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a b s t r a c t

In this research high-strength and high-conductive multilayered Cu/Ag composites were produced by
accumulative roll bonding (ARB) process for the first time using Cu and Ag strips up to nine cycles.
Electrical resistivity changes were measured by the four-point-probe method and tensile tests were
performed to investigate the mechanical behavior of ARB products. Finally scanning and transmission
electron microscopy (SEM and TEM) were used to study the microstructure of the layers.
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. Introduction

Cu/Ag microcomposites have attracted interest because of their
dvantageous combination of excellent mechanical strength and
elatively high electrical conductivity [1]. The microcomposites,
ave technological importance in windings in high-field magnet
esign electronic devices [2], advanced lead frames in large-scale

ntegrated circuits [3], high magnetic field research, electric rail-
ays, heat transfer components, plasma-facing components [4],

ontacts and interconnect layers in semiconductor industry [5] and
pplications that require functional properties in the form of a non-
quilibrium system [6].

To date, various methods including cold drawing combined
ith intermediate heat treatments (thermomechanical process-

ng) for Cu/Ag wires [7,8] roll-bonding and subsequent diffusion
nnealing of Cu and Ag strips [9] thin film deposition [10,11], non-
quilibrium processes including rapid quenching, plasma processes
12,13] and severe plastic deformation methods like mechanical
lloying [14,15] have been developed for the fabrication of Cu–Ag
icrocomposites.
Thin film deposition with complicated processing has lim-
ted the potential applications for commercial use. Conventional
hermomechanical processing methods are not suitable for man-
facturing ultrafine grained (UFG) materials, since the minimum
rain sizes that can be achieved are of the order of a few microns.

∗ Corresponding author.
E-mail address: Ghalandari@shirazu.ac.ir (L. Ghalandari).
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Severe plastic deformation (SPD), which is a production method
that consists of applying very large strains, often to a bulk sam-
ple, has proven to be a very effective way of fabricating UFG
materials. UFG bulk metals and composites are considered very
attractive structural materials since they are significantly stronger
than their coarse-grained counterparts and retain good ductility.
Additionally, UFG metals have improved corrosion resistance and
potential for superplasticity at high strain rates and low temper-
atures [16,17]. Nevertheless, there has been few works on the
production of Cu–Ag microcomposites with UFG microstructure
by SPD. Recently Koa et al. [18] have used a combination of equal
channel angular pressing and subsequent cold rolling to investigate
the mechanical and electrical responses of nanostructured Cu–Ag
alloy as a function of the imposed strain. By combining forced mix-
ing and decomposition in ball-milled Cu50Ag50 powders, Zghal
et al. [15] reported the formation of Cu/Ag nanocomposite with
a very high hardness. Accumulative roll bonding (ARB) is one of
the severe plastic deformation (SPD) processes which can produce
bulk ultrafine grained (UFG) metallic materials [19,20]. Thus far, the
ARB process has been applied to fabricate various ultrafine grained
metallic sheets and multilayered composites owing to the rela-
tively simple processing [21–24]. Ohsaki et al. [25] operated the
ARB process on Cu–Ag eutectic alloy as attempts of bulk mechanical
alloying.
In this study, the ARB process was used to produce Cu/Ag mul-
tilayered nanocomposites for the first time by choosing Cu and
Ag strips as sandwich sheet layers. By this method we produced
the microcomposite directly without any further processing. The
gradual change of the microstructures as well as electrical and

dx.doi.org/10.1016/j.jallcom.2010.06.172
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Examination of the sandwich preparation cycle.

Samples’ number hin (mm) hout (mm) Reduction % Bonding quality

1 2.1 0.92 56 High
2 2.1 0.8 62 High
3 2.1 0.91 57 High

T
V

ig. 1. Schematic illustration showing the principle of the accumulative roll bonding
ARB) process: (a) sandwich preparation cycle and (b) ARB cycles.

echanical properties of the nanocomposite products were exam-
ned and discussed.

. Experimental procedures

Commercially available copper of 1.0 mm thickness and pure silver of 0.1 and
.2 mm thicknesses were cut into 3 mm × 150 mm. After degreasing and wire-
rushing of the sheet surfaces, they were stacked in the manner of two copper
ayers with one core silver layer. The stacked sheets were first roll-bonded with 57%
eduction in thickness, corresponding to the Von Mises equivalent strain of 0.99
Fig. 1(a)).

Data regarding the sandwich preparation cycle including the entry thickness,
he exit thickness, the reduction per cycle and the qualitative observations con-
erning the bonds are given in Table 1. These data showed that in the zero cycle, the

able 2
ariation in the thickness and number of layers by increasing ARB cycles.

ARB cycle (n) Number of Cu layer (2 × 2n) Number of Ag layer (2n) Total l
(3 × 2n

0 2 1 3
1 4 2 6
2 8 4 12
3 16 8 24
4 32 16 48
5 64 32 96
6 128 64 192
7 256 128 384
8 512 256 768
9 1024 512 1536
4 2.1 1.1 48 Low
5 2.1 1.4 33 Low

Examination results for the sandwich preparation cycle.

bonds were generally well-formed as long as the reduction in the strip thickness
was above a certain limit. This reduction was estimated to be approximately 56%.
When the reduction was below this level, the bonding appeared weak. Therefore,
the obtained roll-bonded sheets had two sandwich structure groups: Group1-Ag100
with a 100 �m thick Ag sheet in the core, Group2-Ag200 with a 200 �m thick Ag core.

In the next stage, the roll-bonded sandwich was cut into two halves. The contact-
ing surfaces of the halves were degreased, scratch-brushed and after being stacked
over each other, roll-bonded with a fixed percentage of 50% reduction (the Von
Mises equivalent strain of 0.8). This step, Fig. 1(b) of the process, was repeated up to
nine cycles. After each cycle, the strips were prepared to be stacked and roll-bonded
again. Therefore, 10 roll-bonding cycles were performed in total; one cycle in the
first stage (denoted by zeroth cycle) and nine cycles in the second stage by the ARB
process.

The roll-bonding experiments were carried out at room temperature without
any lubricant using a laboratory rolling mill with a loading capacity of 20 ton. The
roll diameter was 170 mm, and the rolling speed (ω) was 12 rpm. The tensile test
samples with the tensile axes parallel to the rolling direction were 8 and 3 mm
in gage length and width, respectively, which correspond to one-fifth of the JIS-5
standard dimensions [21]. These samples were machined from the products of the
different cycles of the ARB process. Tensile tests were conducted at 25 ◦C and the
initial strain rate of 10−4 s (using an Instron machine). The microstructures of Cu/Ag
composites were studied using a scanning electron microscope (Vega©Tescan) in the
back scattering mode before which the cross-section of the samples were ground,
polished, etched in a solution of 100 ml C2H5OH, 5 ml HCl and 2 g FeCl3 and repol-
ished. The cross-sections of the samples were also examined using a transmission
electron microscopy (200 kV, JEM-2100 LaB6). For this purpose, a thin slice from
ND–RD plane was cut out from the rolled samples. The thickness of the sample was
reduced to 50 �m by using sand paper followed by a dimple grinder. The thin slice
was carefully glued to a copper grid and subjected to 12 h of precision ion milling
with a radiation angle of 5◦ .

The X-ray diffraction patterns were recorded on the RD and TD plane sur-
faces of the ARB-processed sheets. 40 kV 30 mA Philip X’pert pro with negligible
instrumental broadening using Cu K�1 radiation (� = 0.15406 nm) in the range
2� = 20–100◦ using a step size of 0.02◦ and a counting time of 0.4 s per step. The
classic Williamson–Hall method [26] was used for measuring the crystallite size.

Electrical resistivity was measured at ambient temperature via the four-point-
probe direct current technique from the surface of the samples. The resistivity of
each sample was measured ten times and the mean value was reported.

3. Results and discussion

3.1. Critical reductions
In this investigation the amount of critical reduction to achieve
sufficient copper-to-silver bonding strength in the zeroth cycle was
(56%). Yang et al. [27] have recently investigated the bond strength
of various metal multilayers produced by cold rolling of metal foils
with different thermal conductivity. Results have indicated that the

ayer number
)

Equivalent strain
(ε) (0.98 + 0.8n)

Final thickness
of Cu (�m)

Final thickness
of Ag (�m)

0.98 430 42.8
1.78 215 12.46265
2.58 107.5 7.15791
3.38 53.75 4.11114
4.18 26.875 2.36123
4.98 13.4375 1.35617
5.78 6.71875 0.77892
6.58 3.35938 0.44737
7.38 1.67969 0.25695
8.18 0.83984 0.14758
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ig. 2. SEM images of ARB-processed sheets in different cycles for (I) Ag100 and (
ilver.

etallic multilayer system with low thermal conductivity, exhib-
ted relative high bond strength, while high thermal conductivity

etal system may fail to be roll-bonded together. The thermal con-
uctivity of silver is higher than that of copper. Therefore, to achieve
high Cu–Ag bonding quality, the critical reduction level in the

eroth cycle should be increased, whereas the conventional 50%
eduction in the ARB cycles was sufficient since copper-to-copper
onding was required.
The SEM microstructures of the cross-sections of the compos-
tes, parallel to the rolling direction (the RD–ND plane), have been
emonstrated in Fig. 2. It was shown that by increasing the ARB
ycles, the thickness of the layers decreased and the number of lay-
rs increased in the same thickness. As verified in Table 2, there are
00 group samples: (a) first, (b) third, (c) fifth, (d) ninth cycle, the bright areas are

1536 layers, in the ninth cycle. The thickness of Cu and Ag layers in
this cycle, are about 840 and 147 nm, respectively.

Fig. 3 shows the SEM micrographs of the ninth cycle of Ag100
and Ag200 sample groups. Due to the higher volume fraction of sil-
ver in Ag200 groups, a higher amount of bright area (Ag) is seen in
Fig. 3c in comparison with Fig. 3a. The continuity of the constituent
layers remained intact until the end of the ninth cycle. This was
caused by the low hardness ratio of Cu and Ag as well as the high

thickness ratio of the harder phase [28]. In addition, the elongated
layer structure with multiple necking is depicted. As shown in this
figure, in the ninth cycle of ARB process, the layer arrangement is
irregular. This layer structure is a reflection of the inhomogeneous
stress distribution in the multilayer. The main reason of stress inho-
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3.2.1. The stress–strain curves
Fig. 6 shows the nominal stress–strain curves of the Cu–Ag sand-

wich sheets ARB-processed by various cycles. The shapes of the
stress–strain curves in different ARB cycles follow a similar trend;
however, they are completely different from the primary materials.
Fig. 3. SEM images of ninth cycle samples: (a and b) is fo

ogeneities is due to two sources of friction, resulting from the
olls-sample contact surfaces and the interfaces of the multilay-
rs themselves. This leads to a near-surface stress, as well as the
esidual stresses that occur within the layer boundaries due to the
ifferences in the flow stresses between the component layers.

In Fig. 3a the amount of bright prominences is higher than that
f Fig. 3c. This is a result of normal and frictional shear stresses
etween the layers. These stresses have a greater effect on the
hinner silver layer in Ag100 group.

Classic Williamson–Hall method was used for evaluating the
rystallite (dislocation cell or subgrain) size from XRD pattern for
u layer in Ag200 group. The measurement results are shown in
ig. 4.

The mean crystallite size has been reduced to 40 nm after five
ycles. The X-ray refers to the average measurements for the bulk
olume. Local variations and spatial distribution of the nanograins

annot be traced. TEM observations provide the direct information
n the spatial distribution.

Fig. 5 shows the TEM micrograph of the Ag200 in the fifth cycle
f ARB. As can be seen, the grain size of the sample reached 102 nm

ig. 4. The variations of copper layer crystallite size of the produced nanocomposites
t various ARB cycles.
00 and (c and d) is for Ag200, the bright areas are silver.

in one direction (the ND direction) and 254 nm in rolling direction
(the RD direction). Thus, an ultrafine grained microstructure was
obtained. Surely in the higher ARB cycles smaller grains could be
developed. It can be concluded that the average grain size mea-
sured by TEM is larger than that of the crystallite size calculated by
XRD.

3.2. Mechanical properties of ARB specimens
Fig. 5. TEM images of the fifth cycle of ARB for Ag200 samples group.
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The strength (0.2% proof stress and tensile strength) and elonga-
tion (uniform elongation and total elongation) obtained from the
curves are summarized in Fig. 9 as a function of the number of
ARB cycles. It can be seen that the proof stress and tensile strength
increases by increasing the strain up to nine ARB cycles. The tensile
ig. 6. Nominal stress–strain curves of the Cu–Ag sandwich sheets ARB-processed
y various cycles of (a) Ag100 and (b) Ag200 samples.

he stress–strain curves of the ARBed samples show peak stress at
he early stages of the tensile test. This indicates limited uniform
longation. The limited uniform elongation in the ultrafine grained
aterials could be a result of plastic instability conditions. The

lastic instability condition is generally expressed by the following
imple equation:

d�

dε
≤ � (1)

and ε are equivalent true stress and true strain, respectively.
rain refinement greatly increases the strength of the materials

the right-hand term in Eq. (1)). In addition, it has recently been
hown that the work-hardening rate d�/dε is not increased by grain
efinement. The inability of ultrafine grained metals to accumulate
islocations owing to their small grain sizes, to absorb disloca-
ions into the grain boundaries, and to saturate dislocations, can
e responsible for the low strain hardening rate observed in the
ltrafine grained metals [29]. As a result, in the ultrafine grained
aterials the plastic instability in tensile deformation occurs at the

arly stages of the tensile test, resulting in a limited uniform elon-

ation under a few percent [30]. This phenomenon might cause the
pecimen to terminate in the fracture; however, concerning thin
heets, the diffuse necking is often followed by the second instabil-
ty process, namely localized necking. These two types of necking
re shown in Fig. 7 schematically. The onset of diffuse necking
Fig. 7. Different types of necking.

occurs as a decrease in the width of the specimen. The appearance
of the latter upcoming localized neck results in a slight decrease
in the width of the specimen but the thickness along the necking
band shrinks rapidly and soon thereafter the fracture occurs. Hill’s
localization theory indicates that localization can occur when:

d�

dε
≤ �

2
(2)

The secondary strain localization depends on the shape factor of
the tensile specimen (the width/thickness ratio) and the material
strain hardening. A decrease the strain hardening parameter delays
onset of localization [31].

As mentioned above, one of the distinguishing features of ultra-
fine grained metallic materials during tensile deformation, com-
pared to coarse-grained ones, is that a considerably small amount of
strain hardening occurs until fracture. Fig. 8 shows the variations in
the localization delay during the ARB cycles. The localization delay
was obtained by calculating the difference between the strain at the
starting point of the diffuse neck and the secondary strain localiza-
tion. As can be seen, in the early ARB cycles, localization occurs
very soon as a result of the delamination of the bonded layers. As
the number of layers increases, fewer instances of delamination are
seen, leading to the delay of localization in the latter cycles.

3.2.2. Tensile strength
Fig. 8. Variations in localization delay with the number of ARB cycles in Ag100
group.
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ig. 9. Tensile properties of the ARB-processed: (a) Ag100 and (b) Ag200 sheets as
function of the number of ARB cycles.

trength of the 9-ARB cycle of Ag200 and Ag100 specimens was 661
nd 641 MPa, respectively. This was 2.7 and 2.3 times higher than
hat of the primary copper sheet, respectively. As can be seen, due
o the higher thickness of silver layers, the strength of the Ag200
roup is higher than that of the Ag100 groups.

The flow stress of the roll-bonded material is composed of dif-
erent strength contributions, notably strengthening owing to the
eformation of microstructure and the presence of a multilayer
tructure.

i. Strengthening due to the deformation of microstructure
Deformation of microstructure plays an important role in

strengthening via several mechanisms at different strain levels:
a. Strengthening due to large deformation

Two strengthening mechanisms can contribute to the
strengthening during the large deformation of materials. The
first one is the strengthening caused by the presence of
incidental dislocation boundaries (IDBs) with a small mis-
orientation (≤3◦). These boundaries arise from the statistical
trapping of dislocations. The second mechanism is the grain
boundary strengthening via the Hall–Petch relationship by the
formation of geometrically necessary boundaries (GNBs) aris-
ing from the difference in the slip system operating in the

neighboring slip systems or the local strain difference within
each grain [32].

b. Strengthening due to strain hardening
At the early stage of the ARB process, strain hardening plays

an important role in strengthening. As mentioned before, by
Fig. 10. Variation in the number of ARB layers by increasing the ARB cycles.

increasing the ARB cycles, strain hardening is decreased and
the gradual formation of the ultrafine grained structure plays
the main role in strengthening.

c. Strengthening due to shear strain
There are two other possible mechanisms in the ARB pro-

cess, which differ from other high straining processes. The first
possible mechanism is the effect of a severe shear deforma-
tion just below the surface. It has been reported that the severe
shear deformation is introduced by the friction between the
work piece and the roll under dry conditions. This shear
deformation significantly increases the equivalent strain and
promotes grain refinement. Moreover, the ARB process can
introduce this severely deformed region into the interior of the
material by repetition. The whole thickness of materials may
be severely strained after several cycles. The other mechanism
is the introduction of new interfaces. A large number of inter-
faces are introduced by several ARB cycles. These interfaces
show a well-developed fiber structure [20].

ii. Strengthening due to the presence of a multilayer structure
In the present research a Cu–Ag multilayer was produced by

the ARB process.
This multilayer structure has an important role in the strength-

ening of the samples via two mechanisms:
a. Residual stresses

In this method residual stresses are introduced between
layers as a result of the co-deformation of Cu–Ag sheets
subjected to a large plastic strain. These stresses may
directly influence the multilayer strength by affecting the
dislocation motion. Although the Ag layer has the same face-
centered-cubic (fcc) crystallographic structure as Cu, it has a
smaller elastic modulus and a larger lattice parameter than
Cu. Therefore, the incompatibility between the two phases
may influence the co-deformation mode of the component
in the composites. The meticulous explanation of the co-
deformation of the ARB-processed Cu–Ag sheets is a subject
to be studied in future.

b. The number of layers and their thicknesses
As a result of increasing the number of ARB cycles, the thick-

ness of the layers decreases and the number of layers per unit
thickness increases. This layer refinement affects the strength
of the produced multilayer via the so-called Hall–Petch rela-

tionship. Figs. 10 and 11 show variations in the number of
layers and thicknesses vs. the ARB cycles, respectively. As can
be seen, at the initial stages of process the variation in the
layer thickness is high, while at the final stages of ARB the
number of layers increases exponentially. Therefore, at the
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ig. 11. Variation in the thickness of the ARB layers by increasing the ARB cycles.

former stages, the layer thickness and at the latter stages, the
number of layers contributes to strengthening.

.3. Electrical resistivity

Fig. 12 shows the electrical resistivity variations of the two
roups of the ARB-processed sheets measured in various cycles. As
an be seen, the electrical resistivity of both groups is almost close
o that of the pure copper in the first cycles. Note that the electri-
al resistivity was measured from the surface of the samples. The
uter layer of all samples was copper and the thickness of the cop-
er layer in the first cycles was rather high. Therefore, most of the
onducting electrons pass through copper and the effect of silver
s negligible. In the final cycles, where the copper layers become
ery thin, it seems that the silver layers pronounce some effect
nd the electrical resistivity differs from that of Ag100 and a slight
ncrease in resistivity of Ag100 is observed. The observed fluctua-
ions in the early cycles can be due to measurement errors or layers
elamination.

The variation in the strain level hence the dislocation density

nd the number of Cu–Ag interfaces during the ARB process can
hange the electrical resistivity.

The effect of dislocation density on electrical resistivity results
rom the scattering of the electrons by the dislocations core. The

ig. 12. Variation of electrical conductivity of produced Cu/Ag nanocomposites by
arious ARB cycles.
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applied DC four-point-probe technique is not sensitive enough to
take into account the effect of dislocations core [33]. Therefore the
main contribution to the electrical resistivity change is the interface
scattering of the conducting electrons. As a result, the electrical
resistivity of Ag100 samples is increased slightly by increasing the
number of cycles. The electrical resistivity of Ag200 is lower than
that of Ag100, because the silver layers are thicker and higher in
content in Ag200 group.

4. Conclusions

The ARB process is a suitable method for producing the Cu/Ag
nanocomposite multilayers. By combining the two most conduc-
tive metals, Ag and Cu, a composite with extremely high electrical
conductivity and high-strength was produced by this method for
the first time. The strength of the produced nanocomposites was
higher than that of the primary copper and silver sheets. The conti-
nuity of the constituent layers was maintained up to the ninth cycle
owing to the low hardness and high thickness ratio of the two con-
stituent phases. The slight increase in electrical resistivity of Ag100
was caused by electron scattering by interfaces. The Ag200 sam-
ples had higher strength and higher electrical conductivity than the
Ag100 samples. Therefore, for high-strength and high-conductive
applications it is reasonable to use the former. UFG microstructures
were observed in the Cu–Ag samples after five ARB cycles.
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