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a b s t r a c t 

Bulk-metallic glasses (BMGs) are a class of structural materials with many attractive processing features 

such as the ability to be processed into parts with fine features, dimensional precision, and repeatability; 

however, their fracture behavior is complex and size-dependent. Previous work has shown that BMGs 

can display strong size effects on toughness, where multiple mechanisms on different length-scales, e.g ., 

crack bridging and bifurication, shear band spacing and length, can significantly affect the properies. This 

length-scale dependence on the fracture toughness has importance not only for advancing the under- 

standing of fracture processes in these materials, but also for the potential future applications of BMGs, 

such as for microdevices. Here, using in situ scanning electron microscopy (SEM), we report on notched 

micro-cantilever bending experiments to address the lack of data regarding fracture properties of BMGs 

at the microscale. Sudden catastrophic propagation of shear bands resulted in failure for these specimens 

at stress intensities much lower than the bulk material, which may be due to a lack of extrinsic tough- 

ening mechanisms at these dimensions. This is explored further with post mortem SEM and transmission 

electron microscopy (TEM) analysis of the fractured beams while the fracture toughness results are ver- 

ified using finite element modeling. The excellent agreement between model and micro cantilever beam 

bending experiments suggests that the intrinsic fracture toughness of Vitreloy 105, 9.03 ±0.59 MPa.m 

½, is 

being reported for the first time. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Bulk-metallic glasses (BMGs) are a relatively new class of en-

gineering materials with many desireable properties such as high

elastic limit, low elastic modulus, good corrosion resistance, and

the ability to be formed using injection molding into near-net

shapes [1] . One of the largest issues limiting their widespread use

is the inconsistency in their fracture toughness which has been

shown to vary with part dimensions [2 , 3] , material processing, and
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omposition [4 , 5] . The fatigue (and therefore crack propagaton and

oughness) properties of Vitreloy 1 [6-8] and Vitreloy 106a [9] have

een studied and found to have similar stress intensity threshold

imits and enviromental sensitivity to fatigue crack growth. Vit-

eloy 105 has been reported to have a higher fatigue threshold

n four-point bending [10–11] than both Vitreloy 1 and 106a but

oes not share their sensitivity to test enviroment on fatigue crack

rowth rates. The unique mechanical properies, superior fatigue re-

istance, corrosion resistance and lack of beryllium make Vitreloy

05 an excellent candidate for use in engineering applications. 

Many researchers have related such variations in fracture

oughness on milli- to macro length-scale parts [6 , 7] to defor-

ation and shear band formation at the sub-micrometer and

https://doi.org/10.1016/j.actamat.2019.11.021
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2019.11.021&domain=pdf
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Fig. 1. SEM image of a representative Vitreloy 105 micro-cantilever beam with im- 

portant dimensions labeled and end view shown in the inset. 

Table 1 

The material plastic hardening param- 

eters used for FEA. 

Yield Stress (MPa) Plastic Strain 

1950 0 

3250 0.005 
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ano scales [12–18] . Numerous groups have reported size effects

n micropillar compression testing of bulk-metallic glasses where

easurements on sub-micrometer pillars repeatibly gave higher

ield stresses than pillars larger than 10 0 0 nm [12–15] which was

ttributed to the higher probability of defects that aid in the for-

ation of shear bands in larger samples. Other researchers have

ound the compression strength to be size-independent [16 , 17]

ith homogeneous flow not observed even in sub-micrometer

amples. The combination of size effect, shear band formation, ge-

metrically unfavored motifs [19] , and impurities on the engineer-

ng performance of bulk-metallic glasses makes the fracture and

atigue behavior of bulk-metallic glasses an active area of research.

Recent investigations into the fracture and fatigue properties of

igh toughness, highly damage tolorant, palladium and zirconium-

ased bulk-metallic glasses have been published [3 , 20] . These stud-

es also report the large effect of sample size on fracture toughness

here larger scale samples fracture in a catostrophic brittle fashion

hile samples below critical bending thickness values experienced

table crack growth and R-curve behavior [3] . 

The ability to fabricate bulk metallic glasses with thicknesses of

ens of micrometers creates numerous possible engineering appli-

ations that include MEMS devices [21] , foils for sensors [22] , leaf

alves [23] , springs [24] , and hinges [25] . However, to the authors’

est knowledge, no data on fracture properties exists at the mi-

rometer length-scale for BMGs, which is required for any eventual

ommercial development of engineered components. 

Here we report on the failure analysis and fracture toughness of

icrometer-scale specimens for a commercially available Zr-based

ulk-metallic glass, Vitreloy 105, using in situ micro cantilever

eam bending, post mortem SEM fractograhy, TEM analysis and fi-

ite element modeling. Comparison of our results to nanoscale and

illimeter scale studies is utilized to achieve a more comprehen-

ive understanding of length-scale effects on the toughness and

echanical performance of these amorphous materials. 

. Experimental 

The material used for this experiment was a 0.9 mm thick plate

f Zr-based bulk-metallic glass (Vitreloy 105) with a composition

f Zr-14.8Cu-11.3Ni-3.6Al-3.2Ti-0.047Be-0.013Si in wt.%, measured 

y inductively coupled plasma-optical emission spectroscopy (ICP-

ES). Sections of the plate were cut to 100 mm 

2 samples by electri-

al discharge machining (EDM) and the part surfaces were ground

nd prepared to a 50 nm final polish using an Allied MultiPrep pol-

shing system. The amorphous structure of the samples was con-

rmed using x-ray diffraction. The pentagonal microbeams were

abricated by Ga + ions at 30 kV using an FEI Scios field emis-

ion gun scanning electron microscope/focused ion beam (FEG

EM/FIB). Initial shape profiling was performed at probe currents

tarting at 65 nA progressively reducing to 1 nA and all surfaces

ere final polished using a 100-pA probe current. The side cuts

ere made using a 2 ° over tilt to minimize taper. The notches were

abricated using an ion beam accelerating voltage of 5 kV, probe

urrent of 48 pA, and Z depth of 500 nm using a standard line pat-

ern. The larger 5 kV probe created a line with a narrow parabolic

hape and opening at the surface making material re-deposition

ess of an issue while achieving radii of curvature at the notch root

n the order of 25 nm. The notch depth was targeted to be on the

rder of 1.0 μm to achieve notch depth to thickness ( a/W ) ratios of

pproximately 0.3. Fig. 1 shows a representative beam with critical

imensions labeled. 

All testing was performed with a Hysitron PI-85 PicoIndenter

n situ in a FEI Versa FEG SEM/FIB operating at 20 kV. All beams

 n = 10) were loaded using a conical diamond milled to a 2 μm flat

unch in displacement control mode at 20 nm s −1 . A representative
ontage of images from an in situ experiment and their locations

n the corresponding load-displacement curve are shown in Fig. 2 .

Although fatigue and crack propagation of the Vitreloy 1 and

06a alloys have been reported to be sensitive to test environments

anging from ambient air to inert gasses [8 , 9] , similar studies on

itreloy 105 have shown the fatigue and fracture properties to be

ssentially independent of test environment [10] . This gives con-

dence that fracture toughness data collected inside the vacuum

hamber of a FEG SEM over relatively short time scales are rep-

esentative of samples tested in ambient conditions. Fracture sur-

aces of the failed samples were analyzed post mortem using an

EI Scios SEM operating at 5 keV. Samples for transmission elec-

ron microscopy (TEM) were lifted out from fractured beams using

n FEI Scios FEG SEM/FIB fitted with an EasyLift system, prepared

sing a 2 ° overtilt for all polishing steps, and final polished using

 5 keV beam. TEM analysis was performed using an FEI Tecnai G 

2 

30 operating at 300 keV. 

Finite element analysis (FEA) was performed using Abaqus 6.14

ommercial software. The beam model was discretized into sec-

nd order hex 3D elements (Abaqus element type C3D20R). The

esh around the notch was highly refined to capture the stress

radient near the tip. The material constitutive law is assumed be

o classical metal plasticity with isotropic hardening. Displacement

ontrol was applied to a reference point coupled with a small re-

ion on the beam, mimicking the contact between the indenter

nd the beam. To obtain the nonlinear-elastic energy release rate,

he J integral method with 18 contours was applied in the model.

he convergence of the contour integrals was monitored, and the

onverged value was readily taken as the energy release rate. 

The linear elastic modulus was determined by nanoindentation

nd Poisson’s ratio from [26] (85.6 GPa and 0.38, respectively). Ex-

ellent agreement can be seen for the linear regime, indicating that

EA model predicts faithfully the bending stiffness of the beam.

ote that the material strain hardening inputs were tuned to cap-

ure the plastic behavior. These values were empirically chosen to

t the plastic region of the FEA load-displacement curve to the ex-

erimental results and to compare J values to the in situ tests for

omparison purposes. The corresponding material parameters are

isted in Table 1 . 

As a secondary check of the calculated J , we also compared it

ith the FEA predicted value, obtained from the center plane of

he beam. To calculate the fracture energy and corresponding criti-
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Fig. 2. Screen capture montage showing deformation of a representative Vitreloy 105 beam at several points on the load-displacement curve. The load drops (serrations) 

were confirmed to be the result of shear band propagation events during post mortem analysis. Scale bar signifies a length of 5 μm. 
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cal stress intensity factor, the simple fracture criterion G > G c was

used, where G is the strain energy release rate and G c is the critical

value of G at fracture. 

3. Results 

Three distinct deformation regimes can be seen in the loading

curves: elastic bending, limited plastic flow indicated by serrations

in the load-displacement curve, and catastrophic failure. The ser-

rated plastic flow was the result of shear band formation which

was confirmed by post mortem analysis; also apparent was a con-

stant loading stiffness prior to and immediately following the load

drop, observation of opening of the notch flanks, and slight blunt-

ing of the crack tip. This type of shear band initiation was also

found in previous research utilizing micro-indentation, nanoinden-

tation, and nano pillar compression testing [27–29] . The combined

results for all micro cantilever beam bending experiments, shown

overlaid in Fig. 3 a, display the same characteristics as Fig. 2 , with

a slight shift in load at the same displacement correlated with the

notch length. The deviations observed in the elastic portion of the

load-displacement curves appear to be random scatter or related

to small variation in the loading location. Recordings of the in situ

test revealed no unusual occurrences during the test. 

To evaluate the fracture toughness from these data, first it is

important to establish the regime that these tests are being con-

ducted in. A linear-elastic fracture mechanics (LEFM) analysis was

initially utilized to calculate the provisional critical stress intensity,

K Q , for the purposes of evaluating the plastic-zone size in rela-

tion to the specimen dimensions. To achieve this, the classic elas-

tic cantilever solution Eqs. (1) and (2) , similar to that used by Zhao

et al. [30] and Di Maio and Roberts [31] , was employed to compute

the stress intensities as a function of load, crack size and sample

dimensions. The results can be found in Table 2 , along with esti-

mates of the plastic-zone size, r y ~ 1/2 π ( K Q / σ y ) 
2 calculated us-

ing the yield stress, σ y , and elastic modulus, E , as determined by

nanoindentation (1.95 GPa and 85.6 GPa), with the stress intensity

K defined in terms of the applied stress σ for the cantilever bend
eometry as [32] : 

 = σ
√ 

πa f 

(
a 

W 

)
, (1)

here 

f 

(
a 

W 

)
= 1 . 85 − 3 . 38 

(
a 

W 

)
+ 13 . 24 

(
a 

W 

)2 

− 23 . 26 

(
a 

W 

)3 

+ 16 . 8 

(
a 

W 

)4 

. (2)

It can be observed from Table 2 that the measured linear-elastic

racture toughness was found to be K Q = 8.78 MPa.m 

½; using this

alue, the estimate of the plastic-zone size can be seen to ex-

eed one tenth of both the beam width and the beam thickness,

hich indicates that the specimen dimensions did not meet the

STM Standard 1820 [33] for fracture toughness testing with re-

pect to both the K -field dominance of the crack-tip stress and dis-

lacement fields (small-scale yielding) and plane-strain constraint,

espectively. Thus, the calculated values could not be strictly la-

eled as the fracture toughness K c or plane-strain fracture tough-

ess K Ic , in view of the small size of the samples [34] . Considering

his, we employed a nonlinear-elastic fracture mechanics method-

logy to determine the critical value of the J -integral at fracture,

 exp , using measurements of the total work of fracture (involv-

ng elastic and plastic contributions), A cur , and the specimen and

rack size dimensions, as per ASTM Standard 1820 [33] . Specifi-

ally, this was calculated by integrating the area under the load-

epth curves using Origin software to determine the mechanical

ork and then normalizing by the failed ligament cross-section,

ccording to Eq. (3) : 

 = 

2 A cur 

( W − a ) ∗ B + 

B 2 

4 

(3)

here W is the beam width and B the beam thickness. The cal-

ulated J value at fracture, J Ic , exp , was found to be ~818 J.m 

−2 ; the

alidity for this value, as per ASTM Standard 1820 in terms of the

xistence of plane strain and J -dominant crack-tip fields, can be

chieved if respectively B and ( W-a ) > 10 J exp / σ flow 

, where σ flow 
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Table 2 

Measured and computed average values with standard deviations of the provisional linear elastic fracture toughness, 

K Q , plastic-zone size, r y , and the nonlinear-elastic J c , exp fracture toughness and the critical stress intensity K Jc,exp , back- 

calculated from this J value, and the critical stress intensity, K Jc,exp computed from the FEA analysis. 

K Q (MPa.m 

1/2 ) r y (μm) r y / B r y / W J c,exp (J.m 

−2 ) K Jc,exp (MPa . m 

1/2 ) K Jc,FEA (MPa . m 

1/2 ) 

8.78 ±0.59 3.24 ±0.44 0.48 ±0.07 0.86 ±0.15 818.2 ± 101.9 9.03 ±0.59 9.55 

Fig. 3. Load-displacement curves for all 10 micro-cantilevers fractured in this study 

with overlaid FEA result. The deviations in the elastic regime of samples 1 and 8 

were determined to be experimental noise as careful review of the in situ test video 

showed no apparent issues with samples 1 and 8 as compared to the other beams. 
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Fig. 4. Scatter plot of apparent fracture toughness K Q as a function of the uncracked 

ligament length b comparing the results of this study on micrometer-scale samples 

to millimeter-sized samples reported by other groups: Gludovatz et al. [2] , Gilbert 

et al. [7] , Liu et al. [38] , and Chen et al. [4] . The error bars on the microcantilever 

data signify 1 standard deviation from the mean. 
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s the average calculated bending stress of the cantilevers tested

3076 MPa). The condition for plane strain, that B > 10 J exp / σ flow 

,

as met for all experimental cases, but the more important ASTM

equirement of J -dominance at the crack tip, that of ( W-a ) > 10

 exp / σ flow 

, was strictly met only for 3 of the 10 conditions; as 7 of

he 10 cases though were very close to this J -validity condition ( i.e .,

ithin 15%) and these size criteria tend to be quite conservative,

e believe that all our measured J Ic , exp at fracture represent an ac-

urate assessment of the plane-strain fracture toughness. A stress-

ntensity based fracture toughness, K J,exp , was then back-calculated

rom the critical J Ic , exp value at fracture value, using the standard

ode I K-J equivalence, i.e ., J = K 

2 / E ′ , where the Young’s modulus

alue in plane strain is given in terms of Poisson’s ratio ν (0.38)

s E ′ = E /(1 – ν2 ). The resulting J -based fracture toughness, K Jc,exp ,

as found to be 9.03 MPa.m 

½. Fig. 3 shows the force-displacement

urves for 10 tested samples, superimposed by the FEA results. In

he FEA model, the geometry was built using the measured mean

imensions of the 10 tested samples. At displacement of 2900 nm,

nergy release rate results from the FEA J integral analysis were

ound to converge at 0.91 N.mm 

−1 which agrees with our experi-

entally measured values of 0.818 N.mm 

−1 . Experimental test re-

ults indicate that fracture occurred at displacements of approxi-

ately 2900 nm. Therefore, the fracture energy obtained from FEA

s 0.91 N.mm 

−1 , and critical stress intensity factor K J from FEA is

.55 MPa ·m 

1/2 i.e ., in excellent agreement with the experimental

esults. Furthermore, the von Mises stress contours ( Fig. 5 ) in the

eformed model agreed with the locations of shear band forma-

ion, plastic-zone size, and final fracture. 

. Discussion 

The good agreement between the various experimental and nu-

erical estimates of the fracture toughness of this metallic glass

t the micrometer-scale, namely a slightly invalid LEFM experi-

ental K Q value of 8.78 MPa ·m 

1/2 , a valid, plane-strain K Jc value
determined experimentally using J -based measurements) of 9.03

Pa ·m 

1/2 , and a numerically determined value (based on energy-

elease rates) of 9.55 MPa ·m 

1/2 , supports the conclusion that the

racture toughness of these specimens has been realistically deter-

ined to be on the order of 10 MPa ·m 

1/2 at the micrometer-scale.

his is to be contrasted with the toughness values reported in the

iterature for millimeter-sized samples of Vitreloy 1 [6 , 7] and Vit-

eloy 105 [2 , 4] , where K Ic values have been reported to be between

0–100 MPa ·m 

1/2 , i.e ., between 2 and 10 times higher. Significant

ssues with size-effects on the toughness of BMGs have been re-

orted for measurements on the millimeter scale [2] and on shear

and formation down to hundreds of nanometers [17 , 18 , 35 , 36] . In

eneral, smaller metallic glass samples were found to have rela-

ively higher toughness due to a loss of plane-strain confinement

s the sample size decreased to around 2 mm [2] . In fact, early

illimeter-scale fracture tests resulted in what were considered

urprisingly high fracture toughness values when compared against

n estimate using the Taylor instability [6] , which resulted in a

alue of 13 MPa ·m 

1/2 , which approaches our experimental mea-

urements here. 

Fig. 4 compares the apparent fracture toughness values from

his study plotted with results from recent work on the frac-

ure toughness K Q of Zr-based metallic glasses from other research

roups. A trend of conditional fracture toughness decreasing as

igament length b decreases has been reported. Previous studies

ave shown a gradual increase in K Q and marked improvements to

oughness in bending as b decreases [2] . The observed low tough-

ess values may be related to the primary shear bands propagat-

ng through the beam thickness resulting in fracture of the beam.

amples with larger geometries have been shown to have a high

ensity of primary and secondary shear bands which propagate

hough the sample accommodating plastic flow [38] . In the current

tudy, the calculated plastic-zone size is larger than the ligament

ength of our samples while the plastic zone size (either reported
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Fig. 5. (a) Fractograph showing a profile of a representative Vitreloy 105 beam following a catastrophic failure compared to (b) FEA model of a deformed Vitreloy 105 beam 

following a 2900 nm displacement at the end of the beam. Note the locations of the beam where shear banding and a large plastic zone were experimentally observed, 

correlating with the highest von Mises stresses as predicted in the model in units of MPa. 

Fig. 6. Scanning electron micrograph showing shear banding and catastrophic brittle fracture in detail. Inset boxplot showing the shear band spacing distribution for all 

pentagonal beams tested in this study. High magnification SEM images showing (b) shear banding and (c) areas of apparent local melting on the fracture surface. No signs 

of microvoids or ductile rupture were observed on any samples tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

or calculated from reported data) in the studies below reveal the

plastic-zone size to be nearly an order of magnitude smaller than

the ligament length for millimeter-scale samples [2 , 7 , 4 , 38] . 

Additionally, there has been concern over the extent of valid-

ity of J -based analysis for BMGs [2] due to their limited strain

hardening [39] , which would act to restrict the extent of the HRR-

singularity of stress and displacement fields at the crack tip upon

which the uniqueness of the J- field is based [40 , 41] . However, we

do not believe that this is a major problem with the current values

due to the similarity of the linear-elastic K -based and nonlinear-

elastic J -based toughness estimates and their agreement with the

numerically derived value. Since the results presented here rep-

resent a crack-initiation toughness only, i.e ., fracture occurred

catastrophically with crack instability simultaneous with initiation,

there is no evidence of stable cracking or crack-resistance R-curve

behavior, which often is the basis of extrinsic toughening mecha-

nisms, 1 such as the crack-bridging and deflection phenomena that

clearly affects some of the higher values reported for the bulk scale

[2] . Indeed, post mortem SEM and FEA analysis, shown in Fig. 5 ,

demonstrate clearly that fracture occurred catastrophically in a vol-

ume approaching the thickness of the beam. 

The fracture surface morphology of failed cantilevers indicate

areas of local melting from shear band formation ( Fig. 6 ), similar to

that reported in ref. [27] , with crack propagation associated with
1 Fracture resistance can be considered as a mutual competition between two 

classes of toughening mechanisms: intrinsic mechanisms, which resist microstruc- 

tural damage ahead of the crack tip and are motivated primarily by plasticity, and 

extrinsic mechanisms, which operate at, or in the wake of, the crack tip to inhibit 

fracture by “shielding” the crack from the applied driving force [42] . Whereas in- 

trinsic toughening mechanisms are effective in inhibiting both the initiation and 

growth of cracks, extrinsic toughening mechanisms, such as crack bridging and 

crack deflection, are only effective in inhibiting crack growth. 

Fig. 7. Transmission electron micrograph with inset selected area diffraction pat- 

terns showing a lack of crystallization caused by FIB milling at the notch tip or local 

melting during shear band formation. The surface steps from the shear banding are 

highlighted by a dotted line. 

p  

o  

w  
rototypical brittle fracture. The shear band spacing was on the

rder of 500 nm and followed the trend reported by Conner et al.

here bending experiments of Zr-based metallic glass showed



D. Sorensen, E. Hintsala and J. Stevick et al. / Acta Materialia 183 (2020) 242–248 247 

s  

e  

g  

p  

o  

F

 

s  

t  

T  

b  

r

 

m  

m  

v  

c  

t  

s  

b  

s

5

 

r  

d  

i  

h  

t

L  

m  

r  

t  

l  

s  

t  

z  

d  

e  

T  

p

D

 

c  

i

A

 

t  

s  

a  

p  

i  

f  

M  

w  

o  

t  

O  

i  

e  

b

S

 

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

[

[  

[

 

[  

[  

[  

 

 

[  
hear band spacing decreased as sample size decreased [37] . Liu

t al. and Suh et al. also reported a shear band spacing/sample

eometry relationship resulting in brittle fracture when the sam-

le geometry is decreased [43 , 44] . These observations agree with

ur post mortem analysis of primary shear band spacing seen in

ig. 6 a–c. 

Lastly, TEM samples prepared from failed beams showed no

igns of crystallization at the notch root or within shear bands

hat may have impacted the toughness measurements. Rather, the

EM/selected area diffraction (SAD) analysis confirmed that the

eam remained amorphous at the notch tip after ion beam fab-

ication as well as after final fracture as shown in Fig. 7 . 

From an engineering standpoint, our results that the

icrometer-scale fracture toughness of bulk-metallic glasses

ay be up to an order of magnitude lower than corresponding

alues measured at the millimeter-scale are important, because

omponents made from BMGs containing micro-meter scale fea-

ures may not benefit from the toughening observed in larger

amples. This markedly lower micrometer-scale toughness should

e considered when designing small-scale components such as

mall-scale features, thin films, or MEMS devices using BMGs. 

. Conclusions 

The fracture properties of micrometer-scale samples of Vit-

eloy 105 bulk-metallic glass show a size effect with a markedly

ifferent fracture toughness to that of milli- to macro-scale spec-

mens, where high toughness and extrinsic toughening behavior

ave been observed. The analyses showed an average fracture

oughness at crack initiation/instability ranged from 8.78 ( K Q 

EFM measurements) to 9.03 (back-calculated from valid J- based

easurements) MPa ·m 

1/2 and 9.55 MPa ·m 

1/2 (FEA-based energy-

elease rate simulation), values that are by a factor of 2 to 10 lower

han measurements reported for this glass in the literature for

arger-scale samples. Experimental observations and plastic-zone

ize calculations suggest the low fracture toughness is related to

he cantilever dimensions being on the same order as the plastic

one, resulting in a small extent of plasticity in the form of the

egree of shear banding prior to catastrophic failure, with no

vidence of extrinsic toughening and resistance-curve behavior.

hese findings are critical for the further understanding size effect

henomena on the fracture toughness of the metallic glasses. 
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