ELSEVIER

Available online at www.sciencedirect.com

SCIENCE‘dDIRECT@

Intermetallics 13 (2005) 827-832

Intermetallics

www.elsevier.com/locate/intermet

Strain rate-dependent compressive deformation behavior
of Nd-based bulk metallic glass

L.F. Liv®, L.H. Dai**, Y.L. Bai®, B.C. Wei’, G.S. Yu°

4State key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Science, Beijing 100080, People’s Republic of China
°National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Science, Beijing 100080, People’s Republic of China

Received 25 January 2004; accepted 10 January 2005
Available online 2 April 2005

Abstract

Compressive deformation behavior of the NdgoFe,gCoypAljg bulk metallic glass was characterized over a wide strain rate range
(6.0X107* to 1.0X10%>s™ ") at room temperature. Fracture stress was found to increase and fracture strain decrease with increasing
applied strain rate. Serrated flow and a large number of shear bands were observed at the quasi-static strain rate (6.0X10™*s™!). The
results suggest that the appearance of a large number of shear bands is probably associated with flow serration observed during
compression; and both shear banding and flow serration are a strain accommodation and stress relaxation process. At dynamic strain
rates (1.0X 10 s '), the rate of shear band nucleation is not sufficient to accommodate the applied strain rate and thus causes an early
fracture of the test sample. The fracture behavior of the NdgoFe,gCoy9Al;g bulk metallic glass is sensitive to strain rate.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, due to the development of bulk metallic
glasses (BMGs), intensive efforts have been focused on the
preparation and mechanical deformation behaviors of BMG
because of the basic science and potential engineering
application of the materials [1-14]. This class of materials
exhibit many unique mechanical properties, e.g. extremely
high strength, fracture toughness, large elastic deformation,
shaping and forming in a viscous state, reduced sliding
friction and improved wear resistance [15-18].

Understanding the deformation mechanism of BMGs is
very important for the application of this class of materials
to a variety of engineering problems. The mechanical
behaviors of BMGs can be classified by either inhomo-
geneous or homogeneous deformation. Inhomogeneous
deformation usually occurs when a metallic glass is
deformed at low temperatures (e.g. room temperature)
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and high stress. At high stress, inhomogeneous plastic
deformation is usually localized into narrow shear bands. In
compression, BMG exhibits essentially no strain hardening,
and plastic flow is serrated with many small load drops that
correspond to the activation of individual shear bands.
Wight et al. [19], Golovin et al. [20] and Schuh et al. [21]
studied the serrated flow in BMG using nanoindentation.
The result was shown to depend strongly on the indentation
strain rate, with lower rates promoting more prominent
serrations or displacement bursts.

In contrast to inhomogeneous deformation, homo-
geneous deformation in BMGs usually takes place at high
temperatures (>0.70 T,, where T, is the glass transition
temperature), and the materials usually exhibit significant
plasticity. This is especially the case in the supercooled
liquid region. It has been found that many metallic glasses
do not actually exhibit Newtonian behavior in the super-
cooled liquid region, and in particular this is true at high
strain rates. Kawamura et al. [22] and Wei et al. [23] showed
that the plastic behavior was strongly dependent on the
strain rate. The Newtonian behavior of NdggFe,oCoipAl;q
bulk metallic glass changed to non-Newtonian behavior
when the strain rate was increased from 1.4X107* to
1.4X107%s™ " at 503 K.
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However, the effects of strain rate in BMGs are dependent
on the loading conditions and chemical components of the
material itself. BMGs with different chemical components
usually show different strain rate dependent behaviors. This
is especially true at room temperature. Owen et al. [24]
found that the dynamic fracture toughness of a Zr based
BMG dramatically increased as loading rates increased at
room temperature. Bruck et al. [25] reported that the
compressive strength of a Zr based BMG was independent of
the strain rate. Hufnagel et al. [26] observed that the uniaxial
compression failure stress decreased with increasing strain
rate. Maddin and Masumoto [27] showed that the fracture
stress of PdgSiy filament decreased with an increasing
strain rate. Kawamura et al. [28] also reported that the tensile
strength of a rapidly solidified ZrgsAl;oNij¢Cu;s ribbon
specimen decreased with an increasing strain rate. Appar-
ently, the strain rate dependence of deformation behaviors in
amorphous alloys varies with material composition, speci-
men shape and loading procedure.

Bulk metallic glasses obtained in multicomponent
(Nd,Pr)-Fe based systems with hard magnetic properties at
room temperature have been reported recently [29-31].
These systems have no distinct glass transition prior to
crystallization according to the constant-rate heating DSC
measurements, indicating a low thermal stability of the
supercooled liquid. However, an extremely high ratio
between the T, (crystallization temperature) and 7; (liquid
temperature), around 0.9, was observed for such systems,
which indicates a rather high stability of amorphous phase
against crystallization. The contradiction between the
absence of a marked glass transition and the extremely
high value of T,/T; shows that these systems are rather
unique within the different families of BMGs.

To date, no data is currently available on dynamic
constitutive behavior for this class of BMGs. However, the
characterization of dynamic constitutive behavior of this
material is very important for its potential engineering
applications. The objective of this paper is to investigate the
effect of the strain rate on the compressive behavior of the
NdgoFe,0CopAljg BMG at room temperature. The results
redound to comprehend the fracture mechanism and predict
the failure behaviors in engineering application.

2. Material prepared and characterized

Pre-alloyed NdgoFe,oCo0Al; ingots were prepared by
arc-melting a mixture of Nd, Fe, Co, and Al elements with a
purity of at least 99.9% in a titanium-gettered argon
atmosphere. Cylindrical specimens of 5 mm in diameter
and 70 mm in length were prepared from the pre-alloyed
ingots by suction casting into a copper mold. The structure
of the cast cylinders was characterized by X-ray diffraction
(XRD) in a Philip PW 1050 diffractometer using Co K,,
radiation. Fig. 1 is an XRD spectrum of the as-cast cylinder
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Fig. 1. X-ray diffraction pattern taken from as-cast NdgoFe,0Coi0Al;g
BMG.

alloy. The XRD spectrum showed that the alloy is a typical
amorphous one without obvious crystalline reflection peaks.

3. Experimental procedure

To study the compressive behavior of NdgyFe,oCopAlyg
over a wide range of strain rates at room temperature, both
dynamic and static compression tests were carried out. At
both dynamic and static compression tests, more than
12 specimens were tested for investigation.

The dynamic compression tests at a strain rate about
1x10% s~ " were performed with a split-Hopkinson press-
ure bar (SHPB) apparatus. A high strength steel was used for
the striker, input, output and unloading bars with a diameter
of 13 mm. The schematic diagram of SHPB is shown in
Fig. 2. As the input bar was struck, a compressive impulse
was generated and propagated through the input bar and
loaded the sample. At the interface, part of the compressive
wave reflected back to the input bar and the remaining
energy was transmitted into the output bar and the unloading
bar. In accordance with the elastic properties of the bars and
the recorded wave profiles, the dynamic compression
stress—strain state in the sample can be measured.

The incident, reflected and transmitted pulses were
measured by two sets of 180° symmetrical strain gages
mounted on the input and output bars, respectively. The
signals from the input and output bars were conducted to
dynamic strain amplifiers and a digital oscilloscope. These
two instruments were used for data acquisition. Therefore,
the average strain rate, the strain and the stress can be
calculated according to the incident wave &;(¢) ; the reflected
wave, &,(f), measured by the gages on the input bar; and the
transmitted wave &(f) measured by the gages on the output
bar as follows

f= =T n



L.F. Liu et al. / Intermetallics 13 (2005) 827-832 829

Trigger Input bar

Striker bar

Sample

Output bar  Unloading bar ~ Damper

7l
I_1
|

=1 |T_E|'_T| T

| Counter |

|Dynamic amplifier|

| Digital Storage Oscilloscope| | Computer|

Fig. 2. Schematic diagram of split Hopkinson bar and recording system.
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where A, L, E, C are the cross section area, the length, the
elastic modulus and the elastic wave velocity, respectively.
s and b refer to the specimen and the pressure bar,
respectively.

The quasi-static compression tests were performed with
an MTS-810 machine on cylindrical samples, 5 mm in
diameter and 10 mm in length, at room temperature. Two
strain rates were used, 6.0 X 10~* and 6.0X 102 s~ !. The
surfaces of tested samples were examined using scanning
electron microscopy (SEM).

4. Results and discussion

Compression stress—strain curves of the present bulk
metallic glass NdgoFe,0CoqpAljo are shown in Fig. 3 for
different strain rates. The curves demonstrate that the
material exhibits the maximum fracture stress of about
430 MPa at a dynamic strain rate of 1.0 10° s~ ! and about
360 MPa at a quasi-static strain rate of 6.0X 10~ *s~'. At
quasi-static loading conditions, the flow is noted to be
serrated, this is similar to that observed previously in
Zr-based [32] and Pd-based [33] BMGs. Also, serrated flow
has been proposed to be associated with the emission of
localized shear bands [32].

It is of interest to note that the amplitude of the serrated
flow decreases with increasing strain rate; this is similar to
the report of Mukai et al. [34] on the Pd4oNi40P,q5 BMG.
Actually, flow serration gradually diminishes at the strain
rate of 1.0X10° s~ '. Another obvious observation is that
the fracture stress increases with the increasing strain rate.
However, the fracture strain decreases with the increasing
strain rate.

It is known that the strength of crystalline alloys is
strongly dependent on the activities of dislocations and that
dislocation interactions are stronger at high strain rates. For
example, polycrystalline metals and crystalline alloys with
FCC [35,36], BCC [37], and HCP [38] structures normally

exhibit a higher strength at dynamic strain rates than that at
quasi-static strain rates. In the case of metallic glasses,
localized shear band formation is the dominant deformation
mode at room temperature. As shown in the flow serration
of stress strain curves, during the quasi-static deformation,
more serrated flow means more localized shear bands are
formed in the sample than that during dynamic deformation.
This was verified by the later observations of the cross-
sectioned sample, slice perpendicular to the catastrophic
shearing fracture surface. Furthermore, the fact that the
fracture strain at quasi-static strain rates are larger than that
at dynamic strain rates demonstrated that the formation of
shear bands can accommodate the applied strain and thus
causes an earlier fracture of the sample at dynamic strain
rates than that at quasi-static strain rates. Thereby,
deformation at dynamic strain rates are prone to focusing
on a major shear band and the fracture stress reflects the true
failure behavior of this material without the influences of a
large number of localized shear bands. In this way, the
material is designed to fracture with little fracture strain
at dynamic strain rates. At quasi-static strain rates,
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Fig. 3. Compression stress—strain curves of NdgyFe,oCojpAl;g BMG at
different strain rates.
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Fig. 4. Dependence of failure stress (normalized by the failure stress under
quasi-static loading) on the strain rate for three bulk metallic glasses.

the localized shear bands accommodate the applied strain
and the fracture stress is lower than that at dynamic strain
rates. Thereby, the deformation behavior of this material
manifests strain rate dependency.

The present experimental result that the failure stress
increases with increasing strain rate is in contrast to
Hufnagel et al.’s experimental observation for a Zr-based
BMG [26]. This difference demonstrates that BMGs deform
by a shear banding mechanism is material-related [4]. As is
illustrated in Fig. 4, BMGs with different chemical
components manifest different strain rate effect. Bruck et
al. [25] and Lu et al. [9] reported that the compressive
strength of a Zr based BMG was independent of the strain
rate. Hufnagel et al. [26] observed that the uniaxial
compression failure stress decreased with increasing strain
rate. The material-related mechanism of shear banding in
BMGs may be contributed to the microstructure difference

in different materials with different chemical components,
e.g. cluster structure. Simultaneity, as demonstrated in Liu
et al. [4] and Hufnagel et al.’s discussions [26], adiabatic
heating plays an important role in the deformation by a
shear banding. The effect of adiabatic heating in the
deformation of BMGs also makes the BMGs deform by a
shear banding mechanism is material-related because
materials with different chemical components have different
physical properties, e.g. heat softening.

Fracture samples were examined to understand the
deformation behavior of the present NdgoFe,oCojgAl;g
bulk metallic glass at different strain rates. It is interesting
to note that catastrophic failure of dynamic compression
samples occurred due to shear banding along a plane
oriented ~42° to the loading axis as seen in Fig. 5(a), while
the quasi-static compression samples fractured at ~40°
(Fig. 5(b)). The fact that the dynamic compression sample
was sheared off at ~42° with respect to the loading axis also
agrees with those observed during compression of Zr-based
[39] and Pd-based BMGs [40]. However, the quasi-static
compression sample of this material fractured at ~40° with
respect to the loading axis, this is different from other
BMGs. This difference demonstrates that, in this class of
BMGs, the inclination angle of the fracture plane is slightly
dependent on the strain rate for the present study. In the
analysis below, we will find that multiple shear bands,
formed in the quasi-static compression tests, may be
responsible for the difference.

From the above observations, it was found that the
compressive fracture angle is approximately 40-42°, i.e.
smaller than 45°. The result that the compressive fracture
does not occur along the plane of maximum shear stress
demonstrates that yielding in Nd-based BMGs follows
a Mohr—Coulomb criterion, rather than the von Mises
criterion, which is appropriate to polycrystalline
metals. According to Mohr—Coulomb model, the normal
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Fig. 5. SEM graphs of shear failure surfaces of BMG fractured by uniaxial compression at 293 K: (a) dynamic strain rate; (b) quasi-static strain rate.
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Fig. 6. Vein pattern morphology on fracture surface of NdgoFe,0Co;oAl;o BMG: (a) thick vein pattern at quasi-static strain rate; (b) vein pattern with melting

drops.

stress-dependent effective shear stress on the fracture plane
can be written as [40,41]

Te =T+ a0, @
and the Mohr—Coulomb yield criterion can be expressed as
Te = kO (5)

where 7 is the shear stress on the fracture plane, ky and « are
constants, and g, is the stress component in the direction
normal to the fracture plane. When the sample is subject to
uniaxial compressive stress —a(c>0), Eq. (5) can be
rewritten as

7. = o sin 0 cos § — ao sin’f = k, (6)

Where 0 is the angle between the fracture plane and the
loading axis. Taking the derivative of 7. with respect to 6
gives

d

Te _ o(cos 20 — « sin 26) (7
ol
The minimum effective loading stress 7 is obtained when
d
% = 0(cos 26 — asin 26) = 0 ®)

If «=0.105 and 0.176, #=42 and 40 are predicted,
respectively. Due to the absence of strain hardening, the
sample is expected to experience deformation localization
immediately after the initial yielding along the sheared off
plane [42].

Details of fracture surfaces of deformed samples at strain
rates of 6.0X 10~ % and 1.0 X 10* s~ ! are shown in Fig. 6(a)
and (b), respectively. In the case of deforming at quasi-static
strain rates, wide, flat and elongated veins extend along the
shear surface from the edge of a shear step of the sample
surface. The veins are thicker than that observed at dynamic
strain rates (Fig. 6(b)). As shown in Fig. 7, parallel to the
catastrophic shearing fracture surface, many shear bands are
observed. For the quasi-static case, the appearance of a large
number of shear bands is probably associated with flow

serration observed during compression (Fig. 3) and is thus
responsible for a decrease in the fracture stress. These
results suggest that flow serration is a strain accommodation
or stress relaxation process. At this dynamic strain rate, the
nucleation rate of shear bands is not sufficient to
accommodate the applied strain rate and thus causes an
early fracture of the test sample.

The scanning electron micrographs in Fig. 6 indicate that
the failure surface of samples deformed at dynamic strain
rates have quite a different appearance, which can be seen in
Fig. 6(b). The only morphologies that are evident on the
failure surface are vein-like patterns and the localized
melting drops. These features are similar to those observed
on the failure surfaces of other metallic glass samples tested
in dynamic compression. An explanation for these features
has been proposed which asserts that the viscosity of the
material within the shear band is reduced considerably
because of adiabatic heating generated by the enormous

Fig. 7. Shear band structure parallel to the catastrophic fracture surface at
quasi-static strain rate.
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plastic deformation within the shear band, which preceded
catastrophic failure [43]. As the material separates, pores are
opened up, leaving behind the vein-like morphology. This
hypothesis has been confirmed by shear experiments
performed on a viscous material that has been placed
between glass slides [44]. After the slides are sheared apart,
a vein-like morphology is revealed on the separated
surfaces.

5. Conclusions

The compressive deformation behavior of NdggFe,q.
Co,pAl;g was characterized over a wide strain rate range
(6.0X 10" %t0 1.0X10% s~ l) at room temperature. Serrated
flow is observed in the stress—strain curves of quasi-static
strain rates (6.0X107*s™ "), but diminishes at dynamic
strain rates (1.0X10%s™ ). The large numbers of shear
bands are probably associated with flow serration observed
during compression, and are responsible for the decrease in
fracture stress. The results suggest that shear banding and
flow serrations are a strain accommodation and stress
relaxation mechanism for deformation. At dynamic strain
rates (1.0 X 10° sfl), the nucleation rate of shear bands are
not sufficient to accommodate the applied strain rate and
thus cause an early fracture of the test sample. The fracture
behavior of the NdgyFe,oCoqpAlyy bulk metallic glass is
sensitive to strain rate.
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