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Dynamic shear punch tests were carried out on the tungsten ﬁber reinforced Zr-based bulk metallic glass
composites. The experimental results show that with the increasing ﬁber volume fraction, the failure
mode of the composites switches from shear to tensile fracture. A new failure criterion, based on the
Tsai-Hill criterion and the uniﬁed failure criterion for bulk metallic glasses, is proposed to characterize
fracture behavior of this bulk metallic glass composite. It is found that the shear-to-normal strength ratio
a controls the transition of failure mode of this metallic glass composite. The underlying mechanism of
the transition of failure mode is discussed as well.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Bulk metallic glasses (BMGs) have many excellent mechanical
and physical properties due to their unique microstructure [1e4].
However, the poor plasticity and subsequent premature fracture,
which are attributed to the highly-localized shear deformation, still
limit their applications [5e11]. The development of BMG composite
is an effective way to surmount this problem [12e16]. The existence
of crystalline phase in the BMG composite can promote the
multiplication of shear bands, which can accommodate more
plastic strain and contribute to macroscopic plasticity. Since it was
ﬁrst fabricated by Dandliker et al. [17], the tungsten ﬁber/BMG
matrix composite, had attracted large interest during the past years
[18e21]. This composite exhibits considerable plasticity under
compression [18e21]. Furthermore, due to its unique “self-sharpening” behavior in high velocity penetration, the tungsten ﬁber/
BMG matrix composite has approximately a 10e20% improvement
in penetrator efﬁciency over the traditional tungsten heavy alloys
[22,23]. This mechanical property promotes the application of the
composite to defense ﬁeld. Though the mechanism of this “selfsharpening” behavior remains elusive, previous studies suggest
that this phenomenon may relate to the transverse shear property
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of this composite [21e25]. Actually, the tungsten ﬁber/BMG matrix
composite is a complex system that contains both crystalline
tungsten ﬁber and amorphous matrix. The resistance of these two
phases to shear should be very different due to their intrinsic differences in microstructure [26,27]. Therefore, it can be naturally
speculated on that, under transverse shear loading, the global
mechanical behavior of the composite should depend on the relative volume ratio of its component phases. However, up to now, no
researches have been carried out to study the transverse shear
failure behavior of this composite.
In this study, using the split Hopkinson pressure bar (SHPB),
dynamic transverse shear punch tests were performed on a tungsten ﬁber reinforced Zr-based BMG composite with different ﬁber
volume fractions. A new failure criterion is proposed for this
composite. The underlying fracture mechanism of this composite
under transverse shear loading is revealed. Our present results shed
new insights into the deformation and fracture mechanism of the
BMG composite.
2. Experimental
2.1. Sample preparation
The chemical composition of the composite matrix is
Zr41.25Ti13.75Ni10Cu12.5Be22.5 (Vit1). This BMG has excellent amorphous forming ability. Crystalline tungsten ﬁber with a nominal
diameter of 300 mm was used as the reinforcement of the
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composite. The tungsten ﬁber/Vit1 BMG composite was prepared
by the method of pressure inﬁltration. Details of the casting process
are described elsewhere [17,19]. Cross section of the tungsten ﬁber/
Vit1 BMG composite is observed by a scanning electron microscope
(SEM), which is shown in Fig. 1. The tungsten ﬁbers are homogeneously distributed in the continuous amorphous matrix. Rectangular specimens, in which tungsten ﬁbers are unidirectionally
aligned in the direction parallel to the longer sides, are used in the
present study. Vit1 BMG and its tungsten ﬁber composites with
tungsten ﬁber volume fraction of 40%, 60%, 80% are cut into a
dimension of 2.1  2.1  10 mm by wire electrical discharge
machining. The surfaces of the specimens are mechanically polished before testing. The specimens are shown in the insert of Fig. 1.
At least six specimens of each ﬁber volume fraction were tested.
2.2. Shear punch testing
Shear punch testing was performed using a specially designed
ﬁxture in an SHPB apparatus. The schematic illustration of shear
punch ﬁxture and its geometrical conﬁguration are shown in
Fig. 2(b). The ﬁbers in the specimen are unidirectionally aligned in
the direction perpendicular to the loading direction. During the
test, this ﬁxture is sandwiched between the incident and transmitted bars, as shown in Fig. 2(c). A gas gun lunches the striker bar
to impact the incident bar. At the moment of impact, the elastic
wave generated in the incident bar compresses the punch. Then the
specimen under the punch is displaced into the tubular die. This
produces a shear zone in the connection area between the punch
and the die, as marked by red area in Fig. 2(b). The shear stress and
shear strain can be calculated according to the incident wave εi(t),
the reﬂected wave εr(t), measured by the gauges on the input bar,
and the transmitted wave εt(t), measured by the gages on the
output bar as follows [28,29]

t¼

EA1 ½εi ðtÞ þ εr ðtÞ þ εt ðtÞ
4HD

(1)

Fig. 2. (a) Photographs of the die, cover and punch. (b) The shear punch setup and its
geometrical conﬁguration (dimension in mm). (c) Schematic for the dynamic shear
punch test.

where C0, E and A1 are elastic wave velocity, elastic modulus and
cross section area of the pressure bar, respectively. H is the specimen thickness, and D is specimen width. They are both 2.1 mm in
this study. B is the die-punch clearance, which has the value of
0.15 mm (Fig. 2(b)).
After testing, an FEI Sirion high-resolution SEM was used to
characterize the fracture morphologies of all specimens.
3. Experimental results
3.1. Mechanical behavior

g¼

C0
B

Zt
½εi ðtÞ  εr ðtÞ  εt ðtÞdt

(2)

0

The typical shear stress versus shear strain curves of tested
specimens under dynamic shear punch loading are shown in Fig. 3.
It can be seen from Fig. 3 that, for both Vit1 BMG matrix and its
composites, the materials exhibit a quasi-brittle behavior and little
macroscopic plasticity. After the peak stress, i.e., fracture stress, the
stress drops rapidly. Fig. 4 shows that the shear fracture stress of
the tested specimens varies with the tungsten ﬁber volume fraction
(Vf). When Vf increases from 0% to 80%, the corresponding fracture
stress changes slightly from 1.10 GPa to 1.46 GPa.
3.2. Fracture morphologies

Fig. 1. SEM cross-sectional image of the tungsten ﬁber/Vit1 BMG matrix composite.
Insert shows the polished specimens.

Since the failure mode can be distinguished by the fracture
morphologies, all the tested specimens are carefully examined by
SEM. Figs.5e8 present the SEM micrographs of the punchdeformed specimens of the composite with Vf of 0% (Vit1 BMG
matrix), 40%, 60% and 80%, respectively. From these observations, it
can be seen clearly that the failure mode shifts from shear to tensile
with the increasing ﬁber volume fraction. The detailed discussions
of each kind of specimen are shown in the following paragraphs.
The typical fracture morphologies of specimen with 0% Vf (Vit1
BMG matrix) are shown in Fig. 5. Fig. 5(a) shows side view of the
fractured specimen. It can be seen that the fracture surface is
smooth. Fig. 5(c)e(f) shows the details corresponding to the four
marked areas which list from upper to the bottom in Fig. 5(b),
respectively. As shown in Fig. 5(c), there exists a fracture slip zone
at the edge of fracture surface. This zone has the size of about

24

J.H. Chen et al. / International Journal of Impact Engineering 79 (2015) 22e31

Fig. 3. Typical shear stressestrain curves of the composite with 0% (Vit1 BMG), 40%,
60% and 80% tungsten ﬁber volume fraction.

30 mm. Typical cell-like vein patterns can be observed in the followed fracture surface, as shown in Fig. 5(d) and (e). Melted region
can also be observed, which was presented in Fig. 5(f). These celllike vein pattern and melted region are the typical fracture morphologies of BMG under dynamic shear loading [30,31]. So, it is
reasonable to conclude that in the present shear punch condition,
the 0% Vf (Vit1 BMG matrix) specimen fractures by shear.
Fig. 6 shows the specimen of the composite with 40% Vf
Compared with the 0% Vf (Vit1 BMG matrix), the fracture surface is
rougher, as shown by the side view of the specimen (Fig. 6(a)).
Fig. 6(b)e(f) show the fracture morphologies of this specimen. The
tungsten ﬁber/BMG matrix interface is shown in Fig. 6(c). Cell-like
vein pattern can be observed for the BMG matrix, indicating a shear
fracture mode. Fig. 6(d) is a magniﬁed SEM picture corresponding
to the area marked in Fig. 6(c).Tungsten ﬁber exhibits a stair-steplike pattern. According to the study by Leber et al. [32], this is the
typical morphology of tungsten ﬁber under shear loading. Fig. 6(e)
and Fig. 6(f) show another region of the fracture surface. Fig. 6(f)
gives details corresponding to the area marked in Fig. 6(e). Typical
cleavage fracture morphology can be observed on the tungsten ﬁber, showing a fracture mode of tension [32]. From the

Fig. 4. Shear fracture stress of the composite varies with tungsten ﬁber volume
fraction.

morphologies observed, it can be seen that both the shear and
tensile fracture exist in 40% Vf composite. This composite shows a
mixed failure mode.
Specimen of composite with 60% Vf is shown in Fig. 7. As can be
seen from Fig. 7(a), the fracture surface is rough, similar to the
composite with 40% Vf. Many micro-cracks can be observed on the
fracture surface, as shown by the arrows in Fig. 7(b). Fig. 7(d)
presents the details of BMG matrix corresponding to the area
marked in Fig. 7(c). In contrast to the cell-like vein pattern,
equiaxial-shaped dimple-like pattern is observed. This indicates a
tensile fracture of the BMG matrix [33,34]. Fig. 7(f) is a magniﬁed
picture corresponding to the marked area in Fig. 7(e). Tungsten
ﬁber shows the ﬁbrous fracture morphology. This morphology results from tensile fracture [32]. Fig. 7 indicates that the composite
with 60% Vf fails in tensile fracture.
Fig. 8 gives the fracture behavior of the specimen with 80% Vf.
The river-like vein pattern is observed on the BMG matrix, as
shown in Fig. 8(d). According to the studies by Jiang et al. [35] and
Raghavan et al. [36], such vein pattern is the typical morphology in
the crack initiation zone of BMG which fractures by tension. The
ﬁbrous fracture morphology of the tungsten ﬁber is shown in
Fig. 8(f). This indicates that the tensile fracture occurs. Similar to the
composite with 60% Vf, the composite with 80% Vf also facture by
tensile mode.
From the aforementioned observations of the fracture morphologies of all tested specimens, it can be concluded that the
failure mode of the tungsten ﬁber/BMG composite changes from
shear fracture to tensile fracture with the increasing ﬁber volume
fraction. The mechanism for this failure mode transition will be
discussed in the next section.
4. Discussion
4.1. Analysis of stress
Firstly, we will analyze the stress state in the shear zone. In the
present shear punch test, there is stress concentration in the top
and bottom regions of the specimen, where the punch and die are
in contact, respectively. This stress concentration will affect the
process of fracture. Li and Jones [37,38] studied the response of
beam subjected to transverse dynamic impact. According to their
experimental observations and ﬁnite-element numerical simulations [38], the failure of the beam, either a tensile failure or a shear
fracture, is initiated from these stress concentration regions. For our
case, supposing the factors of stress concentration is K. Then the
shear stress and tensile stress in the stress concentration regions
may be expressed as Kt and Ks, respectively. Here, t and s are shear
stress and tensile stress in these regions when stress concentration
is not considered. Then, we can get that Kt/Ks ¼ t/s. From this, it
can be seen that the shear-to-normal stress factor in the region of
stress concentration may be the same as the region in which stress
concentration is not considered. For simpliﬁcation, the shear-tonormal stress factor is calculated under the condition that the
stress concentration is not considered in the shear zone in the shear
punch test. Thus, the shear punch test can be simpliﬁed to that a
beam is loaded under the uniformly distributed load, as shown in
Fig. 9(a).
For a simple beam under a uniform load, there exists both shear
and normal stress in the cross section of the beam. According to the
results from the theory of elasticity [39], the distribution of
shearing stresses in a transverse section of a rectangular beam is
parabolic. The maxima shearing stresses are in the neutral axis,
while the shearing stresses are zero at the top and bottom of the
cross section. However, as shown by Hankin et al. [40], the true
multiaxial, non-uniform stress state in the shear zone is a relatively
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Fig. 5. Fracture characteristics of specimen with 0% Vf (Vit1 BMG) under shear punch test. (a) Side-view of the fractured specimen. (c)e(f) Details corresponding to the areas marked
in (b).

uniform shear combined with normal stress. Thus, for the shear
punch test, it is reasonable to appropriately deﬁne the shear stress
as

t¼

F qDdie
¼
A
2DH

(3)

where F is the shear force and A is the area of the cross section. q is
the distributed load, and Ddie is the diameter of the die. Actually,
shear stress distributes uniformly in the shear zone has been suggested by many investigators, such as Hankin et al. [40], Guduru
et al. [41], Goyal et al. [42] and so on.
Results from the theory of elasticity show that, the normal stress
varies nearly linearly with the distance from the neutral surface
[39]. The maxima normal stress is in top and bottom region of the
beam, which can be expressed by

s¼

M dqD2die
¼
W
2DH 2

(4)

where W is elastic section modulus of the sample, expressed as
W¼1/6DH2. M is bending couple, which can be given by
1 dqD2 . Here, we introduce a parameter d. This parameter
M ¼ 12
die
describes the constrained conditions at two ends of the beam,
having the value between 0 and 1. d ¼ 0 corresponding to the
simply supported beam, while d ¼ 1 is the ideal ﬁxed beam. Since
tensile stress may promotes the failure of the beam, compressive
stress will inhibit the failure. It can be seen that the tensile domain
zone at either top or bottom of the shear zone becomes the most
dangerous place. Cracks will initiate from these regions. The shear
stress, combined with the tensile stress in top or bottom region of
the beam, will decide whether the composite has failed and what
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Fig. 6. SEM micrographs showing the fracture feature of composite with 40% Vf (a) Side view of the fractured specimen. (b) Top-view of the fracture surface. (c) Magniﬁcation of the
fracture surface and (d) Details corresponding to area marked in (c). (e) Another magniﬁed region of (b). (f) Details corresponding to area marked in (e).

failure mode it has. The stress state in the tensile domain zone at
either top or bottom of the shear zone is shown in Fig. 9(b).
From Eqs. (3) and (4), t/s can be given by



t
H
¼
s dDdie

Here, s1, s2 and s12 are in-plane stress components and XT, YT
and S12 are the normal and in-plane shear strength values. In the
present study, as shown in Fig. 9(b), s1 ¼ s, s12 ¼ t and s2 ¼ 0. The
symbols s0 and t0 are used to replace XT and S12, respectively. Then,
Eq. (6) is simpliﬁed as

(5)

In the present study, H ¼ 2.1 mm, and Ddie ¼ 3.5 mm. Considering the constraint of the cover on the specimen in the shear
punch test, 0.8 is chosen for the d. Then, from Eq. (5), t/s z 0.75.
That is to say, the shear stress t is 0.75 times of the tensile stress s in
the tensile domain zone in the shear zone.
4.2. Failure criterion
The Tsai-Hill failure criterion is commonly used to describe the
fracture behaviors of ﬁber reinforced composites [43-45]. This criterion is expressed as follows

s1
XT



s
s0

2


þ

2


þ

s2
YT

t
t0

2


þ

s12
S12

2




s1
XT



s2
YT


¼1

(6)

2
¼1

(7)

s0 is the longitudinal tensile strength, and t0 is the in-plane
shear strength.
The Tsai-Hill criterion considers the interaction among the three
unidirectional strength parameters of the composite. From this
failure criterion, one can determine whether the composite has
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Fig. 7. SEM micrographs showing the fracture feature of composite with 60% Vf (a) Side view of the fractured specimen. (b)e(f) Fracture surface at different magniﬁcations. Arrows
in (b) show the micro-crack at the interface area. (d) and (f) are details that corresponding to areas marked in (c) and (e), respectively.

failed. However, the Tsai-Hill criterion does not give the mode of
failure. The transition of failure mode with the increasing ﬁber
volume fraction, which is observed in the present shear punch tests
of the tungsten ﬁber/BMG composite, can not be described by this
criterion. Therefore, the Tsai-Hill criterion needs to be modiﬁed.
Recently, Chen et al. [46] proposed a uniﬁed failure criterion for
BMGs based on an atomic interaction analysis. In this criterion, the
failure modes of BMGs are controlled by the shear-to-normal
strength ratio a and the strength-differential factor b. Borrowing
the idea from this study, the parameter a is introduced to the TsaiHill criterion. Eq. (7) is modiﬁed as



s
s0

2



þ

t
as0

2

¼1

(8)

a is expressed by a ¼ t0/s0, which represents the competition
between shear and normal tensile resistance. Geometrically, Eq. (8)
constructs the ellipse-like failure envelope in the t  s stress space

(Fig. 10). The factor a corresponding to the ellipticity of the ellipse.
In Fig. 10, the inclined line with the slope of 0.75 represents the
stress state on the fracture surface. The point of intersection of the
ellipse and the inclined line indicates the fracture point, as marked
by “A” in Fig. 10. As shown in Fig. 10(a), with small a, the shear
fracture stress tf of the fracture point is very close to the shear
strength t0, while the tensile fracture stress sf is much lower than
the tensile strength s0. This indicates that shear fracture occurs
preferentially in the composite. But with large a, tf is much lower
than t0, and sf is close to s0, as can be seen from Fig. 10(b). Under
this condition, tensile fracture is more likely to occur in the
composite.
In order to quantitatively describe the failure mode, further
discussion is carried out on the modiﬁed Tsai-Hill criterion. According to Eqs. (5) and (8), the uniaxial tensile strength s0 and pure
shear strength t0 can be related to the fracture stress sf and tf,
respectively, as expressed by
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Fig. 8. SEM micrographs showing the fracture feature of composite with 80% Vf (a) Side view of the fractured specimen. (b)e(f) Fracture surface at different magniﬁcations. (d) and
(f) are details that corresponding to areas marked in (c) and (e), respectively.

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8
>
sf
a2
>
>
>
>
< s0 ¼ a2 þ 0:752
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
>
>
tf
0:752
>
>
: ¼
2
t0
a þ 0:752

(9)

Fig. 11 shows the variations of the normalized strength in Eq. (9)
with a. As shown in this plot, tf/t0 decreases and sf/s0 increases
respectively with a increasing. These two lines intersect at a ¼ 0.75.
For a < 0.75, tf/t0 is higher than sf/s0. In this case, the difference
between sf and s0 is more signiﬁcant than the difference between tf
and t0. In other words, on the fracture plane, tf is close to t0, while
sf is much lower than s0. Shearing will dominate the failure of the
composite. But for a > 0.75, sf/s0 becomes higher. This indicates
that sf is close to s0 on the fracture surface. Tensile fracture becomes the dominant failure mode in this case. It can conclude that
a ¼ 0.75 is the critical value for shear-tensile fracture transition.
4.3. Transition of failure mode

Fig. 9. (a) Simpliﬁcation of the shear punch test. (b) Stress state in the shear zone.

From the discussion in Section 4.2, it can be seen that the failure
mode is dependent on shear-to-normal strength ratio a. The
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Table 1
Physical properties of Vit1 BMG and tungsten ﬁber.
Properties

Vit1 BMG

Tungsten ﬁber

Young's modulus (GPa)
Shear modulus (GPa)
Normal tensile strength (GPa)
Shear strength (GPa)
Shear fracture strain (%)

96
34.3
3.33
1.1
3.2

410
160.5
2.35
e
e

gm is the shear fracture strain of the BMG matrix, which has the
Fig. 10. Ellipse-like failure envelope in t  s stress space. The point marked “A” represents the fracture point. (a) The shear-to-tensile factor a ¼ 0.5 and (b) a ¼ 2.

micromechanical analysis of the variation of shear-to-normal
strength ratio a with tungsten ﬁber volume fraction will be made
in this section.
Table 1 gives the properties of the Vit1 BMG and tungsten ﬁber.
Supposing the tensile strength of tungsten ﬁber/BMG composite
obeys the rule of mixtures. Then s0 is expressed as



s0 ¼ sw Vf þ sm 1  Vf

(10)

where sw is tensile strength of the tungsten ﬁber, which has the
value of 2.35 GPa [18,19,24,25]. sm is the normal (ideal) tensile
strength of Vit1 BMG matrix. According to the study by Chen et al.
[46], the shear-to-normal strength ratio a has the value of 0.33 for
this BMG, i.e., a ¼ tm/sm ¼ 0.33. The shear strength tm of Vit1 BMG
is about 1.10 GPa [30,47]. Thus, sm ¼ 3.33 GPa is obtained for the
BMG matrix.
Under shearing stress loading, one can assume that the composite behaves elastically. This can be evidenced by the stressestrain curves (Fig. 3). Furthermore, under shear loading, the
interface between the tungsten ﬁber and Vit1 BMG is well bonded,
which can be seen from the shear fracture plane of the composite
with 40% Vf (Fig. 6(c)). Then, it is reasonable to presume that the
tungsten ﬁber and Vit1 BMG have the same shear displacement. As
a result, the shear strains in the ﬁber and the matrix are equal.
Then, the in-plane shear strength can be given by

t0 ¼ G12 gm

(11)

value of 0.032. G12 is the in-plane shear modulus of the composite,
as can be expressed by Ref. [48]

G12



3
2 
Gf 1 þ Vf þ Gm 1 þ Vf


5
¼ Gm 4 
Gf 1  Vf þ Gm 1 þ Vf

(12)

where Gf and Gm are the shear modulus of the tungsten ﬁber and
BMG matrix, respectively.
Using the values of the parameters given in Table 1, the shear
strength and tensile strength of the composite as a function of the
ﬁber volume fraction are plotted in Fig. 12(a). From this ﬁgure, it can
be seen that the tensile strength decreases gradually with the
increasing ﬁber volume fraction. This tendency is consistent with
the experimental results of Conner et al. [18]. and Qiu et al. [19].
However, with the ﬁber volume fraction increasing, the shear
strength increases. The functional dependence of the shear-tonormal strength ratio a ¼ t0/s0 on the ﬁber volume fraction is
presented in Fig. 12(b). As shown in this ﬁgure, with the ﬁber volume fraction increasing from 0% to 80%, a increases from 0.33 to
1.36. For composite with 0% Vf (Vit1 BMG matrix), a ¼ 0.33, which is
lower than 0.75. According to the modiﬁed Tsai-Hill criterion discussed in Section 4.2, shearing will act as the dominant failure
mode for this material. a ¼ 0.64 is obtained for composite with 40%
Vf. This value is close to 0.75. The mixed failure mode, with shear
and tensile fracture, may occur in this material. But the dominant
failure mode is the shear fracture. For composite with 60% and 80%
Vf, 0.91 and 1.36 are obtained for the a, respectively. Both of the
values are higher than 0.75. Then, these two materials will fail by
tensile fracture. These results are consistent with the phenomenon
observed for the tested materials in the present shear punch test, as
shown in Section 3.2.
4.4. Underlying mechanisms of failure

Fig. 11. Dependent of normalized strength tf/t0 and sf/s0 on a.

From the above analysis, the transition of failure mode is illustrated quite well by the modiﬁed Tsai-Hill criterion. In this section,
the possible mechanisms of failure will be discussed.
According to the previous study [32], tungsten ﬁber demonstrates necking under uniaxial tension. However, lateral deformation is hardly observed for the Vit1 BMG loaded by tension [27,31].
The differences in lateral deformation between these two phases
can result in radial tensile stress at the ﬁber/matrix interface. Once
this radial tensile stress overcomes the bonding strength,
debonding will occur at the interface. This is the reason for the
existence of micro-crack at the ﬁber/matrix interface on the tensile
fracture plane, as shown in Figs. 7(b) and Fig. 8(c). In this case, the
interface will act as the weak region, which reduces the resistance
to tensile fracture of the composite. For composite with high ﬁber
volume fraction, the interface takes a relative high volume fraction,
resulting in lower tensile strength. This illustrates that why the
tensile strength decreases with the increasing ﬁber volume fraction, as shown in Fig. 12(a).
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fraction, the Vit1 BMG matrix would control the deformation of the
composite, i.e., shearing occurs preferentially for the composite.
While in the Vf > 49% case, a > 0.75 is obtained. For composite with
high ﬁber volume fraction, the effect of Vit1 BMG matrix becomes
weak. The fracture of composite is dominated by the tungsten ﬁber
or the ﬁber/matrix interface. a > 0.75 indicates that the tensile
strength of the composite is small and becomes the controlling
factor for the failure of composite, which means that the composite
is easy to fail in the tensile fracture mode but hard to display shear
deformation.
5. Conclusions
In this study, transverse dynamic shear punch tests were carried
out on the tungsten ﬁber/Vit1 BMG composite. The failure mode of
this composite is found to change from shear fracture to tensile
fracture with increasing the ﬁber volume fraction. A modiﬁed TsaiHill criterion, in which the shear-to-normal factor a is considered, is
proposed to characterize the different fracture behaviors of the
composite. It is found that a ¼ 0.75 is the critical value for sheartensile fracture transition. The functional dependence of a on the
ﬁber volume fraction is derived by micromechanical analysis. The
composite with ﬁber volume fraction lower than 49% is corresponding to a < 0.75. In this case, the shear strength is small while
the tensile strength is large. Shearing acts as the dominant failure
mode. In the case of ﬁber volume fraction is higher than 49%, which
corresponding to a > 0.75, the tensile strength becomes the controlling factor for composite failure.
Acknowledgments

Fig. 12. (a) Uniaxial tensile strength s0 and pure in-plane shear strength t0 vary with
the tungsten ﬁber volume fraction. (b) Dependent of a on the tungsten ﬁber volume
fraction.

As shown in Fig. 12(a), increasing ﬁber volume fraction increases
the shear strength of the composite. Because of deformation
compatibility between the tungsten ﬁber and Vit1 BMG, the
interface is well bonded. This can be seen from the shear fracture
surface of composite with 40% Vf (Fig. 6(c)). Furthermore, shear
strength of 1.51 GPa of bulk tungsten was given by Grady [49].
Supposing the tungsten ﬁber obeys the Von-Mises criterion. Since
limited data of shear property of single as-drawn tungsten ﬁber can
be found, it is reasonable to presume that the shear strength of
tungsten ﬁber is 3/3 of the tensile strength (2.35 GPa), i.e., shear
strength is about 1.36 GPa. This strength is higher than the Vit1
BMG (1.10 GPa). Tungsten ﬁber will serve as the reinforcing phase
for the composite. Then, with the increasing ﬁber volume fraction,
shear strength of the composite increases.
The ratio a ¼ t0/s0, i.e., fracture mode factor, reﬂects the
competition between shear deformation and normal fracture. a
increases with the increasing ﬁber volume fraction. a ¼ 0.75 is the
critical value for shear-tensile fracture transition. For a < 0.75, the
shear strength is small while the tensile strength is large. In this
case, the composite is much easy to behave in shear deformation
and the tensile stress acting on the fracture surface only plays a
weak role. Furthermore, a < 0.75 corresponding to Vf < 49%, as can
be seen from Fig. 12(b). For composite with low ﬁber volume
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