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Brittle materials, such as oxide glasses, are usually very sensitive to flaws, giving rise to a macroscopic
fracture strength that is much lower than that predicted by theory. The same applies to metallic glasses
(MGs), with the important difference that these glasses can exhibit certain plastic strain prior to catas-
trophic failure. Here we consider the strongest metallic alloy known, a ternary CossTa;oBss MG. We show
that this macroscopically brittle glass is flaw-insensitive at the micrometer scale. This discovery emerges
when testing pre-cracked specimens with self-similar geometries, where the fracture stress does not de-
crease with increasing pre-crack size. The fracture toughness of this ultra-strong glassy alloy is further
shown to increase with increasing sample size. Both these findings deviate from our classical under-
standing of fracture mechanics, and are attributed to a transition from toughness-controlled to strength-
controlled fracture below a critical sample size.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Metallic glasses (MGs) are unique alloys with an amorphous
structure, similar to classical oxide glasses [1]. Beyond being a
metal, MGs have little in common with traditional crystalline
metals. It is consequently not possible to describe mechanical
failure mechanisms in MGs with classical dislocation theory that
provides our fundamental framework to understand the deforma-
tion and failure of crystalline alloys. At room temperature, plastic
deformation in MGs is usually localized in shear bands [2,3]. Shear
banding is an inhomogeneous localized deformation process that
leads to discrete plasticity in stress-strain curves if obtained in the
serrated flow regime, i.e. at a temperature where the shear-band
propagation rate exceeds the applied deformation rate [4,5]. It is
generally accepted that the sliding stability of shear bands can
be markedly improved with a reduction in sample size owing
to the reduced energy release rate [6-8]. Since the critical shear
offset for shear fracture has been found to be size-independent,
an individual shear band can contribute more plastic strain prior
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to failure in smaller sample sizes [5,9]. These features were widely
reported to culminate in MGs with the increase of plastic strain at
failure under various loading modes [10]. Excessive size-reduction
of a MG towards the characteristic length-scale of the shear-band
thickness (10-100 nm [11]) results in another size-effect where
inhomogeneous strain-localization transitions to an apparent ho-
mogeneous plasticity [12,13], including the occurrence of plastic
instabilities such as necking [14-16]. However, other studies on
micrometer-sized MGs have reported enhanced yield strengths
due to an increased resistance to shear-band initiation [17,18].
While some of these size-effects are not fully understood, there
is a general consensus that fracture of brittle MGs at the bulk
scale is dominated by macroscopic cleavage cracking [19], whereas
a sufficient sample-size reduction can often lead to shear-band
dominated ductile failure [7].

The above considerations prompt the hypothesis that MGs may
exhibit size-dependent fracture properties. Indeed, Gludovatz et al.
[20,21] recently performed systematic sample-size dependent frac-
ture toughness measurements on millimeter-sized Pd-based and Zr-
based MGs, finding a tendency of increasing fracture toughness for
smaller samples. This is much different for traditional crystalline
alloys (for example aluminum alloys) [22], but conforms well with
the observation of size-dependent plasticity of MGs [10]. Given
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b ~5600 nm

Fig. 1. External appearance and notch geometries of typical micro-fracture samples. The CossTa;oBss MG samples shown here have different ligament sizes: (a)-(c) b
~850 nm, (d) b ~3500 nm, and (e) b ~5600 nm. B is the sample thickness, W is the sample width and p is the notch root radius.

that this sample-size effect on fracture occurs at the macroscopic
dimensions of millimeters, the work presented here aims at uncov-
ering the size-dependent fracture toughness of MG at the microm-
eter scale. This has been attempted in earlier studies [23-28], with
the shortcoming that the toughness was usually reported for only
a narrow range of sample sizes, making it an important contribu-
tion to assessing the micrometer-scale fracture toughness across a
range of sizes with a statistically reliable data set.

To this end, we chose the strongest known, but macroscopically
brittle, CossTassB1g MG, which has a yield strength of over 5 GPa
[29]. This choice is motivated by the extremely small (<50 nm)
plastic-zone size ahead of the crack tip, which is fundamentally
associated with its low macroscopic toughness, but at the same
time permits reliable fracture toughness measurements at the mi-
crometer scale. In our study, we employed the widely used micro-
fracture testing method using notched cantilever beam bending
[30]. The self-similar specimens had fixed ratios of /W and B/W (a
crack length, W sample width, and B thickness, see Fig. 1(a)), simi-
lar to refs. [20,21], but of varying dimensions with W ranging from
~1 pum to 6.5 um, ie., with three orders of magnitude smaller
sample dimensions. These experiments demonstrate for the first
time the flaw-insensitive fracture behavior of a macroscopically
brittle MG at the micrometer scale.

2. Experimental
2.1. Material and sample preparation

The CossTassBig (at.%) MG was prepared by an induction cast-
ing method, as described in detail in ref. [29]. 30-mm long as-cast
rods were processed with a diameter of 1 mm. The amorphous
structure of the material was validated by x-ray diffraction and
transmission electron microscopy.

Notched cantilever beams were machined with focused ion
beam (FIB) milling using a beam of 30 keV Ga™ installed in the

FEI Nova 600 Nano Lab dual-beam scanning electron microscope
(SEM). The current of ion beam was varied from 20 nA for the ini-
tial coarse milling to 0.3 nA for the final fine milling to improve
efficiency and minimize FIB damage. For small samples with width
smaller than 2 pm, the final fine milling current was 30 pA. To
machine the notch, a much lower current of 10 pA was utilized to
reduce the FIB-affected zone around the notch tip.

Fig. 1 shows the appearance of typical cantilever samples, es-
pecially the notched geoemtries. A nearly perfect rectangular bar
with a V-shape notch can be seen, demonstrating a well-controlled
sample geometry. The notches have sharp tips with radius consid-
erably smaller than the crack length. To give a quatitative compar-
ison, we measured the notch radius of typical cantilever samples
and list them with other sample dimensions in Table 1. The re-
sults show that the notch tips are ~9 nm for most samples with
the exception of the smallest cantilever beam, which has a slightly
larger value of ~13 nm. The larger notch tip for the smallest sam-
ple is consistent with the somewhat higher than expected notch
bending strength and toughness values measured for this sample
(see below).

2.2. Micro-fracture testing

The bending test was performed with an Agilent Nano Inden-
ter G200. The beam-end far from the notch was compressed by
an indenter. The allowable thermal drift was as low as 0.05 nm/s,
with the load measured using a dynamic contact module with a
resolution of 1 nN. The loading rate was controlled to be con-
stant during the test and the load and displacement values were
recorded. The value of loading rate was determined to main-
tain a similar rate of the stress intensity K; for all samples, i.e.,
dK;/dt = 0.05 MPa-m!/2s~1. All tests were performed at room tem-
perature, which is much lower than the glass-transition tempera-
ture (Tg) of the present Co-based MG (Tg = 975 K [29]), in order
to minimize the influence of any temperature-dependent behavior
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Dimensions of typical cantilever beam samples. W, B and L represent the width, thickness and length of cantilever
beam, respectively; a and p are the length and tip radius of notch.

Label a w B L P b = W-a B/W a/W
(nm) (nm) (nm) (nm) (nm) (nm)
Co-1000 204 1030 779 3900 13.2 826 0.76 0.20
Co-2000 523 2221 1677 10,670 9.8 1698 0.75 0.24
Co-3000 587 2732 2183 12,960 8.4 2145 0.80 0.21
Co-4000 811 3818 2808 13,070 8.3 3007 0.74 0.21
Co-6500 1080 6480 4357 19,740 9.1 5400 0.67 0.17
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Fig. 2. Results of micro-fracture testing of CossTajoB3s MG. (a) Typical load-displacement curves of micro-cantilever beams with different ligament size, b. Inset to (a) shows
the curve of the smallest beam, where a serration was indicated. (b) Maximum load vs. ligament size. Inset to (b) displays an example of the micro-cantilever sample. (c)
Typical curves of K; vs. displacement for beams of different size. (d) Measured K values as a function of b. Curves in (a) and (c) were shifted in displacement for better
comparison (except those of the smallest sample). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and to avoid the intermediate temperature brittleness observed in
some MGs [31,32].

Approximately 15 cantilever beams with different dimensions
were tested and the fracture toughness results were found to be
valid in terms of ASTM E399 Standard [33] for linear-elastic frac-
ture toughness testing, as discussed in Section 4.1. For all beams,
the ratio of a/W and B/W were carefully controlled to be nearly the
same, with the ratio of L/b larger than 3.5. The reason for control-
ling the dimensions was to maintain a self-similar sample geome-
try, and to focus only on the effect of sample size. After the micro-
fracture test, the deformation and fracture features of all samples
were observed with the high-resolution SEM.

3. Results
3.1. Size effect on provisional fracture toughness

Fig. 2(a) shows representative load-displacement curves from
the micrometer-scale bending experiments. Linear elastic loading is

typically observed until abrupt and final fracture sets in, at which
point unstable crack propagation initiated at the notch tip en-
sues. For the smallest cantilever beam with a ligament size of b ~
850 nm, some deviation from linear elastic loading is seen, which
is due to localized plasticity at the relatively larger notch-tip radius
(o ~13 nm) than for the large cantilevers (p ~ 9 nm, see Table 1).
Larger cantilever beams appear to be stiffer, but due to the diffi-
culty in accurately measuring the displacement at these scales, we
will focus on the fracture loads that increase with ligament size.
Plotting the maximum load (Fmax) of each sample as a function
of the ligament size b in Fig. 2(b), we find that the data can be
well fitted with a scaling relationship as Fpax o b2. Subsequently,
we computed the stress-intensity factor (Kj) for the notched can-
tilever beam via [34]:

FL a
=g () (1)
where F is the load and L is beam length (from notch to load-
ing point). fla/W) is the geometry factor that needs to be derived

K;
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Fig. 3. Fracture morphologies of micrometer-sized CossTa;oBss MG. (a)-(c) Fracture surface morphologies of samples with ligament size of ~5100 nm, ~850 nm and
~3500 nm, respectively. Crack initiation site, nanoscale corrugations and near-surface plastic deformation zone are indicated by blue, red and yellow arrows, respectively. (d)
Side-view of the fracture surface of a sample with b ~850 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

numerically. For the present beams with B/W ~ 0.8, Igbal et al.
[34] determined the expression fla/W) with finite element model-
ing to be given by:

f(%) - 77.608(%)3 - 48.422(%)2 + 24.184(%) +152.
(2)

Based on Eq. (1), the real-time K; was calculated and plotted
as a function of the displacement, as shown in Fig. 2(c). Since the
measurements do not indicate any significant plastic deformation,
K; represents the onset of the fracture instability and is therefore
linked to the maximum applied load. Hence this value of K; can be
equated with the well-defined provisional fracture toughness Kg,
ie.,

FnaxL a
KQ = BW3/2 . f(W) (3)

Conducted across 15 samples with different dimensions, this
analysis reveals the surprising result that smaller samples have
lower Kq values, as can be seen in Fig. 2(d). Thus, larger MG sam-
ples are tougher, which stands in stark contrast to the reported in-
creasing trend of toughness [20,21] and ductility [10] upon sample-
size reduction in larger (millimeter-sized and above) samples, but
is consistent with the previous micro-cantilever toughness mea-
surements on a Zr-based MG [25]. Therefore, this gives rise to an

important scientific question: are the smaller samples tougher or
not?

3.2. Deformation and fracture features

The deformation features and fracture surface-morphologies of
typical cantilever beams are displayed in Fig. 3. For all samples, al-

though their sizes are different, the deformation and fracture sur-
faces are similar. We can identify three main common features.
Firstly, the majority of the fracture surface of each sample is cov-
ered by nanoscale corrugations that are constituted by numerous
nano-ridges, similar to the fracture morphology of bulk samples
of brittle MGs [19,35]. Secondly, the crack initiation site is located
in the interior of the sample and ahead of the notch tip, where
strong stress triaxiality is generated to facilitate cavitation [36].
This is consistent with the previous findings in bulk samples of
an embrittled MG [37], suggesting a similar brittle fracture mech-
anism. Thirdly, plastic deformation zones of shear bands were ob-
served in front of the notch tip on the side surfaces of all samples
(Fig. 3(a)), similar to those observed in ductile MGs tested in bulk
samples [20,38]. However, the deformation zones here observed
in the small-scale brittle CossTaigB3s MG samples have strip-like
shapes with very limited number of shear bands.

From the high-resolution electron microscopy observations on
the sample surfaces (Fig. 4) we can see that the plastic deforma-
tion in both large and small samples is localized in a narrow, strip-
like zone, formed by a few shear bands with directions nearly par-
allel to the crack plane. This appearance of deformation zone is
markedly different from the plastic zone of ductile MGs [21,32,38],
where primary shear bands with shear angles approaching 45°
with respect to the crack plane tend to form in a much wider plas-
tic zone. The strip-like plastic deformation zone has a maximum
width of ~144 nm for the large sample with b >5 um and ~54 nm
for the smallest one with b ~ 850 nm. These length-scales are con-
sistent with the toughness values of the samples, i.e., tougher sam-
ples have larger plastic zones, but their dimensions are negligible
compared to the sample dimensions such as the ligament size or
sample thickness. This is also in perfect agreement with the lack
of plastic events in the load-deflection curves. However, these val-
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Fig. 4. Strip-like plastic deformation zone on the sample surface due to the shear-
lip formation for two samples with different sizes. The ligament sizes for (a) and
(b) are ~5100 nm and ~850 nm, respectively.

ues are different from the plastic-zone size defined by continuum
fracture mechanics [39], which defines the plastic-zone size as the
length of the plastic zone along the cracking direction before un-
stable fracture (see further discussion in Section 4.1). The strip-like
zone is more likely the shear lip region formed in the fracture process,
rather than a plastic zone ahead of the crack tip before the unstable
crack propagation. This can be confirmed by the fracture surface
observations. As shown in Figs. 3 and 5, at the two edges of the
fracture surface, narrow regions of shear lips can be easily seen.
These align well with the strip-like plastic deformation zones on
the sample surfaces.

The fracture surface is covered mostly by nanoscale corruga-
tions with a decreasing wavelength as a function of increasing dis-
tance from the notch tip, implying that fast crack propagation initi-
ates from a site close to the notch tip, as indicated by the white ar-
rows in Fig. 5. It is suggested that the peak stress triaxiality ahead
of a crack is located ~2 CTODs from the crack tip [40], where
CTOD is the crack-tip opening displacement. The CTOD can be es-
timated as [39]: CTOD = 41(,2/(7TEoy), where E is Young's modu-
lus. Substituting K; = Ko, oy= 7.5 £ 0.7 GPa and E = 240 GPa into
above equation, we estimated the CTOD for the largest beam to be
~30 nm. Consequently, the crack initiation site is expected to be
located in the vicinity of ~60 nm ahead from the notch tip, which
is consistent with the experimental results shown in Fig. 5, imply-
ing local stress-controlled brittle fracture [37,40].

The fracture surface features in the present Co-based MG
micro-fracture samples are markedly different from the fracture
surface morphologies in ductile MGs [41], where a notch blunting
zone usually forms close to the notch tip. The notch blunting zone
is typically followed by a Taylor meniscus instability zone [41],
caused by unstable fracture along shear bands of the MGs. Both
the notch blunting and the Taylor meniscus instability zones are
evidence for the shear banding deformation in front of the notch.
However, in the present Co-based MG micro-scale notched can-
tilever specimens, no obvious evidence of shear banding activity
ahead of the notch tip can be observed.

Acta Materialia 218 (2021) 117219

We further observe that crack deflection occurs in the final
stage of fracture (Fig. 4(a)), which we attribute to the complexity
of the stress state at the point when the remaining ligament be-
comes much smaller than the sample width (W). The similar frac-
ture morphologies strongly underline identical deformation and
fracture mechanisms across all sample sizes.

3.3. Size effect on notch bending strength

For the current notch bending tests, we estimate the real-time
notch bending stress, oy, i.e., the maximum of nominal tensile
stress at the notch tip, as,

6FL

BW —a)?’
where F is the real-time load. Accordingly, some typical curves
of notch bending stress vs. displacement of several micro-fracture
samples are plotted in Fig. 6. The nominal bending stress increases
with increasing deformation prior to fracture which happens catas-
trophically without indications of any obvious plasticity. Although
the sample dimensions of the present micro-cantilevers vary over
a wide range, the notch bending stresses at the onset of fracture,
i.e., the notch bending strength o, are very similar, in contrast to
the measured toughness values (Fig. 2(d)).

To illustrate this size-independence of the notch bending
strength more clearly, we plotted the values of o,, for our
micrometer-sized Co-based MG as a function of sample width (W)
in Fig. 7(a). No obvious size effect was observed for o, at the stud-
ied length-scale, although the data show some scatter as expected
[42]. Therefore, when comparing this result with the measured
toughness values (Fig. 2(d)), we can conclude that the occurrence
of fracture in the micrometer-sized Co-based MG is dominated by
a critical stress rather than the stress-intensity factor - that is,
the fracture is strength-controlled but not toughness-controlled at
these small size-scales.

Furthermore, by combing Egs. (3) and (4), one finds,

Ko = onbx/W-g(%), (5)

where g({#) = %(1 - %)zf(%), is a geometry factor. Plotting
Ko/g(a/W) as a function of the sample width, as shown in
Fig. 7(b), it is apparent that Eq. (5) with o,, = 5.4 GPa can ex-
cellently fit the measured toughness data in the different sam-
ples. This agreement suggests that the size-dependence of Kq re-
sults from the size-independence of the notch bending strength
and that it is not associated with a change of any intrinsic defor-
mation mechanism. From the electron microscopy observations, in-
deed we cannot discern any differences in either the deformation
and fracture features between the different-sized samples.

(4)

Onbs

4. Discussion
4.1. Continuum estimation of plastic zone size

A plastic zone will form ahead of a crack tip. For a valid fracture
toughness measurement, the plastic zone should be far smaller
than the crack length, the ligament width and the sample thick-
ness, in order to satisfy the conditions in terms of small-scale
yielding and plane strain [33,39]. In Section 3.2, we showed the ex-
perimental observations of the strip-like plastic deformation zone
on the sample surfaces with the maximum width of ~54-144 nm
for samples with different sizes. The fracture surface features sug-
gest that the strip-like plastic deformation zone may not be the
plastic zone ahead of crack tip defined by continuum fracture me-
chanics [39], and the latter may be smaller. In the following, we
here estimate the plastic-zone size based on the continuum me-
chanics solution and discuss the validity of the toughness data.
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Fig. 5. Fracture surface morphologies of the largest cantilever beam with ligament size b ~ 5600 nm. Crack initiation site, nanoscale corrugations and shear lip regions can

be clearly seen.
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0 2000 4000 6000 8000 10000
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12000

Fig. 6. Notch bending stress-displacement curves. The curves of typical micro-
fracture samples with different ligament sizes are shown here. The average notch
bending strength (o,;), i.e., the notch bending stress at fracture, is indicated for
comparison. Curves, except for that of the smallest sample, are horizontally shifted
in displacement for clarity.

With the assumption that the boundary between elastic and
plastic deformation occurs when the stress in the tensile direction
equals the yield strength, the plastic-zone size, ry, under plane-
stress condition directly ahead of the crack tip can be approxi-
mated by [39]:

2
1 (K
Iy = E(a) s (6)

where oy is the yield strength of the material and K; is the mode-
I stress-intensity factor. In plane strain, yielding is suppressed by

Table 2

Toughness, notch bending stress and estimated plastic-zone sizes of all the
testing specimens. Here Ko, o, ry and ry are toughness, notch bending
stress, plane-stress plastic zone size and plane-strain plastic zone size, respec-
tively. The plastic zone sizes were estimated from continuum mechanics. The
ratios of crack length (a), ligament size (b = W-a), out-of-plane sample thick-
ness (B) over plane-stress plastic zone size (ry) are also listed.

No. b Ko O np Ty Ty1 afry b/ry B/ry
nm MPa-m'2 GPa nm  nm
1 826 3.70 6.78 39 13 5.3 213 20.1
2 1170 421 5.99 50 17 15.0 233 38.6
3 1382 3.85 5.24 42 14 11.5 32.9 35.1
4 1698 3.47 4.32 34 11 15.3 49.7 49.1
5 1915 5.09 5.65 73 24 171 26.1 30.6
6 1993 5.29 6.02 79 26 8.4 25.2 345
7 2145 5.26 5.90 78 26 7.5 27.4 27.9
8 2846 5.34 5.15 81 27 104 353 304
9 3007 6.14 5.83 107 36 7.6 28.2 26.3
10 3021 4.69 4.36 62 21 153 48.5 52.6
11 3416 6.03 5.53 103 34 7.4 331 32.6
12 3746 5.99 5.82 102 34 5.1 36.8 244
13 5160 6.08 4.96 105 35 7.2 49.3 33.2
14 5400 7.47 5.56 158 53 6.8 34.2 27.6
15 5650 6.87 5.02 134 45 8.2 423 30.0

the triaxial stress state, and thus the extent of the plastic zone di-
rectly ahead of the crack tip can be considered to be smaller and
is typically given by [39]:

2
1 K;
Ty1 = 5(0_},) . (7)

By substituting K; = Kq into Egs. (6)-(7), we estimated the plastic-
zone sizes at fracture for all samples and listed the values in
Table 2. Here the yield strength value of oy= 7.5 GPa was used,
which is higher than the yield strength of the Co-based MG mea-
sured from bulk samples (~6 GPa) [7]. The reason for using this
higher strength value is because the plastic deformation ahead of
the notch tip in the current micrometer sized sample is expected
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Fig. 7. Strength and toughness of samples with different sizes. (a) Notch bending
strength (o) and (b) Kq/g(a/W) as a function of sample width. The blue part in
the inset to (a) displays the reduced beam or the ligament with only the net-section
area used for calculating the maximum nominal tensile stress at the notch tip. The
red curve in (b) was plotted according to Eq. (5). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

to occur in a considerably smaller volume. If we use the yield
strength of ~6 GPa for bulk sample with the toughness measured
with the largest micro-fracture sample, we conservatively estimate
the plastic-zone size to be ry ~200 nm. However, to obtain a more
reasonable estimate of the plastic-zone size, we should use the
yield strength corresponding to the small volume, with a length
scale of ~200 nm, which would give a yield strength value of oy=
7.5 GPa, ie., as measured [7] using micropillars with diameters
close to 200 nm on the same MG material.

We can see that the plane-stress plastic-zone size estimated by
this continuum approach, ry, is significantly smaller than the out-
of-plane sample thickness B with B/ry > 20, demonstrating that
all the samples are under plane-strain conditions. Moreover, the es-
timated ry is also much smaller than the ligament size b (=W-a)
with b/ry > 20, and smaller than crack length with a/ryq > 5 for all
the samples. Although the crack lengths (a) for some samples are
not an order of magnitude higher than ry, there are still 6 samples
fully satisfying the condition for small-scale yielding. To see if the
small-scale yielding condition affects the conclusion of the present
findings, we used the data of the above 6 samples with afry >
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Fig. 8. Notch bending strength (o ;) and Kq/g(a/W) as functions of sample width
for samples with a > 10ry. The solid curve is plotted according to Eq. (5), while
the dashed curve shows the average notch bending strength of the samples with a
> 10ryo.

10 and plotted the notch bending strength oy, and Ky /g(a/W) as
functions of sample width W in Fig. 8. We found that with the in-
crease of sample width, the trend still exists in terms of increasing
toughness and nearly constant strength with the relation between
Ko/g(a/W) and W well fitted by Eq. (5), as shown in Fig. 8.

4.2. Strength-controlled fracture vs. toughness-controlled fracture

For a brittle plate sample that contains a central through-
thickness crack with length of 2a and that is subjected to ten-
sile loading with the loading axis normal to the crack plane, i.e.,
a mode-I crack, the fracture strength of the pre-cracked sample is
usually controlled by fracture toughness K, i.e. [39],

Uf = K[C/Y\/ﬁ, (8)

where Y is a geometry factor of the crack system which is a func-
tion of a/W. The nominal fracture strength, defined as the maxi-
mum load divided by the net section area at the crack position,
can be expressed as,

1
Inf =7 —a/W

where Y/ =Y (1 — a/W) is another geometry factor.

Since the plane-strain fracture toughness K. of brittle mate-
rials is constant and independent of sample size (above the re-
quired sample thickness for plane-strain conditions to prevail),
Eq. (9) suggests a decreasing nominal fracture strength with in-
creasing crack length. For self-similar samples with fixed a/W, o,,¢
should therefore be lower in larger samples. However, the present
results show that the notch bending strength o, equivalent with
Opf, does not drop with the increase of sample size. Indeed, the
present Co-based MG demonstrates a flaw-insensitive behavior at
the micrometer scale, although it is quite brittle and flaw-sensitive
in its bulk form.

Eq. (9) predicts an infinitely large strength value as the crack
size approaches zero, which is clearly not physically possible. There
must be a critical crack size ac, or a critical sample size W, for
such self-similar samples, below which Eq. (9) no longer holds.
For pre-cracked samples with a size smaller than W, or with a
crack size smaller than ac, the critical stress to cause failure based
on Eq. (9) will be higher than o, the tensile fracture strength
of material. At this limit the fracture will be controlled by the

o =Kie/Y'VTa, (9)
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Fig. 9. Illustrations of size effect on strength and toughness of brittle MGs. (a) Size
effect on the nominal fracture strength; (b) size effect on the conditional fracture
toughness. Note here the samples have self-similar geometries (where a/W is fixed).

strength but not the fracture toughness Kj.. Therefore, the condi-
tional fracture toughness values measured with small-scale sam-
ples should scale with ./a or +/W for self-similar samples, as
schematically illustrated in Fig. 9. These predictions agree well
with the present results (Fig. 7), rationalizing the finding that
fracture of the micrometer-sized specimens is strength-controlled
rather than fracture-toughness-controlled.

The above described findings are not limited to the current Co-
based MG, but are consistent with the micro-mechanical testing
results of Kontis et al. [27] on CoTaB MG thin films with differ-
ent compositions which demonstrated that the flexural strength
and fracture toughness do not follow the general trade-off re-
lationship [43]. Instead, these thin film experiments revealed a
higher toughness for higher strength. On the other hand, for duc-
tile MGs, the toughness data measured from micrometer-sized
samples have been found to be much lower than that measured
with macroscopic-sized samples [24,26,28]. For instance, Kq val-
ues measured with microscale samples of Pd-based [28], Zr-based
[24] and Cu-based MGs [26] all demonstrate a typical range of
~2 to 5 MPa-m!?2, which is an order of magnitude lower than
in bulk samples [44,45]. However, toughness values higher than
the above small-scale ductile MGs have been measured for brit-
tle but stronger MGs, such as Co- and Fe-based MGs (e.g., in
refs. [23,26,27] and the present results). Based on our understand-
ing, such results are only physically justified if fracture at the
micrometer-scale is strength-controlled.

The critical sample size W, in notched cantilever beam bending
can be calculated by substituting Kq in Eq. (5) with K¢, which is
the notch-toughness value measured using large enough samples
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with self-similar geometries:

2
K.
We = (g(a/wmb) ' (10)

For the present Co-based MG, we have also measured the
notch-toughness value using a single edge-notched bend test sam-
ple with a diameter of ~1 mm (described in the Supplementary
Materials). The measured notch-toughness K. for CossTassBig MG
is ~7 MPa-m!/2. Moreover, by substituting the values of (a/W) for
each cantilever into Eq. (2) and g(3%) = %(1 — ﬁ)zf(%). we get
g(a/W) = 0.54; and the notch bending strength o, = 5.4 GPa
(see Fig. 8(b)). Thus, the critical sample size for the occurrence of
strength-controlled fracture behavior of notched cantilever beams
is estimated to be W, ~ 6 pm. This estimate suggests that the
fracture of the alloy will be controlled by strength only when the
sample size is smaller than W¢. For more ductile MGs, such as Zr-
based or Pd-based alloys, the critical sample size will be much
larger compared to the brittle MGs. For instance, using Kj. of 30
MPa-m!/2 and flexural strength of 3 GPa which are typical for Zr-
based MGs [35,45,46], from Eq. (10) the critical sample size for
strength-controlled fracture W, will be ~343 pum. Although fur-
ther experimental verification is needed, the above estimate sug-
gests an order of magnitude larger critical sample size for the Zr-
based MGs than that for the Co-based MG, which implies that
the transition between strength-controlled fracture and toughness-
controlled fracture will be shifted to considerably larger length
scales for more ductile alloys. However, it is worth pointing out
that W¢ in ductile MGs is usually much smaller than the critical
sample size for small-scale yielding, plane-strain conditions, mean-
ing that W, defines only a necessary and not sufficient condition
for fracture toughness testing in ductile MGs. Besides, the above
discussion for W is limited to the fracture toughness defined by
linear elastic fracture mechanics. For ductile materials where plas-
tic deformation dominates energy consumption during fracturing,
the elastic-plastic fracture mechanics-based methods should be
considered for the measurement of toughness.

Finally, we note that the size-dependent fracture toughness at
the micrometer scale in MGs is fundamentally different from most
previous reports, where increased toughness values are ascribed to
thicker samples, because of the fact that the toughness was not al-
ways measured under plane-strain conditions [47,48]. Here we test
geometrically self-similar samples where conditions largely pertain
to plane strain (except very close to the sample surface). This is
very much supported by the fracture surface morphologies (Figs. 3
and 5) that exhibit nanoscale corrugations from fracture due to
normal stress, whereas only the very-near surface regions exhibit
evidence for the plane-stress shear lips.

5. Conclusions

By performing micro-fracture tests under small-scale yielding,
plane-strain conditions, we found that the size of microscale sam-
ples strongly affects the measured fracture toughness of brittle
MGs, but not in the expected fashion as for macroscale sam-
ples. The fracture strength of notched cantilever beams of the
CossTapB3s MG was found to be independent of the sample size
or pre-crack size, demonstrating a flaw-insensitive behavior. This is
shown to result from a strength-controlled fracture mode, which
is markedly different from the toughness-controlled fracture of
macroscale samples, but is consistent with the previous notions
for the fatigue failure of materials with short cracks [49] and the
flaw insensitivity of natural materials at the nanoscale [50]. In ad-
dition to the fundamentally different flaw-insensitive and strength-
controlled fracture at the microscale, these results demonstrate
that reliability and mechanical design at the micrometer-scale with
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MGs requires a different approach than conventionally used for
bulk systems. Specifically, the exceptionally high strength of MGs
sets the design limit irrespective of flaw size, thereby strongly out-
performing conventional crystalline alloys.
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