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Guiding and Deflecting Cracks in Bulk Metallic Glasses to
Increase Damage Tolerance**
By Jun Yi,* Wei Hua Wang and John J. Lewandowski
Materials with high strength and toughness are desirable temperature (Tg).
[8]While thisappears toexplain the toughnessof
for lightweight and high-performance engineering struc-
tures.[1] Although bulk metallic glasses (BMGs) typically have
the highest strength among bulk alloys,[2,3] the lack of tensile
ductility and low toughness of somemetallic glasses will limit
their use in structural applications. Composition optimization
has been used to develop tough BMG matrix composites and
monolithic BMGs.[4–6] Ductile dendrites in BMG matrix
composites can stabilize BMGs against the catastrophic
fracture associated with extension of shear bands, producing
graceful failure.[1,4–6] To design a tough BMG matrix
composite, several criteria must be satisfied, otherwise the
materials may become more brittle.[4] Robust theories that are
able to predict new compositions that are able to satisfy so
many different criteria are still unavailable. However, BMGs
with high Poisson ratio (n) appear to encouragemultiple shear
band formation at both notches and sharp cracks, thereby
relieving local stress concentrations and producing an increase
in toughness. This has becomeone criteria that has beenused to
search for tough(er) BMGs.[6–11] Recently, damage-tolerant
Ti40Zr25Cu12Ni3Be20 glass,[10] Pd79Ag3.5P6Si9.5Ge2 glass,[8] and
Zr61Ti2Cu25Al12 glass[12,13] were developed. Although the
Pd79Ag3.5P6Si9.5Ge2 glass has the same n (0.42) as that of
many other Pd- and Pt-based glasses, its toughness appears to
be much higher.[7,8] However, sample size limitations and
test details may contribute to inflated toughness numbers.[14] A
scaling law has been developed that takes the cavitation
activation barrier into account in order to predict the toughness
of BMGs.[8] That work postulated that the toughness of metallic
glasses should be proportional to n and the glass transition
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many BMGs,[8] neither Ti40Zr25Cu12Ni3Be20 nor Zr61Ti2Cu25Al12
glass has a very high n or high Tg, yet their fracture
toughness values (i.e., notched and fatigue pre-cracked) are
comparable to the highest toughness BMGs.[10,12] Thus, the
intrinsic toughening mechanism that produce high tough-
ness in monolithic BMGs is still unclear.

The present work utilizes pre-deformation of notched
samples to significantly increase the notch toughness of both
brittle and tough BMGs. This strategy utilizes pre-compression
of notched components to locally change the deformation and
fracture behavior in the vicinity of the notch, and results in
significant increases to the notch toughness of both brittle and
tough BMGs. In this aspect, toughening of various BMG
components(e.g.,screws,fillets,etc.)canberealizedbychanging
the deformation/fracture behavior exactly where it is needed
(e.g., at the tip of a stress concentration), rather than requiring
predeformation of the whole sample or component. It is noted
that there ismuchpreviouswork[15–21] thathasusedcoldrolling
to improve the mechanical behavior of a variety of BMGs.
However, theseapproachesmayrequireveryhighloadsonbulk
samples (i.e., that are subsequentlymachined into components)
due to the veryhigh strengths ofmost BMGs. Thenovelty of the
present work is that local deformation produced near a stress
concentration (e.g., notch, fillet, threads, etc.) via simple pre-
compression can be very effective in increasing the subsequent
crack resistance of a component that contains a stress
concentration. This work builds on very recent other work
where this approach has also been shown to produce notch
toughness increases under dynamic conditions.[21]

The approach developed presently somewhat mimics the
toughening strategy that is effective in many natural bio-
mineral materials. The excellent combination of strength and
toughness of tooth tissues andmollusk shells[22,23] stems from
the fact that these biological materials incorporate strong-yet-
brittle minerals and soft organic phases with sophisticated
micro-architectures.[1,23–26] The strong sub-micrometer build-
ing blocks provide strength while thin layers of soft organic
phases encompass the mineral building blocks, maintaining
integrity and dissipating energy during fracture.[1,4,23–26]

Fundamental to the enhanced toughness of these natural
materials is the ability to channel and deflect cracks through
the soft organic phases.[1,25,26]

The present approach to increase the notch toughness of
BMGs attempts to mimic these biological materials by creating
other mechanisms of crack deflection. A brittle Zr56Co28Al16
glass (ZC) and a tough Zr61Ti2Cu25Al12 glass (ZT) are chosen
GaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 5
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here for investigation. The amorphous nature of as-cast BMGs
and their relatively homogeneous structure precludes the
possibility of such soft interfaces. However, shear bands in
plastically deformed (and deforming) BMGs are softer than
their surrounding regions[19,27–29] and the thickness of shear
bands (about 10–20nm[28,30]) is comparable to that of the soft
organic phase in natural bio-mineral materials,[4] and much
thinner than the soft phases in other bio-inspired materials,
which are thicker than 1–2mm.[24,25,31] Thepresent strategy is to
introduce pre-existing shear bands (PESBs) at a stress
concentration to provide internal weak interfaces in a bulk
material that will guide and deflect evolving cracks, thereby
increasing the crack resistance.Deflectionof cracking to regions
that lie outside the plastic zone (i.e., of the original material)
where the stresses are lower[32] should inhibit cavitation and
further increase the toughness.[33]Althoughit is impossiblefora
crack to propagate out of the plastic zone of microscopically
homogeneous as-cast BMGs, it is known that cracks in BMGs
preferentially propagate along shear bands.[12,34] Therefore, if
PESBs can be locally introduced into BMGs that exceed the
plastic zone size of the original material, crack deflection
beyond the plastic zone will be promoted.

The pre-compression method shown in Figure 1a was used
to introduce PESBs into as-cast BMGs containing notches with
a depth-to-width ratio of 0.45, introduced using a slow speed
diamond wire saw with a diameter of 100mm. The compres-
sive fracture loads for ZTand ZC notch toughness samples are
13.6 and 23.3 kN, respectively (Supporting Information
Figure S1a). However, unloading of identical notched samples
prior to catastrophic fracture enabled production of PESBs
emanating from the notch. Figure 1b shows PESBs in ZT that
experienced a pre-compressive load P of only 12 kN. This
approach can also be used to introduce PESBs into brittle
BMGs such as ZC as shown in Supporting Information
Figure S1b, although compressive loads higher than 9 kN will
produce cracks in ZC during unloading, as shown in
Supporting Information Figure S1c. As shown in Figure 1b
and Supporting Information Figure S1b, the PESBs are locally
arrested before penetrating through the sample. The plastic
deformation that results from such pre-compression will
eventually cause a reduction in notch root radius with
increasing load P as shown in Supporting Information
Figure S2. The size of the PESBs zone, R, measured as
Fig. 1. Pre-compression of notched BMGs. (a) Schematic of the pre-compression of
notched BMGs. The solid black arrows indicate the loading direction. (b) SEM image
shows the PESBs introduced at the notch by pre-compression with a load of 12 kN. The
PESBs zone size was measured in the manner indicated by the white arrow.
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indicated by the arrow in Figure 1b increases with load P
(Figure 2a). When R>Rp (the plane stress plastic zone size) of
the original material, the PESBs created will extend out of the
plastic zone. Thus, the selection of a large enough pre-
compressive load will create R>Rp, where Rp¼ (Kc/sy)

2/
(2p), Kc is the critical stress intensity factor, sy is the tensile
yield strength. The Rp for notched samples of as-cast ZT and
ZC are calculated to be 579 and 24mm, respectively, based on
known values for Kc and sy. The PESBs introduced in this
manner are oriented closer to the direction that is normal to
the nominal fracture plane than that exhibited by shear bands
in the plastic zone of as-cast BMGs when R exceeds Rp.
Furthermore, computer simulations show that cracks in
tough(er) BMGs favor to initiation at 90° to the nominal
fracture plane, and do so without cavitation.[33] Based on this
background, we expect that PESBs properly introduced into
BMGs will channel and deflect cracks in the manner
analogous to that provided by the soft organic phases in
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0
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Fig. 2. Toughening of pre-compressed ZCs and ZTs. (a) PESBs zone size, R, increases
with pre-compressive load P. When R is larger than plane-stress plastic zone size Rp of
as-cast ZT, the notch toughness of ZT will be improved. R will exceed the plastic zone
size of as-cast ZTat P> 11 kN. The notch toughness Kc of ZTwas improved from 98.8 to
126.7MPam1/2. Notch Kc of as-cast ZC was enhanced from 23.6 to 42.9MPam1/2 at
P¼ 9 kN. (b) The relationship between Ea and P of ZCs and ZTs are similar to Kc–P
curve in (a). Ea of ZT and ZC were improved by 98 and 227%, respectively. The black
solid lines are eyesight guide for data points. Error bars are standard deviation of five
tests.
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 bio-mineral materials. This should inhibit cavitation in the
BMGs, producing elevated toughness.

The notch toughness of as-cast andpre-compressedZCs and
ZTs were measured and the results are shown in Figure 2. It is
emphasized that the Rmust exceed the criticalRp of the as-cast
sample before any enhancement of toughness is obtained inZT,
as shown in Figure 2a. Once this Rp (579mm) is exceeded, the
notched toughness (Kc) of ZT is improved from 98.8 to
126.7MPam1/2. This approach also works for the more brittle
ZC.Pre-compressionofZCwithaloadof9 kNgeneratesaPESBs
zone with a size R of 173mm (see Supporting Information
Figure S1b), much larger than the Rp of the as-cast ZC (i.e.,
24mm). Inthiscase, thenotchedKcofZCis increasedfrom23.6to
42.9MPam1/2. The improvements in notched Kc are consistent
withotherworkshowingthatPESBscanenhancetheductilityof
BMGs.[19,34] Inaddition,theenergyabsorbedbeforecatastrophic
fracture, Ea, of ZCs and ZTs was calculated from the load–
deflection curves of the three-point-bend notched toughness
testsinthemannerusedbyothers.[24]TheincreaseinEawithload
P exceeds the change ofKc with P, with improvements of Ea for
ZTs and ZCs of 227 and 98%, respectively (Figure 2b). Bio-
inspired materials[21–23,27] only showed an improvement in Ea

due tosuchdeflection.Thepresent resultsdemonstrate thatpre-
compression of notched samples can significantly enhance the
fracture resistanceofbothbrittleZCandtoughZTforbothcrack
initiation and growth, since both Kc and Ea are enhanced.

Scanning electron microscopy (SEM) was used to docu-
ment the fracture surfaces in both plane-stress and plane-
strain regions to confirm if crack deflection along PESBs and
Fig. 3. SEM images illustrating crack deflection beyond the plastic zone along PESBs. (a
compressed with a load of 13.5 kN. The crack deflected beyond the as-cast plastic zone under t
initiated at the outermost PESB. Then, the crack deviated to the second outermost PESB. (d)
No shear band was found at the notch root of as-cast brittle ZC. (f) Fracture in ZC pre-compr
PESBs, as indicated by the arrows. More extensive shear banding was noted in the pre-c

622 http://www.aem-journal.com © 2014 WILEY-VCH Verlag GmbH & Co
inhibition of cavitation was promoted by pre-compression.
SEM images of the plane-stress regions in Figure 3 show the
fracture behavior. Figure 3a shows a side view of the fractured
as-cast ZT. It is clear that the crack in the as-cast tough ZT
propagated along a shear band inside the plastic zone. In
contrast, Figure 3b shows crack deflection beyond the as-cast
plastic zone size (Rp¼ (Kc/sy)

2/2p¼ 998mm) for ZT pre-
compressed with a load of 13.5 kN. As shown in Figure 3c,
cracking in the pre-compressed ZT was channeled and
deflected into the outermost PESB. This is the closest shear
band to the direction normal to the nominal fracture plane, as
predicted by others.[33] Examination of failed samples reveals
that the cracks locally arrest at PESB terminations. Such
regions apparently force the crack to deviate to the second
outermost PESB (Figure 3c). As shown in Figure 3d, the
process of crack deflection from one PESB to another creates
significant crack blunting via shear sliding.[33]

In contrast to the fracture behavior of ZT, fracture in as-cast
ZC occurred in a more planar manner without shear banding
(Figure 3e), consistent with its more brittle behavior. Such
behavior suggests that the cavitation instability associated
with the maximum hydrostatic stress s¼ sii/3 ahead of the
crack tip[33] precedes shear banding in as-cast ZC. However,
as shown by the black arrows in Figure 3f, cracking in ZC pre-
compressed with a load of 9 kN deflects well beyond the
plane stress plastic zone of as-cast ZC (i.e., Rp¼ (Kc/sy)

2/
2p¼ 87mm) under the guidance of the PESBs. It is clear that
cracking in both ZC and ZT can be deflected beyond the
as-cast plastic zone size by suitably introduced PESBs.
) SEM image of side view of fractured as-cast ZT. (b) Side view of fractured ZT pre-
he guidance of PESBs. Details in the solid white rectangle are shown in (d). (c) The crack
Crack deviation from one PESB to another. The crack blunted during crack deviation. (e)
essed with a load of 9 kN was also deflected beyond the plastic zone under the guidance of
ompressed ZC.

. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 5



J. Yi et al./Guiding and Deflecting Cracks in Bulk Metallic…

C
O
M

M
U
N
IC

A
T
IO

N

SEM observations in Figure 4 and Supporting Information
Figure S5 provide insights into the mechanism(s) of toughen-
ing that may be operating in the plane-strain regions. In the
plane-strain fractured regions of pre-compressed samples,
“crack lips” and viscous fingering associated with strain-
controlled continuous crack opening[34–36] along shear bands
were observed. In these cases, crack lips are different from
shear lips,[37] which are associated with shear sliding. The
crack-lip size at the crack initiation locations in ZC and ZT pre-
compressed to 9 and 13.5 kN, respectively, are measured to be
142 and 410mm, respectively (see Supporting Information
Figure S3b and e). The plane-strain plastic zone sizes rp of the
pre-compressed ZC and ZTare calculated (rp¼ (Kc/sy)

2/6p) to
be 29 and 332mm, respectively, and are much smaller than the
crack lips. This confirms that the crack in the plane-strain
region also deflects beyond the plastic zone along PESBs.

Dimple-like (i.e., cavitation) features on the fracture surface
of the as-cast ZT (Figure 4a and Supporting Information
Figure S3a) were absent on the fracture surface of the ZT pre-
compressed with a load of 13.5 kN, Figure 4b and Supporting
Information Figure S3b. Instead, the pre-compressed ZT
exhibited smooth and featureless shear-sliding zones, pits
with viscous fingering, crack lips. Matching fracture surface
features on the pre-compressed ZT are shown in Supporting
Information Figure S4. The smooth featureless shear-sliding
zones are indicative of crack-tip blunting during crack
propagation,[38] while dimple-like features indicate stress-
Fig. 4. Transformation of microscopic fracture patterns on the fracture surfaces of as-cast
ZTs and ZCs. (a) Dimple-like features on the fracture surface of as-cast ZT. (b) Smooth an
sliding zones, pits with viscous fingering, crack lips, and deflected cracks under crack lips pre
regions of the fracture surface of ZT pre-compressed with a load of 13.5 kN. The black arr
propagation direction. Statistics of dimple size on fracture surface of as-cast (c) and pre-com
of 9KN) ZC (d). The average dimple sizes of as-cast and the pre-compressed ZC are
respectively.

ADVANCED ENGINEERING MATERIALS 2015, 17, No. 5 © 2014 WILEY-VCH Ve
assisted cavitation and linking of voids ahead of the crack
tip.[36,38] In contrast, viscous fingering is associated with a
strain-controlled meniscus instability and continuous crack
opening.[35,36] Even though strain-controlled continuous
fracture has been reported in the plane stress regions of
fractured human cortical bone,[39] metallic glassy ribbons,[34]

and microscale metallic glassy wires,[40] it has not been
reported in plane strain regions.

Although pre-compression of tough ZT completely elimi-
nated cavitation, pre-compression of ZC with a load of 9 kN
did not totally suppress cavitation in ZC. Nevertheless, a
crack lip (Supporting Information Figure S3e) with viscous
fingering (Supporting Information Figure S3f) at crack
initiation was observed in ZC while the length of the
dimple-like region increased from 1.5mm (Supporting
Information Figure S3d) in as-cast ZC to 2.0mm (Supporting
Information Figure S3e) in the pre-compressed ZC. Further-
more, although the dimple size is not unique as shown in
Figure 4c and d, its average value increased from 670 nm in as-
cast ZC to 870 nm in the pre-compressed ZC. Finally, no
cavitation was observed in the plane stress region of either
pre-compressed ZC or ZT, as shown in Supporting Informa-
tion Figure S5.

In summary, the notch toughness of both brittle ZC and
tough ZTwere improved by introducing architectured PESBs
to both deflect cracks and inhibit cavitation. This effect occurs
despite the accompanying decrease in notch radius (Support-
and pre-compressed
d featureless shear-
sent on plane strain
ow indicates crack-
pressed (with a load
670 and 870 nm,

rlag GmbH & Co. KGa
ing Information Figure S2), which has been
shown to reduce the toughness of as-cast
BMGs.[6,41,42] Although the combination of
yield strength and toughness of as-cast ZT is
among the best materials known,[12] its notch
toughness was further improved significant-
ly. The success of this toughening strategy
requires that the PESBs extend beyond the
original plastic zone of the as-cast BMGs,
since the crack cannot be deflected outside of
plastic zone otherwise. It is necessary that the
PESBs produced by pre-compression are
arrested. These PESBs can arrest and blunt
a propagating crack by forcing the crack to
transfer from one PESB to another. This
strategy appears particularly promising for
components containing stress concentrations
where local PESBs can be introduced as this
will not require plastic deformation of the
whole material/structure. However, addi-
tional investigations may achieve even
higher toughness by optimizing such
approaches.
1. Experimental

1.1. BMG Plate Production
ZT and ZC plates were prepared by arc

melting elemental pieces with purity higher
A, Weinheim http://www.aem-journal.com 623
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 than 99.9wt% and subsequent suction casting under a Ti-
gettered argon atmosphere in a vacuum chamber. The fully
amorphous nature of the plates was confirmed by X-ray
diffractometer (Scintag X-1) and differential scanning calo-
rimeter (Perkin-Elmer DSC-7).

1.2. Test Sample Preparation
As-cast samples were carefully cut and ground for pre-

compression and subsequent notch toughness test in order to
avoid effects of sample size limitations and test details as
described in literature.[43] Bars with lengths of about 26.5mm
were cut from the bottom of as-cast plates with dimensions of
3.3� 8.1� 60mm using a low-speed diamond blade saw. The
side surfaces of the samples were ground using 240, 400, 600,
800, and 1200 grit SiC papers. Error of thickness, width, and
sample length of every sample were within 10mm. Therefore,
the opposite faces of the sample were parallel to each other. In
order to keep neighboring faces of the samples perpendicular
to each other, the samples were examined using orthogonal
cross-marks in an optical microscope during grinding. The
final dimensions of the ground bars are 3� 6� 26mm. The
single edge notches were introduced using a slow speed
diamond wire saw with a diameter of 100mm to a depth of
2.7mm.

1.3. Pre-Compression and Notch Toughness Test
Pre-compression shown in Figure 1a was conducted using

an MTS Model 810 servo-hydraulic testing machine under
displacement control at a rate of 0.09mmmin�1. The
opposing edges of the notch remained parallel to each other
after pre-compression, since the compressed faces of the
samples were parallel as were the compression anvils. Three-
point-bend notch fracture toughness tests were conducted
similar to other work in the literature[11] on an Instron
1361 electromechanical test machine with a span of 24mm
under displacement control at a rate of 0.3mmmin�1 at
room temperature. To confirm the reproducibility of the
experimental results, five samples were tested for each data
point.

1.4. SEM Imaging
The fracture surface and shear bands were investigated

using Quanta 200 scanning electron microscope.
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