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General framework for the mechanical response of metallic glasses during
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Experimental data on compressive strength o, versus strain rate &, for metallic glasses undergoing uniaxial
compression show varying strain rate sensitivity. For some metallic glasses, o, decreases with increasing &g,
while for others, oy, increases with increasing &g, and for certain alloys 0., versus e, is nonmonotonic.
To understand their strain rate sensitivity, we conduct molecular dynamics simulations of metallic glasses
undergoing uniaxial compression at finite strain rates and coupled to heat baths with a range of temperatures
Ty and damping parameters b. In the T — 0 and b — 0 limits, we find that the compressive strength opax
versus temperature 7 obeys a “chevron-shaped” scaling relation. In the low-strain-rate regime, o, decreases
linearly with increasing T, whereas o,,,x grows as a power law with decreasing 7 in the high-strain-rate
regime. For Ty > 0, 0. (T') deviates from the scaling curve at low strain rates, but oy, (7") rejoins the scaling
curve as the strain rate increases. Enhanced dissipation reduces compression-induced heating, which causes
omax(T') to deviate from the b — 0 scaling behavior for intermediate strain rates, but oy, (7') converges to the
high-strain-rate power-law scaling behavior at sufficiently high strain rates. Determining 0,,,x(7') as a function
of b and Tj provides a general framework for explaining the strain rate sensitivity of metallic glasses under

compression.
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I. INTRODUCTION

The combination of superior strength and hardness, large
elastic limit, and high fracture toughness make bulk metallic
glasses (BMGs) a promising materials class for numerous
structural applications [1-4]. In contrast to conventional
alloys, BMGs are amorphous (i.e., they lack long-range
crystalline order), and their response to deformation is
not governed by the generation and motion of topological
defects. Instead, researchers have shown that shear trans-
formation zones (STZs), where atoms undergo collective,
nonaffine motion, control the mechanical response of metallic
glasses. Numerous studies have probed the unique mechanical
response of metallic glasses subjected to quasistatic defor-
mations at low temperatures. However, understanding the
dynamic mechanical response of metallic glasses at finite
strain rates and temperatures near the glass transition temper-
ature is important for many engineering applications.

Uniaxial compression of bulk metallic glass pillars is a
common mechanical test that probes their nanoscale and mi-
croscale mechanical response. Studies have shown that the
strength of BMGs under compression decreases with increas-
ing temperature [5-7], since higher temperatures enhance
the activation of shear transformation zones and formation
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of shear bands [8]. However, there is no consensus about
the behavior of the compressive strength as a function of
strain rate for BMGs [5,9-19], where the compressive strength
Omax 18 defined as the maximum engineering stress prior to
steady flow. For example, as shown in Fig. 1, the compres-
sive strength of millimeter-sized Ti- and Zr-based BMGs
(SllCh as Ti4szl'1(,Ni9Cll10B62() [9], Ti4()ZI'25Ni8C1]9Belg [10],
and Zrs3CuzgNigAlg [11]), and NigpNbsg [12], increases
with strain rate (i.e., positive strain rate sensitivity of
Omax)- In contrast, the compressive strength of similar Ti-
and Zr-based BMGs (e.g., Tiz §Zr30,CugNissBey 7 [14],
Zr3gTi17Cuyo5Co12Bers s [15], Zrsp7CugNigAljo 3 [16], and
Zrs; 5Cuy79Nis6Al10Tis [17]) and PdgoNigPy [13] de-
creases with strain rate (negative strain rate sensitivity). In
addition, recent studies have shown that the compressive
strength for Zrsg3CusgsNb; 5Aljp4 iS nonmonotonic with
strain rate; the strength first decreases and then increases with
increasing strain rate [19]. Does the fact that different BMGs
possess different strain-rate-dependent compressive strengths
mean that the mechanical response of these materials de-
pends sensitively on each particular alloy and composition?
We seek to identify the dominant mechanism that controls
the strain-rate-dependent compressive strength so that we can
potentially describe the mechanical response of all BMGs to
uniaxial compression.

In this paper, we perform molecular dynamics (MD) sim-
ulations of metallic glasses undergoing uniaxial compression

©2023 American Physical Society


https://orcid.org/0000-0002-9901-4642
https://orcid.org/0000-0002-1776-0642
https://orcid.org/0000-0002-5361-0342
https://orcid.org/0000-0001-8473-2505
https://orcid.org/0000-0002-8272-5640
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.105604&domain=pdf&date_stamp=2023-10-25
https://doi.org/10.1103/PhysRevMaterials.7.105604

WEIWEI JIN et al.

PHYSICAL REVIEW MATERIALS 7, 105604 (2023)

b B L B
@ Zrsg 3Cuyg gNby sAlg 4
TiyZr,sNigCugBe g

1.2 | 4 TiggZrigNigCusoBey, o
Zr;CU3oNigAl
© Nig,Nbag
bo 10 o .
~ s s
> © PdNisgPs0 Ny
bE B Tigp gZr30 ,CUgNis 5Be5; 7

O ZrggTiy;Cuyo5C045Bey; 5
08Fv Zrg,7CU2NigAl; 5

A Zrsy 5CU17 Ny gAlo Tis

A Zrgy 13CU1575Ni1g 12Al1p

a Z"4|1.2Ti13.8cl:u12.sNi1loBezz.5 |

0.6
10° 10 10" 10’ 10°
Eeng (57)

FIG. 1. Compressive strength o« (normalized by the value oy at
the lowest strain rate) plotted as a function of engineering strain rate
Eeng (In s71) from experimental studies of 12 bulk metallic glasses
undergoing uniaxial compression at room temperature [5,9-19].

using the embedded atom method (EAM) and Lennard-Jones
(LJ) interatomic potentials to understand their mechanical
response. Specifically, we focus on EAM simulations of
NigyNbsg, as well as ZrgyCuygAlyq, and LJ models of Nigy Nbsg
metallic glasses. We consider the simulation models as small
subsystems embedded within a large bulk system. To account
for the flow of heat from the subsystem to the bulk system
(or heat bath) during compression, we incorporate a damping
term proportional to the atomic velocities into the equations of
motion. By varying the heat bath temperature 7 and damping
coefficient b, we can effectively control the local temperature
of the subsystem and the rate of heat transfer to the bulk sys-
tem, respectively, during the applied compression. In addition,
we focus on the preyield strain regime, where the forma-
tion and propagation of shear transformation zones are the
dominant deformation mechanisms. We do not consider the
formation of large-scale shear bands, which induces failure of
the material.

In general, we show that the local temperature and strength
of the local dissipation control the behavior of the compressive
strength versus strain rate in metallic glasses. For systems
coupled to a zero-temperature heat bath in the limit of low
damping coefficient, the compressive strength opax versus
temperature 7 obeys a chevron-shaped scaling curve with two
main branches. In the lower branch of the chevron-shaped
curve, op, decreases linearly with increasing 7', whereas it
displays a power-law increase with decreasing T in the upper
branch. Higher strain rates in the lower branch contribute to
more effective local heating of the system, leading to thermal
softening and negative strain rate sensitivity of the compres-
sive strength. In contrast, in the power-law upper branch,
the increased potential energy from compression cannot be
effectively converted into kinetic energy, which results in
positive strain rate sensitivity of opm.x. For systems coupled
to a nonzero-temperature heat bath (7p > 0), omax(T) devi-
ates from the scaling curve at low strain rates, but oy (7)
rejoins the scaling curve as the strain rate increases. For all
heat bath temperatures, large damping reduces compression-
induced thermal fluctuations, which causes o, (T) to deviate

from, but still be bounded by, the scaling curve in the b — 0
limit.

While these computational studies have focused on two
specific metallic glasses (Nig;Nbsg and ZrgyCuzgAl;;), our
results are qualitatively the same for both EAM and LJ in-
teraction potentials and both metallic glasses. We further
demonstrate that the experimental results of the compres-
sive strength o,y versus the engineering strain rate eng, as
depicted in Fig. 1 for 12 different metallic glasses, can be
mapped onto the same chevron-shaped scaling curves o« (T)
obtained from the MD simulations. Thus the chevron-shaped
scaling curves in the op,x-versus-7 plane provide a general
framework for understanding the strain rate sensitivity of
metallic glasses.

The remainder of this paper is organized as follows. In
Sec. II, we describe the cooling protocol for preparing the un-
strained metallic glass samples and the uniaxial compression
protocol for determining the strain-rate-dependent compres-
sive strength of these samples. In Sec. III A, we present
the results from MD simulations of Nig;Nbsg (modeled us-
ing an EAM potential) undergoing uniaxial compression and
coupled to a zero-temperature heat bath, e.g., the variation
of the temperature-dependent compressive strength oy« (7)
with damping coefficient and cooling rate used to prepare
the samples. In Sec. III B, we also show results for MD
simulations of Nigy;Nbsg (modeled using an EAM potential)
undergoing uniaxial compression, but now the simulations
are coupled to a finite-temperature heat bath 7 > 0. We
quantify how o,.x(7T) changes as Ty increases toward the
glass transition temperature. In Sec. IIIC, we describe the
methods to compare oy« (T) between the experimental and
computational studies and different metallic glasses. We de-
scribe the deformation mechanism governing the mechanical
response of metallic glasses in Sec. IIID. The conclusions
and promising future directions are provided in Sec. IV. We
also include five Appendixes to present additional details of
the MD simulations. Descriptions of the EAM and LJ atomic
interactions are provided in Appendix A. In Appendix B, we
show supplemental results for omax(€eng) and T (éepg) from
MD simulations of NigNbsg undergoing uniaxial compres-
sion with nonzero-temperature heat baths. The MD simulation
results for uniaxial compression of ZrgCuyAl;; modeled
using an EAM interatomic potential and Nig;Nbsg using the
LJ interatomic potential are compared with Nig;Nbsg using an
EAM interatomic potential in Appendixes C and D. Finally,
the fitting parameters for determining 7 (€eng) and mapping
the experimental results for opax(éeng) Onto the simulation
results for o (T) are provided in Appendix E.

II. METHODS

In this section, we describe the computational meth-
ods to simulate uniaxial compression of metallic glasses at
finite strain rates and temperatures. We conduct MD simu-
lations of two particular BMGS, Ni62Nb38 and ZI'60CUQ9A11]
[20]. The experimental measurements of the compressive
Strength for NigyNbsg and Zrsg3Cusg gNb; sAljg4 (similar
to ZrggCup9Aly;) are shown in Fig. 1. We consider EAM
interatomic potentials for NigyNbsg [21] and ZrgyCupAly;
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[22] and a pairwise Lennard-Jones potential for Nig;Nbsg. See
Appendix A for the details of the interatomic potentials.

A. Metallic glass sample preparation

Each metallic glass sample contains N = 6000 atoms in
a 2 x 2 x 3 cuboidal box with periodic boundary conditions
in the x, y, and z directions. The samples modeled using the
EAM potentials are generated by cooling equilibrium liquid
states at 7 = 2000 K (above the glass transition temperatures
T, ~ 1000 K for Nig;Nbsg and T, ~ 850 K for ZrsoCuyAl; )
to a target temperature 0 < 7o < 120 K using a range of
cooling rates from R = 10'° K/s to R = 10'3 K/s. The tem-
perature of the system is calculated using T = 2K/(3Nkg),
where K is the total kinetic energy and kg is the Boltzmann
constant. After quenching the system to Ty < T,, we change
the periodic boundary conditions in the x and y directions
to open boundary conditions, such that the pressure in the
transverse direction is effectively zero, mimicking the exper-
imental compression of micropillars. The periodic boundary
conditions in the z direction (i.e., the direction in which the
compression is later applied) are maintained to minimize the
effects of a physical boundary in small systems. The system is
relaxed using the Nosé-Hoover thermostat and barostat (using
the velocities and system size in the z direction as the degrees
of freedom) to achieve zero pressure at temperature 7.

The Nig,Nbsg metallic glass samples modeled with the LJ
interatomic potential are generated using a similar geometry
and protocol to those used for the metallic glass samples
modeled using the EAM potentials. Using periodic boundary
conditions in the x, y, and z directions, we cool equilibrium
liquid states at T =2 x 10* K to low temperature, Ty =
20 K, over a range of cooling rates from R = 10'2 K/s to
R = 10" K/s. We then open the boundaries in the x and y
directions and bring the system to zero pressure at tempera-
ture Tp using the Nosé-Hoover thermostat and barostat. For
the LJ interaction potential, we use onpxy = 3 x 10710 m,
UNbNb«/mNb/GNbNb =54x 1071 S, ENbNb/GI%IbNb = 1.7 GPa,
and enpnb/kg = 3400 K as the length, time, stress, and tem-
perature scales, respectively.

B. Uniaxial compression protocol

We subject the metallic glass samples to uniaxial com-
pression at nonzero strain rates éepg in the z direction. The
engineering strain and stress are defined as

Eeng = (LzO - Lz)/Lzo’ (1
Oeng = F. /Ao, ()

where L is the initial sample length in the z direction, Ag
is the initial cross-sectional area in the x-y plane, and F; is
the total force in the z direction that opposes the compressive
strain. The strain is applied affinely to the system, such that
after each compressive strain increment, Ageng = EengAt, the
new z position of each atom i is z; = z;(1 — Aégcng), Where At
is the time step. The compressive strength oy, is defined as
the maximum in oepg(&eng) prior to steady flow.

We conduct MD simulations on metallic glass samples
containing N = 6000 atoms, which are much smaller than the
micrometer-sized experimental samples in Fig. 1. We consider
the simulation as a small subsystem coupled to the rest of
the bulk sample, which represents a heat bath (at tempera-
ture Tp) that can inject and remove heat from the subsystem.
It is straightforward to show that after integrating over the
degrees of freedom for the heat bath in the coupled system,
the equations of motion for the atomic degrees of freedom
in the subsystem include a noise term and a damping term
proportional to the atomic velocities. The damping term rep-
resents the flow of heat from the subsystem to the heat bath,
and the noise term represents heat flow from the heat bath to
the subsystem.

We implement a Langevin thermostat [23] to model the
heat bath at temperature 7j. In this case, the force acting on
atom i with mass m; is

F; =F + F + F! = ma;, ()

where a; is the acceleration of atom i, F{ = —dU/0r; is the
conservative force arising from the total potential energy U,
F¢ = —bv; is the damping force proportional to the velocity v;
of atom i, and F? is the noise term that is directed in a random
direction and has a magnitude proportional to /kgTob/At.
For a zero-temperature heat bath, F} = 0. We vary the damp-
ing coefficient b to tune the time scale of the heat flow from
the subsystem to the heat bath. The integration scheme for
Eq. (3) is a modified velocity-Verlet algorithm with time step
At = 0.002 ps [24].

In addition to computational studies of uniaxial com-
pression carried out at finite strain rates, we also subjected
the metallic glass samples to athermal, quasistatic uniaxial
compression [25]. For this method, we applied successive
compressive strain increments Age,s = 2 X 107> with each
increment followed by potential energy minimization using
the conjugate gradient algorithm.

III. RESULTS

In this section, we describe the results for the MD simula-
tions of Nig, Nbsg metallic glass samples undergoing uniaxial
compression. In Sec. IITA, we show the results for the
compressive strength of metallic glass samples undergoing
uniaxial compression and coupled to a zero-temperature heat
bath. In particular, we illustrate the chevron-shaped scaling
behavior of 0.« (T) in the low-damping-coefficient limit and
how it is modified with increasing b. In Sec. III B, we deter-
mine how o, (7T) changes with increases in the heat bath
temperature 7. We describe the methods to map the MD
simulation results for o, (7) at nonzero heat bath temper-
atures onto those at 7o = 0 and for mapping the experimental
data for omax(€eng) ONtO Opax(T) from the MD simulations
in Sec. III C. Finally, we introduce a general framework for
understanding the strain rate sensitivity of opn,x in metal-
lic glasses in Sec. IIID. Additional simulation results for
NigNbsg and ZrgyCusgAlj; undergoing uniaxial compression
at zero and nonzero temperature heat baths are provided in
Appendixes B, C, and D.
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FIG. 2. (a) Engineering stress ocpg Vs strain £, from EAM simu-
lations of uniaxial compression of a NigNbsg sample obtained using
cooling rate R = 10'> K/s. The black curve corresponds to ather-
mal, quasistatic compression, and the horizontally shifted curves,
from left to right, correspond to compression coupled to a zero-
temperature heat bath with damping coefficient b = 10~* eV ps A2
at strain rates éey = 107 (red), 108 (blue), 10° (green), 2 x 10° (ma-
genta), 5 x 10° (orange), and 10'° (cyan) s™!, respectively. The inset
shows the same data for oeng VS &eng in the main panel for athermal,
quasistatic compression and e, = 107 and 10® s~! without horizon-
tally shifting the data. (b) Average temperature 7" vs strain &,, from
EAM simulations of 20 Nig,Nbsg samples prepared using R = 10'2
K/s for each strain rate. The damping coefficient and strain rate color
codes are the same as those in (a).

A. Zero-temperature heat bath

We first present the results of the MD simulations of uni-
axial compression (coupled to a zero-temperature heat bath)
of Nig;Nbsg metallic glass samples modeled using an EAM
potential. In Fig. 2(a), we show the stress-versus-strain rela-
tion for samples compressed at several strain rates and fixed
damping coefficient, b = 10~* eV ps A~2. At low strain rates,
the stress-strain curves possess quasilinear elastic segments,
punctuated by discontinuous drops in the stress. In particular,
the stress-strain curves for éeng S 108 s! agree with those
obtained using athermal, quasistatic compression as shown
in the inset in Fig. 2(a). Serrations in the stress-strain rela-
tions have also been found in experimental studies of uniaxial
compression and nanoindentation of BMGs at low strain rates
[19,26]. The stress-strain curves become more continuous,
and the maximum stress is nonmonotonic with increasing
strain rate. For €epy = 108 s~!, the maximum stress value de-

creases below that achieved in the low-strain-rate limit. As the
strain rate increases further, i.e., for &epe 2 5x 10° s71, the
maximum stress is larger than that in the low-strain-rate limit.
In Fig. 2(b), we show the variation of the internal temperature
T as a function of strain &pe at fixed damping coefficient
and different strain rates. For a given damping coefficient and
strain rate, the temperature of the system will increase from its
initial value (in this case, 7Tp = 0) and then reach a steady-state
value T after a given total compressive strain £ ¢. The steady-
state Ty is determined by balancing the compression-induced
heating (from the applied strain rate) and heat removal (to the
heat bath) arising from damping. Both 7 and & increase with
increasing strain rate but decrease with increasing damping
coefficient. For éepy > 2 x 10° s!, we do not show the strain
regime where T — T in Fig. 2(b).

The stress-strain relations for metallic glasses depend on
the damping coefficient and strain rate, as well as the cooling
rate used to prepare the sample. The results for the com-
pressive strength as a function of the strain rate for EAM
simulations of NigyNbsg prepared using different cooling rates
and compressed in contact with a zero-temperature heat bath
at different damping coefficients are shown in Fig. 3(a). We
find that the compressive strength oy,,x has a self-similar form
for different cooling rates, where the compressive strength
increases with decreasing cooling rate. This behavior can be
attributed to the dependence of the mechanical properties of
glasses on the depth of potential energy minima that they
sample. Lower cooling rates allow the system to explore and
sample deeper energy minima, leading to enhanced mechan-
ical properties, including higher compressive strength. We
therefore plot the cooling-rate-scaled and averaged compres-
sive strength

O—:mx = <Umax(R/Rc)y >R’ 4)

where y ~ 0.038 and R, = 1 K/s is a reference cooling rate,
versus strain rate in Fig. 3(b) to remove the cooling rate depen-
dence. (-)g indicates the average of om.x (R/R.)? over the four
cooling rates, R = 10'°, 10", 10'%, and 10'3 K/s. (Changing
R. will only modify o, by a constant multiplicative factor.)
The exponent y is obtained by finding the best collapse for
oy over the full range of cooling rates. We find several
important features for o5, (éeng). First, in the low-strain-rate
limit (for the nonzero damping coefficients considered), o,
approaches the value obtained for athermal quasistatic com-
pression. Second, the scaled compressive strength increases
monotonically with strain rate when the damping coefficient
b =0, whereas o . is nonmonotonic in éee when b > 0
[19], i.e., the scaled compressive strength first decreases with
increasing strain rate and then increases rapidly for éeng 2
10° s~!. The magnitude of the nonmonotonic behavior [i.e.,
the difference between the value of o, at &,y — 0 and
the minimal value of o}, (écn¢)] across the strain rate range
increases with decreasing b.

To understand the nonmonotonic behavior of o}, versus
&eng, We characterize the local temperature of the system
during compression. We show the temperature averaged over
strains in the range 0 < .,y < &, versus the strain rate for
samples prepared using several cooling rates, R = 10'°, 10!,
10'2, and 10" K/s in Fig. 4(a). (For g, ~ 0.084, 0%, occurs
in this strain interval for all systems considered.) As we found
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FIG. 3. (a) Compressive strength oy, plotted as a function of
strain rate é.,, for NigNbsg samples (modeled using an EAM poten-
tial) undergoing uniaxial compression with a zero-temperature heat
bath. Samples were generated using a range of cooling rates, R =
10' (fully filled symbols), 10'! (top-filled), 10'? (right-filled), and
10" (bottom-filled) K/s, and five damping coefficients b. (b) Com-
pressive strength o . (scaled by the cooling rate used to prepare the
samples) in Eq. (4) plotted vs strain rate &, for NigNbsg (averaged
over 80 samples) at several damping coefficients b. The data for
athermal quasistatic compression are shown as pentagons.

for the compressive strength, the temperature versus strain
rate has a self-similar form for different cooling rates used
to prepare the samples. Thus we can effectively remove the
cooling-rate dependence by scaling T — Ty. In Fig. 4(b), we
plot the cooling-rate-scaled and averaged temperature,

T* = (T — T))(R/R) ")r, 5

where A & 0.057 and R, = 1 K/s is a reference cooling rate.
Changing R, will only change T* by a constant multiplicative
factor. The strain rate dependence of the cooling-rate-scaled
and averaged temperature can be captured by the expression

. c(é/k)™

Ty = <" ©)
1+ (¢/k)P

where the coefficients k and ¢ have units of s~! and K, re-

spectively, and the power-law exponents « and 8 depend on
b. The values of k, ¢, o, and B are provided in Table I of
Appendix E. For systems with b = 0, in which compression-
induced energy increases are not dissipated, the exponent «
is equal to zero and B > 0, indicating that the cooling-rate-
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FIG. 4. (a) Average temperature 7 (over the strain interval 0 <
Eeng < &p) plotted Vs &y for the systems in Fig. 3(a). The symbol
style is the same as in Fig. 3(a). Similar T (g ) curves are obtained
for samples prepared over a wide range of cooling rates. (b) Cooling-
rate-scaled and averaged temperature T* in Eq. (5) VS écng. Best fits
of T*(&cng) to Eq. (6) for different b values are shown as dash-dotted
lines.

scaled and averaged temperature 7* decreases monotonically
with increasing strain rate. This monotonic decrease occurs
because the averaging strain interval is fixed, and as the strain
rate increases, the system has less time to heat up during
compression. For systems with b > 0, in which heat flows
from the subsystem to the surrounding bulk system, the ex-
ponents « and B satisfy 8 > « and o > 0. This form for 7*
suggests that the temperature-versus-strain-rate curves exhibit
a maximum, indicating that beyond a dimensionless strain rate
Méeng/b >> 1, where m is the average mass per atom, the strain
rate is so fast that sufficient time has not elapsed to allow the
additional potential energy resulting from compression to be
efficiently converted into kinetic energy. At low strain rates,
the damping can effectively remove heat from the system
during compression, and thus the temperature at low strain
rates decreases with increasing damping coefficient. As the
strain rate is increased, damping is less effective at removing
heat, and the temperature increases with strain rate. We find
that the position &, of the peak in T*(é¢yg ) scales linearly with
b, while the peak value of T* scales as é;", with © ~ 0.2.
The results in Figs. 3 and 4 suggest that the nonmonotonic
behavior of oy Versus éepg is caused by the nonmonotonic
dependence of temperature on strain rate. Therefore we plot
the cooling-rate-scaled and averaged compressive strength
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TABLE 1. Parameters for fits of 7*(ée,e) from MD simula-
tions of uniaxial compression of NigNbsg [Figs. 4(b) and 12] and
ZrgoCuyyAly; [Fig. 14(b)] to Eq. (6) for varying heat bath tempera-
tures Ty and damping coefficients b (eV ps A=2).

Figure b k c o B
0 2.26 x 101 4.27 0 0.564
Fig. 4(b) 1073 1.09 x 108 6.12 0.767 0.956
Th=0K 1074 5.28 x 108 477 0947 1.16
NigyNbs 3x 107 127x10° 380 0988 1.19
1073 2.90 x 10° 3.07 1.00 1.17
Fig. 12(a) 0 235% 10" 431 0 0518
Th=2K 6x107°  3.02 x 108 502 0922 1.11
NigNbsg 2x 107 1.29 x 10° 4.61 0851 1.12
Fig. 12(b) 0 2.04 x 10! 436 0 0.494
Th=10K 7x107%  6.44 x 107 595 0.750 0916
NigNbsg 6x107°  2.86 x 108 487 0944 1.13
Fig. 12(c) 0 8.45 x 10° 4.61 0 0.378
Th =40K 6x107° 271 x 108 452 0977 1.17
Nig:Nbsg 5x 107 1.06x10° 290 1.10 124
Fig. 12(d) 0 4.15 x 108 5.88 0 0.292
Th =120K 7x 107  3.98 x 107 488 0.886 1.08
NigNbsg 6x107° 233 x 108 381 0979 121
. 0 1.54 x 10" 2222 0 0.516
Fig. 14(b) 1073 1.06 x 108 30.7 0.828 1.03
hh=0K 1074 461 x10° 228 102  1.23
ZroCunAli =3 195%10° 125 117 127
o versus the scaled and averaged temperature 7* for EAM

simulations of Nig;Nbsg undergoing uniaxial compression
with coupling to a zero-temperature heat bath in Fig. 5. In
the limit of low damping coefficient (b — 0), o,},, versus
T* follows a chevron-shaped scaling curve, which consists

of two main branches. In the lower branch, which corre-

16 T T T T \ T T
b(eV ps A?) .
o 0 \
o 107°
a 10
_14r o3x10t .
£ v 1073
g
5
* E
N
12} -
10 1 L 1 " 1 L 1 2 1
0 1 2 3 4
7" (K)

FIG. 5. Cooling-rate-scaled and averaged compressive strength
o plotted as a function of the cooling-rate-scaled and averaged
temperature 7" for Nig, Nbsg samples [using data from Figs. 3(b) and
4(b)] undergoing uniaxial compression with coupling to a zero-
temperature heat bath at several damping coefficients b. The arrows
indicate the directions of the increasing strain rate. The magenta
dash-dotted lines give the chevron-shaped scaling behavior in the
b — 0 limit.

sponds to the low-strain-rate regime, o, decreases linearly
with increasing T*, following o}, = o1 —kT*, where o
is the scaled compressive strength in the 7* — 0 limit and
k ~ 0.18 GPa/K. When the cooling-rate-scaled and averaged
temperature reaches 7% = 4 K, further increases in strain rate
cause the scaled temperature to decrease, and o}, increases
as a power law with decreasing temperature, o, ~ (T*)7",
with v & 4.6. For systems with nonzero damping coefficients,
o (T™) deviates from the chevron-shaped scaling behavior
at a T* that depends on b. In particular, in the limit of high
damping coefficient, initial increases in strain rate cause only
relatively small temperature increases, and the compressive
strength does not decrease significantly. With further increases
in strain rate, the temperature starts to decrease, and the com-
pressive strength increases rapidly, eventually approaching
the o, ~ (T'*)™" power-law scaling relation. These results
emphasize the effects of strain rate and damping coefficient in
determining the local temperature, which in turn controls the
compressive strength in metallic glasses undergoing uniaxial

compression with coupling to a zero-temperature heat bath.

B. Finite-temperature heat bath

In this section, we present results for EAM simulations
of Nig;Nbsg metallic glasses subjected to uniaxial compres-
sion, but coupled to a heat bath at nonzero temperatures (i.e.,
Ty = 2, 10, 40, and 120 K). As shown in Sec. IIT A, the com-
pressive strength of metallic glasses prepared using different
cooling rates is self-similar, and thus we show results for
the cooling-rate-scaled compressive strength and temperature.
(However, we only include the results for o, and T* at
To > 0 for samples prepared using a single cooling rate of
10'° K/s.) As shown in Fig. 6(a), 0%, versus T* for systems
compressed using a low-temperature heat bath (i.e., o = 2
and 10 K) is similar to that for systems compressed using
a zero-temperature heat bath. In particular, o}, decreases
linearly with increasing 7* in the lower branch of the chevron-
shaped curve and grows as a power law with decreasing 7" in
the upper branch of the chevron-shaped curve. However, for
heat baths with Ty 2 40 K, the o -versus-T* curves shift to

max
smaller values of o* and T*, and o, increases (rather than

max max
decreases) with incr%asing T* at the abeginning of the lower
branch of the chevron-shaped curve.
For systems coupled to a heat bath at higher temperatures,
as shown in Fig. 6(b), the nonmonotonic behavior of o,
VEISuS €ng can be recovered at sufficiently small damping co-
efficients (and certain strain rates), where o, first increases
with increasing 7* at low strain rates, then decreases with
increasing T* at intermediate strain rates, and finally increases
as a power law with decreasing 7* at the highest strain rates.
We find similar results for o}, versus T* for heat bath tem-
peratures Tp = 2, 10, and 40 K. (See Appendix B.) The fact
that we obtain the nonmonotonic behavior for o}, versus £qpg
over such a wide range of heat bath temperatures emphasizes

the generality of these results.

C. Comparing compressive strength versus temperature
in simulations and experiments

As shown in Sec. III B, Nig;Nbsg metallic glass samples
(modeled with EAM atomic interactions) undergoing uniaxial
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(a) T T T
14 + \

12 |

(GPa)
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Umax

10 |

(GPa)

*
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FIG. 6. (a) Cooling-rate-scaled compressive strength oy, plot-
ted vs the cooling-rate-scaled temperature 7* from MD simulations
of uniaxial compression of NigNbsg (modeled using EAM atomic
interactions) with coupling to a heat bath at 7, = 0, 2, 10, 40, and
120 K. The damping coefficient b is 6 x 10~° eV ps A2 for all sim-
ulations. (b) o> plotted vs T* for the same simulations in (a) with
heat bath 7, = 120 K and several damping coefficients b. The solid
arrows in (a) and (b) indicate the directions of increasing strain rate.

compression and coupled to a finite-temperature heat bath
obey o), -versus-T* relations similar to those of samples
coupled to a zero-temperature heat bath. Thus we seek to map
the results for o}, versus T* for systems with a nonzero-

versus T* for systems with a

temperature heat bath onto o},
zero-temperature heat bath by applying linear transformations

to o, and T* for the systems at 7T > 0. In particular, we set
U[Ilax = U»SGI?IaX + CU,S’
T =kr,T" +crs, )

where the coefficients k; 5, ¢5 5, k7.5, and cr s (listed in Table IT
of Appendix E) are selected so that the region with negative
strain rate sensitivity and the upper power-law branch of o/
versus T for systems at Ty > 0 with low damping coefficients
match the lower and upper branches of the chevron-shaped
scaling curves of oy, versus T* at Ty = 0. The Ty-dependent
coefficients obtained from this procedure at low b are used
to scale o, and T* at the same Ty and higher damping
coefficients. (This set of linear transformations is referred to

as method I.) The scaled simulation data for zero and nonzero

TABLE II. Parameters for the linear transformation in Eq. (7)
that map the results for the EAM simulations of Nig;Nbsg undergoing
uniaxial compression and coupled to a finite-temperature heat bath to
those coupled to a zero-temperature heat bath, as shown in Fig. 7.

Heat bath ko.s Cos kr s Crs
Th=2K 1.05 —0.551 0.902 0.198
Th=10K 1.06 —0.485 0.782 0.430
Th=40K 0.970 0.671 0.979 0.242
Th =120 K 0.784 3.68 0.538 1.35

heat bath temperatures are shown in Fig. 7. At Tp = 0, the
chevron-shaped scaling curve o, (T7) is characterized by a
lower branch that decreases linearly with the scaled temper-
ature and an upper branch that grows as a power law with
decreasing temperature. In contrast, for Ty > 0, o, initially
increases with T at the lowest strain rates, and then at higher
strain rates the compressive strength versus temperature obeys
the same scaling behavior as that observed for Tp = 0 and
varying damping coefficients.

As discussed in Appendixes C and D, we also performed
MD simulations of uniaxial compression of ZrgyCuygAly;
(modeled with an EAM atomic interaction) and Nig,Nbsg
(modeled with Lennard-Jones interactions) coupled to a zero-
temperature heat bath and find qualitatively the same behavior
for the compressive strength versus temperature as found for
the NigyNbsg metallic glass samples modeled using EAM
atomic interactions. Again, o, decreases linearly with in-

creasing T' in the low-strain-rate branch and grows as a

1 5 T T T T T

FIG. 7. Scaled compressive strength o} plotted vs the scaled
temperature T* [Eq. (7)] for all MD simulations of Nig;Nbsg metal-
lic glasses (modeled using EAM interactions) undergoing uniaxial
compression and coupled to a heat bath with 7, =0, 2, 10, 40,
and 120 K. Black fully filled, blue top-filled, green right-filled,
red bottom-filled, and purple left-filled symbols correspond to the
heat bath with 7, = 0, 2, 10, 40, and 120 K, respectively. Squares,
circles, upward triangles, diamonds, and downward triangles corre-
spond to increasing damping coefficients from 0 to 1073 eV ps A=2.
The magenta dash-dotted lines indicate the chevron-shaped scaling
behavior for MD simulations of uniaxial compression that use a
zero-temperature heat bath in the b — 0 limit.

105604-7



WEIWEI JIN et al.

PHYSICAL REVIEW MATERIALS 7, 105604 (2023)

TABLE III. Parameters for the linear transformations of o;,,x and
log o écng in Eq. (8) that map the experimental data in Fig. 1 to one of
four representative MD simulations of Nig;Nbsg (EAM) undergoing
uniaxial compression: (1) To =0 K, b = 1075 eV ps A2 QT =
0K, b=103eVpsA2, 3) Th =40 K, b=6 x 1077 eVpsA~2%;
and (4) Ty = 40K, b =5 x 107* eV ps A2 (see Fig. 8). Here, ¢, =
—Nz.clogg ks e

Metallic glasses ko.e Coe Nie c:e To,b
Ti4()ZI‘25NigCll9Belg 2.49 6.45 0.150 8.30 (3)
Ti45Zr16NigCu10Bezo 13.1 —14.5 0.233 9.93 (2)
Nig;Nbsg 1.36 749 0.228 9.68 (2)
Zr50'7Cu23Ni9A112‘3 1.26 8.86 0.370 7.26 (1)
Zr52.5Cu17.gNi]4l6Al|0Ti5 0.962 9.53 0.490 6.98 (1)

Zres.13Cuys.75Nijo.12ALo 0.714 101 150 195 (1)

Zr41.2Ti13‘gCu12}5Ni10Bezz<5 3.78 3.97 0.157 8.93 (2)
Zr59.3Cng.ng]'5A110.4 1.80 8.04 0.541 7.98 (1)
Pd4oNiso P2 3.92 455 0389 774 (1)
Tigz‘gzléozcllgNiS.gB622‘7 1.15 8.97 0408 7.65 (1)
Zr3gTi17CU]045CO]2B622.5 1.42 8.54 0435 17.92 (1)

power law with decreasing 7' in the high-strain-rate branch.
Hence the MD simulation results for NigyNbsg (modeled
with an EAM atomic interaction) can also be mapped to
the compressive-strength-versus-temperature curve from MD
simulations of ZrgyCuy9Al;; (modeled using an EAM atomic
interaction) and Nig;Nbsg (modeled using the LJ atomic inter-
action).

We now compare the experimental data for the compres-
sive strength of metallic glasses [5,9—-19] in Fig. 1 with the
results for the compressive strength from the MD simula-
tions of Nig;Nbsg (modeled using EAM atomic interactions)
undergoing uniaxial compression. Since the experiments do
not provide measurements of the local temperature of the
sample, we first identify the best match for each of the 12
experimental data sets for oy, versus éeng With the data from
one of four representative MD simulations of Nig;Nbsg after
applying linear transformations in oyax and log é:

|-
Oax = ka’,eamax + Coes

éT _ ‘éeﬁ Nie (8)
eng ké,e ’

where the scaling parameters K, ¢, Co ¢, kz 0, and 1; . are pro-
vided in Table III of Appendix E. The four representative MD
simulations have different combinations of T and b: (1) Ty =
0K, b=107eVpsA2,(2)TH=0K, b=103eVpsA~2;
B)THy=40K,b=06x 10" eVpsA~2; and (4) Ty = 40 K,
b =75 x 10~* eV ps A=2. This set of linear transformations is
denoted as method II.

We then use the scaled temperature 7' versus strain rate
é;ng from the appropriate representative MD simulation [cf.
Eq. (6)] to infer the compressive strength o, versus tem-
perature T for each of the experimental data sets. In Fig. 8,
we show that the o _-versus-T" curves for the experimental
data are similar to the data for the MD simulations in Fig. 7.
In Appendix E, we validate the scaling approach by compar-
ing the results obtained from methods I and II using only

15 T T 1 T T
T, b(eV ps A72) 1\
14 L 0K, 1 07 \ |
0K, 1x 1073 \
= 40K, 6 x 1075 "\
% 13 40K, 5 x 107 \ 7
. \
et \
~E12} . \, _
& \,
AN
£ opn b ®
1 F e ?Q‘i%"A~-~v O "\B.\.v g,
‘ BEitpye i
10 1 1 1 1 1
0 1 2 3 4
T" (K)

FIG. 8. Scaled compressive strength o} vs scaled temperature
TT from experimental studies of uniaxial compression of metal-
lic glasses (using the same symbols as in Fig. 1) collapsed onto
one of four representative simulation studies of NigNbsg (modeled
using EAM atomic interactions) undergoing uniaxial compression
with different combinations of the heat bath temperature and damp-
ing coefficient (Ty=0 K, b=10" eVpsA2 T, =0 K, b=
1073 eVpsA2 Ty =40 K, b=6x 107 eVpsA~2; and Ty =
40 K, b=5x 10™* eV ps A~2) indicated by the solid lines. The
dash-dotted lines indicate the chevron-shaped scaling behavior for
simulations with a zero-temperature heat bath in the » — 0 limit.

the MD simulation data on Nig;Nbsg (modeled with EAM
atomic interactions) for o} (T*) and o (€eng), separately.
The qualitative agreement of the compressive strength versus
temperature for both the simulation and experimental results
suggests that the mechanical response of metallic glasses
under uniaxial compression can be described by the general

deformation mechanisms included in the MD simulations.

D. Deformation mechanisms

In Fig. 9, we provide a sketch of the chevron-shaped
scaling curve for the compressive strength o,  versus
temperature 7' for metallic glasses undergoing uniaxial com-
pression, which illustrates its main features. In driven, thermal
systems, such as metallic glasses undergoing uniaxial com-
pression, thermal fluctuations can arise from the heat bath to
which the system is coupled or from the applied deforma-
tion. When the influence of the heat bath is small, i.e., for
simulated systems coupled to a low-temperature heat bath,
the compressive strength versus temperature can be described
as a chevron-shaped curve with two main branches—the
linear lower branch and power-law upper branch—as shown
in Fig. 9. In the lower branch, the mechanical response is pri-
marily driven by localized shear transformation zones (STZs).
The STZs cause serrations in the stress-versus-strain curve,
where quasilinear increases in stress are punctuated by rapid
stress drops, as shown in Fig. 2(a). Higher strain rates in
the lower branch of the chevron-shaped curve give rise to
local effective heating of the system since there is less time
per strain to dissipate the increased kinetic energy generated
by the increased strain rate. Thus thermal softening (i.e.,
negative strain rate sensitivity of the compressive strength)
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FIG. 9. Sketch of the scaled compressive strength o} plotted as

ax
a function of the scaled temperature 7" for metallic glasses under-

going uniaxial compression and coupled to low-temperature (black
solid lines) and high-temperature (red dashed lines) heat baths. The
hollow arrow signifies the direction of increasing damping coef-
ficient, while the thin solid blue arrows indicate the direction of
increasing strain rate.

occurs in the lower branch. In contrast, the power-law upper
branch at high strain rates corresponds to more homogeneous
deformation and nonserrated stress-versus-strain curves. The
more rapid compression process leads to increased poten-
tial energy, which cannot be converted rapidly into kinetic
energy in the high-strain-rate regime. Therefore the ther-
mal activation of shear transformation zones decreases in
this regime, which leads to an increase in the compressive
strength (i.e., positive strain rate sensitivity of the compressive
strength).

For systems coupled to higher-temperature heat baths, we
find a transition of the strain rate sensitivity of the compressive
strength from positive to negative at low to intermediate strain
rates, in addition to a transition from negative to positive strain
rate sensitivity of the compressive strength from intermediate
to high strain rates, as shown in Fig. 9. The positive strain
rate sensitivity of the compressive strength in the low-strain-
rate regime arises from thermally activated barrier hopping
in the potential energy landscape since low strain rates allow
the system to identify pathways to escape from the current
potential energy basin [27]. In contrast to the power-law upper
branch with positive strain rate sensitivity of o}, at high
strain rates, the temperature increases with strain rate in the
low-strain-rate regime with positive strain rate sensitivity.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

Using MD simulations of metallic glasses (Nig;Nbsg and
ZrgoCuy9Alj;) undergoing uniaxial compression, we investi-
gate the role of thermal fluctuations in determining the strain
rate sensitivity of the compressive strength. When we con-
sider metallic glass samples coupled to a zero-temperature
heat bath, we show that the compressive strength versus
temperature obeys a chevron-shaped scaling curve in the
small-damping-parameter limit. The scaling curve possesses

two branches: The linear lower branch with negative strain
rate sensitivity and the power-law upper branch with positive
strain rate sensitivity. For systems with nonzero-temperature
heat baths, the compressive strength versus temperature de-
viates from the scaling curve at low strain rates, where the
compressive strength initially increases with temperature, but
it rejoins the scaling curve as the strain rate increases. Higher
values of the damping coefficient also cause the compres-
sive strength to deviate from the chevron-shaped scaling
curve at low strain rates, but the compressive strength con-
verges to the scaling curve at high strain rates. For all bath
temperatures, we find a range of damping coefficients over
which the compressive strength is nonmonotonic in strain
rate. We also compare the results from the MD simulations
of Nig;Nbsg and ZrgyCup9Al;; with experimental results for
the compressive strength of 12 metallic glasses [5,9—19].
Each of the alloys obeys a different unscaled-compressive-
strength-versus-strain-rate relation. However, we show that
the compressive-strength-versus-strain-rate data from these
diverse alloys can be mapped (using linear transforma-
tions) onto the same chevron-shaped o, -versus-T" scaling
curves as found in the MD simulations of NigNbsg and
ZrgoCuy9Aly. These results suggest that the chevron-shaped
scaling behavior, which is determined by local temperature
fluctuations and internal dissipation, controls the mechan-
ical response of metallic glasses at finite strain rates and
provides a general framework for understanding the strain
rate sensitivity of the compressive strength of metallic
glasses.

In this paper, we focused on the uniaxial compression of
metallic glasses at finite strain rates. However, we also believe
that our results will hold for other deformations, such as pure
shear and bending, applied to metallic glasses at finite rates.
Furthermore, our work emphasizes that internal heating and
dissipation mechanisms control the strain-rate-dependent me-
chanical response. Thus, in future computational studies, we
can calculate the local damping coefficients that correspond to
nonaffine collective motions of atoms, or shear transformation
zones, that give rise to local heating and dissipation. For
example, in recent work [25] we developed an exact method
to identify and track local deformations during stress drops
that result from athermal, quasistatic simple shear applied
to model glasses. In future studies, we will generalize the
methods for identifying shear transformation zones [28-31] in
metallic glasses deformed at finite strain rate and temperature.
In addition, this paper focused on the preyield regime without
shear bands [32-35]. Predicting the formation and propaga-
tion of large-scale shear bands as the system transitions from
the preyield regime to the postyield regime is an active area of
our future research.
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APPENDIX A: INTERATOMIC POTENTIALS

We consider both embedded atom method (EAM) and
Lennard-Jones interatomic potentials to model Nig;Nbsg and
ZrgoCuy9 Al metallic glasses undergoing uniaxial compres-
sion.

1. Embedded atom method

For EAM interaction potentials, the total potential energy
is U = ), U;, where the potential energy U; for each atom i
includes both many-body and pairwise contributions:

Ui=fu| Y oplrij) | + % D eap(rip),  (AD)

JF# JF#
where r;; is the center-to-center separation between atoms
i and j, the many-body embedding function f, depends on
the electron density pg, @qp is the pairwise potential energy
function, and o, 8 = A, B are labels for the element types
[36]. The summation is over all neighbors j of atom i within
a cutoff distance r, = 6.9 and 6.5 A for NigyNbsg [21] and
ZroCup9Alyy [22], respectively. Note that the forms of the
embedding function and pairwise potential are specific to each
alloy.

2. Lennard-Jones pairwise interactions

We also employ a pairwise Lennard-Jones interaction po-
tential to model Nig,Nbsg metallic glasses. We assume that
atom types «, f = A, B, which represent Nb and Ni, inter-
act via the truncated and force-shifted Lennard-Jones (LJ)
potential:

dd)aﬂ

Uap(rij) = ¢ap(rij) — Qap(re) — (rij — re) Ir
ij

’

rij=re

(A2)

where r;; is the center-to-center separation between atoms i
and j, the cutoff distance . = 2.50,4, and

12 6
= Jap )\ _ (b
d’aﬁ(rl_]) - 4€aﬁ|:< rii ) ( i ) :| (A3)

The total potential energy isU = ), ; Uap(rij). The parame-
ters ogg/oaa = 0.84, oap = (0aa + 0BB)/2, and egp/ean =
0.5863 were chosen to match the relative sizes and cohesive
energies of Nb and Ni. The heat of mixing AHp from
experiments is used to set eag/ean = (1 4+ €gp/€an)/2 —
AHpix/€an = 0.83425 [37]. The mass ratio for NiNb alloys
is mA/mB = 1.583.

To compare the MD simulation results for uniaxial com-
pression of NigyNbsg using the LJ potential with those for the
EAM potential [21], we set oaa = 3.0 A for the atomic diam-
eter and ma = 92.91 amu for the mass of Nb. To determine
the cohesive energy scale eaa/kp, we calculate the position
fluctuations of atoms in Nig;Nbsg glasses as a function of tem-
perature. We measure the mean-square displacement (MSD),

N

1
MSD(1) = <ﬁ > m) - ri(O))2>,

i=1

(A4)

102 .
Nig2Nbsg
Potential type, R (K/s)
10°F = EAM, 10" 3
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FIG. 10. Mean-square displacement at short times, (MSD(z,))
/V2/3, normalized by the surface area of the sample, V>3, plotted as a
function of temperature 7' for EAM and LJ simulations of NigNbsg.
The temperatures of the LJ systems were scaled by exa /kg = 3400 K
so that they collapse onto the data for the EAM simulations at low
temperatures. Data are shown for four EAM and two LJ simulations
with samples prepared at different cooling rates R.

where r;(¢) is the position of atom i at time ¢ and the angle
brackets indicate an average over time origins. In Fig. 10,
we show the mean-square displacement at short times (¢, =
20 ps in the EAM simulations and #;, = 20ea4 /kg ~ 10.9
ps in the LJ simulations) as a function of temperature for
EAM and LJ models of Nig;Nbsg that were first rapidly
cooled to low temperature and then successively heated above
the glass transition temperature. We find that by choosing
€an/ks = 3400 K we can scale the MSD(¢,) for the LJ simu-
lations onto those for the EAM simulations for temperatures
below the glass transition temperature.

APPENDIX B: EAM SIMULATIONS OF NigNb;s
IN FINITE-TEMPERATURE HEAT BATHS

In this Appendix, we show the cooling-rate-scaled com-

pressive strength o}, as a function of &, obtained from

T T
14 |0 (eV ps A2
o o0

1714 L b(eV ps A7?) f 1
o o0

8 . . s .
107 108 10° 10 100 107 10°  10°  10'°
Fong (57 feng (571)

FIG. 11. Cooling-rate-scaled compressive strength o, plotted
VS strain rate e, for Nig;Nbsg (EAM) coupled to heat baths with
(@ Th=2K,(®b) Th=10 K, (¢) To =40 K, and (d) T = 120 K,
with different damping coefficients b.
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FIG. 12. Cooling-rate-scaled temperature 7* plotted vs strain
rate €eng for NigyNbsg (EAM) coupled to heat baths with (a) 7o = 2 K,
(b) Ty =10 K, (¢c) Th =40 K, and (d) T, = 120 K, with different
damping coefficients b. Best fits of T*(é.q,) to Eq. (6) for different b
values are shown as dash-dotted lines.

MD simulations of NigyNbsg metallic glasses (using an EAM
interatomic potential) undergoing uniaxial compression and
coupled to heat baths over a range of temperatures: Ty = 2,
10, 40, and 120 K. In Fig. 11, we find that the strain rate
regime, over which the compressive strength decreases with
strain rate, narrows with increasing heat bath temperature and
is observed at lower damping coefficients. Unlike systems
coupled to low-temperature heat baths, where o}, generally
decreases linearly with &,y in the low-strain-rate regime,
Oyax initially increases with &epg for systems coupled to
high-temperature heat baths. For systems with nonzero-
temperature heat baths, the temperature during compression
also follows the T*-versus-éepg relation in Eq. (6), as shown
in Fig. 12. The fitting parameters to Eq. (6) are provided

15 T T T T
Ty (K), b(eV ps A7) To, b
E 2 0 4 m 40, 0
Hl e 26 10° ® 40, 6 x 1075
v 2, 2x10™* P& 40, 5 x 1074 {
ch 13 = 10, 0 ’ 4
o) A 10, 7x107° > a
~ ® 10, 6 x 107°
o F g
o ‘A ]
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i A ¢ ] P 1 [lEI 1 ]
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FIG. 13. Cooling-rate-scaled compressive strength o,y . plotted
vs cooling-rate-scaled temperature 7* from MD simulations of
NigNbss (EAM) undergoing uniaxial compression and coupled to
nonzero-temperature heat baths. These data correspond to the same
data in Figs. 11(a)-11(c) and 12(a)-12(c). The MD simulations with
different damping coefficients are represented by distinct symbols,
and the data for 7p = 2, 10, and 40 K are differentiated by the use of
fully filled, top-filled, and right-filled symbols, respectively.
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FIG. 14. (a) Compressive strength o, plotted as a function
of strain rate ée,g for ZreyCuypAl;; (modeled using EAM atomic
interactions) undergoing uniaxial compression and coupled to a zero-
temperature heat bath. The metallic glass samples were prepared
using cooling rate R = 10'? K/s. Each data point represents an av-
erage of 20 independently generated samples, and different symbols
indicate varying b values. (b) Average temperature 7 (over the strain
interval 0 < g¢g < 0.076) for the data in (a) plotted vs strain rate
&eng- Best fits of T'(é.ng) to Eq. (6) for different b values are shown as
dash-dotted lines. (c) Compressive strength oy, plotted vs average
temperature 7 for data in (a) and (b).

in Table I of Appendix E. As discussed in Sec. III B, for
systems with nonzero-temperature heat baths, o}, versus T'*
deviates from the scaling curve at low strain rates but rejoins

the scaling curve at large strain rates, as shown in Fig. 13.

APPENDIX C: EAM SIMULATIONS OF ZrgCuzAl;;
IN ZERO-TEMPERATURE HEAT BATHS

In this Appendix, we provide additional details con-
cerning the MD simulations of uniaxial compression of
ZrgoCup9Alj; modeled using an EAM potential and coupled
to a zero-temperature heat bath. The results for the com-
pressive strength and temperature are similar to those for
NigyNbsg using both the LJ and EAM potentials. In Fig. 14,
we show the compressive strength o, and strain-averaged
temperature 7' versus strain rate éepg for ZrgoCupgAlj; samples
prepared using a cooling rate of R = 10'?> K/s. The tem-
perature was obtained by averaging over the strain interval
0 < &eng < 0.076, which includes the peak in the compressive
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FIG. 15. (a) Compressive strength op, vs strain rate &.,, for
LJ simulations of NigNbsg undergoing uniaxial compression and
coupled to a zero-temperature heat bath. The metallic glass samples
were generated at cooling rates R = 10'? (fully filled symbols), 10"
(top-filled), and 10'* (right-filled) K/s. Each data point represents
an average of 45 independently generated samples. (b) Average tem-
perature T (over the strain interval 0 < &.,e < 0.065) for the data
in (a) plotted vs strain rate éc,,. The symbol style is the same as in
(a). (c) Cooling-rate-scaled and averaged compressive strength 0%,
plotted vs the cooling-rate-scaled and averaged temperature 7* for
the data in (a) and (b). In (a)-(c), the different symbols denote the
varying damping coefficients.

stress. Again, the compressive strength and average tem-
perature are nonmonotonic as a function of strain rate for
nonzero damping coefficients, as shown in Fig. 14. We show
the relation between the compressive strength o, and the
average temperature 7 for the EAM model of ZrgyCuygAly;
in Fig. 14(c). We find qualitatively similar behavior for o,
versus T for EAM simulations of both ZrgyCuygAl;; and
NigNbsg.

APPENDIX D: LENNARD-JONES SIMULATIONS
OF Nig;Nbss IN ZERO-TEMPERATURE HEAT BATHS

In this Appendix, we describe the results from MD simula-
tions of Nig; Nbsg (modeled using Lennard-Jones interactions)
undergoing uniaxial compression and coupled to a zero-
temperature heat bath. In Figs. 15(a) and 15(b), we plot the
compressive strength oy, and temperature 7 as a function
of strain rate éepg. As found for the EAM simulations of

-
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FIG. 16. Comparison of the results for methods I and II for
obtaining the scaled temperature, T7T from Eq. (7) and TJS from
Egs. (6) and (8), using only the MD simulation data of NigNbsg
(EAM) undergoing uniaxial compression and coupled to nonzero-
temperature heat baths. The dashed line indicates TJS = T;.

NigyNbsg, both o, and T possess nonmonotonic behav-
ior as a function of strain rate. As discussed in Sec. III A,
the compressive strength and temperature display self-similar
scaling with the cooling rate R: ¢}, = (Omax(R/R:)” )r and
T* = ((T — T))(R/R.)*)r, where R. =1 K/s is a refer-
ence cooling rate, y &~ 0.060, and A =~ 0.039 for Nig,Nbsg
with LJ interactions. In Fig. 15(c), we show the relation be-
tween the cooling-rate-scaled compressive strength o, and
the cooling-rate-scaled temperature 7* for the LJ model of
Nig;Nbsg. o, versus T* for the LJ simulations is similar to
that for the EAM simulations of Nig;Nbsg as shown in Fig. 5.
However, the magnitude of the slope of the linear branch for
the LJ simulations is half of that from the EAM simulations
of NigyNbsg, and the power-law exponent of the high-strain-
rate branch is v &~ 9.6, which is approximately twice the
value from the EAM simulations of Nig;Nbsg. One possible
explanation for the difference in the slopes and power-law
exponents of the scaling behavior of o, (T*) is the difference
in the specific heat obtained for the LJ and EAM potentials of

NigNbsg [38].

APPENDIX E: TABLES OF PARAMETERS IN EQS. (6)-(8)
AND COMPARISON OF TEMPERATURE
SCALING METHODS

As described in Sec. IIIC, the mapping of o, versus
T* for MD simulations that use a nonzero-temperature heat
bath onto o, versus T* for MD simulations that use a zero-
temperature heat bath involves the linear transformation of
T* in Eq. (7). We refer to this approach as method I. The
mapping of the experimental data of oyax VErsus epe onto the
scaled MD simulation results for o} versus 77 is referred to
as method II. For method II, we first linearly scale log &eng
[Eq. (8)] from the experimental data and then determine the
corresponding 7" using Eq. (6) from the MD simulation data.
As a test, we can carry out method II on the MD simulation

data to obtain ng and compare it with T7T from method I
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for the same data. In Fig. 16, we show that T6T,s ~ T7T, which
suggests that methods I and II provide consistent estimates of
the temperature.

In this Appendix, we also provide the fitting parame-
ters for quantifying the relationship between temperature and
strain rate and parameters of the linear transformations that
allow us to compare the results for the compressive strength
from different MD simulations and experimental studies of
metallic glasses. In Table I, we present the fitting parame-
ters for determining T (€eng) [Eq. (6)] for NigyNbsg (EAM)

systems, both when coupled to zero-temperature heat baths
[Fig. 4(b)] and when coupled to nonzero-temperature heat
baths (Fig. 12), as well as for ZrgyCuy9Al;; coupled to zero-
temperature heat baths [Fig. 14(b)]. The parameters for Eq. (7)
used to map o, versus T* for MD simulations that use a
nonzero-temperature heat bath onto o, versus T* for MD
simulations using a zero-temperature heat bath are listed in
Table II. Finally, the parameters for method II to map the
results of the experimental studies onto the results from the
MD simulations are provided in Table III.
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