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ABSTRACT
Bulk metallic glasses (BMGs) have been reported to have large variability in mode I fracture
toughness. In this study, alternating soft and hard regions were created in a
Zr52.5Ti5Cu18Ni14.5Al10 (at.%) BMG via mechanical imprinting at room temperature. While only
50% of as-cast samples demonstrated plastic deformation during mode I fracture tests, 100% of
imprinted samples demonstrated measurable plasticity and the scatter in measured mode I
fracture toughness was significantly reduced. Mechanical treatments show promise for
improving the fracture reliability of BMGs.
Keywords: Bulk metallic glasses, Shear bands, Fracture morphology, Fracture toughness,
Ductility
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1. Introduction
Bulk metallic glasses (BMGs) can exhibit attractive combinations of high yield strength (up to
~2 GPa for Zr-based), high elastic strain limit (up to ~2% for Zr-based) and relatively high
fracture toughness. However, the low ductility under compression or bending conditions and
even zero plastic strain under tensile loading are considered a major drawback of BMGs. Since
large plastic shear strain can be highly localized into narrow shear bands, one effective way to
increase plasticity is by increasing the numbers of shear bands and delaying the crack initiation
at the activated ones. Indeed, extensive shear band formation and crack-tip blunting in front of a
sharp notch have been shown to give high fracture toughness [1]. While small sized BMG
samples (~100 nm in tension [2] and a few mm in bending [3-5]) can give good ductility, there is
a desire to ductilize BMGs at all sizes to improve damage tolerance. One strategy to stimulate
the initiation of multiple shear bands and block their propagation involves introducing some
inhomogeneity into the glassy structure. Mechanical treatment methods such as uniaxial
compression, cold rolling, shot-peening and rapid defect-printing have been used with the goal of
improving the plasticity of BMGs [6-11]. One recently developed method involves loading BMG
plates between two imprinting tools with a regular array of linear teeth which leads to a marked
inhomogeneity with soft regions under the imprinted areas and hardening between them [12].
Such imprinting improves tensile ductility to ~0.9% elongation; however, to date no
measurements of fracture toughness of imprinted samples have been reported. Fracture
toughness is an important indicator of damage tolerance for mechanical applications and is often
used in material specifications. Accordingly, the present paper examines the effect of mechanical
imprinting on the fracture toughness of a Zr-based BMG by testing samples in both the imprinted
and as-cast states.

2. Experimental procedures
The Zr52.5Ti5Cu18Ni14.5Al10 (at.%) BMG composition was chosen for the present experiments.
Commonly known as Vitreloy 105, this BMG has good glass-forming ability [13] but relative
low compressive plasticity (~0.8%) [14] and often zero tensile ductility [14, 15]. Furthermore,
the fracture toughness is reported to be highly scattered [16], which presents a challenge for
engineers to predictably and safely design components using this BMG.
Bulk metallic glass master alloy with nominal composition Zr52.5Ti5Cu18Ni14.5Al10 was prepared
by arc melting in a titanium-gettered argon atmosphere. The BMG was remelted several times in
order to achieve a homogeneous master alloy. From this master alloy, plates with dimension of 2
× 40 × 40 mm3 were prepared by centrifugal casting. Imprinting was carried out at room
temperature as schematically shown in Fig. 1a. The glassy sample was placed between two
hardened steel tools with a regular array of linear teeth. A load of 22 kN was then applied along
the Y-direction for 1 minute and, as a result, a periodic pattern of linear imprints was created on
the X-Z surface of the glass. The resulting width of imprinted regions was ~235 µm while the
un-imprinted regions had a width of ~370 µm (Fig. 1b). Full details on the imprinting process
may be found in [12].

Fig. 1. (a) Schematic description of the imprinting method and of the morphology of an
imprinted sample prior to removal of the imprints by grinding. (b) SEM micrographs of an
imprinted Zr52.5Ti5Cu18Ni14.5Al10 bulk metallic glass sample revealing the formation of a regular
pattern of imprints on the surface of the sample.
The nominal dimensions of the single edge notch bend, SEN(B), beams used for fracture
toughness tests were thickness B =2 mm, width W =4 mm, length L =20 mm. All as-cast and
imprinted samples were gradually ground to a smooth surface (imprints were fully removed) and
polished to 0.05µm surface finish. A straight, through-thickness notch was made by diamond
blade with a root radius of ~170µm, followed by a micro-notch with a root radius of ~8µm which
was cut by sliding a razor blade across the notch with a 1µm diamond paste. Fatigue pre-cracking
was performed by cycling the sample with a 25 Hz sine wave with a ratio of minimum to
maximum load of R=Pmin/Pmax = 0.1 using a computer controlled electro-mechanical test
machine (ElectroForce 3200, Bose Corporation, Eden Prairie, MN, USA). To initiate pre-cracks,
the required applied stress intensity range ΔK = Kmax – Kmin was consistently between 6 MPa√m
and 9 MPa√m. After pre-cracking, the crack length, a, of each sample was between 0.46W and
0.68W as permitted by ASTM standard E1820 for J-integral based testing [17]. Three-point
bending fracture toughness tests were conducted using a 15.2 mm loading span on a computer
controlled servo-hydraulic testing machine (Model 8501, Instron Corporation, Norwood, MA,
USA) with a 5 kN load cell and a constant displacement rate of 0.83µm s-1. Post fracture samples
were observed by optical and scanning electron microscopy (QUANTA 600F, FEI, Hillsboro,
OR, USA). Finally, nanoindentaton experiments (NanoTest Vantage, Micro Materials,
Wrexham, UK) were conducted on the sample side face to correlate fracture surface features

with locally hard or soft regions. A Berkovich type indenter tip was used with a maximum load
of 100 mN and a dwell period of 30 s at maximum load. Loading and unloading times were set
as 20 s and 15 s, respectively, and the results of ten indents were averaged.

3. Results and Discussion
As has been observed in previous studies [16], the toughness of as-cast Vitroley 105 BMG
samples was scattered and tests did not consistently meet the requirement of valid KIC testing.
Accordingly, instead of KIC, we report both KQ values and KJ values calculated based on the Jintegral using Eq. (1) [17]:
KJ =

E(J el + J pl )
1- v 2

.

(1)

In Eq. (1), Jel and Jpl are the elastic and plastic components of the J-integral that can be
calculated from Eq. (2) and Eq. (3), respectively:

J el =
J pl

K 2 (1 − v 2 )
E
η A
= pl pl
Bb

(2)
(3

)
where ηpl = 1.9, Apl is the area under force versus displacement curve, b = W − a, E and ν are
Young’s modulus and Poisson’s ratio, respectively. The Young’s modulus and Poisson’s ratio
were taken to be 85.6 GPa and 0.375, respectively [18]. As was found by Gludovatz et al. [16],
it is assumed all results here are sample size dependent and specific to our chosen sample
dimensions. The measured load-displacement curves were either linear to fracture (type III
according to ASTM E1820) or showed plasticity before fracture (type I according to ASTM
E1820). Examples of both curve types are shown in Fig. 2, and a summary of all results is
shown in Table 1.

Fig. 2. (a) Example type I Load/displacement curve for sample number: Imprinted-3. (b)
Example type III load/displacement curve for sample number: As-cast-4. Cracks propagated
from bottom to top.
Sample

a/W
0.58
0.60
0.64
0.56
0.68
0.66

L/D curve
type
Type I
Type I
Type I
Type I
Type I
Type I

Jel
(kJ/m2)
32
52
102
196
58
85

Jpl
(kJ/m2)
107
60
20
41
8
86

Imprinted-1
Imprinted-2
Imprinted-3
Imprinted-4
Imprinted-5
Imprinted-6
Average
STDV
As-cast-1
As-cast-2
As-cast-3
As-cast-4
As-cast-5
As-cast-6
Average
STDV

0.57
0.62
0.46
0.50
0.59
0.58

Type I
Type I
Type I
Type III
Type III
Type III

131
111
78
7
11
27

165
46
33
0
0
0

J
(kJ/m2)
139
112
122
237
66
171
141
58
296
157
111
7
11
27
102
113

KJ
(MPa√m )
118
106
110
154
81
131
116
24
171
125
105
27
33
52
86
58

KQ
(MPa√m )
41
56
88
118
73
70
74
27
91
89
76
27
33
52
61
28

Table 1. Summary of the fracture toughness results

Compared to as-cast samples, all imprinted samples showed obvious plasticity (type I) before
fracture and less scattered toughness values in terms of J and KJ. For the as-cast samples,
although half of them also deformed with some plasticity (type I), the other half failed with pure
linear-elastic behavior (type III) leading to widely scattered KJ values that lie between 27 and

171 MPa√m. Although the average toughness of the imprinted samples appears somewhat
higher (KJ of 116 vs. 86 MPa√m), a student’s t-test revealed this difference in average fracture
toughness is not statistically significant due to the large scatter of the as-cast data. More
importantly, all imprinted samples showed pronounced plastic behavior (Jpl>0) and the standard
deviation was reduced dramatically from 58 to 24 MPa√m. Thus, it is concluded that imprinting
ductilizes and toughens the more brittle as-cast samples while perhaps lowering the toughness of
the toughest ones. Overall, imprinting is shown to reduce scatter and achieve a more consistent
damage tolerant behavior with measurable plasticity.
High toughness samples, such as the imprinted sample shown in Fig. 3a, consistently showed a
more tortuous crack trajectory than low toughness as-cast samples (Fig. 3b). Furthermore, by
matching the imprinting pattern wavelength to the crack path (white arrows) in Fig. 3a, it often
appeared that the heterogeneities induced by the imprinting process introduce crack deflections
in addition to enhanced shear banding and deformation.

Fig. 3. (a) Example crack trajectory of a high toughness imprinted sample (KJ = 118 MPa√m)
where the arrows match imprinting pattern wavelength. (b) Example crack trajectory of a low
toughness as-cast sample (KJ = 27 MPa√m).
As was discussed by Scudino et al. [12], the imprinting process (Fig. 1) results in softer regions
under imprints and harder regions between them. Furthermore, they attributed the hardness
variations in part to the imprinting process creating tensile (under imprints) and compressive
(between imprints) residual stress fields. This has been recently confirmed by high-energy x-ray
diffraction studies showing the existence of a spatially heterogeneous atomic arrangement
consisting of strong compressive and tensile strain fields [19]. In addition to residual stresses, the
imprinting process is expected to cause local strain-induced softening because of increased free
volume. It is also important to note that within those regions the glass does not appear
homogeneous and smaller scale heterogeneities in hardness and residual stress are induced due to
the heterogeneous nature of BMG deformation. Consequently, the microstructure of imprinted
samples can be considered as a network of strain-induced softened regions superimposed on a
regular arrangement of compressive and tensile residual stresses. The easy initiation of shear
bands in soft regions, and impeded propagation of activated ones by hard regions, is thought to
contribute to the enhanced plasticity of imprinted samples. Accordingly, evidence of enhanced
plasticity should be visible on the fracture surfaces.

The fracture surface of the type I samples (where Jpl > 0) showed four distinct regions on the
fracture surface originating from the end of fatigue pre-crack (Fig. 4). Region I is a rather smooth
region which is formed by crack blunting with multiple shear bands, shear sliding behavior can
be seen in this area at high magnification. This region extends roughly 8 µm to 20 µm from the
pre-crack for different samples with an average value of ~12 µm. After the crack blunting region,
there is a transition to a typical vein pattern (region II) similar to that generated by tensile
failures [14, 20]. Tandaiya et al. [21] refer to this region as the Taylor meniscus instability zone.
These two regions (Fig. 4a) indicate where shear band sliding and subsequent fracture initiated.
Region III and IV (Fig. 4b) contain dimple patterns similar to those commonly observed on
BMG fracture surfaces [22, 23]. Furthermore, region III is notably rougher than region IV and
contains many stair-like ridges that run parallel to the crack propagation direction. As the
fracture progressed, theses ridges disappear leaving a planar and generally flat fracture surface in
Region IV with a uniform dimple pattern. The as-cast samples with relative high fracture
toughness and ductile type I load-displacement behavior had fracture surfaces that were
generally similar to the imprinted ones. In contrast, for the low toughness type III as-cast
samples (where Jpl = 0), region I extended only ~4 µm from the pre-crack and there was no
evidence of region III.

Fig. 4. (a) An example of regions I and II and the beginning of Region III seen on the fracture
surfaces of type I samples. (b) Last two regions of the fracture surfaces for type I samples.
Cracks propagated from left to right.
In the narrow region at the onset of region I, the observed average shear band spacing of
imprinted samples is ~13µm, whereas the shear band spacing averaged ~41µm for the as-cast
samples. The lower shear band spacing for the imprinted material indicates a higher shear band
density formed in this area during crack blunting. According to Schuh et al. [24], the percolation
of shear transformation zones (STZs) promotes the formation and propagation of shear bands.
Scudino et al [12] have attributed the improved ductility of the imprinted samples to the ease of
initiating shear bands in the soft regions since these higher free volume and tensile residual stress

areas give a lower potential energy barrier for STZ operation. Therefore, the STZs are more
easily activated and shear bands are more easily initiated than in the hard regions.
Narayan et al. have recently suggested the large scatter in mode I fracture toughness for BMGs
can be attributed to the mode I toughness being highly sensitive to variability in the critical load,
Pcr, at which cracks initiate at shear bands [25]. Accordingly, it is reasonable to hypothesize that
a heterogeneous structure that promotes a higher number of shear bands, and thus more
homogenously distributes the load across many shear bands, can reduce the scatter.
Furthermore, a high shear band density should give rise to a more homogeneous distribution of
plastic strain, more crack blunting, and higher toughness. Since the crack tip opening
displacement should be linearly proportional to the J-integral, Fig. 5 shows the J-integral at
fracture plotted against the measured average crack blunting zone size for each sample. A trend
of increasing J-integral with increasing crack blunting zone size is seen in Fig. 5. A linear
regression gives a p-value of 0.0052 which indicates the trend is statistically significant.

Fig. 5. Correlation of the J-integral at fracture with crack blunting zone size for both imprinted
and as-cast samples.
In region II, the river-like vein pattern extending to a length-scale of ~16µm between regions I
and III can be observed. The formation of a vein pattern may be associated with a high fluidity
originating from softening caused by profuse shear bands initiation from region I [26]. Since this
fracture surface feature indicates low inner material viscosity [27], it is correlated to the
beginning of unstable sliding of shear bands.
Regions III and IV generally consist of dimple patterns, although some areas of more vein like
patterns were seen in the imprinted samples. Often larger dimples contain several smaller ones
(Fig. 6), suggesting a process of small microvoids coalescing to form larger ones. Fig. 6c shows
the dimple size is significantly smaller for the brittle, low toughness samples. This agrees with
Xi et al., who reported a correlation between the length scale of the dimple pattern and the
fracture toughness w=0.025 (KIC/σy)2 [28], where σy is the yield strength. In contrast, the size

difference between the imprinted and high toughness as-cast samples is not significant (Fig. 6a
and 6b).

Fig. 6. (a) Dimple pattern of an imprinted sample in Region IV (KJ = 110 MPa√m). (b) Dimple
patterns of an as-cast sample with high toughness (Type I) in Region IV (KJ = 125 MPa√m). (c)
Dimple pattern of an as-cast sample with relatively low toughness (Type III) in Region IV (KJ =
27 MPa√m). Crack propagated from left to right.
As mentioned above, region III is seen only in the imprinted and high toughness as-cast samples
and is associated with crack bifurcation (Fig. 7a). Fig. 7b shows a magnified view of a large step
that runs along the crack growth direction for the imprinted sample with the highest toughness
(KJ = 154 MPa√m). The crack bifurcation leads to mode III tearing between the bifurcated
cracks giving high toughness and leaving stair-like steps on the fracture surface. The steps show
a typical vein pattern caused by extensive shear sliding occurring during the crack opening
fracture process, as was also observed in [26]. Similar crack bifurcation behavior was also seen

in the high toughness type I as-cast samples (Fig. 7c), but not in the more brittle type III as-cast
samples (Fig. 7d) in which a very flat fracture surface is seen after the Taylor meniscus
instability zone. This suggests the complex stress state caused by crack bifurcation and mode III
tearing between the bifurcated cracks contributes to high fracture toughness, and that imprinting
to create a heterogeneous structure promoted this toughening mechanism in all samples. In
contrast, for as-cast samples this toughening mechanism only occurs in some samples that
presumably evolved sufficient structural heterogeneity during casting. Accordingly, the fracture
toughness for the as-cast samples is much more highly scattered.

Fig. 7. (a) An overview of the beginning of crack bifurcation (KJ=154 MPa√m). (b) Shear step
in an imprinted sample (KJ=154 MPa√m). (c) Shear step in a ductile type I as-cast sample
(KJ=171 MPa√m). (d) No apparent crack bifurcation or shear sliding in brittle type III as-cast
samples (KJ = 33 MPa√m). Crack propagated from left to right.

Finally, by correlating regions of high and low shear band density observed on the sample sides
to the fracture surfaces, it is observed that there are also corresponding changes on the fracture
surface from a dimpled pattern to a more river like vein pattern, as shown in Figs. 8a and 8b. The
band seen in the center of Fig. 8a is ~220 µm wide, which correlates well to the ~235 µm width
of the imprints (Fig. 1b). Nanoindentation results on the side face also indicate that the more
river-like vein pattern corresponds to the relatively soft area under an imprint with an average
hardness value of 6.6 ± 0.2 GPa on the sample side, whereas the dimple pattern corresponds to
the area between imprints with an average hardness value of 7.2 ± 0.2 GPa. A student’s t-test
showed this hardness difference to be statistically significant (p-value << 0.05). In these soft
regions a more river-like vein pattern is observed (Fig. 8b) which as mentioned above suggests
the fluidity of the BMG was higher in these regions. The pattern change is also associated with
shear bands being deflected by the hard regions which act as obstacles to shear bands
propagation.

Fig. 8. (a) Pattern changes on the fracture surface of an imprinted sample in Region III and
Region IV. (b) Magnified view of the pattern change at the location marked by black arrow in (a).
Crack propagated from left to right.

4. Conclusions
In conclusion, the present results indicate that mechanical imprinting of BMGs to produce a
heterogeneous structure of hard and soft regions is effective at ductilizing BMGs and reducing
the scatter in mode I fracture toughness. Although the increase in mean fracture toughness was
not statistically significant in this study, it is clear that imprinting improved the ductility and
toughness of the most brittle as-cast samples. Indeed, all imprinted samples showed a plastic
contribution to J-integral while only 50% of the as-cast samples showed any plasticity.
Macroscopically, the imprinting process promoted a tortuous crack path with crack bifurcation
that contributed to the toughness. The ability to create BMGs with consistent damage tolerance
properties is important to the future success of BMGs for many mechanical applications. Overall,

while this study demonstrates imprinting can ductilize BMGs and reduce scatter in the mode I
toughness, it is also important to recognize this is an initial study and the mechanical treatment
parameters (imprint dimensions, force, orientation, pattern, etc.) have not been optimized. With
further optimization, there is an expectation that imprinting, or similar mechanical treatments,
can definitively increase the average toughness as well as reduce scatter.

Acknowledgements
The authors thank M. Frey and S. Donath for technical assistance. Financial support of the
German Science Foundation under the Leibniz Program (Grant EC 111/26-1) and the European
Research Council under the ERC Advanced grant INTELHYB (grant ERC-2013-ADG-340025)
is gratefully acknowledged. JJK would like to acknowledge financial support from the Alexander
von Humboldt Foundation Fredrick Wilhelm Bessel Research Award.
References
[1] M.D. Demetriou, M.E. Launey, G. Garrett, J.P. Schramm, D.C. Hofmann, W.L. Johnson,
R.O. Ritchie, Nat. Mater., 10 (2011) 123-128.
[2] H. Guo, P.F. Yan, Y.B. Wang, J. Tan, Z.F. Zhang, M.L. Sui, E. Ma, Nat. Mater., 6 (2007)
735-739.
[3] Q. He, J. Xu, J. Mater. Sci. Technol., 28 (2012) 1109-1122.
[4] R.D. Conner, W.L. Johnson, N.E. Paton, W.D. Nix, J. Appl. Phys., 94 (2003) 904-911.
[5] R.D. Conner, Y. Li, W.D. Nix, W.L. Johnson, Acta Mater., 52 (2004) 2429-2434.
[6] L. He, M.B. Zhong, Z.H. Han, Q. Zhao, F. Jiang, J. Sun, Mater. Sci. Eng. A-Struct. Mater.
Prop. Microstruct. Process., 496 (2008) 285-290.
[7] Q.P. Cao, J.W. Liu, K.J. Yang, F. Xu, Z.Q. Yao, A. Minkow, H.J. Fecht, J. Ivanisenko, L.Y.
Chen, X.D. Wang, S.X. Qu, J.Z. Jiang, Acta Mater., 58 (2010) 1276-1292.
[8] M. Stolpe, J.J. Kruzic, R. Busch, Acta Mater., 64 (2014) 231-240.
[9] Y. Zhang, A.L. Greer, Appl Phys Lett, 89 (2006).
[10] Y. Zhang, W.H. Wang, A.L. Greer, Nat. Mater., 5 (2006) 857-860.
[11] R.T. Qu, Q.S. Zhang, Z.F. Zhang, Scr. Mater., 68 (2013) 845-848.
[12] S. Scudino, B. Jerliu, S. Pauly, K.B. Surreddi, U. Kühn, J. Eckert, Scripta Mater, 65 (2011)
815-818.
[13] X.H. Lin, W.L. Johnson, W.K. Rhim, Mater. Trans. JIM, 38 (1997) 473-477.
[14] Z.F. Zhang, J. Eckert, L. Schultz, Metall Mater Trans A, 35A (2004) pp. 3489-3498.
[15] F.F. Wu, Z.F. Zhang, S.X. Mao, Acta Mater., 57 (2009) 257-266.
[16] B. Gludovatz, S.E. Naleway, R.O. Ritchie, J.J. Kruzic, Acta Mater, 70 (2014) 198-207.
[17] ASTM Standard E1820-11e2 Standard Test Method for Measurement of Fracture
Toughness, in: Annual Book of ASTM Standards, Vol. 03.01: Metals- Mechanical Testing;
Elevated and Low-temperature Tests; Metallography, ASTM International, West Conshohocken,
Pennsylvania, USA, 2007, pp. 1099-1146.
[18] J.H. Schneibel, J.A. Horton, P.R. Munroe, Metall. Mater. Trans. A-Phys. Metall. Mater. Sci.,
32 (2001) 2819-2825.
[19] S. Scudino, H. Shakur Shahabi, M. Stoica, I. Kaban, B. Escher, U. Kühn, G.B.M. Vaughan,
J. Eckert, Appl. Phys. Lett., 106 (2015) 031903

[20] F. Spaepen, D. Turnbull, Scripta Metallurgica, 8 (1974) 563-568.
[21] P. Tandaiya, R. Narasimhan, U. Ramamurty, Acta Mater., 61 (2013) 1558-1570.
[22] C.J. Gilbert, V. Schroeder, R.O. Ritchie, Metall. Mater. Trans. A-Phys. Metall. Mater. Sci.,
30 (1999) 1739-1753.
[23] P. Lowhaphandu, J.J. Lewandowski, Scr. Mater., 38 (1998) 1811-1817.
[24] C.A. Schuh, A.C. Lund, Nat. Mater., 2 (2003) 449-452.
[25] R.L. Narayan, P. Tandaiya, G. Garett, M.D. Demetriou, U. Ramamurty, Scr. Mater., 102
(2015) 75-78.
[26] J.Y. Suh, R.D. Conner, C.P. Kim, M.D. Demetriou, W.L. Johnson, J. Mater. Res., 25 (2010)
982-990.
[27] L.A. Deibler, J.J. Lewandowski, Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct.
Process., 538 (2012) 259-264.
[28] X.K. Xi, D.Q. Zhao, M.X. Pan, W.H. Wang, Y. Wu, J.J. Lewandowski, Phys. Rev. Lett., 94
(2005p).

