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Abstract

Recent experiments have shown that inhomogeneous deformation in amorphous alloys critically depends on the environmental tem-
perature and the applied strain rate, and that the temperature field inside the shear-band can rise up to the glass transition temperature. A
free-volume-based, thermo-viscoplastic constitutive law is developed in which the thermal transport equation includes contributions
from the heating from plastic work and the heat conduction. For homogeneous deformation, the instantaneous temperature rise during
the strain softening stage can lead to thermal softening and promote the initiation of shear bands. A linear stability analysis is carried out
to examine the conditions for the unstable growth of temperature fluctuations. It is found out that the short-wavelength fluctuations, the
amplitudes of which would decay at low strain rate and moderately high environmental temperature (but still much lower than the glass
transition temperature), become unstable at high strain rate and low temperature, so that the resulting shear-band spacing will be shorter.
A deformation mechanism map is constructed to delineate this transition of inhomogeneous deformation from coarse to fine shear-band
arrangements. The theoretical results agree well with a nanoindentation experiment where there is varying applied strain rate and envi-
ronmental temperature and with a microindentation experiment in which the evolution of the effective strain rate during loading influ-
ences the spatial distribution of the shear-band spacing observed using the bonded interface technique.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction pression test, the shear band can propagate through a

monolithic metallic glass specimen in a catastrophic man-

Strain localization into narrow shear bands leads to the
inhomogeneous deformation mode in amorphous alloys
(also called metallic glasses). Although details of atomistic
mechanisms are still under debate, the shear-band forma-
tion is generally believed to be related to a stress-driven
structural disordering process [1-4]. The resulting viscosity
decrease will lead to strain softening behavior and subse-
quent strain localization. Under a uniaxial tension or com-
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ner, so that the macroscopic plastic deformation is hardly
noticeable prior to the fracture failure. It is therefore antic-
ipated that the increase in the number and density of shear
bands could enhance the ductility and toughness of amor-
phous alloys. To this end, the constitutive response of the
amorphous alloy under various geometric constraints, tem-
peratures and strain rates should be examined with a direct
connection to the individual processes that create and mul-
tiply shear bands [5-7].

The shear banding behavior was thought of as an iso-
thermal process. However, recently a series of noteworthy
experiments [8—11] illustrate the importance of the thermo-
mechanical coupling behavior. Using the in situ thermogra-

1359-6454/$30.00 © 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat.2006.11.027


mailto:ygao7@utk.edu

2320 Y.F. Gao et al. | Acta Materialia 55 (2007) 2319-2327

phy technique, Yang and co-workers [8,9] found a temper-
ature rise of 0.25 °C in a hot band of about 0.4 mm width.
The shear-band width is typically found to be on the order
of several tens of nanometers by electron microscopy mea-
surement. Owing to local heating from the plastic work, it
is estimated that the instantaneous temperature rise in a
shear band can be as high as the glass transition tempera-
ture [9], as also shown by the observation of a melted coat-
ing layer adjacent to a shear band [10]. The radical
difference from the thermography measurement is due to
the slow data acquisition time (about 1.4 x 107>s) com-
pared to the rapid heat conduction. Nanoindentation tests
[11] show that, at high strain rate and low temperature, the
density of shear bands increases (i.e. fine shear-band spac-
ing) and the load—displacement curves show smaller ampli-
tudes of serrations (macroscopically shown as
“homogeneous” deformation). From those experiments,
it is clear that, in order to understand the effects of temper-
ature and strain rate and to analyze the in situ measure-
ments of the evolution of the shear-band arrangements
(by thermography with limited time and spatial resolu-
tions), we need to develop a thermomechanical model that
can model both stress-driven and thermally induced strain
localization phenomena.

This paper is organized as follows. In Section 2, we first
introduce a thermo-viscoplastic constitutive law that is
based on the free volume model [3,4]. The plastic flow
equation, the free-volume evolution equation and the ther-
mal transport equation are functions of the stress, free vol-
ume and temperatures. If the deformation mode is
homogeneous flow, those constitutive equations and the
force—balance equation can be integrated with respect to
time to examine the effects of temperature and strain rate.
The local heating from the plastic energy dissipation will
increase the temperature which further promotes the vis-
cosity drop and shear-band initiation. For the inhomoge-
neous flow, the constitutive law, the force balance
equation and the strain—displacement relation can be
solved by the finite element method [7], which is beyond
the scope of this paper. Instead, we perform a linear stabil-
ity analysis from the homogeneous solution and derive the
conditions for unstable growth of the temperature fluctua-
tion, as shown in Section 3. With varying environmental
temperature and applied strain rate, a deformation mecha-
nism map will be constructed to delineate the transition
from homogeneous to inhomogeneous deformation mode
and the transition of the inhomogeneous deformation from
coarse to fine shear-band spacing. To be specific, we have
found that the shear-band spacing is small at high strain
rate and low temperature. This theoretical result will be
compared to two experiments: (1) a nanoindentation test
showing the dependence of load-displacement serrations
on temperature and strain rate [11] and (2) a microindenta-
tion test by the bonded interface technique showing the
shear-band spacing [12]. In the former, our model differs
from that in Ref. [11]; in the latter, only qualitative com-
parison can be made because of the lack of information

on the contact size evolution. Conclusions will be given
in Section 4.

2. The thermo-viscoplastic constitutive model

Shear-band formation in amorphous alloy is related to
the evolution of the local atomic structural order, although
details of atomistic mechanisms for shear-band initiation are
still under investigation. From the continuum mechanics
standpoint, however, it is accepted that the shear band is
one type of strain localization phenomena caused by strain
softening. One microscopic model that captures this rela-
tionship is the free volume model. The free volume is the
excess volume that atoms can freely move in and is defined
as the average atomic volume minus the average atomic vol-
ume in the ideally ordered structure of atoms. The micro-
scopic mechanism for the plastic flow is a result of a
number of individual atomic jumps [3]. In the absence of
applied force, the rates of forward and backward jumps of
an atom into the neighboring vacancy are the same and obey
an Arrhenius-type dependence on the activation energy.
When the energy landscape is biased, there will be more
jumps in one direction than the other. Consequently, the
irreversible (viscous) part of the strain rate can be repre-
sented by the flow equation:

ov* AG™ 0
W=2 - ——— ] sinh 1
P vexp < vf) exp ( kBT> sin (2kBT>’ (1)

where 7 = 097 /0t, v is the frequency of atomic vibration, o
is a geometrical factor of order 1, v" is the critical volume
(hard-sphere volume of an atom), vy is the average free vol-
ume per atom, AG™ is the activation energy, 2 is the atom-
ic volume, t is the shear stress, kg is the Boltzmann
constant and 7 is the absolute temperature. The amount
of energy bias on the energy landscape is 72 in Eq. (1).
The viscosity is defined as n = 7/}”:

- ylex . ex ac” (2)
1= 2sinn(x@/2k 1) P\, ) P \ T

For the atomic structural disordering process, we con-
sider the stress-driven free volume creation and the annihi-
lation process by diffusional atomic jumps [3]. Without the
evolution of the state variable, Eq. (1) will be the same as
the standard viscoplasticity model and no strain softening
will be developed. An atom can be squeezed into a neigh-
boring small vacancy and thus a free volume can be cre-
ated. Meanwhile, the free volume can be annihilated by
diffusional atomic jumps. Consequently, the net rate of free
volume increase is:

vy = v'vex w ex AGT
= p o p fnT
{ZakBT {cosh < 2 > - 1} - L} (3)
vy 2kgT np

where np is the number of atomic jumps needed to annihilate
a free volume equal to v™ and is usually taken to be 3—10. The
effective elastic modulus is y* =3u}* with the shear
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modulus u and Poisson’s ratio v. The dependence of Eq. (3)
on stress and temperature is shown below. If the temperature
is a constant, the applied shear stress can overcome the anni-
hilation term (1/np in the braces), so that the free volume in-
creases and the local viscosity in Eq. (2) decreases. As will be
shown shortly, plastic deformation will lead to local heating
and temperature increase. From elementary -calculus,
ling (coshx — 1) /x = 0. Therefore, with an increase of tem-
perature, the first term in the braces of Eq. (3) will eventually
be less than the second one. In other words, with an increase
of temperature, the process of free-volume annihilation by
diffusional atomic jumps will overtake that of stress-driven
free-volume creation, so that the weakening process (i.e. de-
crease in viscosity) will not occur. This transition occurs near
the glass transition temperature.

Considering the experiments in Refs. [8-10], we can
write down the thermal transport equation:

2
pCPT = kaa% —+ O!TQ‘E").)p (4)
where p is the material density, Cp is the specific heat, & is
the thermal conductivity and ot is the fraction of the plas-
tic work converted to heat (i.e. the Taylor—-Quinney coeffi-
cient). The phenomenological parameter orq is taken to be
0.9 in this paper. For this simple shear problem, the x coor-
dinate is perpendicular to the shear direction (y coordi-
nate), so that the shear stress 7 is actually the stress
component T,.

Egs. (1), (3) and (4) prescribe the constitutive law, which
can be solved together with the force—balance equation:

t/ut+9 =7 (5)

where 7 is the applied strain rate and t/u gives the elastic
strain rate. The decomposition of the total strain rate into
elastic and plastic parts is equivalent to a spring and a
dashpot in serial. The strain rate of interest is low enough
so that the inertia force is ignored. For homogeneous
deformation, the heat conduction term vanishes in Eq.
(4), so that we can simply integrate those equations with re-
spect to time. We use the backward Euler integration
scheme, in which the unknown quantities are evaluated at
the end of the time increment, i.e. at time ¢, =1, + At,
where Atz is the time increment and # is the step number.
The set of nonlinear ordinary differential equations will be-
come a set of algebraic equations and the increments of
stress, free volume and temperature can be computed using
the Newton—Raphson method. The generalization of this
integration scheme to multiaxial stress states can be found
in Ref. [7].

To facilitate the understanding of numerical results, we
normalize the temperature by the reference room tempera-
ture Ty = 300 K, stress and shear modulus by 1y = 2kgTo/
Q, free volume by ov* and time by 7o =v 'exp(AG™/
kgTy). Consequently, we will naturally get three dimension-
less parameters f§ = v*/Q, AG™/kpT, and orqte/pCpT, and
a length scale L = /kty/pCp in the normalized governing
equations. The normalization of temperature by 7| is just

a choice of convenience, since the glass transition tempera-
tures for different metallic glasses are different. Following
the work by Steif et al. [13], the geometric factor o is taken
to be 0.15, the initial value of the normalized free volume
vifov™ at t =0 is around a few hundredths and we use
p=1,v=0.3 and np =3 in this paper. Changing these
parameters does not qualitatively change our results. The
parameter f, is the timescale on which the shear-band
nucleation and propagation operate. There is some uncer-
tainty about the activation energy, AG™. Because of the
exponential dependence, a slight change of AG™ will
change the timescale 7y by several orders of magnitude.
The timescale is believed to range between 107’s and
1075 [3,4,9,13], so that the activation energy is a few
tenths of an electronic volt. As a natural consequence of
the timescale, fpy will be the normalized strain rate and
L = \/kty/pCp will be the heat conduction length from
the thermal transport equation. Parameters k, p and Cp
are estimated from experiments reported in Refs. [8,9].

The results for the homogeneous deformation mode are
shown in Fig. 1, where solid lines are for the thermome-
chanical model and dashed lines are for the isothermal
model (i.e. only Egs. (1), (3) and (5) are considered, with
T = Ty). For the isothermal case, there are three stages in
the plots of stress 1/t and free volume vy/av” against the
applied strain p, shown in Fig. 1a and d, respectively. When
the shear strain is small, the response is essentially elastic.
From Eq. (3), the increase in shear stress drives the creation
of the free volume and thus decreases the viscosity and
weakens the material. Given a fixed applied strain rate,
the strain softening behavior leads to the overshoot and
the sharp turn on the stress—strain curve. After the peak
stress, the decrease in shear stress slows down the increase
in the free volume and eventually an equilibrium state is
established in which there is no change of free volume.
The dependence of the peak stress and the final free volume
on the constitutive parameters and the applied strain rate
has been thoroughly studied in Steif et al. [13]. Since tem-
perature is fixed as a constant in the isothermal model,
the instability index (as will be discussed later) is not appli-
cable for this case.

The homogeneous deformation behavior originating
from the thermomechanical model shows some similarities
and differences when compared to that from the isothermal
model. In the elastic region, the plastic work is negligible so
that the temperature does not rise. Results from the two
models are essentially the same during this stage. The sub-
sequent stress increase drives the increase of free volume
and leads to the strain-softening behavior. In the mean-
time, a large amount of plastic work is done and the tem-
perature rises rapidly. The instantaneous temperature
increase is plotted against the normalized applied strain
rate in Fig. 2, showing how AT/T, varies with respect to
a five-decade strain-rate range. Beyond the overshoot,
because of the accumulation of plastic work, the tempera-
ture keeps increasing. Next we will discuss the conse-
quences of the temperature rise in these two stages.
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Fig. 1. The shear stress /7, the temperature 7/T,, the instability index

1;3:‘ r% and the free volume vg/oaw® as a function of the applied shear
strain y, with ) = 2 x 107, 2 =0.15, B=1, y/to=120,v=0.3, np =3
and the initial free volume v;/av™ = 0.05. The solid lines are obtained from
the thermomechanical model and the dashed lines from the isothermal
model (for which the instability index is not applicable). Note that the
abscissa scale in (d) is different from other plots.
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Fig. 2. The instantaneous temperature rise-up during the strain softening
stage versus the applied strain rate.

From Eq. (2), the instantaneous temperature rise AT is
equivalent to lowering the energy barrier, so that the vis-
cosity will decrease facilitating shear-band nucleation and
catastrophic failure of amorphous alloys. This agrees with
the analysis in Ref. [9]. On the other hand, the temperature
increase is also equivalent to lowering the work done by the
applied force, so that the viscosity may increase. Whether
or not thermal softening occurs is equivalent to determin-
ing if:
on
oT

_ N [AG" 1@ cosh(tQ/2kpT) ()
T kBT ZkBT s1nh(rQ/2kBT)

is <0. The two terms in the brackets correspond to thermally
activated atomic jumps and the biased energy landscape due
to the applied force, respectively. It is worthwhile examining
the dependence of these two competing processes on the
temperature and strain rate. Note that the function
x/tanh(x) approaches 1 as x — 0" and can be approximated
by x as x > 1. With a given applied strain rate, high temper-
ature (so that AG™/kgT — 0 and the second term in the
brackets of Eq. (6) approaches 1) may lead to direct thermal
hardening (0y/0T > 0). For this to happen, the temperature
needs to be very high and close to the region of homoge-
neous deformation. A high applied strain rate will lead to
a large t,04/70, SINCE Tax/To IS approximately proportional

to log {ocﬂtw)(r"o)z(oﬁ)'%e“”*/ ”'] where v; is the initial value of
ve[13]. Therefore, a large  may lead to /0T > 0. However,
substituting realistic parameters from Table 1 shows that
this will not occur unless the activation energy is so small
as to be physically unrealistic. Consequently, for the case
of inhomogeneous deformation, the instantaneous temper-
ature rise will lead to a decrease in viscosity, i.e. 0n/0T < 0.

After the sharp-turn region in Fig. la, the steady
increase of the temperature will promote the annihilation
of free volume, so that the free volume decreases and there
is slight strain hardening (since d5/dvs < 0) when 7y is larger
than about 0.15. It should be noted that the homogeneous
flow, when the strain softening occurs, will be unstable, so
that this indirect change of viscosity caused by free volume
evolution in the last stage makes little contribution to the
shear-band initiation. According to results in Fig. 1 and
analyses in Ref. [9], it is the instantaneous temperature rise
during the stage of strain softening, together with the
stress-driven instantaneous free-volume rise, that govern
the conditions for the homogeneous deformation to be
unstable. The predicted temperature rise (from Fig. 2)
ranges from 30 °C to 200 °C, corresponding to the predic-
tion using the adiabatic condition in Ref. [9]. However, this
is only a crude estimate; a rigorous calculation needs the
solution of the set of partial differential equations given
in Egs. (1)«(5). To this end, we have to rely on numerical
methods such as finite difference or finite element method,
which is beyond the scope of this paper. In the next section,
we illustrate an important consequence of the thermome-
chanical model, i.e. the conditions for the homogeneous
solution to be unstable.
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Table 1

Materials constants used in the thermo-viscoplastic constitutive law and the parameters used to normalize stress, time and length, i.e. to = 2kgTo/Q,

to = v exp(AG™/kpTy) and L = Vkexp(AG” [kgT,)/pCpv

To AG™ v Q oTQ k

Cp 7o fo L arqto/pCpToy

300K 02-0.5ev 10%s™ 2x102m® 09 20 W/(mK)

6810 kg/m’

330 J/(kgK) 414MPa  10°s  94pum  0.553

3. Linear stability analysis and discussion
3.1. Linear stability analysis

The homogeneous solution can become unstable be-
cause of strain softening behavior. In this section, the
shear-band initiation will be studied by a linear stability
analysis and the effects of temperature and strain rate will
be examined. Using the method in Refs. [14,15], the homo-
geneous solution can be perturbed to:

7= 74(0) + 8, () exp(iox) (7a)
by = vat) + 8, (1) explioox) (7b)
T =Tu(t) + or(t) exp(icwx) (7¢)

where quantities with subscript “/A” denote the homoge-
neous solutions (as shown in Fig. 1) and i = v/—1. Substi-
tuting Eq. (7) into the governing equations and keeping the
first order terms gives:

ds, oy o

P T a v, T+ ﬁér (8a)
do,, o ob
v S S
=_—0, +—0
& a0, T arT (80)
do oj? opr
ety ot o (e, o)

The perturbation to the shear strain will amplify, i.e.
dé,/dr > 0, as the perturbation to the free volume amplifies
(0,, > 0), since 07" /vy is a positive definite. From Egs. (1)
and (6), % = —7: 2—'; As we have discussed in previous sec-
tion, the instantancous temperature rise will usually lead to
a negative 0y/0T so that the perturbation to the shear
strain will amplify as the perturbation to the temperature
amplifies. Egs. (8b) and (8c) are coupled together. If the
environmental temperature is very high and the applied
strain rate is very low, the term 0i,/0T < 0 because of
the rapid diffusional arrangements of atoms, so that strain
localization is prevented and the deformation remains
homogeneous. This is in accordance with the prediction
by the free-volume model in Ref. [3] and the shear-transfor-
mation-zone model in Ref. [4]. The transition between two
deformation modes is illustrated in Fig. 4, as will be shown
shortly. The instantaneous temperature rise will lead to a
dramatic drop in the viscosity and thus promote strain
localization. The stress overshoot and the slope of the
sharp turn in Fig. la determine the condition for the
onset of unstable, inhomogeneous deformation. Conse-
quently, an increase in temperature perturbation will favor
the bifurcation from homogeneous to inhomogeneous

deformation modes. When the temperature is beyond 7,
our model does not formally apply and a new domain of
viscous fluid flow occurs in this regime.

The perturbation to the temperature will amplify, i.e.
dép/dzr > 0, as the perturbation to the free volume amplifies
(s, > 0), since 0j” /dvy > 0. If aTQr% > kw?, the tempera-
ture perturbation will grow. It is anticipated that we will
find a critical wavelength above which the homogeneous
deformation is unstable. The necessary condition for ther-
mal instability is % r% > w?L?, so that a critical wave-
number is defined as:

_ orQlo) O
Wl = \/rnax K 2Co )r GT} 9)

below which (longer wavelength) thermal instability oc-
curs. Physically, this means that the heat generated by
the plastic work cannot be conducted sufficiently fast. To

this end, (“;g;o) r% is called the instability index, as plotted

in Fig. 1. Fig. 3 plots the critical wavenumber versus the
normalized strain rate ¢yj. The critical wavenumber w, in-
creases as the strain rate increases, indicating that finer
shear bands will appear at high strain rates. The relation
between w,, and 7 in Fig. 1 can be fitted by:

pCr AG"\ 124
< exp (5 m)’ (10)

where & =0.1066 and ¢ = 74.4. These two dimensionless
2
parameters depend primarily on log [(xﬁtoj; (%) ( o )3

Wert = ¢

o*

e*'/u | From Eq. (10), given a fixed strain rate, the increase

10° ¢

10'F o> , stable
crt

crt
_
S

®<® _, unstable
crt

&7

Fig. 3. Critical wavenumber in Eq. (9) versus the applied strain rate. As
the strain rate increases, fluctuations of short wavelengths (which were
stable at low strain rate) become unstable.
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in the environment temperature will lower ... This sug-
gests that fluctuations of short wavelength (which were
unstable at low temperature) are now stable. In other
words, the increase in temperature suppresses the initiation
of fine shear bands.

3.2. Comparison to nanoindentation experiments and the
construction of a deformation mechanism map

Our findings in Egs. (9) and (10) can be used to explain
the rate- and temperature-dependent deformation behavior
observed from the nanoindentation experiments [11]. When
the combination of the applied strain rate 7 and the envi-
ronmental temperature 7 is in the inhomogeneous region,
as the increase of y and the decrease of 7, the load-
displacement curves will show more frequent occurrences
of serrations and the serration amplitudes decrease. The
strain-softening-induced strain localization is one type of
snap-back instability (similar to crack nucleation and dislo-
cation emission), which will be revealed as discontinuities
(or called serrations) on the load—displacement curves. To
this end, the observations in Ref. [11] indicate the appear-
ance of many closely spaced shear bands at high y and low
T. The deformation behavior is seemingly ‘““homogeneous”
in time. The transition from widely spaced to closely
spaced shear bands is not actually modeled in Schuh
et al. [11]. Their work is based on the shear transformation
zone (STZ) model [4], in which the deformation occurs as a
collective shear motion of a cluster of atoms. In Ref. [11], it
is believed that the local strain field produced by the first
STZ will affect the potential STZs nearby, so that a collec-
tion of multiple STZs can become a ‘“‘shear-band nucleus”
or “embryonic shear band”. When the applied strain rate
exceeds the characteristic rate for shear-band nucleation
(which is extensively modeled in Ref. [11]), there is not
enough time for a shear band to nucleate, so that the defor-
mation behavior will be homogeneous in both space and
time. However, the experimental observation shows
“homogeneous” deformation in time (as indicated by the
smaller amplitudes of serrations) but still inhomogeneous
in space (with multiple closely spaced shear bands). Conse-
quently, the model in Schuh et al. [11] can only be applica-
ble at extremely high strain rate and certainly cannot
adequately explain their experiments, as the authors point
out at the end of their paper.

The theoretical development in this paper aims to pro-
vide a mechanistic explanation of the dependence of
shear-band spacing on the applied strain rate and temper-
ature, a missing link in Ref. [11]. The instantaneous tem-
perature rise during the onset of strain softening leads to
a significant drop of viscosity and promotes the failure.
Our linear stability analysis in Eq. (8) and Eq. (9) indicates
that the homogeneous solution can be unstable because of
the strain softening. According to Fig. 3, with an increase
in the strain rate or a decrease in the temperature, temper-
ature fluctuations of short wavelength (which were stable at
low strain rate or at high temperature) become unstable, so

that the resulting shear-band spacing will be smaller. Phys-
ically this means that there is not enough time to annihilate
the short-wavelength fluctuations if the loading rate is high
(so that the rate of stress increase is high) or the tempera-
ture is low (so that the rate of atomic diffusion is low).
Experiments in Refs. [8,9,11] suggest that the wavelengths
of typical structural and temperature fluctuations are of
tens of micrometers. Consequently, the strain rate increase
under a given environmental temperature, or the tempera-
ture decrease under a given strain rate, will lead to the ini-
tiation of multiple and closely spaced shear bands, thus
giving rise to temporally homogeneous behavior on the
macroscopic stress—strain curves. The conventional free
volume model or the STZ model does not have a length
scale and thus cannot predict the shear-band spacing.

Eq. (10) can be used to construct a deformation mecha-
nism map and to delineate the transition of inhomogeneous
deformation from coarse to fine shear bands. As shown in
Fig. 4, at very low strain rate and very high temperature,
there is the transition from inhomogeneous to homoge-
neous deformation modes, as has been extensively studied
in Refs. [3,4,11]. Strictly speaking, the homogeneous defor-
mation mode means a stable homogeneous solution. The
underlying mechanism for this transition is that at high 7'
and low 7, diffusive arrangements of atoms dominate and
the free volume cannot be accumulated. The transition of
inhomogeneous deformation from coarse to fine shear-
band arrangements is not a sharp transition. The dashed
line in Fig. 4a corresponds to the condition for the unstable
growth of a given wavelength. We replace o, by an initial
perturbation of wavenumber w;,;; in Eq. (10) and then fit it
to the available experiments in Ref. [11]. Therefore, the
ordinate in Fig. 4a is not normalized. Fig. 4b is given in
normalized coordinates, on which each dashed line corre-
sponds to the condition for a certain wavelength to become
unstable.

The dashed line in Fig. 4a fits to the corresponding line in
Fig. 5 of Ref. [11]. The latter actually denotes the experimen-
tal observations with the same degree of load—displacement
serration under varying 7 and 7. Our fitting procedure leads
to the glass transition temperature 7, =490 K and initial
perturbation wavelength /;,;; = 0.8 mm. The length A,; is
quite sensitive to the parameters chosen in the curve fitting
because the ordinate § is in logarithmic scale and Eq. (10)
is an exponential function of AG™/kgT. Choosing wip;
L =0.36 will move up the dashed line by one decade and
the length A;,;; is estimated to be 160 um. The length scale
L is the heat conduction length associated with 7= 10" s.
From Refs. [4,9], the characteristic time to activate individ-
ual shear transformation zone is 3.3 x 10~ s and the associ-
ated length will be 1.7 pm. Repeating the calculations in
Figs. 3 and 4, we can estimate the perturbation wavelength
to be Ajni &= 10 um. If the unit event for plastic deformation
is the shear transformation zone, the activation energy can
be very low so that the resulting length scale may approach
nanometer length scale. Finally, we should point out that the
shear modulus is assumed to be a constant in the linear
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Fig. 4. Deformation mechanism map with respect to varying environ-
mental temperature and applied strain rate. The transition from homo-
geneous to inhomogeneous deformation modes occurs at high temperature
and low strain rate. The dashed line shows the condition for unstable
growth of a given wavelength, illustrating the transition from coarse to
fine shear-band arrangements. With very fine shear-band arrangements,
the macroscopic stress—strain curve appears to be “homogeneous” in time.
(a) The dashed line fits the experiments in Ref. [11]. (b) Unstable
conditions for perturbations with different wavelengths with respect to the
normalized strain rate (#7).

stability analysis. The construction of the boundary between
homogeneous and inhomogeneous deformation has taken
the temperature dependence of shear modulus into consider-
ation, which is not anticipated to change our results on
shear-band spacing qualitatively.

3.3. Comparison to shear-band spacing observation in a
microindentation experiment

Our theoretical results can also be qualitatively con-
firmed by a microindentation experiment [12], in which
the shear-band arrangements underneath the indenter can
be observed using the bonded interface technique. First,
Zr-based bulk metallic glass (Zrs, sCuy7.9Nij46Al10.0Ti5.0)
3 x 3 mm?” square ingots were prepared by the arc melting
and drop casting method. The ingot surfaces were polished
to a mirror finish and then were bonded together with a

Sum

Fig. 5. Scanning electron microscopy image of the shear-band arrange-
ment underneath a micro-contact. This cross-section observation is made
available by the bonded interface technique.

rapid glue under a tight clamping force. The bonded ingots
were mounted into epoxy. After the epoxy solidified, the
top surface of the sample was polished to a mirror finish
for the microindentation test. We used a Micromet® 2001
Tester and a pyramidal indenter. The test was under a
Heaviside loading history (1 kg dead weight), so that the
average contact pressure decreased and the contact size
increased with time. After the test, the sample was cut
out of the epoxy mounting and the rapid glue was dissolved
into acetone. Using scanning electron microscopy (SEM),
the shear-band arrangements on the cross-section can be
observed, as shown in Fig. 5. Two types of shear bands
were observed. The semi-circular shear bands are caused
by the anti-plane shear because the interface glue can sig-
nificantly relax the out-of-plane normal stress. The radial
shear bands are believed to be due to in-plane shear. We
are concerned with the former because the shear bands
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do not cross each other, similar to what happens in our
simple shear model. To understand these radial shear
bands, we need to solve the boundary value problem in
multiaxial stress states, e.g. by using the finite element
method in Ref. [7]. The spacing of the semi-circular shear
bands is plotted against the depth from the contact center
in Fig. 6. The shear band spacing, which varies from about
0.1 um to 1 um over a range of 40 um depth, is found to
increase almost linearly beyond the small contact zone
influenced by the tip bluntness. A similar trend has also
been reported in Ref. [16]. It should be noted that fitting
Fig. 4 to the experimental results in Ref. [11] gives rise to
Ainit = 10-100 um, which is considerably larger than that
observed in Fig. 5.

In previous subsections, we have predicted that the shear-
band spacing will decrease if the strain rate increases. This
can be qualitatively shown from Fig. 5. Unfortunately, the
strain-rate information and the contact size history are not
available from this microindentation experiment [12]. For
this self-similar indentation, the effective strain rate is given
by éer = h /h where £ is the indentation depth. The relation
between & and the rate-dependent constitutive law is often
very complex and is available only for a limited number of
cases [17,18]. For example, consider a power-law creeping
solid, ¢ = a¢(& /éo)]/ " where o, & and m are constitutive
parameters. The evolution of the mean pressure will be
P = F(m)oo(éer /i)™ where F (m) is a function of the
material parameter, m. This relation holds regardless of the
loading condition (either fixed load rate or displacement
rate), as long as the effective strain rate can be computed.
In addition, if a dead weight is applied, the contact pressure
varies with time 7 as py, o< = /" [18]. The total period of time
for the contact to reach equilibrium and settle down is in a
range of 5-30 s. Consequently, for the loading condition of
a dead weight, the initial growth rate of the contact size
and the resulting effective rate will be higher than that in
the later stage. Thus the near-tip region will experience a
higher effective strain rate than that away from the tip and
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Fig. 6. The spacing of the semi-circular shear bands in Fig. 5 is roughly
linear with the depth away from the contact center. The trend is shown by
the dashed line.

will have more closely spaced shear bands as we have pre-
dicted in Fig. 4. This is confirmed by the observation in
Fig. 6.

4. Conclusions

This paper develops a thermo-viscoplastic constitutive
framework to understand the temperature evolution during
homogeneous deformation and the effects of temperature
and strain rate on the initiation of inhomogeneous
deformation.

e At high temperature and low strain rates, the local
stress-driven free-volume creation process can be easily
overtaken by the annihilation process by diffusional
atomic jumps, leading to homogenecous deformation.
On the other hand, free volume accumulation, if it
occurs, can weaken the material and lead to strain soft-
ening and inhomogeneous deformation. The transition
between the homogeneous and inhomogeneous defor-
mation modes has been thoroughly studies in Refs.
[3-7].

e As in the experiments and theoretical estimate in Refs.
[8,9], the strain softening behavior will lead to an instan-
taneous temperature rise which further promotes thermal
softening and aids the initiation of inhomogeneous defor-
mation. For inhomogeneous deformation, the increase of
strain rate and the decrease of temperature can promote
the initiation of multiple and closely spaced shear bands,
as indicated by Fig. 3. Based on linear stability analysis,
we have identified this transition from coarse to fine shear
bands on a deformation mechanism map in Fig. 4.

e The deformation mechanism map qualitatively explains
the dependence of shear-band spacing on the applied
strain rate and the temperature. It agrees very well with
the two experiments. In a nanoindentation experiment,
the increase of applied strain rate and the decrease
of the environmental temperature will lead to the
appearance of closely spaced shear bands. The shear-
band spacing was not modeled in Ref. [11]; our results
in Figs. 3 and 4 offer this information. In a microinden-
tation experiment, although the quantitative informa-
tion of strain-rate history is not available, qualitatively
the near tip region is anticipated to experience a higher
effective strain rate than that away from the tip, which
explains the observation in Figs. 5 and 6 (shear-band
spacing observed by the bonded interface technique).
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