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Abstract: The effects of cryogenic temperature on the toughness of a Zr-based metallic glass are
investigated. Based on three-dimensional fracture morphologies at different temperatures, the crack
formation and propagation are analyzed. Through the calculation of the shear transformation
zone volume, the shear modulus and bulk modulus of the metallic glass at different temperatures
and the crack formation mechanism associated with the temperature is discussed. Once the crack
commences propagation, the hyperelasticity model is used to elucidate the fractographic evolution of
crack propagation.
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1. Introduction

Metallic glass (MG) generally exhibits superior strength, high hardness, and good elasticity
combined with a unique processability in the supercooled liquid region, which makes MG an excellent
candidate for structural materials applied in some extreme conditions, such as cryogenic temperature
and high strain rate, etc. [1-4]. Regarding its good, comprehensively mechanical properties, different
types of MG are expected to be used in spacecraft applications, that require materials that function
at cryogenic temperature [5]. It is therefore necessary to investigate the service behaviors of MG
at cryogenic temperature. Since the 1970s, tremendous work has been devoted to elucidate the
mechanical behaviors of MG at cryogenic temperature [6-13]. It was found that MG possesses
simultaneously enhanced strength and plasticity (especially compressive plasticity) at cryogenic
temperature, which is totally different from most crystalline materials that exhibit a trade-off between
ductility and strength [14]. However, the effects of cryogenic temperature on the fracture behaviors of
MG are still not fully understood. Generally, MG is expected to have improved fracture toughness at
cryogenic temperature, because a MG with improved strength and ductility should by correspondingly
tough. However, many experimental results have revealed a different behavior. Yj, et al. [15] reported
that the notch fracture toughness of a Zr-based MG at 77 K was comparable to that at room temperature.
Hufnagel, et al. [16] observed a significant loss of toughness with decreasing temperature in a Zr-based
MG. The elucidation of the variation of fracture behaviors at cryogenic temperatures in MG is not
only from a fundamental research point of utmost importance to understand the structure-property
relationship of MG, but also necessary for the application of MG as structural materials.
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In the present study, we choose a representative, well-studied Zrsy 5Cuy79Niy4 6AljoTi5 (at %) MG
as the model material to investigate the effects of cryogenic temperature on the fracture behaviors
of MG. A series of notch fracture toughness, K, tests were performed in a temperature range of
123-298 K. The results reveal a significant decrease in fracture toughness of the MG. In addition,
to further elucidate the fracture behaviors of the MG at cryogenic temperature, the fracture surface is
carefully examined based on three-dimensional (3D) fractographies.

2. Experimental Procedure

Master ingots of the Zrs; 5Cu179Nijs6AljgTis MG were prepared by arc-melting pure elements
with purities higher than 99.99% in a Ti-gettered argon atmosphere. The ingots were subsequently
melted by vacuum induction and centrifugally cast into a Cu mold to form a plate-like sample with
the dimensions of 80 x 60 x 2.6 mm?. The fully glassy structure of the plates was ascertained by
X-ray diffraction (XRD) using a Rigaku D\ max-2550 diffractometer (Rigaku, Tokyo, Japan) with Cu-K«
radiation generated at 40 KV. A compact tension (CT) specimen was fabricated in general accordance
with ASTM E399 [17]. A straight, through-thickness notch with a root radius of 125 um was introduced at
adepth of 0.5 W (where W is the width of the specimen) using the electrical discharge machining process.
The profile of the CT specimen is shown in Figure 1, with a sample dimension of B (thickness) = 2.5 mm,
a (notch length) = 10 mm, and W (width) = 20 mm. The surfaces of the specimen were mechanically
polished to a mirror finish. Notch toughness tests were carried out on a computer-controlled SANS CMT
5205 testing machine (Meitesi Industry System, Minneapolis, MN, USA) at a constant displacement
rate of 1 um/s. During the test, the CT specimen was first cooled to the testing temperature in
an environmental box with a temperature accuracy of £2 K. The fractographies were examined by
a HITACHI SU-1500 scanning-electron microscope (SEM) (HITACHI, Tokyo, Japan) and a Phenom G2
scanning-electron microscope (SEM) (FEI, Hillsboro, OR, USA) with the 3D roughness reconstruction.
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Figure 1. Geometric size of the compact tension specimen.

3. Results

The compact tension at each temperature was repeated four times to exclude the occasional
case. The representative curves of the load versus the displacement, tested at different temperatures,
are plotted in Figure 2, which all exhibit a linearly elastic deformation followed by catastrophic
fracture. Thus, the K value can be calculated from the load at fracture, Pyy. According to ASTM
E399, the notch fracture toughness, Kg, can be calculated by [17]:

Ko = gy () ®
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where B is the thickness, a is the notch length and W is the width. Note, although the notch toughness
is usually higher than the valid fracture toughness, Kj., the comparison of the notch toughness values
at different cryogenic temperatures is trustable and can be used to assess the effects of cryogenic
temperature on the fracture toughness of the MG. The measured Kg values at different temperatures
are summarized in Figure 3. The MG at room temperature possesses the highest K value, that reaches
an average value of 101 4+ 7 MPa m®?. This value at room temperature is consistent with the previously
reported value of 94 MPa m®?, although the notch radius of 5-10 pm therein was significantly smaller
than the value of 125 um in the current study [18], which suggests that the notch introduced by
electrical discharge machining does not significantly influence the results in the present study. It is also
important to note that the fatigue pre-cracked notch toughness, K., measurement, which is commonly
used in measuring the toughness, can introduce a sharper notch in MG as compared to that in the
notch toughness, Ky, measurement. Although a notch with a small radius can more accurately reflect
the toughness, the current study focuses on the relative changes in the toughness value with decreasing
temperature. Thus, it is not necessary to use the fatigue pre-cracked notch toughness measurement
in the present study. From Figure 3, a remarkable drop can be seen in the K¢ value with decreasing
temperature. In the temperature range from 298 to 183 K, the K value almost linearly decreases
from 101 = 7 to 55 £ 2 MPa m®. After that, upon further decreasing the temperature, the K value
fluctuates around 60 MPa m??.
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Figure 2. Load-displacement curves at different temperatures.
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Figure 3. Notch fracture toughness, K, of the metallic glass (MG) as a function of temperature.
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The changes in the notch toughness with the temperature must be manifested on the fracture
surface. Therefore, the observations of the fracture surface are carried out to further characterize the
change in the notch toughness. A presentative overview of the fracture surface that is fractured at
243 K is shown in Figure 4a. From the notch point to the end of the crack propagation, it can be seen
that the surface roughness is decreased (Figure 4a). The fractographies at the other four temperatures
tested also show a decrease in the surface roughness with cracking, which is summarized in the
supplementary information (Figures S1-S5). To characterize the whole profile of the fracture surface
along the crack propagation direction, six regions are enlarged and shown in Figure 4b—g. At the
point [, i.e., the place of crack initiation, the surface is very rough. The 3D image in Figure 4b shows that
ajagged “rough zone” with ridge and valley patterns is formed. With the crack propagation, the height
of the ridge pattern is reduced. Figure 4c—g characterize the surface morphologies at different positions
of the crack surface. It can be seen that when the crack propagation distance approaches the point IV,
the jagged pattern almost disappears and the roughness becomes very minimal.

Figure 4. Representative fractographic evolution for the MG. (a) Overview (arrow indicates the crack
propagation direction); (b—g) 3D fractographies at points I, IL, III, IV, V and VI in (a), respectively.

To quantitatively characterize the surface roughness of the fracture surface, the roughness values,
R, at different positons of the crack surface are measured along the crack propagation direction.
For each sample, 19 areas are analyzed based on the 3D images shown in Figure 4. The interval
distance between neighboring observation areas is approximately 500 um. The R, value as a function
of the crack propagation distance is plotted in Figure 5. The area for the measurement of the R, value
is 497 umz. The fracture surfaces fractured at six temperatures show that the R, values decrease as the
crack propagation distance, L, increases. According to Figure 5, for the samples fractured at 298, 243,
213, 183, 153, and 123 K, the maximum R, values always appear in the areas close to the notch point,
which are 61, 50, 34, 29, 20 and 19 um, respectively. Decreasing the temperature causes the maximum
R, value to decrease. After the crack runs a critical distance, L, the R, value approaches the minimum
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and constant value of approximately 9 um. The L. values are approximately 8500, 8000, 7500, 7000,
7000 and 3000 pm at 293, 243, 213, 183, 153 and 123 K, respectively.
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Figure 5. Fracture surface roughness, Ra, as a function of crack propagation distance, L, at
different temperatures.

Demetriou et al. [19] reported that high toughness is obtained through stabilizing the plastic flow
process at the opening crack tip to form a distributed damage zone. In MG, plastic flow is achieved by
shear bands initiation and propagation. Thus, the toughness is reflected in the shear bands density
and the extension zone size ahead of the notch tip. For the MG tested at 123 K with Ko = 47 MPa m®®,
no noticeable shear bands emanated from the notch tip (Figure 6a). Upon increasing the temperature
to 153 K, several shear bands appeared, and along the crack propagation direction the shear bands
can propagate approximately 209 pm before the crack is formed (Figure 6b). Upon increasing the
temperature further, the density of the shear bands significantly increased, and the shear bands
propagation distance increased to be 356 um at 183 K, 557 um at 213 K, 400 um at 243 K and 692 um at
298 K (Figure 6¢—e). The shear bands propagation distances are marked in Figure 6. It can be seen that
the MG with a larger fracture toughness has more shear bands initiating from the notch tip, and the
shear bands propagate a longer distance.

Figure 6. SEM images of the lateral surface of the MG samples after fracture at different temperatures.
(a) 123 K; (b) 153 K; (c) 183 K; (d) 213 K; (e) 243 K; (f) 298 K.
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4. Discussion

It is well known that the formation of the plastic zone in the front of the crack tip is dominated
by a competition process between the shear flow and the cavitation [19,20]. In MG, a small shear
modulus, G, means that the shear flow is easily activated, and a high bulk modulus, B, makes the
operation of cavitation energetically difficult. Therefore, MG with a low G/B corresponds to high
fracture toughness [20,21]. Previous studies have found that the elastic parameters, including elastic
modulus, shear modulus and bulk modulus, of MG are temperature-dependent. The temperature
dependence of the elastic constant, C(T), can be expressed as [22]:

S S
e®p/TrR —1 ¢®p/T _1 ©)

C(T) = C(Tr) +

where C(TR) is the elastic parameter at room temperature, T is the temperature, ®p is the Debye
temperature, and s is the fitting parameter that represents the parameter for the bulk modulus, sg,
and the one for the shear modulus, sg. According to Equation (3), one can predict B and G as
a function of temperature. Then, Poisson’s ratio, v, can be calculated by v = % - m. In the
present study, the shear modulus at room temperature, G(TR), is 32.2 GPa, the bulk moduluss at room
temperature, B(TR), is 116.8 GPa, the sp and s values are 4.419 and 2.556, respectively, and the ®p
value is 279.7 K [22]. Accordingly, the G and B values vs. temperature, plotted in Figure 7a, show that
both the G and B values increase monotonously with decreasing temperature. The increase in the G
and B values indicate that the activations of shear flow and cavitation become difficult simultaneously
as the temperature decreases. Figure 7b illustrates the temperature dependence of the G/B and v
values. G/B increases monotonously as the temperature decreases. The change of the v value exhibits
an increase as the temperature increases. Therefore, the decrease of the G/B value and the increase of
the v value with increasing temperature cause an improved shear-banding ability, which means that
the more shear bands should be activated at room temperature as compared to the cases at cryogenic
temperatures. Therefore, the density of shear bands activated on the notch tip is increased with
increasing temperature, which is confirmed by Figure 6. Furthermore, Poisson’s ratio, v, also indirectly
reflects the competition between the shear flow and the cavitation, which can influence the stress state
ahead of the crack tip [16].
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Figure 7. (a) Variation of shear modulus, G, and bulk modulus, B, with decreasing temperature;
(b) variation of Possion’s ratio, v, and the ratio of G/B with decreasing temperature.

The changes in the G/B and v values at cryogenic temperatures should correspond to a significant
structural rearrangement [23]. Usually, the plastic shear flow is accommodated by a series of
cooperatively inelastic rearrangements in shear transformation zones (STZs) [19,24]. Hence, the fracture
toughness of the MG is expected to intrinsically depend on the volume of STZs, (). Jiang et al. [25]
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modified the cooperative shearing model (CSM) proposed by Johnson and Samwer [24] by adding

a free volume-related activation factor, exp(— —AVV* ). Thus, the volume of STZs can be expressed as [25]:
wo AV 2 TCT\3/2

QO=kTIn(— — 4RG 1-—- — 4

(&5 — /(4RO - T2 @)

where k is Boltzmann constant (1.381 x 1072 J/K), T is the temperature, In (‘*:’—2 — A‘Z * ~ 20, R is
the “fold ratio” (=0.25), Gt is the shear modulus at the temperature of T, y¢ is the critical shear
strain, ( is a correction factor (=1/3), Tcr and T¢g are the critical shear stresses at the temperature
of T and 0 K, respectively. The shear modulus, Gr, at different temperatures is already shown in
Figure 7a. According to the cooperative shear model (CSM) [24], tcr/Gr = Yo — Y1 (T / Tg)2/3,
where vy = 0.036, and yc1 = 0.016. The actual critical strain at tcr is Tcr/G corrected by a factor of
7t/2 arising from nonlinear elasticity [24], i.e., mtcr/2. The calculated volume of STZ is plotted in
Figure 8. With decreasing temperature from room temperature to 123 K, the volume of STZ decreases
from 3.07 to 2.51 nm®. As compared to that in the MG with large STZs, the plastic shear flow in the
MG with small STZs must involve more activated STZs to cooperate with the nucleation of a shear
band. In addition, a large STZ during the plastic deformation process can generate a large internal
stress concentration, indicating that the thermally activating flow event becomes easy [26]. Hence,
the small STZs weaken the shear capability of the MG, i.e., the plastic flow, which is consistent with the
observations in Figure 6 and the evolutions of the G/B and v values with the temperature. Recently,
An et al. [27,28] found that a low toughness in MG indicated a decreased activation energy barrier for
the cavitation event. In our present study, the small STZs of the MG at cryogenic temperature indicate
that the thermal activation of the plastic flow is decreased. Thus, the cavitation behavior of the MG at
cryogenic temperature is enhanced, which causes the decreased toughness.
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Figure 8. The shear transformation zone (STZ) volume as a function of temperature.

At the beginning of crack propagation, i.e., the point I in Figure 4, the jagged patterns are believed
to be related to the crack formation and propagation processes [23,29,30], although the origin of the
jagged patterns is still not yet clear. Suh et al. [29] conjectured that the nonplanar ridged fatigue
fracture surfaces were a necessary condition for the formation of a jagged rough zone. However, in the
present study, even without fatigue pre-crack, jagged patterns are still observed. The irregularity
caused by kinks or steps along the crack front possibly causes a complex stress state in front of the
crack and contributes to the jagged morphology. Once the crack commences propagation, regarding
the stress and/or strain concentration and the adiabatic heating in metals [31], a plastic process zone is
believed to be formed in the front of the crack tip, in which the glassy phase appears to have a viscous
flow. Thus, a nonlinear behavior in the front of the crack tip is produced. In this case, a hyperelasticity
model is introduced to depict the nonlinear behavior in the crack tip [32,33]. The plastic process zone
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with a radius of ry is therefore called a hyperelastic region where elastically softening occurs. Based on
the hyperelastic model, the elastic energy stored in the specimen can be transferred to the crack tip,
and thus support the crack propagation. When the crack penetrates into the glassy phase, a local
energy flux with a characteristic length of vy, which is from the elastic-energy storing region around the
crack tip, can flow into the hyperelastic region to support the crack propagation, i.e., the formation
of new fracture surfaces. During the crack propagation, the hyperelastic region seems to act like
a buffering region to absorb the local energy flux [32]. A large hyperelastic region can accumulate
a large local energy flux, which causes a softening behavior in the front of the crack tip. On the other
hand, the local energy flux from the region around the crack tip cannot be effectively accumulated
in a small hyperelastic region. In this case, the hyperelastic region causes a stiffening behavior. It is
obvious that the onset of the dynamic crack propagation instability is dominated by a competition
between the stiffening behavior and the softening behavior, which can be simply expressed as a ratio of
ry /7y [33]. When the ry value is comparable to the y value, the energy required for crack motion can be
transported from the hyperelastic region and elastic softening occurs. If the rfy value is much smaller
than the y value, the local energy flux will be directly transported to the crack tip without any buffering
from the hyperelastic region. Thus, elastically stiffening governs the crack instability, and more energy
flows into the crack tip from the larger, linearly elastic region to sustain crack propagation as compared
to the case of elastic softening. The characteristic energy length of y can be expressed as [32]:

Y x = @)

where X is the surface energy, E is the elastic modulus, and o is the applied stress. For an MG,
the x value is almost a constant. Based on Figure 7, the elastic modulus can increase 3% when the
temperature decreases from 298 to 123 K, which can be ignored in the present study. Thus, the y value
largely depends on the 1/ 02 value. The applied stress in the present study is roughly equivalent to the
fracture load shown in Figure 2. Accordingly, the 1/0? value increases approximately 44.5 times with
decreasing temperature. For the ryy value, the hyperelastic region is associated with the plastic process
Kg
Oy
yield strength of the MG). According to Figure 3, the Kg value decreases approximately 43% when the
temperature is decreased from 298 to 123 K. In the meantime, the decrease in the temperature causes
the yield strength of the MG to increase roughly 20% [36]. Therefore, the R value at 298 K is almost
4.4 times larger than the value at 123 K. The increased vy value and the reduced ry value with the
decreasing temperature suggests that the softening behavior is weakened, which is the main reason
causing the difference in the fracture surfaces generated at different temperatures. A large rg value
indicates that the local elastic energy flux can be effectively stored in the hyperelastic region, causing
the formation and operation of shear transformation zones (STZs). Thus, the shear bands can be fully
developed in this region, which produces multiple shear bands, as shown in Figure 6. When the crack
is preferentially formed in the hyperelastic region, the multiple shear bands can result in a jagged
rough morphology at 298 K. Decreasing the temperature can reduce the ry value, in which shear
banding is confined to a small region. Therefore, the roughness of the fracture surface at the beginning
stage of the crack propagation is decreased with decreasing the temperature, as shown in Figure 5.

Once the crack propagation commences, the dynamic propagation of the crack is associated
with the fracture energy. According to the Irwin relationship, the fracture energy, I, during the crack
propagation process is expressed as [37]:

2
zone [34,35], i.e., depending on the size of the plastic process zone, R (R = 6%1 ( ) , where oy is the

12 |4

2
F=-— (1_7R)K1 (6)

where v is the Poisson ratio, V is the crack propagation speed, V is the Rayleigh wave speed, and K
is the stress intensity. The Vr value is associated with the shear modulus that can be considered as
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a constant with decreasing the temperature to the cryogenic level. Thus, the Vi value is a constant.
When the crack propagation commences, the K; value decreases with dynamic crack propagation,
and V increases with crack propagation [34,38], suggesting that the I' value decreases with crack
propagation. In this case, the necessary energy for supporting the crack running is reduced. The ry
value is also reduced with crack propagation [35]. As such, the crack propagation is dominated by
elastically stiffening behavior. The reduced elastic softening and decreased fracture energy during the
crack propagation may lead to the decreased surface roughness along the crack propagation direction.
Therefore, the R, value approaches the constant of 9 um.

5. Conclusions

The effects of cryogenic temperature on the fracture behaviors of a Zr-based MG are investigated.
A significant reduction in the fracture toughness is found at cryogenic temperatures, with the average
values falling from 101 & 7 MPa m®5 at room temperature to 58 + 10 MPa m®® at 123 K. Decreasing
the temperature to the cryogenic level leads the shear flow to gradually play a less important role in
the competition against the cavitation process. Furthermore, a drop in the STZ volumes at cryogenic
temperature is responsible for the weakened shear-banding capability. Cryogenic temperature can
also reduce the effect of the elastic softening behavior on the crack tip. With crack propagation,
the crack speed increases to a dynamic behavior, which causes the elastic softening behavior to
weaken. Weak softening behavior means that the development of shear bands in the front of the
crack tip becomes frustrated. As a result, the fracture surface roughness decreases along the crack
propagation direction with decreasing the temperature. The present results can help in understanding
the deformation and fracture mechanism of MG, and provide a solid experimental guidance for the
application of MG at cryogenic temperatures.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2075-4701/7/4/151/s1.
Figure S1: Fractographic evolution for the specimen tested at room temperature with notch toughness value of
102 MPa m®5. (a) Overview (arrow indicates the crack propagation direction); (b—g) are 3D fractographies at point
L IL 1II, IV, V and VI in (a), respectively. Figure S2: Fractographic evolution for the specimen tested at 213 K with
notch toughness value of 79 MPa m®3. (a) Overview (arrow indicates the crack propagation direction); (b-g) are
3D fractographies at point I, I'l, III, IV, V and VI in (a), respectively. Figure S3: Fractographic evolution for the
specimen tested at 183 K with notch toughness value of 53 MPa m%5. (a) Overview (arrow indicates the crack
propagation direction); (b—g) are 3D fractographies at point I, I'l, III, IV, V and VI in (a), respectively. Figure S4:
Fractographic evolution for the specimen tested at 153 K with notch toughness value of 59 MPa m%2. (a) Overview
(arrow indicates the crack propagation direction); (b—g) are 3D fractographies at point I, I'l, I, IV, V and VI in (a),
respectively. Figure S5: Fractographic evolution for the specimen tested at 123 K with notch toughness value of

47 MPa m%®. (a) Overview (arrow indicates the crack propagation direction); (b-g) are 3D fractographies at point
I 11, II, IV, V and VI in (a), respectively.
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