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Compressive deformation of a bulk Ce-based metallic glass
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The compressive deformation behavior of a Ces¢Al;(Cusg bulk metallic glass at room temperature and in the supercooled liquid
region was investigated at strain rates from 8 x 10~ to 7 x 1072 s~!. The material exhibited excellent mechanical formability with a

high compressive strain of ~89% at 8 x 10~*s~!

and 420 K. The material could be compressed from a thickness of 1 mm to

~106 pm. Excellent formability in the microscale was demonstrated when the sample was deformed in the supercooled liquid region.
The result indicates this alloy is a promising material for fabricating microdevices.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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When the first amorphous Au-Si ribbon was synthe-
sized by using a rapid quenching method in 1960 [1], it
opened a whole new material world. Recent research ef-
forts have made significant progress toward the develop-
ment of metallic glasses in bulk forms by slow cooling
multicomponent alloy systems [2-10]. This class of mate-
rials has been generally termed bulk amorphous alloys or
bulk metallic glasses (BMG). They exhibit numerous
superior properties such as high strength and good
fatigue resistance. The deformation of metallic glasses
exhibit homogeneous, superplastic behavior in the super-
cooled liquid region (AT) at high temperatures even
though they are very brittle at room temperature due to
the inhomogeneous deformation behavior. AT is conven-
tionally defined as the difference between the glass transi-
tion temperature (7,) and the crystallization temperature
(Ty). For instance, previous studies have reported excel-
lent plasticity in bulk Pd- [11-13], Cu- [14,15], and Zr-
based [16-22] metallic glasses when deformed in AT.
Moreover, the deformed behaviors in AT exhibited New-
tonian and non-Newtonian flows, depending upon the
temperature and applied strain rates.

In the present study, the compressive deformation
behavior and formability of bulk Ce;oAl;(Cu,y metallic
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glass in the supercooled liquid region (SLR) were exam-
ined. Zhang et al. reported a family of bulk rare-earth
Ce-based glassy alloy rods of up to 3 mm in diameter
[8-10]. These alloys with a wide SLR and very low T,
show polymer-like thermoplastic behavior. Since the
homogeneous deformation of BMGs generally takes
place at ~0.8 T, [23,24], the low T, might be regarded
as an indicator of the ductile character of a BMG, as
proposed by Schroers et al. [25]. It is thus of great inter-
est for this study to examine the deformation properties
and formability of a Ce-based BMG with low T,.
A 1 mm-thick Ce-based metallic alloy was cast into
a fully glassy plate by a conventional arc-melting meth-
od. The nominal alloy composition was determined to
be 68.8at.%Ce-10.0%A1-21.2%Cu, using an electron
probe microanalyzer. The alloy is hence denoted as
Ce79AloCuyo. Compressive specimens with an aspect ra-
tio of 1 were sliced directly from the cast plate. To en-
sure smooth specimen surfaces, both the top and
bottom surfaces were ground with a 1500-grit abrasive
paper before testing. The silicon die used for formability
evaluation was fabricated by a conventional lithography
method consisting of resist spin coating, soft baking,
mask alignment, exposure, etching and lift off.
Compressive tests were conducted with a heating fur-
nace-equipped Shimadzu AG250KN Autograph system
at room temperature and in a temperature range from
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400 to 420K with strain rates from 8x10~* to
7x1072s7'. A strain-rate-change method was used to
determine the strain-rate sensitivity value, m. The glassy
state of alloy was examined by X-ray diffractometry
(XRD) wusing monochromatic Cu-Ko radiation
(A=1.5406 A). The glass transition and crystallization
behavior were studied using differential scanning calo-
rimetry (DSC) with a heating rate of 40 K/min in Ar.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used for morphology
and microstructure analyses.

XRD patterns of the samples tested from 400 to
420 K along with that from the as-cast are shown in Fig-
ure 1. Broad Bragg peaks with no detectable crystalline
phases are observed in Figure 1. This suggests that the
amorphous structure is the major phase in the tested al-
loys. Thus, the samples are essentially amorphous after
testing in the supercooled liquid region. This is consis-
tent with the fact that the deformation time (~10 min)
at 420 K is within the incubation period for crystalliza-
tion, according to the thermal study in Ref. [22]. The in-
set shows a typical DSC scan of the alloy sample. The T,
and Ty are determined to be 366 K and 427 K, respec-
tively. The supercooled liquid region, AT, is 61 K. The
enthalpy (AH) for crystallization in the as-cast sample
is —23.9 J/g. These results are compatible with those re-
ported by Zhang et al. [22]. Figure 2 shows the edge and
planar views of bulk Pd40Ni40P20 [1 1], Cu6OZr20Hf10Ti10
[14] and Ce;0Al oCus glasses before and after testing in
compression at supercooled liquid region. The Ce-based
BMG shows the thickness and compressive strain are
106 um and 0.89, respectively, at 420 K and 8 x 107
s~ !. The result indicates this material exhibited excellent
deformability in the AT. To better describe the formabil-
ity, Schroers [26] proposed AT to be normalized to the
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Figure 1. XRD patterns of bulk Ce;Al;oCu,, glasses compressive
tested at various temperatures. The inset shows the DSC curve at a
heating rate of 40 K/min.

CugoZrzoHf10Tirg

Figure 2. Edge and top views of (a) PdgNigPs [11], (b)
CugpZraoHf10Tijo [14] and (c) CezpAl;oCuyg BMG’s before and after
compression in the supercooled liquid regions.

width of the undercooled liquid region, 7} — T, where
T, is the liquidus temperature. Thus, S parameters,
which are defined as AT/(T; — T,), are calculated for
various BMG systems in Table 1, along with thermal
properties and formability. It is seen from this table
that, in general, a large S is associated with good form-
ability of the BMG. However, from a processing point
of view, a low T, is highly desirable for achieving good
formability since it facilitates processing. As demon-
strated by Zhang et al., Ce-based BMG also exhibited
excellent imprint properties at ~373 K [10].

The relationship between compressive flow stress,
viscosity, strain rate sensitivity, and strain rate at vari-
ous temperatures for the Ce;0Al;oCuyg glass is shown
in Figure 3. Compressive behavior of the bulk Ce;oAl;o-
Cu, glass was evidently very sensitive to the test
temperature and the applied strain rate. The flow stress
is observed to increase with increasing strain rate, and
the maximum flow stress is lower than 10 MPa even
though at a high strain rate of 7x 1072 s~!. For a direct
comparison, results from a Pd-based and Cu-based alloy
deformed in compression are also included [11,14]. It is
noted that flow stresses of the Cu-based glass are about
five times higher than those of the Pd-based and Ce-
based glass in the AT. The Ce-based glass shows the
lowest flow stress in the A7. Strain rate sensitivity, m,
where m = Aloga/Alogé, was measured using a strain
rate change method. Variations of strain rate sensitivity
(m) and viscosity with strain rate for the Ce;oAl;gCusg
glass which deformed at 400, 410, and 420 K are shown
in Figure 3. It is readily observed that the m value in the
AT has strong strain-rate dependence; it approaches 1 at
low strain rates but decreases rapidly with increasing
strain rates in the high strain rate region. The m value
is always higher than 0.3 within the strain rate range
examined in the present study. Viscosity is calculated
using the conventional equation 7 = opoy/é. In the
strain rate region examined, an increase in strain rate
leads to a decrease in viscosity. The viscosity varies with
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Table 1. Thermal properties and S parameters for various bulk metallic glasses

BMG systems Thermal properties (K) S=AT/(T) — Ty) Formability References
T, T, AT T
PdoNigoP> 590 671 81 991 0.202 0.94% [11,27]
CusOZronf] ()Ti]() 760 805 45 1189 0.105 0.77% [14,28]
Ce7pAl}oCuyy 341 408 67 722 0.176 0.89% [10] and present study
Pts7.5Cuy47Nis 3P 5 508 606 98 795 0.341 N/AP [26,29]

& Compressive strain.

®No quantitative data available but it shows good formability according to
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Figure 3. Variations of compressive flow stress, viscosity and strain
rate sensitivity (m) with strain rate for samples deformed at 400, 410,
and 420 K. Results from Pd40Ni40P20 [11] and (b) CU5ozr20Hf10Ti10
[14] BMG’s are included for comparisons.

the strain rate, indicating the deformation is changed
from Newtonian flow at low strain rates to non-Newto-
nian flow at high strain rates. It is similar to that of the
Pd-based BMG, which shows a distinct transition from
Newtonian to non-Newtonian flow [11]. Yet this is dif-
ferent from that of the Cu-based BMG which exhibits
a non-Newtonian behavior in the strain-rate range
examined. In the present study, both Newtonian and
non-Newtonian flows were observed in the Ce-based
BMG.

The strain rate-stress relation at various tempera-
tures (400 K, 410 K, and 420 K) can be explained by

applying transition state theory, & = & sinh m;;‘ where
70 18 the local strain produced by the shear site of volume
Qp kg, and T have their usual meanings [30-32]. Reger-

Leonhard et al. found the Zr-based bulk metallic glass

Ref. [26].

had a linear relationship between strain rate and stress
in the low stress regime but transferred to non-linear
at high stresses [32].

Despite the difference in the deformation behavior at
different strain rates, the Ce;0Al1oCuy glasses show
large ductility at temperatures in the supercooled liquid
region. The superplastic microforming patterns of
Ce70Al1gCuyq glasses are obtained at 420 K in the AT.
Deformation at 420 K is in the Newtonian flow region
and thus has the best deformability for the bulk metallic
glass. It was shown that the highest temperature pro-
vides the best formability [26]. The Ce-based alloy is
filled fully inside the Si die as shown in Figure 4. The
shape of the deformed material duplicates the shape of
the Si die. The forming size is from 3 to 75 pm. In sum-
mary, the bulk Ce-based metallic glass exhibits superior
formability and can be used to fabricate microdevices.

Figure 5(a) shows the TEM image and diffraction
pattern of as-cast bulk Ce;oAl;(Cu,o metallic glass. It
is a fully amorphous structure of as-cast sample. After
processing at 420 K, nanocrystallites are seen in the
amorphous matrix, as shown in Figure 5(b). The nano-
crystalline phase was predominantly AlgCeCug as
confirmed by the diffraction pattern. DSC was used to
evaluate the crystallization effect by measuring the en-
thalpy of exothermic crystallization peak. Comparison
of the enthalpy values of as-cast and tested samples
yielded the crystalline volume fraction in the sample.
The volume fractions of nanocrystalline phase in sam-
ples deformed at 400 and 420 K are estimated to be
3.2% and 14.8%, respectively. Since these crystallites

Figure 4. SEM micrographs of various patterns obtained by micro-
forming of bulk Ce;oAl;oCuy glasses at 420 K.
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Figure 5. TEM micrographs of bulk Ce;oAl;oCuyg glasses in (a) as-cast
and (b) tested conditions obtained at 420 K. Insets are diffraction
patterns taken from each sample.

(in sizes of 20-50 nm) are small with no evidence of
apparent grain growth, these crystallites are likely to
form in the later stage of compression test. In addition,
the compressive strain is 0.89 at 420 K. The formation
of crystalline phase presumably has no significant effects
on the compressive properties. Similar results have been
also reported in the deformation of Pd-based BMG [11].

The excellent plastic deformation behavior of a
Ce70Al1oCuyg glassy alloy in the supercooled liquid re-
gion was demonstrated. A large compressive strain of
0.89 was achieved at 420 K and a strain rate of
8 x 107*s™!. The flow stress of the alloy was much lower
than those of Pd-based and Cu-based BMGs in their
respective supercooled liquid regions. The flow stress in-
creased with increasing strain rate and decreasing tem-
perature. The measured strain rate sensitivity value
was approximately 1 at the maximum and decreased
to about 0.3 at high strain rates. The low glass transition
temperature and large supercooled liquid region were
the key factors in the superplastic forming method. This
Ce-based metallic glass is expected to be a promising
material for microdevices.
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