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ABSTRACT

In this paper, six pure Cu (99.96 mass%) and five pure Zr (99.8 mass%) sheets with overall composition
of CugyZrsg (at%) were alternatively stacked and severely deformed up to equivalent strain (&) of 14.4
by accumulative roll bonding (ARB) technique at ambient temperature. During the ARB process, every
individual Cu and Zr sheet in the multi-stacked materials decreases greatly in thickness with the increase
of €. Finally, nanolamellar structure with single layer thickness of about 20 nm can be obtained in the ARB
processed Cu/Zr multi-stacks. Tensile tests were used to evaluate the mechanical properties of the ARB
processed Cu/Zr multi-stacks related to the variations of ¢. It reveals that the tensile strength increases
greatly from 570 MPa at £=1.6 to 1210 MPa at € =14.4. However, the plastic elongation first increases
from 8% at £=1.6 to 14% at £=9.6 and then decrease to 6% at € =14.4. The equivalent strain dominated
microstructural evolution and deformation behavior of the ARB fabricated multi-stacks were put forward

Mechanical properties
and discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanoscaled multilayers, which are made up of alternating lay-
ers with every individual layer of several tens of nanometer in
thickness, have drawn worldwide attention in recent years due
to their excellent mechanical, electrical and magnetic properties
[1]. For example, nanoscaled multilayers usually exhibit high yield
strength, which is close to 1/2 or 1/3 of their theoretical value
at room temperature. Those containing magnetic layers are also
attractive when used as magnetic recording media or microelectro-
mechanical system [2-4]. What is more, nanoscaled multilayers
consisting of two metallic layers with negative mixing enthalpy
have been widely used to study the mechanism of thermally
induced solid state amorphization [5-7]. However, the multilayers
were usually fabricated by well-controlled layer-by-layer deposi-
tion technique such as electromagnetic sputtering [8,9], by which
the total thickness of the products is limited to only a few microns
due to the slow deposition rate. In such a case, nanoindentation
tests were usually used to measure the multilayer hardness and
elastic modulus. Although there are a few publications about the
tensile testing of deposited multilayers, the tests must be carried
out carefully and sometimes premature failure happens due to the
existence of deposition defects [10,11]. Recently, repeatedly stack-
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ing and rolling method, or so called accumulative roll bonding (ARB)
was found possible to fabricate such kind of layer-by-layer mate-
rials. By simply increasing the ARB cycles, every individual layer
can be decreased to several tens of nanometer in thickness from
their original millimeter-thick metal sheets [12-14]. Comparing
with the deposited multilayer, the ARB processed materials con-
tain elongated grains with large angle boundary and a great deal of
dislocations due to the severe plastic deformation. In addition, ARB
processed materials can be produced in bulk size and are available
for the testing of global mechanical properties.

In this paper, nanoscaled multi-stacks with overall composi-
tion of Cug,Zr3g (at%) were fabricated by ARB technique after nine
cycles. Note that multi-stacks were used here to be distinguished
from the multilayers produced by deposition methods. The final
multi-stacks are about 0.6 mm in thickness and more than 10 mm in
width and length. The microstructural evolution and tensile prop-
erties of the multi-stacks with different cycles were investigated
and the mechanism of the deformation behavior was put forward
and discussed.

2. Experimental procedure

Pure Cu (99.96 mass%) and pure Zr (99.8 mass%) sheets with 200 mm in length
and 50 mm in width were used as starting materials for the ARB process. Several
Cu and Zr sheets were alternatively stacked together after degreasing and wire-
brushing the sheets surfaces. Then the stacked sheets were first roll-bonded with
a reduction in thickness of 75%, corresponding to an equivalent strain of 1.6. The
obtained roll-bonded sheets therefore have a multi-stack structure. The obtained
multi-stacks were then cut into four parts, degreased, wire-brushed, stacked, and
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Fig. 1. Schematic illustration showing the principle of the ARB process for the Cu/Zr
multi-stacks.

then roll-bonded again as another cycle. The ARB process was repeated up to a total
of nine cycles and corresponds to an equivalent strain of 14.4. All the ARB processes
were carried out at room temperature. The principle of the ARB process can be
known from Fig. 1. By changing the number and thickness of the pure metal sheets,
multi-stacks with arbitrary overall compositions can be obtained. In the present
study, six pure Cu sheets with 200 wm in thickness and five pure Zr sheet with
300 wm in thickness were used for the first cycle ARB process. Therefore, the overall
composition of the multi-stacks is CugpZrsg (at%).

The phase constitutions of the ARB processed samples were analyzed by X-
ray diffraction (XRD) and the microstructural evolutions after each ARB cycle were
studied by field-emission scanning electron microscope (FE-SEM) with backscat-
tered electron (BSE) mode and transmission electron microscopy (TEM) observation.
The electron beam transparent thin foils parallel with TD were cut from the nine-
cycle ARB processed sample by using focused ion beam (FIB) instrument (Hitachi
FB-2000S) and were observed in a Hitachi 800 TEM at 200 kV. The ARB processed
sheets were electrical discharge machined to make tensile specimen with a gauge
dimension of about 5 length x 1 width x 0.6 thicknessmm?3. The tensile speci-
men were slightly polished and the room temperature tensile tests were carried
out with an Instron 4206 testing machine at a strain rate of about 1x10~4s-1.
The tensile direction was parallel to the rolling direction of the ARB processed
sheets.

Fig. 2. XRD curves of the ARB processed Cu/Zr multi-stacks with various cycles.

3. Experimental results

The XRD measurements were carried out on the plane per-
pendicular to the transverse direction (TD) of the sheets. The
typical XRD curves of the ARB processed samples with various
cycles are shown in Fig. 2. From the curves, all the samples
exhibit several sharp diffraction peaks, which can be indexed
as Zr and Cu pure metals. The intensities of the different peaks
decrease with the increase of the ARB cycles, or the refinement
of the grain size. In addition, neither intermetallic compound nor
phase transformation can be detected during the entire ARB pro-
cess.

During the ARB process, every individual Cu and Zr layer in the
multi-stacks decrease greatly in thickness due to the increase of
equivalent strain. Fig. 3 shows the SEM-BSE micrographs of the
Cu/Zr multi-stacks processed to various ARB cycles. The Cu and Zr
layer appear in different contrast in the BSE images, namely, Cu in
dark and Zr in bright. For the samples with low cycles, shear bands
can be found penetrating through the entire thickness of materi-
als. As a result, many island-like Zr blocks having diamond shapes

Fig. 3. SEM-BSE micrographs of the Cu/Zr multi-stacks specimens ARB processed by (a) one cycle; (b) three cycles; (c) six cycles and (d) nine cycles. Observed from TD.
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Fig. 4. TEM image showing the nanolamellar structure in the nine cycles ARB processed sample.

are formed, which are indicated by an arrow in Fig. 3(c). However,
after six ARB cycles, the deformation in the multilayer becomes
rather homogeneous than before. The microstructure of the sam-
ple processed after nine ARB cycles are shown in Fig. 3(d). No big
island-like Zr blocks can be found and the sample exhibits greatly
refined lamellar structures.

Fig. 4 shows the typical TEM image of the microstructure of
the sample after nine cycles ARB process. Lamellar structure con-
taining elongated Cu and Zr layers is visible over a large distance.
The thickness of each layer was reduced from its original 0.2 mm
(0.3 mm for Zr) to about 20 nm. Several very thin gray layers with
no contrast inside can be found, which was indicated in Fig. 4(a)
by an arrow. These gray layers are believed to have an amorphous
structure due to the interdiffusion of Cu into Zr [11]. Besides the
nanolamellar structure, the shear bands still can be found in the
nine cycles ARB processed multi-stacks. TEM observation reveals
that the microstructure in the shear bands is greatly different
from that in the multi-stacks, which might be resulted from the
quite large amount of plastic strain localized in the shear bands
[10].

Fig. 5 shows the engineering strain-stress curves of the Cu/Zr
multi-stacks processed with various ARB cycles. It reveals that the
strength increases significantly with the increase of ARB cycles.
All the specimens experienced a strain softening stage after yield-
ing. The tensile strength increases from 570 MPa after one cycle
(¢=1.6) to 1210 MPa after nine cycles (¢ = 14.4). However, the plas-
tic deformation first increases from 8% after one cycle (¢=1.6)
to 14% after six cycles (¢=9.6) and then decreases to 6% after
nine cycles (¢ =14.4). From the appearance of the specimens after
tensile tests shown in Fig. 5(b), it can be found that all the
specimens fractured in a plane inclined about 45° to the tensile
direction.

The fractographies of the tensile specimens are shown in Fig. 6
to reveal the fracture behavior varied with different ARB cycles.
For the one-cycle ARB processed specimen shown in Fig. 6(a), the
laminated stack with alternative layers can be clearly observed.
Obvious crack between the neighboring layers formed along the
interface, which indicated that this sample probably failed with a
necking of individual layers. For the three cycles ARB processed
specimen shown in Fig. 6(b), the laminate stack presents a heav-

Fig. 5. (a) Tensile tests stress-strain curves of the specimens with various ARB cycles and (b) the appearance of the eight cycles ARB processed specimen after tensile tests.
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Fig. 6. SEM images showing the fractography of the Cu/Zr specimens ARB processes with (a) one cycle; (b) three cycles; (c) six cycles and (d) nine cycles.

ily dimpled and rough morphology suggesting that the specimen
has been torn apart in a ductile manner. However, successive crack
can still be seen at the interface between the neighboring Cu and
Zr layers. For the six cycles ARB processed specimen as shown in
Fig. 6(c), dimpled pattern is the dominating morphology on the
fractured plane and few voids can be observed at the laminate inter-
face. In addition, the size of the each dimple is much smaller than
that observed in Fig. 6(b). For the nine cycles ARB processed spec-
imen, only dimple patterns can be found on the fractured surface
without any crack and voids. The size of dimples is smaller than
that of any other dimple patterns formed on the fracture plane
of other multi-stacks with less than nine cycles. However, some
area with smooth surface can be found among the dimpled pat-
tern, which is indicated by an arrow in Fig. 6(d). It was supposed
that the smooth areas were formed by fracture of the shear bands
area in the materials.

4. Discussion

The tensile strength of the ARB processed Cu/Zr multi-stacks
increases greatly with the increase of ARB cycles due to microstruc-
tural refinement, which shows the same trend of other ARB
processed materials and roughly matches the Hall-Patch relation-
ship. After nine cycles, the strength reaches up to about 1210 MPa,
a little higher than the Cu/Zr nanolaminates fabricated by sput-
tering deposition methods [15]. However, the tensile elongation
of the Cu/Zr multi-stacks increases first and then decrease after
six ARB cycles. While for the ARB processed materials consist-
ing of commaterial layers, the tensile elongations always decrease
linearly with increasing ARB cycles, regardless of the ductility of
the original materials. For the Cu/Zr multi-stacks processed less
than six ARB cycles, the facture topography reveals the forma-
tion of successive crack along the interface between the alternate
Cu and Zr layers. It was supposed that the fracture of the multi-
stacks is attributed to the inhomogeneous microstructure and
the different strength between Cu and Zr. The different defor-
mation behavior will lead to the separation of Zr and Cu layers
with each other. Since the Cu is very soft and Zr is relatively
hard, only Zr layer sustain the external load and will thus fracture

quickly after yielding. With increasing ARB process, the difference
in the mechanical properties between the two metals reduced
and will definitely delays the occurrence of failure. As a result,
the elongation increases correspondingly and reaches the max-
imum value at six ARB cycles. For the multi-stacks with more
than six cycles, the strength of the alternate Cu and Zr layers
become homogeneous owing to the strain-hardening effect in Cu
caused by severe plastic deformation. In addition, the microstruc-
ture become rather uniform and no island-like block can be found
any more. Therefore, the fracture of the multi-stacks begins to be
dominated by the plastic instability, like other single-phase ultra-
fine grained (UFG) materials with mean grain size less than 1 um
[16].

The strain softening behavior of the ARB processed Cu/Zr multi-
stacks is also different with the deposited multilayers, although
they have similar nanoscaled laminated structure. From the few
reports about the tensile tests of deposited multilayers, it reveals
that the tensile specimen usually shows strain-hardening or per-
fect elastic-plastic properties, although in most cases the overall
elongation is also limited within a few percent. On the con-
trary, it is difficult for the ARB processed multi-stacks to undergo
strain-hardening stage during tensile tests, since the as-ARB pro-
cessed specimens have a large amount of dislocation substructures
inside the elongated grains. As a result, plastic instability usu-
ally occurs at very early stage of tensile test [16,17]. Recently it
was reported that the interface between the two metals in the
deposited multilayer play an important role in the mechanical
properties. The coherent interface, which usually formed between
metals with same crystalline structure, can result in the migra-
tion of dislocations from one layer to another. As a result, these
kinds of multilayer such as Cu/Ni fcc/fcc bilayer shows higher
ductility, but with lower strength. While those with incoherent
interface such as Cu/Nb fcc/bcc bilayer will have high strength
but low ductility, because the incoherent interface will prevents
the free crossing of dislocations from the interface [18]. How-
ever, in our study, the ARB processed Cu/Ni multi-stacks also
shows the similar deformation behavior with that of ARB processed
Cu/Zr multi-stacks, which has an fcc/hcp incoherent interface
[19].
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5. Conclusion

In this paper, a series of Cu/Zr multi-stacks were prepared
by ARB technique with various cycles. The microstructure and
mechanical properties of the ARB processed materials were inves-
tigated and the following conclusions could be drawn.

With ARB technique, Cu/Zr multi-stacks can be fabricated by
stacking pure Cu and Zr sheets. Nanoscaled structure can be
obtained after nine cycles ARB process.

It reveals that the tensile strength increases greatly from
570MPa at €=1.6 to 1210 MPa at £=14.4. However, the plastic
deformation first increases from 8% at £=1.6 to 14% at £=9.6 and
then decrease to 6% at e =14.4.

The fracture of the Cu/Zr multi-stacks with less than ARB six
cycles is believed to be caused by the inhomogeneous microstruc-
ture throughout the sample thickness and the different strength
of Cu and Zr layer. While those with more than six ARB cycles
are believed to fracture due to the plastic instability and exhibit
same deformation behavior with the single-phase UFG materi-
als.
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