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Abstract: This work aims to evaluate the feasibility of the fabrication of nanostructured Cu/Al/Ag multi-layered
composites by accumulative roll bonding (ARB), and to analyze the tensile properties and electrical conductivity of the
produced composites. A theoretical model using strengthening mechanisms and some structural parameters extracted
from X-ray diffraction is also developed to predict the tensile strength of the composites. It was found that by
progression of ARB, the experimental and calculated tensile strengths are enhanced, reach a maximum of about 450 and
510 MPa at the fifth cycle of ARB, respectively and then are reduced. The electrical conductivity decreased slightly by
increasing the number of ARB cycles at initial ARB cycles, but the decrease was intensified at the final ARB cycles. In
conclusion, the merit of ARB to fabricate this type of multi-layered nanocomposites and the accuracy of the developed

model to predict tensile strength were realized.
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1 Introduction

The increasing of strength accompanied by
ductility in engineering components is a continual
challenge for researchers. One idea for reaching this
purpose is to fabricate multi-layered metal based
composites [1—4]. These composites are composed
of two or more metallic constituents, which may
cause the improvement of strength while it is hard
to obtain such improvement by the individual
counterparts. High strength metals are usually used
as the reinforcement in these composites to increase
the strength of the metal base. For instance, copper
was incorporated in an aluminum matrix, increasing
the strength by 2.5 times [3].

The strength of composites, in addition to the
constituents, strongly depends on fabrication
technique used. There are different methods to
fabricate multi-layered metal based composites,

including explosive welding technique [5] and
spark plasma sintering technology [6]. Compared to
the mentioned methods, accumulative roll bonding
(ARB) as a severe plastic deformation (SPD) is
simpler way to fabricate multi-layered composites.
Since it is possible to fabricate nanostructured bulk
sheets by ARB, this process has the capability of
being commercialized. This process consists of the
sheets surface-preparation, stacking of them to each
other according to the composite composition,
rolling of the stacked sheets, and repetition of these
steps. As materials undergo the ARB process, their
microstructure and mechanical properties vary
during the whole process as a result of strain
accumulation [7]. At initial cycles, statistical
dislocations are generated and their interaction
increases the strength via strain hardening. By
repeating the cycles, the dislocation density
increases so that ultrafine-grained (UFG) or
nanostructured grains evolve in the material. Grain
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refining in these stages is responsible for the
strength improvement [8]. In addition to strain
hardening and grain refinement, there are some
other parameters which play a main role in the
strength improvement of multi-layered metal based
composites. These parameters are (1) the type and
number of constituents, (2) the number of cycles (or
number of layers), (3) the distribution of the
constituent layers inside the fabricated composites
and (4) the distance between the -constituents
interfaces [9,10].

Recently, different multi-layered composites
including Cu/Al [3], Cu/Al/Cu [11], AlI/Cu [12],
Cu/A/Mn [13] and Cu/Zn/Al [14,15] were
fabricated by the ARB process and their strength
was evaluated. For example, MAHDAVIAN
et al [14] showed that the strength of Cu/Al/Zn
multi-layered composites first increases and then
decreases after middle cycles. However, a few
studies have been reported on the strength
prediction of multi-layered composites. In this
work, Cu/Al/Ag multi-layered composites were
fabricated by the ARB process and their tensile
strength was predicted by a theoretical model based
on strengthening mechanisms using structural
parameters. Meanwhile, the mechanical properties
and electrical conductivity of the composites were
experimentally investigated.

2 Experimental

2.1 Starting materials
composites processing

Multi-layered Cu/Al/Ag composites were
produced by the ARB process using 1100 Al alloy
(150 mm x 30 mm % 0.3 mm) and pure Cu alloy
(150 mm x 30 mm x 0.5 mm) strips and pure silver
powder (2.1 g) with the particle size of <5 pm. The
chemical composition and some other properties of
the starting materials are listed in Table 1.

The number, mass and dimensions of the
starting materials were adjusted to create the
composition of 70Cu—28Al-2Ag (vol.%). To
improve the metallic bonding between the
constituents, a surface preparation process was done

and multi-layered

according to the following steps:

(1) Degreasing of the strips with acetone to
remove surface contaminations;

(2) Scratching the strips with a circle-shaped
stainless steel brush.

Table 1 Chemical composition and some properties of
starting materials

. - Composition/ Yield Elongation/ Micro-
Material o strength/ o hardness
W7o MPa ° (HV)
1100 Al >99 65 39 26.3
Copper >99.9 86 52.42 54.6
Ag >99 - - -
powder

The diameters of the brush and its wires were
100 and 0.3 mm, respectively. The aim of scratch
brushing was work hardening of surface layers and
thereby better cold welding. To avoid re-oxidation
of the prepared surfaces, the time gap between
surface preparation and next step was less than
10 min. The Al layers and silver powders were
placed between the Cu layers, according to Fig. 1.
The initial sandwich was cold-rolled immediately
after preparation at room temperature without any
lubrication. The reduction in thickness in this cycle
was about 70%. Then, the rolled sandwich was
horizontally cut into two halves, degreased, wire
brushed, stacked and cold-rolled again. The
thickness reduction at this step was about 50%. This
process was repeated until 10 cycles. To prevent
slipping due to the great compressive force applied
during rolling, the stacked laminates were fastened
with copper wires on two edges.

e il
———— e I

Fig. 1 Alternative layers of Cu/Al/Ag composites
fabricated by ARB process

2.2 Characterization
The structural investigation of the fabricated
composite specimens was conducted using X-ray
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diffraction (XRD, X’pert Pro diffractometer) and
scanning electron microscopy (SEM, TESCAN
model) on the rolling direction—normal direction
(RD—ND) plane. The diffraction angle range of
30°-80° with the step size and time of 0.05° and 3 s,
respectively, was used for the XRD experiments.

Dog-bone shaped tensile samples were
prepared from the fabricated composites by a wire
cut machine. The gauge dimensions of the samples
were 10 mm x 5 mm % 1 mm. The tensile tests were
done at room temperature by an Instron machine
with the strain rate of 9x10™*s™'. The fracture
surface of the specimens was also examined by
SEM. The Vickers microhardness of the layers and
composites was measured on the RD—ND plane of
the samples, with the load and time of 10 g and 15 s,
respectively.

The electrical conductivity of the composite
samples was measured by using an electrical
conductivity meter in terms of % (IACS)
(International Annealed Copper Standard). For the
electrical conductivity measurements, the ARBed
samples were machined to the dimensions of
30 mm x 10 mm X 1 mm, where the measurements
were done on the transverse direction-rolling
direction plane of the samples.

3 Result and discussion
3.1 Structural evaluations

Figure 2 shows the XRD pattern of the
composite samples after 1, 5 and 10 cycles of ARB.
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Fig. 2 XRD patterns of composite samples after 1, 5 and
10 cycles of ARB

Peaks of Cu, Al and Ag on the patterns
confirm the presence of these elements in the
fabricated composites. As it can be seen, no

intermetallic compounds of Cu, Al and Ag elements
have been created. By increasing the number of
ARB cycles, a peak broadening is observed in
copper and aluminum peaks, which indicates a
successful grain refinement during the ARB process.
It is noticeable that copper is the matrix of the
fabricated composites and Al and Ag are the
reinforcements. The mean crystallite size of the
matrix, Cu, and reinforcement, Al, was determined
by the Williamson—Hall formula as follows [16]:

Bcos@=%+4gsin6’ (D)

where 6 is the Bragg angle, ¢ is the lattice strain, 1
is the X-ray wavelength, k is a constant, D is
crystallite size, and B is full widths at half
maximum of a diffraction peak. Crystalline (111),
(200) and (220) planes were used for the
determination of the mean crystallite size of the Cu
matrix and (111), (200), (220) and (311) for the Al
reinforcements. The Williamson—Hall plots of the
Cu matrix and Al reinforcement are shown in
Figs. 3(a) and 3(b), respectively.
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Fig. 3 Williamson—Hall plots of Cu matrix (a) and Al

reinforcement (b)
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Figure 4 shows the variation of the mean
crystallite sizes versus the number of cycles. As it
can be seen, in both Cu and Al, the mean crystallite
size is decreased by increasing the ARB cycles. The
comparison of the curves shows that the mean
crystallite size of Cu is lower than that of Al.

450
400 |
350} o—Cu
300} B
250 F
200 F
150
100

501

Mean crystallite size/nm

0 3 6 9 12
Number of ARB cycles
Fig. 4 Variation of mean crystallite size of Cu matrix and
Al layers versus number of ARB cycles

At the final ABR cycle, the mean crystallite
size of Cu is about 92 nm, whereas the mean
crystallite size of Al is about 149 nm. The
differences in the mean crystallite size of Cu and
Al are attributed to the difference in their stacking
fault energy. It has been reported that the stacking
fault energies of Cu and Al are 78 and 166 mJ/m’,
respectively [17]. Due to cross slip and dynamic
recovery of dislocations during deformation of
metals with high stacking fault energy, ultra-fine
structure is developed in these metals [17—19]. Both
Cu and Al have the face center cubic structure, but
Cu has a week tendency to dynamic recovery
during the ARB process. Hence, at the final ARB
cycle, the nanostructure is extended in the Cu
matrix whereas the Al layers have ultra-fine
structures. It is noticeable that Ag has the lowest
stacking fault energy (30 mJ/m?) in this composite
and is expected to exhibit a nanostructure.

3.2 Mechanical properties

The average bond strength of the constituent
layers is an important parameter affecting the
mechanical properties of the multilayered
composites. The average bond strength between the
Cu/Al layers was measured at various rolling
deformations, according to Ref. [20] and is shown
in Fig. 5.
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Fig. 5 Average bond strength vs rolling deformation for
roll-bonded Cu/Al layers

As it can be seen, this property is increased
by increasing the rolling deformation. This is
attributed to the fact that the increase of thickness
reduction results in the increase of the number of
surface cracks and the amount of extruded virgin
metals [20].

The engineering stress—strain curves of
the multi-layered 70Cu/28Al/2Ag composites
fabricated by ARB are shown in Fig. 6.
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Fig. 6 Engineering stress—strain curves of fabricated
multi-layered Cu/Al/Ag composites

The strength of the composites is increased by
increasing cycles due to strain hardening (at the
initial stages of ARB) and grain refinement (at the
final stages of ARB) [20]. However, according to
Fig. 6, the strength decreases after 5 cycles. This
trend has been previously reported by other
researchers [14,21]. For example, MAHDAVIAN
et al [14] have shown that the strength of Cu/Al/Zn
multi-layered composites decreases after middle
cycles. This may be due to different mechanical
properties of the constituent layers. It is evident that
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the flow properties of Cu are different from those of
Al. During the ARB process, the plastic instabilities
such as necking and fracture occur as a result of the
difference between the flow properties of the Cu
and Al layers. Copper as the harder constituent is
prone to plastic instability after several ARB cycles.
Figure 7 shows the SEM image of the multi-layered
Cu/Al/Ag composites.

As it is seen, by increasing ARB cycles, the
thickness of the layers decreases whereas their
number increases. In the initial cycles, the layers are
continuous and their interface has a straight
morphology (see Figs. 7(a,b)). By increasing
cycles, the interface of the layers gradually tends to
a wavy shape. In fact, the Cu hard layers are necked,
creating wavy shaped interfaces. From Fig. 7, it is
obvious that rupture takes place in the Cu layers
after necking, which results in discontinuity in the
constituent layers (see Figs. 7(c, d)). It has been
reported that the necking and fracture of layers are
affected by the following parameters: (1) strain
hardening exponents of the constituent layers,
(2) strength coefficients of the constituents, and
(3) initial thickness ratio of the constituents [14].

Fig. 7 Cross-sectional SEM micrographs of composites

——

fabricated by different cycles of ARB: (a) 1; (b) 4; (¢) 8; (d) 10

As necking extends in the Cu layers, the shear
fracture takes place in the Al layers. Additionally,
shear bands are created in the composite after
middle ARB cycles (see Fig. 7(c)). Thus, the
presence of plastic instabilities in the fabricated
composites at the final ARB cycles decreases their
tensile strength.

The wvariation in the elongation of the
fabricated composites is indicated in Fig. 8.

Similar to strength, the elongation of the
composite samples initially increases up to the fifth
cycle and then decreases to the final cycle.
Generally, the ARB process decreases the ductility
of metals compared to the annealed mode [22].
Inadequate bonding and discontinuity between
layers and also strain hardening are the factors
responsible for this reduction [23,24]. However, the
elongation increases by increasing ARB cycles [25].
The increase in elongation is attributed to the
decrease of discontinuity between layers and the
increase of the bonding area during the ARB
process, as indicated in Fig. 9.

In Fig. 9, the fracture surface of the composite
samples after the tensile tests is shown. Considering

: - = -— S “‘\\“‘
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Fig. 8 Variation in elongation of fabricated composite

the flat areas of the fracture surfaces of the samples
prepared by ARB after the first cycle, it is obvious
that a brittle fracture happens in these samples
(Fig. 9(a)). Some discontinuities are also seen
between the interfaces of the layers. This confirms
the decrease in elongation at the beginning
of the ARB process. According to Fig. 9(b), the
discontinuities decrease after 5 cycles, which results
in the increase of elongation. But after the final
ARB cycle, the plastic instabilities decrease the
elongation.

Figure 10 shows the wvariation in the
microhardness of the layers (Al and Cu) and
fabricated composite versus ARB cycles.

In the initial ARB cycles, the layers are thick
enough to measure their microhardness. However,
after 5 cycles, the layers become too thin to
measure it; hence, the microhardness of the
composites was reported for them. As it can be seen,
unlike strength and elongation, the microhardness
of the composites is increased by increasing the
cycles. This shows that the microhardness does not
depend on the plastic instabilities (necking, rupture,
and fracture of the layers).

3.3 Strength prediction

High strength is a desirable property for multi-
layered metal composites. The strength of the multi-
layered metal composites is higher than that of their
single materials due to some strengthening
mechanisms. Strengthening mechanisms in multi-
layered metal composites are as follows:
(1) dislocation strengthening (strain hardening),
(2) Hall-Petch strengthening or grain refinement,
(3) back stress strengthening, and (4) thermal
expansion dislocation strengthening [9,23,26,27].

Fig. 9 Fracture surface morphologies of composite
samples fabricated by different cycles of ARB after
tensile tests: (a) 1; (b) 5; (c) 10

In the initial ARB cycles, many dislocations
are generated in the samples. The dislocations
interact together and incidental dislocation
boundaries (IDBs) are created due to the trapping of
dislocations. The increase of strength due to this
event is known as dislocation strengthening or
strain hardening. The strength raised by strain
hardening can be estimated by the expression as
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Fig. 10 Variation of micro-hardness of pure metals and
fabricated composites

follows [28]:

o =MaGb\[p 2)
where M is the Taylor factor (3.06), G is the shear
modulus, « is constant, b is the magnitude of Burger
vector, and p is the dislocation density.

During the ARB process, grain refinement
occurs and, based on material properties, ultra-fine
or nanometric grains extend in the samples [28—30].
The decrease in grain size increases the strength of
the composite samples, according to the Hall-Petch
equation [31,32]:

KHP
N 3)
where oy is the friction stress, Kyp is the Hall-Petch
slope and D is the average mean crystallite size.
Due to the difference between the thermal
expansion of copper and aluminum layers during
quenching of the composites after each ARB cycle,
some dislocations are generated. The dislocation
density due to the difference between the thermal
expansions can be calculated by the following
equation [27]:

Oyp =O'O+

pi=12ATACVI(b) “4)

where AT is the temperature change, AC is the
thermal mismatch, V is the volume fraction of the
reinforcement, and [/ is the thickness of the
reinforcement(s). The strength can be estimated
by [27]

Ops =aGb Pth (5)

A mechanical incompatibility between copper

and aluminum is created during the ARB process
due to the difference in their flow properties,
strength, grain size, and stacking fault energy [10].
Since copper and aluminum layers are forced
together during ARB process, a strain gradient is
necessarily generated in their interface to fit the
different strains in these layers. In this case,
geometrically necessary dislocations (GNDs) are
created near the interfaces of copper and aluminum
layers [10]. By increasing the strain (increasing the
number of ARB cycles), GNDs are increased and
GNDs pile-up occurs in the interfaces of the Cu and
Al layers. The dislocation pile-up in the interface of
the Cu and Al layers produces a back stress [10].
Hence, a stress field is produced, which can inhibit
dislocation emission from their source. More flow
stress is thereby required to overcome this field,
which is called “back stress strengthening”. The
value of the back stress is proportion to the density
of GNDs (pgnps). MA et al [9] and GAO [33]
proposed a simple relation to determine the density
of GNDs as follows:

20
=Y 6
PGNDs Ib (6)

where 6 is the local misorientation, and 5=0.286 nm
for aluminum. The strength due to the back stress
can be estimated by the following expression:

O1s =0GD\| PanDs (7)

where a=0.5-1.

The final strength of the fabricated multi-
layered composites can be estimated by following
equation:

Oc=04sTOupTorm+t0ps ®)

Replacing each expression in Eq. (8), the
strength of the composites is expressed by

oc=MaGb\| py, +0, +%+

aGby| pry, +aGb| Poxps ©)

The terms oy and pr, can be considered as the
portions of strain hardening strengthening. Hence,
Eq. (9) is changed as follows:

KHP (10)

NG

oc.=MoaGb\/p+oc,+

where p=pas+pus+pn.
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The amount of Ag in the fabricated composites
is so low that the effect of this insoluble species on
the increase of strength is considered to be
negligible. Since the flow properties and stacking
fault energy of copper and aluminum are different,
each constituent has different contributions to strain
hardening and Hall-Petch strengthening. Using the
rule of mixture, Eq. (10) is changed as follows:

K
oc=Ve,(0,+MaGby| p +_Hl;)0u +

NG

V(0 + MaGh ,)+%)A1 (11)
where Ve, and V), are the volume fractions of
copper and aluminum, respectively.

It should be noted that plastic instability due to
the difference between the flow properties of the
constituents decreases the tensile strength of the
fabricated composites after middle cycles. The
amount of this reduction is approximately equal to
the yield strength of the matrix (oym). Hence,
Eq. (11) is changed as follows:

KHP

ﬁ)m +

Vi (o, +MaGb p+%)Al—oym (12)

It is noticeable that oy, is considered from the
cycle in which the plastic instabilities of the
fabricated composite start.

The parameters presented in Eq. (12) were
extracted from references [34,35] and listed in
Table 2.

0c=Ve, (0, +MaGb| p +

Table 2 Some properties of copper and aluminum layers
O-uts/ G/ b/ KHP/ Vi
MPa GPa nm (MPam'®) %

Copper 205 45 0.256 0.14 70
Aluminum 90 26 0.286 0.04 28

Material

The mean crystallite size and dislocation
density of the fabricated composites were also
determined by the XRD data and tabulated in
Table 3.

Replacing the data given in Tables 2 and 3 in
Eq. (12), the strength of the fabricated composites
can be calculated. Both the calculated and
experimental tensile strength of the fabricated
multi-layered composites are shown in Fig. 11.

Table 3 Mean crystallite size and dislocation density of

composites
Material Number of mean crystallite D1s10.cat107r;
cycles size/nm density/m
1 308 1.0x10"
Copper 5 167 2.5x10™
10 92 1.8x10"
1 420 4.1x10"
Aluminum 5 278 8.3x10"
10 149 7.1x10"
600
500 -
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Fig. 11 Calculated and experimental tensile strength of
fabricated multi-layered composites

It is shown that there is a good agreement
between the calculated and experimental values. By
comparing the calculated and measured tensile
strength values, it is evident that there is a
difference between the calculated and experimental
tensile strength values. The calculated data are
higher than the experimental data. The most
important reasons for this difference can be
described as follows.

(1) For the calculation of tensile strength, the
mean crystallite size and dislocation density
calculated by the XRD analyses were used in
Eq. (12), whereas the XRD method is not accurate
to do so [36]. It has been reported that the mean
crystallite size of an ARBed sample measured
by the XRD method is smaller than the actual
value [37,38].

(2) Some defects between layers are created
during the ARB process, which are not considered
in Eq. (12). These defects can include voids,
insufficient bonding between the layers, and
agglomeration of the Ag powders, which decreases
the composites strength in practice due to the stress
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concentration. From the above discussion, it can be
concluded that if the grain size and dislocation
density are determined in a suitable accuracy,
Eq. (12) can properly predict the strength of the
multi-layered composites fabricated by the ARB
process.

3.4 Electrical conductivity

ARB as a severe plastic deformation route can
affect the electrical conductivity of the processed
materials [39]. Figure 12 shows the electrical
conductivity of the as-received pure Cu, pure Al,
pure Ag and the fabricated Cu/Al/Ag composites.
As it can be seen, the electrical conductivity
decreases slightly by increasing the number of ARB
cycles. However, the decrease in electrical
conductivity at the final ARB cycles is larger than
that of the initial ARB cycles. It has been reported
that electrical conductivity depends on several
microstructural parameters, such as solute atoms
(solid solution), second phase particles, grain
boundaries, dislocations, and vacancies [39].
Among these parameters, solute atoms and second
phase particles have significant effects on electrical
conductivity, while the effect of the others is
negligible [39]. In the present work, by increasing
the number of ARB cycles, the density of
dislocations and the number of grain boundaries
increase, resulting in the slight decrease of electrical
conductivity. In fact, the presence of dislocations
causes the scattering of electrons, which leads to the
decrease of electrical conductivity [40].

104 &
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é" 40 F -©- Composite
32
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Number of cycles

Fig. 12 Electrical conductivity of as-received pure Cu,
pure Al and fabricated Cu/Al/Ag composites

As it can be seen in Fig. 12, the variation of
electrical conductivity in the final ARB cycles is
different from the initial cycles. This is attributed to
the presence of aluminum islands on the surface in
the vicinity of the copper matrix. As indicated in
Fig. 1, the sequence stacking of the layers in the
composite samples is Cu/Al/Cu/Al/Cu/Al/Cu. It is
obvious that at the beginning of the process, outer
layers of the fabricated composite samples are
copper. Figure 13 shows the optical micrograph of
the fabricated Cu/Al/Ag samples. In the initial ARB
cycles, copper remains on the surface as the outer
layer (see Figs. 13(a, b)). Therefore, in the initial
cycles, the measured electrical conductivity is
related to copper and the effect of aluminum is
negligible. The thickness of copper layers decreases

Fig. 13 Optical images of Cu/Al/Ag composites fabricated by different cycles of ARB: (a) 1; (b) 5; (¢) 7; (d) 10
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gradually, so that Al layers can reach the surface of
the composites at final cycles (see Figs. 13(c, d)).
The presence of Al islands on the surface decreases
the electrical conductivity of the samples due to the
lower electrical conductivity of
compared to copper.

aluminum

4 Conclusions

(1) Plastic instabilities such as necking and
fracture of the constituent layers were observed in
the microstructure.

(2) Both the tensile strength and ductility of
the prepared composites increased with the ARB
cycles up to middle cycles and then dropped at the
final cycle.

(3) The suitable agreement between the
calculated and experimental tensile strength data
showed that the model used for the strength
prediction is dependable.

(4) The ARB process did not significantly
change the electrical conductivity of the Cu/Al/Ag
composites in the initial cycles, while increased its
strength significantly.
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