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High strength in combination with improvements in failure characteristics and associated gains in
fracture toughness have placed bulk metallic glasses (BMGs) among the most damage-tolerant materials
to date. Recent studies show, however, that there can be large variabilities in the mechanical perfor-
mance of these alloys, particularly in their toughness, which are likely associated with sample-size ef-
fects or structural variations from differences in processing. Here, we examine the variation in fracture
toughness of the Pd-based metallic glass Pd77.5Cu6Si16.5, using single-edge notched bend specimens but
in two different sizes. Although all toughness results on this glass were “valid” in terms of the nonlinear-
elastic fracture mechanics J-standard, i.e., one would expect a single value of the fracture toughness for
this alloy, marked differences were apparent in the toughness values and failure characteristics of the
differently-sized samples. Specifically, significantly larger variations in toughness values were measured
in larger-sized samples, which all essentially failed catastrophically, whereas none of the smaller-sized
samples failed catastrophically yet displayed far less scatter in their measured toughness. Additional
in situ tests on the smaller-sized samples in a scanning electron microscope revealed stable crack growth
and progressive resistance to crack extension, i.e., rising crack-resistance (R-curve) behavior. Overall, this
marked transition from brittle catastrophic failure in large samples, where a size-independent fracture
toughness can be measured, to non-catastrophic, more ductile (R-curve), behavior in smaller samples,
the latter associated with higher toughness, is related to the distinct size-dependent bending ductility
and strain-softening behavior in BMGs.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Since their introduction in the early 1960s [1], metallic glasses
have gained significant attention owing to their exceptional com-
bination of properties such as near-theoretical strength, low stiff-
ness and large elastic strain limits [2e7]. Due to the development of
bulk glass-forming alloys [8e10] together with the constantly
increasing processing dimensions, bulk metallic glasses (BMGs) are
now considered as structural materials [11]. Despite their generally
acceptable combination of strength and toughness (i.e., damage
tolerance)emost glasses exhibit strength levels well above 1.5 GPa
with fracture toughness values that are mainly reported to lie
z).

a Materialia Inc.
between 10 and 100 MPa.m1/2 [12e20] e the often large variability
in mechanical performance, particularly in their fracture and
toughness behavior, has been one factor that has compromised
their potential use for many structural applications to date.
Although some of this variability can be traced to the poor quality of
some early BMGs, e.g., there is evidence that certain glasses failed in
a highly brittle manner at fracture toughness KIc values as low as
~2 MPa.m1/2 [21], there are reports of recently developed mono-
lithic and composite BMGs, specifically Pd-based and Zr-based
glasses, with fracture toughnesses as high as ~200 MPa.m1/2, that
have been achieved by promoting ductility through the formation
of multiple shear bands, leading to subcritical crack growth and
increasing fracture resistancewith crack extension, i.e., rising crack-
resistance curve (R-curve) behavior [22e25].

To discern the origins of this variability in properties, significant
experimental and theoretical efforts are currently underway to
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Fig. 1. Bending ductility of bulk metallic glasses. Conner et al. [21,22] have shown
that below a certain critical thickness, t, the spacing of shear bands, l, in bulk metallic
glass (BMG) samples decreases with increasing bending moment, M, and decreasing
radius, r. This enables BMGs to prevent catastrophic failure through the formation of
multiple shear bands resulting in increasing ductility in bending with decreasing
thickness. (Figure taken from Ref. [59].)
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improve our understanding of the links between processing,
structure and properties in BMGs [5,6,11,26e40]. Aside from these
structure-property relationships, which invariably dictate the
characteristics and hence performance of a material, there also
appears to be a strong influence of testing conditions on the me-
chanical behavior of (certain) metallic glasses. It is known in the
glass community, for example, that in strength tests, BMGs typically
show local strain-softening behavior in tension and compression
with strain localization often occurring on a single shear band
[41e46], whereas in bending, they can conversely demonstrate
strain hardening as a result of the formation and multiplication of
shear bands (which can be considered as a geometrical effect of this
loading condition) [47]. Another influence of testing conditions in
BMGs is apparent in their fatigue properties which can display a
particularly high susceptibility to the testing environment affecting
their fatigue strengths and crack-growth behavior [48e56].
Although environmental effects on a material's fracture toughness
are less pronounced, it remains unclear how loading conditions can
influence metallic glass samples that contain a crack. While Lew-
andowski and co-workers have shown that, akin to crystalline
materials [57], some of the fracture toughness variability found in
the literature can be explained by factors such as the use of notched
vs. pre-cracked samples [43,58], we were recently able to attribute
some of the variations in the properties of BMGs to a fracture
mechanics-based sample-size effect [59]. Specifically, we found
that fracture toughness tests on differently sized compact-tension
and single-edge notched bend samples of the Zr-based glass
Zr52.5Cu17.9Ni14.6Al10Ti5 (Vitreloy 105) gave a definitive trend of
progressively increasing toughness values with decreasing sample
size coupled with a wider scatter in the results. We attributed this
to the distinct size-dependent bending ductility known from bend
tests on plates of various thickness [60,61], and to the strain-
softening behavior found for metallic glasses [41e44] which acts
to severely limit the extent of the unique Hutchinson-Rice-
Rosengren (HRR) crack-tip field that relies on power-law hard-
ening [62,63]. In light of this, it appears that although the use of the
linear-elastic-based K-approach, i.e., ASTM standard E399 [64], may
be perfectly appropriate for evaluating the toughness of brittle
glasses, the corresponding use of the nonlinear-elastic J-integral-
based ASTM standard, E1820 [65], may be questionable for high-
toughness glasses, because of the highly restricted range of crack-
tip J-field validity compared to that for strain-hardening crystal-
line materials.

To provide further insight into the complex effect of sample size
on the variability of fracture behavior of metallic glasses, we have
examined here one specific Pd-based glass in a single test geome-
try, that of the highly constrained single-edge notched bend ge-
ometry, but in two different sizes. Compared to both geometries of
the Zr-glass samples in Ref. [59], where dimensions were either
comparable or well above the glass' critical bending thickness, here
we specifically focus on samples that in terms of size range from the
Pd-based glass' critical bending thickness to that significantly
below this dimension, and compare both the material's fracture
toughness and fracture behavior using ASTM recommended sample
geometries and size configurations.

2. Background

Our analysis of the variability in toughness values in metallic
glasses relies on the concept of bending ductility in these materials.
After numerous indications of thin wires and foils of amorphous
metals showing good ductility in bending [66e73], Katuya et al.
[74] and Inoue et al. [75] were first to report that such significant
bending ductility in metallic glasses could only be achieved if the
thickness of the bent samplewas belowa critical value; this implied
that the bending ductility of glasses is size-dependent. Based on
these observation, Conner et al. associated the high ductility in
plates of a Zr-based metallic glass subjected to bending to the for-
mation of a large number of shear bands [21,22]. Specifically, when
they tested plates with a thickness, t, less than 1.5 mm that were
bent around dies of different radii, r, these plates showed an
increased propensity for the formation of shear bands, i.e.,
decreasing shear-band spacing, l, and increasing ductility prior to
fracture with decreasing plate thickness; the relevant dimensions
are shown in Fig. 1. They argued that the much smaller fracture
bending strains in thicker plates compared to those measured in
thinner ones result from pronounced local strain relaxation in the
vicinity of each shear band, thus preventing other shear bands to
form close to the existing ones; this results in a larger shear-band
spacing in thicker plates. Since the presence of fewer shear bands
leads tomore shear deformation accommodated by each individual
shear band, the critical shear offset needed to open a shear band
and form a crack is reached at lower strains. This ultimately results
in a more brittle behavior of thicker metallic glass samples and
leads to the conclusion that BMG plates below a certain critical
thickness can achieve the relevant number of shear bands to
demonstrate significant bending ductility. Whereas the critical
bending thickness is a well-known parameter in the metallic glass
community and can be readily measured by bending plates of
diminishing thickness, to date there is only limited analysis avail-
able to predict what this thickness should be.

3. Experimental procedures and data analysis

3.1. Fabrication and characterization of the Pd-based bulk metallic
glass

The Pd-based master alloys were prepared by arc melting high-
purity raw materials (Pd 99.95%, Si 99.9997%, Cu 99.995%) accord-
ing to their atomic ratios in a 6N argon atmosphere using an arc
melter (Edmund Bühler Labortechnik, Germany). These master al-
loys were used for the preparation of Pd77.5Cu6Si16.5 bulk metallic
glasses by flux treatment. The ingots were fluxed with dehydrated
boron oxide, B2O3 (99.98%), in quartz tubes and subsequently
water-quenched from 1150 �C to obtain amorphous rods of 8 mm
diameter. The cyclic heating-cooling treatment associated with
fluxing was performed for eight fluxing cycles between 300 �C and
1150 �C with an overall fluxing time of 24 h. A detailed description
of the fluxing procedure is provided in our preceding publications
[76,77].

The amorphous structure of the glass was verified by x-ray
diffraction, XRD, using a Stoe STADI x-ray diffractometer in
BraggeBrentano geometry. Similarly, all thermal characteristics of



Fig. 2. X-ray diffraction (XRD) analysis and differential scanning calorimetry (DSC) of the Pd77.5Cu6Si16.5 metallic glass. a, XRD performed at 0.5� per minute showed the fully
amorphous nature of the Pd77.5Cu6Si16.5 BMG. b, DSC of the glass performed at a heating rate of 20 K.min�1 revealed a glass-transition temperature, Tg ¼ 625 K, a crystallization
temperature, Tx ¼ 698 K, and a solidus, Ts ¼ 1015 K, and liquidus temperature, Tl ¼ 1080 K.
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the glass were verified by means of differential scanning calorim-
etry, DSC (Netzsch DSC 404 C Pegasus) at a heating rate of
20 K.min�1 (Fig. 2); DSC revealed a glass-transition temperature,
Tg ¼ 625 K, a crystallization temperature, Tx ¼ 698 K, a solidus
temperature, Ts ¼ 1015 K, and a liquidus temperature, Tl ¼ 1080 K.

3.2. Sample preparation and mechanical testing

Two groups of single-edge notched bend, SE(B), samples were
prepared from rods of diameter d ¼ 8 mm, in general accordance
with ASTM standards E399 and E1820 [64,65] using electrical
discharge machining, EDM, with a wire of 0.1 mm diameter.1 One
group, the larger-sized standard sample group (L-samples), had a
cross section (thickness, B �width,W) of roughly 3.5 � 6 mm2 (W/
B ~ 2) whereas the smaller-sized alternative sample group (S-
samples) had a B � W of ~3.2 � 3.2 mm2 (W/B ~ 1). Samples were
notched using EDM along the sample width to about W/2 and,
except for three L-samples, all other samples were additionally
micro-notched using a razor blade while constantly being irrigated
with a water-based diamond compound. To remove any damage
from the EDM cutting process, two sides of all samples were
gradually polished to a ~1 mm surface finish with silicon carbide
grinding papers. To prevent premature failure, all samples were
initially pre-cracked in compression at a constant frequency, f, of
25 Hz (sinewave) and an R of 10, where R is the ratio of minimum to
maximum applied load, Pmin/Pmax, using an electro servo-hydraulic
MTS 810 load frame (MTS Corporation, Eden Prairie, MN, USA)
controlled with an Instron 8800 digital controller (Instron Corpo-
ration, Norwood, MA, USA). Subsequently, the pre-cracks were
extended in tension using a three-point bending setupwith loading
spans, S, of 15 mm and 10 mm for the larger and smaller samples,
respectively; DK-levels were between ~4e7.5 MPa.m1/2, the R-ratio
was 0.1, and the same frequency used for the initiation of the pre-
cracks was used for their extension. Except for one of the L-samples
which was only notched, the length of the resulting pre-cracks was
in all cases at least 1.5 times the notch-root radius and therefore
well outside any stress concentration resulting from the notch
1 Because the stress-state in the SE(B) and C(T) geometries is essentially similar,
in that they impose highly-constrained, primarily bending conditions, we have
focused here solely on the SE(B) geometry.
[78,79]. The sample with the shorter pre-crack is marked in Table 1;
the length of the pre-crack was roughly about the size of the notch
root radius. Final crack length, a, to width ratios, a/W, were in the
range 0.41e0.55 and hence in close accordance with the ASTM
standard E399 [64] requirement of a/W ¼ 0.45e0.55, leaving initial
ligament widths, b, of ~3 mm and ~1.5 mm for the larger standard
and the smaller alternative samples, respectively. In total, eleven
(N ¼ 11) samples, five (N ¼ 5) L-samples and six (N ¼ 6) S-samples,
were prepared for testing; a detailed summary of all sample di-
mensions can be found in Table 1.

The five L-samples were tested in three-point bending, with
S ¼ 24 mm, at a constant displacement rate of 1 mm.s�1 using the
same equipment used for pre-cracking. Three of the S-samples
(S1eS3) were tested using a screw-driven Instron 5944 testing
machine (Instron Corporation, Norwood, MA, USA) in a three-point
bending setup with S ¼ 12 mm. The other three S-samples (S4eS6)
were tested in situ in a Hitachi S-4300SE/N scanning electron mi-
croscope, SEM (Hitachi America, Pleasanton, CA), using a Gatan
MicroTest 2 kN bending stage (Gatan, Abingdon, UK) at a
displacement rate of 0.55 mm.s�1 and with a loading span of
S ¼ 12 mm. In these tests, the crack length, a, on the surface of the
samples was monitored in regular intervals together with the
crack-tip opening displacement (CTOD), dt, which was evaluated
from crack-opening displacements (COD) measured at the root of
the razor-notch behind the pre-crack, to incorporate any plastic
deformation that may occur through shear banding behind the
crack tip of the pre-crack. The measured COD values were used to
compute the crack-tip CTOD values, consistent with Tracey's 45�

intercept definition of the CTOD [80], using the usual assumption of
rotation of the bend samples about a hinge point at the distance
r � (W-a) ahead of the crack tip, where (W-a) is the uncracked
ligament and r is the so-called rotational factor, given as 0.44 for the
three-point bend geometry [81e83].
3.3. Data analysis and statistics

To determine the fracture toughness of the glass, both sample
groups were characterized in general accordance with ASTM
Standard E399 [64]. Conditional fracture toughness, KQ-values,
were calculated from PQ-loads taken from i) the intersection of the
95% secant lines with the nonlinear-elastic parts of the load-



Table 1
Summary of sample dimensions, testing conditions, (failure) loads, PQ, PJQ, Pmax for calculating conditional fracture toughness values, KQ and KJQ, and ratio of Pmax/PQ.
Additionally, the failure types according to ASTM Standard E399 of the tested larger-sized standard, L, and smaller-sized alternative, S, single-edge notched bend, SE(B),
Pd77.5Cu6Si16.5 metallic glass samples are shown.

Sample W [mm] B [mm] a/W [-] b [mm] PQ/PJQ/Pmax
a [N] Pmax/PQ ratioa [e] KQ/KJQ

a [MPa.m1/2] Failure typea (ASTM E399)

L-samples L1b,c,d ex situ 6.00 3.54 0.41 3.54 2281/2534/2960 1.30 67.7/82.9 I
L2d ex situ 6.00 3.52 0.46 3.26 202/-/202 1.00 6.9/- III
L3c,e ex situ 6.04 3.54 0.44 3.40 159/-/641 4.03 5.1/- II
L4c,f ex situ 6.01 3.44 0.42 3.49 1229/1401/1401 1.14 38.5/49.5 I
L5c,d ex situ 6.04 3.44 0.43 3.42 2663/2875/3031 1.14 86.4/100.4 I

Mean ± standard deviation: 41.5 ± 36.1/91.6 ± 8.7
S-samples S1g ex situ 3.00 3.17 0.51 1.48 995/-/1273 1.28 62.3/- I

S2 ex situ 3.22 3.22 0.54 1.40 951/1136/1147 1.21 64.2/129.4 I
S3g ex situ 3.11 3.11 0.53 1.41 925/e/1135 1.23 64.0/- I
S4h in situ 3.20 3.20 0.51 1.47 796/979/979 1.23 49.9/105.8 I
S5g,h in situ 3.10 3.10 0.53 1.42 808/e/994 1.23 55.6/- I
S6g,h in situ 3.18 3.18 0.54 1.40 676/e/805 1.19 46.0/- I

Mean ± standard deviation: 57.0 ± 7.1/117.6 ± 11.8

a In general accordance with ASTM Standard E 399 [64], KQ values were determined from PQ-loads taken from the intersection of the 95% secant lines with the nonlinear-
elastic parts of the load-displacement curves. Except for standard sample L2 which showed type III failure (PQ ¼ Pmax), none of the samples fulfilled the Pmax/PQ � 1.1
requirement; thus, elastic-plastic fracture toughness, KJQ, measurements were applied as recommended by the E 399 Standard. KJQ values were determined at PJQ loading
points which were selected at the first significant load drops in the corresponding load-displacement, P-v, curves for each sample.

b The length of the pre-crack was approximately the size of the notch-root radius.
c Samples with a/W < 0.45.
d Samples without razor-notch.
e The first significant load drop of standard sample L3 which showed type II failure occurred within the 95% secant line; KJQ was hence not determined.
f Sample L4 failed with crack initiation from the notch behind the pre-crack; despite the sample showing overall type I failure by the E 399 Standard, nonlinear-elastic

fracture toughness values were not determined and the sample was excluded from mean ± standard deviation calculations.
g As these samples did not show any significant load drops, KJQ values were not determined.
h In situ refers to tests conducted inside the SEM with real-time fracture imaging; ex situ refers to tests conducted on an external testing machine.
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displacement, P-v, curves for samples that failed with significant
amounts of plastic deformation (type I failure), ii) the maximum
loads for samples that showed pop-ins within the 95% secant line
(type II failure), or iii) the maximum loads for samples that showed
minor plasticity and catastrophic failure within the 95% secant line
(type III failure). All tests were verified in terms of validity criteria
for size-independent plane-strain fracture toughness testing, i.e.
Pmax/PQ < 1.1 and a, B, b > 2.5 (KQ/sy)2, where sy is the yield strength
of the material which has been determined from individual tensile
tests on tensile specimens with a gauge length of 20 mm and a
gauge cross section of 2 mm diameter at a strain rate of 3 � 10�4

s�1. The value of the yield strength in this alloy was found to be
1520 MPa, comparable to results in the literature [84]).

To further characterize the extreme variations in the fracture
behavior of the glass, data from samples of both groups were
additionally analyzed using the nonlinear-elastic J-based ASTM
Standard E1820 [65] which allows for incorporating the role of
plastic deformation in the determination of the material's fracture
toughness. Conditional fracture toughness, KJQ-values, were
determined from JQ-values of each sample taken from instabilities,
i.e., the first pronounced load drops, PJQ, in the load-(crosshead)
displacement, P-v curves. Specifically, the J-integral was computed
as the sum of elastic, Jel, and plastic components, Jpl, such that at the
individual load-drops the JQ-integral can be written as follows:

JQ ¼ K2
.
E0 þ Jpl ; (1)

where E0 ¼ E, Young's modulus, for plane stress and E0 ¼ E/(1 e n2)
for plane strain; n is Poisson's ratio. Values of E ¼ 89 GPa and
n ¼ 0.41 were taken from Ref. [17] and verified using resonant ul-
trasound spectroscopy. K, the linear-elastic stress intensity, was
calculated from:

K ¼ PS
BW3=2 f ða=WÞ ; (2)

where P is the load at instability and f(a/W) a geometry-dependent
function of the crack length to width ratio provided in the standard
[65]. The plastic component of J is calculated as:

Jpl ¼
hApl

Bb
; (3)

where h ¼ 1.9 for the SE(B) geometry and Apl is the plastic area un-
derneath the P-v curve. Conditional fracture toughness values
expressed in termsof the stress intensity,KJQ-values,were thenback-
calculated using the standard J-K equivalence (mode I) relationship
KJQ ¼ (JQ E0)1/2 assuming plane-strain conditions. All results were
verified in terms of themost stringent ASTM E1820 [65] criterion for
fracture toughness values determined from instabilities, i.e., B,
b0 > (100 JQ/so), where so is the flow stress given by themean of the
yield, sy, and tensile, sUTS, strengths (sy ¼ sUTS ¼ so ¼ 1520 MPa).
Results were additionally validated in terms of the maximum J-in-
tegral capacity of a specimen, which requires B, b0 > (10 JQ/so) [65].

While all samples were evaluated in terms of linear-elastic
fracture mechanics, J-integral-based fracture toughness data at
instabilities could only be determined for L-samples that showed
type I failure with load-drops occurring only after significant
amounts of plasticity (L1, L4, L5), whereas samples S2 and S4 were
the only two of the smaller-sized S-samples that showed load-
drops in their P-v curves. (A summary of (failure) loads, PQ, PJQ,
Pmax for calculating conditional fracture toughness values, KQ and
KJQ, the ratio of Pmax/PQ, and failure types of all samples are shown
in Table 1.)

Statistical analysis of the data was achieved by performing an
analysis of variances (ANOVA) test to determine which means were
statistically different from each other with p < 0.05 being consid-
ered statistically significant. To compare the in situ SEM tested
alternative samples with respect to the ones that were tested ex situ
on external testing machines, an additional t-test was performed
individually.
3.4. Additional characterization

Akin to Ref. [24], crack-resistance curves (R-curves) were addi-
tionally calculated for the smaller-sized alternative samples that



B. Gludovatz et al. / Acta Materialia 126 (2017) 494e506498
were tested in situ in the SEM. At each increment of crack extension,
Da, J-values were calculated from:

J ¼ 1
dn

sodt ; (4)

where dt ¼ di e do, with di the instantaneous CTOD and do the initial
CTOD. Furthermore, so is the flow stress and dn is a constant,
varying between 0.3 and 1, which is a function of the strain-hard-
ening exponent, n, and yield strain, so/E, of the material and
whether plane-strain or plane-stress conditions apply [85]. Based
on the comparable strength and the assumptions made for the Pd-
glass in Ref. [24], and the fact that identical geometry and similar
sample sizes were used, the same n ~ 0.13 was chosen. Resulting J-
values were translated into stress intensities and plotted as KJ(Da)-
curves using the standard K-J equivalence.

Finally, after testing, fracture surfaces of samples that failed
catastrophically were fractographically analyzed in the SEM using
the secondary electron imaging mode.
4. Results

Table 1 lists all fracture toughness results determined from the
P-v curves of both sample groups (Fig. 3) using both the linear-
elastic and nonlinear-elastic fracture standards [64,65]. The
means and standard deviations of the individual groups are addi-
tionally shown as a function of sample size in terms of ligament
width, b, in Fig. 4a, whereas Fig. 4b shows the R-curves that were
calculated from the in situ SEM tests. While all large-sized L-sam-
ples (with b ~ 3 mm) showed significant load drops during testing
(Fig. 3a), only two of them (samples L1 and L2) failed catastrophi-
cally, whereas samples L3 and L5 remained somewhat intact and
sample L4 failed catastrophically but with crack initiation far from
behind the pre-crack and the razor notch (this latter result was
accordingly excluded from further analysis). In comparison, none of
the smaller-sized S-samples (with b ~ 1.5 mm) failed catastrophi-
cally even though the loads on sample S2 and on the in situ tested
sample S4 dropped significantly during testing, as shown in Fig. 3b.
(Open symbols are used here for all L-samples and for the three ex
situ tested S-samples; to make the datamore distinguishable, the P-
v data of the in situ tested S-samples are shown using lines only).
Fig. 3. Load-displacement, P-v, curves of the Pd-based glass using large-sized standard a
of five standard L-samples showed a wide range of failure characteristics from almost ideal
load drops final fracture loads were found between about 100 N (see inset) and more than 3
situ loaded sample S4, none of the six alternative S-samples failed catastrophically.
4.1. Linear-elastic and elastic-plastic analysis

Using the linear-elastic ASTM standard E399 [64], the condi-
tional fracture toughness, KQ, of standard samples L1 and L5 was
calculated using PQ-loads from the intersect of the 95% secant line
with the P-v curves of the corresponding samples (type I failure)
and found to be 67.7 MPa.m1/2 and 86.4 MPa.m1/2, respectively. The
loads of samples L2 and L3 that occurred right before their load
drops yielded KQ-values of 6.9 MPa.m1/2 and 5.1 MPa.m1/2,
respectively; the load-drops of both samples occurred within the
95% secant lines and were considered significant so that sample L2
was characterized as failure type III and sample L3 as failure type II.
All smaller-sized S-samples showed type I failure and their KQ-
values were calculated between ~46 and 65 MPa.m1/2, the precise
value of each sample is listed in Table 1. Of all samples from both
groups, only sample L2 fulfilled all validity criteria to qualify as
linear-elastic fracture toughness, KIC, so that nonlinear-elastic
fracture mechanics methods, in general accordance with ASTM
standard E1820 [65], were applied and where possible, the plastic
deformation was incorporated into the calculation of the samples'
fracture toughnesses determined at the first significant load drop in
their P-v curves. This yielded KJQ-values of 82.9 MPa.m1/2 and
100.4 MPa.m1/2 for samples L1 and L5, respectively; neither of these
two failure type I samples fulfilled the Pmax/PQ < 1.1 requirement for
valid linear-elastic fracture toughness (LEFM) testing. As the load
drops of samples L2 and L3 occurred within the 95% secant lines,
plastic deformation in these samples was considered to be negli-
gible and hence KJQ-values were not evaluated. None of the smaller
sized S-samples failed catastrophically and all of them were well
above the Pmax/PQ < 1.1 requirement; KJQ-values, however, could
only be calculated for the two samples that showed significant
load-drops during testing. Their conditional KJQ-values were
129.4 MPa.m1/2 for sample S2 and 105.8 MPa.m1/2 for the in situ
tested sample S4.

All nonlinear-elastic fracture toughness values measured in this
study met the ASTM Standards E1820 [65] criteria for J-field
dominance and plane strain of B, b0 > (10 JQ/so), i.e., all samples met
the maximum J-integral capacity size requirement. However, none
met the most stringent size criterion for fracture toughness testing
specifically determined at fracture instability.
nd small-sized alternative single-edge notched bend, SE(B), samples. a, The P-v data
ly linear-elastic failure to significant amounts of plasticity before failure; after multiple
000 N. b, Despite significant load drops of the ex situ loaded sample S2 and the SEM in



Fig. 4. Fracture toughness of the Pd-based BMG samples. a, Mean fracture toughness values of both L-samples and S-samples were significantly lower when calculated using
linear-elastic fracture mechanics (KQ), as compared to their corresponding nonlinear-elastic fracture toughness values, KJQ. b, In situ SEM-tested S-samples showed subcritical crack
growth with crack-tip opening displacements (CTODs) up to 1 mm (see inset) and an increasing crack propagation resistance with crack extension (R-curve behavior).
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4.2. Statistics

As shown in Fig. 4a, the four large-sized standard samples (L-
samples) resulted in an average conditional fracture toughness, KQ
of 41.5 MPa.m1/2 with a standard deviation of 36.1 MPa.m1/2 when
determined using linear-elastic fracture mechanics; using
nonlinear-elastic methods, KJQ was calculated to be
91.6 ± 8.7 MPa.m1/2. Means and standard deviations of the six
smaller-sized alternative samples (S-samples) were calculated as
KQ ¼ 57.0 ± 7.1 MPa.m1/2 and KJQ ¼ 117.6 ± 11.8 MPa.m1/2. The
ANOVA test yielded no statistically significant differences (p > 0.05)
between the linear-elastic KQ results and the nonlinear-elastic KJQ
results within both sample groups, between the two sample groups
with respect to each other, and between the KQ-values of the ex situ
tested samples S1eS3 and the in situ tested samples S4eS6 of the
small-sized alternative group. The individual, simple t-test between
the KQ-values of samples S1eS3 and samples S4eS6, however,
found a statistically significant difference with p ¼ 0.037.

4.3. Crack-resistance curves (R-curves)

Shih's computed relationship [85], based on the HRR crack-tip
field [62,63], was employed to relate crack-tip opening displace-
ments, CTODs, to the corresponding J-values; these were then
converted to equivalent stress-intensity KJ values using the stan-
dard mode I J-K equivalence, which in combination with the crack
extension, Da, recorded during in situ testing of the three alterna-
tive samples, enabled the determination of full crack-resistance
curves (R-curves), plotted in Fig. 4b.2 Crack-initiation toughness
values were found to be ~150 MPa.m1/2; crack-growth toughness
2 While Shih's J-CTOD relationship is strictly valid only until the initiation of a
crack, J-controlled crack growth, JR(Da)-curves and CTOD R-curves, provide a
valuable means to describe a material's fracture behavior (using the assumption of
nonlinear-elastic (not plastic) fracture mechanics) and are qualified in the ASTM
1820 Standard in terms of the assumption of the existence of an HRR field, which
incidentally is also the sole basis of Shih's J-CTOD relationship. Accordingly, we
expect little error in the use of this relationship provided the crack growth R-curve
data remain within ASTM's bounds of J-field validity. Further confirmation that this
relationship is appropriate beyond the onset of the initiation of a crack can be seen
where the slope of the CTOD R-curve with crack extension, i.e., the crack-tip
opening angle (CTOA), remains essentially unchanged with crack advance.
values were as high as ~250e400 MPa.m1/2 after crack extensions
of approximately ~500 mm.
5. Discussion

5.1. Failure characterization

In contrast to our previous study [59] on a Zr-based glass, where
smaller samples displayed significantly more variation in fracture
toughness than samples with larger ligament width, b, the fracture
toughness values of the larger-sized L-samples in the current study
on the Pd77.5Cu6Si16.5 glass were found to vary significantly more
than the values from the smaller-sized S-samples of the alternative
group, as shown in Fig. 4a. This is particularly true for the KQ-values
of the L-samples where significant toughness variations resulted
from the different failure modes of the individual samples, as
described below and in Fig. 5; conversely, the fracture behavior of
individual S-samples in the smaller-sized alternative group was
essentially similar (Figs. 6 and 7).

To highlight these extreme variations in fracture toughness
values for the standard group, samples L1 and L2 are compared in
Fig. 5a and b. On the one hand, sample L1 failed catastrophically
with significant crack deflections starting from pronounced shear-
lips at the notch leading to a highly tortuous crack path out of the
mode I plane, resulting in a conditional fracture toughness, KQ, of
67.7 MPa.m1/2 (Fig. 5a). Sample L2, on the other hand, showed
mode I crack propagationwithout significant crack-path deviations
resulting in a KQ of only 6.9 MPa.m1/2. Despite the significant load
drops shown in Fig. 3a, the other two standard samples, L3 and L5,
did not fail catastrophically and remained somewhat intact (Fig. 5c
and d). While both samples showed relatively large CTODs, sample
L3 displayed a somewhat more serrated but overall straight crack
path (Fig. 5c), resulting in a surprisingly low KQ of 5.1 MPa.m1/2

despite pronounced shear banding at the crack tip and bifurcation
at first crack extensions. In stark contrast, sample L5 failed with
extreme crack deflection out of the mode I plane and slightly
curved crack front throughout the sample thickness (Fig. 5d); this
led to an order of magnitude higher toughness value of
KQ ¼ 86.4 MPa.m1/2. Clearly, crack path deviations seem to have a
much more pronounced influence on the measured fracture
toughness values than shear banding through bifurcation at the



Fig. 5. Failure modes of the large-size standard samples. a, Sample L1 failed catastrophically with a highly tortuous crack path whereas b, sample L2 showed a relatively smooth
fracture surface along the mode I crack propagation plane. c, Sample L3 did not fail catastrophically; it displayed a serrated but overall straight crack path and showed relatively
large CTODs. d, Sample L5, while also not failing catastrophically, showed extreme crack deflection out of the mode I plane and a slightly curved crack front throughout the thickness
of sample L5.

3 Note that samples S4eS6 of the alternative group were not included in this
comparison as during in situ testing, the loading was stopped frequently to permit
crack-length measurements (for R-curve determination). Samples S1eS3,
conversely, were loaded quasi-statically and thus are directly comparable to the
results from the large-sized standard group.
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crack tip. It is an understatement to say that it is highly unusual that
the fracture toughness of a given metallic alloy, measured in a fixed
geometry, varies so widely, specifically between 5 and 86MPa.m1/2.
This becomes even more worrisome for the nonlinear-elastic re-
sults which admittedly scattered slightly less, i.e., between 50 and
100 MPa.m1/2 for the large-sized samples. However, it is important
to note that these J-based results were all measured with “valid”
specimen sizes and thus would be expected to give the same
fracture toughness value for this material. Moreover, the “valid”
nonlinear-elastic fracture toughness of the smaller-sized samples
further increased this variability, with fracture toughness values as
high as ~130 MPa.m1/2.

There are several possible reasons for this substantial scatter in
the measured toughness of metallic glasses. Variabilities in the
short-range order in the amorphous state [33,34,86] and the
possible highly limited existence of the HRR crack-tip field were
pointed out as two reasons in Ref. [59] to explain the variation in
fracture toughness in a Zr-based glass. Here we focus on an addi-
tional issue, that of the critical bending ductility in metallic glasses
[60,61], to explain the vastly different fracture toughness results in
the current Pd77.5Cu6Si16.5 BMG. Below a certain composition-
specific sample thickness, metallic glasses loaded in bending have
an increasing propensity, progressively with decreasing sample
thickness, to form an increasing number of narrower-spaced shear
bands; this results in their capacity to inhibit catastrophic failure
through the formation of multiple stable shear bands. We find that
this is very much the case in the current Pd-glass. Larger L-samples,
with ligament widths of b ~3 mm, seem to be on the verge of this
critical bending ductility thickness where shear bands cannot
reliably develop to the full extent; accordingly, during the
formation of multiple shear bands, one band can become prema-
turely unstable causing large differences in failure characteristics
and significant variations in the measured toughness. Sample L3,
for example, showed shear-band formation ahead of the crack
leading to crack bifurcation, as can clearly be seen on the surface of
the sample in Fig. 5c; none of the other samples in that group
showed such behavior. Conversely, the smaller S-samples, with
ligament widths of b ~1.5mm, are clearly below the critical bending
thickness of this glass, resulting in pronounced shear banding and
fully ductile failure characteristics of all samples. As shown in Fig. 6,
samples S1eS3 show significant formation and proliferation of
shear bands from the root of both the notch and the pre-crack
throughout their entire ligament width causing extremely large
plastic zones, widely open crack mouths, and correspondingly,
enormous CTODs.3 Such pronounced shear banding, together with
the additional formation of shear bands towards the back of the
samples (Fig. 6a,b,d), acts to promote excessive necking through
contractions in the tension region ahead of the crack tip and pro-
trusions at the back of the sample where compressive stresses
occur (Fig. 6d). Although the extent of these failure characteristics,
particularly the contractions and protrusions, reveal a lack of
constraint associated with the testing of such smaller-sized Pd-
glasses (with the result that the fracture toughness values can
become inflated), at the same time these values show less



Fig. 6. Failure modes of the ex situ tested small-sized alternative samples. a, Sample S1 showed significant formation and proliferation of shear bands from the root of both the
notch and the pre-crack. b, Sample S2 showed similar features with the additional formation and propagation of a crack. c, In the case of sample S3, the excessive shear banding
resulted in pronounced shear-offset-lips at first crack extensions leading to d, excessive necking through contractions ahead of the crack tip and protrusions at the back of the
sample.

4 We have chosen the first drop in the P-v curves, i.e., instabilities, for calculating
a conditional nonlinear-elastic fracture toughness of each sample. Although some
of these instabilities might not be significant, any other subsequent choice of load
would result in higher fracture toughness results, a disproportionate increase in the
KJQ-values, and likely an increasing scatter resulting from the varying amounts of
plasticity that occurred for the individual samples.
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variability due to the reliably fully-ductile failure characteristics of
each sample, as evidenced by the linear-elastic KQ-values of 62.3,
64.2 and 64.0 MPa.m1/2 for the small-sized samples S1, S2 and S3,
respectively. Clearly, themeasured fracture toughness values of this
metallic glass, although “valid” in terms of J, are still sample-size
dependent.

While the tests on the smaller-sized alternative samples (Fig. 6)
clearly show that using undersized metallic glass samples can help
to prevent, or at least delay, catastrophic failure, the pronounced
extension of the crack in sample S2 (Fig. 6b) compared to the other
two samples in this group, and the associated load-drop in its
corresponding P-v curve (Fig. 3b), require a better understanding of
the mechanisms underlying deformation and crack propagation in
this material. Accordingly, three additional small-sized samples,
S4eS6, were step-loaded in situ in an SEM and the evolution of
shear bands and extension of the existing pre-crack monitored.

Overall, themode of failure of these additional samples was very
similar to that in samples S1eS3, as shown in Fig. 7. Sample S4
(Fig. 7a) showed pronounced crack bifurcation starting from a
single pre-crack leading to a large CTOD of several hundred mi-
crometers associated with the easy formation of shear bands in the
wake of the crack, a slightly curved crack front throughout the
thickness of the sample, and a significant drop in the P-v response
(Fig. 3b) when one of the bifurcated cracks extended toward the
back of the sample. Sample S5 (Fig. 7b) formedmultiple cracks even
though none of them became as dominant and extended as far as
the major crack in sample S4. Sample S5 had a straight crack front
throughout the material and the resulting large CTODs caused
pronounced contractions and protrusions. In comparison, the crack
in sample S6 (Fig. 7c) tunneled in the center of the sample
significantly further than it extended on the surface. This sample
showed somewhat less contractions and protrusions but, similar to
sample S4, the crack front in the center of the sample was signifi-
cantly curved. Although slightly lower than the values of the
alternative samples S1eS3, themeasured fracture toughness values
from these in situ tests also showed only a modest variability with
linear-elastic fracture toughness results of KQ ¼ 49.9 MPa.m1/2,
55.6 MPa.m1/2 and 46.0 MPa.m1/2 for samples S4, S5 and S6,
respectively, because of the fully ductile failure characteristics that
can reliably develop in such smaller-sized samples through exces-
sive shear banding.

5.2. Statistical analysis

Even though neither the differences between the KQ and the KJQ-
values of both sample groups individually nor with respect to each
other were statistically significant, this should not be interpreted as
definitive proof of no sample-size effect between the groups.
Rather, this missing statistical significance has likely to be associ-
ated with the large variation in the linear-elastic KQ data of the
larger samples and the small number and hence missing statistical
power of the nonlinear-elastic KJQ data.4 By comparison, the sta-
tistical significance (p< 0.05) of the t-test between the in situ and ex



Fig. 7. Failure modes of the in situ SEM tested small-sized alternative samples. a,
Sample S4 failed by the formation of pronounced crack bifurcation starting from a
single pre-crack leading to large CTODs and a slightly curved crack front throughout
the thickness of the sample. b, Crack extension in sample S5 occurred through the
formation of multiple cracks with very large CTODs and pronounced contractions and
protrusions. c, Sample S6 showed significant crack tunneling in the center of the
sample and a pronounced curvature of the crack front.

5 Compared to the arrangement of the shear bands in the plastic zone ahead of
the crack tip that is reminiscent of the Green-Hundy fully plastic slip-line field
theory [87], the shear bands that form in the unnotched, bent samples in Conner's
work do not resemble a typical Prandtl stress field [88] but instead are significantly
more inclined and extending e at least in some cases e mainly in one direction.
Reasons for these differences might be associated with asymmetric bending, a
different critical thickness of the glass, or different stresses resulting from the stress
concentration at the root of the notch.

6 Conner et al. has shown that the stress-state as a result of the bending radius
clearly correlates with the number of shear bands that form and the mode of failure
in the glass. As such, failure within the critical bending thickness clearly depends on
specific sample dimensions, the stresses ahead of the crack tip and throughout the
ligament of the sample, and the properties of the glass itself. Structural variations,
however, might influence the formation of shear bands and add a stochastic
component to the failure mode.

7 Despite the validity issues with J-K conversions and K-based R-curves in the
present study, the large variation in numbers resulting from analyzing the data in
terms of J e despite those numbers being valid in terms of sample size re-
quirements according to ASTM e led us to not just use only one single method but
characterize the material regarding its R-curve behavior with a simultaneous data
analysis according to ASTM standard E399. This should underline that a single-
value fracture toughness in terms of K does often not tell the whole “story” of
the toughness of a material.
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situ tested S-samples might result from the use of a different
loading-rig or the differences in loading conditions, i.e., step-
loading vs. quasi-static loading.
5.3. In situ characterization

The evolution of the specific failure modes in the in situ tested
samples is shown in Fig. 8 for sample S6 from the small-sized
sample group. Before loading, the notch, razor-notch and the pre-
crack were all clearly distinguishable, as shown in Fig. 8a, which
also reveals the opening of the pre-crack via shear bands emanating
from the root of the crack at a load of ~375 N (first shear-band
formation was observed to occur at ~200 N). At a load of ~680 N,
significant formation and proliferation of shear bands was observed
from both the root and the wake of the pre-crack (insets of Fig. 8b).
At themaximum load of ~800 N, shear bands started to additionally
form at the back of the sample (Fig. 8b) leading to large CTODs at
the root of the former pre-crack (inset of Fig. 8c), pronounced shear
of multiple individual shear bands behind the pre-crack (resulting
in shear-band offsets), and the formation of an increasing plastic-
zone size (Fig. 8c).5 At a load of ~730 N, past the load maximum,
the sample had an extensive plastic zone with shear bands in the
back of the sample generating macroscopic shear offsets (Fig. 8d).
Upon further straining, which caused the load to decrease to
~500 N, the sample showed fully plastic behavior with shear bands
now occurring throughout the ligament with extended shear-band
offsets in the back of the sample (Fig. 8e); at this point, crack
extension occurred through a stick-slip mechanism [89], the source
of stability of crack growth, simultaneously at multiple locations,
tearing open and thereby extending the crack (inset of Fig. 8c).6 The
resulting stable crack extension leads to an extremely large CTOD of
several hundred micrometers and clearly shows that the formation
and offset of multiple shear bands in this Pd-based glass is ener-
getically more favorable than the propagation of a crack when
testing such smaller-sized samples. Fig. 8f depicts the sample right
before finishing the test at a final load of ~425 N with a final crack
extension of less than 300 mm on the sample surface and a CTOD of
more than half a millimeter. At this point, the sample is clearly fully
plastic.

R-curves, calculated for samples S4eS6, gave crack-initiation
toughness values of ~150 MPa.m1/2 and crack-growth toughness
values (at crack extensions of ~500 mm) of ~250e400 MPa.m1/2

(Fig. 4b).7 Despite the variability in these results, which are likely
associated with variations in the crack path of the samples, these
are significantly higher numbers for the Pd77.5Cu6Si16.5 glass than
earlier results for a Pd79Ag3.5P6Si9.5Ge2 glass [24], despite their
similar strain-hardening exponent and comparable strength. We



Fig. 8. Evolution of failure in the in situ tested sample S6. a, The onset of shear-band formation for the pre-cracked sample occurred around ~200 N before b, shear bands formed
both in the back of the sample and from the root of the razor-notch at a load of ~800 N, leading to c, pronounced CTODs, d, large plastic-zone sizes, and e, plasticity throughout the
ligament with excessive shear banding and ‘tearing-open’ of the crack. f, Before unloading, the sample showed a final crack extension of less than 300 mm on its surface and a CTOD
of more than half a millimeter.
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believe that this primarily results from the larger critical bending
thickness of the Pd-based glass used in this study, as compared to
the glass used in Ref. [24]; this results in larger CTODs (inset of
Fig. 4b) despite the larger ligament width.8

As noted in Ref. [59], the absence of significant strain hardening
in metallic glasses [24,90] implies that the development of unique
(HRR) crack-tip stress and displacement fields under elastic-plastic
deformation conditions may not always be realized in BMGs. This
together with the issue of the critical bending ductility discussed
8 Additionally, we noted a small calculation error in Ref. [24] in the determina-
tion of the toughness of the Pd79Ag3.5P6Si9.5Ge2 glass, specifically from the use of
Shih's J-CTOD equivalence relationship [85], which caused the magnitude of the
fracture toughness and the R-curves in this study to be underestimated by
approximately 40%.
here brings into question the utility of nonlinear-elastic fracture
mechanics to reliably define the fracture toughness of the tougher
metallic glasses. Nevertheless, despite this potential uncertainty in
measurement methodology, it is abundantly clear that many BMGs,
in particular those such as the Pd-based glasses, which have the
capability of generating significant plasticity from multiple shear-
band formation [24], still possess exceptional damage tolerance
(strength and fracture resistance), although these properties may
only be truly realized in section sizes below the critical bending
thickness.

Despite the possibility that the marked sample-size dependence
suggests that a single (size-independent) fracture toughness may
not be definable for this Pd-glass, we believe that based on the
findings of this study, in combinationwith the results in Ref. [59], it
is apparent that metallic glasses have a brittle failure regionwhere,
if material can be processed in appropriately large sections, the true
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linear-elastic, plane-strain fracture toughness of thematerial can be
determined, as shown in Fig. 9. At smaller scales, when a glass is
processed to dimensions where the ligament width in a fracture
toughness test is comparable with, or at least within a certain range
of the critical bending thickness of this glass, the measured fracture
toughness values may display higher numbers, show increased
variability, and become sample-size and geometry-dependent.
Below this critical bending thickness, as shown here and in
Refs. [24,25], the glass will likely exhibit fully ductile failure char-
acteristics in a fracture toughness test but with less variability in
the results and, due to the abundant shear-band plasticity, exhibit
R-curve behavior in the form of non-catastrophic failure and
subcritical crack growth. Only tests performed on samples with
dimensions significantly above the critical bending thickness of a
glass can yield fracture toughness values that are size-independent
and “valid” with respect to current ASTM standards, and hence
should result in significantly reduced scatter.
6. Conclusions

The fracture properties of the Pd77.5Cu6Si16.5 metallic glass have
been investigated with the aim of understanding the large vari-
ability in fracture toughness values in BMGs. Following on from an
earlier study on a Zr-based glass [59], we used single-edge notched
bend specimens with two different sizes to investigate the effects of
sample size on the mechanistic failure modes and fracture tough-
ness behavior of metallic glasses. Based on this work, the following
specific conclusions can be made:

� Large-sized ASTM standard samples, termed L-samples, with a
ligament width that is comparable to the critical bending
thickness of the glass, show large variability in their failure
characteristics ranging from brittle fracture behavior with low
fracture toughness values to the activation of pronounced shear
banding and crack bifurcation, the latter resulting in highly
deviated crack paths and an excessive variability in the
measured fracture toughness values.

� Smaller-sized ASTM alternative samples, termed S-samples,
with uncracked ligament sizes well below the critical bending
Fig. 9. Size-dependent fracture toughness of BMGs. At a ligament width, b > critical
bending thickness of a glass, BMGs fail in a generally brittle manner; in this region the
plane-strain fracture toughness of the material can be measured reliably using linear-
elastic fracture mechanics. When b ~ critical bending thickness, the fracture toughness
results start to increase, vary significantly, and become sample-size and geometry-
dependent. If b < critical bending thickness, fracture occurs with fully ductile, non-
catastrophic failure with subcritical crack growth (R-curve behavior) and less vari-
ability in the toughness results.
thickness of this glass, show consistent failure characteristics
with pronounced formation and proliferation of multiple shear
bands from both the pre-crack and the root of the notch
throughout the samples. This leads to marked contractions
ahead of the crack tip and protrusion in the back of the samples,
resulting in significantly higher fracture toughness values
compared to the larger-sized samples but also less scatter in the
data as a result of fully ductile failure characteristics.

� In situ tests show the evolution of shear bands throughout the
ligament of the samples resulting in extremely large plastic-
zone sizes, pronounced crack-tip opening displacements, the
formation of cracks through ‘tearing’ and, subsequently, stable
crack growth with increasing resistance to crack propagation,
i.e., rising R-curve behavior. Using nonlinear-elastic fracture
mechanics, fracture toughness values were calculated from the
measured crack-tip opening displacements and found to be
~150 MPa.m1/2 at crack initiation rising to ~250e400 MPa.m1/

2 at crack extensions of ~500 mm.
� In combinationwith the findings in Ref. [59], our results suggest
that metallic glasses show a transition in fracture behavior that
is linked to their sample size. Samples with ligament widths
larger than the critical bending thickness show brittle failure
characteristics and low fracture toughness values with only
small variations in the results; in this regime, the true linear-
elastic plane-strain KIc fracture toughness of the material can
be determined. Tests on samples with dimensions comparable
to the critical bending thickness yield highly variable, sample-
size and geometry-dependent fracture toughness results
whereas samples that are below the critical bending thickness
can show fully ductile failure characteristics, less variability in
the results, and non-catastrophic failure with sub-critical crack
growth and R-curve behavior.

� Although all toughness data determined in this work for the
Pd77.5Cu6Si16.5 bulk metallic glass meet the ASTM specimen size
validity requirements for crack-tip J-field dominance and plane
strain, fracture toughness values still show extreme variability.
In general, results from metallic glass samples that were tested
with ligament widths that are either comparable or below the
critical bending thickness of that specific glass, including the
fracture toughness numbers obtained in this study, should be
considered sample-size and likely geometry-dependent. Use of
a sample with a ligament and thickness dimension that exceeds
this critical bending thickness is mandatory as an additional
requirement in order to determine a size- and geometry-
independent fracture toughness of a metallic glass.
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