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Abstract
The current study used the ARB method to fabricate multilayer Al/Cu/Brass composites. For this purpose, the ARB process 
was performed at six passes at room temperature without inter-passes heat treatment. X-ray diffraction (XRD) analysis 
showed that the intermetallic phase was not formed during rolling. Microstructural examination showed that the brass and 
Cu layers are fractured in the Al matrix after the second cycle. Mechanical tests such as tensile tests in RD and TD direc-
tions, microhardness, wear tests under three loads (10, 20, and 30 N), TOEFL, and impedance corrosion tests have been 
performed. The results revealed that increasing the ARB cycles increases the samples’ ultimate tensile strength and hard-
ness. The related maximum values were obtained for the 6th cycle, equal to 288 MPa and 260 HV, respectively. The wear 
test results illustrated that the wear rate decreases significantly by increasing the ARB cycles and reaches a minimum in the 
6th cycle, signifying that the wear resistance of the Al/Cu/Brass composite has increased significantly compared to the Al 
alloys. The worn surfaces were studied under a scanning electron microscope (SEM). The dominant wear mechanisms were 
delamination and oxidation. The corrosion test results indicated that increasing the ARB cycles up to the 5th cycle increases 
the corrosion resistance and then decreases.
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1 Introduction

Materials with multiple properties are needed in many indus-
trial applications, which has led to the growth and develop-
ment of composite production [1]. For example, in the auto-
motive industry, due to the high stress applied to the parts, 
there is a need for materials with high mechanical properties 
and high wear resistance [2–4]. In the aerospace industry, 
materials with high strength-to-weight ratios, thermal sta-
bility, and corrosion resistance are needed [3, 5, 6]. Also, 
materials with electrical/thermal conductivity, low contact 
resistance, and corrosion resistance are needed in electrical 
and electronic industries [7, 8]. Generally, materials suit-
able for different industries are high strength, wear resist-
ance and corrosion resistance, high thermal conductivity, 

and high strength-to-weight ratio [9–11]. These properties 
can be achieved by making an aluminum, copper, and brass 
composite. However, a suitable production method is needed 
to combine the properties of each metal without reducing the 
properties of other metals.

One way to increase materials’ mechanical properties is 
grain refinement. Metal matrix composite with ultra-fine 
grains can be produced by methods like powder metallurgy, 
mechanical alloying, and casting [12–15]. The ARB method 
does not have the disadvantages of the above methods, such 
as agglomeration during the distribution of reinforcement 
particles, the entry of impurities into the composition of the 
composite, and the creation of cracks and cavities during 
production. These defects in the composite structure cause 
the non-uniformity of the microstructure and the reduction of 
the mechanical properties of the produced material [16–18]. 
Also, with the grain refinement that is created during the 
ARB process, there is no need for a secondary process, such 
as extrusion etc., to achieve high-density production.

The ARB process is one of the most straightforward and 
economical processes compared to other methods, which has 
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been considered for the forming of metals (especially sheets) 
and the production of layered composites [19, 20]. By per-
forming the ARB process, the ARB samples can be prepared 
to achieve specific goals, such as increased mechanical and 
corrosion properties [21, 22].

In the ARB process, plastic instability occurs earlier 
in one of the layers than in the others, taking into account 
the differences in the mechanical properties of the layers 
when deforming different metals [23, 24]. With an increas-
ing number of ARB cycles, the hardest layer is necked ear-
lier than the rest and eventually breaks down in the matrix, 
resulting in improved mechanical properties of the mate-
rial. In the production of composite materials by the ARB 
method, increasing the number of cycles increases the dis-
location density, resulting in ultrafine-grained materials. By 
increasing the number of ARB cycles, a uniform distribution 
of the reinforcement within the matrix is   achieved, improv-
ing the mechanical properties of the composite. During 
each ARB cycle, the density of dislocations is significantly 
increased, resulting in the rearrangement or removal of dis-
locations, which contributes to such phenomena as recov-
ery or dynamic recrystallization in the microstructure of the 
composite material. The occurrence of such phenomena will 
have a significant impact on the microstructure, mechanical 
properties, wear behavior, and corrosion of the composite 
material [19, 20].

Talachi et al. [25] studied the wear behavior of pure 
Al over eight cycles of the ARB process. They concluded 
that the wear rate of ARBed Al is greater than that of non-
ARBed Al. One of the reasons for the increased wear rate 
of ARBed Al is the presence of unbalanced and unstable 
grain boundaries with high energy. In fact, wear resistance 
is reduced due to mismatched strains between recrystallized 
grains (in the wear surface) and ultrafine grains (induced by 
the ARB process). Jamaati et al. [26] investigated the wear 
behavior of the Al-based composites reinforced with alu-
mina. They concluded that the wear resistance of compos-
ites decreased with increasing number of ARB cycles. This 
results from delamination and spalling mechanisms such that 
these mechanisms destroy the role of both reinforcement and 
grain size reduction in increasing wear resistance. Darmiani 
et al. [27] studied the wear behavior of his SiC-reinforced 
Al-based composites during the ARB process. They con-
cluded that the wear resistance of composites increased as 
the number of ARB cycles increased. This is because the 
SiC particles act as a solid lubricant, thereby improving the 
wear resistance of the composite.

Severe plastic deformation methods such as the ARB 
process have a positive effect on the corrosion behavior 
of MMC in such a manner that by increasing the number 
of ARB cycles many defects such as dislocations and sub-
boundaries are created, increasing the internal stresses in 
the microstructure [28, 29]. Finally, these factors cause the 

creation of an ultra-fine-grained structure. All the mentioned 
factors will significantly affect the formation of the oxide 
layer on the matrix so that the tribofilm will be prone to 
nucleation in surface defects such as grain boundaries and 
dislocations. The ARB process leads to grain modification 
and crystal defects with high internal energy, such as high-
angle grain boundaries and dislocations. These high-energy 
crystalline defects induce more nucleation sites for passive 
film formation in ultrafine-grained materials. Therefore, 
after placing the ultrafine grain materials in an aqueous solu-
tion, the passive film formation reaction occurs faster and 
more intensely, and a larger volume of oxide film defects is 
formed on the surface of ultrafine grain materials. The faster 
and more intense form of the passive film with a high defect 
volume is the reason for the increased corrosion resistance 
of the Al composite during the ARB process [30–32].

Nikfahm et al. [33] studied the results of grain size varia-
tion on the corrosion resistance of copper (Cu) subjected to 
the ARB process (for eight cycles). They concluded that the 
corrosion resistance of Cu is reduced until the second cycle 
of the ARB process, yet after the fourth cycle, the corrosion 
resistance rises due to the ultra-fine-grained microstructure. 
Additionally, the microstructure of the corroded samples 
shows that the type of corrosion changes with an increase 
in the number of ARB cycles. In other words, during the 
initial cycles, intergranular corrosion occurs, yet by rais-
ing the number of ARB cycles the microstructure becomes 
more uniform and fine-grained, leading to uniform corro-
sion. Fattah-alhosseini et al. [34] studied the electrochemical 
behavior of pure Cu during the ARB process in the borax 
solution. They reached the conclusion that by increasing the 
number of cycles of the ARB process, the conditions for 
the formation of the passive layer are improved and hence 
the corrosion resistance is elevated. Fattah-alhosseini et al. 
[30] investigated the passive behavior of the 1050 nanostruc-
tured Al by the ARB process in a borate buffer solution. The 
results show that by increasing the number of ARB cycles, 
the formation conditions of the passive layer are improved. 
Therefore, the corrosion resistance of ARB Al compared 
with annealed Al sheet is increased. Anne et al. [31] evalu-
ated the corrosion behavior of the Mg-2%Zn/Al7075 layered 
composite during the ARB process. The results showed that 
with the progress of the ARB process, the cathodic kinetics 
are decreased, thereby increasing the corrosion resistance of 
the layered Mg-2%Zn/Al7075 composite. In addition, due to 
the ultrafine graining of the composite structure, the growth 
of the passive layer on the surface of the composite becomes 
better and more intense, increasing the composite corrosion 
resistance.

Overall, it can be stated that controlling the microstruc-
ture to achieve the optimal mechanical properties and favora-
ble wear and corrosion behavior is highly complicated in 
ARB-layered composites. Therefore, choosing the type of 
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matrix and reinforcement is highly crucial in preparing this 
type of composite. In the current study, with the progress of 
the ARB process, the brass and Cu layers in the Al matrix 
are torn and finally, a uniform distribution of the layers is 
developed in the Al matrix as a result of which the mechani-
cal properties are improved.

To the authors’ best knowledge, no study has been con-
ducted on the Al/Cu/Brass three-layered composite using 
the ARB method. Therefore, in this study, the Al/Cu/Brass 
composite has been produced by the ARB method, and its 
mechanical properties, corrosion, and wear behavior have 
been investigated.

2  Materials and Methods

2.1  Material

Al, Cu, and brass metal sheets with the chemical analysis 
given in Table 1 were used as raw materials. Before the roll-
ing, the Al sheet, the Cu sheet, and the brass sheets were heat 
treated at 400 °C for 1 h, 500 °C for one h, and 600 °C for 2 
h, respectively. The hardness, yield strength, UTS, and strain 
hardening exponent of the Al, Cu, and brass metal sheets 
have been presented in Table 2.

2.2  ARB

The Al /Cu/Brass multilayered composite was prepared 
in two stages. First, the stage was to do with the sandwich 
preparation (better known as the first cycle in the manu-
script) and the second one had to do with performing the 
ARB process. In the first stage, in order to remove any dirt 
and grease and create a strong bond between the layers, the 
Al, Cu, and brass sheets were degreased with acetone, and 
then all the sheets were brushed with a wire brush. After 
the surface treatment, the layers were placed on one another 
based on Fig. 1 and rolled. After preparing the sandwich 

cycle, the sandwich panel is divided into two equal parts 
from the center and the surface treatment is performed on 
these two cut sheets, which are then re-rolled up. The thick-
ness reduction was made by 50% at ambient temperature 
without lubrication.

2.3  Mechanical Tests

The tensile test was performed by the Hounsfield machine 
model H25KS with a strain rate of 0.001  s−1. The sub-size 
tensile test samples were prepared according to the ASTM-
E8M standard. The micro-hardness test was carried out by 
the Leitz machine using the micro-Vickers method with a 
load of 10 g and for 15 s. The dry wear test was conducted 
by the pin-on-disk configuration at ambient temperature 
under loads of 10, 20, and 30 N, a constant speed of 0.5 m/s 
with a sliding distance of 1000 m. A 52,100 steel pin was 
used as an abrasive. To check the wear rate, Eq. (1) was 
used.

where V: wear volume, N: applied load, L: sliding dis-
tance, K: wear coefficient, and H: hardness of the wear 
surface.

2.4  Corrosion Test

The corrosion test was performed in a sodium chloride solu-
tion (3.5%) at room temperature, electrochemical impedance 
spectroscopy (EIS). A PARSTAT model 2273 potentiostat/
galvanostat with three electrodes was used, a saturated calo-
mel electrode (SCE) as the reference electrode, a platinum 
electrode as the auxiliary electrode and the test sample as the 
working electrode. The polarization curves were prepared 
from − 250 to 2000 mV with a scan rate of 1 mV/s.

(1)
V

L
= K

(

F

H

)

= kF

Table 1  The chemical 
composition (wt%) of the sheets 
used in this research

Sample Si Fe Cu Mn Zn Ni Ti Mg Al

Pure Al 0.13 0.22 0.12 0.15 0.02 –  0.01 0.05 99.3
Pure Cu –  –  99.9 0.02 0.05 –  –  –  0.03
Brass –  0.02 69.67 30.23 0.07 –  –  0.01

Table 2  The dimensions, 
hardness, yield strength, UTS, 
and strain hardening exponent 
of the sheets utilized in this 
research

Sample Hardness
(HV)

Yield strength
(MPa)

UTS
(MPa)

Strain hardening 
exponent (n)

Dimensions
(mm)

Pure Al 25 37 83 0.22 100 × 50 × 1
Pure Cu 50 55 195 0.49 100 × 50 × 0.5
Brass 59 79 260 0.53 100 × 50 × 0.1
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2.5  Characterizations

To investigate the microstructure of the multilayered com-
posite, the ARB samples were mounted and polished from 
the cross section. Then, the microstructure was examined 
by an Olympus optical microscope and a scanning electron 
microscope (SEM, model VEGA\TESCAN-LMU) equipped 
with the X-ray energy diffraction spectroscopy (EDS) ele-
mental analysis. The X-ray diffraction test was performed 
using a Philips PW1800 X-ray machine with a voltage of 
30 kV and 40 mA. In all the tests, a single-wavelength CuKα 
X-ray diffractometer (XRD) with a wavelength of 1.5405 Å, 
a scan rate of 0.05°/s and a scan step size of 0.05° was used.

3  Results and Discussion

3.1  Microstructure

Figure 2 shows the optical micrographs of the cross-sections 
of the samples after various passes. Figure 2a shows the 
optical micrograph of the Al/Cu/Brass multi-layer com-
posites after the first cycle of the ARB process. Since the 
continuity of the reinforcing layers significantly affects the 
microstructure and mechanical properties of the Al/Cu/Brass 
composites, this factor was first investigated .As shown in 
the figure, there is no necking and fracture Phenomena 
observed at the Al and Cu.and Brass layers, and the layers 
are placed smoothly and continuously next to each other. 
Also, there is no gap between the interfaces of the layers 
and thus a strong bonding has been created at interface of 
the layers. Furthermore, during the 2nd cycle (Fig. 2b), due 
to the difference in the mechanical properties of the layers, 
plastic instability was occurred at the interface of the layers, 
resulting in occurrence of the localized flow and creation of 
the shear bands at the interfaces of the Al matrix/reinforce-
ment’s layers. In general, shear bands are formed in metals 
that have been undergone severe strains and non-uniform 
deformation, and usually have an angle of  45o in relation to 
the rolling direction [35, 36].

However, as a result of the work hardening of the lay-
ers and the creation of shear bands in the microstructure 
of the Al/Cu/Brass composite, necking and fragmentation 
phenomena have occurred at the Cu and Brass layers, respec-
tively. Generally, the occurrence of the necking phenom-
enon, which ultimately leads to fragmentation, depends on 
various factors such as ultimate tensile strength, hardness, 
elongation, tensile strength coefficient, work hardening 
exponent, and initial thickness ratio of the layers. Table 2 
shows the mechanical properties of pure and annealed Al, 
Cu, and brass sheets. The work hardening exponent of the 
brass layer is higher than that of the Al and Cu layers (see 
Table 2), so the necking and fragmentation phenomena in 
the brass layer occurred earlier than the others. Similarly, the 
low elongation of the brass layer, among others, also contrib-
utes to the earlier occurrence of its necking and fragmenta-
tion phenomena. However, due to severe necking in the Cu 
layer and the presence of shear bands at the interfaces of the 
layers, island-like areas have been created in the composite 
microstructure. Similar conditions are evident in the third 
pass in Fig. 2c. Figure 2d, e show the optical micrographs 
of the multi-layer composites during the fourth and sixth 
cycles, respectively. As it is known, as the number of cycles 
of the ARB has increased due to the formation of multiple 
shear bands, severe necking and fragmentation occur at the 
Cu and brass reinforcing layers, creating many island-like 
areas in the Al matrix. Also, during the last cycle of the 
ARB process, due to strain induced by the ARB process, 
the mechanical properties of the layers in the composite got 
closer to each other. As a result, a more uniform distribution 
of reinforcing layers is seen in the Al matrix. Also, during 
the final cycles of the ARB process, the number of the inter-
faces of the layersincreases (based on the  2n − 1 formula) 
while decreasing their thickness.

Figure 3 shows the SEM micrographs of the interface of 
the layers. In all the passes of ARB, a proper connection has 
been established between the layers and the interface is free 
of cracks, cavities, and separation. In Fig. 3, the reduction 
of the layers thickness due to an increase in the ARB passes 
can be clearly observed. It is also obvious in the figure that 
with the increase of ARB passes severe necking and fracture 

Table 3  The results of fitting the impedance test results on the electrochemical equivalent circuit

Pass Rs (ohm  cm2) CPEc (S  secn/cm2) n1 RC
(ohm  cm2)

CPEdl (S  secn/cm2) n3 Rct
(ohm  cm2)

Rt
(ohm  cm2)

First 6.22 2.83E−6 0.82 1553 1.21E−5 0.81 8577 1.01E+04
Second 3552 8.16E−10 0.87 1.10E7 8.94E−9 0.84 1.67E8 1.78E+08
3th 1425 1.88E−10 0.87 1.57E7 3.84E−8 0.78 204.3 1.57E+07
4th 5.77 2.58E−6 0.82 2456 8.59E−7 0.99 9444 1.19E+04
5th 5.69 2.35E−6 0.85 5053 1.44E−6 0.84 15,110 2.02E+04
6th 2.99 4.55E−6 0.74 1154 1.01E−5 0.74 11,270 1.24E+04
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occur in the Cu and Brass layers, respectively. the forma-
tion of island-like regions in the sample structure, which is 
caused by the creation of unequal, incompatible, and inho-
mogeneous strains between the hard and soft phases [37]. 
According to the image and XRD in Fig. 4, it is clear that the 
intermetallic phase is not formed during ARB and the inter-
face between the layers is free of intermetallic compound, 
which is caused by the low deformation temperature.

Figure 5 exhibits the measured and calculated average 
thicknesses of the Al, brass, and Cu layers after different 
ARB cycles. The average thickness of each layer had been 
measured at equal intervals by Image J software and cal-
culated by the formula in the previous research [38]. It can 
be observed that the thickness of the layers in the initial 
passes has experienced a significant reduction due to the 
acumulative deformation resulting from the ARB process. 

As discussed before, the thickness and hardness ratio and 
different flow properties of the layers are effective in the 
co-deformation of the layers. However, at the subsequent 
passes, the fracture of the layers also affects the layer thick-
ness. As can be seen for both calculated and measured val-
ues, there exists reasonable compatibility, yet due to the 
distinctive properties and materials behavior, there exist 
certain differences. As can be seen from the first to the third 
cycle, the calculated value for Al thickness is noticeably 
greater than the measured one. Besides, for the three layers 
the measured values are more than the calculated ones. This 
can be due to both the difficult distinguishing of the layers 
boundaries by software and the layers behaviors. However, 
there are fewer differences between the values after the third 
cycle. As to the Al layers, the thickness reduction is con-
tinued until the last cycle, which is reasonable as the Al is 

Table 4  The results of the 
TOEFL extrapolation of 
polarization curves

Pass βa (v  dec−1) − βc (v  dec−1) Ecorr (V) icorr (µA/cm2) Rp (kΩ  cm2)

First 0.0454 0.482 − 0.679 5.023 3.59
Second 0.028 0.129 − 0.528 1.58E−04 63226.20
3th 0.022 0.17 − 0.248 1.20E−03 7048.48
4th 0.0441 0.355 − 0.728 4.68 3.64
5th 0.0466 0.357 − 0.691 2.39 7.49
6th 0.0579 0.802 − 0.679 6.16 3.81

Fig. 1  The schematic of the 
ARB process
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regarded as a softer and thicker layer in the composite. On 
the contrary, the brass and Cu layers behave differently. As 
discussed before, these two layers are fractured in the early 
cycles, showing that their behavior is partly distinct from 
Al. It has been reported that once the hard layers fracture 
occurs, the hard layers thickness will level off when sub-
jected to further ARB deformation [39]. The changes in the 
thickness of the Cu and brass layers are almost close to each 
other, yet those related to the Al layers are more noticeable 
than those pertinent to the Cu and brass layers. This arises 
from various factors such as the non-uniform strain and the 
difference in plastic instability, which leads to a fracture in 
brass and Cu layers.

3.2  Hardness

Figure 6 depicts the variation of microhardness with the 
number of ARB cycles. This reveals that with the increase of 
ARB passes the microhardness of the three layers increases. 

From the first to sixth cycle, the amounts of microhardness 
of Al, Cu, and brass increase slowly from 50, 140, and 
210 Vickers to 70, 160, and 260 Vickers. The reason for 
the increase in microhardness during the early stages of 
the ARB process is the strain hardening and grain refine-
ment at higher cycles, as shown in previous studies [38, 40]. 
Recent studies show that reducing grain size has less effect 
on increasing hardness [41]. As can be seen, the increasing 
rate of the brass layer microhardness is more than that of the 
other two layers. This can result from the difference in the 
SFE of the three metals. Low SFE lengthens the distance 
between the dislocations, which in turn lengthens the combi-
nation of cross slip and dislocations [42]. The samples’ tem-
perature rises during the ARB process as a result of plastic 
deformation. Due to the different CTE of the layers, thermal 
stresses are produced at the layer interface when the samples 
are cooled after ARB. New dislocations are produced as a 
result of this process, which also makes the layers’ hardness 
higher.

Fig. 2  OM micrographs of the Al/Cu/Brass composite after different ARB processes: a first pass, b second pass, c third pass, d fourth pass, and 
e sixth pass
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3.3  Tensile

Figure 7 shows the stress-strain curves of the Al /Cu/Brass 
composites under different ARB cycles in transverse direc-
tion (TD) and rolling direction (RD). The yield stress, ulti-
mate tensile strength, and total elongation obtained from 
the curves are summarized in Fig. 8 as a function of ARB 
cycle number. From the first to sixth cycle in both TD and 
RD directions, there has occurred an increase of 25% and 

29% (from well under 255 and 288 MPa to just over 320 
and 360 MPa) compared to the first pass, respectively. In the 
SPD method, strain-hardening plays a key role in increas-
ing strength in the early stages, and in the final stages, grain 
refinement serves as a factor in controlling strength. Also, 
in layered composites, the layer boundaries act as a bar-
rier against the movement of dislocations, which is another 
strengthening factor [43]. UTS in the RD is more than that 
in the TD, originating from the following reasons. First, the 

Fig. 3  SEM micrographs of the Al/Cu/Brass composite after different ARB processes: a, d second pass, b, e fourth pass, and c, f sixth pass
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shape, size, and distribution of the broken layers play an 
influential role in strengthening. This is the reason for the 
difference between the increase in strength in TD and RD 
directions. Due to the fact that the applied strain in the roll-
ing direction causes texture in the structure, more strength 
is obtained in the structure. On the other hand, more strain 
causes more layers to break and a more homogeneous dis-
tribution in the matrix, which results in a greater increase in 
strength. In fact, during ARB, the thickness of the metal lay-
ers decreases due to the applied non-uniform strain, which 
causes the layers to break and distribute the layer between 
the Al matrix. It can be said that incompatible strains 
between metal layers, activation of more slip systems at the 
interface between layers, and the difference between CTE 

between layers cause an increase in the density of disloca-
tions during ARB, which It increases the strength of the 
composite.

A characteristic feature in Fig. 7b is the formation of 
a double stress peak. During the sixth ARB pass, there is 
a noticeable difference in the elongation between the alu-
minum and brass layers due to the high work hardening of 
the brass layer (reinforcement layer). Load transfer theory 
states that during a tensile test, the load is transferred from 
the aluminum layer to the brass layer, causing the brass layer 
to bear the load. As a result, at the maximum stress, brit-
tle failure occurs in the reinforcement at once – However, 
cavitation and coalescence of cavities in the matrix have not 
reached a critical level–, and the applied load falls on the 
matrix. Therefore, the matrix must bear the applied load. 
As a result, it causes a step-like drop in the maximum stress, 
which causes a double stress peak in the stress-strain dia-
gram. Even though in the lower ARB passes, the elongation 
of the reinforcement is such that cavities are formed/coales-
cence in the matrix. With the reinforcement’s fracture, the 
matrix cannot bear the load and causes the continuity of the 
strain stress diagram.

By examining the elongation of the samples in different 
passes, it is clear that a uniform decrease in elongation is 
observed with the increase of ARB passes, which can be 
seen in both TD and RD directions. Various parameters are 
effective in the elongation of samples in different passes, 
such as strain hardening, the type of interface, bond strength 
of the layerss, and the distribution of layers in the matrix. 
Strain hardening accumulates dislocations and internal 
stresses, forming cracks and voids and reducing elongation 
[44, 45]. By comparing the samples in RD and TD, it is 
clear that in all passes, the elongation of the samples in RD 
is more significant in TD. During the ARB process, in the 

29

1 2 3 4 5 6

50

100

150

200

250

300
M

ic
ro

ha
rd

ne
ss

 (H
V)

ARB pass

 Al layer
 Cu layer
 Brass layer

Fig. 6  Hardness of the Al/Cu/Brass composite after different ARB 
processes

0 1 2 3 4 5
0

50

100

150

200

250

300

350

St
re

ss
 (M

Pa
)

Strain

 Pass 1
 Pass 2
 Pass 3
 Pass 4
 Pass 5
 Pass 6

RD samples

0 2 4 6 8
0

50

100

150

200

250

300

350

400

St
re

ss
 (M

Pa
)

Strain

 Pass 1
 Pass 2
 Pass 3
 Pass 4
 Pass 5
 Pass 6

TD samples

Fig. 7  Engineering stress-strain curves of the Al/Cu/Brass composite after different ARB processes: a RD and b TD



1131Metals and Materials International (2024) 30:1123–1144 

1 3

rolling direction, the grains are elongated and compressed 
perpendicular to the rolling direction. Considering that the 
crack grows perpendicular to the loading direction, the bond-
ing layer was likely to experience fractures during the tensile 
deformation in TD, and the laminated composites suffered 
damage and delamination cracking very soon. As a result, 
laminated composites had less elongation and deformation 
in the TD than in the RD [46]. On the other hand, increas-
ing the bonding at the interface between layers suppresses 
cracking at the interface and increases elongation. More 
strain causes more layers to break and a more homogeneous 
distribution in the matrix, resulting in a considerable elonga-
tion increase. Furthermore, grains in the Al, Cu, and brass 
layers orient in the rolling direction. The microhardness of 
the Al layer in the composite was lower than that of other 
layers leading to significant plastic strain and apparent strain 
hardening during the tensile test in the rolling direction due 

to the high plasticity of the Al layer. The grains also adopt a 
particular orientation to create a wire or sheet texture, which 
can affect aterial’s mechanical qualities [46].

3.4  Fracture Surface

Figure 9 shows the fracture surface of samples at different 
passes. Based on the figure, it is clear that in the low cycles, 
a small number of dimples are observed in the Al layer, 
and that the fracture surface of the Cu and brass layers is 
brittle, which results from the smooth surface of the layers 
(Fig. 9a and b). In the higher magnification figure, there is 
no obvious debonding between the layers, which indicates a 
strong bond between the layers at the second pass (Fig. 9c). 
With the increase of ARB cycles, the presence of fine dim-
ples in the Al layer becomes evident (Fig. 9d, e, and f). Yet 
the Cu layer still shows a brittle fracture surface (Fig. 9f). 
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The dimples creation is due to the nucleation, growth, and 
coalescence of micro-voids [47–49]. With the increase of 
passes, the dimples depth are decreased, indicating the elon-
gation reduction due to the work hardening of the layers 
[50]. Additionally, the dimples elongated, grow shallower, 
and exhibit ductile shear fractures (Fig. 9e). Following the 
initial pass, the dimples’ form and direction reveal, respec-
tively, the type and direction of loading [51]. The non-uni-
form plastic strain creates the shear pressure that stretches 
the dimples in the upper cycle of the ARB process. The 
failure occurs resulting from the internal fracture resulting 
from microcavities coalescence and depressions in the shear 
stress [52]. Small, elongated shallow dimples that are in the 
shear direction can be noticed near the conclusion of the 
fourth cycle (Fgiure 9f). This rupture method also involves 
internal cavity cutting [53]. With the increase of passes the 
separation between the layers takes place (Fig. 9g, h, and i). 
Such phenomena have also been reported in other multilayer 
systems processed by ARB [45], originating from differ-
ent work-hardening behaviors and tensile stresses created 

during the tensile test and leading to the separation of the 
layer interface [50].

3.5  Wear Behaviour

Figure 10 shows the weight loss, wear rate and specific wear 
rate of ARB treated composites at different cycles under 
different loads. According to Fig. 10a, the weight loss in 
all applied loads has decreased with the increase of ARB 
cycles. The samples are easily abraded at the lower passes 
and cause wear debris. The strength of the produced com-
posites rises by increasing the ARB cycles, leading to a 
reduction in wear weight loss. Brass and Cu metals have a 
higher wear strength than Al. By increasing the ARB cycles 
and increasing the uniformity of the layer distribution, the 
wear rate is reduced [32].

The variations of the wear rate versus the number of 
cycles under different loads have been given in Fig. 10b. 
According to the figure, as expected, the wear rate has 
increased by raising the applied load, and the difference 
between the wear rate in different loads has decreased by 

Fig. 9  SEM micrographs of the fracture surfaces of the Al/Cu/Brass composite after different ARB processes: a the first pass, b, c the second 
pass, d, e the third pass, f the fourth pass, g, h the fifth pass, and i the sixth pass
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increasing the cycles. Hence, from the fifth to the sixth pass 
the wear rate has remained virtually constant under loads of 
10 to 30 N. A more uniform distribution of layers within the 
composite matrix improves microstructural refinement and 
increases the sub-boundaries, resulting in increased material 
strength and reduced wear rate [54].

Based on Eq. (1) and according to the experimental find-
ings illustrated in Fig. 10, the wear rate increases as the 
applied weight increases. Weight loss with increasing hard-
ness can also be described by an equation. Therefore, it can 
be said that the wear rate of the Al/Cu/Brass composite pro-
duced by the ARB method is greatly influenced by hardness 
and grain refinement [54, 55]. At early cycles, increasing 
hardness is the main reason for reduced wear rate, while at 
higher cycles, grain refinement is the main mechanism. In 

general, three main mechanisms are known for sliding wear: 
abrasion, adhesion and surface fatigue. The sliding wear can 
also be influenced by a variety of parameters, including crys-
tal structure, hardness, work hardening, yield strength, and 
resistance to crack nucleation. According to the dislocation 
theory, plastic deformation and crack nucleation in the sub-
surface explain the formation of wear debris [56, 57].

Figure 11 illustrates the friction coefficient of samples 
under different loads at different passes. It is clear that 
with the increase of ARB cycles, the friction coefficient is 
decreased, and that the range of changes becomes more con-
sistent. The critical point is to achieve the stability of the 
friction coefficient. By increasing the number of ARB cycles 
the friction coefficient reaches stability within a shorter dis-
tance. Losing the upper layer and reaching the lower layer 
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lead to extreme changes in the friction coefficient in the ini-
tial wear distance [25, 58]. By increasing the applied load 
to 20 N, it is evident that the range of friction coefficient 
fluctuations is increased. It is also clear that reaching sta-
bility occurs within shorter distances. In the applied load 
of 30 N, it is obvious that the range of the friction coeffi-
cient changes is increased. However, from the second pass 
onward, the average friction coefficient becomes the same, 
which is caused by the higher plastic deformation rate of the 
surface due to the higher load.

The worn surface of the samples was studied by SEM to 
determine the dominant wear mechanisms. Figure 12 shows 
the worn surface of the samples under 10 N. As it is clear in 
the low magnification micrograph, by increasing the ARB 
cycles the range of the plastic deformation zone initiated 
from the wear of the samples becomes narrower in view 

of the fact that the composites strength is augmented by 
increasing the ARB cycles. In this figure, the deep grooves 
and the material flow reveal the abrasive and adhesion mech-
anism. The abrasive wear is caused by the deformation of 
the wear surface and damages due to the deep scratches cre-
ated in the wear path [59]. It is also evident in the higher 
magnification micrographs that delamination has occurred 
for entire samples.

Delamination is a wear mechanism in which surface dam-
age is created by the forces of a surface moving in thin sheets 
in a sliding [60]. In fact, at first, plastic deformation occurs 
on the surface, and then the crack nucleates on the lower sur-
face. As the sliding continues, the cracks grow and conjoin, 
which causes the top layer to be separated from the worn 
surface. During delamination, the direct surface is affected 
by the applied stresses. In these circumstances, significant 

0 50 100 150 200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2
Fr

ic
tio

n 
co

ef
fic

ie
nt

 

Sliding distance (m)

 First pass
 Second pass
 Third pass
 Fourth pass
 Fifth pass
 Sixth pass

(a)

0 50 100 150 200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 First pass
 Second pass
 Third pass
 Fourth pass
 Fifth pass
 Sixth pass

Fr
ic

tio
n 

co
ef

fic
ie

nt
 

Sliding distance (m)

(b)

0 50 100 150 200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 First pass
 Second pass
 Third pass
 Fourth pass
 Fifth pass
 Sixth pass

Fr
ic

tio
n 

co
ef

fic
ie

nt
 

Sliding distance (m)

(c)

Fig. 11  Coefficient of friction of the Al/Cu/Brass composite after different ARB processes under: a 10 N, b 20 N, and c 30 N
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Fig. 12  Worn surface of the Al/Cu/Brass composite under 10 N after different ARB processes: a  the first pass, b  the second pass, c  the third 
pass, d the fourth pass, e the fifth pass, and f the sixth pass
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plastic flow occurs. Based on this theory of plastic deforma-
tion, shearing, crack nucleation, and/or propagation in the 
surface’s shallow depth, leads to a layer-to-layer separation. 
As the sliding distance increases, the dislocations assemble 
near the surface, and therefore the microcavities are cre-
ated. Over time, the pores combine under applied stresses. 
Under these conditions, there occurs a significant plastic 
flow, creating cracks along the surface. Depending on the 
material properties, when the fracture crack reaches a criti-
cal value, the material begins to layer by layer detach from 
the surface. The high shear stresses on the sliding surface 
induces fatigue load in the creation of propagated cracks on 
the lower surface, resulting in the material being lost from 
the worn surface as wear debris [26]. The surface material 
flows significantly toward the slip on the surface and causes 
the delamination of the worn surface material and the trap-
ping of small oxide particles.

From the first to the third cycle, the level of delamination 
decreases, in spite of the fact that in the subsequent third 
cycle, the intensity of delamination is reduced further and 
the oxidized areas are observed on the worn surface. Fig-
ure 13 shows the elemental map analysis of the worn surface 
of the sample in the second pass, which indicates extensive 
oxidation in the Al layer and the creation of scratches in the 
Al layer. The dominant mechanisms in low and high ARB 
cycles are delamination and oxidation, respectively.

Figure 14 illustrates the SEM micrographs of the worn 
surface of the samples under a 20 N load. As can be seen, 
severe oxidation has occurred on the worn surface. Further-
more, after the wear test, material transfer is seen. The EDS 

examination of the worn surface revealed iron, which sug-
gests that iron was adherently transferred from the steel pin. 
Besides, oxygen in the atmosphere indicates that the wear 
mode can be oxidation as well. It can be stated that there is a 
combination of abrasion, adhesion, and delamination mecha-
nisms at 20 N. Delamination is the primary wear process in 
high ARB cycles. The ARB process creates a hardened layer 
and increases the surface roughness. At the beginning of the 
ARB process, the brittle layer and the pre-formed oxide layer 
are fractured. Then, greater contact between the surfaces of 
the raw materials is formed where the surface expansion is 
somewhat bigger to generate a metal bond [61]. Therefore, 
in the wear test this created layer is separated in the higher 
cycles, and the dominant mechanism is delamination.

Figure 15 shows the SEM micrographs of the worn sur-
face of the samples under 30 N. According to the figure, it 
is clear that oxidation has occurred in a large area on the 
worn surface. Based on the considerable cracks and dimples 
caused by large deformation, it is clear that delamination is 
the dominant wear mechanism. As a result, there is a signifi-
cant degree of wear in this sample. Furthermore, scratches 
and grooves can be visible, indicating abrasive and adhesive 
wear mechanisms. However, compared to delamination, the 
wear rate caused on by these mechanisms is lower. With the 
increase of ARB passes the worn surfaces become similar to 

Fig. 13  Elemental map analysis of the Al/Cu/Brass composite after the second ARB pass worn under 10 N

Fig. 14  SEM micrographs and EDS analysis of the worn surface of 
the Al/Cu/Brass composite under 20 N after different ARB processes: 
a the first pass, b the second pass, c the third pass, d the fourth pass, 
e the fifth pass, and f the sixth pass

◂
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Fig. 15  Worn surface of the Al/Cu/Brass composite under 30 N after different ARB processes: a  the first pass, b  the second pass, c  the third 
pass, d the fourth pass, e the fifth pass, and f the sixth pass
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the first passes in all of the cycles, with the only difference 
that in the latest cycle, the delamination mechanism’s inten-
sity has decreased. In general, it can be said a combination 
of oxidation and adhesion is the predominant mechanism in 
the last cycle (Figs. 15 and 16). Increasing the number of 
ARB cycles increases the number of layers and interfaces. 

Additionally, because the ARB technique creates unstable 
grain boundaries, grain coarsening, and recrystallization 
may take place, increasing wear resistance [62]. A previ-
ous study shows that these two factors reduce the wear rate 
in high cycles. As a hard layer, brass supports the Al layer, 
which, in addition to reducing the wear rate, causes the wear 

Fig. 16  Elemental map analysis of the Al/Cu/Brass composite after the second ARB pass worn under 30 N

Fig. 17  Nyquist plots of the 
samples and the fitted results 
of the data obtained from the 
EIS test on the circuit of the 
appropriate electrochemical 
equivalents
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mechanism to transform from delamination to oxidation. 
This accomplishment can be put to use as an achievable 
solution to increase wear resistance.

3.6  Corrosion

Figure 17 shows the Nyquist (− Z” vs. Z’) curves associated 
with the samples studied. In general, each Nyquist curve 
consists of semicircles or semicircles sunk into each other, 
the diameters of which are the totality of these semicircles 
that can represent the system resistance against corrosion 
[63]. According to Fig. 17, among the investigated samples, 
the diameter of the semicircle of the samples of the second 
and third cycles is significantly more than that of the other 
samples, which indicates the higher corrosion resistance of 
these samples. After these samples lie sample 5. The small-
est semicircle diameter and the lowest corrosion resistance 
belong to sample 1. The Bode curves are pertinent to the EIS 
test and provide useful data for system analysis. One side of 
these curves is the impedance coefficient (√(Z’2 + Z"2)), or 
|Z|, which is plotted as the logarithm of frequency, and the 
other side is the phase angle relationship ( Arc tan (Z” /Z’)) 
is plotted as the logarithm of frequency. The advantage of 
this representation over the Nyquist plot is that the frequency 
values   are known from the plot. The curves of the Bode 
modulus impedance and Bode phase angle of the samples 
are shown in Fig. 18.

The impedance at the lowest frequency in Bode-module 
impedance curves has been shown to be representative of the 
overall system resistance [64]. This change in value indicates 
that the overall system resistance is higher in the second and 
third cycle samples than in the other samples. The presence 
of two peaks in the Bode-phase angle curves indicates that 
these curves have two time constants, which helps to select 
the appropriate equivalent circuit to model the results of this 

Fig. 18  a  Bode-module impedance and b  bode-phase angle plots of 
the samples

Fig. 19  Polarization plots of the 
related samples
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experiment. The use of the equivalent circuit for the analysis 
of impedance tests as a well-known method for studying cor-
rosion mechanisms has been accepted [65]. Figure 17 shows 
the equivalent circuit used for the electrochemical model 
of this test result.In this circuit, Rs represents the solution 
resistance, and  Rf and  CPEf are the resistance and capaci-
tance, respectively, of the top layer stationary phase element 
at the electrode surface.  Rct and  CPEdl are the resistance of 
charge transfer from the double layer and the capacitance of 
the double layer stationary phase element, respectively. This 
circuit uses fixed phase elements instead of ideal capaci-
tors. Fixed phase elements are used instead of ideal capaci-
tors because the planes of the double layer formed between 
the electrode surface and the electrolyte are not perfectly 
parallel and the electrode surfaces are rough and uneven 
[66]. The difference between these two is expressed in the 
impedance formula. The impedance of the capacitor is equal 
to Z = 1/jωC and this value for CPE is Z = 1/(Y0jω)n, where 
C represents the capacitance of the capacitor, ω represents 
the phase,  Y0 represents conductivity and j is the imaginary 
term √(− 1).

Clearly, the only difference between these two values   is 
as it were within the power of n, which may be a numerical 
esteem between 0 and 1. A value of 0 represents an ideal 
resistor and a value of 1 represents an ideal capacitor. Equiv-
alence of the samples was measured by an electrochemical 
equivalent circuit run using ZsimpWin software. The results 
of the fit of this equivalent circuit have been shown on Bud 
and Nyquist diagrams in Figs. 17 and 18. The related images 
reveal that the electrochemical model results are in good 
agreement with the impedance test results. Table 3 shows the 
parameter values   obtained from this equation. In this table, 
the power n is related to the constant phase element imped-
ance formula described above. Here, as n approaches one, 
the surface uniformity increases and the constant phase ele-
ment approaches an ideal capacitor. As n approaches one, the 
surface becomes more uneven and its uniformity decreases. 
Overall resistance, which is inversely proportional to corro-
sion rate, is found to be derived from the sum of load transfer 
resistance and surface resistance [67]. Therefore, in Table 3 
the overall resistance of the samples was given using the 
parameter Rt. According to these results, the 2nd and 3rd 
cycle samples had the highest corrosion resistance among 
all the other samples, followed by the 5th cycle sample, and 
then the 6th cycle sample with the highest overall resistance. 
In addition, the first and fourth cycle samples have the lowest 
corrosion resistance, respectively.

The polarization diagrams (DC) of the samples are shown 
in Fig. 19. For a closer look at the polarization curves of the 
TOEFL region, these curves are extrapolated and the results 
are reported in Table 4. In this table, the slopes of the anodic 
and cathodic branches are βa and βc, respectively. Corrosion 
potential and corrosion current density are  Ecorr and  icorr, 

respectively. To find the polarization resistance  (Rp), the 
Stern-Grey relationship (Eq. 2) was used [68].

Based on the results shown in Table 4, it is clear that the 
polarization resistance of the 2nd cycle sample, followed by 
the 3rd and 5th cycle samples is higher than the rest of the 
samples. It is also clear that the lowest values   of polarization 
resistance are related to the samples of the first and fourth 
cycles, which also confirms the impedance test results.

Two factors contribute to the corrosion resistance of 
the produced composites: the structure homogeneity and 
the amount of plastic deformation. In the first cycles, the 
structure homogeneity and layer bond strength layers are 
the least. By increasing the process the homogeneity is 
increased, and the amount of plastic deformation is also 
increased. Increasing the plastic deformation results in 
raising the defects in the structure, thereby decreasing the 
corrosion resistance. Therefore, in the middle cycles (2, 
3, and 5) the corrosion resistance is high.

4  Conclusions

In this study, the mechanical and corrosion behaviors of 
Cu/brass/Al composites fabricated by ARB method were 
investigated. The results are derived as follows:

1. The microstructure investigations by optical and SEM 
showed that fracture occurred in the brass layers from 
the second cycle onwards which is caused by the accu-
mulation of plastic strain in the samples during the ARB 
cycles.

2. With the increase in the ARB cycles, the yield stress and 
ultimate tensile stress increased, and the highest ultimat 
tensile stress of 288 MPa (in the RD) was achieved in 
the sixth cycle, which is almost three times the ultimat 
tensile stress of Al. On the contrary, with the increase in 
the number of cycles, the elongation decreased. Besides, 
the UTS in the RD was more than that in the TD.

3. The results showed that the wear rate decreased as the 
number of ARB cycles increased. Wear resistance is 
caused by the main mechanism change from delamina-
tion to oxidation.

4. Clearly, as the ARB cycle increases, the coefficient of 
friction decreases and the change is smoothed. Increas-
ing the number of ARB cycles stabilized the friction 
coefficient at shorter distances.

5. Examining the fracture surfaces show that in low ARB 
passes, ductile fracture with the presence of shallow 
dimples was observed in the aluminum layer, brittle 

(2)Rp =
(

βa × βc
)

∕
(

2.303 × icorr ×
(

βa + βc
))
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fracture was observed in the copper and brass layers, and 
in high ARB passes, shear fracture along with separation 
between the layers was evident.

6. Corrosion behavior of samples in the TOEFL and 
impedance test shows the highest corrosion resistance 
relative to the sample after the fifth pass and the lowest 
corrosion resistance related to the pass firstly.
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