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Plastic deformation in Ce-based bulk metallic glasses
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bstract

The deformation behavior and the effect of the loading rate on the plastic deformation features in (numbers indicate at.%) Ce60Al15Cu10Ni15,
e65Al10Cu10Ni10Nb5, Ce68Al10Cu20Nb2, and Ce70Al10Cu20 bulk metallic glasses (BMGs) were investigated through nanoindentation. The

oad–displacement (P–h) curves of Ce65Al10Cu10Ni10Nb5, Ce68Al10Cu20Nb2, and Ce70Al10Cu20 BMGs exhibited a continuous plastic deformation
t all studied loading rate. Whereas, the P–h curves of Ce Al Cu Ni BMG showed a quite unique feature, i.e. homogeneous plastic deformation
60 15 10 15

t low loading rates, and a distinct serrated flow at high strain rates. Moreover, a creep deformation during the load holding segment was observed
or the four Ce-based BMGs at room temperature. The mechanism for the appearance of the “anomalous” plastic deformation behavior in the
e-based BMGs was discussed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Bulk metallic glasses (BMGs) have shown potential as struc-
ural materials due to their exceptional mechanical properties.
owever, it is known that their room temperature ductility is

imited due to a catastrophic failure resulting from shear local-
zation. Understanding the micro-mechanisms of plastic defor-

ation and developing the constitutive relationships for BMGs
s an active area of research [1–7]. Recently, nanoindentation has
een proposed as a key method for the study of localized defor-
ation by shear banding in BMGs [5,8–14]. It is found that the

haracter of serrated flow depends strongly on the composition
nd structure of BMGs, as well as the applied strain rate during
anoindentation measurements [9–11,14]. The Pd-based alloys
xhibit sharper displacement bursts than for Zr-based materials
t the same loading rate [9]. Schuh and co-workers constituted
new high-rate regime of homogeneous flow on the deforma-
ion map of metallic glasses [5,9,10]. They suggest that there
s a transition in plastic flow behavior in which serrations are
uppressed at higher strain rate.
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More recently, Ce-based BMGs with an exceptionally low
lass transition temperature Tg have been reported. These mate-
ials can be repeatedly shaped in near-boiling water, and can
hus be regarded as “metallic plastics” [15,16]. There is a gen-
ral trend for metallic glass that, as the testing temperature
pproaches Tg (T/Tg > 0.7), the deformation behavior changes
radually from inhomogeneous to homogeneous viscous flow
17–19]. The T/Tg values of the Ce-based BMGs are about
.8 at room temperature [16]. This suggests that a homoge-
eous plastic deformation may occur in the Ce-based BMGs
t room temperature. However, no distinct bulk plastic strain
an be observed during the quasi-static state uniaxial compres-
ive tests in Ce-based BMGs at room temperature [20], which
ndicates a strongly inhomogeneous deformation. For further
nderstanding the plastic deformation mechanism in Ce-based
MGs, detailed study on the plastic deformation process is
eeded. In this work, the deformation behavior in four Ce-based
MGs is investigated by nanoindentation.

. Experimental procedure
BMG plates with 2 mm in thickness of (numbers indicate
t.%) Ce60Al15Cu10Ni15, Ce65Al10Cu10Ni10Nb5, Ce68Al10
u20Nb2, and Ce70Al10Cu20 were prepared by melting pure
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Table 1
The onset temperature of the glass transition (Tg), the crystallization temperature
(Tx), supercooled liquid region (�Tx = Tx − Tg), and T/Tg (T is room tempera-
ture) for the four Ce-based BMGs

Composition Tg Tx �Tx T/Tg

Ce60Al15Cu10Ni15 410.3 460.3 50 0.72
Ce65Al10Cu10Ni10Nb5 355.2 389.1 33.9 0.83
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etals in an argon atmosphere and then suction-casting in a
opper mould. The structure of samples was characterized by
-ray diffraction (XRD) in a Philips PW 1050 diffractometer
sing Cu K� radiation. Differential scanning calorimetry (DSC)
as performed with a Perkin-Elmer DSC-7 differential scan-
ing calorimeter under argon atmosphere. A constant heating
ate of 0.33 K/s was employed. The specimens for nanoinden-
ation measurements were mechanically polished to a mirror
nish and tested in a MTS Nano Indenter® XP with a Berkovich
iamond tip. A fused silica was used as a standard sample for
he initial calibration. The indentations were performed in load-
ontrol mode to a depth limit of 1 �m using loading rates from
.03 to 1.0 mN/s. The thermal drift of the instrument was main-
ained below 0.05 nm/s. At least six indentations were made for
ach test on each specimen. All tests were carried out at 296 K.
he indentation segments include five subsequent steps: a con-
tant loading rate segment at the given loading rate, holding at
he maximum load for 10 s, and then unloading to 10% of the

aximum load, followed by another holding for 10 s, and finally
nloading completely.

. Results and discussion

As-cast Ce60Al15Cu10Ni15, Ce65Al10Cu10Ni10Nb5, Ce68
l10Cu20Nb2, and Ce70Al10Cu20 alloys exhibit XRD spectrum

ypical for amorphous phase without obvious crystalline peak.
ig. 1 illuminates the DSC traces of the four alloys at a con-
tant scanning rate of 0.33 K/s. The onset temperature of the
lass transition (Tg), the crystallization temperature (Tx), and
upercooled liquid region (�Tx = Tx − Tg) for the four BMGs
re listed in Table 1. These values agree with the results in ref.
16]. Ce60Al15Cu10Ni15 BMG exhibits a relative higher Tg of
10 K, while the latter three BMGs show similar Tg from 355
o 359 K. The ratio of T/Tg (T is room temperature) for the four
e-based BMGs is 0.72, 0.83, 0.82, and 0.83, respectively.

Typical load–displacement (P–h) curves for nanoindenta-

ions on each of the four BMGs at various loading rates are
resented in Fig. 2. The origin of each curve has been displaced
or clearer observation. It can be seen that the deformation
ehavior in the four Ce-based BMGs is strongly dependent on

Fig. 1. DSC curves for the as-cast four BMGs.

n
a
o
m
t
c
r
m
C
1
2

a
i
m
N
[
[
e
s

e68Al10Cu20Nb2 359.1 412.2 53.1 0.82
e70Al10Cu20 356.9 400.6 43.7 0.83

he indentation loading rate. Ce60Al15Cu10Ni15 BMG exhibits
smooth loading curve at low loading rates and a pronounced

errated flow at high loading rates (Fig. 2(a)). While for
e65Al10Cu10Ni10Nb5, Ce68Al10Cu20Nb2, and Ce70Al10Cu20
MGs, the smooth deformation without distinct serrations is
bserved at all the studied loading rates (Fig. 2(b–d)). The
hreshold loading rate value for the appearance of the serrated
ow during indentation in Ce60Al15Cu10Ni15 BMG is about
.2 mN/s. This deformation feature during nanoindentation is
n contrast to that of other BMGs systems, e.g. Zr-, Pd-, and

g-based BMGs, in which a low indentation rate promotes
ore pronounced serrations, and rapid indentation suppresses

errated flow.
It can also be found in Fig. 2 that the maximum load at the

ndentation depth of 1000 nm increases with increasing loading
ate in the four BMGs. This means the hardness of the Ce-based
MGs is strongly dependent on the loading rate. The depen-
ence of the hardness on the loading rate in the four BMGs is
lluminated in Fig. 3. The hardness of Ce60Al15Cu10Ni15 BMG
s higher than that of the other three BMGs at all the loading
ates. Its value increases gradually from 1.75 GPa at 0.03 mN/s
o 2.45 GPa at 1.0 mN/s. The hardness values at various loading
ates are similar for Ce65Al10Cu10Ni10Nb5, Ce68Al10Cu20Nb2,
nd Ce70Al10Cu20 BMGs, and increase gradually from about
.35 GPa at 0.03 mN/s to 1.8 GPa at 1.0 mN/s.

It should be noted from the deformation behavior during
anoindentation (Fig. 2) that during the hold segment for 10 s
t the maximum load, a creep displacement could clearly be
bserved in the four BMGs. The magnitude of creep displace-
ent depends on the loading rate and the chemical composi-

ions of the four BMGs. Higher loading rates promote larger
reep displacement in all the four BMGs. At the same loading
ate, Ce60Al15Cu10Ni15 BMG exhibits a smaller creep displace-
ent than that of the other three BMGs, e.g. at 0.03 mN/s,
e60Al15Cu10Ni15 BMG exhibits a creep displacement of about
8 nm, while the other three BMGs show a similar value of about
8 nm.

Generally, homogeneous deformation in metallic glasses usu-
lly takes place at high temperatures (>0.70Tg), in contrast to
nhomogeneous deformation at ambient temperature. The defor-

ation behavior of BMGs near Tg can be Newtonian or non-
ewtonian, depending upon testing temperature and strain rate

17–19,21]. Kawamura et al. [21], Chen et al. [22], and Nieh et al.

23] have reported a yield drop phenomenon during compressive
xperiment near Tg in Zr- and Pd-based BMGs. That is, the flow
tress (σ), increases initially attaining a maximum (σyield), then
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the double logarithm plots of the experimental points is m.
ig. 2. Typical load–displacement (P–h) curves during nanoindentations at
arious loading rate for Ce60Al15Cu10Ni15 (a), Ce65Al10Cu10Ni10Nb5 (b),
e68Al10Cu20Nb2 (c), and Ce70Al10Cu20 (d) BMGs.

ecreases and attains a steady-state flow value (σflow). The mag-
itude of the yield drop (�σ = σ − σ ) depends strongly
yield flow
n the temperature and the strain rate. In a constant strain-rate
est, �σ shows a higher value at relatively low temperatures or
igh strain rates. The T/Tg values of the present Ce-based BMGs

T
C
0

Fig. 3. Loading rate dependence of hardness in the four BMGs.

re higher than 0.7, thus the homogeneous flow may occur at
oom temperature. The appearance of the creep displacement
uring the nanoindentation measurement at room temperature
hould be related to the viscous flow of these BMGs. The creep
isplacement is strongly correlated to the loading time. At higher
oading rates, the creep deformation is suppressed during the
oading process and occurs mainly during the load-holding seg-

ent at the maximum load. While as at the lower loading rates,
he creep occurs mainly during the loading process. As a result,
he creep displacement decreases with the increasing loading
ate (Fig. 2). The loading rate dependence of the hardness in
he present Ce-based BMGs is also related to the creep process.
uring indentation at lower loading rates, the loading process is

ccompanied by the creep deformation. Thereby, the maximum
oad needed to attain the designed indentation depth is lower
t the lower loading rates, due to the large creep deformation
uring the loading segment. That is, a lower hardness will be
bserved at the lower loading rates (Figs. 2 and 3).

The appearance of the serrated flow in Ce60Al15Cu10Ni15
MG at high loading rates may be related to the yield drop
henomenon. The magnitude of the serrations increases with
ncreasing loading rate due to the higher �σ at the higher load-
ng rates [21–23]. The reason for the disappearance of serrated
ow in the other three BMGs may due to their much higher T/Tg
alues, where �σ is less prominent. It must be pointed that the
reep deformation of the present Ce-based BMGs is quite lim-
ted even at the highest loading rate (Fig. 2). In addition, the total
f the width of each serration is much higher than the creep dis-
lacement. This indicates that the viscous flow is not the primary
echanism during plastic deformation. For further understand-

ng the plastic deformation mechanism in these BMGs, the strain
ate sensitivity coefficient (m) of the four BMGs during inden-
ation is evaluated, which is definited as:

= � log σ

� log ε̇

here σ is the stress and ε̇ is the strain rate. The slope of
he m value of Ce60Al15Cu10Ni15, Ce65Al10Cu10Ni10Nb5,
e68Al10Cu20Nb2, and Ce70Al10Cu20 BMGs is 0.075, 0.085,
.077, and 0.053, respectively. If m = 1, the flow is Newtonian;
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< 1 indicates inhomogeneous non-Newtonian flow [17]. This
uite low m values suggest that the plastic deformation of the Ce-
ased BMG during nanoindentation is highly inhomogeneous,
ocalized in the shear bands. This is proved by the direct obser-
ation of the plastic deformation region under the indent, which
xhibits a well-developed shear band pattern for all the four
MGs [20]. Therefore, the plastic deformation behavior during
anoindentation at room temperature should be closely related
o the nucleation and propagation of the shear bands. The promi-
ent serrated flow of Ce60Al15Cu10Ni15 BMG at high loading
ates may be caused by the formation of smaller amount of shear
ands with larger upset size [20]. For the other three BMGs, the
isappearance of serrated flow at all loading rates may due to
heir quite low Tg and the localized viscous flow. As shown in
ig. 2, the later three BMGs exhibit a much larger creep dis-
lacement than that in Ce60Al15Cu10Ni15 BMG. The creep of
etallic glass is related to the viscous flow of the materials.
he more prominent viscous flow in the Ce-based BMGs with

ower Tg could accommodate the stiff displacement caused by
he propagation of the shear bands, thus lead to the disappear-
nce of serrations.

. Conclusions

The deformation behavior and the effect of the loading rate
n the plastic deformation features in four Ce-based bulk metal-
ic glasses were investigated through nanoindentation at room
emperature. All the BMGs exhibit a loading rate dependence
f hardness, and a distinct creep displacement during the load
olding segment. Ce65Al10Cu10Ni10Nb5, Ce68Al10Cu20Nb2,
nd Ce70Al10Cu20 BMGs exhibit a smooth plastic deforma-
ion at all studied loading rate during indentation. Whereas,

e60Al15Cu10Ni15 BMG shows a continuous plastic deforma-

ion at low loading rates, and a distinct serrated flow at high
train rates. Shear banding is the primary plastic deforma-
ion mechanism in the Ce-based BMGs, though the ratio of

[
[
[
[

ineering A 449–451 (2007) 962–965 965

oom temperature to Tg is lager than 0.7 for all of the studied
lloys.
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