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In this paper, the rheological behavior and thermoplastic deformation of Zrg; ggCul1gNij0.12Al10 bulk metallic
glasses (BMGs) in the supercooled liquid region (SCLR) were studied by high temperature compression tests and
a processing map was constructed. The results indicated that the flow stress of present alloy in the SCLR is very
sensitive to temperature and strain-rate. The flow stress decreases with increasing temperature and decreasing
strain-rate. The viscosity coefficient of the present alloy ranges from 10'! Pa.s to 10° Pa.s and decreases with
increasing temperature and strain-rate. When the strain-rate is greater than 5 x 1073s”!, the
Zre1 88Cu;1gNijg.12Al10 alloy undergoes a transition from Newtonian fluid to non-Newtonian fluid. The surface
profile exhibited a similar shape of the letter ‘N' after high temperature compression in the deeply SCLR. The
optimum hot processing region of Zrg; ggCu;gNijo.12Al1o alloy is 688 K-708 K with a low strain-rate and

708 K-723 K with a high strain-rate.

1. Introduction

The discovery of BMGs has triggered wide interest in academia [1].
Owing to the absence of long-range order and no crystal defects, BMGs
have a series of attractive mechanical properties, for instance high
strength, high hardness, oxidation resistance, corrosion resistance and
small thermal expansion coefficient, etc. [2-9]. When the temperature
reaches the SCLR, the viscosity coefficient of BMGs drops sharply with
increasing temperature [10-12]. The feature of low viscosity coefficient
in the SCLR contributes to thermoplastic forming (TPF) of BMGs [10].
This provides a new idea for the plastic processing of BMGs. It is found
that the micro-parts made of BMGs have the advantages of high di-
mensional accuracy, excellent surface quality, high preparation effi-
ciency and low costing comparing with the traditional crystal materials.
BMGs are considered as a promising material for micro/nano-replica-
tion process [10]. Spaepen [8] firstly divided the plastic deformation of
BMGs into two basic types: homogeneous plastic deformation and in-
homogeneous plastic deformation. Previous works illustrated that the
homogeneous plastic flow corresponds to Newtonian viscous flow that
generally occurs at high temperature and low strain-rate [13-15].
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2. Experimental procedure

Master alloy with nominal composition of Zre; ggCuigNiqg 12Al10
was chosen for this study due to its excellent glass forming ability
(GFA), large SCLR and good thermal stability [16,17]. The master alloy
was prepared by levitation melting the constituent elements Zr, Cu, Ni
and Al (purity = 99.99%) under a high purity argon atmosphere.
Master ingots were re-melted three times to ensure chemical homo-
geneity, followed by suction casting into a water-cooled copper mold in
order to get rods with a diameter of 3 mm and a length of 70 mm. The
amorphous structure of the master alloy was investigated by X-ray
diffractometer (XRD, D/max-2400, Cu K,). The thermal characteristic
temperature of the BMGs were evaluated by differential scanning ca-
lorimeter (DSC, STA449) with a heating rate of 20 K/min, showing that
T, and T, was 656 K and 750K, respectively. It follows that the su-
percooled liquid region width AT, = T, — T, = 94K.

Test specimens for high temperature compression tests, with a
diameter of 3mm and a length of 6 mm, were cut from the rods pre-
pared in advance by a diamond slicer. High temperature compression
tests were carried out using a Gleeble-3800 machine protected by high
purity argon atmosphere. In order to explore the factors influencing the
rheological behavior of the BMGs in the SCLR, various temperatures
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Fig. 1. XRD pattern of the as-cast Zrg; ggCuygNiqg.12Al1¢ specimen.

and strain-rates were selected (the temperatures and strain-rates are
678K, 693K, 708K, 723K, 107%s™', 5x 10 >s!, 1073s7",
5 x 10~ *s ™! respectively). The surface morphology of the specimens
after high temperature compression was observed by scanning electron
microscopy (SEM, JSM-6700F). The high temperature compression
tests were simulated using general finite element simulation software.

3. Results and discussion

Fig. 1 shows the XRD pattern of the as-cast Zrg; ggCu1gNiqg.12Al10
specimen. It can be seen that the XRD pattern consists of one broad
diffuse peak between diffraction angles 30°and 45°. It indicates that the
master alloy has a perfect glassy structure.
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Zre1.88Cu1Niqg.12Al10 glassy alloy under different deformation condi-
tion in the SCLR. It can be seen from Figs. 2-3 that the deformation
temperature and strain rate have a significant effect on the plastic
rheological behavior of the BMGs in the SCLR. At first, it can clearly
observed the occurrence of elastic deformation during high temperature
compression tests, followed by a stress “over-shoot” phenomenon, then
the flow stress gradually stabilized [18]. According to the “free volume
theory”, due to the existence of free volume, the BMGs are not com-
pletely tight stacking state. According to Refs [8], the plastic de-
formation of the BMGs in the SCLR is accomplished by the creation and
annihilation of free volume. When the deformation temperature and
strain-rate are low, owing to the low activation energy, it is not enough
to provide enough free volume for atomic transition, resulting in the
stress sharply increases to form peak stress. And then the peak stress
works, so that the atoms squeeze into smaller space, resulting in the
generation of new free volume, which continues to support the atomic
transition, hence the stress decreases and tends to be gentle [8].

It can be clearly seen from Fig. 2 that the stress peak gradually in-
creases with increasing strain-rates, as is shown in Fig. 2(a)—(d). The
flow stress is considered as the peak-stress in order to eliminate the
elastic contribution [19]. When the strain-rate is lower than
5x 1073571, the flow stress occur distinct decline, as is shown in
Fig. 2(b)-(c). This phenomenon indicates that present alloy is sensitive
to applied strain-rates. The flow stress-strain curves in Fig. 2(c) exhibit
good regularity and the flow stress is low. Especially, when the strain-
ratesare 10" 3s~ ' and 5 x 10~ *s™!, the curves do not display obvious
stress “over-shoot” phenomenon, indicating that the plastic deforma-
tion is more stable. At this time, alloy specimens show Newtonian fluid
characteristics. Owing to the lower strain rate, resulting that the
heating time is too long, the specimens may generate nano-crystalline
during the high temperature compression process [19]. The dispersive
distribution of the nano-crystalline plays a crucial role in dispersion
strengthening that further hinder the flow of the flow units, resulting in

Figs. 2-3 illustrated the compression stress-strain curves of a suddenly rise of the flow stress, as is shown in Fig. 2(d).
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Fig. 2. Compression stress-strain curves of Zre; ggCu1gNijg.12Al10 specimens at different strain-rates.
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Fig. 3. Compression stress-strain curves of Zre; ggCu1gNijo.12Al10 alloy at different temperatures.

The impact of temperature on the stress-strain relationship of spe-
cimens was exhibited in Fig. 3. AVD Beukel [20] believes that the
amount of free volume varies with temperature and the amount of free
volume increases with increasing temperature. As the temperature in-
creases, the amount of free volume increases, plastic deformation by
free volume creation and annihilation becomes easier and the resistance
of the alloy to external deformation becomes smaller, so that the stress
overshoot gradually disappears, as is exhibited in Fig. 3(a)-(d). Espe-
cially, When the temperature is higher than 693K, the flow stress ap-
pears obvious decline and occurs the phenomenon of strain increases
but the stress almost does not increase (Newtonian viscous fluid char-
acteristics), as is shown in Fig. 3(a)-(c). This phenomenon indicates
that present alloy is very sensitive to temperature. Owing to the in-
cubation time of crystallization is shortened at high temperature, the
specimens may generate nano-crystalline during the high temperature
compression process. As a result, there is a work hardening phenom-
enon due to the impact of the dispersion strengthening aroused by
nano-crystalline, as is shown in Fig. 3(d).

The relationship between the flow stress and strain-rate of
Zre1 88CuigNiyg.12Al1o alloy is exhibited in Fig. 4(a). The flow stress of
specimens ranges from 653 MPa (appears at 678 K with a strain-rate of
107%s™ 1) to 33MPa (appears at 723K with a strain-rate of
5 x 10~ *s™1). The flow stress of specimens decreases with increasing
temperature and decreasing strain-rate. When the temperature reaches
708K and 723K, the flow stress of specimen is lower than the other
temperatures and flow stress and strain rate have a good linear re-
lationship. W.H. Wang [21] believes that the stress and the strain-rate
of the material are linear in the Newtonian deformation zone. We can
observe from Fig. 4(a), the stress and the strain-rate are linear at 708 K.
So at that time, the BMGs belong to Newtonian fluid. According to the

logarithmic relationship of Backofen function [22].
lgo = mlgé + 1gK @

where 0y, is the flow stress, K is a constant, ¢ is the strain-rate and m is
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the strain rate sensitivity exponent. So the slope of the flow stress-strain
rate curves reflects the strain-rate sensitivity exponent. It can be ob-
served that when the strain-rate is greater than 5 X 107 357! (g
(0.005) = —2.3), the slope of the curves decreases indicating that the
specimens undergo a transition from Newtonian fluids to non-New-
tonian fluids.

It is well known that viscosity coefficient is an indispensable para-
meter describing the flow behavior of BMGs in the SCLR. One of the
differences between Newtonian and non-Newtonian fluids is whether
the viscosity coefficient is a constant. According to the conventional
equation

n= o'ﬂow/ 3¢ (2)

the viscosity coefficients of the material at various temperatures and
strain-rates were calculated and summarized in Table 1. Furthermore,
strain-rate dependence of viscosity coefficient for specimens was
plotted in Fig. 4(b). It can be clearly observed that the viscosity coef-
ficient ranges from 10'! Pas at 678K (near Ty) to 10°Pass at 723K
(close to Ty). The viscosity coefficient decreases with increasing strain-
rates. This phenomenon shows that the present alloy undergo a tran-
sition from Newtonian flow at low strain-rates to non-Newtonian flow
at high strain-rates. Especially, when the test temperature is greater
than 693 K, the variation of the viscosity coefficient with strain-rate is
small and the alloy specimens show uniform plastic deformation
(Newtonian viscous fluid characteristics). At this time, the BMGs belong
to Newtonian fluid. Combined with flow stress-strain curves of Fig. 2(c),
it can be found that the flow behavior of Zrs; ggCu;gNij.12Al10 alloy is
relatively stable at 708 K, which belongs to the typical Newtonian
rheological state and is very favorable for TPF.

Temperature as another major factor affected the flow properties of
BMGs in the SCLR plays an indispensable role in the rheological process
of the material. According to Table 1, the change regularity of viscosity
coefficient with temperature was analyzed, as shown in Fig. 4(c). In
general, the viscosity coefficient of specimens do not vary linearly with
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Fig. 4. The relationship between logarithm stress-logarithm strain rate (a); Viscosity changes with strain rate (b) and temperature (c).

Table 1
Viscosity coefficient of Zrg; ggCuigNiyg.12Al1o alloy at different temperatures
and strain-rates ( x 10'° Pa-s).

Strain-rate(s ') 678K 693K 708K 723K

5x 107 *s7! 9.5 + 0.22 4.9 + 0.27 2.4 + 0.25 2.2 + 0.38
1073571 12 * 0.16 3.9 + 0.14 1.9 = 0.2 1.2 + 0.16
5x1073s7! 3.0 + 0.02 2.1 + 0.04 0.78 + 0.03 0.39 + 0.03
1072571 2.2 + 0.01 1.0 £ 0.02 055 + 0.01 0.26 + 0.02

temperature, it decreases with increasing temperature and reaches a
minimum of 2.6 x 10°Pa's at 723K with a strain-rate of 10~ 2s™%,
Especially, when the strain-rate is greater than 5 x 10~ >s ™!, the alloy
specimens also exhibit high rheological behavior. The result is similar
to the experimental result of Wang [23].

In addition, due to errors of the measurement accuracy of experi-
mental equipment such as thermocouples and sensors during the ex-
periment, there are different deviations of the experimental data.
Through the multiple tests and the error analysis of the experimental
data, the standard deviation of the data is obtained. The error bar of the
experimental data was plotted, as is shown in Fig. 4.

Fig. 5 shows the surface profile's low magnification SEM images of
the specimens after high temperature compression tests, the surface
profile at 678 K with a strain-rate of 10~ ?s ™! is exhibited in Fig. 5(a). It
can be clearly observed that the tested specimen exhibits a similar
shape of the letter ‘N’ as a whole at low temperature with a high strain-
rate and there are many folds on the surface of the tested specimen. It
may be related to the interaction between the shear bond and the stress
along the axial direction of the specimen. Fig. 5(b) shows the surface
profile of the tested specimen at 693K with a strain-rate of
5 x 10~3s~!. Comparing with Fig. 5(a), the surface is smoother. In
addition, the ‘N’-type profile disappeared and transformed to a shape
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which is similar to drum. This phenomenon can be explained that as the
temperature increases, plastic deformation by free volume creation and
annihilation becomes easier and the resistance of the alloy to external
deformation becomes smaller. The transformation of these two shapes
means that the alloy specimens undergo a process from non-uniform to
uniform rheology.

In order to analyze the flow status and stress-strain relationship of
the specimens in the SCLR, the flow status of the material in the process
of high temperature compression tests are simulated by the general fi-
nite element software and compared with the experimental data, the
result is shown in Fig. 6. The simulation result and experimental result
are exhibited in Fig. 6(a) and (c). According to the simulation result, the
stress-strain curve of the material was plotted and compared with the
experimental results, as is shown in Fig. 6(d). It is found that the si-
mulation result and experimental result are very closer. The finite
element software was used to simulate the flow velocity change of the
test specimen during the compression process. It was found that the
flow velocity of the material at the stress end is faster than the other end
and the flow velocity of the intermediate part is between the two ends.
Perhaps this is one of the reasons why the test specimen is compressed
into a drum-like shape, as shown in Fig. 6(b).

“Processability” is a significant index to measure the ability of metal
plastic forming. The processability of metal materials contains two as-
pects: the inherent processability and the impact of stress state. There is
a rheological instability phenomenon in the process of high tempera-
ture compression tests and there is a safety zone and a destabilization
zone. The establishment of processing map can enable us to analyze and
simulate the process of metal plastic molding and master the impact of
various process parameters on the material flow process, so as to con-
trol the microstructure evolution and optimize the process parameters
[24]. Based on the dynamic material model (DMM) [25], the rheolo-
gical instability criterion proposed by Murty [26] and the numerical
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Fig. 5. Surface profile of the Zrg; gsCuygNi1g12Aly alloys after high temperature compression tests, (a) 678 K-10"2s~%; (b) 693K-5 x 10 35~ 1,

structure method of Jun Zhou [24] are used. The flow state of the test
specimens in the SCLR was analyzed by MATLAB software. The results
are shown in Fig. 6. Usually we believe that the superplastic area is the
area that the energy dissipation efficiency is more than 60%. Fig. 7(a)
shows the energy dissipation diagram which can observe from Fig. 7(a)
that the energy dissipation efficiency is less than 60% consist of two
parts, one part is the region with low-temperature and high strain-rate,
the other part is the region with high-temperature and intermediate
strain-rate. The energy dissipation efficiency of the alloy in the other
temperature region is about 60%-80%, which belongs to the super-
plastic region.

The reason of rheological instability is that the rate of system gen-
erates entropy does not match the rate of external entropy applied to
the system. Fig. 7(b) shows the rheological instability diagram. It is
found that the unstable region mainly includes two parts, one part is the
low-temperature region with a high strain-rate and the other part is the
high-temperature region with a low strain-rate. Compared with the
energy dissipation diagram and the rheological instability diagram, it

Step 100 Stress(Mpa)

Tmm WD 8.0mm

NONE LEI 10.0kV X25

True stress(MPa)

can be concluded that the optimum hot processing region of
Zre1.88Cu18Niq0.12Al10 alloy is 688 K-708 K with a low strain-rate and
708 K-723 K with a high strain-rate.

4. Conclusions

The main findings of this study are:

(1) The flow stress of Zrg; gsCuygNijp 12Al10 alloy is sensitive to
temperature and strain-rate. The flow stress decreases with increasing
temperature and decreasing strain-rate. When the strain-rate is greater
than 5 X 1073571, the Zrg; gsCli1gNiq0.12Al1o alloy undergoes a tran-
sition from Newtonian fluids to non-Newtonian fluids. In addition, the
test temperature is greater than 693 K, the Zrg; ggCugNijg.12Al10 alloy
presents Newtonian viscous fluid characteristics.

(2) The viscosity coefficient of Zrg; ggCuigNiqg.12Al10 alloy ranged
from 10! Pa's to 10° Pa's and exhibited a tendency to decrease with
increasing temperature and strain-rate.

(3) According to the results of SEM, it can be find that the specimens
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Fig. 6. Finite element simulation results of Zrs; ggCu1gNi10.12Al10 alloy compressed in the supercooled liquid region.
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Fig. 7. Energy dissipation map (a) and flow instability map (b) of Zrs; ggCu18Ni10.12Al10 alloy.

exhibited a similar shape of the letter ‘N’ as a whole in the deeply SCLR.
With the increase of temperature, the surface profiles of the specimens
were gradually replaced by a shape like a drum. The transformation of
these two shapes means that the alloy samples undergo a process from
non-uniform to uniform rheology.

(4) The results of the processing map indicate that the optimum hot
processing region of Zre; ggCu;gNijg.12Al10 alloy is 688 K-708 K with a
low strain-rate and 708 K-723 K with a high strain-rate.
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