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Abstract

The plastic deformation behavior of CeggAl;oCuyoNb, and Ce;oAl;(Cuyq bulk metallic glasses (BMGs) at room temperature was studied by
depth-sensing nanoindentation and microindentation. It is shown that the two BMGs exhibit a continuous plastic deformation without distinct
serration at the all of the studied loading rates during nanoindentation. An obvious creep displacement was observed during the holding-load
segment at the maximum load for the two alloys, and the magnitude of creep during holding-load increases with loading rate. The subsurface
plastic deformation zone of the two BMGs after indentation at various loading rates was investigated through bonded interface technique using
depth-sensing microindentation. A highly developed shear banding pattern can be observed in the plastic deformation region, though the global
load—depth curves illuminate a ‘“homogeneous flow”. The plastic deformation behavior of the Ce-based BMGs during indentation measure-

ments is discussed in terms of localized viscous flow.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The plastic deformation of metallic glasses is classified as
homogeneous or inhomogeneous [1—4]. Homogeneous flow
occurs at low imposed strain rates and at temperatures near
and above the glass transition (7> 0.7T,). In this regime,
every element of the metallic glass contributes to the overall
plastic strain. At ambient temperature or at large imposed
strain rates, plastic flow becomes inhomogeneous and tends
to localize on a small number of bands that form approxi-
mately on maximum shear stress planes. More recently, Ce-
based bulk metallic glasses (BMGs) with an exceptionally
low glass transition temperature T, have been reported. These
materials can be repeatedly shaped in near-boiling water, and
can thus be regarded as “metallic plastics’ [5,6]. Room tem-
perature is about 0.8T, for the Ce-based BMGs. This provides
an opportunity for the study of homogeneous plastic
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deformation in BMGs at room temperature. However, no
distinct overall plastic strain can be observed during the
quasi-static state uniaxial compressive tests [5], which indicate
a strongly inhomogeneous deformation. For further under-
standing the plastic flow mechanism in Ce-based BMGs,
detailed studies on the plastic deformation process are needed.
Nanoindentation has recently been proposed as a key method
for the study of plastic deformation behaviors in BMGs
[7—13]. Nanoindentation tests allow considerably larger plas-
tic deformation to be accumulated in the quasi-brittle materials
in a localized area around the indented regions. In this work,
the deformation behavior and the loading rate effect on defor-
mation features in two Ce-based BMGs are investigated by
nanoindentation. Furthermore a direct observation of the
plastic deformation region is proved for understanding the
deformation mechanism in the Ce-based BMGs.

2. Experimental

Cylindrical rods with 2 mm in diameter of the nominal
chemical composition CeggAl;oCusoNb, and Ce,pAl;oCuyg
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BMGs were prepared by melting pure metals in an argon at-
mosphere and then chill-casting in a copper mould. The struc-
ture of the samples was characterized by X-ray diffraction
(XRD) using a Philips PW 1050 diffractometer using Cu K,
radiation. Thermal analysis was performed using a Perkin—EI-
mer DSC-7 differential scanning calorimeter under argon
atmosphere. A constant heating rate of 0.33 K/s was em-
ployed. The specimens for nanoindentation measurements
were mechanically polished to a mirror finish and tested in
an MTS Nano Indenter® XP with a Berkovich diamond tip
(the tip radius is about 50 nm). Fused silica was used as a ref-
erence sample for the initial tip calibration procedure. The in-
dentations were performed in load-control mode to a depth
limit of 1 um using loading rates from 0.03 to 1.0 mN/s.
The maximum load was held constant for 10 s, and then was
unloaded at the rates as same as the loading one. The thermal
drift of the instrument was maintained below 0.05 nm/s. At
least six indentations were made for each test. All tests were
carried out at 396 K. The study of subsurface deformation
morphology was obtained through the bonded interface tech-
nique [14]. The two mirror polished surfaces were bonded us-
ing a high strength adhesive. A careful bonding was made to
minimize the bond layer thickness ensuring the bonded layer
thickness for different specimen is almost same. The microin-
dentation tests were performed using Vickers’ indenter on the
bonded interface as well as away from it. The indenter is at-
tached to a load cell that is bolted to the bottom of the cross-
head of an Instron 5848 Microforce Tester. The indentation
measurements were performed in displacement-control mode
to a load limit of 10 N. It was also ensured that one of the
indentation diagonals coincides with the interface. Indents’
surface and subsurface observations were performed using
a Neophot-21 optical microscope.

3. Results and discussion

Fig. 1 demonstrates the DSC traces of the two Ce-based
BMGs at a constant scanning rate of 0.33 K/s. The onset tem-
perature of the glass transition (Ty), the crystallization temper-
ature (Ty) and supercooled liquid region (AT, =T, —T,) is
359.1K, 412.2K and 53.1 K for CeggAl;oCuyyNb, BMG,
and 356.9 K, 400.6 K and 43.7 K for Ce;oAl;oCu,g BMG, re-
spectively. These values agree with the results given in
Ref. [6]. The ratio of room temperature over T, is almost
the same of about 0.83 for the two BMGs. The inset in
Fig. 1 exhibits the XRD patterns of as-cast CeggAl;oCu,oNb,
and Ce;0Al;oCu,q alloys. All the as-cast alloys exhibit XRD
spectrum typical for amorphous phase without obvious crys-
talline peak.

Typical load—depth (P—#h) curves during nanoindentation
at various loading rates of the two BMGs are presented in
Fig. 2, where the samples are indented to the depth of
1000 nm. The origin of each curve has been horizontally dis-
placed for clearer observation. It can be seen that the P—h
curves of the two BMGs at all loading rates do not exhibit
distinct serrated flow during the loading process. This is in
contrast to the deformation behavior of other BMGs, e.g.
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Fig. 1. DSC curves for the as-cast CeggAl;oCu,sgNb, and Ce;oAl;oCuyg BMGs
at a heating rate of 0.33 K/s. The inset is XRD patterns for the two alloys.

Zr-, Pd-, and Mg-based BMGs during nanoindentation, where
a pronounced serrated flow has been observed at least at low
loading rates [7—12]. It can also be found in Fig. 2 that the
maximum load at the indentation depth of 1000 nm increases
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Fig. 2. Typical load—depth (P—#) curves for the two BMGs during nanoinden-
tation at various loading rates. (a) CeggAl;oCuyoNb,; (b) CesoAl;oCusyo.
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with increasing loading rate for the two BMGs. This means
that the hardness of the Ce-based BMGs at room temperature
increases with the loading rate. The hardness value is almost
the same for the two BMGs at all the loading rates, that is,
about 1.3GPa at 0.03 mN/s and 1.8 GPa at 1.0 mN/s.
Whereas, hardness is normally independent of the loading
rate at room temperature for other BMGs [7,15].

It should be noted from the P—#h curves (Fig. 2) that during
the hold segment for 10s at the maximum load, a creep
displacement could clearly be observed in the two BMGs.
The magnitude of the creep displacement during holding-
load depends strongly on the loading rate, i.e. higher loading
rates promote larger creep displacement for the two BMGs.
At the same loading rate, two BMGs exhibit a similar creep
displacement, e.g. about 28 nm at 1 mN/s.

Generally, homogeneous deformation in metallic glasses
takes place at high temperatures (>0.70 T,), in contrast to
inhomogeneous deformation at ambient temperature. The
plastic deformation in metallic glasses at room temperature
is concentrated in the narrow regions called shear bands
[16]. Serrated flow phenomenon manifested as a stepped
load—displacement curve punctuated by discrete bursts of
plasticity during nanoindentation was already found in Pd-
, Zr-, Nd- and Mg-based BMGs [7—12]. The serrations
correspond to the activation of individual shear bands.
Low indentation rates promote more pronounced serrations,
as a single shear band could propagate adequately at low
loading rates. The P—h curves for the present two BMGs
do not exhibit distinct serrations at all the studied loading
rates. This may suggest that the Ce-based BMGs deform
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homogeneously during nanoindentation at room temperature.
However, the strain rate sensitivity coefficient (m) of the
two Ce-based BMGs during the plastic deformation at
room temperature is quite low and in the order of 1072
[17]. It is well known that m =1 indicates a Newtonian
flow, and m < 1 for non-Newtonian flow. The quite low m
values here indicate a highly localized plastic deformation
for the present two alloys. To further illuminate the plastic
deformation feature of the Ce-based BMGs, we studied the
morphology of plastic deformation region around the indent
after microindentation.

Fig. 3 demonstrates the typical subsurface and upper sur-
face plastic deformation morphologies of the CeggAljg
CuyoNb, BMG after indentation at different loading rates. A
highly developed shear band pattern could be observed in
the subsurface plastic deformation region at all loading rates
(Fig. 3a,c). The deformation zone is semi-circular in nature
containing two types of shear bands; those are semi-circular
and radial shear bands. A number of incomplete circular pat-
terns of shear bands are also observed in the pile-up area
around the indents (Fig. 3b,d). They represent the overlapping
layers of displaced material that flow upwards and away from
the depth of the indents. Fig. 4 shows the typical subsurface
and upper surface plastic deformation morphologies of the
Ceg7Al1oCuyg BMG. Many shear bands are also observed un-
derneath the indent (Fig. 4a,c) and around the indent surface
(Fig. 4b,d). By comparing the shear band feature of the alloy
at different loading rates, we can find that the number of shear
bands is higher at low loading rates than that at higher loading
rates (Figs. 3 and 4). This is in contrast to the results in Zr- and

Fig. 3. Plastic deformation region morphology for CeggAl;oCuoNb, BMG after indentation at different loading rates. (a) 15 nm/s, underneath indent; (b) 15 nm/s,

around indent; (c) 1000 nm/s, underneath indent; (d) 1000 nm/s, around indent.
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Fig. 4. Plastic deformation region morphology for Ce;oAl;oCuyg BMG after indentation at different loading rates. (a) 15 nm/s, underneath indent; (b) 15 nm/s,

around indent; (c) 1000 nm/s, underneath indent; (d) 1000 nm/s, around indent.

Mg-based BMGs, where more shear bands were observed at
higher loading rates [12].

The morphology of the plastic deformation region in the
two BMGs after indentation exhibits a distinct inhomogeneous
deformation feature characterized by forming shear bands.
Furthermore, it should be pointed that the size of the shear
band upsets in the two BMGs is much larger than that in Zr-
based BMG at the same indentation condition [12]. This
should lead to a pronounced serrated flow during indentation,
as the propagation of an individual thick shear band will cause
a strongly rigid slip of the surrounding elastically deformed
materials. However, there is no obvious serration in the P—h
curves of the two BMGs during nanoindentation at various
loading rates (Fig. 2). The disappearance of serration should
be related to the local viscous flow of the Ce-based BMGs dur-
ing indentation. It has been shown in Fig. 2 that creep takes
place during loading process, which contains viscoelastic vis-
coplastic flow. The creep occurs preferentially in the maxi-
mum shear stress direction prior to the appearance of shear
bands, and will relax the stress concentration. Moreover, the
localized viscous flow around the shear bands will accommo-
date the rigid displacement of the materials caused by the
propagation of shear bands. These two factors give rise to
a continuous plastic deformation in Ce-based BMGs during
indentation.

4. Summary

The plastic deformation behavior of CeggAl;oCuyoNb, and
Ces0AloCuyy bulk metallic glasses (BMGs) at room

temperature was studied by depth-sensing nanoindentation
and microindentation. The two BMGs exhibit a continuous
plastic deformation without distinct serration at the all of the
studied loading rates during nanoindentation. However, the
plastic deformation region underneath and around the indents
after indentation measurements shows a highly developed
shear band pattern, indicating a highly inhomogeneous flow.
The localized creep deformation prior to the appearance of
shear band is thought to be the reason for the disappearance
of serration during indentation.
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