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In the present work, nano/ultrafine structured Al/Brass composite was produced by accumulative roll 
bonding (ARB) up to eight cycles. The evolution of grain refinement and deformation texture and their effect 
on the mechanical properties were investigated. It was observed that by increasing the ARB cycles, due to 
the difference in flow properties of the metal constituents, brass layers necked, fractured and distributed 
in aluminum matrix. After eight cycles, a composite was produced with almost homogeneous distribution 
of brass fragments in aluminum matrix. Microstructural characterization by electron backscatter diffraction 
(EBSD) revealed the formation of bimodal structure consisting of equiaxied grains with an average size of 
~120 nm and elongated grains after eight cycles, which was attributed to the occurrence of redundant shear 
and recrystallization. The crystallographic texture results indicated that the major texture components in 
the aluminum matrix were Brass {011}<211>, S {123}<634>, Goss {011}<100> and Rotated Goss {011}<011>. 
Moreover, it was concluded that Goss {011}<100> and Rotated Goss {011}<011> components appeared for 
high number of ARB cycles due to the adiabatic heat during ARB processing. The tensile strength of Al/
Brass composite reached 330 MPa, which was 4.23 times and 1.83 times higher than those of annealed 
aluminum and monolithic aluminum, respectively. Finally, fracture surfaces of samples were studied, using 
field emission scanning electron microscope (FESEM), to reveal the failure mechanism.

1. Introduction
Strong materials are a classical goal for materials 

research and development. Nowadays there is a 
focus on nano/ultrafine grained (NG/UFG) metals 
because they are found to have a very high strength 
as well as other excellent mechanical properties [1, 
2]. NG/UFG metals can be processed by a number 
of different techniques while one promising 
method is to apply intense plastic deformation in 
to the material. Though numerous methods for 
imposing large plastic strain like equal channel 
angular pressing (ECAP) [3], high pressure torsion 
(HPT) [4], multi directional forging (MDF) [5], 

twist extrusion (TE) [6], repetitive upsetting and 
extrusion (RUE) [7] have been proposed, only 
few methods exclusively have been purported for 
processing fine grained materials in sheet forms. 
These methods include constrained groove pressing 
(CGP) [8], repetitive corrugation and straightening 
(RCS) [8], accumulative roll bonding (ARB) [9, 10] 
and cross accumulative roll bonding (CARB) [11].

ARB involves stacking two sheets of the same 
materials after proper annealing and surface 
treatments and rolling to the reduction of 50%. The 
rolled sheet is cut into two equal halves, and this 
cycle is repeated as many times as needed, so that 
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a large strain can be accumulated in the metallic 
sheet during the ARB without any sheet geometrical 
change [9, 10]. In comparison to conventional 
processes, the ARB has several advantages that 
include [9, 10]: (a) lower load capacity, (b) higher 
productivity rate, and (c) large amount of produced 
material. Over the last decades, the evolution 
of microstructures and the related mechanical 
properties during ARB were studied for several 
metals such as aluminum [9, 10, 12-16], copper 
[17], brass [18], titanium [19], nickel [20] and 
steel [21-24]. ARB is also a novel and applicable 
method in the production of multilayered metallic 
composites containing different components such 
as Al/Cu [25], Al/Ni [26], Al/Ti [27], Al/steel [28, 
29] and Al/Ti/Mg [30]. Metal matrix composites 
(MMCs) with different conventional reinforcing 
ceramic particles including Al2O3

 [31, 32], SiC [33], 
B4C [34], ZrO2 [35], TiC [36], and hybrid metal 
matrix composites (HMMCs) containing two 
reinforcing particles such as Al2O3/SiC [37], Al2O3/
TiC [38], B4C/SiC [39-42] and WO3/SiC [43] are 
also successfully fabricated by ARB.

Multilayered metallic composites incorporating 
different metals belong to a new class of 
materials. These type of composites, combine the 
advantages of the constitutive metals to achieve 
better properties. In other words, a combination 
of mechanical, electrical, electrochemical and 
magnetic properties can be obtained for the 
composite material that cannot be obtained for the 
individual metals [26, 28, 30, 44]. During the co-
deformation of dissimilar layered metal systems, 
plastic instabilities in one layer happen earlier 
than the others due to differences in mechanical 
properties [45, 46]. Recently, the critical strain for 
the onset of necking and fracture in the harder 
layer during ARB of metallic multilayer has been 
predicted by Reihanian and Naseri [47]. Although 
lots of works have been performed for fabrication 
and mechanical characterization of different 
multilayered metallic composites processed by 
ARB, little work on the texture development has 
been reported till date [48, 49]. It is known that 
during rolling, the metals deform inhomogeneously 
through thickness due to the large amount of 
shear strain that is introduced into the surface 
and subsurface regions. Furthermore, half of the 
surface region is folded to the center in the next 
ARB cycle and such a procedure is repeated as 
the cycles of ARB increase [50, 51]. According to 
the literature, the texture evolution in bimetallic 

systems produced by ARB has received a limited 
attention and confined to such special cases as Fe/
Ni [52], Cu/Ta [53], Zr/Nb [54, 55] and Cu/Nb 
[56]. 

Al/Brass composites have great potential for 
industrial applications in automobile and electronics 
industry due to their excellent mechanical 
properties and high specific conductivity combined 
with low density. Al/Brass is a potential alternative 
to pure copper for automotive applications in 
power cables, including battery cables and power 
leads to electronic components because it offers 
a lightweight alternative that provides superior 
conductivity. In addition, the Al/Brass system is 
economically more attractive than monolithic brass 
by the joining of relatively inexpensive aluminum. 
The advantage of using the aluminum and brass 
couple is that the aluminum matrix has a relatively 
low density and the brass fragments increase the 
strength of the composite. Therefore, a composite 
with a relatively high specific strength (strength to 
weight ratio) is produced. In the present work, the 
feasibility of the ARB method for the fabrication 
of the Al/Brass composites is examined for the 
first time. Although, the texture and deformation 
mechanisms in aluminum and brass alloys have 
been investigated individually [57-59], however, 
the simultaneous deformation of aluminum 
and brass in the form of a bimetallic system 
and the severe strain imposed by the ARB can 
affect the texture and microstructure. Hence, the 
microstructure, texture and mechanical properties 
of the composite are systematically investigated by 
electron backscatter diffraction (EBSD), uniaxial 
tensile tests and microhardness measurements. In 
particular, based on the orientation distribution 
functions (ODFs) obtained by EBSD analysis, 
the crystallographic texture of the composites is 
considered in details.

2. Material and methods
2.1. Research material

The materials utilized in this study were 
commercially pure aluminum and brass alloy 
(in the form of sheets) with thickness of 1.0 and 
0.8 mm, respectively. The whole compositions of 
the materials are provided in Table 1. The sheets 
were cut into 150 mm × 50 mm strips, parallel to 
the sheet rolling direction. Annealing was then 
conducted at 370 °C for 2 h (for aluminum) and 
at 600 °C for 2 h (for brass) to remove the effects 
of deformation induced during the previous step of 
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materials processing.

2.2. Accumulative roll bonding process
In the first round, after surface preparation (the 

time interval was kept less than 120 s), the sheets 
were stacked in the manner of two aluminum layers 
as the outer surfaces and one brass layer as the 
inner surfaces. The stacked laminates were fastened 
by copper wires on the four edges. Sandwiches with 
thickness of about 1.0 mm were prepared by cold 
rolling through a 64% reduction in thickness by 
one cycle. Then, for the second round, sandwiches 
were cut into two halves, degreased, wire brushed, 
stacked and fixed. The strip was roll-bonded with 
a draft percentage of 50% reduction. The process 
was carried out at room temperature and repeated 
up to eight cycles. The roll bonding process 
was accomplished with no lubrication, using a 
laboratory rolling mill with diameter of 170 mm, 
loading capacity of 35 t and the rolling speed of 4 
rpm.

2.3. Microstructural evaluations
Electron backscatter diffraction in a scanning 

electron microscopy equipped with a field 
emission type gun (SEM Philips XL30S-FEG) 
was used in order to characterize microstructure 
and crystallographic feature of the specimens. 
The section of the specimen was prepared by 
mechanically and then electrolytically polishing 
in a 30% HNO3 and 70% CH3OH solution at 
approximately 30 °C with a voltage of 15V for EBSD 
observation. The EBSD measurements were carried 
out with a step size of 50 nm and the obtained data 
was analyzed by TSL-OIM analysis software. For 
microstructural analysis, transfer direction (TD) of 
the samples was used. Crystallographic texture was 
evaluated by measuring incomplete pole figures 
of {111}. In order to obtain appropriate EBSD 
observation for texture evolution, the relatively 

large area of the specimen’s section having more 
than 500 grains was considered. For a better 
understanding of the texture evolution, the face-
centered cubic (FCC) fibers were calculated directly 
from the ODFs.

2.4. Mechanical properties
The tensile test specimens were machined 

along the rolling direction from the produced 
composites. The gauge width and length of the 
tensile samples were 5 ± 0.1 mm and 10 ± 0.1 mm, 
respectively. The tensile tests were carried out at an 
ambient temperature and at a nominal strain rate 
of 10 -3 s-1 by a SANTAM STM-50 tensile testing 
machine. Moreover, the total elongation of each 
specimen was measured from the difference in 
the gage length before and after testing. To verify 
the accuracy of results, three tensile tests were 
performed for each specimen. Also, to investigate 
the fracture behavior of the surfaces after the 
tensile test, VEGA\\TESCAN field emission 
scanning electron microscope (FESEM) equipped 
with an energy dispersive spectroscope (EDS) 
characterization was performed.

Vickers microhardness of the samples 
was measured by using a Nexus Innova 4300 
microhardness testing machine under a load of 
15 g and time of 15 s on the cross section surface 
of composites perpendicular to rolling direction. 
Microhardness was measured randomly at nine 
different points on aluminum matrix and brass 
layers. The maximum and minimum values were 
disregarded and the mean hardness value was 
calculated from the remaining seven values.

3.  Results and discussion
3.1. Microstructure characterization

Fig. 1 illustrates microstructure variations of 
Al/Brass composites on rolling direction-normal 
direction (RD-ND) plane after different ARB cycles. 

1 
 

Table 1. Chemical composition (wt.%) of the aluminum and brass strips used in this study. 

Al 1050 
Al Si Fe Cu Mn Mg Zn Cr Ni Ti 

97.3 0.588 0.762 0.189 0.732 0.189 0.129 0.0123 0.0058 0.0329 
Be Ca Li Pb Sn Sr V Na Bi Zr 

< 0.0001 < 0.0009 < 0.0001 0.0049 0.0021 < 0.0001 0.0117 0.0043 < 0.005 < 0.002 
B Ga Cd Co Ag Hg In 

0.005 0.0041 < 0.001 < 0.003 < 0.001 < 0.003 < 0.01 
Brass 

Cu Zn Pb Sn P Mn Fe Ni Si Mg 
61.3 38.4 < 0.005 < 0.005 < 0.003 0.0043 0.0269 0.0055 0.0183 0.0052 
Cr Al S As Ag Co Bi Cd Sb Zr 

0.0024 0.0042 0.0074 0.0024 0.006 0.0088 0.0191 0.0009 0.0081 0.0036 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1- Chemical composition (wt.%) of the aluminum and brass strips used in this study
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It is evident that brass layers are coherent just in the 
first cycle of composite production, and then they 
initiate to neck and fracture locally in subsequent 
cycles. As ARB proceeded, strain is increased and 
thickness of brass layers is decreased. Consequently, 
brass layer separation is observed in the fourth 
cycle. Finally, after eight cycles, an aluminum matrix 
composite with almost homogeneously distributed 
brass fragments in the matrix is achieved. The 
type of composite shown in Fig. 1 has been also 
considered in the previous works. Talebian and 
Alizadeh [28] investigated the effects of subsequent 
annealing on the microstructural and mechanical 
characteristics of Al/steel multilayered composite 
produced by ARB process. Also, Mohammad Nejad 
Fard et al. [29] produced an Al/Stainless Steel/Al 

composite sheets by roll bonding of the starting 
sheets at 400 °C. Afterward, the roll bonded sheet 
was cut in half and the accumulative roll bonding 
(ARB) process at room temperature was applied. 
They showed that the central steel layer fractured 
and distributed in the aluminum matrix among 
different layers introduced by the repetition of roll 
bonding process.

In general, necking and fracture take place in 
the hard phase due to simultaneous deformation 
of dissimilar metals and the difference in flow 
properties of the metal constituents [26, 27, 30]. 
The plastic instability is controlled by the initial 
thickness ratio, strength coefficients and work 
hardening exponents of the layers [45, 47]. To 
compare the flow properties of the constituents, the 
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Fig. 1. SEM micrographs of ARB processed Al/Brass composite after (a) one, (b) two, (c) four, 

(d) six and (e) eight cycles. 

2 
 

Table 2. Flow properties of the annealed aluminum and brass. 

Element Work hardening 
exponent 

Coefficient of strength 
(MPa) 

Tensile strength 
(MPa) 

Aluminum 0.284 145 78 

Brass 0.572 645 365 

 

Fig. 1- SEM micrographs of ARB processed Al/Brass composite after (a) one, (b) two, (c) four, (d) six and (e) eight cycles.

Table 2- Flow properties of the annealed aluminum and brass
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strength coefficient, k , work hardening exponent, 
n , and tensile strength for aluminum and brass are 
summarized in Table 2. These values are obtained 
from tensile test after annealing of each specimen. 

It is seen that brass has the higher work hardening 
exponent (0.337) and larger tensile strength (365 
MPa) compared with that of aluminum. As a result, 
necking of brass as the harder phase is reasonable. 

2 
 

 

 

 

Fig. 2. SEM image of Al/Brass composite after two ARB cycles and the corresponding SEM 
elemental maps for (b) Al distribution, (c) Cu distribution and (d) Zn distribution. 
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Fig. 3. SEM image of Al/Brass composite after eight ARB cycles and the corresponding SEM 
elemental maps for (b) Al distribution, (c) Cu distribution and (d) Zn distribution. 

Fig. 2- SEM image of Al/Brass composite after two ARB cycles and the corresponding SEM elemental maps for (b) Al distribution, (c) 
Cu distribution and (d) Zn distribution.

Fig. 3- SEM image of Al/Brass composite after eight ARB cycles and the corresponding SEM elemental maps for (b) Al distribution, (c) 
Cu distribution and (d) Zn distribution.
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Necking in the hard phase has also been reported 
in other multilayer systems processed by ARB is 
proceeds [25, 26, 30, 46, 47, 53].

In order to investigate the distribution of 
brass layer, SEM/elemental maps of the Al/Brass 
composite after two and eight ARB cycles are 
obtained and the results are presented in Figs. 2 and 
3. After the second cycle (Fig. 2), the extension of 
necking in brass layers is concurrent along about 
45° to the rolling direction. As the ARB processes 
(Fig. 3), necking, rupturing and fragmentation of 
brass layers are confirmed by the SEM/elemental 
maps and the brass fragments are distributed more 
uniformly in the aluminum matrix.

The image quality (IQ), orientation color and 
the corresponding grain boundary maps of the 
annealed aluminum and Al/Brass composite 
processed to eight cycles are displayed in Fig. 4. 
Image quality maps obtained from EBSD data 
provide useful visualizations of microstructure. 
The contrast in these maps arises from a variety of 
sources, including phase, strain, topography and 

grain boundaries [60]. In color maps, the colors 
within the grains correspond to the orientations of 
each grain as depicted by the unit triangle at the 
bottom of the figure. In boundary maps, high angle 
grain boundaries (HAGBs) with misorientation 
angles higher than 15° are depicted by green lines, 
while low angle grain boundaries (LAGBs) with 
misorientation angles of 2–15° are denoted by red 
lines. The initial grain size before deformation is 
about 30 µm, using the linear intercept method in 
the normal direction of the elongated grains (Fig. 
4(a)). With attention to Fig. 4(b), the structure 
contains of mostly ultrafine grains surrounded 
by semi-lamellar boundaries form a bamboo-
like structure [13, 61, 62]. The grain boundaries 
have mostly high angle grain boundaries having 
misorientation angle lager than 15o.

The fraction of high angle grain boundaries (
HAGBf ) and the mean misorientation angle of the 

boundaries ( mθ ) were calculated from the EBSD 
data of each specimen (Fig. 5). The HAGBf  and 
the mθ for the annealed aluminum are 54% and 
21.40°, respectively, while for those of the Al/Brass 
composite after eight cycles are 79% and 34.87°, 
respectively. The EBSD analysis shows that the large 
grains of the annealed aluminum subdivided to 

4 
 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

ND 

RD 

5 
 

Fig. 4. The image quality, grain boundary and orientation color maps of the (a) annealed 
aluminum and (b) Al/Brass composite after eight cycles. 

 

 

Fig. 5. The misorientation angle distribution of the (a) annealed aluminum and (b) Al/Brass 
composite after eight cycles. 

Fig. 4- The image quality, grain boundary and orientation color 
maps of the (a) annealed aluminum and (b) Al/Brass composite 
after eight cycles.

Fig. 5- The misorientation angle distribution of the (a) annealed 
aluminum and (b) Al/Brass composite after eight cycles.
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nano/ultrafine grains and the low angle boundaries 
are transformed to high angle ones. This is the main 
reason as to why the density of low angle grain 
boundaries has been decreased and the structure in 
this case contains substantial amount of high angle 
grain boundaries [13, 15, 19, 50, 51, 62].

Image quality map at high magnification, grain 
boundary analysis, grain size distribution profile, 
rolling direction and normal direction orientation 
color maps of aluminum in Al/Brass composite 
obtained by EBSD measurements after eight cycles 
are shown in Fig. 6. Clear waviness is shown in 
this figure, which is due to the formation of shear 

bands during the ARB [46, 50]. These localized 
shear bands are inclined at 30 to 40° to the RD 
throughout the sample thickness. According to 
the literature [63], the shear bands are narrow 
regions in which intense shear occurs as a result 
of plastic instability. In this investigation, the 
formation of the shear bands is as a result of the 
large difference in flow properties between the 
brass and the aluminum layers. Also, it is seen that 
a bimodal structure consisting of equiaxied and 
elongated aluminum grains is formed after eight 
cycles. The average grain size of equiaxied grains 
reached 120 nm indicating considerable grain 
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ND 

RD 

Fig. 6- Microstructure of the aluminum side in Al/Brass composite after eight cycles at high magnification: (a) image quality map, (b) 
grain boundary map, (c) grain size distribution profile, (d) RD orientation color map and (e) ND orientation color map.
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refinement occurred after eight ARB cycles. Also, 
the nanometric grains (smaller than 100 nm) can 
also be observed. Formation of nano/ultrafine 
grains has also been reported in the ARB processed 
materials, particularly for single phase alloys [22, 
23, 50, 62]. The color maps of the specimen indicate 
that preferred orientation develops by eight cycles, 
as particular colors become dominant in the 
orientation color maps. The ND orientation color 
map of the composite demonstrates green color as 
dominant color corresponding to <110>//ND. This 
means that the surface area has <110>//ND α-fiber 
texture.

3.2. Deformation texture
Texture in deformed sheets with cubic crystal 

structures are usually presented by the expression 
of {hkl}<uvw>, where {hkl} is the Miller indices 
of the crystallographic plane parallel to the 
rolling plane and <uvw> is the Miller indices 
of the crystallographic direction parallel to the 
rolling direction. The ideal orientations of texture 
components and important fibers in FCC materials 
are shown in Table 3 and Fig. 7. The most relevant 
texture fibers for FCC materials are as follows [64-
66]:

1- α-fiber (crystallographic fiber axis 
<110>parallel to the normal direction, 0°,45°,0°—
90°,45°,0°): Extends from Goss {011}<001> to 
Brass {011}<112> orientation.

2- β-fiber (defined by the maximum intensity 
rather than by exact crystallographic position, 
90°,35°,45°—35°,45°,90): Extends from Copper 
{112}<111> to S {123}<634> to Brass {011}<112> 
orientation.

3- τ-fiber (fiber axis <110> parallel to the 
transverse direction, 90°,0°,45°—90°,90°,45°): 
Extends from Rotated Cube {001}<110> to Copper 
{112}<111> to Goss {011}<001> orientation.

The detailed analysis of texture evolution of the 
annealed aluminum and the Al/Brass composite 
samples processed by various ARB cycles is 
shown as ODFs in Fig. 8. The 2ϕ  = 0°, 45° and 
65° sections are presented since they contain all 
relevant FCC deformation texture components. 
As shown in Fig. 8(a), the texture components of 
the annealed aluminum can be characterized as 
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Fig. 6. Microstructure of the aluminum side in Al/Brass composite after eight cycles at high magnification: 
(a) image quality map, (b) grain boundary map, (c) grain size distribution profile, (d) RD orientation color 

map and (e) ND orientation color map. 
 
 
 

 

Fig. 7. Schematic illustration of important fibers in the FCC materials. 
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Table 3. Euler angles and Miller indices for important texture components in FCC materials. 

Texture component Miller indices  Euler angles  Fiber 
  

1    2   

Cube {001}<100> 0 0 0 Cube-Goss/θ 
Rotated Cube {001}<110> 45 0 0 θ 
Goss {011}<100> 0 45 0 Cube-Goss/α/τ 
Rotated Goss {011}<011> 90 45 0 α 
Goss Twin {113}<332> 90 25 45 τ 
Brass {011}<211> 35 45 0 α/β 
Goss/Brass {011}<115> 16 45 0 α 
A {011}<111> 55 45 0 α 
Y {111}<112> 90 55 45 γ/τ 
E {111}<011> 60 55 45 γ 
Copper {112}<111> 90 35 45 τ/β 
Rotated Copper {112}<011> 0 35 45 - 
Copper Twin {554}<115> 90 74 45 τ 
Dillamore {4 4 11}<11 11 8> 90 27 45 τ 
S {123}<634> 59 37 63 β 
S/Brass {414}<234> 49 40 75 β 

 

 

 

 
 

Fig. 7- Schematic illustration of important fibers in the FCC 
materials.

Table 3- Euler angles and Miller indices for important texture components in FCC materials



131

Naseri M, J Ultrafine Grained Nanostruct Mater, 51(2), 2018, 123-138

the Cube {001}<100>, Brass {011}<211> and S 
{123}<634> components with maximum intensity 
of 4.4 × R, 6.4 × R and 4.3 × R, respectively. After 
one cycles (Fig. 8(b)), Brass {011}<211> and S 
{123}<634> components disappeared and the Goss 
{011}<100> is created. The dominant components 
are Goss {011}<100> and Cube {001}<100> with 
the maximum intensity of 6.1 × R and 2.3 × R, 
respectively. After the fourth cycle (Fig. 8(c)), 
the Goss {011}<100> and Cube {001}<100> 
components disappeared and the Rotated Goss 
{011}<011>, Brass {011}<211> and S {123}<634> 
components appeared. Finally, after eight cycles 
(Fig. 8(d)), the Goss {011}<100> component with 
maximum intensity of 16.4 × R is created again and 
the intensity of the Rotated Goss {011}<011>, Brass 
{011}<211> and S {123}<634> increased to 15.3 × 
R, 18.5 × R and 12.4 × R, respectively.

According to ODFs shown in Fig. 8, after eight 
ARB cycles, a mixed deformation/recrystallization 
texture is observed. It is well accepted that in 
the absence of recrystallization, plane strain 

deformation of aluminum metals, such as that 
encountered in the rolling process, the texture 
develops around the Copper {112}<111>, Brass 
{011}<211> and S {123}<634> orientations [65- 66]. 
In metals with a low or medium stacking fault 
energy (SFE) (copper, brass and austenitic iron) in 
which recovery processes are slow, recrystallization 
may take place when a critical deformation 
condition is reached [52, 57, 58, 65]. Even 
though the current ARB is performed at ambient 
temperature, the temperature inside the Al/Brass 
samples generally increased through the adiabatic 
heat during heavy deformation. Meanwhile, as the 
amount of strain increases, recrystallization occurs 
at a lower temperature and in a shorter time [65]. 
Thus, more recrystallization will take place in the 
higher ARB cycles. The recrystallization of the Al/
Brass composite also contributes to the formation 
of equiaxed grains (Fig. 6) instead of forming the 
laminar grains at the higher ARB cycles. Therefore, 
it is reasonable that appearing the Goss {011}<100> 
and Rotated Goss {011}<011> orientations in 
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Fig. 8. The ODF sections of constant 2  (0º, 45º and 65º) showing the texture components in the 
(a) annealed aluminum and Al/Brass composite after (b) first, (c) fourth and (d) eighth ARB 

cycles. 

Fig. 8- The ODF sections of constant   (0º, 45º and 65º) showing the texture components in the (a) annealed aluminum and Al/Brass 
composite after (b) first, (c) fourth and (d) eighth ARB cycles.
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Al/Brass composite is attributed to the occurrence 
of recrystallization [65].

Texture evolution can be clarified more by 
showing the fibers during the process by skeleton 
lines. Therefore, the orientation density (f(g)) 
of main FCC fibers including α, β and τ was 
calculated from ODFs, as plotted in Fig. 9. It can 
be seen that the intensity of α-fiber for the first 
ARB cycle is very weak, after the fourth cycles is 
strong, and after the eighth cycles is very strong 
(Fig. 9(a)). In other words, the intensity of α-fiber 
increases with increasing the number of ARB cycle. 
Also, there is a texture transitions in the α-fiber 
from Goss {011}<100> to Brass {011}<211> after 
the fourth cycle. Fig. 9(b) indicates that there is 
a texture transition in the β-fiber after the fourth 
cycle. It is obvious that the dominant orientation 
at the first cycle is Copper {112}<111> texture 
component; but after the fourth ARB cycle the 
dominant orientation changes to S {123}<634> 
component. Also, when the number of ARB cycles 
increases, first, the intensity of β-fiber greatly 
increases and then slightly decreases. The textural 

evolution of τ-fiber is centered mainly around the 
Dillamore {4 4 11}<11 11 8> and Goss {011}<100> 
components (Fig. 9(c)). When the number of ARB 
cycles increases, the intensity of τ-fiber decreases 
and then slightly increases. The fact that the 
intensities of the cold rolling β-fiber texture and 
τ-fiber texture do not increase with increasing 
the number of ARB cycles can be attributed to the 
effect of the shear bands [50, 52, 58]. The shear 
bands are confirmed in the EBSD images (Fig. 6). 
Quadir et al. [67] discovered the 15° deviation of 
aluminum texture from rolling direction due to 
the shear stress between rolled pure aluminum and 
Al–Sc alloy layers. This crystallographic rotation 
led to a spread of orientations around the TD, 
and decreased both intensity and sharpness of the 
aluminum rolling fiber textures. This phenomenon 
was also observed by Chang et al. [68] during the 
ARB of Mg/Al composites.

Generally, in this research, due to the presence 
of large fragments of brass in the aluminum matrix, 
the intensity is weak for all the texture components. 
Borhani et al. [64] indicated in their studies that 
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Fig. 9. Fibers developed during ARB for Al/Brass composite: (a) α-fiber, (b) β-fiber and (c) τ-
fiber. 

Fig. 9- Fibers developed during ARB for Al/Brass composite: (a) α-fiber, (b) β-fiber and (c) τ-fiber.
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an inhomogeneous deformation generates the 
deformation zone near large second phase particles 
and precipitates. Therefore, the weak texture of 
the ARB processed composites can be related to 
the formation of mentioned deformation zone 
in the matrix. Particularly, extensive pileups of 
dislocations can be caused by non-shearable large 
particles, resulting in the formation of deformation 
zones around the particles [65], which lead to 
reduced texture intensity. Hence, in accordance 
with previous studies [48], it is concluded that the 
observed weak texture is due to an inhomogeneous 
deformation around the large particles.

3.3. Mechanical properties
The engineering stress–strain curves of the 

annealed aluminum, monolithic aluminum and 
Al/Brass composite (after the eighth cycles) are 

shown in Fig. 10. Also, the variations of the tensile 
strength and the elongation with the number of 
rolling cycles for monolithic aluminum and Al/
Brass composite are compared and plotted in 
Fig. 11. As can be seen in Fig. 11(a), the tensile 
strength is improved when the number of ARB 
cycles is increased for both monolithic aluminum 
and Al/Brass composite samples. The tensile 
strength of monolithic aluminum and Al/Brass 
composite is improved from 78 MPa (for the 
annealed aluminum) to 140 and 197 MPa for one 
cycle ARB processed samples, registering 80% and 
153% increase, respectively. The first cycle has a 
remarkable effect on the tensile strength and is in 
a good agreement with previous researches [10, 
14, 17, 18, 62, 69]. The tensile strength is increased 
continually until it becomes 2.30 times (180 MPa) 
and 4.23 times (330 MPa) higher than that of the 
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Fig. 10. Engineering stress–strain curves of the annealed aluminum, monolithic aluminum and 
Al/Brass composite specimens processed to eight cycles. 
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Fig. 11. Variations in (a) tensile strength and (b) elongation with the number of rolling cycles for 
monolithic and composite specimens. 
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Fig. 10- Engineering stress–strain curves of the annealed aluminum, monolithic aluminum and Al/Brass composite specimens 
processed to eight cycles.

Fig. 11- Variations in (a) tensile strength and (b) elongation with the number of rolling cycles for monolithic and composite specimens.
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annealed aluminum for monolithic aluminum and 
Al/Brass composite, respectively.

Strain hardening and grain boundary 
strengthening are two main mechanisms of 
strengthening during plastic deformation. At low 
to medium plastic strain, strain hardening occurs 
due the increase in dislocation density, dislocation 
interactions and accumulation and formation of 
dislocation boundaries. At large plastic strains, 
the flow stress is controlled by high angle grain 
boundaries and the grain boundary strengthening 
is the dominant mechanism [23, 28, 50, 70]. In the 
case of Al/Brass composite, the brass fragments 
act as reinforcing phase and provide the additional 
barriers to the motion of dislocations. Generally, 
the amount, shape, size and distribution of 
reinforcements affect the strength of the composite. 
During ARB, the fragmentation of brass layers 
occurs and the brass fragments gradually distribute 
in the aluminum matrix, causing the strength of the 
composite to increase with increasing the number 
of ARB cycle. The strain incompatibility between 
the matrix and reinforcement [63], the activation 
of the further slip systems at the interfaces [28, 
53], and the difference in the thermal expansion 
coefficient of the phases [26, 30], can also lead 
to generation of dislocations and to increase the 
strength during ARB of the composite.

According to Fig. 11(b), the elongation of 
monolithic aluminum and Al/Brass composite 
significantly decreased from 36% (for annealed 
aluminum) to 9.7% and 8.8% after the first cycles, 
registering 73% and 76% decrease, respectively. 
The sharp decrease in the percent elongation of 
the monolithic aluminum and Al/Brass composite 
can be attributed to the strain hardening and 

accumulation of dislocations that lead to initiation 
of internal stresses and to the nucleation of cracks 
and cavities [33, 71]. At higher number of ARB 
cycle, the percent elongation of the monolithic 
aluminum remains approximately constant that 
can be due to the saturation in dislocation structure 
and dislocation density. However, the percent 
elongation of the Al/Brass composite increases 
to some extent at higher number of ARB cycle. It 
decreases to an amount of 8.1% after the second 
cycle while reaches to 9.2% after the eighth cycle. 
Several factors including the strain hardening, 
bonding at interface and distribution of the brass 
fragments can affect the elongation of the Al/
Brass composite. Strain hardening leads to the 
accumulation of dislocations and internal stresses 
that promotes the nucleation of cracks and cavities, 
leading to the decrease in elongation. The sharp 
decrease of the elongation after two cycles can be 
attributed to the strain hardening of the Al/Brass 
composite. This trend can be observed by percent 
elongation at the initial stages of each severe plastic 
deformation process [30, 31]. In contrast, the 
increased bonding at the interfaces can increase the 
elongation through delaying the crack formation at 
the interfaces. In addition, the fragmentation and 
distribution of the brass layer leads to the increase 
in the net distance between the interfaces, reducing 
the probability of joining cracks. The latter two 
factors cause the uniform elongation of the Al/
Brass composite to increase gradually as the ARB 
process is continued.

Microhardness variations of aluminum and 
brass layers at different cycles of ARB are shown 
in Fig. 12. The hardness of brass and aluminum in 
the annealed condition is about 87 HV and 27 HV, 
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Fig. 12. Variation of microhardness for individual layers with different ARB cycles (0 cycle 
represents annealed specimens). 

Fig. 12- Variation of microhardness for individual layers with different ARB cycles (0 cycle represents annealed specimens).
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respectively. It is obvious that by increasing the 
ARB cycles, microhardness of brass is increased 
rapidly after the first ARB cycle and then it is 
saturated after the fourth cycle. For aluminum 
layers, microhardness (showing lower values than 
that of the brass layer) increases gradually through 
ARB up to the eighth cycle. These differences in 
microhardness values can be attributed to the 
difference in the strain hardening rate of aluminum 
and brass layers during plastic deformation. These 
observations may originate from different SFE of 
aluminum and brass (which are 166 mjm-2 and 20 
mjm-2, respectively [65]). In fact, metals with low 
to medium SFE (such as brass) hinder the climb 
and cross slip of dislocations (as two important 

phenomena for recovery process) as compared with 
the materials with higher SFE (such as aluminum). 
Thus, recovery is retarded for brass layers with lower 
SFE, thereby resulting in dislocation accumulation 
and greater work hardening. Similar observations 
for microhardness variations of metallic layers are 
also reported for Al/Cu [25], Al/Ni [26] and Al/
steel [28, 29] composites produced by the ARB.

3.4. Fractography
In order to clarify the rupture mechanisms of 

composites in different cycles of ARB, SEM was 
used. Fig. 13 illustrates the tensile fracture surfaces 
of the Al/Brass composite subjected to one, four 
and eight cycles. After one ARB cycles (Fig. 13a - b), 
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Fig. 13- Tensile fracture surfaces of Al/Brass composite after (a and b) first, (c and d) fourth and (e and f) eighth ARB cycles.
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it is seen that the aluminum and brass layers are 
clearly distinguished. At this stage, the fracture 
appearance of the composite reveals dimples in 
aluminum and brass layers, indicating that the 
fracture mode is ductile in both layers. Dimple type 
fracture has also been observed in Al/Ti [72], Cu/
Ni [73] and Al/Ti/Mg [30] systems. The ductile 
fracture takes place through the nucleation and 
coalescence of the microvoids ahead of the main 
crack [74]. After higher ARB cycles (Fig. 13(c and 
d)), it is somewhat difficult to identify the individual 
layers due to an increase in the layer number and 
a decrease in the layer thickness. However, some 
dimples are elongated in one or more directions. 
Also, few brittle fractures at the eighth cycle can be 
distinguished by considering Fig. 13(e and f). The 
shape and orientation of the dimples are influenced 
by the type of loading and the direction of the 
crack extension. The non-equiaxed dimples can 
be made by the non-uniform plastic strain, shear 
overloads and unequal triaxial stresses that become 
more probable at higher ARB cycles [14]. Fig. 13 
also illustrates that by increasing ARB cycles, the 
bonding quality between layers is improved.

4.  Conclusions
In the present study, accumulative roll bonding 

(ARB) is performed up to eight cycles at ambient 
temperature to manufacture the nano/ultrafine 
structured Al/Brass composite. The microstructure, 
deformation texture development and mechanical 
properties of the composite were investigated. 
The conclusions drawn from the results can be 
summarized as follows:

1. During ARB, the brass layer necks, ruptures 
and distributes uniformly in the aluminum matrix 
due to the dissimilar flow properties of the metal 
constituents. After eight ARB cycles, a composite of 
aluminum matrix with nearly uniform distribution 
of brass phase is obtained.

2. After eight ARB cycles, the major texture 
components in the Al/Brass composite are Brass 
{011}<211>, S {123}<634>, Goss {011}<100> 
and Rotated Goss {011}<011>. The development 
of the α-fiber and β-fiber texture is related to the 
dislocation structures introduced during successive 
ARB cycles.

3. The adiabatic heat during heavy deformation 
promotes the formation of the recrystallization 
texture components: Goss {011}<100> and Rotated 
Goss {011}<011>. The recrystallization retarded 
grain refinement and led to the formation of 

bimodal structure consisting of equiaxied grains 
and elongated grains for high ARB cycles.

4. The Al/Brass composite exhibits a relatively 
high tensile strength compared with the annealed 
aluminum so that the tensile strength of the 
composite is 4.23 times higher than that of the 
annealed aluminum. The increased strength of the 
composite is attributed to the strain hardening, 
grain refinement, uniformity of brass fragments 
in the aluminum matrix and good bonding at 
interfaces.

5. Microhardness of brass layers is greater 
for all cycles compared with that of aluminum 
layers. Also, with increasing the ARB cycles, the 
hardness of brass increases up to the fourth cycle 
and saturates at further number of ARB cycles. The 
aluminum layers exhibit a gradual increase from 
first to the last ARB cycle. The different trend in 
hardness variation is explained by the staking fault 
energy of the metal constituents. 

6. Fracture analysis of tensile specimens shows 
that with increasing the number of ARB cycles, 
fracture mechanism is changed from ductile to 
shear ductile and partially, to brittle fracture at final 
cycles.
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