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The mechanical behavior of Zr41.25Ti13.75Cu12.5Ni10Be22.5 �LM-1� has been extensively characterized
under quasistatic loading conditions; however, its mechanical behavior under dynamic loading
conditions is currently not well understood. A Split–Hopkinson pressure bar �SHPB� and a
single-stage gas gun are employed to characterize the mechanical behavior of LM-1 in the
strain-rate regime of 102–105 /s. The SHPB experiments are conducted with a tapered insert design
to mitigate the effects of stress concentrations and preferential failure at the specimen-insert
interface. The higher strain-rate plate-impact compression-and-shear experiments are conducted by
impacting a thick tungsten carbide �WC� flyer plate with a sandwich sample comprising a thin bulk
metallic glass specimen between two thicker WC target plates. Specimens employed in the SHPB
experiments failed in the gage-section at a peak stress of approximately 1.8 GPa. Specimens in the
high strain-rate plate-impact experiments exhibited a flow stress in shear of approximately 0.9 GPa,
regardless of the shear strain-rate. The flow stress under the plate-impact conditions was converted
to an equivalent flow stress under uniaxial compression by assuming a von Mises–like material
behavior and accounting for the plane strain conditions. The results of these experiments, when
compared to the previous work conducted at quasistatic loading rates, indicate that the peak stress
of LM-1 is essentially strain rate independent over the strain-rate range up to 105 /s. © 2008
American Institute of Physics. �DOI: 10.1063/1.3009962�

I. INTRODUCTION

Metallic glasses have been of great interest because of
their fully amorphous structure. Many researchers have re-
ported a near theoretical peak strength for metallic glasses
along with higher hardness compared with their crystalline
counterparts.1–8 In addition, these materials exhibit large
elastic strains, corrosion resistance, and excellent processing
ability.1–3,9,10 Recent advances in the development of multi-
component metallic glass systems have allowed bulk
samples of metallic glasses to be produced;11,12 most of these
are Zr-based, Fe-based, or Pd-based. These bulk metallic
glass �BMG� samples have facilitated mechanical testing us-
ing conventional means.

While many experiments have been conducted on these
BMGs in the quasistatic strain-rate regime �i.e.,
10−5–10−1 /s�,1–8,13–15 data on their behavior at elevated
strain-rates ��102 /s� have been limited,13–18 particularly in
the high strain rate ��104 /s� loading regime.19–21 Most re-
searchers have performed experiments using the Split–
Hopkinson pressure bar �SHPB� in order to investigate the
behavior, first, by determining the peak stresses and tempera-
ture rise,8,13–15,17 and then by close examination of the frac-
ture surfaces to allow for comparison between the quasistatic
and dynamic behavior.14,18 Some of these works were per-
formed to rationalize the reported apparent neutral14,16,17

and/or negative strain-rate sensitivity to temperature rise13,15

under quasistatic and dynamic loading conditions, while a

recent research18 has suggested that stress concentrations,
which are an artifact of the experimental geometry em-
ployed, may be responsible for the observed negative strain-
rate sensitivity. Limited work has also been conducted using
plate-impact experiments to examine stress-strain behavior at
higher strain-rates and also to understand the shock-induced
wave structure,20 Hugoniot elastic limit �HEL�,19,21 and spall
strength.19

In this study, both SHPB and combined compression-
and-shear plate-impact experiments are performed on
Zr41.25Ti13.75Cu12.5Ni10Be22.5 �LM-1� to determine the sensi-
tivity of its peak stress to strain rates in the 102–105 /s range.
The SHPB experiments are conducted with tapered inserts
previously discussed18 to mitigate the effects of stress con-
centrations that have been well-documented for low strain-
to-failure materials.22–25 Strain gages are attached to selected
cylindrical LM-1 specimens in order to determine accurately
the strains experienced by the specimens. An ultra-high-
speed camera �Imacon 200� is also employed to perform in
situ video of the flow and fracture processes of selected
specimens. The plate-impact combined-and-shear experi-
ments are conducted using a single-stage gas gun. These ex-
periments involve the skew impact of a thick WC flyer plate
with a stationary target plate comprising a thin BMG speci-
men sandwiched in between a front and back WC plates. The
normal and transverse components of the free-surface par-
ticle velocity histories, measured by using a multibeam VA-
LYN™ VISAR, are used to determine the flow stress in
shear at ultrahigh �e.g., �105 /s� strain rates.a�Electronic mail: vikas.prakash@case.edu.
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II. EXPERIMENTAL PROCEDURE

The material used was LM-1 �Liquidmetal, Inc.� and was
received in the form of two plates: one of dimensions 90
�63�5 mm3 and one of dimensions 38�38�0.7 mm3.
Both plates were verified to be fully amorphous �differential
scanning calorimetry and x-ray diffractometry� by Liquid-
metal and in previous works.5–7,26,27

A. SHPB experiments

The SHPB specimens were produced from the larger
plate. The plate was electrical-discharge machined into rect-
angular bars, which were then centerless ground into cylin-
drical rods of diameter 4.0 mm. These bars were then met-
allographically polished using a combination of SiC-grit
sandpaper and diamond paste. Right cylindrical specimens of
L /D=1.0 and 2.0 were then prepared using a low speed saw
�Buehler, Model 11–1180� to ensure flatness and parallelism.
The resulting specimens were then lapped and polished to a
6 �m finish. Strain gages �Vishay, model EA-06-031CE-350
with attached leads� are attached to selected specimens by
fixing the specimens on a glass plate and applying the strain
gages on the specimen with M-BOND10 high-strength ep-
oxy. The tape is held down with weights in order to ensure
even tension in the tape and even pressure on the strain gage
during the 18 h curing process. After curing, the excess ep-
oxy is removed and the lead wires are detached from the
specimen to prevent any shorting of the wires during the
experiment. The resulting setup �Fig. 1� is then connected to
a Wheatstone bridge and is in turn connected to a differential
amplifier �Tektronix 5A22N� to be recorded by a high-
bandwidth oscilloscope �Tektronix 680�. Stress concentra-
tions were mitigated through the use of rounded maraging
steel inserts, while molybdenum disulfide grease �Sta-lube�
was utilized between the inserts and the specimen to provide
low friction at the specimen-insert interface.

The SHPB �discussed in detail elsewhere24� at Case
Western Reserve University consists of a pressurized air gas
gun and three 19.05 mm diameter maraging steel �Vascomax
350� bars—a 0.2 m long striker bar, a 1.6 m long incident
bar, and a 1.5 m long transmitted bar. Semiconductor strain

gages �Vishay BLH, model SR-4� are attached diametrically
opposite each other on the incident and transmitted bars to
eliminate any effects of bending on the strain history of each
bar. All four strain gages are attached to Wheatstone bridges,
which are in turn connected to two differential amplifiers
�Tektronix 5A22N�. The strain histories for each of the bars
are recorded by a high-bandwidth oscilloscope �Tektronix
680�. The recorded signals from the incident and transmitted
bars were converted to the appropriate strain-rate, strain, and
stress histories of the specimen via accepted procedures. The
signals recorded by the specimen were converted to stresses
by assuming that the specimen is linearly elastic to failure,
an assumption that is reasonable based on past results at
quasistatic5–8 and dynamic strain rates.16,17

The limited strain-to-failure of LM-1 necessitates the use
of pulse shaping;24,28 therefore, copper pulse shapers were
utilized to control the shape and rise time of the incident
pulse and thus promote equilibrium conditions in the speci-

2.5 mm

FIG. 1. �Color online� Specimen with strain gage attached prior to removal
of epoxy and detachment of leads. The barreled appearance is due to the
presence of epoxy around the strain gage.

FIG. 2. �Color online� �a� Strain history signals from the strain gages
mounted on the incident bar, transmitted bar, and specimen. �b� Specimen
strain vs time profile determined from �a� showing constant strain-rate
conditions.
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men. The pulse shapers used were �7–8 mm on a side with
a thickness of 0.6–0.7 mm. Strain gages on the specimen
were used to ensure that the specimen is deforming under
constant strain-rate conditions. Figure 2 shows an example of
a typical strain versus time signal from the specimen strain
gage. Based on the linear strain versus time curve, it is ap-
parent that the specimen is under a constant strain rate start-
ing at a strain of approximately 0.3%.

B. Plate-impact experiments

Thin square plates of dimensions 38�38�0.7 mm3

were utilized for the plate-impact experiments. These plates
were lapped and polished to ensure a 5 �m surface finish;
the resulting thickness of the plates was approximately 0.6
mm.

C. Experimental configuration

The plate-impact experiments were conducted using the
82.5 mm bore single-stage gas gun in the Department of
Mechanical and Aerospace Engineering at Case Western Re-
serve University. The high strain-rate plate-impact pressure-
shear experiment involves the impact of a thick WC flyer
plate mounted on a projectile with a stationary target. The
target consists of the thin BMG plate sandwiched in between

a front and a back WC plate. The corresponding experimen-
tal configuration is shown in Fig. 3. The rear end of the
projectile has a sealing O-ring and a Teflon key that slides in
a key way inside the gun barrel to prevent any rotation of the
projectile. In order to reduce the possibility of air cushion
between the flyer and target plates, impact takes place in a
target chamber that has been evacuated to 50 �m of Hg
prior to impact. To ensure the generation of plane waves with
wave fronts sufficiently parallel to the impact face, the flyer
and the target plates are ground and lapped flat, and they are
aligned to be parallel to within 2�10−5 rad using an optical
alignment scheme developed by Kim et al.29 The actual tilt
between the two plates is measured by recording the times at
which four isolated and voltage-biased pins, which are
flushed with the surface of the target plate, are shorted to
ground. A laser-based optical system, utilizing a helium-neon
5 mW laser �UNIPHASE 1125p� and a high frequency pho-
todiode, was used to measure the velocity of the projectile.
Impact takes place at an angle � relative to the direction of
approach. Upon impact, both longitudinal and shear waves
are generated within the flyer and target plate, leading to
pressure-shear loading of the sandwiched specimen. In all
tests the projectile velocity and the skew angle are controlled
such that all WC plates �the flyer, the front, and back target
plates� remain elastic during impact. Other details regarding
the design, execution, and data analysis of the experiments
can be found elsewhere.30

FIG. 3. �Color online� Schematic of the plate-impact pressure-shear
experiment.
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FIG. 4. �Color online� Schematic of the combined normal and transverse
velocity interferometer.
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FIG. 5. Wave propagation in the flyer and the target plates �t-X diagram� for
a typical plate-impact pressure-shear experiment.
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FIG. 6. �Color online� Optical microscopy of as-cast specimen, L /D=2.0,
after testing, showing that the strain gage is still adhered to the sample
surface.
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A laser interferometer based on the multibeam VA-
LYN™ VISAR is used to measure the combined normal and
transverse particle velocities at the free surface of the target
plate. The schematic of the light path of the laser interferom-
eter is shown in Fig. 4. Three VALYN™ VISAR fiber-optic
channels are simultaneously employed to obtain the normal
and transverse components of the free surface of the target
plate by collecting the 0 and �1 order diffraction beams
from a holographic grating deposited on the rear surface of
the target plate. In the present experiments a holographic
diffraction grating with a pitch of 1200 lines/mm is utilized.

Following Chhabildas et al.,31 the longitudinal and the
transverse components of the free-surface particle velocity,
i.e., U�t� and V�t�, can be expressed in terms of the measured
particle velocities along the � beams, i.e., V��t�, and the
diffraction angle �VISAR as

U�t� =
V+�t� + V−�t�

�1 + cos �VISAR�
, �1�

V�t� =
V+�t� − V−�t�

sin �VISAR
. �2�

The time-distance diagram showing the propagation of
both longitudinal and transverse waves in the flyer and the
target plated is shown in Fig. 5. Since the flyer, the front, and
rear target plates are designed to remain elastic during im-
pact, the normal stress and the particle velocity in the BMG
specimen �state 4� can be obtained by using characteristic
equations in terms of the measured normal component of the
free surface particle velocity ufs�t� and the longitudinal im-
pedance of the WC target plates �CL as

�4 = −
1

2
��CL�ufs�t� . �3�

In a typical plate-impact combined compression-and-
shear experiment, by the time the shear is imposed on the

specimen, a nominally homogeneous normal stress state is
present. Under these conditions, the rate of deformation in
the thin BMG specimen can be expressed as a simple-shear
deformation rate, with shearing in the 1-2 plane. The shear
stress within the specimen can be expressed as

�4 = − 1
2 ��CS�vfs�t� . �4�

In Eq. �4�, v fs�t� is the measured transverse component of the
free surface particle velocity, while �CS is the transverse im-
pedance of the WC target plates. The nominal shear rate in
the specimen can be expressed as

	̇�t� =
v4

− − v4
+�t�

h�t�
=

V0 sin � − vfs�t�
h�t�

, �5�

where h�t� is the thickness of the thin BMG specimen. Using
Eq. �5�, the shear strain 	�t� in the specimen can be obtained
by integrating the shear strain rate over the total time dura-
tion, i.e.,

	�t� = �
0

t

	̇dt . �6�

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. SHPB experiments

Table I summarizes the key parameters—striker bar ve-
locity, peak strain, and peak stress—for the six successful
experiments conducted. Additional experiments were con-
ducted but were not included either because of premature

TABLE I. List of SHPB experiments conducted on LM-1 in which speci-
men failure occurred before strain gage separation from the specimen.

Experiment

Striker
velocity

�m/s� Peak strain
Peak stress

�MPa�
Specimen

failed?
Strain gage
separated?

SG004 8.8 1.89% 1810 Yes No
SG005 10.3 1.83% 1750 Yes No
SG008 10.2 1.97% 1890 Yes No
SG011 8.5 1.95% 1870 Yes No
SG012 9.0 1.70% 1630 Yes No
SG013 8.8 2.2% 2000 Yes No

aAssumed to yield prior to failure.

TABLE II. List of pressure-shear plate-impact experiments performed.

Experiment
BMG
�mm�

Flyer WC
�mm�

Front WC target plate
�mm�

Rear WC target plate
�mm�

Impact velocity
�m/s�

Skew angle
�°�

1 0.58 6.59 3.65 4.83 189.9 22
2 0.60 6.59 3.60 4.83 178.4 15
3 0.44 6.55 3.61 4.81 143.4 22

FIG. 7. �Color online� Peak stresses as determined from transmitted and
specimen strain gage signals.
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separation of the specimen strain gage from the specimen
surface, which would underestimate the peak strains and
stresses experienced by the specimen, or because the speci-
men did not fail. In addition, Fig. 6 shows one such speci-
men after the experiment is conducted; the strain gage is
clearly still present on the specimen, and the specimen ap-
pears to exhibit two fracture angles. High-speed video
�shown elsewhere18� clearly shows that the failure is occur-
ring in the gage section of the specimen and not at the
specimen-insert interface.

Comparison of the stress-strain data from the SHPB ex-
periments suggests that the strain-rate sensitivity of BMG is
negligible, as seen from Fig. 7; the experimental errors
present have been determined to be approximately 8%–10%,
in accordance with previous peak stress measurements using
the SHPB on other low strain-to-failure materials. For a
given strain-rate and varying L /D �such as experiments SG 4
and SG 11, both of which exhibit a strain-rate of approxi-

mately 350/s�, the effect of the L /D ratio on the peak stress
of LM-1 can also be considered to be negligible. The peak
stress seems to be similar for all six experiments.

B. Plate-impact experiments

The key parameters—shot number, thickness of BMG
specimen, thickness of WC flyer plate, thickness of front and
rear plates, impact velocity, and skew angle—for the three
experiments conducted in this series are shown in Table II.

Figures 8–10 summarize the results for experiment 1.
Figure 8 shows the history of the longitudinal and transverse
components of the free surface particle velocities measured
using the multibeam VALYN™ VISAR. Figure 9 shows the
corresponding time history of the normal stress, shear stress,
and the shear strain rate in the specimen, obtained by using
the Eqs. �3� and �4�. Upon arrival of the longitudinal wave at
the specimen plane, the normal stress in the specimen builds
up to a level of 8.85 GPa. Based on the longitudinal imped-
ance of the WC front and rear target plates and the BMG
specimen, near-equilibrium �homogeneous� stress conditions
are expected to be achieved in the specimen in about 500 ns
�corresponding to four reverberations of the longitudinal
wave in the specimen�. The details of the normal stress
buildup can be seen as a sequence of steps in the normal
stress profile before it reaches a plateau. Since the speed of
the transverse wave in the front target plate is lower than the
longitudinal wave speed, the shear wave arrives at the speci-
men after approximately 0.9 �s of the arrival of the longi-
tudinal pulse. Upon arrival of the shear wave at the specimen
plane the shear stress rings up in the thin sandwiched speci-
men, as the specimen undergoes a combined compression-
and-shear deformation. Based on the transverse impedance
of the WC target plates and the BMG specimen, it takes
about 250 ns for a state of simple shearing to develop to a
level of �0.92 GPa in shear within the BMG specimen. The
shearing rate during this pressure-shear deformation is ap-

FIG. 8. �Color online� Longitudinal and transverse free surface velocities
for experiment 1.

FIG. 9. �Color online� History of normal stress, the shear stress, and the
shear strain rate in the specimen for experiment 1.

FIG. 10. �Color online� Dynamic shear stress vs shear strain for experiment
1.
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proximately 0.75�105 s−1. Figure 10 shows the shear stress
versus the accumulated shear strain within the specimen. It is
important to note that by the time the shear wave arrives at
the specimen plane a state of essentially homogeneous nor-
mal stress is present in the BMG specimen.

The results of experiment 2 are shown in Fig. 11. Ex-
periment 2 was conducted with a smaller skew angle �15°�
compared with 22° that was employed in experiment 1. As a
result, the shearing rate in the specimen is much smaller �
�0.32�105 s−1�. Figure 11�a� shows the history of normal
stress, the shear stress, and the shear strain-rate within the
specimen. Upon arrival of the longitudinal wave at the speci-
men plane, the normal stress builds up to a level of approxi-
mately 8.36 GPa. The transverse wave arrives at the speci-
men after approximately 0.9 �s of the arrival of the
longitudinal pulse. At the arrival of the shear wave the BMG
specimen undergoes simple shearing deformation. Figure
11�b� shows the shear stress ��12� versus shear strain re-

FIG. 11. �Color online� History of �a� normal stress, shear stress, and shear
strain-rate for experiment 2 and �b� shear stress vs shear strain in the speci-
men for experiment 2.

FIG. 12. �Color online� History of �a� normal stress, shear stress, and shear
strain-rate for experiment 3 and �b� shear stress vs shear strain in the speci-
men for experiment 3.

FIG. 13. �Color online� Effect of strain rate on equivalent peak shear stress
exhibited by LM-1 for the strain rates ranging from 10−4 to 105 /s.
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sponse of the sandwiched BMG specimen. As in experiment
1, the shear strength of the BMG specimen is approximately
0.9 GPa.

The results for experiment 3 are shown in Fig. 12. Ex-
periment 3 was designed to be conducted at the same skew
angle as experiment 1 �22°� but at a lower impact velocity
�143 m/s�. As a result, the normal stress level was only 6.92
GPa, much lower than that obtained in experiments 1 and 2.
Figure 12�a� shows the history of the normal stress, shear
stress, and shear strain rate within the specimen. Upon the
arrival of the longitudinal wave at the specimen plane, the
normal stress in the specimen builds up to a level of approxi-
mately 6.92 GPa in a sequence of steps before it reaches a
plateau. Figure 12�b� shows the shear stress ��12� versus
shear strain response of the specimen. The shear strength of
the BMG specimen becomes steady at around 2% shear

strain and is estimated to be 0.89 GPa. The corresponding
shear strain rate in the specimen is 0.65�105 s−1.

Because the SHPB experiments measure compressive
peak stress under plane stress conditions and the gas gun
experiments measure the shear stress under plane strain con-
ditions, it is necessary to convert the shear stresses measured
into an equivalent compressive stress. While different yield-
ing criteria have been proposed for LM-1,5,8,32 the most typi-
cal one is a Mohr–Coulomb relationship of the form

� = �c − k� ,

k = cot�
� , �7�

where � and � are the shear and normal stresses acting on a
surface, �c is the maximum shear stress exhibited in torsion,
and the constant k is the normal stress dependency param-

b

c

100 µm

20 µm

25 µm

50 µm

(a) (c)

(d)(b)

FIG. 14. �a� SEM images of a specimen tested under dynamic conditions �L /D=2.0, strain rate of 350 /s�. Images show �b� veining patterns in the
low-viscosity regions as well as �c� the presence of elongated cusps, while �d� other regions reveal the presence of more equiaxed cusps.
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eter, which can be related to the fracture angle of compres-
sion 
, and when k=0, this becomes a von Mises–like failure
criterion. The small values of k �0.02–0.06� previously found
for LM-1, therefore, justify the use of the von Mises failure
criterion to determine the equivalent uniaxial normal stress.
Converting the SHPB normal stresses into equivalent shear
stresses gives a peak stress of 0.9–1.0 GPa, as shown in Fig.
13. In addition, the Young’s modulus for LM-1 under these
shock-loading conditions is approximately 100 GPa, a value
in close agreement with the quasistatic elastic modulus of
LM-1. The similar values of Young’s modulus in both the
quasistatic and shock-loading conditions justify the assumed
value of Young’s modulus �96 GPa� used in the SHPB ex-
periments discussed earlier.

As noted before, there have been different observations
on the strain-rate sensitivity of different BMGs. While LM-1

appears to exhibit negligible strain-rate sensitivity between
10−4 /s and 105 /s, other BMGs have been seen to exhibit
negative strain-rate sensitivities.13,15,33 One factor that may
have an impact in the observed negative strain-rate sensitiv-
ity is the presence of stress concentrations in the specimen
during the SHPB experiment. Previous experiments18,34

showed that the presence of stress concentrations can elevate
the normal and shear stresses at the specimen-bar interface,
thereby creating a nonuniform state of stress in the speci-
mens. Since the detrimental effects of stress concentration
are expected to amplify and lead to premature failure in the
specimens as the impact velocity is increased in an attempt
to increase the specimen strain rates, it is possible that the
measure of the previously observed negative strain-rate sen-
sitivities may contain artifacts due to the standard experi-

(b) (d)

(a) (c)

20 µm

100 µm

75 µm

5 µm

FIG. 15. SEM images of a specimen tested under quasistatic conditions �L /D=1.9, strain rate of 10−4 /s�. Images show �a� veining patterns and �b� elongated
cusps, similar to Figs. 14�b� and 14�c�, along with ��c� and �d�� smeared regions due to deformation and viscous flow.
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mental configuration used and the stress concentrations
present.

In an attempt to understand better the observed neutral
strain-rate sensitivity in LM-1, scanning electron microscopy
was also performed on the fracture surfaces of specimens
tested under quasistatic and dynamic uniaxial compression
using a field emission scanning electron microscope �SEM�.
�In order to compare fracture surfaces of shock-loaded LM-1
to the other specimens shock recovery plate impact experi-
ments need to be performed.� The SEM stage was tilted suf-
ficiently to ensure that the beam and the fracture surface
were nearly orthogonal to each other. Figure 14 shows rep-
resentative images of the fracture surface. In particular, Fig.
14�a� shows that several features that have been previously
discussed, such as “smearing” that occurs during and after
failure. Figures 14�b� and 14�c� reveal the presence of exten-
sive veining patterns and elongated cusps, respectively,
formed during the highly localized inelastic flow of low vis-
cosity BMG material. In addition, there are also more equi-
axed cusps present on the fracture surface, as shown in Fig.
14�d�. In comparison, representative images of the fracture
surfaces from a specimen tested under quasistatic compres-
sion are shown in Fig. 15. Figure 15�a� shows regions of
veining, such as those in Fig. 14�b�. The low viscosity flow
also reveals the presence of elongated cusps due to viscous
flow, as shown in Fig. 15�b�, as well as smeared regions
along the fracture surface, as shown in Figs. 15�c� and 15�d�.
The largely similar fracture surface features �veining, low-
viscosity flow, and smearing� provide further evidence of the
observed insensitivity of LM-1 to strain-rate.

IV. SUMMARY

Both SHPB and pressure-shear plate-impact gas-gun ex-
periments have been performed on LM-1, a Zr-based BMG,
in order to characterize the mechanical behavior at strain-
rates up to 105 /s. The SHPB experiments were carried out
with a tapered insert design in order to mitigate stress con-
centration effects. A peak stress of approximately 1.8 GPa
was exhibited by the specimens under these conditions. From
the pressure-shear plate-impact experiments a flow stress in
shear of approximately 0.9 GPa is obtained, regardless of
material strain rate. Comparison of the present peak stresses
to those obtained on LM-1 under quasistatic conditions re-
veals that LM-1 appears to be strain-rate independent for
strain rates between 10−4 and 105 /s.
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