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Dynamic strength behavior of Zrs; TisNijgCupsAlg bulk metallic glass (BMG) up to 66 GPa was investigated in a
series of plate impact shock-release and shock-reload experiments. Particle velocity profiles measured at the sample/LiF
window interface were used to estimate the shear stress, shear modulus, and yield stress in shocked BMG. Beyond confirm-
ing the previously reported strain-softening of shear stress during the shock loading process for BMGs, it is also shown that
the softened Zr-BMG still has a high shear modulus and can support large yield stress when released or reloaded from the
shocked state, and both the shear modulus and the yield stress appear as strain-hardening behaviors. The work provides a
much clearer picture of the strength behavior of BMGs under shock loading, which is useful to comprehensively understand

the plastic deformation mechanisms of BMGs.
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1. Introduction

Bulk metallic glasses (BMGs) are intriguing materials
with unique properties, including high compressive strength,
large elasticity, good corrosion resistance, etc.['"?) The me-
chanical behaviors of BMGs have been a subject of interest for
a long time, and recent advances have been reviewed by Schuh
et al.P¥) and Trexler et al.'¥l Although extensive research has
been done, some aspects of the mechanical behaviors of such
materials, such as strength behavior and deformation mecha-
nisms, are not yet clearly understood.

The study of BMGs’ dynamic strength behavior, de-
scribing the ability to resist deviatoric stresses, is crucially
important for understanding their deformation mechanisms,
and for improving their structural performance under vari-
ous loading conditions. Most early dynamic strength ex-
periments on BMGs were conducted under uniaxial stress
loading by using Kolsky bar techniques,!>®! which were
limited to relatively low stress around several gigapas-
cals, and to intermediate strain rates around 103/s. Re-
cently, shock wave methods, which provide access to a
much higher pressure and strain rate than can be ob-
tained in the aforementioned experiments, have been used
to study the dynamic strength behavior of BMGs.!"-!! Yuan
et al."! conducted pressure-shear impact experiments on
Zr41 25Ti13.75NijoCuyz.sBeyr s up to 8.8 GPa and found neg-
ligible effect of normal stress/hydrostatic pressure on the
strength of this Zr-based BMG. Turneaure et al.'3°! performed
plane shock wave experiments on another Zr-based BMG,
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Zrs567Cu;s3Nijp 5Nbs gAlj0.0Y0.5, up to 16.4 GPa. In contrast
to the pressure-shear impact experiments, the phenomena of
shear stress loss were observed in particle velocity profiles ob-
tained from plane impact experiments, and were confirmed by
simulating profiles with a strain-softening strength model. Re-
cent work from Jaglinski ef al.!'! showed that the strength of
(Hf.5Zro.5)56.7Cuy5.3Nij2.5Nbs gAl19.0Yo.5 up to 16 GPa be-
haves in a manner similar to its Hf-free BMG.[%°! With free-
surface velocity profiles, we obtained the shear stress on the
Hugoniot state up to 27 GPa for Zrs; TisNijgCuy5Alg by com-
paring shock stress to hydrostatic pressure, and the strain-
softening effect was also obvious.!'!! The shear stress soft-
ening in BMG under shock compression was also found in
the molecular dynamics (MD) simulation for a binary BMG

U2 As described above,

(CuyeZrss) performed by Arman et al.
the dynamic experiments on strength for BMGs are limited to
low shock stress, and most are focused on the shock loading
process. In fact, plate impact shock-release or shock-reload
experiments are essential to comprehensively understand the
dynamic strength behavior of various solid materials.[!3-17]

In the
pact experiments were performed on a Zr-based BMG
(Zrs1 TisNijgCupsAly) up to 66 GPa to measure the shock-

reload and shock-release particle velocity profiles. The self-

current work, time-resolved plane im-

consistent technique developed by Asay and Chabbildas!'3!
was used to analyze these profiles to estimate the comprehen-
sive dynamic strength of this BMG, including the shear stress
(i) and shear modulus (G) on the Hugoniot state, and yield
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stress (7.) when released or reloaded from the shocked state.

2. Experimental method

The samples used in this study are of the same com-
position (Zrs; TisNijpCupsAlg) as those used in our previous

IL18] and were obtained from Liquid Metals Technology

work!
(Laboratory of the School of Materials Science and Engineer-
ing, Harbin Institute of Technology, China). The nominal den-
sity (po) for the samples used in this study is 6.740 g/cm? with
a deviation of 0.004 g/cm? except for the sample used in shot
No. 5, which is 6.655 g/cm3. Ultrasonic sound velocities and
elastic modulus for these samples at ambient conditions have
been determined previously, and can be seen in Ref. [18]. The
Zr-based BMG samples used in the shock loading experiments
were plates with a nominal diameter of 26 mm and a thickness
of about 3 mm. Both sides of the plates were finished parallel
to an accuracy of 2 pum~5 pm.

A modified reverse-impact technique!'®! was adopted,
and its configuration is schematically illustrated in Fig. 1. The
impactor, viz., the Zr-based BMG sample, was backed with
either a low-impedance material (polycarbonate), or a high-
impedance material (stainless steel 304) to obtain the shock-
release or shock-reload wave profiles, respectively. In contrast

to the original reverse-impact method,?"’

an 8-um aluminum
foil instead of a bulk Al-plate buffer was epoxy mounted on
the LiF window. Such modification in the reverse-impact ex-
periment enabled the distance interferometer system for any
reflector (DISAR)?! to record the particle velocity profile at
the impact interface by excluding the effect of the transition
wave in the bulk Al-plate buffer, which simplifies wave analy-

sis. The impact velocity was measured by using a magnetically

induced diagnostic system with an uncertainty of ~ 0.5%. The
dimensions of the impactor and window were considered to
meet the uniaxial strain requirement during the experiment.

LiF window

/
R

high or low sample Al foil

impedance e N
backing 2
material

> DISAR

Fig. 1. Experimental configuration for the reverse plate-impact experi-
ments.

3. Results and discussion

Three shock-release experiments and two shock-reload
experiments were conducted on an $32 mm bore two-stage
light gas gun. The conditions of all of the five experiments
are summarized in Table 1. All of the particle velocity pro-
files deduced from the recorded DISAR signals are shown in
Fig. 2. Because of the split between the stainless steel 304
layer and the Zr-BMG impactor during launching, the higher
pressure shock-reload experiment (shot No. 3) yielded an un-
expected shock-release-reshock wave profile, and only the
shock-release portion of this wave profile is used to estimate
the strength behavior. The shock-reload experiment is the
main hurdle to obtaining high pressure strength of solid ma-
terials, and new techniques need to be developed further.

Table 1. Experimental conditions and results for plate impact shock-release and shock-reload experiments.

Shot No. densit?la;:f/)(l;/cm3) thickiggl)lz/mm velocIir?;) ;;?Iim/s) stresihc()');l;GPa modusll};: aCr?/GPa (T + 7 )/GPa (% — )/GPa
12 6.744 3.142 2.889 37.28 47.59 1.73 -
2b 6.741 3.135 2.999 39.10 52.43 - 0.53
3¢ 6.743 3.120 3.604 49.69 63.25 1.88 -
42 6.736 3.016 3.640 50.33 62.96 1.99 -
5 6.655 3.007 4.480 66.42 79.47 2.39 -

2 A polycarbonate buffer layer was used to support the Zr-BMG impactor (shock-release experiment).

YA stainless steel 304 buffer layer was used to support the Zr-BMG impactor (shock-reload experiment).

“Because of the split between the stainless steel 304 buffer layer and the Zr-BMG impactor during the acceleration process, this experiment yielded an
unexpected shock-release-reshock wave profile, and only the shock-release wave profile was used to determine the Ty + 7. by using Eq. (2a).

Using a centered, simple-wave analysis, the Lagrangian
longitudinal wave speeds, C, during the release or reload pro-
cess can be calculated from the particle velocity profiles by

h
VIR, (D
At —h/D
where £ is the thickness of the Zr-BMG impactor, At is the
time interval between the arrival of the release or reload wave

CL=

at the window and the impact time, D is the shock wave veloc-
ity of the Zr-BMG sample which can be calculated by using
an impedance matching technique with the Hugoniot data of
Zr-BMG!'®! and LiF."??! Typical results of wave speeds dur-
ing release and reload are illustrated in Fig. 3, in which in
situ particle velocity u was corrected from the interface par-

ticle velocity by using the incremental impedance matching
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technique, 23! uy is the particle velocity in the shocked state,
u and uy are the particle velocities at the elastic—plastic tran-
sition point during the release and the reshock processes, re-
spectively. The Lagrangian bulk wave speeds Cg during re-
lease and reload were evaluated by linearly extrapolating the

13,191 A gradual transition from

lower plastic part of release.!
elastic wave to full plastic wave, referred to as quasielastic

behavior, ¥ is clearly presented for both release and reload

processes.
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Fig. 2. Particle velocity profiles measured by DISAR at the impact
interface for both shock-release experiments (a) and shock-reshock ex-
periments (b). Time shift is adopted for clarity.
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Fig. 3. Typical results of Lagrangian wave velocity (Cr, and Cg) in Zr-
based BMG as a function of the in situ particle velocity u.

Based on the extracted wave speeds, the shear stress in
the shocked state, 7y, and the yield stress, 7., defined at the

yield point during the reload or release process were calcu-
lated by!3!
Release experiment:

3 [mCl-Cg
Te+TH=—— ——du. 2
e+ TH 4Po/uH o (2a)
Reload experiment:
3 [nCP-Cj
To—Tg=— ———=d 2b
o — i 4po/uH o e (2b)

where pg is the initial density of the Zr-based BMG, uy is
particle velocity on the shocked state, u; and u; are veloci-
ties at the elastic—plastic transition point during the release and
reload processes, respectively (as shown in Fig. 3). The shear

modulus G on the shocked state was calculated through!?>!
3P0 (0 2
G=71, (CL-Ga), (3)

where p is the shock compressed density of the Zr-based
BMG.

The results of Ty + 7., T. — Ty and G are also listed in Ta-
ble 1. Based on the data of shots No. 1 and No. 2, the shear
stress Ty = 0.6 GPa and the yield stress 7. = 1.13 GPa at a
shock stress of 38 GPa (an average shock stress of shots No. 1
and No. 2) was determined. This implies that the Zr-based
BMG supports only a small shear stress on the Hugoniot, but
it can support a larger yield stress when released or reloaded
from the Hugoniot state.

The data of shear stress 7y, including previously reported
data from our work!'!! on the same BMG, are shown in
Fig. 4(a). It is shown that the shear stress 7y is nearly con-
stant around 1.6 GPa in the shock stress range of 10 GPa—
21 GPa, and then it drastically decreases to 0.6 GPa at 38 GPa.
The decrease of shear stress Ty with shock stress indicates the
occurrence of a strain-softening effect, consistent with the ex-

[8-111 and the MD simulation results from

perimental results,
Arman et al.!'?! (also shown in Fig. 4(a)). The variations of
Ty + 7. and G with shock stress oy are shown in Fig. 4(b) and
Fig. 4(c), respectively. It is shown that both of them increase
successively in the shock stress range of 37 GPa—-66 GPa, im-
plying the occurrence of a strain-hardening effect. This also
means that this Zr-based BMG may be used as a structure ma-
terial under high pressure up to 66 GPa. Considering the trend
of the strain-softening of 7y shown in Fig. 4(a), it is reasonable
to suggest that the yield stress 7. is the same strain-hardening
property as Ty + T.. Just for clarity, the yield stress 7. in the
shock stress range of 37 GPa—66 GPa was estimated by using
the obtained data of 7y + 7. with an assumption of a constant
T = 0.6 GPa, and is also shown in Fig. 4(b). According to the
above analysis, it can be seen that the Zr-based BMG exhibits
complex strength behavior with the strain-softening effect dur-
ing the shock loading process and the strain-hardening effect
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during the release or reload process. Such complex strength

behavior has also been reported in some ceramics by Vogler et
al 14151
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Fig. 4. Variations of the shear stress 7y: (a), Ty + T, yield stress 7, with
an assumption of a constant 7y = 0.6 GPa (b) and shear modulus G (c)
with shock stress oy. Dashed lines are just for clarity.

Commonly, shock-induced damage, failure and tempera-
ture are the main factors that cause the softening of the solid
materials. However, with these factors, it is hard to explain the
increase of the yield stress, and shear modulus with increasing
shock stress. Arman et al.!'?! suggested that the formation and
evolution of shear transformation zones (STZs) during shock
loading can decrease the fraction of structures with high shear
resistance, and then cause the occurrence of strain softening
in shear stress. Although their MD simulation results on the
shear stress in the shocked state are similar to our present data,
no data were present in Ref. [12] to confirm that such evolu-
tion of local structures in BMGs can cause a strain-hardening
effect in the yield stress and shear modulus when released or

reloaded from the shocked state. It is interesting to note the
work from Shehadeh et al.!?®! They also performed MD sim-
ulations on shock-induced plastic deformation, but in copper,
and found that the shocked copper is rapidly relaxed from the
uniaxial strain state to a near-hydrostatic state with small shear
stress due to huge dislocation produced during ultrafast shock
loading. Obviously, such a change in the stress state will no-
tably reduce the shear stress in the Hugoniot state, but it will
not damage the material or undermine the shear modulus and
yield stress when released and reloaded from the Hugoniot
state. Although the plastic deformation cell differs between
metals and BMGs, it still could be suggested that the soften-
ing behavior of shear stress during the shock loading process,
observed in BMGs, may be related to a possible change in
stress state accompanied with the formation of localized shear
bands under shock compression. In fact, the shear band is one
of the explanations for the softening behavior of shear stress in

shocked metals.[2”

I For hardening behavior of strength during
release or reload from the shocked state, recent work by Zheng
et al.!”®! suggests that it can be ascribed to the interaction of
the inclusions and shear bands in BMGs. Additional work is
necessary to verify such a complex deformation mechanism in

BMGs under shock loading.

4. Conclusion

In summary, plate impact shock-reload and shock-release
experiments were performed on Zrs;TisNijgCuysAlg up to
66 GPa to investigate the material’s dynamic strength behav-
ior. The variations of shear stress, yield stress, and shear
modulus with shock stress for BMG are obtained by using
the time-resolved particle velocity profiles, and they provide
a much clearer picture of the strength behavior of Zr-BMGs
under shock loading. Results show that the shock compressed
Zr-based BMG supports only a small strength, but it retains
high shear modulus and can support larger yield stress when
released or reloaded from the Hugoniot state. Moreover, the
strain-softening effect was observed during the shock loading
process, while the strain-hardening effect was observed during
release or reload from the shocked state.
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