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Abstract: Accumulative roll bonding (ARB) was used to fabricate the Cu-Zn multilayer and Cu-
Zn solid solution. A lamellar structure with the hardness of about 130 VHN was formed after eight
ARB cycles. Following the suitable heat treatment, a solid solution with a uniform microstructure
and hardness of about 57 VHN was produced. The dominant wear mechanism in the ARB
processed multilayer was found to be delamination and spalling while in the heat-treated sample
was adhesion. The weight loss of the ARBed multilayer was higher due to the occurrence of
spalling and formation of the cracks and cavities during the ARB. On the other hand, the friction
coefficient and its undulation were lower, which was contributed to the lubricating effect of Zn
and the higher hardness of the ARB processed multilayer. In the heat-treated sample, the ability of
plastic deformation and the adhesion between the contact surfaces causes the increase in the
friction coefficient and its variation.
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1. Introduction

Severe plastic deformation (SPD) is defined as a method of metal forming in which very large plastic
strains are imposed into a bulk material without changing the overall dimensions of the sample [1]. The
main objective of the SPD process is to produce an ultra-fine grained metal with excellent mechanical
properties. Accumulative roll bonding (ARB) is one kind of SPD technique that consists of multiple cycles
of stacking, rolling and cutting, so that large plastic strains are accumulated in the sheet metal without any
significant change in the sheet dimensions [2]. Compared with the other SPD methods, ARB is simpler
and cheaper and has the capability for commercialization. Thus far, ARB has been applied successfully to
fabricate various ultra-fine grained sheet metals [3-6]. In recent years, ARB has also been introduced as a
novel method to fabricate particulate metal matrix composites (MMCs) [7-11]. It has been shown that a
uniform distribution of particles can be achieved after imposing a critical reduction [12, 13]. ARB has
also been utilized to fabricate multi-component materials through processing a metallic multilayer such as
Al/Mg [14], AI/Ni [15], Al/Cu [16], Cu/Ag [17], Al/Zn [18], Cu/ Nb [19], Cu/Ni [20] and Cu/Zn [21].
Cu/Zn/Al [22] and AINi/Cu [23] are two examples for the tri-metallic systems processed through this
method. During ARB of a multilayer, the hard layer necks and fractures due to the difference in the flow
properties and concurrent deformation of dissimilar metals. After imposing a high number of ARB cycles,
the fragments of the hard layer can uniformly distribute in the matrix and act as the reinforcement.
Although, the method of ARB has been utilized by many researchers to fabricate ultrafine-grained
materials, MMCs and multi-component materials, the fabrication of a solid solution by ARB has attracted
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little attentions [24]. In addition, the study of the wear behavior of composites made by ARB is limited
only to that of the particulate ones [25-27] and no attempt has been made to investigate the wear behavior
of a multi-component material. Accordingly, in this work, the Cu/Zn multilayer and Cu/Zn solid solution
are fabricated by ARB with an emphasis on their wear behavior.

2. Materials and method

The materials utilized in this study were commercial pure Cu (99.9 wt. %) and Zn (98.86 wt. %) in the
form of strips with the thickness of 1 mm. The strips were cut into 30 mm % 150 mm in size and annealed
at 500 C for 60 min (for Cu) and at 150 C for 30 min (for Zn). The annealed strips were degreased by
acetone and scratch brushed with a circular stainless steel brush with a wire diameter of 0.3 mm. The
sheets were stacked with two Cu strips as the outer layers and one Zn strip as the inner layer. The primary
sandwich was cold rolled through a 57% reduction in thickness. Then, it was conducted through a
reduction of 50% in thickness and the process repeated up to eight cycles without lubrication. ARB
experiments were conducted by a rolling machine with the capacity of 20 tons and rolling diameter of 170
mm. The rolling speed was set to 12 rpm.

After ARB, the multilayer was heated to 850 C for 3 hours and quenched in the cold water (0 C).
Then, it was heated to 850 C for 3 hours and cooled slowly in the furnace. It is noted that the melting point
of Cu and Zn is about 1100 C and 420 C, respectively. Regarding the initial dimensions of the Cu and Zn
strips and using their densities, the composition (wt.%) of the Cu and Zn in the alloy is calculated as
about 71% and 29%, respectively. By referring to the Cu-Zn phase diagram, this alloy will be a single
solid solution with the melting point of about 900 C. Therefore, for the heat treated-temperature of 850 C,
the alloy is in the solid state. The heat-treatment procedure was carried out in order to perfectly eliminate
the effect of the mechanical processing, homogenize the microstructure and to form a solid solution alloy
[24]. The pin-on-disk testing was used to determine the wear behavior of the specimens. The AISI 52100
steel (with the hardness of 63 HRC) and the sample were used as the pin and the disk, respectively. The
sample was polished and cleaned with the ethanol before testing. The wear test was carried out without
any lubricant under the normal atmosphere. The wear parameters were 0.5 m/s sliding velocity, 10 N load,
and 1 km sliding distance.

The microstructure and the worn surface before and after the heat treatment were investigated by the
field emission scanning electron microscope (FESEM) equipped with energy dispersive spectroscopy
(EDS). In order to identify the phases, the x-ray diffraction (XRD) pattern of the composite was performed
by a diffractometer, with a Cu Ka radiation and a step time of 58 s operating at 40 kV and 40 mA. The
Vickers hardness was taken by applying a load of 30 kgf for 10 s on the surface of the strip surfaces.

3. Results and discussion

3.1. Microstructure

The XRD patterns after eight ARB cycles with and without heat treatment are presented in Fig.1. The
symbols specified for every phase in the XRD pattern are presented in the legend of Fig.1. The pattern of
the ARBed Cu/Zn multilayer indicates reflections due to the elements of Cu and Zn and a small peak of
CuZns intermetallic. The intermetallic may be formed due to the increase in the grain boundary and
dislocation densities that accelerate the elemental diffusion at Cu and Zn interfaces. The formation of
intermetallic phases has also been reported during ARB of other multilayers [14, 22, 28, 29]. After the
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heat treatment, only the reflections of Cu are detected while its intensity increases and shifts to the lower
angle side. This indicates that Zn and CuZns are dissolved within the Cu lattice because sufficient
activation energy is provided by thermal energy and a Cu/Zn solid solution is formed after the heat
treatment. In the XRD pattern, the solid solution is specified by “Cu,Zn” and is denoted by the triangular
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Fig. 1. The XRD pattern of the Cu/Zn multilayer after eight ARB cycles before (below)
and after (above) the heat treatment.

SEM image and the corresponding elemental maps for Cu and Zn after eight ARB cycles are
presented in Fig. 2. As can be seen, a lamellar structure is formed after eight cycles. The dark regions in
the Zn layers may be the Kirkendall porosities that can be formed in diffusion couples when the diffusion
rates of the two species are significantly different [30]. These porosities have previously been observed in
the Zn layer during ARB of Cu/Zn/Al [22]. Kirkendall effect is a diffusional process that normally needs
the thermal energy to overcome the activation energy for diffusion. ARB can decrease the activation
energy for diffusion through increasing the lattice strain, dislocation density and grain boundary area as
high-diffusivity paths. It seems that with the large 50% reduction at each ARB cycle, Kirkendall porosities
must be closed, or at least elongated. However, SEM micrographs show that they are approximately
spherical after ARB. These results indicate that Kirkendall porosities may be formed after exiting the
multilayer from the roll gaps where enough time is provided for diffusion of the species. It is noted that,
the formation of Kirkendall porosities under the dynamic or static conditions needs further investigation
and is on the margin of the scope of this paper. The layer thickness decreases during ARB through an
equation of the form (to/2") where t, is the initial layer thickness and n is the number of cycles. Therefore,
for a 1 mm layer thickness, the thickness of the layer (or available distance for diffusion of species) will
reduce to about 4 pum after eight ARB cycles.

Figure 2 also reveals several microcracks at the interface of Cu and Zn that can be attributed to the
formation of the CuZns intermetallic. The volume changes during intermetallic formation and the
expansion mismatch between the intermetallic and adjacent layers can create cracks between the layers
[31, 32]. SEM/elemental mapping of ARBed Cu/Zn composite after the heat-treatment is presented in
Fig. 3. It is observed that the lamellar structure no longer exists and all elements are distributed uniformly
in the microstructure. These results together with the XRD patterns indicate that the heat treatment

provides sufficient times and temperature to obtain a solid solution from the ARBed Cu/Zn multilayer.
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However, the detrimental effect of the annealing treatment (grain growth, etc.) should be considered when
a solid solution is formed. It is noticed that the effect of the ARB cycle and the heat treatment conditions
on the solid solution formation is not the goal of the present study and needs further investigations.

SEM HV: 15,00 kV WD: 14,73 mm
View field: 5417 ym  Del: BSE
SEM MAG: 40.00 kx
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Fig. 2. (a) SEM image of Cu/Zn multilayer after eight ARB cycles and the corresponding
elemental maps for (b) Zn and (c) Cu distribution.

3.2. Morphology of the worn surfaces

The appearance of the worn surfaces for the ARBed Cu/Zn sample after eight ARB cycles is shown in Fig.
4. The worn surfaces show several morphological features such as pits, spalls, cracks and flakes at low and
high magnifications, which are the most important aspects of the delamination [33]. Delamination is
caused by the repeated sliding of the asperities across the surface of the solids in the relative motion. The
local plasticity during wear has a cyclic component. The unidirectional shearing of the metal surface
nucleates the voids beneath the surface that extend and link up to form a subsurface crack parallel to the
surface. When the crack becomes sufficiently large, it breaks out to give the flake-like wear fragments and
leaves the so-called anion peeling morphology on the worn surface. The nucleation and propagation of the
subsurface cracks can also result in several surface cracks near the delaminated flakes (as marked in Fig.
4).
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Fig. 3. (a) SEM image of ARBed Cu/Zn multilayer after the heat treatment and the
corresponding elemental maps for (b) Zn and (c) Cu distribution.
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Fig. 4. The worn surface morphology (after wear) of the Cu/Zn multilayer at (a) low and (b) high magnification.
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In the ARBed Cu/Zn multilayer, several factors can support and promote the origin of delamination.
The microstructure of Cu/Zn represents a lamellar structure, which is preserved after eight cycles (see Fig.
2). As the ARB proceeds, the layer thickness decreases and the number of interfaces increases. For a given
penetration depth of wear, the number of layer interfaces that are located in the wear volume increases
with increasing the number of cycles. Since, the interfaces are good locations for crack nucleation, the
probability of crack formation increases as the number of ARB cycles increases. This result is consistent
with that of Al/Al,0; composite at large number of ARB cycles [27]. Formation of the intermetallic and
Kirkendall porosities during ARB (Fig. 2), are additional factors that promote the crack formation and
delamination.

Further inspection of the worn surface of the ARBed Cu/Zn multilayer reveals another surface
morphology, the so-called spalling, that appear as a deep hollow. Spalling takes place when the subsurface
cracks propagate in the direction of the flow lines in the deformation zone [27]. Therefore, spalling can be
another mechanism for the removal of material in ARBed Cu/Zn multilayer. It is noted that both
delamination and adhesion are regarded as the two responsible mechanisms for the plasticity-dominated
wear [34]. The worn surface of the ARBed Cu/Zn multilayer after the heat treatment (Fig. 5) illustrates the
trace of severe plastic deformation as well as furrows and ridges along the sliding direction because of
squashing and plowing by the counterface. These traces indicate that the adhesion can be the dominant
wear mechanism. Nonetheless, the presence of scratches in the worn surface indicates that the wear can
also be progressed to some extent by an abrasive mechanism.
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Fig. 5. The worn surface morphology (after wear) of the Cu/Zn solid
solution at (a) low and (b) high magnification

3.3. Wear rate and friction coefficient

According to ihe literature [35], several factors can affect the wear behavior of the SPD processed
materials. Some of them improve the wear resistance and the others reduce it. Grain refinement and the
increase in hardness are the factors that improve the wear resistance of the SPD processed materials. In
contrast, the decrease in ductility and work hardening capability are reported to be the main factors that
reduce the wear resistance of these materials.
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Figure 6 shows the results of the wear resistance expressed as the weight loss for ARBed Cu/Zn
before and after the heat treatment. It is noteworthy that the material after the heat treatment can be
considered as a non-processed material because the heat treatment can perfectly eliminate the effect of the
mechanical processing and homogenize the microstructure. Results show that the weight loss of the
ARBed Cu/Zn multilayer is somewhat higher than that of the heat-treated sample in spite of its higher
hardness (about 130 VHN). The wear behavior of Cu/Zn multilayer reveals a discrepancy with the
Archard equation [36] in which the wear rate is inversely proportional to the hardness or strength of the
material. Therefore, other material parameters may influence the wear behavior of the material as well as
hardness. The decrease in the wear resistance of the Cu/Zn multilayer after ARB is consistent with the
results of the Al and Al alloys processed by ARB [37-39]. This behavior is attributed to the low work
hardening capability of the material after ARB and to the subsurface microstructure and its evolution
during the wear process [39].
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Fig. 6. The weight loss of the ARBed Cu/Zn multilayer before and after the heat treatment

Due to the complex nature of the wear behavior of SPD processed materials [40], modeling the
mechanism of the wear is somewhat difficult. The higher wear rate of the ARBed Cu/Zn multilayer can
be explained by the model proposed by Kazemi Talachi et al [39]. According to the model, the
temperature rise at the contact surfaces changes the ultrafine-grained structure beneath the surface into a
coarse-grained one due to the recrystallization and grain growth. The strain incompatibility between the
two-grain structures leads to the delamination of the coarse-grained structure. In addition, in the Cu/Zn
multilayer, the formation of the microcracks and porosities can also decrease the bond strength and
provide suitable sites for delamination. These effects are more realistic than the proposed model because
they are observed on the microstructure. Another responsible mechanism that can be attributed to the
higher rate of wear is spalling [27].

Figure 7 shows the friction coefficient of the ARBed Cu/Zn multilayer before and after the heat
treatment. In general, the coefficient of friction and its amplitude variation for the ARBed Cu/Zn
multilayer are lower. For the initial 200 m sliding distance, the friction coefficient of the ARBed Cu/Zn
multilayer displays little fluctuation while it shows higher variation for the remaining 800 m distance. This
may be attributed to the increase of fracturing and delamination at relatively large sliding distances. The
lower friction coefficient of the ARBed Cu/Zn multilayer may be correlated to the lamellar structure of the
multilayer in which the Zn can act as a solid lubricant due to its hexagonal closed packed (HCP) structure.
The lubricating effect of Zn is similar to Ag (a soft noble metal) [41], carbon nanotube [42, 43] and rare
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earth elements [44]. The lower friction coefficient of the ARBed Cu/Zn multilayer can also be due to the
increase of the hardness (about 130 VHN) during ARB because of the grain refinement. On the other
hand, the higher value of friction coefficient as well as its variation for the heat-treated sample can be
associated with the adhesion wear, which is the dominant wear mechanism under these conditions. The
lower value of the hardness measured for the heat-treated sample (about 57 VHN) and its capability for
plastic deformation, result in the higher real area of contact and adhesion. The interactions of asperities on
the surfaces affect the coefficient of friction, which is varying in the specific range during the sliding.

(a) ARBed Cu/Zn

Friction coefficient

0 200 400 600 800 1000

Sliding distance / m

1.0
(b) ARBed Cu/Zn + Heat treat ment

Friction coefficient

0 200 400 600 800 1000
Sliding distance / m

Fig. 7. Variation in the friction coefficient with sliding distance for ARBed Cu/Zn
multilayer (a) before and (b) after the heat treatment

4, Conclusion

The Cu/Zn multilayer was processed by ARB up to eight cycles. The microstructure and wear behavior
were investigated before and after the heat treatment. The following results are obtained:

1. A lamellar microstructure is obtained after imposing eight ARB cycles. The intermetallic and
microcracks are formed at layer interfaces. The cavities are also created in the Zn layer as well. After the
heat-treatment, a copper solid solution with a uniform microstructure is formed.

2. Delamination and spalling are the dominant wear mechanisms in the ARBed Cu/Zn multilayer. The
laminated structure, microcracks and porosities promote the origin of cracking. The worn surface after the
heat treatment illustrates that adhesive wear is the dominant mechanism.

3. The weight loss of the ARBed Cu/Zn multilayer is higher. The low work hardening capability,
subsurface microstructure, microcracks and porosities are the main factors that reduce the wear resistance
of the multilayer.

4. The friction coefficient and its undulation of the ARB processed multilayer are lower due to the self-
lubricating effect of Zn and higher hardness value. The low hardness value and the capability for plastic
deformation cause the adhering between the contact surfaces and variation of friction coefficient in the
heat-treated sample.
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