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Abstract

Due to the localization in space and the transience in time, investigations on the shear bands in
metallic glasses are extremely difficult. The liquid-like layer frozen on fracture surfaces suggests a
decreased viscosity in the shear band. Whether it is resulted from locally heating remains
controversial. In this paper, the temperature rise in shear bands is profiled as a function of the duration
of shear banding event, the distance from the shear band center and the thickness of shear band. The
elastic energies released from the specimen and the testing machine are estimated regarding the
serrations with different load drops in the compressive load—displacement curve of a Zr-based
metallic glass. The duration of shear event and the released energy by serration are the two main
factors determining the temperature rise in shear bands. It is found that both “cold” and “hot” shear
bands are attainable. Then the sliding speed, the viscosity and the crystallization probability of shear
band are studied. These results can help to better understand and describe the operation of shear band

in a quantified and analytical way.
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1. Introduction

Although various parameters (e.g. Poisson's ratio [1-4], free volume [5-7], structure
heterogeneity [8-10], local symmetry [11]) have been extensively proposed and argued in identifying
the plasticity of metallic glasses (MGs), a broad consensus is that the plastic deformation in MGs is
truly and wholly dominated by shear bands [12-13]. The proliferation of shear bands is considered as
the necessary prerequisite for the plasticity in MGs [8]. The shear band itself, therefore, has been
investigated from different aspects [12-13]. First and foremost, the temperature in an operating shear
band is supposed to rise as a result of locally heating [13], with an estimated range from 0.05 K based
on nanoindentation tests [14] to 900 K as suggested from tension tests [15]. Using a fusible coating,
Lewandowski et al. [16] estimated that the temperature rise could approach a few thousand kelvin,
which was usually thought to result in melting of the material in the shear band, thus leading to
prominent vein patterns and liquid droplets on the fracture surface of fractured MGs. Wright et al.
[17-19] believed that the final fracture process, rather than the shear event, results in melting on the
fracture surface [19] because the temperature rise was no more than 209 K in the shear band [17],
which was not high enough to melt the alloy.

A critical factor that has to be considered when trying to estimate the temperature rise is the
thickness of the shear band, which is closely connected with the volume and therefore the heat
capacity of the shear band. However, up to date, the exact value of the thickness is still under debate
[20]. It was found that the shear band thickness was 10~20 nm in FesoNisB20 MG [21], and about
100 nm in NisoPd30P20 MG [22], based on transmission electron microscopy (TEM) observations. In
comparison, the liquid-like layer on the fracture surface of failed MGs is usually several micrometers
thick according to scanning electron microscopy (SEM) observations [13]. Nevertheless, the
thickness of a single shear band formed in a uniaxially compressed ZrsosCui2Ni1tAlzs MG was
measured to be 160 um by nanoindentation [23]. Clearly, the discrepancy is considerable.

Furthermore, the duration of a shear banding event is another factor affecting temporarily
temperature rise, and is also still under dispute [13]. It has been reported to be 560 pus as measured by
high frequency imaging at 12.5 kHz [19]. An upper bound of the duration, 2~6 ms, was also observed
by high frequency imaging, which was consistent with the displacement—time relation for a steady-
state shear in compression [24], [25]. Moreover, the low bound of the duration of the shear banding

event was reckoned to be ~1 ns [16]. It is evident that the shear banding duration has a very large
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range that covers six orders of magnitude between the upper bound and low bound values.

As a consequence, we can pose a question: how hot are the shear bands in metallic glasses? To
address this issue, the constitutive equations concerning the above two critical variables, i.e., the
thickness of the shear band and the duration of shear-banding event, the intrinsic properties (e.g.
thermal diffusivity) of MGs, and the extrinsic conditions (e.g. testing-machine stiffness) of the
measurements are required to give a reasonable evaluation of the temperature rise. This is of
importance not only for understanding the dynamics of shear banding but also for toughening metallic
glasses.

In this paper, the energy transferred from the testing machine and the elastically strained matrix
of the MG to the thin shear band is investigated. The energy absorbed by the shear band is partly
consumed to increase the temperature of shear-band material, and partly diffuses outside the shear
band as heat. The temperature profile around the shear band is determined. Then the comprehensive
examination on the sliding speed, the viscosity of the operating shear band as well as the probability
of crystallization in the shear band is made. The compression tests of a Zra1.25Ti13.75Ni10CU125Be225

(at%) MG (Vitreloy 1) are used to confirm the theoretical analysis.

2. Experimental methods

Vitreloy 1 alloy ingot was fabricated by arc-melting pure metals under a Ti-gettered purified
argon atmosphere, followed by suction casting into a copper mold to form a rod of 2 mm in diameter
and 65 mm in length. Its glassy structure was ascertained by X-ray diffraction (XRD). Compression
test specimens were cut from the as-cast MG sample by a diamond saw with cooling water, having a
height of 4 mm and a diameter of 2 mm. Compression tests were conducted using an Instron 8562
machine at a strain rate of 2.5x10~* s™'. APHENOM™ G2, FEI, a scanning electron microscope

(SEM), was used to observe the fractography.

3. Results and discussion
3.1. Energy conservation in a shear banding event

At room temperature, the shear banding events in malleable MGs (e.g., Pt- [1] and Zr- [8] based
MGs) are characterized as a series of serrations in the plastic regime of the compression load—

displacement curves at a quasi-static strain rate [12,26]. Usually, these serrations are conceptually

3



ascribed to the successive formations of multiple shear bands [1,8], or intermittently sliding of a single
primary shear band [27-28]. Recently, both ex-situ [27-28] and in-situ [19] observations have
corroborated that the plastic deformation of MG proceeds mainly by iterative sliding of one part of
the specimen over another along a primary shear band. Few secondary shear bands are able to form
unless the primary shear band is arrested artificially [8,29]. Therefore, in the present study, one shear
banding event is phenomenally simplified to correspond to one serration in the load—displacement
curve. Theoretically, the shear band can propagate in two possible ways, i.e., in simultaneous manner
or in progressive manner [13]. Recent in-situ video filmed by high frequency camera, however,
demonstrates the simultaneous way is more preferable [19], at least within the revolution limit of the
employed camera. So, the shear is treated in the simultaneous manner in the present study.

A representative load—displacement curve for the compression test of a malleable MG is
illustrated in Fig. 1a. According to the amplitude size of the serrations, we classify the serrations into
three types, i.e., medium serration (i.e., Nos. 1 and 2), large serration (i.e., No. 3), and small serration
(i.e., No. 4), as marked by red arrows in Fig. 1a. The elastic energy, AE, released from the testing
system during a shear banding event, is sketched in Fig. 1a, and can be expressed as,

AE = i (B2 — E2), @
where k = kskm/(ks+km) (ks=EA/I, E is Young's modulus, A is the cross-section area of the specimen,
and | is the length of the specimen; kn is the stiffness of the machine) [28,30], and Fp and F. are the
peak and valley load values of the serration, respectively. Thus, AF=F,—Fy in Fig. 1a. In Fig. 1b, the
testing machine can be simplified as a spring because it is actually not ideally rigid [31-32].

If the temperature of the shear band increases by AT above the ambient temperature (~300 K), the
required energy, AEH, must be:

AEy = 2A'hpcAT, (2)
where / is the half thickness of the shear band (see details in Fig. 1c), p is the density, c is the specific

heat of the material. Because the shear band slides along the shear plane in a simultaneous way

through the sample, A=Al Sin(6) (6 is the angle between the shear plane and the loading direction,

as shown in Fig. 1b). If the shear-banding event is fast enough, the heat conduction will be negligible,
which is so-called adiabatic shear [33]. However, the shearing process cannot be fully adiabatic
because the heat diffusion is, more or less, inevitable [ 13,16,34-35,41-42] Regarding the heat diffused

outside the shear band, O, during the shear banding event, we can easy to obtain
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AEy = aAE — Q, (3)
where o is a dimensionless factor considering the fraction of AE transferred into the shear band [28-
33].
3.2. Model of a shear band with zero thickness

Egs. (1), (2), (3) provide a necessary but rough description of the shear-banding event based on
energy balance. Lewandowski and Greer idealized the shear band with a zero thickness, and treated
it as a planar heat source [16]. They then gave the temperature rise, A7, as a function of time, ¢, and

distance, x, expressed as

X2

H
= exp(———), 4
2ol P-4 €y

where H is the heat content per unit area, and « is the thermal diffusivity. Clearly, at the position of

AT

x=0 and the initial time of # = 0, the temperature rise, AT, is a singularity, i.e., AT—oo. This indicates
two points. One is that the idealization, i.e., the zero thickness of shear band, is not a true physical
fact, and the other one is that the energy transfer from the sample—machine system into the band is
neither adiabatic nor instantaneous. Keeping the thickness of the shear band as zero, and the elapsed
time of the energy transfer to be J¢, one can profile the temperature rise as a function of 7 as [19], [35],

[42]

fl [kt N ¢ X
AT _E{\/;exp(—rld)—ierfc(zﬁ) (t<ot), (5)

where f is the heat flux per unit area per unit time, K is the thermal conductivity, and erfc is the
complementary error function. Wright et al.[19] suggested

S =T, (6)
where 7 is the yield shear stress, and the sliding speed of the operating shear band, #, is usually less
than 1073 m/s. Accordingly, it can be roughly estimated that there is no significant temperature rise in
the center of the shear band, i.e., x=0. However, a number of studies show that the significant
temperature rise could occur in the regions of dense shear bands [35], [42], especially near to the
fracture surface [25], [36-37], [43-44].
3.3. Consideration of finite thickness of a shear band
3.3.1. Heat diffusion after energy transfer

As illustrated in Fig. Ic, the thickness of the shear band, 24, is never less than 10 nm according
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to previous result [20]. If the elapsed time of the energy transfer, d¢, is neglected, it means that the

adiabatic heat transfer is already completed at the initial time of /=0. Then, we have,

_ _Er
Ty (x<h) (72)

Ty=0 (x>h). (7b)

When t > 0, the heat in the shear band begins to diffuse out, and the temperature rise, AT, is given as

[38], [45],

aAE
AT = —
4hA pc

lerf (G2 +erf ()] (®)
where erf is an error function. It can be noticed that the evolution of AT with position, x, and time, t,
in Eq. (8) considers the finite thickness of the shear band, which is greatly different from those in Egs.
(4), (5).

To check the model above proposed for an operating shear band, compression tests on Vitreloy
1 are performed. The machine stiffness, k» (~8.03x107 N/m), is measured from the load—
displacement curve without the specimen [30]. The serrations in the compressive load—displacement
curve of Vitreloy 1 are shown in Fig. 2a. The load drops, AFs, of the serrations are calculated to be
in a range from 5.2 to 213.4 N. The corresponding values of AE, calculated by Eq. (1) range from
8.9x107* to 3.7x1072 J. Since the a value is usually taken as 0.9 in Eq. (3) [28], [34], [41], AE must
lie between 8.01x107* and 3.33x1072 J. The heat content per unit area, H, is estimated to be 0.4~2.2

kJ-m as given in Ref. [16]. In the present study, when a mature shear band slips through the
specimen with 0~42° (see Fig. 6a), the total heat is HA =0.2~1.1x107%J that is within the

estimated range (from 8.9x10~ to 3.7x1072 J). In addition, it is worth noting that the load drops of
the serrations in Region I, which is marked in Fig. 2a, are about 80 N, as shown in Fig. 2b. After a
displacement of 0.23 mm, i.e., in Region II of Fig. 2a, the load drops are not less than 150 N, as shown
in Fig. 2c. Therefore, the elastic energy released in each serration of Region I is about half of that in
Region II. Fig. 2d shows the released elastic energy values for all the serrations.

For Vitreloy 1, p = 6125 kg-m>, ¢ = 420 J-kg"!, « = 3.5x10° m?:s?, and K = pcx [39], [46].
Since these parameters only change slightly with temperature [40], [47], we treat these parameters as
constants. According to Eq. (7a), when the AE value is chosen as the maximum value of 3.33x1072 J,

and the h value is the smallest value of 5 nm, AT is as high as 2.5x105 K at t=0 s, which is not
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reasonable. To make sense in reality, the h value should be at least 500 nm so that the initial AT has
a value of 2.5x103 K. If the liquidus temperature of Vitreloy 1 (996 K) [40], [47] is the upper bound
of the temperature, the h value will be 1.8 um, and means that the thickness of the shear band is 3.6
um, slightly thicker than the liquid-like layer on the fracture surface of MGs [13]. Based on Eqg. (8),
the temperature rise, AT, as a function of time, t, and distance, x, is mapped with h=500 nm and AE=
3.33x1072 J in Fig. 3a. Fig. 3b shows the temperature profiles with the x value at different times. At
t=1 ns, the temperature rise, AT, decreases with increasing x value, especially, at x=250 nm, where
the AT value commences to decrease dramatically. At t=10 ns, the AT value exhibits a similar trend
as compared to that at t=1 ns. When t=100 ns, the AT value becomes more uniform with x. At t=200
ns, the temperature rise profile has almost no change with the x value, which means that the heat
diffusion practically finishes in ~200 ns. This temperature rise profile is consistent with the early
studies [16], [35], [41-42], [48]. Consequently, it can be reasonably inferred that if the shear-banding
event lasts longer than 200 ns, adiabatic shear will never be available.
3.3.2. Concurrence of energy transfer and heat diffusion

Logically, the stored energy in the system cannot be released and transferred unless the shear
band slides and causes a stress relaxation throughout the specimen along the loading direction. The
shear-band material can release the elastic energy, and therefore heat itself with this energy when its
stress level, marked by the load drop in the load—displacement curve, is falling. After that, the
temperature of the heated shear band begins to decrease because the heat can diffuse into the
surrounding matrix. As a result, the energy transferred from testing system to the shear band concurs
simultaneously with the heat diffusion from the heated shear band into the cool surrounding matrix.
When the energy transfer is completed, the shear band cannot stop sliding instantaneously due to the
inertia. Therefore, the shear-banding event will outlive the energy transfer process. However, the
continued sliding due to the inertia cannot last for a long time because of the shear resistance in the
band and the weakened driving force caused by the decreased stress level [13]. Accordingly, our
estimation of the elapsed time, which treats the timespan of energy transfer as the duration of the
shear-banding event, is acceptable. The energy release and transfer in a compressed specimen along
the compressive loading axis must proceed at the speed of a longitudinal sound wave [42], [49].

Therefore, the elapsed time of the energy transfer, J¢, can be evaluated by,

ot~—, 9)
VI
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where | * is the distance from the end of sample to the center of shear band, so , and vi= 5174 ms is

the speed of the longitudinal sound wave in Vitreloy 1 [50]. The relation of Eq. (9) is well documented
in Appendix. The ot value can be estimated to be 200-400 ns, which rules out the possibility of
adiabatic shear.

When the elastic energy stored in the system is being released and transferred into the shear band,
the heat is being diffused out of the shear band due to the temperature difference. The shear band is
so thin that it can be considered to be uniform along the thickness direction. As such, the energy

released in the shear band per unit volume and per unit time on average, o, is,

aET

W= ase (10)
So we have a one-dimensional differential equation for the conduction of heat,

2
obT o°DT +

re =K ——+w (x<h, 0<t<at)
Ot Ox (11a)
2
rcaDT:KaDZT (x>h, O<t<at). (11b)
ot ox

The analytical solutions to Egs. (11a) and (11b) have expressions as following [38], [45],

t , h— , h
AT = %[1 — 242 erfc(T%) —2i2 erfc(—N*%)] (0 < x < h, 0<t < 8t). (12a)
2Kwt [, —h , h
AT =228 [2erfe(Z2) — P erfe(Z2)| (x> h0<t < 50). (12b)

Based on Eq. (14), Fig. 4 graphically presents the mapping of the temperature rise for AE =
3.33x1072 J in the x range of 1~1000 nm. For the case of h =5 nm and 6z = 200 ns in Fig. 4a, the
temperature gradually increases, and reaches the maximum value of 1662 K at t = 200 ns. Given the
ambient temperature of ~300 K, the maximum temperature at the center of the shear band is 1962 K,
which is much higher than the liquidus temperature (996 K) of Vitreloy 1, but significantly lower
than the value of 3400~8600 K proposed in Ref. [16]. A similar temperature rise evolution also occurs
in Fig. 4b, if ¢ = 400 ns, and the maximum temperature rise decreases to 1178 K at x = 0 at the end
of shear. If the elapsed time of the energy transfer is increased by one order of magnitude, i.e., or =
2000 ns, the temperature rise profile, as displayed in Fig. 4c, changes significantly, and the maximum
value never exceeds 550 K. On the other hand, when h = 50 nm, one order of magnitude larger than
that (h = 5 nm) in Fig. 4a, there is no significant difference in the temperature rise profile. For

comparison, Fig. 4e shows the temperature profiles at different x values and different oz values. The
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inset of Fig. 4e shows a tiny difference in the temperature rise profile between the cases of h =5 nm
and h = 50 nm. From a practical point of view, if the melted layer (marked by the dashed horizontal
line) is treated as the shear band, the shear band with 6z = 400 ns (green dashed vertical line) is ~10%
thinner than that with oz = 200 ns (red dashed vertical line). This demonstrates that the duration of the
shear-banding event, i.e., the elapsed time of energy transfer, affects the temperature rise more than
the thickness of the shear band. On the other hand, the thickness of the melted layer is about 1.5 pm
as marked by the vertical dashed line, which is very close to that of the liquid-like layer on the shear
lip or the fracture surface [13]. Obviously, the thickness of the shear band is estimated to be much
larger here than the previously presumed thickness, i.e., 10 and 100 nm. This indicates that the shear
band has thickened during shear banding [13].

Once a liquid-like layer is formed in the shear band, the temperature rise, AT, must be higher
than 696 K (= the liquidus temperature (996 K) — room temperature (300 K)). The minimum energy,
AE, for the generation of the liquid-like layer in the shear bands (AT = 696 K) is calculated to be
1.37x1072 J, which is marked as the dash line in Fig. 2d, when h = 5 nm and 6z = 200 ns. The AT
profile is plotted in Fig. 5, based on Eq. (14). It can be seen that most of the energies released by the
serrations in Region I are less than 1.37x1072 J, while the energies in Region Il are almost higher than
1.37x1072 J. In this case, the melted shear band, i.e., AE > 1.37x1072? J, can be called “hot”, and in
the case of AE < 1.37x1072 J is “cold”. Therefore, the shear bands developing in the early stage, i.e.,
those enclosed in the lower-left corner in Fig. 2d, are all cold, which can be confirmed by the shear
lips with smooth surfaces observed in the fractured MG [13]. Otherwise, the upper-right enclosed
region in Fig. 2d marks the hot shear bands. Of course, although what fraction of the energy released
by the final fracture is transferred into the shear band is unknown, AE should be larger than 3.33x1072
J, for the load drops to zero. The temperature rise in shear-banding-crack must therefore be higher,
and it causes the melting of fracture surface material or coating materials with low liquidus
temperatures on the side surface, which were observed in many earlier studies [13], [15-19], [25],

[32], [36-37].

3.4. Investigation on the failed specimens by SEM
The SEM observations on the fractured MG specimen are presented in Fig. 6. Fig. 6a shows an

overview of the lateral surface. The specimen is sheared off at a shear angle of 42°, and few secondary
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shear bands can be found near the fracture surface. This indicates that the plastic deformation
proceeds mainly through the primary shear band sliding [27], [51]. Further enlarging the shear lip
(marked by an arrow in Fig. 6a), one can see two distinct regions, as shown in Fig. 6b. The regions,
as enclosed by yellow circles, adjacent to the lateral surface of specimen, are smooth. A high
magnification image shows numerous striations with a spacing, Au, of ~3 um in this smooth region,
as shown in Fig. 6¢, which is consistent with previous results [27-28]. The smooth region presented
in the shear lip implies that no significant temperature rise occurs during shear banding. However,
after shear sliding approximately us = 300 um away from the shear lip, marked by the red circles in
Fig. 6b, vein patterns appear. The boundary between the smooth region and the vein pattern region is
clearly distinguishable, as shown in Fig. 6d. These vein patterns suggest that the temperature rises at
least up to the melting temperature of the MG. As indicated in the load—displacement curve in Fig.
2a, most of the serrations with larger AE values appear after the displacement, AX, of 230 um, which
gives a corresponding shear displacement, u = Ax/cos42° = 309 um, along the shear plane, very close
to us. It is reasonable to conclude that the large energy released in the serrations is responsible for the
significant temperature rise.

According to the above analysis, after yielding, when the serrations with large load drops
(therefore large AE) appear, a smooth region cannot appear on the fracture surface but a vein pattern
can. Fig. 7a represents the load—displacement curve for another Vitreloy 1 specimen. Clearly, most
of the serrations in the plastic regime exhibit a load drop of more than 100 N within the plastic regime
of a displacement Ax = 85 pm, and therefore the calculated AE > 2.0x1072 J. Fig. 7b presents a side
view of the deformed Vitreloyl MG, and a shear lip is marked by a circle. After the SEM observation,
the deformed MG was reloaded and broken into two pieces. Further enlarging the morphology of the
shear lip, a vein pattern, with no smooth region, can be observed, as shown in Fig. 7 ¢ [35]. In addition,

we find a number of molten droplets, as typically marked by small arrows in Fig. 7d, at a distance ugq
~ 60 pm away from the tip of the shear lip as circled in Fig.7c. These droplets are always indicator
of high temperature [13]. More important, some tiny  “tails” , as marked by large arrows in Fig. 7d,
are found to draw from the surface. These tails are obviously the frozen melts of the shear-band
material. Note that ug is only about half of Ax/cos@ = 120 um (& taken to be 45°). So the tails,
which are absolutely not caused by the final fracture, are unquestionable evidence of significant
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temperature rise in shear band prior to the final fracture of the MG. On the other hand, if the released
energies of all serrations are small, only cold shear bands are developed, which means that the shear
lip will be smooth and/or striated rather than veined, and this has been experimentally confirmed by

Song et al. [27].

3.5. Intrinsic properties of a shear band

For crystalline metals, thermal softening outweighs strain hardening at very high strain rates,
typically ~10% s™%, which results in a shear localization in an adiabatic manner [33]. The temperature
rise, therefore, is appreciable in the shear band. However, there is no work hardening mechanism in
monolithic MGs. Thus, the plastic strain cannot spread out globally, and the strain localization, i.e.,
shear banding, is inevitable at temperatures well below the glass transition temperature, and is almost
independent of the strain rate. As a result, both cold and hot shear bands are available in MGs. For
cold shear bands, some striations on the shear lip are observed in Fig. 6¢c. The averaged striation
spacing is measured to be 3 pum. Striation is the trace leaved by one shear slip driven by the stress
drop in a serration event [27]. Since the formation of the striation is an elastic energy dissipation
process, its elapsed time is roughly equivalent to the elastic recovery time of the specimen during the
stress drop, which is estimated to be 200 ns (see Appendix). Thus, the average sliding speed, vsb, can
be estimated by vsp = Au/ot = 3 um/200 ns = 15 m/s. Hot shear bands usually do not show
distinguishable traces, such as striations. The displacement is about 2Au because of the load drops in
hot shear bands is almost twice larger than that in cold shear bands, as shown in Fig. 2b and c. Hence,
the sliding speed should be around 30 m/s, that is one to four orders of magnitude higher than the
values reported in early studies [18], [24], [45], [52]. Considering the hot operating shear band at vsy
= 30 m/s, one can obtain the ATmax Value of 1564 K at the center of the shear band according to Eq.
(5), which approaches 1662 K based on Eq. (12). This confirms that the sliding speed of the operating
shear band, estimated by our model, is essentially accurate.

The viscosity, #, of the operating shear band is calculated by [12],[24],

n=-, (13)

.18

where y=z_/2/ isthe shear strain rate. Since vss = 15 ~ 30 m/s, and h = 5 ~ 50 nm, the viscosity,

57, can be estimated to be 0.3 ~ 6.5 Pa's that is much lower than the reported value of 10*~ 10° Pas

in a Zr-based MG [24]. However, since the temperature in the hot shear band substantially exceeds
1



the melting point of MGs, the viscosity of the shear band should be of the order of 107 Pa's [46], [53].
Obviously, there is a discrepancy. In fact, the viscosity of metal melts follows the Arrhenius law [47],

[54],

n=noexp(=0), (14)
where o, AG, R, and T are the pre-exponential factor, the activation energy, the gas constant, and the
temperature, respectively. For most liquid metals, the AG value usually lies in the range of 10°~10*
J/mol at their melting temperatures [47], [54]. Moreover, the activation energy is usually proportional

to the pressure, so the Arrhenius relation can be modified to be,
G+PV
n =1 exp(—-), (15)
where P=(o, +0,+0,)/3 isthe hydrostatic pressure, and V = 9.79x10°° m¥mol (Vitreloy 1) is

the molar volume [48], [55]. When yielding occurs, oxx = agysindcosé (oy ~ 2.0 GPa is yield stress of
Vitreloy 1) and ayy = 2, = 0 in compression. So, the PV value is estimated to be 3.2x10% J/mol that is
comparable to the value of E. As a result, the pressure can increase the viscosity of the melt. This
pressure effect has been noticed in the fracture behavior of MGs under compression and tension tests
[49], [56], which is the possible reason resulting in the compressive fracture strength being slightly
higher than the tensile strength. Although the shear dilatation can also reduce the viscosity in MGs,
it mainly functions when the temperature rise in shear band is not so significant, especially during the
structure disordering or rejuvenation process induced by the stress concentration prior to the maturity
of a shear band [13]. Therefore, heating has a much more substantial effect on the reduction of the
viscosity than the effect from the dilatation, which can be seen in Fig. 7c and d.

It must be pointed out that neither exothermal heat for crystallization nor endothermal heat for
melting is taken into consideration in our model. As evaluated in Eq. (12), the heating rate is no less
than 108 K/s for the formation of a hot shear band. If the heating rate is larger than 200 KI/s,
crystallization can be entirely avoided, and therefore no latent heat is absorbed for melting during the
continuously heating process in Vitreloy 1 [57-58]. Apart from the heating process, the ensuing
cooling process also can cause crystallization if the cooling rate is not high enough. Since the energy
transfer is finished when t = 6¢, ® = 0 if t > o in Eq. (11), the following cooling process can be
described by solving Eqg. (11) with the initial condition presented by the black curve in Fig. 4e, i.e., h

=5nm and ot = 200 ns. Fig. 8a profiles the whole evolution of the temperature rise around the shear
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band within 1600 ns. Fig. 8b plots the temperature rise, AT, as a function of time, t, at the center of
shear band, which shows that the temperature rise reaches the peak value of 1662 K at 200 ns. After
the peak value, the AT value dramatically decreases to 600 K in the next 200 ns, and then further
decreases to 310 K in the following 1200 ns. The AT value of 310 K means that the temperature at
the center of shear band is approximately 610 K, which is already lower than the glassy transition
temperature (~620 K) of Vitreloy 1. During this cooling process, the average cooling rate is no less
than 108 K/s. Regarding that the critical cooling rate required to form the glassy phase in Vitreloy 1
iIs ~2 K/s [57], one can see that it is impossible to induce crystallization in MGs. However,
crystallization induced by deformation has widely been observed in bending of CusoZrso ribbons [59],
compression of NisoPdsoP20 [22], cold-rolling of Al-Y—Fe [60], and nanoindentation of
Zrs25Cu17.9Ni146Al10Tis [14]. From the view of our model, only the thermal effect is insufficient to
cause crystallization because of super-high heating and cooling rates. If the atomic-scale crystalline
nuclei already pre-existed in the as-prepared MGs prior to deformation [62], these nuclei could easily
grow and coarsen in virtue of accumulated heating caused by many shear-banding events [61]. On
the other hand, this very fast cooling rate cause the melted shear-band material to be solidified within
the response time of the testing machine [13], and in turn stops shear banding again in compression
test. Therefore, even though the temperature in shear band is much higher than the liquidus

temperature of the MG, the sample doesn’t simply fail.

4. Conclusions

In the present study, the deformation-induced temperature rise is profiled based on a simple
method, which can estimate the energies released from specimen and testing machine in the shear-
banding events of plastic deformed MGs. According to the transfer and balance of the energy, local
heating and the temperature rise in a shear band are quantitatively studied with consideration of the
thickness of the shear band, and the elapsed time of the energy transfer. Cold and hot shear bands are
found to be both available during the plastic deformation in MGs, depending on the amount of the
released energy in each serration and the duration of the shear banding event. The hydrostatic pressure
caused by the normal stress on the shear plane increases the viscosity of the operating hot shear band

to be on the order of 1 Pa s.
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Figure Captions

Fig. 1 Sketch of shear banding event in metallic glasses. (a) lllustration of serrations with different
load drops and released energies in the compressive load-displacement curve. (b) Sketch of the
specimen-machine system. (c) The geometric profile of the shear band is highlighted by the orange
color. 2h is the thickness of shear band. x is the distance from the shear band center. The x axis is

perpendicular to the shear plane.

Fig. 2 The mechanical behavior of Vitreloy 1 in compression test. (a) Enlarged compressive load—
displacement curve in the plastic regime. The small serrations are in the displacement range of 0.23
um. Region I covers the serrations with small load drops (AF < 80 N). Region Il covers the large
drops (AF > 100 N). (b) Further enlarged serrations in Region | of (a). (c) Further enlarged serrations
in Region 11 of (a). (d) The elastic energies released by specimen—machine system in all serrations as

a function of the displacement.

Fig. 3 The temperature rise as a function of time and distance according to Eq. (8) with AE =
3.33x1072 J and h = 5 nm in Vitreloy 1. (a) The temperature rise is mapped in the range of 1~1000

nm and 1~300 ns. (b) The profiles of temperature rise along x axis at different times.

Fig. 4 The temperature rise as a function of time and distance according to Eq. (12) with AE =
3.33x1072 J and different parameters in Vitreloy 1. (8) h =5 nm and 6z = 200 ns. (b) h =5 nm and ¢
=400 ns. (c) h =5nm and 6z = 2000 ns. (d) h =50 nm and ¢z = 200 ns. (e) The profiles of temperature

rise along x axis at t = ot.

Fig. 5 The temperature rise as a function of time and distance according to Eq. (12) with AE =

1.37x1072J, h=5nm, and 67 = 200 ns.

Fig. 6 SEM observations of the fracture surface of the first Vitreloy 1. (a) A side view of the fractured
specimen with a fracture angle of 42°. (b) The morphology of the region marked by an arrow in (a),

which shows the shear lip on the fracture surface. (¢) Smooth region adjacent to the tip of the shear
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lip with striation interspace of ~ 3 um, corresponds to the region enclosed by yellow circles in (b). (d)
Vein pattern on the fracture surface, which is away from the tip of the shear lip ~ 300 um, corresponds

to the region covered by red circles in (b).

Fig. 7 Observations on the second Vitreloy 1. (a) Serrations with the load drops larger than 100 N in
the load—displacement curve for the first loading circle. (b) After the first loading—unloading, the
shear lip, enclosed by the circle, is formed in the specimen. (c) After the second loading—unloading
in which the specimen is reloaded to fracture, and SEM image shows vein patterns on the tip of shear
lip, and more detailed features (molten droplets marked by small arrows and tails marked by large

arrows) in the circled region is shown in (d).
Fig.8 The temperature evolution around the shear band within 1600 ns with h =5 nm and Jz = 200

ns. (a) The temperature rise map in the space range of 1000 nm. (b) The temperature rise profile at

the center of shear band. AT reaches the peak at t = d¢, then decreases rapidly.
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