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A B S T R A C T   

In this research, the microstructure, texture, and work hardening behavior of the Al/IF composite were inves
tigated. The composites were produced through up to 7 cycles of accumulative roll bonding (ARB). The 
microstructure evolution revealed that the IF layer fractured during the process and distributed within the Al 
matrix due to its higher hardness and higher work hardening rate, as well as formation of shear bands. The main 
deformation textures formed in the Al layer were the {001} <110>, {4,4,11} <11,11,8>, and {111} <112>
components. In the IF layer, preferred orientations of {001} <110>, {110} <112>, and {111} <110> were 
observed. The produced composite exhibited typical tensile behavior, with strength increasing and elongation 
decreasing during the process due to an increment in dislocation density and hardening. Additionally, the results 
revealed that the hardening capacity of the composite decreased during the process; however, the strain hard
ening rate increased. A noticeable increase in dislocation density and a decrease in crystallite size were found to 
be the main governing parameters of these variations. Moreover, the fracture mode of the composite changed 
from ductile fracture to a more brittle mode as a result of hardening.   

1. Introduction 

In the last few decades, demand for lightweight metals and alloys in 
various industries, such as aerospace, automotive, and structural engi
neering, have remarkably increased with the aim reducing the costs and 
energy consumption [1,2]. Metal matrix composites (MMCs) based on 
lightweight metals such as aluminium and titanium have been consid
ered as alternatives to materials currently used in the aforementioned 
industries due to their specific properties, including low density, high 
electrical and thermal conductivity, wear resistance, and formability. 
Recently, numerous research studies have been performed with the aim 
of improving their production methods and different properties [3–7]. 

Casting, powder metallurgy, and severe plastic deformation (SPD) 
are the most commonly used methods for the production of MMCs 
[8–16]. Accumulative roll bonding (ARB) is among the most used SPD 
processes, which can be utilized for the production of a vast category of 
layered and particle-reinforced MMCs [17–21]. The ARB process in
volves stacking at least two sheets of the same or different materials after 
suitable annealing and surface treatments, and cold rolling them to 
achieve a 50% reduction in thickness. The as-rolled sample is then cut 
into two halves, and the rolling-cutting-rolling process is repeated to 

reach the desired amount of strain [19,22]. 
The high level of strain imposed on the composite during the ARB 

process leads to a remarkable increase in dislocation density and the 
formation of ultrafine grained microstructures. These two mechanisms 
(dislocation hardening and grain refinement) are known as the main 
governing factors of mechanical and microstructural properties, which 
have been widely reported in different alloying and composite systems 
[3,19,23,24]. Jiang et al. [25] produced multilayered Ti/Cu composites 
through the ARB process and reported a significant grain refinement, 
which was mainly attributed to the formation of shear bands. Wang et al. 
[24] reported the increment of dislocation density and grain refinement, 
which were identified as the main strengthening mechanisms, during 
the ARB of the Al-Li/B4C composite. 

These mechanisms were also reported as the main reasons for the 
texture variations in the ARB-processed samples [3,13,25–27]. Shabani 
et al. [13] proposed that the formation of shear bands during cold rolling 
was the main reason for the development of shear texture. Raei et al. 
[26] reported that during the ARB process repeating the process of 
placing the surface of the rolled sheet at the center of the composite and 
applying pure plane strain compression leads to the rotation of the 
surface shear texture component toward a single copper rolling 
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component. Subsequently, it rotates back toward a shear texture as it 
subsequently moves toward the outer surface, leading to an increment in 
the intensity of the copper component and surface shear component 
[26]. 

In addition, it is known that work hardening, due to the increment of 
dislocation density, strongly affects the final properties of ARB- 
processed composites; however, the number of published works study
ing the work hardening behavior of the ARBed composites is negligible 
compared to the published works in the field of ARB [28,29]. Gashti 
et al. [30] studied the strain hardening behavior of ultrafine-grain 
ARBed AA1050 alloy and reported that the strain hardening rate of 
ARBed samples increased with an increase in the number of ARB cycles 
and was mainly governed by the two factors: dislocation density and 
grain size. Moradgholi et al. [29] claimed that the work hardening co
efficient of Ti/TiO2 composite produced through the ARB process 
increased with the addition of TiO2 particles and reported that the 
dislocation tangles around TiO2 nanoparticles were the main cause of 
the increase in the work hardening coefficient. 

The main objectives of this research were to investigate the texture 
evolution and work hardening behavior of Al/IF during the ARB process. 
To achieve this, the Al/IF composite was produced through a maximum 
of 7 ARB cycles. Then, using an optical microscope (OM), scanning 
electron microscope (SEM) equipped with an electron backscattered 
diffraction (EBSD) detector, X-ray diffraction (XRD), and tensile test, the 
behavior of the composite was studied during the process. 

2. Materials and method 

The raw materials included commercially pure Al and IF steel strips 
with the specifications given in Table 1. Strips with dimensions of 50 ×
100 × 1 mm and 50 × 100 × 0.7 mm were cut along the primary rolling 
direction (RD) from the Al and IF sheets, respectively, and then, were, 
respectively, annealed at 350 and 650 ◦C for 60 min. Before rolling, the 
strips were washed in an acetone bath and wire brushed along the RD for 
2 min. In the first ARB cycle, the IF strip was laid between the two 
annealed Al strips and fastened at both ends using steel wire, and then, 
roll-bonded to 66% reduction to attain a strip with 1 mm thickness. The 
produced sandwich was then ARBed for up to 7 cycles through the 
typical ARB process. A detailed explanation of the process can be found 
elsewhere [20,31]. 

The crystal structure of the composites after each cycle was investi
gated using an X-ray diffractometer (Philips, Amsterdam, Netherlands) 
with Cu Kα (λ = 0.15406 nm) diffraction and the step size of 0.05◦. In 
addition, crystallite size and micro-strain of different samples were 
calculated by analyzing the XRD patterns using Rietveld software, spe
cifically Materials Analysis Using Diffraction (MAUD) [32,33]. MAUD 
has been widely used to characterize microstructural parameters 
including lattice parameters, phase percentage, crystallite sizes, and 
residual micro-strains based on XRD results [34–36]. In addition, tensile 
test samples were machined from composites after each cycle through 
electrical discharge machining (EDM) according to the ASTM E8M 
standard. The gauge width and length were 6 and 25 mm, respec
tively. Tensile tests were conducted at room temperature using a tensile 
testing machine (H25KS; Hounsfield Ltd., Surrey, UK). 

3. Results 

3.1. Microstructural and structural analysis 

OM micrographs of the composite at different ARB cycles are pre
sented in Fig. 1. As can be seen, in the primary sandwich structure, the 
layers remained stable, and no fracture occurred within the composite 
layers. However, with the continuation of the ARB process, fracture and 
separation initiated in the IF layer as shown in Fig. 1b. With the repe
tition of the ARB cycle and increase in the strain amount in the com
posite sample, the thickness of the IF layers decreased, and the fracture 
and separation of the IF fragments took place at an increasing rate. 
Eventually, an Al matrix composite with an almost uniform distribution 
of IF fragments was achieved after 7 cycles of the ARB process. It is 
noteworthy that shear bands formation was observed in the composites 
with an increase in the strain amount as marked in Fig. 1d. 

XRD test was performed on the composites after different ARB cycles 
and the results are presented in Fig. 2. As can be seen, all the peaks are 
related to the Al and IF in the primary sandwich, and they remained 
unchanged as ARB proceeded up to 7 cycles; no phase transformation 
took place during the process. In addition, the intensity of the peaks 
varied during the process which can be attributed to the texture for
mation and is further studied in the following sections. 

Using MAUD software and the XRD patterns of the composite, 
different structural parameters such as crystallite size and micro-strain 
of the composites were measured after each cycle. Fig. 2a illustrates 
that crystallite size of the Al and IF layers after the first cycle were 270 
and 150 nm, respectively, and decreased almost 15% in both layers with 
an increase in the number of ARB cycles to 3. The crystallite size then 
declined almost linearly in both layers with the repetition of the ARB 
process and reached 125 and 90 nm in Al and IF layers, respectively. 
Variation in micro-strain of the Al and IF layers as a function of ARB 
cycles is presented in Fig. 2b. This figure demonstrates that the amount 
of micro-strain in the IF layer was higher than that in the Al layer after 
the primary cycle of ARB, and it remained higher as the process 
continued. In addition, the amount of micro-strain increased in both 
layers with the continuation of the ARB process; however, the rate of 
increase in micro-strain in the Al layer dropped after the fifth cycle. 

Using the following equation, the dislocation density of the Al and IF 
layers was measured and is shown in Fig. 4. This figure depicts that the 
dislocation density was higher in the IF layer after the first cycle (0.09 
and 0.34 × 1014 in Al and IF layers, respectively) and increased almost 
linearly in both layers with an increase in the number of ARB cycles up 
to 7 cycles. In addition, it can be seen that the dislocation density in Al 
and IF increased, respectively, by 11 and 7 times after 7 cycles; however, 
the amount of new dislocation formed during the process in IF was 
higher than that in Al by almost two times (0.96 and 2.11 ×1014 dis
locations in Al and IF layers, respectively). 

ρ= 2
̅̅̅̅̅̅
3.ε

√

Db
(eq.1)  

3.2. Texture evolution 

Figs. 5 and 6 illustrate the φ2 = 0◦, 45◦, and 65◦ sections of the 
orientation diffraction functions (ODFs) of the Al and IF layers, respec
tively, after different ARB cycles. The main texture components studied 

Table 1 
Specifications of the used materials.  

Material Al Fe Si Mn Ni C Ti Cu 

Al 99.71 0.16 0.07 0.007 0.001 - 0.01 - 
IF - 99.94 0.01 0.14 0.02 0.002 0.05 0.01 

The microstructure of the composite was examined on the rolling direction-normal direction (RD-ND) plane using an OM. In addition, texture and fracture surfaces 
after tensile test were examined via an SEM-EBSD (FEI, XLF30; Philips, Amsterdam, Netherlands). 
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here are presented in Table 2. As can be seen in Fig. 5a, {110} <001>
and {110} <111> were the main texture components in Al after the first 
ARB cycle. With the continuation of the ARB process to the third cycle, 

Fig. 1. OM microstructure of Al-IF samples after a) 1 cycle, b) 3 cycles, c) 5 cycles, and d) 7 cycles of ARB.  

Fig. 2. XRD patterns of the composite after different ARB cycles.  

Fig. 3. Variation in a) average crystallite size and b) micro-strain of the Al and IF layers during the ARB process.  

Fig. 4. Variation in dislocation density of the Al and IF layers as a function of 
ARB cycle. 
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{110} <001> still remained as a strong texture component; however, a 
weak {4,4,11} <11,11,8> component formed in the Al layer during this 
cycle. After 5 cycles of ARB, the primary texture components were 
entirely eliminated, and the {001} <110> and {4,4,11} <11,11,8>
components were the major texture in Al at this stage. As revealed in 
Fig. 5d, the continuation of the ARB process to the seventh cycle has not 
changed the preferred orientations, and {001} <110> and {4,4,11} 
<11,11,8> remained with higher intensity as the main texture compo
nents in the Al layer. 

Fig. 6a demonstrates that, in the IF layer, {110} <001> and {110} 
<111> were the main texture components; however, both were elimi
nated after the third cycle, in which {110} <110> and {111} <110>
became the major texture components in the presence of the weak in
tensity components of {110} <112>, {112} <110>, and {001} <110>. 
After the fifth cycle of the process, the main texture in the IF layer 
consisted of {001} <110>, {111} <110>, and {112} <110>. Increasing 
the number of ARB cycles to 7 did not lead to a significant change in the 
texture of the IF layer; however, the intensity of the components 
increased, as revealed in Fig. 6d. 

In order to gain a better understanding of the variations in texture, 

the maximum intensities of the texture components were depicted as a 
function of ARB cycle, which is presented in Fig. 7. It can be seen that, in 
the Al layer, the intensity of the {110} <001> and {110} <111>
components declined with the continuation of the ARB process; how
ever, the intensities of the {111} <112>, {001} <110>, and {4,4,11} 
<11,11,8> components increased with an increase in ARB cycles, which 
was significant in the {001} <110> and {4,4,11} <11,11,8> compo
nents. Additionally, Fig. 7b illustrates that, during the ARB process, the 
intensity of the {110} <001>, {110} <110>, and {110} <111> com
ponents decreased, and the ARB process led to the intensifying of the 
{001} <110>, {110} <112>, and {111} <110> texture components. 

3.3. Mechanical properties 

Fig. 8 illustrates the tensile behavior of the composites at different 
ARB cycles in comparison to the annealed Al. It is evident that the 
formability of the composites decreased significantly compared to the 
annealed Al; however, the strength of the composites was noticeably 
higher. Furthermore, it can be seen that the strength of the composite 
increased with the continuation of the ARB process; however, its 

Fig. 5. The φ2 = 0◦, 45◦, and 65◦ sections of the ODFs of the Al layer after cycle (a) 1, (b) 3, (c) 5, and (d) 7.  
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formability decreased. Fig. 9 illustrates the variations in strength and 
elongation of the composite as functions of the ARB cycle. The yield 
strength (YS) of the annealed Al was about 60 MPa, which sharply 
increased to almost 195 MPa, indicating more than 220% increment, 
and then gradually increased with the continuation of the ARB process. 
As shown in Fig. 9a, an almost 7, 10, and 9% increment in YS took place 
after the third, fifth, and seventh ARB cycle, respectively. Fig. 9b 

indicates that variation in the ultimate tensile strength (UTS) was almost 
the same as YS; a sharp increment in UTS (almost 140%) occurred after 
the first cycle, and then it increased gradually to its maximum amount 
after the seventh cycle (about 290 MPa). Variation in elongation with an 
increase in the number of ARB cycles is presented in Fig. 9c, and it shows 
that the elongation of the composite varied, unlike the strength varia
tion. In the annealed Al, almost 28% elongation was observed, which 
reached 9% after the first cycle of ARB, and then declined at the rate of 
30, 16, and 16% after cycles 3, 5, and 7, respectively, and almost 4.2% 
elongation was observed in the final composite. 

Using simple Hollomon’s equation [37,38] (eq. (2)), the strain 
hardening exponent (n) of the composites could be measured as follows: 

σ =Kεn (eq.2)  

n= d(Inσ)/d(Inε) (eq.3) 

Therefore, n can be measured by sketching the lnσ-lnε curve, in 
which n is the slope of the curves. The lnσ-lnε curves for the composites 
after different ARB cycles are presented in Fig. 10 with the measured 
slopes. As can be seen, the n parameter decreased with the increase in 

Fig. 6. The φ2 = 0◦, 45◦, and 65◦ sections of the ODFs of the IF layer after cycle (a) 1, (b) 3, (c) 5, and (d) 7.  

Table 2 
The main texture components studied in this research.  

Miller indices φ1 Ф φ2 

{110}<001> 0 45 0 
{110}<111> 55 45 0 
{110}<110> 90 45 0 
{110}<112> 35 45 0 
{001}<110> 0 0 45 
{111}<110> 0 45 55 
{123}<634> 59 37 63 
{111}<112> 30 45 55 
{4,4,11}<11,11,8> 90 27 45  
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the number of ARB cycles. The n parameter was almost 0.089 after the 
first cycle, which declined gradually with the continuation of the ARB 
process and reached almost 0.77 after 7 cycles of ARB. 

In addition, using the following equation [39,40], the hardening 
capacity (HC) of the composites was measured and the results are pre
sented in Fig. 11. 

Hc =
σUTS − σy

σy
=

σUTS

σy
− 1 (eq.4)  

In the above equation, σUTS is the UTS, and σy is the YS. Fig. 11 illustrates 
that the HC of the composite decreased with an increase in the number of 
ARB cycles. The HC of the composite after the first cycle was almost 
0.167, which decreased to 0.161 after the second cycle. The decline in 
the HC took place at a higher rate, and it reached 0.140 and 0.125 after 
the fifth and seventh cycles, respectively. 

Furthermore, Fig. 12 illustrates the strain hardening rate of the pri
mary raw materials and the composites after different ARB cycles. As 
can be seen in this figure, the work hardening rate in the IF layer was 
higher than that in the Al layer. In addition, in contrast to the n and HC, 
the strain hardening rate increased with the continuation of the ARB 
process. It is evident that the trend of variation in strain hardening rate 
was almost the same in all the composites and had two different stages. 
In the first stage, the strain hardening rate was noticeably high at the 
beginning of the tension test, and then it sharply decreased with an in
crease in strain amount at the initial stage of deformation. In the second 

Fig. 7. Variations in texture intensity as a function of the ARB cycle in a) Al layer and b) IF layer.  

Fig. 8. Stress-strain curves of the tensile behavior of the composites after 
different cycles of ARB in comparison to the annealed Al. 

Fig. 9. Variations in the a) YS, b) UTS, and c) elongation of the composite as a function of the ARB cycle.  
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stage, the strain hardening rate declined at a slower rate until the 
cessation of uniform deformation, at which point the strain hardening 
rate reached zero. 

Fracture surfaces of the composites after tensile tests were examined 
using SEM to determine the fracture mechanisms of the composites in 
different cycles of the ARB process. Fig. 13a shows that a typical ductile 
fracture occurred in both layers after the first cycle, with the fracture 

surface fully covered with equiaxed dimples. Additionally, the occur
rence of lamination during tension is evident in this figure, revealing the 
low quality of bonding in this stage. As illustrated in Fig. 13b, the 
fracture mode changed after the third cycle, with some parts of the 
fracture surface appearing smooth, indicative of brittle fracture. How
ever, dimple formation and ductile fracture still seemed to be the main 
fracture mode in this sample. The fracture mode further changed after 
the fifth cycle of ARB, with a significant portion of the fracture surface 
exhibiting smooth features (brittle fracture), and the size and number of 
the dimples decreased noticeably. In addition, the orientation of the 
dimples also changed, with shear dimples (shear-ductile fracture) 
forming on the fracture surface of this sample (see Fig. 13c). Fig. 13d 
demonstrates the fracture surface of the composite after 7 cycles, and it 
can be observed that the fracture surface differed completely from that 
of the primary composite. The majority of the fracture surface revealed a 
brittle fracture mode, with only a few small shear dimples present. 

4. Discussion 

In the ARB technique, the primary dissimilar multi-layered sandwich 
can change to a metal matrix composite with an almost uniform distri
bution of the fragments of one of the layers. Different metals have 
different mechanical properties and react differently to the deformation 
processes. During the ARB process, roller pressure leads to elongation of 
the layers along the RD and a decrease in their thickness; moreover, 
different flow properties of the layers could lead to the occurrence of 
plastic instabilities, and finally, the fracture of the layers [18,20,41]. 
This phenomenon has been reported in different dissimilar 
multi-layered composites. For instance, Jiang et al. [19] reported that in 
Ti/Nb composite, Nb layers begin to neck and even rupture with an 
increase in the number of ARB cycles, which was attributed to the higher 
hardness of the Nb layer and curvature of interfaces. Jafarian et al. [18] 
claimed that non-uniform plastic strain distribution due to the different 
mechanical properties and strain hardening parameters is the governing 
parameter in the fracture of layers during the ARB process. In addition, 
they reported that the Ni layer with the highest strain hardening coef
ficient was the first layer to fracture [18]. Generally, during the ARB 
process, the thickness of the layer decreases by 50% after each cycle [22, 
42] and fracture takes place in the layer with the highest resistance to 
decrease in the thickness. In fact, the layer with a higher work hardening 
rate hardens faster and resists the applied pressure of the roller, and 
therefore, fracture occurs as a result of work hardening and an increase 
in the applied stress to the ultimate strength of the layer. Fig. 12a il
lustrates that the work hardening rate in the IF layer was higher than 
that in the Al layer, which is the main reason for the fracture of this layer 
during the ARB process, as shown in Fig. 1. 

In addition, the repetition of the rolling process leads to the forma
tion of a high amount of dislocation in the sample (Fig. 4) and an 
extremely high level of work hardening, which results in more brittle 

Fig. 10. lnσ-lnε curves for the Al/IF composites after different cycles of ARB.  

Fig. 11. Variation in HC of the composite with increase in the number of cycles 
of the ARB process. 

Fig. 12. Work hardening behavior of the a) primary raw materials and b) composites after different ARB cycles.  
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behavior. Consequently, this makes the layer more susceptible to frac
ture in the final cycles of the process. Furthermore, the formation of 
shear bands during the ARB process has been widely reported [20,43, 
44]. Shear bands generally form during rolling at almost 35-45◦ to the 
RD and occur independently of the grain structure of the sample [45]. 
The formation of shear bands was revealed in Fig. 1 and it can be seen 
that their formation is an influential factor in the fracture of layers 
during the process. A high-magnification micrograph of the sample after 
7 cycles of ARB is illustrated in Fig. 14a, which clearly shows the for
mation of a shear band that leads to the fracture and separation of the IF 
layer. Shear bands initiate on the surface of the specimen in contact with 
the rolls and propagate towards the opposite surface. They not only 
generate strain fields along the shear band direction but also create 
strong strain fields that extend well into the material surrounding the 
band [19,43,45], which might increase to amounts higher than the 
strength of the materials. In addition, Scudino [46] reported that the 
formation of shear bands induces atomic displacements at opposite di
rections on the two sides of the band, and therefore, the neighboring 
unsheared material induces tensile and compressive strains in the di
rection parallel to the band. Fig. 14a illustrates that the formation of 
shear bands and induction of strain in opposite directions led to the 
fracture of the IF layer, and this mechanism is schematically presented in 
Fig. 14b. 

As revealed in Figs. 5 to 7, the texture of both Al and IF layers varied 

as a function of the number of ARB cycles. In the Al layer, the intensity of 
the {110} <001> component decreased, and the {001} <110>, 
{4,4,11} <11,11,8>, and {111} <112> components intensified. The 
formation of these components during ARB of Al has been reported in 
previous research studies [13,26,27]. The microstructure of the ARBed 
composites (Fig. 1) showed the formation of shear bands, which is the 
main reason for the formation of shear texture components in FCC 
metals [13,47]. Moreover, the cyclic movement of the shear components 
formed on the surface to the center of the composite during the process 
and induction of extra strain during the rolling cycles are reported to be 
a result of shear texture formation [26]. 

In addition, it was seen that the intensity of {110} <001> and {110} 
<110> in the IF layer decreased, while {001} <110>, {110} <112>, 
and {111} <110> intensified during the ARB process. These compo
nents are known as the rolling texture and shear texture, and their for
mation during rolling of BCC metals has been reported [19,48]. Jamaati 
et al. [48] reported that, during the ARB process, the slip planes might 
rotate toward the direction perpendicular to the roller force, and the 
rotation will not occur completely due to the resistance to the defor
mation as a result of crystal defects, which resulted in the rotation of 
other crystal planes parallel to the rolling plane and the formation of 
rolling texture components. The increase in the intensity of the brass 
component was also attributed to the formation of deformation twins 
and the enhancement of the spacing between dislocation cell boundaries 

Fig. 13. SEM images of the fracture surfaces of the Al/IF composite after the a) first cycle, b) second cycle, c) fifth cycle, and d) seventh cycle of ARB.  

Fig. 14. a) A high magnitude micrograph of the composite after 7 cycles of ARB and b) schematic illustration of the fracture mechanism of the IF layer as result of 
shear band formation. 
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due to severe plastic deformation and hardening [48]. 
Hitherto, it has been demonstrated in different ARB-processed metals 

and alloys that their strength and elongation increase during the process 
[18,20,28]. Work hardening due to the increase in dislocation density 
and grain refinement has been reported as the main reason for this in
crease in strength and elongation [20,28,30]. Figs. 3 and 4 illustrate that 
with an increase in the strain amount during the process, the crystallite 
size decreased sharply, while the density of dislocation in both Al and IF 
layers increased significantly, which were the governing parameters of 
the mechanical properties as explained above. In addition, the ARB 
technique has been widely used for the production of metal matrix 
composites, and variations in different characteristics of the composites 
have been reported as the effective parameter on mechanical properties 
[41,42,49,50]. For instance, Rahmatabadi et al. [41] claimed that, the 
volume, size, and distribution of the reinforcement particles in the 
composite were effective on mechanical properties. Habba et al. [51] 
asserted that during the ARB process of Al-Ni/SiC composites, the dis
tribution of the SiC particles becomes more uniform which positively 
affects the mechanical properties. However, they revealed that a high 
amount of reinforcement can lead to the separation of layers and a drop 
in strength. 

Generally, the size of the second-phase particles decreased during the 
process. It has been revealed that the ARB process carried out on metals 
causes plastic deformation in the sheets, and the reinforcement particles 
break. Therefore, repeating the ARB process leads to a finer and more 
uniform distribution of the reinforcement, and consequently, the dis
tances between these particles remarkably decrease. During deforma
tion, reinforcement particles operate as an imminent displacement 
movement, and more dislocation also generates at the interface of the 
particles and matrix. These phenomena led to an increase in the resis
tance of the microstructure to the passing of dislocations, which led to 
higher UTS [23,49,52]. 

The results presented in Figs. 10 to 12 reveal that the values of n and 
HC decreased with the continuation of the ARB process; however, the 
rate of the strain hardening increased. It is known that the density of 
dislocations and grain size are the two main governing parameters of 
hardening capacity during the ARB process [39,40]. With the continu
ation of the ARB process, dislocation density increased at a noticeable 
rate (see Fig. 4); therefore, the interaction between dislocations 
increased, leading to higher resistance to deformation, and conse
quently, lower hardening capacity. Additionally, the grain size of the 
ARBed samples decreased sharply (see Fig. 3) with an increase in the 
ARB cycles. Furthermore, the formation of nano-size grains during the 
process has been widely reported [48,53]. Therefore, the possible slip 
distance of the dislocation to reach a grain boundary decreases due to 
the decrease in grain size, which leads to a lower possibility of further 
deformation and hardening. Fattah-alhosseini et al. [28] reported 
almost the same results on the work hardening behavior of copper 
subjected to the ARB process. They showed that n value decreased with 
the continuation of ARB process as a result of grain refinement [28]. The 
increment of the strain hardening rate with an increase in the number of 
ARB cycles is also attributed to the increase in dislocation density and 
grain refinement, which led to a higher rate of dislocation collision and 
lower slipping distance of dislocations, and consequently, a higher work 
hardening rate. In a recent research, Gashti et al. [30] reported the same 
hardening behavior in ARBed Al in which the n value decreased and 
strain hardening increased with the continuation of the ARB process as a 
result of dislocation density enhancement and grain refinement. 

In addition to dislocation interactions and the shortened slipping 
distance resulting from grain refinement, other critical parameters 
contribute to the hardening behavior of the composite. One of these key 
factors is grain boundary strengthening, which exerts a substantial in
fluence. During the process of high-strain plastic deformation, an 
essential role is played by the formation of new grain boundaries char
acterized by high misorientation angles, as well as the development of 
dislocation cells (DCs) with relatively low misorientations. These 

structural features significantly enhance the overall hardening of the 
composite [45,47]. 

As the deformation level increases, significant changes occur. On one 
hand, the layers undergo substantial stretching along the rolling direc
tion, potentially facilitating the formation of new grain boundaries and 
enhancing the overall ratio of boundaries within the composite struc
ture. Simultaneously, dislocation density noticeably increases (see 
Fig. 4), subsequently leading to the rearrangement of dislocations within 
the DC structure. These dynamic phenomena directly and substantially 
affect the hardening behavior exhibited by the composite. Consequently, 
with the progressive increase in the grain boundary portion within the 
structure, grain boundary strengthening occurs. This, in turn, results in 
an accelerated hardening rate. However, concurrently, the overall 
hardening capacity decreases [36,47,51]. 

Moreover, the hardening of the composite intensifies significantly 
due to the presence of reinforcements with hardness differing from the 
matrix. During the process of rolling, the Al and IF layers exhibit distinct 
deformation characteristics, each responding uniquely to the external 
forces applied. In order to maintain coherence between the reinforce
ment particles and the matrix material, geometrically necessary dislo
cations (GNDs) emerge at the interfaces of these particles [45,47]. These 
dislocations play a crucial role in enhancing the overall hardening rate 
of the composite. This phenomenon intensifies with improvement of the 
ARB process, leading to a remarkable boost in the composite’s me
chanical properties. As seen in Fig. 1, the fracture of the IF layer during 
the ARB process results in the dispersion of IF particles throughout the 
composite structure. This dispersion of particles further accelerates the 
formation of GNDs, particularly at higher ARB cycles. 

Additionally, the reinforcements serve as effective barriers to the 
movement of dislocations within the composite [31,51]. This function 
plays a significant role in the hardening behavior, acting as a resistance 
force against dislocation motion. As explained earlier, the uniformity 
and number of these reinforcement particles increase with the 
improvement of the ARB process. This enhancement in distribution and 
the higher number of reinforcement particles lead to more frequent in
teractions between dislocations and the particle interfaces. As a conse
quence, this heightened level of interaction contributes to a 
substantially increased hardening rate. 

Hardening during the ARB process noticeably affects the fracture 
behavior, which has been widely reported in the processing of different 
alloys and composites [13,20,29,31]. In the primary stages of the pro
cess, a ductile fracture takes place with a high amount of plastic defor
mation, leading to the formation of a rough fracture surface with deep 
equiaxed dimples. These dimples form due to the creation of microvoids 
and the final rupture after their coalescence [31,54]. With an increase in 
the number of ARB cycles, the density of dislocations increases (Fig. 4) 
due to the significant amount of plastic deformation. Consequently, the 
plasticity of the sample decreases, which changes the fracture mode to a 
more brittle fracture (Fig. 13). Additionally, it was observed that the 
separation of the layers occurred more evidently in the first cycle of the 
process (see Fig. 13a), which is a result of weak bonding quality between 
the layers and also different deformation behaviors of the layers [20,31], 
leading to separation during tensile deformation. However, delamina
tion at higher levels of strain was observed in the composite, which is 
due to the stress concentration at the interface of the particles. During 
deformation, too many GNDs form at the interface, and sliding can also 
lead to the accumulation of dislocations at the interface, resulting in the 
formation of stress concentration regions that fracture more easily 
during tensile deformation, leading to the separation of particles from 
the matrix. 

5. Conclusion 

In this research, Al/IF composite was produced through ARB tech
nique with up to 7 cycles. Variations in its microstructure, texture, 
tensile properties, and work hardening behavior were investigated using 
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SEM-EBSD, XRD, and tensile test. The following conclusions can be 
drawn:  

1. ARB process led to the fracture of the IF layer which was attributed to 
its higher hardness and work hardening rate compared to Al. Shear 
bands played a crucial role in the increased fracture rate during the 
later stages of ARB.  

2. The continuation of the ARB process resulted in the formation of 
shear texture in the composite, involving specific texture compo
nents in both the Al and IF layers. Texture evolution was primarily 
driven by the formation of shear bands and slip plane rotation.  

3. The composite’s strength increased with ARB cycles, reaching a UTS 
of 290 MPa, although the elongation reduced. These changes were 
linked to increased dislocation density, smaller crystallite size, and 
the presence of IF fragments as reinforcement.  

4. The ability of the composite to harden (n and HC values) decreased 
with the continuation of the process; however, the work hardening 
rate increased. This behavior was governed by increased dislocation 
density, enhanced dislocation interactions, and grain refinement 
reducing dislocation slip distances. 
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