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The understanding of the fracture mechanism of amorphous alloys (AAs) is of importance for their en-
gineering applications as advanced structural materials. In this study, a series of micro-tensions of
CuysZrssCoio AA microwires were conducted under different strain rates ranging from 5 x 107 s™ to
1 x 1072 s7!. It is found that all microwires fracture by shear cracking, but the shear fracture strengths

exhibit pronounced rate-dependent uncertainties. Based on both lognormal and Weibull statistical ana-
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lyses, the studied AA microwires reveal a positive rate-sensitivity of fracture strengths. However, increasing
strain rates incurs the decrease in the fracture reliability. We demonstrate that the fracture reliability of AA
microwires is dominated by a square root singularity of the characteristic lengths of shear offset on fracture
surfaces, which satisfies linear elastic fracture mechanics.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Different from traditional metallic materials, amorphous alloys
(AAs) lack a dislocation-based plastic deformation mechanism,
which results in high strength approaching the theoretical limit
[1-5]. AA microwires have tunable sample diameters, uniform
structure, few casting defects, and high replicability [6-8], and
therefore are an ideal system to study deformation behaviors of
amorphous solids. During the past decades, tremendous efforts have
been devoted to processing AA microwires under high cooling rates
and characterizing their mechanical properties [9,10]. For instance,
Wang et al. [11] reported the submicron-sized Pd4oCusgNijgP20 AA
microwires with an ultrahigh tensile strength up to ~2.8 GPa, almost
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twice as high as that of bulk counterparts. Owing to their excellent
mechanical properties, AA microwires are promising materials for
potential structural applications in micro/nano-electro-mechanical
systems (MEMS) [12,13]. These promising applications require a
deep understanding of the mechanical properties and evolutionary
mechanism of AA microwires [14-16].

Statistical analysis is a commonly used method for studying
structural defects of brittle materials and has been recently applied
for the mechanical characterization of AAs [17,18]. For instance, Qin
et al. [19] analyzed the tensile strength of Gd-based AA microwires
using the Weibull and lognormal statistics, showing that the mean
tensile strength and fracture strain were ~1200 MPa and ~2.0%, re-
spectively. It should be also noticed that deformation behavior of
AAs is largely affected by imposed loading conditions such as strain
rate [20]. Researchers demonstrated a positive strain rate depen-
dence of compressive yielding strength in Ti-based bulk amorphous
alloys (BAAs) [21,22]. Contrarily, Sort et al. [23]| showed a negative
rate sensitivity of mechanical properties in Ti-based BAAs. Similar
inconsistent results have been also reported in Ni-based and Mg-
based AAs [24,25]. Obviously, the mechanical properties of some AAs
are sensitive to applied tensile strain rate. Although the strain rate
sensitivity of the mechanical behaviors of AA has recently triggered
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intense attention in materials science community [26], most of these
studies focused on the effect of the applied strain rates on their
fracture strength and structural evolutions. Actually, due to the
characteristic of structural inhomogeneity, brittle AA microwires do
not exhibit identical deformation and fracture behaviors even
though at the same strain rate, leading to the scattered fracture
strength values [27-30]. The dispersion degree of strength values
determines the fracture reliability of AA microwires, which is critical
for the long-term industrial applications of structural materials.
Generally, the fracture strength is closely related to fracture mor-
phology [31]. Therefore, it is of scientific and technological im-
portance to establish underlying relations among strain rate, fracture
strength, fracture reliability, and fracture morphology, which will
facilitate a better understanding of the deformation mechanism of
AA microwires.

Here, we choose CuysZrss5Coq0 (at%) AA microwires as the model
materials and perform the uniaxial tensile loading tests over a wide
range of strain rates from 5 x 1072 s™! to 5 x 107 s™!. Lognormal and
Weibull statistical analyses of the tensile fracture strength were
carried out. Fitting parameters of the models were explored in de-
tails to illustrate the effect of tensile strain rate on mechanical be-
haviors of AA microwires. Based on the careful observations of
fracture surfaces of AA samples, the quantitative relationship be-
tween shear offset lengths and fracture strengths was established.
The combination of statistical analyses and experimental data pro-
vided significant insights into the deformation mechanism of CuZr-
based AA microwires. It is expected that the results obtained in this
study will lay a solid theoretical basis for exploring the mechanical
behaviors and the related influencing factors of AA microwires.

2. Experimental procedures

The master alloy ingots with a nominal chemical composition of
CuysZrysCoqg were prepared by arc melting high-pure Cu, Zr, and Co
metals in an arc furnace under an inert (pure Ar) atmosphere. To
ensure chemical homogeneity, the remelting of each ingot was re-
peated at least four times under pure Ar atmosphere. Then, the alloy
was cast into a copper mold to produce cylindrical rods with 10 mm
in diameter and 50 + 10 mm in length. The rods were further ex-
tracted by a home-made melt-extracted device made of a boron
nitride (BN) crucible and a high-frequency induction coil for alloy re-
melting (Fig. 1). The melt was extracted by a rotating Cu wheel with
a constant linear velocity of 30 m-s™! and a feeding rate of 30 pm-s™".
The resulting microwires have a diameter ranging from 20 to 50 pm.
The details for sample preparation procedures have been provided in

Cu Wheel _ -
Amorphous
Microwires

Cu Wheel

» Molten Pool
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Ref. [32]. To avoid the effect of sample sizes on mechanical behaviors
of AA microwires [33], the samples with a smooth surface and
negligible fluctuation in diameter size of 40 + 1 um were selected
from the abundant as-cast microwires before tests.

The structure of AA microwires was characterized by X-ray dif-
fractometer (XRD) with Cu K, radiation (type: X'PERT), and a high-
resolution transmission electron microscope (TEM, type: Talos
F200X). The samples for TEM observations were prepared using an
ion milling operated at 4.5 KeV to ensure electron transparency. The
thermal properties were performed using a Perkin-Elmer differential
scanning calorimeter (DSC, type: STA449F3) at the constant heating
rate of 20 Kmin™' in a flow of purified argon gas. The geometry of AA
microwires and fracture morphologies were observed by a scanning
electron microscope (SEM, type: HELIOS NanoLab 600i). Tensile
samples were prepared following the ASTM standard D3379-75
with a gauge length of 8 mm. To facilitate measurement, the mi-
crowire was fixed between two pieces of paperboard with super
glue. The paperboard shape is schematically illustrated in the inset
of Fig. 1, with an overall length of 40 mm and a width of 20 mm.
Micro-tension experiments of AA microwires were conducted on a
10N Instron 3343 universal testing machine at room temperature
under the following strain rates: 5x 1072 s, 1x102s',5x103s7},
1x1072 57!, 5x10 s, 1x10 s7!, 5x107° s7!, and 1x107> 57",
respectively. In order to facilitate statistical analysis of the me-
chanical properties, twelve microwire samples were tested at each
strain rate. Totally, 96 samples were tested and quantitatively ana-
lyzed. The fracture strengths of AA microwires were subsequently
analyzed using lognormal and Weibull statistics methods.

3. Results

Fig. 2(a) shows the SEM image of the extracted AA microwires. As
seen, the AA microwires have smooth and round shape, and uniform
diameter. Fig. 2(b) shows the XRD pattern of the extracted AA mi-
crowires. The broad XRD peak at 20 =38° and the absence of any
other peaks originating from the sharp-edged crystal lattice de-
monstrate fully amorphous structure of the melt-extracted micro-
wires. In order to further characterize the structure of melt-
extracted AA microwires, TEM observations were performed.
Fig. 2(c) shows the corresponding high resolution TEM (HRTEM)
image and selective area electron diffraction (SAED) pattern (inset).
The AA microwire possesses a featureless structure without any
long-range atomic configuration, typical of amorphous structure.
The monolithic amorphous phase was also verified by a single halo
ring (see SAED pattern in Fig. 2(c) inset). The amorphous structure of
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o
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Fig. 1. Schematic representation of melt-extraction setup. The inset illustrates the shape of tensile test sample.
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Fig. 2. (a) SEM image, (b) XRD pattern, (c¢) HRTEM image and SAED pattern (inset), and (d) DSC curve of CussZrs5Co1o amorphous alloy microwires.

microwires is ensured by the high cooling rate during the extraction
process, which can go up to 10° K:s™!, far beyond the critical value
(about 10® K-s™!) required for the formation of CuZr-based AAs. The
DSC curve (Fig. 2(d)) revealed the existence of an endothermic glass
transition process with a glass transition temperature (Tg) of 689K,
and an exothermic crystallization process at the crystallization
temperature (Ty) of 748 K.

The tensile tests of the AA microwires were carried out under
various strain rates at room temperature. The corresponding stress-
strain curves of the AA microwires are shown in Fig. 3(a)-(h). The
fracture strengths at each strain rate as well as their range values are
listed in Table 1. With the strain rate slowing down from 5x 1072 5™
to 1x107° s7!, the maximum values of fracture strength decrease
from 2577 MPa to 1985 MPa, while its minimum values also show a
downward trend from 1495 MPa to 1402 MPa, which suggests posi-
tive strain rate sensitivity of fracture strength for the studied AA
microwires. Furthermore, as strain rate decreases, the range, defined
as the increment between the maximum and minimum fracture
strength, gradually decreases from 1082 MPa to 583 MPa, indicating
a reduction of dispersion degree in fracture strength values. No ap-
parent plastic deformation can be observed in each curve, suggesting
a brittle deformation feature of AA microwires. The maximum
fracture strength of CuysZrysCoio AA microwires (2577 MPa at the
strain rate of 5x1072 s™!) is much higher than that of bulk one
(1890 MPa) [34], which might be associated with the highly uniform
structure of melt-extracted AA microwires [35].

To quantitatively assess the deviations in fracture strength of
brittle AA microwires (Fig. 3), two statistical analyses methods were
employed. In logarithmic distribution method, the probability for
fracture under the applied stress conditions, P™N, is given by the
following formula [36].

_1 In(o) — x
= 2[1 +erf(—s\/j )} "

where i represents the sample number, ¢ denotes the applied uni-
axial stress, « is the mean value, and s is the standard deviation of Inc
values. The parameter « can be calculated as In(sp), where oo stands
for the geometric mean value of fracture strengths.

The simplified method for calculating the failure probability P;"N
under a given o; is based on a median rank value and the experi-
mental data are shown in Table 1:

PiLN

= ——— x 100%
! N+04

(2)

where N is the overall number of the testing samples.

Based on the values of fracture strength under each tensile strain
rate, the fitting curves of logarithmic normal distribution models are
shown in Fig. 4(a)-(h). From the graph of In(s) vs. (2P;"N-1), the
parameters «, s, and oo could be obtained. The fitted parameters for
geometric and arithmetic average Fig. 5 strength for the strain rates
between 5x1072 s7! to 1x107 s! are compared in Fig. 6(a). The
relevant data are listed in Table 1. Both parameters decrease as the
applied strain rate decreases. Moreover, geometric average strength
declines more rapidly than the arithmetic average strength values,
and the two parameters reach almost the same values at the lowest
strain rate of 1 x 107> s71. Fig. 6(b) reveals that the standard deviation s
also shows a decreasing trend as the strain rate goes from 5x 1072 s™!
down to 1x107° s7!, which illustrates that the dispersion of fracture
strength gets lower as the strain rate decreases.

Weibull statistical model is also a common method used alter-
natively for the evaluation of probability failure of brittle materials
[37]. The cumulative failure probability is expressed by the following

formula [37].
m
g — UM
=

where V represents the volume of the material, 5, denotes the
minimum stress required to cause a fracture, o, is the Weibull
parameter that is the stress when P;*“B reaches 63.2%, and m is the
Weibull modulus that represents the variability of the mechanical
strength, where narrower probability distribution graphs have
higher m values. Eq. (3) is usually transformed into a three-
parameter Weibull model (TrPWM) as follows:

1
ln[ln(m

The threshold stress o, where there is no fracture probability, is
usually taken for this model, and this corresponds to ¢, =0 [38].
Therefore, the TrPWM is simplified into a two-parameter Weibull
model (TPWM):

PWB =1 - exp[—V(
(3)

)] = myln(o - o,) — mylnoy

(4)
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Fig. 3. Engineering stress-strain curves of CuysZrssCo;o AA microwires at room temperature under different strain rates of (a) 5x1072 s, (b) 1x1072 57!, (c) 5% 107 57!, (d)
1x103 571, (e) 5x107* s, (F) 1x10™s™, (g) 5x107° s and (h) 1x 107> 57!, respectively.
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Table 1

Fracture strengths of CuysZrs5Coq0 AA microwires under different strain rates and their ranges.

1.0x107°

5.0x107°

1.0x10™

50x10™

1.0x107

50x1073

1.0x1072

5.0x1072

Strain rate (s™!)

29.7

1402
1465
1581

284
26.2

1450
1550
1602
1699

279

1459
1570
1642
1693
1753
1797
1855
1889
1960
2020

279
24.6

1461

259
231

1507
1610

259
211

1482
1580
1694
1735
1801
1902
2043
2100
2148
2267
2375

24.0

1540
1543
1599
1704
1875
1927
2043
2102
2204
2294
2393
2467

1495 24.2
1553

1642
1881

Fracture strength (MPa) & Length of shear

28.7

245

1566
1651

23.0

24.0

offset (pm)

25.1

244

22.0
215
18.9

22.8
20.2

224

1697
1757
1865
1905
1960
1999
2035
2102
2267
2304

215 20.5

16.2

20.8

22.7

1593
1653
1699
1740
1815

20.3

1704
1742
1793
1860
1900
1957
2021

17.8

193

17.2
15.7

20.7

19.5

1765
1780
1844
1885
1953
2011

191

15.2

16.6

14.9

1842
1966
2137
2220
2373

20.3

1

18.2

16.7

18.8

173

15.5

14.3

14.4

15.4

14.0

134

9.2

17.7

15.4

14.3

13.8

13.8

129

18.3

15.8

15.7

12.6

111

1.9

9.6

171

1869
1882
1903
1985

14.4

14.3

119

119

10.2

10.5

8.4

8.3
71

15.8

134
123
12.2

13.2
12.8

13.2
114

10.7

93
83
7.0

2464
2576
2577

15.4

2078

2105
2203

2137
2200

10.7

94
9.1

12.8

2150

11.5

10.5

9.2

2388

6.9

1082 927 906 707 739 744 700 583

2055

Range (MPa)

1813 1715

1828
1821

1832
1824
1929
0.134
9.09
3.05

1917

1959
1946
2090

1974
1960
2116

Arithmetic average (MPa)
Geometric average (MPa)
Fracture threshold (MPa)

Standard deviations (s)

1717

1812

1913

2032

2030

1796
0.122
10.30
4.33

1907
0.133
9.31
3.51

1924

2218

0.134
9.20
317

0.144
8.32
2.85

0.187
6.98
221

0.202
6.44
1.91

0.234
5.64
1.58

Two-parameter modulus (mr)

Three-parameter modulus (mr,)
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1
In ln(w) = mrln(o) — mrlnoy

(5)

The Weibull modulus my; in Eq. (4) has the same meaning as mr
in Eq. (5), indicating fracture reliability of materials. Fig. 6(c) shows
the variation in my and my, at different strain rates. The corre-
sponding values are listed in Table 1. As seen, both mr and my; in-
crease gradually with decreasing strain rate, suggesting enhanced
fracture reliability and mechanical robustness at a slower strain rate.
Fig. 6(d) shows the variation tendency of fracture threshold with
strain rate changing. As seen, the decrease in strain rate from 5 x 1072
s7'to 1x 107 s7! brings the fracture threshold down from 2218 MPa
to 1796 MPa. Therefore, the fracture threshold of CuysZrssCoio AA
microwires shows positive sensitivity to strain rate in tensile tests.
The above results are consistent with the results presented in
Fig. 6(a).

4. Discussion

According to the shear transformation zone (STZ) theory, the
plastic deformation of AA microwires is largely localized within
shear bands of several tens of nanometers in thickness. At low
temperature and high stress, the relationship between shear strain
rate y and the shear stress z of AA microwires can be expressed by
the following formula [39]:

7 = jexp _AG -1V

¢ ksT 6)
where y¢ represents intrinsic strain rate ~ 10" s7!, V denotes the
activation volume of STZ, AG is the Boltzmann’s constant, and T is
test temperature. The shear strength z can be expressed as:

T= (AG - kBTInﬁ)/V

7 (7)

As can be seen, the shear stress of AAs is closely related to strain

rate, STZ activation energy and temperature. Egs. (6) and (7) can be
combined and reformulated as:

(g—f) = AG’(B/Vy

V)aGT (8)
Shear stress 7 and fracture strength ¢ can be written as:

o = 7/sinfcosé (9)
The shear strain rate and axial shear strain rate ¢ can be

written as:

e = yLcosé/h (10)

where h represents the sample length, L denotes the critical shear
offset width, and ¢ is the sheared off angle. The relationship between
fracture strength and axial shear strain rate can be expressed as:

(a—a) = AGkg/Ve > 0
0 )1 (11)

According to Eq. (11), a higher uniaxial tensile strain rate will
result in a higher shear strain rate, thereby facilitating a greater
strain rate hardening effect, and a higher fracture strength of AA
microwires, which is consistent with the results of Fig. 6(a) and (c),
and Table 1.

The fractured surfaces of the studied AA microwires after fracture
were further examined to gain deeper insights into their deforma-
tion and fracture mechanism. Fig. 7(a)-(1) show the surface
morphologies of these AA microwires after fracture at 1x1072 57!,
The studied AA microwire exhibits a shear fracture angle of 56.8°
between the applied stress axis and the fractured surface (See
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Fig. 4. Lognormal distribution fitting curves of Cu,sZr45C0o19 AA microwires under different strain rates of (a) 5x 1072 s™, (b) 1x1072 s, (c)5x 1035, (d) 1x 103 s™", (e) 5x 107*
s () 1x10s7!, (g) 5%x107° s and (h) 1x 107 57!, respectively. The insets display the corresponding fitting parameters.

Fig. 7(a) inset). The fracture angles at other fracture strength and
other strain rates are 55-58°, which are measured from SEM images
(not shown here). The sheared-off angle was almost unaffected by
the strain rate or fracture strength, which obeyed the Mohr-Coulomb
criterion [40,41]. Upon the formation of this fracture, it propagates
uniformly and this result corroborates the results given in Fig. 3(a)-
(h). It has been shown that the shear fracture is the main fracture
mechanism of CuysZrs5Co19 AA microwires [42].

The fracture surfaces of the studied AA microwires show two
well-defined regions, i.e., vein-like area and smooth shear offset area
(separated by dashed lines in Fig. 7(b)). Typical vein-like patterns
have been explained well by Saffman Taylor flow instability of the
crack front [43]. The patterns induced by flow instability strongly
suggest that the failures are triggered by shear. The shearing force in
the tensile deformation process causes friction between the parallel
layers of AA microwires. At the moment of fracture, the energy
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Fig. 5. Two- and three-parameter Weibull distribution fitting curves of CuysZrs5C019 AA microwires under different strain rates of (a) 5x 1072 s™!, (b) 1x1072 57}, (c) 5x 1073 571,
(d)1x1072s7!, (e) 5x10™ s7!, (f) 1x107™* 57!, (g) 5x 107 s7" and (h) 1x 107 s7', respectively. The insets display the corresponding fitting parameters.

accumulated by the stress of the AA microwire is released quickly,
accompanied by adiabatic heating, resulting in partial melting, shear
dilatation and the viscosity of the AA microwire dropping, resulting
in the formation of vein-like patterns [44]|. The mirror-like shear
offset area is very smooth and featureless, where rapid fracture
deformation eventually occurs. It has been accepted that these shear
offset areas correspond to local nucleation sites of the crack because
of the normal tensile stress on the fracture surface [45,46]. There-
fore, the smooth shear offset and vein-like areas are generally con-
sidered to be crack nucleation and crack propagation regions,
respectively. Meanwhile, the local temperature rise leads to some
micro-areas melt, and the molten metal splashes and forms molten

droplets at the moment of fracture, as is shown by the arrow in
Fig. 7(k).

The two regions on fracture surfaces of AA microwires are found
to be closely related to fracture strength values. A typical tensile rate
of 1x107° s7! is taken as an example, and a series of fracture surfaces
images are shown in Fig. 7(a)-(l). A sharp contrast between the
densities of vein-like pattern and the length of shear offset area is
also evident. An increase in fracture strength resulted in a more
intensive vein-like pattern in the fracture surface. This is because
higher fracture strength means the more strain energy stored in the
materials, leading to the formation of higher number and density of
veins at the moment of fracture [47]. Besides, as shown in Fig. 7(a),
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Fig. 6. Fitting parameters of lognormal as well as two- and three-parameter Weibull distribution models of CuysZr45Co19 AA microwires under different strain rates. (a) Fracture
strengths of arithmetic average values and geometric average values, (b) standard deviations calculated by lognormal distribution, (¢) modulus of two- and three-parameter
Weibull distribution, and (d) fracture threshold values of two-parameter Weibull distribution.

the shear offset length is ~24 pm while fracture strength is 1540 MPa.
When fracture strength increases to 2467 MPa, the shear offset
length reduces to ~7 um. For other strain rates, the fracture strength
value and shear offset length of each specimen are listed in Table 1.
As seen, at each strain rate, the shear offset length of AA microwire
decreases with the increase of fracture strength values. It is

suggested that fracture strength has a significant effect on fracture
surface morphology, especially the length of shear offset.

In order to clarify the effect of fracture strength on shear offset
length, it is necessary to explain the above fracture phenomenon in
more details. Based on characteristic of brittle materials, the applied
maximum stress during tensile process should not exceed the

Fig. 7. SEM images of CuysZr45C0o19 AA microwires after fracture under strain rates of 1.0 x

1072 s™! with different fracture strengths of (a) 1540 MPa, (b) 1543 MPa, (c) 1599 MPa,

(d) 1704 MPa, (e) 1875 MPa, (f) 1927 MPa, (g) 2043 MPa, (h) 2102 MPa, (i) 2204 MPa, (j) 2294 MPa, (k) 2393 MPa, and (1) 2467 MPa, respectively.



S. Su, Z. Ning, Y. Huang et al.

2600 | o ° E_xp_erimental Data
Fitting Curve
o
S 2400 |
=
5 2200
=
s
2
o 2000 |
7]
® 1800 |
2
8
= 1600 | .
K=18.401 8 oP
1400 |- R2=0.915 °
1 1 1 1 1
5 10 15 20 25 30

Characteristic size (L, pm)

Fig. 8. Fracture strength ¢ of CuysZrs5Coq9 AA microwires as a function of the char-
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Eq. (1). The insets show corresponding parameters.

fracture strength. In applying an approach based on fracture me-
chanics, the structure cannot be assumed to be defect-free. Rather,
an initial crack must be assumed. Griffith [48] suggested that in-
ternal tiny flaws can act as stress raisers in solids, thus strongly af-
fecting their tensile strengths. According to the linear elastic fracture
mechanics, fracture is governed by K < K¢, where K is a measure of
the stress singularity at the tip of the crack and K¢ is the critical value
of K.

According to classical fracture mechanics [49], brittle fracture of
materials is sensitive to the crack nucleation process, which directed
us to examine the nucleation regions of cracks, i.e., shear offset
areas. We measured the length of shear offset areas of all fractured
specimens, and plotted these sizes against the macroscopic fracture
strengths in Fig. 8. Interestingly, the scattered fracture strengths
show a direct correlation with the shear offset lengths. Further
analysis uncovers a scaling law between the fracture strength ¢ and
the characteristic size L of shear offset area length, which can be
expressed by

1
27l (12)

c=K

Eq. (12) means that linear elastic fracture mechanics can describe
well the tensile fracture strength of AA microwires that is governed
by the crack nucleation process corresponding to different degrees of
stress concentrations. In this case, the parameter K can be regarded
as the stress intensity factor. As the characteristic length of shear
offset area decreases, fracture strength increases. It is proved that
the dispersive L values lead to the dispersion of fracture strength
values as the strain rate increases from 1x107° s™! to 5x1072 57!,
vice versa. The square root singularity of the characteristic lengths of
shear offset on fracture surfaces reasonably explains the above
results that the fracture reliability of the studied AA microwires
increases with the decrease of the applied strain rate.

5. Conclusion

In summary, the effect of the applied strain rate on the me-
chanical properties of CuysZrs5Co10 AA microwires was investigated.
The following conclusions can be drawn:

1. According to lognormal as well as two- and three-parameter
Weibull statistics, both geometric and arithmetic average fracture
strength values, and fracture threshold values show positive

Journal of Alloys and Compounds 898 (2022) 162951

sensitivity to the applied strain rate of CuysZrysCoi9 AA micro-
wires.

2. The main fracture mode of CuysZrs5Co19 AA microwires during
the tensile test is shear fracture. The increasing fracture strength
is accompanied by an increase in the length of shear offset area
and a more intensive vein-like pattern.

3. An increasing trend of the fracture reliability has been discovered
as the applied strain rate decreases from 5.0x1072 s™! to
1.0x 107> s7'. The fracture reliability is dominated by a square
root singularity of shear offset lengths on fracture surfaces.
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