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Abstract

At temperatures well below the glass transition temperature, the failure of metallic glasses is generally induced by shear banding,
which is a result of the self-organized shear transformation zones (STZs). Here, we demonstrate that, upon cooling down to liquid helium
temperature (4.2 K), a Zr-based bulk metallic glass under quasi-static uniaxial tension can fracture via cavitation, rather than by shear
banding, showing a transition from shear- to dilatation-dominated failure. This transition is supported by the breakdown of low-
temperature strengthening of materials, as well as the changes in the macroscopic failure mode from shear to tension and in the micro-
scopic fracture morphology from vein patterns to fine dimples or nanoscale periodic corrugations. According to the Mohr—Coulomb
criterion, it is revealed that the capability of this glass to dilatation is enhanced with decreasing temperature, indicating the tempera-
ture-dependent normal stress sensitivity of failure. Our result implies that the shear-dominated STZs will convert into dilatation-

dominated operations at very low temperatures.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Mechanical failure of metallic glasses continues to fasci-
nate researchers [1-5], since dislocations, grain boundaries,
crystallographic planes, etc., are not defined in this class of
non-crystalline materials [6-9]. Instead, the shear transfor-
mation zone (STZ), i.e. the inelastic rearrangement of local
atomic groups, is proposed as the fundamental unit of
deformation of metallic glasses [10-13]. It is well known
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that STZs involve both shear and dilatation; in most cases,
the former is dominant and the latter is minor. This results
in the emergence of 10-nm-scaled shear bands, which mac-
roscopically leads to shear-dominated failure [14,15]. How-
ever, recent experiments [14,16-18] and simulations [1,3]
have revealed that the dilatation itself, whether induced
by shear or hydrostatic tension, can dominate the brittle
failure of metallic glasses. In this case, the crack tip prop-
agates via cavitation events that involve a series of nano-
scale void nucleation and coalescence processes with very
limited plastic growth. The cavitation-mediated brittle fail-
ure is strongly suggested by the resulting fracture surface
morphologies [14,16-17,19]: very fine dimples that are
approximately equiaxed in shape and nanoscale periodic
corrugations.
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It has been well documented that the inherent shear-
and-dilatation coupling in STZs leads to the pressure (or
normal stress) sensitivity of macroscopic failure (flow and
fracture) of metallic glasses [20,21]. Two direct pieces of
evidence of such pressure sensitivity are that fracture angles
under either compression or tension always deviate from
the maximum shear stress plane (45°) [22-24]; and shear
stresses at yielding depend on the applied hydrostatic pres-
sure or normal stress [24-26]. Because STZs are stress-driven,
thermally activated events initiated around high free-volume
regions, it can be seen that the pressure sensitivity depends
on the loading mode [23,25] and is highly material/structure
specific [25,27-29]. Tt is expected that temperature could also
affect the pressure sensitivity of metallic glass failure, but this
needs further experimental evidence.

In this work, we systematically investigated the failure
behavior of a typical Zr-based (Vitreloy 1) bulk metallic
glass by using environmental temperature as the only con-
trolling parameter. A significant transition from shear to
tensile failure was observed by the cryogenic cooling of

Vitreloy 1 that was subjected to in situ quasi-static uniaxial
tension from room temperature (300 K) to liquid helium
temperature (4.2 K). This provides solid evidence that the
dilatation of metallic glasses and the resulting normal stress
sensitivity of failure are temperature dependent. The
observed critical transition phenomenon coincides with
the physical picture of the shear-to-dilatation transition
in STZs at low temperatures, as originally proposed by
Argon [10].

2. Experimental

We chose the Vitreloy 1 bulk metallic glass as the model
material because it is a tough system, with room-tempera-
ture fracture toughness up to over 80 MPa /m [30], and it
has high thermal stability [31]. Vitreloy 1, with a nominal
composition of Zrg; »,Tij35Cu;55NijgoBesn s (at.%), was
cast into plates of dimensions 2 x 30 x 60 mm® in an arc-
melter with an in situ suction facility. Dog-bone-shaped
specimens with gauge dimensions of 13 x 2 x 2 mm® were
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Fig. 1. (a) Tensile failure strength and (b) fracture angle as a function of temperature from room temperature (300 K) down to liquid helium temperature
(4.2 K). The inset in (b) shows the representative failure modes at different temperatures.
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Fig. 2. SEM micrographs of fracture surface morphology in shear failures. (a) 300 K, (c) 221 K, (e) 152 K, (g) 77 K. (b), (d), (f) and (h) are magnified

images of the regions within the squares in (a), (c), (e) and (g), respectively.

machined from the as-cast plates and then finely polished.
Uniaxial tensile tests were carried out using an Instron
material testing machine with an in situ low-temperature
environmental facility at a fixed strain rate of ~107*s™!.
Six representative temperatures were adopted: 300, 221,
152, 77, 20 and 4.2 K. At least 10 specimens were tested
at each temperature to ensure the reliability of the experi-
mental results. Prior to and during the tension tests, the

cryogenic environment was attained and maintained,
respectively, by circulating liquid nitrogen or liquid helium
through the specimen cabin, and the specimens were cooled
to the preset temperatures by controlling the circulation
rate of the liquid nitrogen or helium. After testing, fracture
surfaces of all specimens were examined in an FEI Sirion
scanning electron microscope (SEM) or a 3-D laser scan-
ning confocal microscope.
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Fig. 3. SEM micrographs of fracture surface at 20 K. (a) Full view of fracture surface, featuring two distinct regions, marked I and II. (b) Vein patterns in
region I. (c) A flower-like pattern is observed in area c in (b). (d) A clear boundary between regions I and II. (¢) Dimple patterns corresponding to area e in
(d). (f) Crack microbranching of the area marked in the inset, which shows the whole feature.

3. Results
3.1. Failure strength

Fig. la shows the tensile failure strength o, of Vitreloy 1
as a function of the environmental temperature 7. The fail-
ure strength increases gradually with decreasing tempera-
ture from 300 to 77 K, which is consistent with the
observations in other Zr-based metallic glasses [32-35].
However, with further decreasing temperature to 20 K,
the failure strength is found not to increase any more,
but starts to decrease instead. When the materials are
cooled down to 4.2 K, their failure strengths decrease
further, and scatter across a comparatively wide range,
rather than remaining at a constant value. It is well known
that discrete failure strengths at a certain temperature usu-
ally imply the occurrence of brittle fracture [36]. Similar
behavior was reported by Wu and Spaepan [37] in studying
the embrittlement of Fe-based metallic glass ribbon, where

the constant fracture bending strain became discrete below
a critical temperature.

3.2. Failure mode

The fracture angle 0 between the loading axis and the
fracture plane was measured for all specimens, and the var-
iation of 6 with temperature is shown in Fig. 1b. The inset
in Fig. 1b presents the macroscopic failure modes at differ-
ent temperatures. It can be seen that, at temperatures of
300, 221, 152 and 77 K, the fracture angles are about 56°,
59°, 60° and 61°, respectively, falling in the common range
for metallic glasses under uniaxial tensions [29,38,39]. This
means that the failure in these cases is dominated by shear
stress, but is also affected by normal stress. With decreasing
temperature, the deviation from 45° becomes larger,
implying that the normal stress has a more significant effect
on the shear failure. Surprisingly, the fracture plane at
4.2 K is approximately perpendicular to the loading axis,
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Fig. 4. (a) Matched fracture surfaces of a fractured specimen at 4.2 K, showing a crack nucleation region and a propagation region along the cracking
direction. (b) A magnified view of the two regions. (c) A high-resolution SEM observation on the crack nucleation region in (b). (d) A 3-D laser optical
micrograph of the crack nucleation and propagation regions. The inset shows the corresponding 2-D micrograph. (e) A surface profile across the two

regions.

with a 0 of about 87°. This indicates that the failure at
4.2 K is dominated by mode I or tensile cracking rather
than by shear banding. At the temperature of 20 K, multi-
ple fracture planes are observed, indicating a mixed failure
mode, including both shear and tension. Clearly, the pres-
ent cryogenic cooling induces a shear-to-tensile transition
of failure in Vitreloy 1, and the temperature of about
20 K can be identified as the critical transition point.

3.3. Fracture surface morphology

Fig. 2 shows the fracture surface morphologies at tem-
peratures of 300 K (Fig. 2a and b), 221 K (Fig. 2¢ and
d), 152 K (Fig. 2e and f) and 77 K (Fig. 2g and h). Typical
flower-like vein patterns are observed on these fracture
surfaces, which has been explained well by the Saffman—
Taylor flow instability of the crack front [40,41]. The
patterns induced by flow instability strongly suggest that
the failures in these temperature cases are triggered by
shear. In addition, some smooth cores can be observed
on the fracture surfaces. It has been accepted that these
smooth cores correspond to local nucleation sites of the
crack due to the effect of the normal tensile stress on the
fracture planes [23,42-44].

At the transition point (20 K), the fracture surface
shows two regions with distinct patterns (marked I and II
in Fig. 3a). Region I exhibits the typical vein pattern (see
Fig. 3b), with some flower-like patterns (Fig. 3¢ shows a
magnified view of region C in Fig. 3b), as can be seen in
the shear failure cases (Fig. 2). Fig. 3d shows the boundary
between regions I and II, across which fine dimples
(Fig. 3e) and crack microbranches (Fig. 3f) occur, which

become the dominant patterns in region II. The vein pat-
tern and the dimple/microbranching coexist on the same
fracture surface, further confirming that the specimens at
20 K underwent a mixed shear-and-tensile failure mode
(see the inset in Fig. 1b).

The fracture surfaces of the specimens that failed at
4.2 K exhibit a fully brittle fracture feature. Fig. 4a shows
the matching fracture surfaces of a fractured specimen. It is
evident that the entire fracture surface includes a crack
nucleation region and a propagation region along the
cracking direction (a magnified view shown in Fig. 4b).
High-resolution SEM observation (Fig. 4c) reveals that
the nucleation region is very smooth and featureless.
Fig. 4d shows a 3-D laser optical micrograph correspond-
ing to Fig. 4b, with the corresponding 2-D image shown
in the inset. Fig. 4e presents a surface profile across the
crack nucleation and propagation regions, which clearly
indicates that the two regions (or the entire fracture sur-
face) are in nearly the same plane. Other fractured speci-
mens at 42K display identical results. These
observations provide solid evidence that the crack nucle-
ation region is a nucleated new crack that is formed during
fracture rather than a pre-existing surface flaw. Fig. 5 dis-
plays the dominant fracture patterns: very fine dimples and
nanoscale periodic corrugations are observed in the propa-
gation region. Fig. 5a and b shows the equiaxial dimple
patterns at different magnifications, indicating the cavita-
tion mechanism. Fig. 5c and d exhibits a pair of dimple pat-
terns lying in the two matched fracture surfaces (Fig. 4a),
clearly showing peak-to-peak and valley-to-valley separa-
tion. Fig. 5e and f shows the transition of dimple patterns
to nanoscale periodic corrugations. This transition is
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Fig. 5. (a) Typical dimple patterns in the crack propagation region. (f) A magnified view of the marked area in (a). (c and d) A pair of matched dimples on
the two fracture surfaces of a fractured specimen. (e and f) The transition of dimples to nanoscale periodic corrugations.

usually due to the acceleration of crack propagation in the
final stage [45]. It demonstrates that the two patterns have
an identical nature of cavitation, as revealed previously
[14,19.,46)].

3.4. Strength scaling law at 4.2 K

According to classical fracture mechanics [36], brittle
fracture of materials is extremely sensitive to the crack
nucleation process. This directed us to re-examine the crack
nucleation region. We noticed that the nucleation region
has two length scales: width W and length L. For the spec-
imen shown in the inset of Fig. 6, W= 50um and
L~ 117 pum. We measured the width and length of the
nucleation regions of all of the specimens that failed at
4.2 K, and plotted these sizes against the macroscopic
failure strengths o74,x in Fig. 6. Very interestingly, the
scattered failure strengths show a direct correlation with
the length, but are almost insensitive to the characteristic

widths, which are nearly constant (about 50 pm). Further
analysis uncovers a scaling law between the failure strength
or4ox and the characteristic size L of nucleated cracks,
which can be expressed by

1
o742k = Krak NGrTA (1)

where K;4,x ~ 5 MPa /m is a fitting parameter. Eq. (1)
means that linear elastic fracture mechanics can describe
well the tensile failure strength of metallic glasses that is
governed by the crack nucleation process corresponding
to different degrees of stress concentrations. In this sense,
the parameter K; 4,k can be regarded as the stress intensity
factor or fracture toughness [36]. This implies that the tem-
perature decrease from 300 to 4.2 K leads to a significant
drop in fracture toughness of Vitreloy 1 of at least one
order of magnitude. The estimated fracture toughness of
the as-cast Vitreloy 1 at 4.2 K is comparable to the
room-temperature value of the heavily annealed Vitreloy
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Fig. 6. Failure strength 74,k at 4.2 K as a function of the characteristic width W and length L of crack nucleation regions, indicating a scaling law
between g4,k and L that is described well by Eq. (1). The inset shows a matched crack nucleation region with W= 50 pm and L ~ 117 um.

1 [47] or brittle metallic glass systems (Mg- or Fe-based)
[14,16,19]. Such low toughness guarantees the brittle prop-
agation of cracks via the cavitation mechanism, which is
verified by the dimples and nanoscale periodic corrugations
observed in the propagation region (Fig. 5).

4. Discussion

The above experimental observations allow us to obtain
two basic pieces of information. The first is that, with
decreasing temperature from 300 to 4.2 K, Vitreloy 1
shows an obvious transition from shear- to tension-
dominated failure, demonstrating a low-temperature-
enhanced normal stress sensitivity. The second is that the
tensile failure is mediated by the cavitation process ahead
of crack tips. In the uniaxial stress state, the cavitation
should originate from the significant dilatation induced
by shear. Therefore, the inherent competition between
shear and dilatation should be responsible for the
temperature-dependent normal stress sensitivity of failure
observed in the Vitreloy 1.

The Mohr—Coulomb criterion has been widely used to
describe the normal stress effect of shear failure in metallic
glasses [20,23,25,27], which can be expressed as

Ty + 0oy = Tp (2)

where 1 is the critical failure stress in pure shear, which
should be temperature dependent [13,21,48], and 74 and
g¢ are the shear and normal stresses on the failure plane,
respectively, and can be derived from

79 = o, sin(0) cos(0) (3)
09 = 0y sinz(G) (4)

For metallic glasses, the normal stress sensitivity coeffi-
cient o can be regarded as a dilatational factor that charac-
terizes the relative ratio of shear to dilatation. A larger «
implies an easier dilatation, with a relatively low critical
normal stress oy = to/o. Macroscopically, the dilatational
factor o can be directly related to the fracture angle 0 under
the uniaxial tension condition:

_ cos(20)
= sin(20) ©)

According to the measured fracture angle 6 in Fig. 1b,
the change of « with temperature is given in Fig. 7a. Note
that o increases gradually with decreasing temperature.
However, below the transition point (20 K), the value of
o becomes significantly large. The critical transition value
of o at 20 K is close to the suggested value (1/1/2) that sep-
arates the shear-dominated failure from the tensile failure
in metallic glasses [29,39].

Based on the measured failure strength o, (Fig. 1a) and
fracture angle 6 (Fig. 1b), as well as the calculated dilata-
tional factor o (Fig. 7a), we can further calculate 74, oy,
10 and o, at different temperatures, as shown in Fig. 7b
(where the dashed lines are just guides for the eye). It can
be seen that, with decreasing temperature, both 7y and oy
first increase gradually, indicating a low-temperature-
induced strengthening. However, across the transition
point (20 K), the value of 1y shows a significant drop,
whereas gy decreases only a little. More importantly, the
temperature dependence of the critical stresses 7, and o
exhibits very different trends. With decreasing temperature,
the critical shear stress 7, increases gradually at 7> 20 K,
then increases remarkably below 20 K. However, the criti-
cal normal stress ¢ continues to decrease down the whole
temperature range. It is worth noting that ¢, becomes
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Fig. 7. (a) Variation of the dilatational factor calculated by Eq. (5) with decreasing temperature. (b) Variation of the shear and normal stresses on the
failure plane, as well as the critical shear and normal stresses of the material with decreasing temperature. The inset in (a) illustrates the evolution of

Mohr’s circle and the failure line, i.e. Eq. (2), with temperature.

smaller than 7y below 20 K, which means that tensile fail-
ure occurs more easily than shear failure. At liquid helium
temperature (4.2 K), o, is almost equal to o, but 7y < gy
and o < 1, confirming the occurrence of tensile failure.
It is clear that decreasing temperature enhances the critical
shear stress 7y but reduces the critical normal stress o, to
induce the shear-to-tension transition of failure of metallic
glasses. Recently, Murali et al. [1] performed a simulation
of the fracture behavior of both ductile CuZr and brittle
FeP metallic glasses. They found that in the CuZr glass,
where shear failure dominates, the critical cavitation stress
is higher than in the FeP glass, the failure of which is dom-
inated by cavitation, though the stress fluctuation is much
greater in the latter than in the former. If we compare the

critical cavitation stress with the critical normal stress o in
the present work, it confirms that the change of g with
temperature (Fig. 7b) is reasonable. The value of g, in
the dilatational failure case (4.2 K) is less than that in the
temperature range where the failure is shear dominated,
but the fluctuation of oy at 4.2 K is much more significant.

The results revealed in Figs. 1 and 7 can be illustrated in
a o-1 coordinate by examining the failure line and the
Mohr’s circle, as indicated by the red' solid lines and blue
dashed circles, respectively, in the inset of Fig. la. Let us
assume that, at room temperature, the Mohr-Coulomb

! For interpretation of color in Fig. 7, the reader is referred to the web
version of this article.
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criterion, i.e. Eq. (2), corresponds to the failure line t4;09;
with the slope oy; the Mohr’s circle o represents the distri-
bution of the stress state (7, o) at any plane in the specimen.
When the Mohr’s circle 0, touches the failure line 7¢;001,
the specimen fails, with the failure stress o along the fail-
ure plane at the fracture angle 0,. If o, is very large relative
to 1q1, that is, a; — 0, the failure should be pure shear, with
0, — 45°. In this case, the Mohr—Coulomb criterion actu-
ally simplifies to the Tresca criterion. For the present Vitre-
loy 1, a1 # 0, and this leads to a fracture angle larger than
45°, though the failure is still triggered by shear stress.
When the temperature decreases, to; increases to g, but
091 decreases to oo, and thus o increases to o, as revealed
in Fig. 7. This corresponds to the change in the failure line
from 19,001 t0O T¢2002, and the Mohr’s circle moves from o,
to 0,. The fracture angle 05, the failure strength o5, and its
stress components (ty,,09,) on the failure plane also
increase, which is consistent with the experimental observa-
tions (see Figs. 1a and 7b). After the temperature decreases
across the transition point (20 K), 793 becomes much
greater than oys, thus oy is significantly large, e.g. at
4.2 K. In this case, the failure line 7¢3003 is approximately
perpendicular to the ¢ axis, and the failure point
approaches the point (0, gg3). The fracture angle becomes
very close to 90° (see Fig. 1b); the normal stress gy, on
the failure plane should approach the failure strength o3,
which is nearly equal to the critical normal stress g3, while
the shear stress 7y, becomes negligibly small.

The low-temperature-enhanced normal stress sensitivity
of macroscopic failure can be further understood in the
microscopic picture: the shear-to-dilatation transition of
STZs. At room temperature, the STZ is shear dominated,
accompanied by a slight dilatation. The operation of one
STZ gives rise, in the surrounding elastic medium, to an
“Eshelby”-like localized shear distortion [10], and triggers
an avalanche-like behavior of neighboring STZs to form
shear bands [49-52], leading to a macroscopic shear-domi-
nated failure. With decreasing temperature, the activation
of an STZ needs to surmount a higher energy barrier and
thus requires a higher activation stress in order to occur.
This is why the critical shear stress 7o (Fig. 7b) and the fail-
ure strength o,(Fig. 1a) of materials increases at lower tem-
peratures, showing the strengthening behavior at 7> 20 K.
On the other hand, the increase in the critical shear stress
will in turn improve the dilatation ability of STZs, since
the STZ has the nature of shear thinning or -dilatation
due to the disordered structure. This picture is supported
by the common observation that metallic glasses with
higher strengths are always accompanied by a more signif-
icant softening to cracking [53-54]. Therefore, the STZ at
lower temperatures becomes more inclined to dilatation
operations, macroscopically corresponding to the decrease
in the critical normal tensile stress g (Fig. 7b). Neverthe-
less, at temperatures that are not low enough, the shear
operation of STZ still predominates in the competition
with its induced dilatation. This is confirmed by the result
that the critical shear stress 7 is much less than the critical

normal tensile stress oq at 7> 20 K (Fig. 7b). With further
decreasing temperature, the shear operations of STZ
become increasingly difficult, whereas, in contrast, the dila-
tation operations become easier. The former corresponds
to the increase in 7o and the latter to the decrease in oy.
The STZ will eventually be dominated by dilatation below
a critical temperature (here about 20 K), which is indicated
as g9<t19 at T<20K (Fig. 7b). In fact, so long as
oy < /219, dilatation-dominated tensile failure will occur
[29,39]. That means that the real critical temperature will
be slightly higher than 20 K. Once the STZ behaves in a
dilatation-dominated fashion [14], the softening (or weak-
ening) process will govern the strength of the material, cor-
responding to the decrease in macroscopic failure strength
observed at 7<20 K (Fig. la). Therefore, the failure of
metallic glasses at low temperatures is determined by the
competition between the low-temperature-induced shear
strengthening and the resulting dilatational softening.
Moreover, Fig. 7b demonstrates that it is very hard to
shear a dilatation-mode STZ due to its extremely high crit-
ical shear stress. We find that the value of 7y at 4.2 K is
comparable to the maximum shear strength (8.73 GPa) of
Vitreloy 1 theoretically predicted by Wang and Li [55].

5. Conclusions

Under quasi-static uniaxial tensions, we achieved the
transition from shear- to dilatational failure of a typical
tough Zr-based bulk metallic glass by cryogenically cooling
it from 300 K down to 4.2 K. Our primary finding is that
the normal stress (or pressure) sensitivity of failure of
metallic glasses is temperature dependent and becomes
more significant with decreasing temperature. Macroscopi-
cally, this failure behavior can be described well by the
Mohr—Coulomb criterion by considering a temperature-
dependent dilatational factor or the ratio of the critical
shear stress to the critical normal stress of the material.
Microscopically, the low-temperature-enhanced normal
stress sensitivity of failure implies that the relative contri-
bution of shear to the dilatation of STZs determines the
macroscopic failure of metallic glasses. This physical pic-
ture is consistent with the well-known Poisson’s ratio crite-
rion for plasticity of amorphous solids [30,56,57]. Our
work substantiates the idea that stress-driven STZs need
thermal assistance, and further predicts that a thermal or
very-low-temperature STZs are prone to suffer a dilatation
mode [14] due to their relatively low critical stress.
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