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Abstract A series of CuZr binary alloys with wide
composition range were fabricated through ARB and HPT
techniques using pure Cu and Zr metals as the starting
materials. Bulk alloy sheets with thickness of about
0.8 mm after ARB process and alloy disks with 0.30 mm in
thickness and 10 mm in diameter after HPT process can be
obtained, respectively. The structures of all the alloys were
found to be gradually refined with the increase of ARB
cycles or HPT rotations. As a result, nanoscale multiple-
layered structure was formed for the 10 cycled ARBed
specimens, which could partially transform into amorphous
phase during subsequent low temperature annealing. While
for the as-HPTed sample, the alloy was completely amor-
phized after 20 rotations without any heat treatment. The
thermal stabilities of the amorphous alloys were studied.
The deformation behavior and the amorphization mecha-
nism during the ARB and HPT process were put forward
and discussed.

Introduction

Amorphous alloys are materials with long range disordered
atomic configuration, which often present unique proper-
ties and keep on drawing great attention from more and
more researchers. Many processing methods including
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rapid melt quenching, vapor deposition on cold substrates,
or mechanical alloying have been invented for the fabri-
cation of amorphous alloys [1, 2]. In the last several
decades, various severe plastic deformation (SPD) pro-
cesses for achieving grain refinement have been developed,
such as accumulative roll bonding (ARB), high pressure
torsion (HPT), or equal channel angular pressing (ECAP)
[3-5]. SPD techniques originally are used to produce bulk
nanostructured metallic materials. During the SPD process,
bulk materials are subjected to a very intense plastic
deformation without significant changes in the overall
dimensions. Up to now, a lot of metallic materials such as
steel, pure elemental metals including Cu, Ni, Al, and Mg,
etc. with nanoscaled grain size have been fabricated, which
exhibit high strength and other superior properties. Since
intense plastic strain is induced into the SPDed materials,
mechanical alloying or even strain-induced solid-state
amorphization might take place. Recently, it was found that
some alloys with good glass forming ability (GFA) such as
Zr-Ti, Cu—Zr, and Zr—Al-Ni—Cu have been amorphized in
solid state by repeated cold-rolling [6—12]. While partial
amorphization of NiTi, Cu—Zr—Ti, and Nd(Pr)-Fe-B alloys
by HPT have also been observed and exhibit well-
improved properties [13—16]. However, in the previous
work, only amorphous phase with low volume fraction or
amorphous phase formed at the grain boundary could be
generated due to low HPT rotations or low total equiva-
lent strain. Besides, comparing with the amorphous
transformation from their crystalline alloys, solid-state
amorphization of alloys from pure metals by means of HPT
technique has not been reported so far.

Cu—Zr system is well-known to be favorable for glass
forming either by rapid quenching or by the solid-state
amorphization [17]. In this paper, two kinds of SPD tech-
niques, namely ARB and HPT, were used for the solid-

@ Springer



7458

J Mater Sci (2008) 43:7457-7464

state amorphization of bulk CuZr multi-stacks with overall
composition covering wide range. The microstructure
evolution and phase transformation during the amorphiza-
tion process were studied and the mechanism for the
formation of amorphous phase were put forward and
discussed.

Experimental procedure

In this paper, pure Cu (99.96% purity) and pure Zr (99.2%
purity) 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
multilayered structure. They were then cut into three or four
parts, degreased, wire-brushed, stacked, and then roll-bon-
ded again as another cycle. The total ARB process was
repeated up to 10 cycles and all the ARB process was car-
ried out at room temperature. By changing the number and
thickness of the metal sheets, samples with arbitrary overall
compositions can be obtained. In the present study, CuZr
multilayers with different composition, namely Cu-—
29at%Zr, Cu-38at%Zr, and Cu—47at%Zr were prepared.
Detailed information about the material can be found in
Table 1. The difference of the final equivalent strain was
attributed to the different original sheet thickness and the
different number of parts stacked during the ARB process.
The ARBed multilayer was then heat treated at 400 °C for
30 min for the thermally induced amorphization.

For HPT process, disks with diameter of 10 mm were
cut off from the first roll-bonded multi-stacks, i.e., one
cycle ARBed samples. During the HPT process, the disks
were deformed at a rotation speed of 0.2 rpm under an
applied pressure of 5 GPa. Various numbers of rotations,
namely 0.5, 1, 5, 10, 20, and 50 were completed separately
to prepare the samples with different equivalent strains.
After HPT process, pancake-like specimen with diameter
of 10 mm and thickness of 0.3 mm were obtained. The
temperature rises induced by plastic deformation were

Table 1 Thickness and number of the metal sheets used for bulk
mechanical alloying by ARB

Cu—29at%Zr Cu-38at%Zr Cu—47at%Zr

Cu Zr Cu Zr Cu Zr

Number of sheets 5 4 6 5 7 6
Thickness (pum) 200 200 200 300 100 200
Total thickness (mm) 1.8 2.7 1.9

Final equivalent strain 16 11.7 14.3

@ Springer

measured by inserting thermal couples near the sample
surface. During the entire HPT process, the maximum
temperature rise was less than 10 K due to the low rotation
speed, so that the resultant effect on the alloying behavior
can be neglected.

The obtained samples were studied by X-ray diffraction
(XRD), scanning electron microscopy (SEM) under back-
scattered electron (BSE) mode, and transmission electron
microscopy (TEM). Differential scanning calorimeter
(DSC) was also used to investigate the thermal properties
of the samples at a heating rate of 20 K min~" under a
flowing argon atmosphere.

Experimental results
Solid-state amorphization by ARB and annealing

During the ARB process, every individual Cu or Zr layer in
the multi-stacked materials will decrease greatly in thick-
ness due to the increasing equivalent strain. The structure
evolutions with increasing ARB cycles for all the samples
are almost the same, independent of the overall composi-
tion. As a typical example, Fig. 1 shows the SEM-BSE
micrographs of the Cu—38at%Zr multi-stacks processed to
various ARB cycles. The Cu and Zr layer appear in dif-
ferent contrast in the BSE images, i.e., Cu in dark and Zr in
bright. For the samples with low cycles, shear bands can be
found penetrating through the entire thickness of materials.
As a result, many island-like Zr blocks having diamond
shapes are formed, which are indicated by an arrow in
Fig. 1b. However, after 6 ARB cycles, the deformation in
the multilayer becomes rather homogeneous than before.
The microstructure of the specimen processed after 6 and 9
ARB cycles are shown in Fig. 1c and d, respectively. No
big island-like Zr blocks can be found and the specimen
exhibits very fine lamellar structures.

Figure 2 presents the typical TEM image showing the
microstructure of the 9 cycles ARBed Cu-29 at%Zr sam-
ple. In the figure, parallel-aligned multilayered structure
containing elongated Cu and Zr layers can be observed
over a large distance. The thickness of each layer was
reduced within a range from 10 to 100 nm. For the ARBed
Cu-38at%Zr and Cu-47at%Zr samples, similar fine mul-
tilayered structures were also observed.

As an SPD process, ARB can transfer large amount of
energy to the deformed samples and lead to the possible
formation of non-equilibrium phases. To understand the
thermal stability of the materials ARB processed with
different cycles, DSC measurements were carried out.
Figure 3 shows the DSC curves of the samples with various
cycles. The change in DSC curves is similar in the three
different materials independent of overall compositions.
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Fig. 1 SEM-BSE micrographs
of the Cu-38at%Zr multilayer
specimens ARB processed by

(a) 2 cycles, (b) 4 cycles,

(c) 6 cycles, and (d) 9 cycles.

Observed from TD

Fig. 2 TEM image showing the microstructure of 9 cycles ARBed
Cu-29at%Zr

For 1 cycle ARB processed sample, no obvious endother-
mic or exothermic reaction can be found on the whole
profile. With the increase of ARB cycles, three exothermic
peaks begin to appear on the curves and become more and
more obvious. For all the 10 cycle ARBed samples, the
locations of the exothermic peaks are almost the same and
the three peak temperatures are about 665 K, 734 K, and
767 K, respectively. It can be found that this thermal
behavior of the ARBed sample is very similar to that of the
ball-milled CujzzZrg; powders reported in Ref. [17], in
which the first exothermic peak was said to be caused by
thermally induced solid-state amorphization.

To actualize the thermally driven amorphization, the 10
cycles ARBed samples were annealed at 673 K in argon

atmosphere, which was slightly higher than the first exo-
thermic peak temperature on the DSC curves. After
annealing for 30 min, the samples were immediately
quenched in water. Figure 4 shows the TEM images of the
heat-treated samples, from which it can be found that the
microstructures are different depending on the overall
compositions. For the Cu-29at%Zr sample, the lamellar
structure remains unchanged after heat treatment. How-
ever, some layers show gray color and exhibit no contrast
inside, which indicate the formation of a non-crystalline
structure. From the inserted selected area electronic dif-
fraction (SAED) pattern, a broaden diffraction ring or halo
pattern indicating the formation of amorphous phase can be
observed, simultaneously with some sharp narrow crystal-
line diffraction rings. It can be concluded therefore that the
gray regions without any contrast in Fig. 4 are amorphous
phase formed in the heat treatment. The remaining part was
found to be crystalline Cu layers. In Cu-38at%Zr and Cu—
47at%Zr sample, much more gray area can be found from
the TEM images as shown in Fig. 4b and c. For Cu-—
38at%Zr, the interface between the neighboring metal
layers cannot be discerned any more. From the corre-
sponding SAED pattern, obvious broaden diffraction ring
can be found, confirming the existence of amorphous
phase. Some crystalline diffraction ring corresponding to
Zr layers can still be recognized, but with very weak
intensity indicating very small volume fraction in the
sample. Similar microstructural characterization can also
be seen for Cu—47at%Zr sample. The remaining crystalline
Zr layers can be discerned and indicated in Fig. 4c.

The amorphous phase formed upon heat treatment at
673 K of the 10 cycles ARB processed sample was further
verified by DSC measurement. Figure 5 shows the DSC
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Fig. 3 DSC curves of the Cu—Zr specimens after various ARB cycles (a) Cu-29Zr, (b) Cu—38Zr, and (¢) Cu—47Zr
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Fig. 4 TEM images showing the microstructure of 10 cycles ARBed (a) Cu—29Zr, (b) Cu—38Zr, and (¢) Cu—Zr followed by annealing at 673 K
for 30 min

curves of the ARB processed and heat-treated sample. For
all the solid-state amorphorized samples, an obvious
endothermic reaction corresponding to glass transition can
be found on the curves arrowed as Ty, subsequently fol-
lowed by a crystallization peak. From the above
description, bulk sheets of amorphous/metal nanocompos-
ite could be fabricated by the ARB process followed by
heat treatment and the fraction of amorphous phase can be
controlled by changing the overall composition of the ini-
tial stacks.

Cu-47Zr

Cu-38Zr

Cu-29Zr

Heat Flow {exothermotic) ————

Solid-state amorphization by HPT

500 600 700 800 As a typical example of HPT results, Fig. 6 shows the
Temperature (K) SEM-BSE image revealing the microstructure evolution of

Fig. 5 DSC curves of 10 cycles ARBed CuZr multilayers followed the CuZr specimens with various HPT rotations. The
by annealing at 673 K samples for observation were cut into two halves across the
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Fig. 6 (a) Location of the (a)
HPTed sample for SEM

observation and (b) SEM image
of HPTed Cu—47at%Zr samples

center of the materials and were examined on the radial-
sectional plane, namely the gray area indicated in Fig. 6a.
For all the samples with different overall compositions, the
microstructure evolutions were quite similar. That is, the
microstructure was refined greatly with increasing HPT
rotation number. And the microstructure of the HPTed
materials become finer gradually from center to the edge
part of the samples, corresponding to the higher equivalent
strain in the edge region than that in the center region.
However, after 10 rotations, the microstructure become
quite homogenous and no contrast can be seen, which
reveals that a large extent of atomic mixing of Cu and Zr
elements has taken place. For all the samples with various
rotations, no fracture or crack can be found at the entire
radial-sectional plane, which indicates that the materials
exhibit high plasticity during the HPT process.

Figure 7 shows the XRD curves of the CuZr samples
with various rotations, revealing the phase transformation
during the HPT process. It can be found that the intense of
diffraction peak decreases gradually with increasing rota-
tion number, i.e., strain. After five rotations, a broad halo at

(b) edge ~———

— » center

around 26 = 40° begins to appear on the curve with some
remaining crystalline diffraction peaks. It implies the for-
mation of amorphous phase. After 20 rotations, no sharp
diffraction peak but only a broad halo can be found on the
curves. From Fig. 8 showing the typical TEM images with
the corresponding SAED pattern inserted for the CuZr with
20 rotations, it can further be confirmed that no crystals but
only amorphous phase was formed. It should also be
pointed out that for the sample with rotations from 0.5 to
50, no diffraction peaks of intermetallic compound can be
found on the XRD curves, although they are thermody-
namically equilibrium phases. It is supposed that the
generation of large amount of crystalline defects like
vacancy and dislocations in the HPT process caused the
two metals system thermodynamically very unstable.
Though the driving force for intermetallic compound
should be larger than that for amorphous formation, no
intermetallic phase was found in the present HPT samples.
A certain degree of atom diffusion is necessary for the
nucleation and growth of intermetallic phases. As was
mentioned before, the temperature rise in the present HPT

Intensity

Fig. 7 XRD curves of the HPTed CuZr specimens with various rotations (a) Cu—29Zr, (b) Cu-38Zr, and (¢) Cu—47Zr
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Fig. 8 TEM images of the (a)
Cu-29Zr, (b) Cu-38Zr, and (c¢)
Cu—47Zr HPTed specimens
with 20 rotations

process was very small because of low rotation speed, so
that intermetallic compounds were not formed probably.
Figure 9 shows the DSC curves recorded for the as
HPTed samples with various rotations. For the samples
with 0.5 and 1 rotation, some weak protuberance can be
found on the DSC curves. Since a lot of lattice defects such
as dislocations and vacancies must be introduced into the
HPTed sample, the protuberance on the DSC curves are
supposed to be due to the annihilations of these lattice
defects. After five HPT rotations, a sharp exothermic peak
begins to appear around 500 °C on the DSC curves.

According to the XRD results indicating the formation of
amorphous phase after five rotations, the exothermic peak
is presumably caused by the crystallization of amorphous
phase. However, the glass transition of all the HPTed
samples cannot be detected from the DSC curves for the
Cu—29at%Zr sample. However, for the Cu—38at%Zr and
Cu—47at%Zr samples, obvious T, and T, can be observed
on the DSC curves after 50 rotations. The glass transition
and the crystallization features of the amorphous phases
formed by solid-state reaction are almost identical to that
formed by rapid quenching methods.

(a) (b)

Exothemal heat (a.u.) —

(c)

Tg=419_1 k’_\

1 i 1 i L i 1 i 1 i L i

100 200 300 400 500 600 200 300

Temperature ('C)

Temperature ('C)

400 500 600 200 300 400 500 600
Temperature (C)

Fig. 9 Thermal stabilities of the HPTed alloys with various HPT rotations (a) Cu-29Zr, (b) Cu-38Zr, and (¢) Cu—47Zr
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Discussions

In this paper, we can see that partial amorphization of bulk
CuZr multi-stacks can be accomplished by ARB process
followed by low temperature annealing and monolithic
CuZr BMG disks can be obtained by HPT process. The
phenomenon of thermally induced amorphization was first
discovered in Au-La binary alloys by Schwarz and Johnson
in 1983 [18]. Later on, a lot of thermally induced amor-
phization has been found in electro-deposited films and
ball-milled powders [19, 20]. For the thermally induced
amorphization, very large interface between the constitu-
tive metals is the most principal factor. Secondly, an
atomic radius difference of more than 10% is important for
glass formation which will result in anomalous fast diffu-
sion of one element into another. Finally, a negative
enthalpy of mixing is said to be favorable for good GFA.
For ARBed CuZr multi-stacks with 10 cycles, the multi-
layered structure makes the structure similar to that of the
electro-deposited thin films. Simultaneously, the atomic
radium in Cu—Zr system (Cu, 0.128 nm; Zr, 0.161 nm) and
negative mixing enthalpy of —23 kJ/mol meet the criteria
for thermally induced amorphization. Additionally, to
suppress the nucleation and growth of thermodynamically
stable intermetallic compounds, the annealing was carried
out at temperature much lower than the crystallization peak
according to the DSC curve in Fig. 3.

As for stain-induced amorphization, i.e., HPT processed
CuZr in this paper, it is supposed that large quantities of
lattice defects in the metals caused by intense plastic
deformation will greatly accelerate the atomic intermixing
rate to achieve a high value of supersaturation, even at
room temperature. The supersaturated solid solution will
become thermodynamically unstable and transforms to an
amorphous phase. In contrast to the thermally driven
amorphization occurring between elements that have a
strong negative heat of mixing, many strain-induced
amorphization has been found to take place between ele-
ments providing even positive heat of mixing [Nakamura
T, Tsuji N, unpublished data]. The most important factor
that dominates the crystal to amorphous transformation
seems to be the total equivalent strain or the number of
HPT rotations in this study.

It is also important to note that the tendency for glass
formation or the GFA of the CuZr alloy depend on the overall
composition, which is very similar to that of the solidified
CuZr. Binary Cu—Zr alloys fabricated through solidification
routes have been studied widely in recent years [21, 22]. It
was found that CuZr metallic glass can be obtained in a very
wide composition ranged from 25at%Zr to 60at%Zr by
means of melt-spinning methods. It is said that the best GFA
of CuZr are located in a very narrow composition range.
However, the exact composition is controversial. The alloy

with composition of CuggZrsg, Cugy sZrsss, CugysZrsg, and
CusoZrso have been said to exhibit the best GFA by different
research groups [23-25]. Considering the experimental
results in the present study, the samples with composition of
Cu-38%atZr and Cu—47%atZr obviously show better GFA
than Cu-29%atZr, regardless of the fabrication technique.
For the thermally induced amorphization of the ARBed CuZr
multi-stack, the volume fraction of the amorphous phase is
much less for Cu—29%atZr than those for Cu-38%at Zr and
Cu—47%at Zr counterpart, which can be confirmed from the
area of the gray regions in Fig. 4. For the HPTed sample,
although from XRD and TEM investigation, all the three
composition were transformed into monolithic BMG finally
after 20 rations, the 7T, and 7, transition peak cannot be
detected by DSC measurements for Cu—29%atZr. It is sup-
posed that composition inhomogeneity or internal stress still
might exist in the Cu—29%at Zr sample even after 50 HPT
rotations, which will prevent the detecting of T, and T
during the DSC measurements. While for the other two
compositions, T, and T, can be clearly found on the DSC
curves even after 20 HPT rotations.

Conclusions

ARB followed by low temperature heat treatment and HPT
techniques can be used for the solid-state amorphization of
CuZr system. The following conclusions can be drawn.

a) Thermally induced amorphization can be partially
accomplished in the ARBed Cu—Zr multi-stacks by
low temperature heat treatment.

b) Monolithic CuZr BMG within wide composition range
can be obtained from mixture of pure Cu and Zr metals
by HPT process.

¢) The tendency of the glass forming by SPD technique is
in line with that for the alloys prepared by rapid
liquid—solid transformation methods. That is, Cu—
38at%Zr and Cu—47%atZr have a better GFA than Cu—
29at%Zr, regardless of the technique for the fabrica-
tion routes.
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