the ob- area, depending on the place where the interme-

tained results. tallic phases are present. Importantly, despite the
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Weightss  Atomic

Figure 6. EDX analysis of areas of intermetallic phases

fact that these phases have significantly differ-
ent properties in relation to the matrix material,
i.e. aluminium or magnesium, and although they
were subjected to deformation no fractures are ob-
served around them. It is possible to limit the pre-
cipitation of intermetallic phases. However, their
complete elimination in real conditions, and this
is the material we are dealing with in our article,
is basically impossible. The first stage affecting

their quantity is welding, e.g. explosive welding,
the second is the hot rolling process. The use of
optimal parameters of both processes guarantees
a significant reduction in the formation of brittle
phases [28, 29].

This shows that the analysed composite has
great potential for use in plastically formed light-
weight structural components, e.g. those used in
cars and airplanes.
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Assessing the potential for use of the
analysed material in transport structure

Among the important factors affecting fuel
consumption and hence air pollution is vehicle
weight. The authors of works [i.e. 31, 32] have
estimated that a 10% reduction of vehicle weight
(assuming constant load weight) results in a 2%
reduction in fuel consumption in case of railway
trains and light, medium and heavy trucks, 4%
for buses and 7% for airplanes. Aluminium, as a
lightweight metal, it is a potential candidate for
weight reduction; it can be used in a large num-
ber of vehicle components and thus significantly
reduce their weight [33, 34]. Studies have shown
that increasing the aluminium content in a vehicle
significantly reduces greenhouse gas emissions
and energy consumption [32]. When a 10 per
cent reduction in vehicle weight is offset by an
increase in the equivalent weight of the load, fuel
consumption (per unit weight of load) increases
from 6% to 23%, with the largest increase for air-
planes. Furthermore, according to the literature,
with each 45 kg of additional load, the fuel con-
sumption of a vehicle increases by approximately

a)
EV Penetration Scenario
220 [ Constant IEASTEP [ IEASUS

200

120

Al demand (Mt/year)

2020 2030

2010

2000

B IEANZE

2% [33, 35]. The greatest use of aluminium al-
loys, including A11050, for car structural com-
ponents can be observed in hybrid and electric
vehicles. To compensate for the extra weight re-
sulting from a large, massive, battery pack, elec-
tric vehicle manufacturers tend to use even more
aluminium in the body of a car. It is known that
in new construction use also magnesium as one
of the weight saving options. The combination of
these factors has resulted in an overall increased
use of this metal in electric compared to ICE ve-
hicles, and a greater proportion of the plastically
formed alloys in their production [36].

The work [37] includes projections of the to-
tal future aluminium demand for passenger cars
for all 8748 scenarios are shown on Figure 7a. All
model runs lead to a significant increase of auto-
motive Al demand, but the speed and scale of this
increase shows large variations between scenari-
0s. As shown in Figure 7b, 50% of the scenarios
considered result in a demand within the range of
55.1 to 98.5 Mt/yr in 2050, with a median of 74.3
Mt/yr. For the three IEA electrification scenarios
(excluding the Constant scenario used for refer-
ence), the median increases to 80.1 Mt/yr, almost

b)

2040 2050 2030 2040 2050

Figure 7. Yearly global aluminium demand for passenger cars [32]; (a) each line represents a model
run for every unique combination of model parameters. Thick dotted lines represent the average of all
scenarios for a given electrification scenario (dark blue: Constant, light blue: STEP -Stated Policies, orange:
SUS - Sustainable Development, red: NZE - Net Zero); (b) box and whisker plot showing the statistical
distribution of aluminium demand computed for all scenarios in 2030, 2040, and 2050. Each colour dot
represents one scenario. For each year, the box indicates the mean quartiles (the demand lies within the
box for 50% of the scenarios): the bottom of the box is the lower quartile, the separation in the middle the
median and the upper of the box the upper quartile. The whiskers represent the extreme data points
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a f times increase compared with 2020. Electrifi-
cation has a clear effect on aluminium demand:
the fastest electrification scenario (represented
in red) leads to an average additional increase of
37 Mt/yr in 2050 compared with a constant pow-
ertrain split [36].

This can be substantiated by both economic
and mechanical reasons. One of the main factors
having a significant impact on fuel consumption
and wear and tear of vehicle components is its
weight. For example, the biggest influence on
fuel consumption and wear and tear of vehicle
components is the weight difference in the tran-
sient state, i.e. when accelerating or decelerating
the vehicle. This follows from a simple depen-
dency. Let’s assume, in urban traffic the vehicle
accelerates from VO to V50 — 50 km/h.

SEK = M(%0 - 1 )

where: M — vehicle mass; V — initial speed km/h;
V., — the speed to which the vehicle is ac-
celerated = 50 km/h.

The energy required to accelerate the vehicle
converted into the instantaneous fuel consump-
tion can therefore be written as:

_ SEK
Ep==- (2)

where: 1 — engine efficiency = 0.28 for the inter-
nal combustion engine.

With such assumptions, the instantaneous com-
bustion of the car will be:
B
S = )
where: W_ for petrol is 43 MJ/kg.

On the basis of the analysis carried out, it can
be concluded that reducing the weight of a pas-
senger car by 100 kg can result in fuel savings of
between 0.2 and 0.6 L per 100 km, while for lor-
ries it is between 0.7 and 1.2 L per 100 km.

The situation is similar in case of airplanes
[38], for which the highest fuel consumption oc-
curs during take-off. While calculating fuel con-
sumption the Boeing 737-800 airplanes, for ex-
ample, the assumed fuel consumption amounts to
5 tonnes for every 1,000 km. By comparison, ac-
cording to the data provided by Airbus, an Airbus
380 uses approximately 3 litres of fuel per pas-
senger for each 100 km of flight. Analysing the
fuel consumption in relation to the phase of flight,
it is assumed that the climb alone consumes ca.

19% of fuel carried in its tanks at the take-off.
The flight ca. 79%, Landing with engines on idle
mode ~ 2%.

Of importance here is the change in gravita-
tional potential energy = AEp which can be ex-
pressed by the equation

AEp=m-g-h 4)

where: m —mass; g — standard gravity; 4 — altitude.

Thus, at every stage of the design and use
of an engine driven vehicle or aircraft, its total
weight is an important factor. Weight reduction
can in a significant way reduce mechanical wear
and tear of the components, extend the service
life of the structure and decrease fuel consump-
tion. Bearing this in mind, the use of analysed
composites, which enable up to a 60% reduction
in the weight of structural components without
affecting their properties, is completely justified.

DISCUSSION

Current trends in the field of materials re-
search indicate a very significant interest in the
composite materials including those made of
light metals such as aluminium and magnesium.
An in-depth analysis of the research potential in
this area, presented in the first part of the article,
showed a very noticeable increase. This is related
to the issues of changes to more environmentally
friendly modes of transport due to continuing
need to reduce greenhouse gas emissions. The
analysis of a potential for reducing emissions of
harmful substances in the field of transport, pre-
sented in the last part of this paper, carried out
only on the assumption of changing the materi-
als currently used to aluminium alloys, has shown
that this is the correct way forward. In addition,
the possibility of reducing the weight of even just
a part of the components by an additional 60%
has a measurable effect in this respect.

The process of plastically forming thick three-
metal A11050-AZ31-A11050 sheets is presented.
The rolling process of Al1050-AZ31-Al1050
composite thick plates proposed in this paper
proceeded correctly, and no cracks or separations
occurred. The authors of this work also carried
out an analogous rolling process without addi-
tional sheet reheating, which, however, proved
to be inappropriate. Without reheating the rolled
samples, transverse cracks occurred, mainly in
the AZ31 layer, which spread to the other layers
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during rolling. The analysis of the thicknesses
of the three-metal sheet layers after rolling lead
us to another conclusion. The differences in the
relative deformations of individual layers were
negligible. Due to the alignment of the layers in
the three-layer sheets, it was observed that the de-
formation coming from the top and bottom roll
was almost the same. (or However, due to the dif-
ferences in the relative deformations of the indi-
vidual layers, we cannot call the process symmet-
rical.) And since the differences in deformations
of the individual layers on the side of the upper
and lower roll were identical, no bending of the
sheets was observed during the rolling process.
Furthermore, it can be stated that the three-layer
Al1050-AZ31-Al11050 sheets can be successfully
rolled to smaller thicknesses depending on the
demand. As a result of the adopted arrangement
of layers in three-layer composite sheets, it was
observed that the deformation from the upper and
lower rolls was almost the same (therefore, the
rolling process of three-layer composite sheets
can be named as “symmetrical”). One of the main
conditions necessary to ensure that the process is
symmetrical is that the deformations of the upper
and lower rolls must be the same. Only in the sec-
ond pass there is a slight difference in the strain
values in the upper and lower A11050 layers, what
is presented in obtained results. Nevertheless, the
results presented in this paper show the need for
reheating of three-metal sheets, as they have a
high cooling rate. It is necessary to continuously
control the temperature of the rolled sheets.

CONCLUSIONS

The experimental analyses carried out both for
samples after the bonding process using the explo-
sion welding method and after the rolling process
of three-layer sheets for the adopted deformation
options confirm the high functional properties of
the manufactured products. The rolling process of
Al1050-AZ31-Al1050 three-layered thick sheets
proposed in this paper proceeded correctly with-
out cracking or separations of the layers constitut-
ing the three-metal composite. Thus, the assumed
goal of the work was achieved.

On the basis of the research on the rolling
process of three-layered Al1050-AZ31-Al11050
sheets and the assessment of the current state of
knowledge, the following conclusions and state-
ments can be made:

242

e the analysed research issue is important from
the cognitive point of view, as evidenced by
the significant increase of relevant publica-
tions in the world’s databases;

e due to the alignment of the layers in the three-
layer sheets, the same deformations caused
by the working rollers were observed, which
contributed to the absence of bending of the
three-layer sheets after successive passes be-
tween the rollers;

e interlayers resulting from remelting were
observed in the bonding areas. These areas
contained so-called inter-metallics, which
are mixtures of the metal layers subjected to
bonding process;

e no significant separations and cracking caus-
ing gaps between layers after the rolling
process were observed in the bonding areas.
However, few gaps observed in the remelted
areas were during filled rolling process with
deformed materials.

e the use of the analysed composite material,
which enables weight reduction of selected
components by up to 60%, will clearly increase
energy efficiency of the overall structure.

To sum it up, the method of plastically form-
ing flat, three-layer A11050-AZ31-Al11050 sheets
proposed in this study is an economically and
technologically justified solution, which can
greatly improve the quality and functional prop-
erties of the finished product and may form the
basis for their industrial implementation.

REFERENCES

1. Esund, J., Extrusion of 7075 aluminium al-
loy through double-pocket dies to manufacture
a complex profile. J. Mater. Process. Technol.
2009; 209: 3050-3059. https://doi.org/10.1016/j.
jmatprotec.2008.07.009

2. Skowronska, B., Bober, M.; Kotodziejczak, P.,
Baranowski, M., Koztowski, M., Chmielews-
ki, T. Solid-State Rotary Friction-Welded
Tungsten and Mild Steel Joints. Applied Sci-
ences 2022; 12: 9034, https://doi.org/10.3390/
app12189034

3. Hirsch, J., Recent development in aluminium
for automotive applications, Trans. Nonferrous
Met. Soc.China2014,24(7): 1995-2002. https://
doi.org/10.1016/S1003-6326(14)63305-7

4. Chuchala, D., Dobrzynski, M., Pimenov, D.Y.,



Advances in Science and Technology Research Journal 2024, 18(5), 234-244

Orlowski, K.A., Krolczyk, G., Giasin, K., Sur-
face Roughness Evaluation in Thin EN AW-
6086-T6 Alloy Plates after Face Milling Pro-
cess with Different Strategies. Materials, 2021;
14:3036. https://doi.org/10.3390/mal14113036

5. Gamin, Y., Akopyan T., Koshmin A., Dol-
bachev A., Aleshchenko A., Galkin S., and Ro-
mantsev B., Investigation of the microstructure
evolution and properties of A1050 aluminum
alloy during radial-shear rolling using FEM
analysis, The Int. J. Adv. Manufact. Technol.,
2020; 108: 695-704, https://doi.org/10.1007/
s00170-020-05227-8

6. Sellars, C., Zhu Q., Microstructural modelling of
aluminium alloys during thermomechanical pro-
cessing, Mater. Sci. Eng.: A, 2000; 280(1): 1-7,
https://doi.org/10.1016/S0921-5093(99)00648-6

7. Li, Xianrong, Liang W., Zhao X., Zhang Y., Fu
X., Liuet F. Bonding of Mg and Al with Mg—Al
eutectic alloy and its application in aluminum
coating on magnesium. Journal of Alloys and
Compounds, 2009; 471(1 -2): 408—411. https://
doi.org/10.1016/j.jallcom.2008.03.107

8. Goni, J., Egizabal, P., Coleto, J., Mitxelena, 1.,
Leunda, . Guridi, J.R., High performance auto-
motive and railway components made from nov-
el competitive aluminium composites, Materials
Science and Technology, 2003; 19(7): 931-934,
https://doi.org/10.1179/026708303225004413

9. Wachowski, M., Kosturek, R., Sniezek, L., Mroz,
S., Stefanik, A., Szota, P. The effect of post-weld
hot-rolling on the properties of explosively welded
Mg/Al/Ti multilayer composite. Materials, 2020;
13(8), https://doi.org/10.3390/MA 13081930

10.Dyl, T., Starosta, R., Rydz, D., Koczurkiewicz,
B., Kusmierska-Matyszczak, W., The Experi-
mental and Numerical Research for Plastic
Working of Nickel Matrix Composite Coat-
ings. Materials 2020; 13: 3177, https://doi.
org/10.3390/mal13143177

11.Mrdz, S., Mola, R., Szota, P., Stefanik, A., Mi-
crostructure and properties of 1050A/AZ31
bimetallic bars produced by explosive clad-
ding and subsequent groove rolling process.
Archives of Civil and Mechanical Engineering.
Springer: Berlin/Heidelberg, Germany, 2020.
https://doi.org/10.1007/s43452-020-00084-4

12.Dobatkin, S., Galkin S., Estrin Y., Serebryany
V., Diez M., Martynenko N., Lukyanova E.,
Perezhogin V. Grain refinement, texture, and
mechanical properties of a magnesium alloy

after radial-shear rolling. Journal of Alloys and
Compounds, 2019; 774: 969-979. https://doi.
org/10.1016/j.jallcom.2018.09.065

13.Wojcik, L., Pater, Z., Bulzak, T., Tomczak, J.,
Lis, K., A comparative analysis of the physi-
cal modelling of two methods of balls sepa-
ration. Materials 2021; 14: 7126. https://doi.
org/10.3390/mal14237126

14.Laber, K., Dyja, H., Rydz, D., Analytical and
numerical methods of determining the distribu-

tion of temperature of air cooled strip, January/
March 2005, Metalurgija, 2004; 44(1): 31-35.

15.Yu, H., Tieu, AK., Lu, C., Godbole, A., An in-
vestigation of interface bonding of bimetallic
foils by combined accumulative roll bonding and
asymmetric rolling techniques. Metallurgical and
Materials Transactions A, 2014; 45: 4038-4045.

16.Skoblik, R., Rydz, D. and Stradomski G., Anal-
ysis of asymmetrical rolling process of mul-
tilayer plates. Solid State Phenomena. Trans
Tech Publications Ltd, 2010; 165.

17.Sun, X., Liu, X., Wang, J., Qi J., Analysis of
asymmetrical rolling of strip considering per-
centages of three regions in deformation zone.
The International Journal of Advanced Manu-
facturing Technology, 2020; 110: 763-775.

18.Stradomski, G., Rydz, D., Dyja, H. Bimetal plate
St3S+Cu, Metalurgija, 2005; 44(2): 147-149.

19.Prazmowski, M., Paul, H. The effect of stand-
off distance on the structure and properties of
zirconium—Carbon steel bimetal produced by
explosion welding. Arch. Metall. Mater. 2012;
57:1201-1210.

20.Young, G. Explosion Welding, Technical
Growth and Commercial History; KCI Publish-
ing BV, Stainless Steel World: Zuthphen, The
Netherlands, 2004; 6.

21.Paul, H., Faryna, M., Prazmowski, M., Banski,
R., Changes In The Bonding Zone of Explo-
sively Welded Sheets. Zmiany w warstwie

polaczenia plyt zgrzewanych wybuchowo.
Arch. Metall. Mater. 2011; 56: 463-474.

22.Saravanan, S., Raghukandan, K., Thermal ki-
netics in explosive cladding of dis-similar met-
als. Sci. Technol. Weld. Join. 2012; 17: 99-103.
23.Stradomski, G., Rydz, D., Garstka, T., Palgga,
M., Dyl, T., Szarek, A., Szarek, J.L., Dem-
biczak, T., Influence of asymmetric rolling
process on the microstructure properties of
bimetallic sheet metals. Materials 2022; 15.

243



Advances in Science and Technology Research Journal 2024, 18(5), 234-244

https://doi.org/10.3390/mal15062013

24 .Mréz S., Mola R., Szota P., Stefanik A. Micro-
structure and properties of 1050A/AZ31 bime-
tallic bars produced by explosive cladding and
subsequent groove rolling process, Archives
of Civil and Mechanical Engineering, 2020;
20(3), https://doi.org/ https://doi.org/10.1007/
s43452-020-00084-4

25.Skowronska, B., Chmielewski, T., Zasada, D.
Assessment of selected structural properties of
high-speed friction welded joints made of unal-
loyed structural steel. Materials 2022; 16: 93,
https://doi.org/10.3390/mal6010093

26.Skowronska, B., Chmielewski, T., Kulczyk, M.,
Skiba, J., Przybysz, S., Microstructural Inves-
tigation of a Friction-Welded 316L Stainless
Steel with Ultrafine-Grained Structure Obtained
by Hydrostatic Extrusion. Materials 2021; 14:
1537. https://doi.org/10.3390/mal14061537

27.Rydz, D., The optimal conditions for produc-
tion of bimetallic plate St36K + OHI13J in
asymmetrical hot rolling, Journal of Materials
Processing Technology, 2004; 157-158(SPEC.
ISS.): 609-612.

28.Mroéz, S., Wierzba, A., Stefanik, A., Szota, P.,
Effect of asymmetric accumulative roll-bond-
ing process on the microstructure and strength
evolution of the AA1050/AZ31/AA1050 mul-
tilayered composite materials. Materials 2020;
13:5401. https://doi.org/10.3390/ma13235401

29.Mroz S., Jagielska-Wiaderek K., Stefanik A.,
Szota P., Wachowski M., Kosturek R., Lipinska
M., Effect of the rolling process on the proper-
ties of the Mg/Al bimetallic bars obtained by
the explosive welding method. Materials 2023;
16: 21. https://doi.org/ 10.3390/mal6216971

30.Tamimi, S., Sivaswamy, G., Violatos, 1., Mo-
turu, S., Rahimi, S., Blackwell, P., Modelling
and experimentation of the evolution of texture

244

In an Al-Mg alloy during earing cupping test.
Procedia Eng. 2017; 207: 1-6.

31.Cecchel, S., Chindamo D. Turrini E, Carnevale
C., Cornacchia G, Gadola M., Panvini A., Volta
M., Ferrario D., Golimbioschi R., Impact of
reduced mass of light commercial vehicles on
fuel consumption, CO2 emissions, air quality,
and socio-economic costs. Science of The Total
Environment 2018; 613-614: 409-417.

32.Du, J.D., Han, W.J., Peng, Y.H., Gu, C.C., Po-
tential for reducing GHG emissions and energy
consumption from implementing the aluminum
intensive vehicle fleet in China. Energy Decem-
ber 2010; 35(12): 4671-4678.

33. Sullivan, J.L., Lewis, G.M., Keoleian, G.M., Effect
of mass on multimodal fuel consumption in moving
people and freight in the U.S. Transport and Environ-
ment. Transport and Environment. 2018; 63: 786—808.

34. Mozaffari, A., Hosseini, M., Manesh, H.D., Al/Nimetal
intermetallic composite produced by accumulative roll
bonding and reaction annealing. Journal of Alloys and
Compounds 2011; 509(41): 9938-9945.

35. Golbasi O., Kina E., Haul truck fuel consumption
modeling under random operating conditions: A

case study. Transportation Research Part D: Trans-
port and Environment 2022; 102: 103135.

36. DuckerFrontier. 2019. Aluminum content in Euro-
pean passenger cars. European Aluminium. 2019.
https://www.european-aluminium.ecu/media/2714/
aluminum-content-in-european-cars_european-
aluminium_public-summary 101019-1.pdf.

37.Billy, R.G., Miiller D.B., Aluminium use in pas-
senger cars poses systemic challenges for recycling

and GHG emissions. Resources, Conservation and
Recycling 2023; 190: 106827.

38. Yang, C., Lu Z., Wang, Ying, W., Li W.Y., Chen,
Y., Xu, B., Energy management of hybrid electric
propulsion system: Recent progress and a flying car
perspective under three-dimensional transportation
networks. Green Energy and Intelligent Transporta-
tion 2023; 2(1): 100061.



