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The microstructure, texture, and mechanical properties of the AI/Ni/Cu composite during various accu-
mulative roll bonding (ARB) cycles were studied using optical microscopy, scanning electron microscopy, x-
ray diffraction, shear punch test, and hardness test. In addition, ImageJ software and Rietveld software
were used in order to study microstructure and dislocation density variations, respectively. It was found
that Ni and Cu layers were fractured and distributed in the Al matrix due to differences in their mechanical
properties. Fracture and distribution of Cu and Ni particles after cycle five led to the alteration of the
composite structure from a layered to a particle-reinforced structure. ARB process leads to the formation of
strong orientation along the B-fiber and also to pronounced copper and dillamore components in both Al
and Cu phases. Furthermore, the shear yield stress and ultimate shear strength of the composite increased
as the ARB process advanced; however, shear elongation presented a non-uniform variation. Investigation
of the fracture surfaces revealed that the mechanical properties of the composite are affected not only by the
strain hardening of the Cu layer, but also by the structural change in the composite during the initial ARB
cycles. During the last stages of the process, however, changes in mechanical properties were mostly
governed by reinforcement particles serving as strain concentration zones and the strain hardening of the
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Al matrix.
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1. Introduction

Metal matrix composites (MMCs), like all other composite
materials, consist of at least two chemically and physically
distinct phases that are suitably distributed to provide properties
not obtainable with either of the individual phases alone.
Generally, two phases; i.e., fibrous phase and particulate phase,
are distributed in a metallic matrix (Ref 1, 2). The great interest
in the production of these composites stems from their unique
mechanical properties, such as low density, high electrical and
thermal conductivity, wear resistance, and high formability.
Most metal matrix composites are produced through squeeze or
stir casting, spray forming, powder metallurgy techniques, or
severe plastic deformation (SPD) processes (Ref 3-5). Among
the different SPD methods, accumulative roll bonding (ARB) is
the most common method for the production of ultrafine-
grained (UFG) sheet metals and composites (Ref 6, 7).

Despite the large number of studies devoted to the
mechanical properties of sheets and composites produced
through the ARB process, the evaluation of the shear properties
of these materials has been largely neglected (Ref 8-10).
Therefore, we find it interesting to evaluate shear properties of
composites produced via ARB process. However, Zabihi et al.
(Ref 11) recently reported that shear strength of Al/Al,O;
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composite improves by ARB process. It was seen that shear
strength increases due to uniformity of reinforcements and
decrease in porosity (Ref 11). In a different research, it was
reported by Leon et al. (Ref 12) that particle size is an important
parameter in shear properties of AI/Ni-SiC composite produced
by infiltration of liquid aluminum into coated ceramics. In
addition, Zabihi et al. (Ref 13) reported that shear strength of
the Al/AL,O5 produced by ball milling and hot rolling decreases
by increasing reinforcement amount.

Shear punch testing (SPT) is one of the most commonly
used methods in scientific studies for the evaluation of the shear
strength of materials (Ref 14, 15). This method may also be
particularly useful in cases in which the material is only
available as small test pieces or there are difficulties machining
samples of extremely soft materials (Ref 16). Moreover, it is a
promising method in weld joints, coatings, failed components,
biomaterials, composites, and metallic glass, for which the use
of conventional mechanical testing techniques is practically
impossible (Ref 13, 14).

In this method, a sheet sample is placed between two die
halves and a flat cylindrical punch is driven through the sample
in order to punch out a circular disk from it. SPT curves similar
to those obtained from uniaxial tension tests are then obtained
by plotting load or shear strength versus normalized displace-
ment. The curves thus obtained can then be used to derive such
varied mechanical parameters as shear yield stress (SYS),
ultimate shear strength (USS), and elongation values (Ref 15).

Due to different nature of SPT compared to tensile test, it
seems attractive to evaluate mechanical properties of multilay-
ered and particle-reinforced composites using this method.
Therefore, the present study focused on the evaluation of shear
properties of the Al/Ni/Cu composite produced via ARB and
coating processes. SPT and hardness tests were also used to
determine the mechanical properties of the composite during
the different cycles of the ARB process. Finally, the
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microstructure and fracture surfaces of the samples were
studied using scanning electron microscopy (SEM).

2. Materials and Experimental Procedure

2.1 Materials and Processing

The materials used in this study included commercially pure
Al and Cu strips annealed for 2 h at 663 K and 773 K,
respectively. The Cu sheets were Ni-coated using an industrial
electroplating process. The thickness of the Ni coating on the
Cu strips after 120 min of electroplating was 30 pm, and the
composite thus produced contained 3.75 wt.% of Ni. A
maximum of 11 cycles of ARB were performed on three
layers of Al/coated Cu/Al in order to produce the final Al/Ni/Cu
composite. A complete description of the process may be found
in studies by Shabani et al. (Ref 17, 18). In addition, during
deformation the temperature was checked by a contact
thermocouple in six different points. Temperature check was
done on the samples from different cycles, and the average
amount was reported as rolling temperature.

2.2 Investigation of the Structure, Texture, and Mechanical
Properties

Formation of new phases during the process was investi-
gated using an x-ray diffractometer (PHILIPS, the Netherlands)
with Cu Ko (4 = 0.15406 nm) diffraction generated at 40 kV
and 30 mA with the scanning angles ranging from 10° to 100°.
Furthermore, the dislocation density of the samples subjected to
different cycles of ARB was determined by analyzing the XRD
patterns via the Rietveld software, Materials Analysis Using
Diffraction (MAUD) (Ref 19). This method was used in
different researches to characterize the microstructural param-
eters of different materials, including the calculations of the
lattice parameter, phase percentage, crystallite size, and residual
microstrain (Ref 20-22). The method is explained completely
elsewhere (Ref 19, 21).

The microstructure of the Al/Ni/Cu composite in the RD—
ND plane was observed using SEM to investigate the effects of
the number of ARB cycles on composite structure. Further-
more, textures of the Al and Cu phases were analyzed using a
SEM equipped with an electron backscatter diffraction (EBSD)
attachment. The ideal orientations of texture components in
FCC materials are shown schematically for the ¢, = 0°, 45°,

and 65° sections of the ODF in Fig. 1. In addition, fractured
layers were characterized in order to investigate the fracture
behavior of the samples after SPT using a SEM (AIS 2300
Seron Technologies Inc., Korea) equipped with an energy-
dispersive spectroscopy (EDS) operated at 20 kV.

In order to evaluate the mechanical properties of the
composite, SPT was used at a crosshead speed of 0.2 mm/
min at room temperature. The SPTs were performed on a
Hounsfield testing machine (Model No. H25KS Hounsfield,
UK) three times on each sample. The advantage of the punch
device is that it can be constructed for any punch size. In this
study, a punch of 3 mm in diameter and a die of 3.04 mm in
diameter were used. Figure 2 shows a schematic illustration of
the SPT process used.

The load—displacement data were converted to shear stress—
displacement data using ¢ = % equation (Ref 13, 23), where P
is the punch load, ¢ is the specimen thickness, and d is the

average diameters of the punch and the die. (0"(’]})2)"12 EZ—EZ and

& = 2.26n; — 0.15 equations were used to calculate shear
elongation using SPT results (Ref 23), where ¢, is the uniform
shear elongation, . is the strain hardening exponent in SPT,
and tgys and Tygs represent shear yield stress and ultimate
shear stress, respectively.

Vickers hardness of the samples on the RD-TD plane was
also measured under a load of 5 kg. For each sample, eight tests
were performed, the abnormal off points were deleted, and the
average of the remaining points was reported as sample
hardness value.

3. Results and Discussion

3.1 Microstructural and Texture Evaluation

Figure 3 presents the SEM and OM micrographs of the
microstructure of the composite samples on the RD-ND plane
after cycles zero, five, and eleven of the ARB process.
Generally, necking and fracture occurred in the harder layers
of the multilayered composites due to differences in the flow
and mechanical properties of the layers (Ref 10). Hardness
values of 25, 50, and 150 HV were obtained for Al, Cu, and Ni,
respectively. As expected, the Al layers retained their coherence
in most regions during the ARB process.

As the process advanced, it was observed that Ni layers
followed by the Cu layers necked, fractured, and were
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Fig. 1 Schematic illustration of the important texture components in FCC materials

Journal of Materials Engineering and Performance

Volume 27(11) November 2018—6005



distributed in the Al matrix. Finally, after eleven cycles, a quite
uniform composite was produced with a homogeneous distri-
bution of Cu and Ni particles in the Al matrix (Fig. 3a, b, c, d,
e, and f). It is also clear from Fig. 3(a) and (e) that the structure
of the composite changed during the process, and the composite
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Fig. 2 Schematic illustration of the shear punch device
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exhibited a layered structure during the initial cycles, but
demonstrated a particle-reinforced structure at the end of the
process.

The number and average size of the particlesina 1 x 1 mm
surface area of the RD—ND plane of the samples were measured
using Imagel software (Fig. 4). Evidently, the number of the
particles in the composite structure increased as the process
proceeded due to the fracturing of the Cu and Ni layers. In the
primary cycles of the ARB process, the composite exhibited a
layered structure. During the process, however, the structure of
the composite changed to a particle-reinforced structure as
judged from the distribution and fracturing of the Cu and Ni
layers in the Al matrix. According to Fig. 4, the number of
particles increased considerably after cycle five, while the
particle size in the matrix reduced during the process.
Moreover, a rapid decrease is observed in this figure in the
average size of the Cu layers during the primary cycles. At
higher cycles, however, the average particle size approached
less than 200 pm, but its decreasing rate declined. The
significant increase in the number of particles and the average
particle size of less than 3000 pm? after five cycles indicate the
shift in the composite structure from a layered to a particle-
reinforced structure. These structural changes in the composite
can strongly affect mechanical properties.

Fig. 3 Microstructure of the composite on the RD-ND plane after (a) and (b) cycle zero, (c) and (d) cycle five and (e) and (f) cycle eleven
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Fig. 4 Variations in the number and average size of particles in a 1 x 1 mm surface area RD-ND plane of the composite in different ARB

cycles

Generally, the formation of new compounds with the
elements in the composite significantly affects its mechanical
properties (Ref 17, 24). Figure 5(a) shows typical x-ray
diffraction (XRD) patterns of a 1 x 1 cm? surface area of the
RD-TD plane of the composite after different cycles. Based on
the XRD data, only the Al and Cu phases were present in the
composite, which indicates that no detectable reaction took
place among Al, Ni, and Cu during the deformation process.
On the other hand, Fig. 5(b) reveals the composition profile
across the Cu-Ni-Al interface after eleven cycles of ARB
process, as obtained by EDS line scan analysis. It can be seen
that no significant diffusion of the elements happened at the
interface after eleven cycles of ARB. Therefore, it can be said
that no detectable reaction took place among Al, Ni, and Cu
during the deformation process.

Figure 6 demonstrates the ¢, = 0°, 45°, and 65° sections of
the ODFs of the Al phase with increasing ARB cycles. It can be
seen that brass and rotated goss (rt-goss) are the main texture
components of the Al phase after one cycle of ARB; however,
weak components of rotated cube (rt-cube) and S are also
evident. As shown in Fig. 6(b) after five cycles of ARB the 1t-
goss and S components disappear and rt-cube and brass
components become stronger. Moreover, a goss component
forms after this cycle. Figure 6(c) presents that after nine cycles
of ARB the rt-cube, copper, and dillamore are the major texture
components and other components disappear. The intensity of
rt-cube, copper, and dillamore components increases by
improving ARB process to the eleventh cycle (Fig. 6d);
however, a weak brass component is also formed in this cycle.

The ¢, = 0°, 45°, and 65° sections of the ODFs of the Cu
phase with increasing ARB cycles are revealed in Fig. 7. Cube,
brass, and goss/brass are the major texture components after the
first cycle. After five cycles of ARB, the goss/brass component
disappears and the brass component weakens; however, cube
component becomes stronger. As shown in Fig. 7(c), improv-
ing the process to the ninth cycle leads to formation of new
components such as copper, dillamore, goss, and goss/brass. In
addition, cube component disappears and the brass becomes
stronger after this cycle. The overall intensity of the compo-
nents after the eleventh cycle indicated a remarkable increase
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compared to the previous cycles (Fig. 7d). Copper, dillamore,
and S components become stronger, whereas goss and goss/
brass eliminate completely and brass remains almost stable.

The variation of maximum intensity versus the number of
ARB cycle for the Al and Cu phases for various texture
components is presented in Fig. 8(a) and (b), respectively.

It can be seen that in Al phase, the copper, dillamore, and rt-
cube components intensify, remarkably by increasing ARB
cycles (Fig. 8a). However, components such as goss, rt-goss,
and brass weaken or disappear completely during the process.
In addition, as shown in Fig. §(b) in Cu phase the copper,
dillamore, and S components become stronger significantly by
increasing ARB cycles, while cube, goss/brass, and brass
components weaken or disappear by improving the ARB
process.

As explained above, copper, dillamore, and rt-cube compo-
nents intensify during the ARB process and are the main texture
components of Al phase after eleven cycles of ARB. Formation
of these components during cold deformation of Al was
reported in different researches (Ref 25, 26). Shear bands
formation during cold rolling of Al was proposed as the main
reason of shear texture (rt-cube) formation (Ref 25, 26). As
Toroghinejad et al. (Ref 27) reported, the number of shear
bands increased with the ARB cycles resulting in increase in
the rt-cube intensity. In addition, Raei et al. (Ref 25) reported
that during the ARB process when the material at the surface is
cycled into the center after each pass and is subjected to a pure
plane strain compression, the surface shear texture component
rotates toward a single copper rolling component. This single
component will then again rotate toward a shear texture as it
subsequently moves outwards the surface. This cyclic ratchet-
ing thus leads to the increase in the intensity of the copper
component and surface shear component (rt-cube).

In addition, it was seen that the copper, dillamore, brass, and
S are the main texture components of the Cu phase after
eleventh cycle of the ARB. Formation of these components
during cold deformation of Cu was also reported in different
researches (Ref 26, 28, 29). Generally, copper, S, and brass are
the main texture components of deformed high- and medium-
SFE materials (Ref 28, 30), and shear banding and deformation
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Fig. 5 (a) XRD patterns of the composite after different cycles and (b) EDS line scan at the interface of Cu-Ni-Al layers after eleven cycles

twining are reported as the dominant mechanisms for the
formation of these components (Ref 29). Additionally, Torogh-
inejad et al. (Ref 27) claimed that formation of B-fiber texture
which runs from the brass orientation through the S orientation
to the copper orientation is related to the dislocation structures
introduced during the ARB process. According to their report,
with increasing the ARB cycles the stored energy of deforma-
tion and the strain hardening of the material increase. There-
fore, the spacing between dislocation cells boundary and the
intensity of the P-fiber texture (brass, S, and copper compo-
nents) increase (Ref 25-27).

3.2 Mechanical Properties and Fractography

The mechanical behavior of the multilayered composite
produced through ARB process was evaluated using SPT. The
results obtained for different cycles are presented in Fig. 9, in
which force is plotted versus normalized displacement. Evi-
dently, the shear force of the composite improved with
increasing number of ARB cycles.

Variations in the SYS, USS, and shear elongation of the Al/
Ni/Cu composites versus the number of ARB cycles are shown

6008—Volume 27(11) November 2018

in Fig. 10. It is clear from this figure that SYS and USS
increased in the composite with increase in the number of
cycles. The enhancements observed in the strength of the
composite during the ARB process are in line with the findings
reported in previous studies (Ref 4, 9, 10). Furthermore, SYS
values increased from 95 to 150 MPa after eleven ARB cycles,
indicating an enhancement of 63%. However, increase in SYS
value was observed between cycles zero to one and five to
seven in which the maximum variation rate of more than 10%
per cycle also occurred. Nevertheless, the USS value of the
composite increased at an almost constant rate of 4% per cycle
during the whole process as evidenced by a gradual increase
from 132 MPa after the primary sandwich to 185 MPa after the
eleventh cycle. Zabihi et al. (Ref 11) reported almost 30%
increase in USS of Al-Al203 composite through ARB process.
The reinforcing role of alumina particles, uniformity of alumina
particles, and decrease in porosity content were reported as the
main reasons for this enhancement. Tensile and bending
properties of the Al/Ni/Cu composite were investigated in a
study by Shabani et al. (Ref 9). In Fig. 11(a) and (b), USS
variation is compared with the variations of the ultimate tensile
strength (UTS) and bending strength (BS) of the composite. It

Journal of Materials Engineering and Performance
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Fig. 6 The ¢, = 0°, 45°, and 65° sections of the ODFs of the Al
phase after cycle (a) one, (b) five, (c) nine, and (d) eleven

can be seen that the increase rate of the USS and UTS are
almost the same; however, these rates change after cycle five.
Almost the same thing happens to USS and BS variations
(Fig. 11b). Therefore, two results can be concluded from these
figures. (1) As the USS, UTS, and BS of the composite revealed
almost the same behavior during the ARB process, it can be
concluded that the mechanisms govern the UTS and BS
enhancement, and are also effective in USS increase. (2) And
shear strength, the UTS, and BS of the composite are sensitive
to the microstructure change after cycle five of ARB.

Figure 10 also shows that the shear elongation of the
composite decreased as a result of the ARB process. As can be
seen, shear elongation decreased from 4 to 1.2% after eleven
cycles. Moreover, this variation was non-uniform throughout
the process with the highest rate of decrease occurring between
cycles zero and one and seven and eleven. However, an
enhancement in shear elongation was observed between cycles
one to three.

It is a point of common agreement (Ref 4, 6) that variations
in the tensile strength and elongation during the ARB process
are governed by strain hardening due to dislocations and grain
refinement. However, as reported in previous studies (Ref 8-
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Fig. 7 The ¢, = 0°, 45°, and 65° sections of the ODFs of the Cu
phase after cycle (a) one, (b) five, (c) nine, and (d) eleven

10), in addition to these two mechanisms, some other factors
are effective on mechanical properties’ variations. The follow-
ing parameters may be involved in the changes observed in the
strength and elongation of Al/Ni/Cu composites during the
ARB process.

1. Reduced dislocation motions and the generation of new
dislocations due to the presence of Cu and Ni reinforce-
ment. Using p = 25", equation dislocation density (p)

of the samples could be measured (Ref 20), where ¢ is

the microstrain, D is the crystallite size, and b is the

Burgers vector (b = a2 for the FCC structure where a

is the lattice parameter). Crystallite size (D) and micros-

train (¢) of the alloy at different ARB cycles were calcu-
lated using MAUD software and XRD patterns.

Figure 12 reveals the calculated D parameter for the Al

and Cu phases in different ARB cycles. Furthermore,

Fig. 13 reveals the variation in microstrain and disloca-

tion density for the Al and Cu. Microstrain increases by

ARB cycle for both the phases; however, a decrease in

microstrain of Al can be seen between cycles 5 and 7,
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which can be attributed to the recovery of Al. Dislocation
density also increases by proceeding ARB process for
both the phases. Increasing rate of dislocation density re-
duces after cycles 5 and 7 for the Al and Cu, respec-
tively, due to recovery and also the saturation of
dislocation in structure.

2. Enhanced uniformity of reinforcement size and distribu-

tion as the process proceeds. Size and number of parti-
cles besides microstructure can be used to show
uniformity of particle distribution. Using Imagel] soft-
ware, particle size distribution in Al matrix was evaluated
for different ARB cycles. It is important to point out that,
in the cycle zero, the Cu layer was considered as a parti-
cle. As shown in Fig. 14, particle size decreases through
ARB and after eleven cycles more than 60% of particles
have the size less than 60 pm”. Decrease in particle size
and enhancement in number of particles as shown in
Fig. 4 besides microstructure of composites (Fig. 3) re-

6010—Volume 27(11) November 2018

veal the enhancement in uniformity of particle size and
distribution. Enhancement in uniformity leads to increase
in particle distance as well as crack path before failure.
Increased bonding quality between the reinforcement and
the matrix during the ARB process. As shown by arrows
in Fig. 3(a), bonding quality between layers is low at pri-
mary cycles. However, by increasing ARB cycle bonding
quality improves due to applied rolling pressure, and con-
sequently crack initiation decreases in the interfaces.

The mismatch between the coefficients of thermal expan-
sion (CTEs) of the matrix and the reinforcements may
also be effective in the shear strength variation of strip
composites (Ref 13). During the ARB process, the tem-
perature of the sample generally increases (almost 200 K)
due to the plastic deformation and the friction between
the roller and the sample (Ref 4, 6). Therefore, mismatch
of CTEs of Al, Ni, and Cu (23, 13, and 50 mm/mK,
respectively) (Ref 31) will then lead to almost 0.0074

Journal of Materials Engineering and Performance
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and 0.002 strain around Cu and Ni particles, respectively
(considering particles with 100 um length), and, conse-
quently, the generation of new dislocations at the inter-
faces of the components. This rise in temperature is one
of the factors involved in the increase in shear strength
of the composite during the ARB process (Ref 13).
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As previously mentioned, the maximum rate of increase in
SYS was observed between cycles zero and one, and five and
seven. This high rate of increase in SYS after the first cycle is
due to the large amount of strain hardening during deformation
(Ref 4, 6). However, the increasing rate of SYS enhancement
after cycle five may be attributed to the composite structure. As
shown in Fig. 3 and 4, composite structure changes from a
layered structure to one of particle-reinforced structures after
cycle five. Ni and Cu particles play a major role in decreasing
the dislocation motion and the generation of new dislocations in
the composite, thereby leading to increase in SYS values after
cycle five.

In addition, as explained above, variation of shear elonga-
tion is non-uniform during the process and cannot be explained
by these parameters alone. To shed more light on the real
underlying causes of the fluctuations in shear elongation during
the ARB process, the fracture surface of the punched-out SPT
disks was examined. This revealed three main Al/Cu/Al layers
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in the sample after the primary cycle (Fig. 3a). In the SPT, the
outer layers (i.e., the Al layers) receive maximum force during
the punching process and would, therefore, be fractured before
the interior layers (i.e., Cu layers) (Fig. 15a, b, and c).
Consequently, elongation is more dependent on the Cu layer
and its maximum amount is observed in this layer due to the
uniformity of the Cu layer and the low amount of strain
hardening in the composite. Furthermore, Fig. 15(b) reveals a
typical ductile fracture in both the Al and Cu layers. As shown
in Fig. 10, shear elongation of the composite declines rapidly
after the initial cycle. Applying a strain of about 0.7 to the
composite results in dislocation hardening in the composite
layers, especially in the Cu layer, due to the smaller stacking
fault energy of Cu compared to that of Al layers (Ref 9). The
Cu layers, therefore, go through more strain hardening than the
Al layers. The high rate of strain hardening in the Cu layer
observed after the initial cycles resulted in a decrease in the
shear elongation of the composite.

Cu layers are only coherent in the primary cycles, but
subsequently start to neck and fracture locally (Fig. 3b and c).
Therefore, shear elongation is more dependent on the Al matrix
than on the Cu particles in the composite with the new structure
as compared to the layered composite produced after primary
cycles. Based on the higher formability and lower strain
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hardening of Al, the variation in the structure of the composite
after the primary ARB cycles and the dependency of elongation
on Al may be presented as the main reasons for the increased
elongation in the mid-cycles of the process.

Figure 15(d) to (f) illustrates the fracture surface of the
composite after five cycles of the ARB process. Evidently, the
Al matrix reveals a ductile behavior; however, the size and
number of dimples have decreased compared to what is seen in
Fig. 15(b). In addition, a rupture has occurred in the inner
layers in the presence of Cu particles.

In the final stages of the process, Cu and Ni layers fracture
and separate and, thus, give rise to an increment in the number
of reinforcements in the matrix and an enhancement in their
hardening effect. Shear elongation, therefore, decreases from
cycle seven to eleven due to the increased hardening effect of
the reinforcement and strain accumulation. EDS results and
fracture surface images of the composite after eleven cycles are
presented in Fig. 15(g), (h), and (i). It can be seen that the Al
matrix does not reveal a ductile behavior in this cycle; rather, it
has a mostly brittle fracture.

Evidently, the depth and size of the dimples changed with
the increasing number of ARB cycles. This represents a change
in the failure mechanism of the samples. Figure 15(h) shows
dimples with significantly reduced size and depth, indicating a
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change in the fracture mechanism from a ductile to a shear
ductile fracture. Furthermore, it is clear from Fig. 15(g), (h),
and (i) that fracture occurred near the second phases due to
strain concentration in these zones.

Briefly, shear elongation decreases in the final cycles of the
ARB process as a result of dislocation hardening which occurs
due to both strain accumulation during the ARB process and
the presence of Cu and Ni reinforcement particles serving as
strain concentration zones.

Figure 16 shows the variations in the hardness of Al/Ni/Cu
composite during the ARB process and those of pure Cu and
Al. A remarkable increase is observed in hardness values after
one ARB cycle; this increase is almost 2 times greater than that
of the annealed Al. The rapid increase in hardness during the
primary stages seems to be related to strain hardening, similar
to the increase in strength explained above. After cycle zero,
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hardness rapidly increased, then dwindled, and was finally
saturated by further rolling. This is consistent with the
observations reported in other studies on the ARB process
(Ref 32, 33). This can be related to the continuous decrease in
strain hardening during plastic deformation. The rate of
enhancement in hardness further increased again after cycles
five to nine. In this work, hardness measurements were
performed on sample surfaces. As a result, the effect of
reinforcement is not taken into account up to a specific (fifth)
cycle. After the fifth cycle, however, hardness increased rapidly
due to changes in the composite structure and the reinforcing
effects of Ni and Cu particles in the Al matrix (i.e., additional
strain hardening). Figure 16 also shows that the hardness value
of MMC increased from 26 to 99 HV (a 360% increase) after
eleven ARB cycles.

Fig. 15 EDS analysis and SEM micrograph of fracture surfaces of composites (a, b, and c) after cycle zero, (d, e, and f) after cycle five, and

(g, h, and i) after cycle eleven
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Fig. 16 Variations in the hardness of Al/Ni/Cu composite subjected to different ARB cycles and those of pure Al and Cu

4. Conclusions

In this work, the mechanical properties of the Al/Ni/Cu

composite were evaluated using SPT. Microstructural observa-
tions and EDS analysis were used to study the variations in
mechanical properties and to investigate the fracture mecha-
nisms involved. The following conclusions may be drawn from
the findings of this study:

L.

Fracturing of Ni and Cu layers during the ARB process
led to the formation of an Al/Ni/Cu composite with a
uniform distribution of reinforcements after eleven cy-
cles.

Variations in the size and number of particles revealed
that the composite structure underwent a change from a
layered to a particle-reinforced structure after five cycles
of ARB.

The intensity of rt-cube, copper, and dillamore compo-
nents increased by improving ARB process to the ele-
venth cycle in Al phase. However, in Cu phase the
copper, dillamore, and S components become stronger
significantly by increasing ARB cycles, while cube, goss/
brass, and brass components weaken or disappear by
improving the ARB process.

SPT revealed that SYS and USS of the composite in-
creased steadily as the ARB process advanced. It was ob-
served that eleven cycles of the process brought about an
enhancement in SYS of about 60% and an increase in
USS of more than 40%. Variations in shear elongation
during the process, however, were non-uniform.

SEM fractographs of the fracture surfaces showed that
elongation during the primary cycles of the ARB process
is controlled not only by the strain hardening of the Cu
layer, but also by the changes in the composite structure
from a layered to a particle-reinforced structure. Further-
more, variation in shear elongation during the final stages
of the process was mostly governed by the effect of rein-

6014—Volume 27(11) November 2018

forcement particles as strain concentration zones and the
Al matrix strain hardening.

The MMC thus produced exhibited a higher hardness
than annealed Cu and Al. This enhanced hardness was
attributed to the strain hardening of the Al layer in the
primary cycles and the reinforcement in the Al matrix
after cycle five.
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