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bstract

The ductile to brittle transition behaviors of Cu46Zr47Al7 metallic glass and its composite with different microstructures were systematically
valuated by Vickers hardness and small punch test, on the base of the uniaxial compression properties reported before. It was found that the
etallic glass composite containing different volume fraction of primary crystallization phases displayed a transition from ductility to brittleness,
hich can be well revealed by both the Vickers hardness and the small punch tests. For example, the number of shear bands appearing around the

ndentation of Vickers hardness trends to decrease with the increase in the volume fraction of primary crystallization phases in the metallic glass

omposites. After small punch tests, the shear deformation and failure behaviors were also found to display obvious ductile to brittle transition.
nd even the small punch test can distinguish the difference in their intrinsic shear deformation ability more delicately. Based on the experimental

esults above, the ductile to brittle transition in the metallic glass composite was discussed.
2007 Elsevier B.V. All rights reserved.

p
a
s
c
f
c
s
i
t
[
o
f
m

w
s

eywords: Metallic glass; Shear bands; Ductility; Brittleness; Small punch test

. Introduction

Bulk metallic glasses (BMGs) have been found in many
lloy systems, which has attracted tremendous attention since
heir first emergence about 40 years ago [1–5]. At the same
ime, they also offer unique potential as structural materials for
igh strength, high hardness, good wear and corrosion resistance
6,7]. Unfortunately, these properties cannot be fully exploited
n monolithic amorphous metals due to the lack of plasticity in
nconfined loading geometries. In order to improve the plastic-
ty, many investigations have been carried out by introducing a
einforcing phase into the BMG matrix, which introduces a new
ind of material, the BMG matrix composite [8,9]. Recently,
t is interesting to find that the Zr–Cu–Al ternary alloys have
better combination of high strength, good ductility and lower
roduction cost, compared with the other BMG alloys [10–12]. It

as reported that Cu47.5Zr47.5Al5 BMG exhibited sound “work
ardening” and large plastic strain of 18% together with a
igh-compressive strength of up to 2265 MPa [13]. Besides,
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lasticity-improved Zr–Cu–Al BMG matrix composites were
lso fabricated with many martensite phases [14]. However, the
mall size, seldom larger than 4 mm in diameter, limits its appli-
ation as structural materials. To reveal the deformation and
racture mechanism of metallic glasses and their composites, the
onventional experimental tests, for example uniaxial compres-
ion, tension, bending and so on, were always employed [5,15]. It
s widely observed that metallic glasses often exhibit brittle frac-
ure under tension, and different plasticity under compression
5,12–17]. This gives rise to an interesting question: whether
ne can find some novel testing method to further reveal the dif-
erence in the deformation and fracture mechanisms of different
etallic glasses and their composites?
In this paper, a Cu46Zr47Al7 alloy was cast into wedge shape

ith thickness up to 9 mm. The different thickness of the bulk
amples led to varying cooling rates upon solidification, and
urthermore resulted in different microstructures and volume
raction of primary crystallization phases. Therefore, it is con-
enient to compare the transition in the mechanical properties

nd the corresponding deformation and fracture mechanism.
or better understanding such transition, besides the conven-

ional Vickers hardness tests, we employed a new test method,
.e., small punch test, to further reveal the difference in the

mailto:zhfzhang@imr.ac.cn
dx.doi.org/10.1016/j.msea.2007.10.036
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eformation and fracture mechanism of the metallic glass com-
osites, and the results were also compared with that of Vickers
ardness and reported uniaxial compressive test.

. Experimental procedure

In the present work, the alloy ingot, with a nominal com-
osition of Cu46Zr47Al7 (at.%), was prepared by arc melting
ixture of ultrasonically cleansed Zr (crystal bar, 99.9 at.%), Cu

99.99 at.%) and Al (99.99 at.%) pieces in a Ti-gettered high-
urity argon atmosphere. Besides, the electromagnetic stirring
unction was introduced to the equipment in order to make the
lements more homogeneous [16]. Each ingot was re-melted at
east four times, and then was cast into a wedge-shaped plate
ith a dimension of 90 mm × 30 mm × T mm (T is from 2 to 9)
y copper mold casting method. Four groups of samples were
ut from the center of cross-section at four different positions
ith the thicknesses of 2, 4, 6 and 8 mm, defined as samples
–D, respectively (Fig. 1). The Vickers hardness tests with the

oad of 200 g for 10 s were carried out with MVK-H3 tester on
he metallic glass sample surface after carefully polished, and
hen the results were averaged as the Vickers hardness. Besides,

he small punch test was carried out by the small device, as
llustrated in Fig. 2. This test requires the specimen in a small
isk with a diameter larger than 3 mm and a thickness of 0.1 mm,
hich is clamped over a circular guide hole with 1 mm in diame-

ig. 1. Optical photo about the wedge-shaped plate of the as-cast Cu46Zr47Al7
lloy designated samples A–D.

Fig. 2. Sketch of experimental setup for the small punch test.
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er between the two rigid dies. The specimen was then subjected
o a lateral indenter driven at a constant load by the compression
ar through the guide hole. The tip of the compression bar is
pherical bead, made from hard carbide with 0.5 mm in diam-
ter, which contacts with the sample straightly. Finally, all the
eformation and fracture morphologies were observed by using
Quanta-600 scanning electron microscopy (SEM).

. Results and discussion

.1. Microstructures and mechanical properties

We have reported the microstructures change with the
ncrease in the thickness or the cooling rate [18]. The X-ray
iffraction (XRD) shows that the microstructure of sample A
s fully amorphous glass. However, for samples B and C, the
isible crystalline diffraction peaks were detected as CuZr and
u10Zr7, only with the different intensity. For sample D, besides

he left CuZr phase, another new diffraction peak was detected
s Zr2Cu. Besides, based on the DSC data, the volume fractions
f the crystallization phases were estimated according to the
ethod reported by Bian et al. [19]:

crys(%) = �Hmax − �H

�Hmax
(1)

here �Hmax is the total enthalpy of transformation from the
ully amorphous alloy to the completely crystallized alloy and
H is the enthalpy of the tested samples. Consequentially, the

olume fractions of primary crystallization phases are about
%, 29%, 95% and 100%, for samples A–D, respectively. In
ddition, we have also reported the compressive engineering
tress–strain curves of samples A–D [18]. For sample A, its
racture strength, σf and plastic strain, εp are about 2.06 GPa and
4.5%. For sample B, its fracture strength and plastic strain, εp
re about 1.92 GPa and 4.4%. For samples C and D, they only dis-
layed elastic deformation and then catastrophically failed with
zero plastic strain with fracture strength of about 1.07 GPa and
.03 GPa. Visibly, the compressive properties become deterio-
ating gradually with the increase in volume fracture of primary
rystallization phases, although the fully amorphous alloy can
isplay quite high strength and good plastic deformation ability.

In this work, the values of Vickers hardness, HV were mea-
ured, and are equal to 5.8, 5.7, 5.4 and 3.9 GPa, respectively
or samples A, B, C, and D, with a decreasing order too. All the
echanical properties are listed in Table 1. Clearly, the mechan-

cal properties are sensitive to the microstructures and change of
rystallization phases. Thus one can compare the relationships
f thickness versus strength, plastic strain, and Vickers hardness,
s plotted in Fig. 3. Visibly, the strength, plasticity and hardness
ecrease with the increase in thickness, due to the change in
olume fracture of primary crystallization phases. For sample
, the calculated volume fraction of the primary crystallization
hases is about 29%, however, its hardness and strength only

ecrease very slightly compared with those of sample A. This
ndicates that even though the Zr–Cu–Al metallic glass com-
osite contains some primary crystallization phases, it can still
xhibit high hardness and strength, due to the main effect of
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Table 1
Summary of microstructures and mechanical properties of Cu46Zr47Al7 alloys designated as samples A–D [18]

Sample T (mm) Hv (GPa) σf (GPa) εp (%) Vcrys (%) Structure

A 2.3 5.8 1.99 14.5 0 Fully glass
B 4.2 5.7 1.92
C 6.4 5.4 1.07
D 8.3 3.9 1.03
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ig. 3. Curves about the change of uniaxial compressive strength, Vickers
ardness and plastic strain with the thickness of as-cast Cu46Zr47Al7 alloys
esignated samples A–D.

etallic glass matrix. But its plastic strain decreases largely,
bout by 70%, in comparison with the fully amorphous alloy,
mplying the plasticity is the most sensitive to the microstruc-
ure. For sample C, the hardness still remains relatively high,
bout 5.4 GPa, slightly smaller than that of sample A or B. But
he strength decreases sharply, down to about 1 GPa. This indi-
ates the strength is more sensitive to the microstructure than
he hardness. And for the sample D, all mechanical properties
ecline to the lowest level, controlled by the primary crystalliza-
ion phases. Besides, in order to further elucidate the relationship

etween the hardness and strength, the histogram about HV/σb
f samples A–D was plotted, as shown in Fig. 4. Apparently,
or samples A and B, the values of HV/σb are equal to 2.82 and
.97, which agree well with the empirical formula HV/σb ≈ 3

ig. 4. Relationships between the ratio of Vickers hardness and uniaxial com-
ressive strength (Hv/σb) and the constant 3 of the as-cast Cu46Zr47Al7 alloys
esignated samples A–D.
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4.4 29 Glass + CuZr + Cu10Zr
– 95 Glass + CuZr + Cu10Zr7

– 100 CuZr + Zr2Cu

20]. But for sample C, the hardness is still very high due to
he effect of metallic glass phases, and its strength becomes
ery low, due to the effect of the abundant emergence of inter-
etallics and the residual stress, which causes that the value

f HV/σb is obviously higher than 3. And for sample D, the
ompletely primary crystallization phases lead to the decrease
n the hardness. Thus the value of HV/σb is still quite close to 3.
o sum up, for metallic glass composites, the hardness always
emains very high due to the effect of metallic glassy matrix, no
atter how many volume fractions exist. Whereas the strength

s affected by primary crystallization phases, only when their
olume fraction is up to large enough and even the plastic strain
s very sensitive to the primary crystallization phases, no matter
ow many volume fractions are. That is, the sensitivity of plas-
icity, strength and hardness to the microstructure declines one
y one. And the empirical formula HV/σb ≈ 3 is very suitable to
he fully metallic glass alloy, but it is not well applicable for the
MG composite, especially for the BMG composite with high
olume fraction of primary crystallization phases.

.2. Indentation morphologies of Vickers hardness

Fig. 5 shows the variation of indentation morphologies
f samples A–D, respectively. For samples A, B and C
Fig. 5(a)–(c)], the pile-ups can be clearly observed around all
he indentations, forming some semi-circular shear bands that
eem to emanate from the edge of indentation and propagate
n a wavy mode, the same with the report [21]. The size of the
ile-ups (i.e., distance from the edge of the indenter imprint to
he most outer shear band), δ, is about 4.2 �m. That seems to be
nvariable for the three samples, implying that the metallic glassy

atrix controls their deformation behavior, corresponding to the
imilar value of hardness. However, around the indentation of
ample D, there is no any trace of shear bands [Fig. 5(d)]. Com-
aring the four micrographs, another interesting feature is that
here are some pleats inside the indentations of samples C and D
Fig. 5(c) and (d)], which might be associated with the local frag-
entation and discontinuous deformation process of the brittle

rimary crystallization phases. However, inside the indentations
f samples A and B, the surfaces are very smooth, indicating
ood and continuous plastic deformation process.

.3. Deformation and fracture behaviors under small
unch tests
The macroscale deformation and fracture morphologies of
he samples A–D, subjected to small punch test under the same
xperiment conditions with the load of 4 kg, are shown in Fig. 6.
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ig. 5. SEM micrographs showing the surfaces of the as-cast Cu46Zr47Al7 alloy
and (d) sample D.

pparently, for sample A, due to the isotropic nature of amor-
hous phase, many radiating shear bands eradiate from the center
f the spherical indentation with a proportional spacing, syn-
hronously accompanying with a few secondary shear bands
Fig. 6(a)]. And the total number of the primary shear bands
nd secondary shear bands is about 32 and 14, indicating that
he initial deformation behavior is controlled by the primary
hear bands. For sample B, the number of the primary shear
ands is about 34, very near to that of sample A. But, the num-
er of secondary shear bands is up to about 66, far more than
hat of sample A. That indicates that under the same experi-

ental conditions, they show the different plastic deformation
bility. Therefore, when applying more loads of 6, 8 and 10 kg
o sample A, it can be clearly seen that the sample A can dis-
lay quite good plastic deformation ability with the highly dense
hear bands [Fig. 7(a)–(d)]. In particular, at some local region,
he glass flake has been bended to a large degree without frac-
ure, as shown in Fig. 7(c). For better understanding of the shear
eformation process, Fig. 8 demonstrates the dependence of the
umber of shear bands on the applied load. It is interesting to find
hat both curves climb up very sharply. However, with further
ncrease in the load, the two curves become flat. That illuminates
hat the number of primary and secondary shear bands rises very

lowly, indicating that the two kinds of shear bands have reached
o be saturated and then the material will trend to fail when the
oad is high enough. Meanwhile, it is found that the number of
he secondary shear bands is higher than that of primary shear

[
s
[
s

a mark of indent under a load of 200 g. (a) Sample A, (b) sample B, (c) sample

ands when the applied load is higher than 6 kg, indicating that
he secondary shear bands play more important role in the plas-
ic deformation. Under the load of 8 kg, there are also many arc
hear bands around the center of spherical indentation, and even
ome of them circle crookedly into a round [Fig. 7(b)]. At last,
nder the load of 10 kg, the sample A still failed with partial con-
lutination, implying sound ductility [Fig. 7(c)]. In addition, it is
oted that there are obvious sidesteps whatever along the radial
nd circumferential directions around the center, indicating a
arge plastic deformation ability with the formation of multiple
hear bands, and the grid pattern was formed on the surface, due
o the interaction of the radial and circumferential shear bands
Fig. 7(d)], similar to the report [22].

However, after the small punch test under the load of 4 kg,
amples C and D were punched into a hole suddenly in the cen-
er of spherical indentation [Fig. 6(c) and (d)], and a small part
as broken off from the center of sample D [Fig. 6(d)]. Besides,

or sample C, it can be seen that there are still some local shear
ands at the tip of cracks in the amplified photos [Fig. 9(a) and
b)]. Those visible shear bands are short and sporadic and are
asically parallel to the crack [Fig. 9(b)]. This indicates that
ocal shear deformation can still occur, although sample C has

relatively low strength and zero compressive plastic strain

18]. However, for sample D, it is visible that there is no any
hear band, no matter at the tip of local crack or along the crack
Fig. 9(c) and (d)]. In contrast with the sample C, the sample D
hows a more brittle fracture feature. Sum up, the small punch



148 J.T. Fan et al. / Materials Science and Engineering A 487 (2008) 144–151

Fig. 6. SEM micrographs showing the surfaces of the as-cast Cu46Zr47Al7 alloys with a mark of small punch test under a load of 4 kg and 0.5 mm diameter of the
spherical indenter. (a) Sample A, (b) sample B, (c) sample C and (d) sample D.

Fig. 7. SEM micrographs showing the surfaces of sample A, with a mark of small punch test under different load: (a) 6 kg, (b) 8 kg, (c) 10 kg and (d) 10 kg.
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ig. 8. The changes of the number of shear bands with the load under the punch
est of sample A.

est can more elaborately characterize the formation and evo-
ution of shear bands and also more effectively distinguish the
ntrinsic shear deformation ability for the brittle metallic glass
omposites.

.4. Ductile to brittle transition
As is well known, for the brittle materials, the compressive
ailure is always controlled either by the Tresca criterion or by
he Mohr–Coulomb criterion [23–26]. And for the compressive

[

s
s

ig. 9. SEM micrographs showing the fractured surfaces of samples C and D under
iameter: (a) and (b) sample C; (c) and (d) sample D.
ngineering A 487 (2008) 144–151 149

ailure of the Zr-based BMG composite, due to the effect of
he normal stress, the Mohr–Coulomb criterion should be more
uitable to describe the critical compression failure condition,
.e.

n = τ0 + μσn (2)

here τn is the critical shear fracture stress, τ0 the intrinsic shear
trength and μ is the material constant. This expression can be
llustrated in Fig. 10. When the ductile metallic glass composite
ails in a shear mode [27], the critical fracture line corresponds
o the line SE in Fig. 10(a). And when some brittle metallic
lass composites or ceramics fail in a splitting or fragmentation
ode [28,29], the critical fracture line corresponds to the line
E in Fig. 10(a). In this case, it was proposed that there is a

ritical distensile fracture stress, σD, leading to the distensile
r splitting fracture of the materials, illustrated by the line DE
n Fig. 10(a), which strongly depends on the intrinsic cleav-
ge stress, σ0. Generally, when the intrinsic cleavage stress, σ0,
ecreases, the distensile fracture stress, σD, will decrease too
nd the distensile fracture line DE will move towards to the neg-
tive direction of the stress axis, just as the fracture behaviors
f Al2O3/Nb/Al2O3 composites [28] and Ti-based composites

29].

According to the Mohr–Coulomb criterion and the compres-
ive stress Mohr circle, when the critical distensile fracture
tress, σD, is higher than the critical shear fracture stress, σF

C,

the small punch test with a load of 4 kg and the spherical indenter in 0.5 mm



150 J.T. Fan et al. / Materials Science and E

F
t

i
f
m
s
s
t
m
t
a
d
p

α

w
c

a
c
i
q
s

t
s
a
r
m

t
o
c
m
d
i
m
p
l
α

t
fi
s

o
s
g
n
(
d
t
d
f
t
t
b
m

s
s
h
i
b
p
t
t
b
i
s
t
b
i
e
a
c

4

ig. 10. Illustration of (a) critical compressive fracture condition of shear frac-
ure mode and (b) the condition of distensile fracture mode.

.e., σD > σF
C, the stress Mohr circle will first touch the shear

racture line SE. In this case, the material will fail in a shear
ode [Fig. 10(a)]. On the contrary, when the critical disten-

ile fracture stress, σD, is smaller than the critical shear fracture
tress, σF

C, i.e., σD < σF
C, the stress Mohr circle will first touch

he distensile fracture line DE [Fig. 10(b)]. Therefore, the speci-
en will fail in a distensile mode, displaying a local crack rather

han macroscopic shear crack [28,29]. The final failure mode of
BMG composite is always a competitive process among shear,
istensile and split fracture [29]. In essence, the competitive
rocess should depend on the ratio:

= τ0

σ0
(3)

here τ0 is the intrinsic shear strength and σ0 is the intrinsic
leavage strength [30].

For the currently studied BMG composites, sample A has
n extremely high-compressive fracture strength, which should

orrespond to high-intrinsic shear strength, τ0 [18,30]. Also,
t is deduced that the intrinsic cleavage strength, σ0, must be
uite high, which leads to a low ratio, α = τ0/σ0, so the dense
hear bands are easily formed [Fig. 7(c) and (d)]. Therefore,

1

ngineering A 487 (2008) 144–151

he sample A only failed in a shear mode with a high-plastic
train. In a word, for sample A, its intrinsic shear strength, τ0,
nd intrinsic cleavage strength, σ0, must match well with a low
atio, α = τ0/σ0 [30], so that it often deforms and fails in a shear
ode, together with high strength and good plasticity.
On the other hand, for the BMGs composites, since the mul-

ifarious fracture mechanisms can be attributed to the effect
f primary crystallization phases, the physical meaning of the
onstant, α = τ0/σ0, must reflect the intrinsic character of the
icrostructure. Whether the distensile fracture occurs or not

epends on the ratio, α = τ0/σ0, responding to the results of the
nteractions between the primary crystallization phases and the

atrix of the composites [10,12,31–33]. Therefore, for sam-
le B, the activation of fewer shear bands [Fig. 6(b)] and the
ow plasticity (Table 1) manifest the slight increase in the ratio,
= τ0/σ0. So the distensile fracture line DE might move towards

he negative axis to some extent, but the stress Mohr circle still
rst touches shear fracture line SE, and the sample failed in a
hear mode with high-fracture strength.

In addition, for samples C and D, due to the intensive effect
f many primary crystallization phases, their intrinsic cleavage
trength, σ0, decreases sharply. Thus, the ratio, α = τ0/σ0 should
reatly increase, compared with samples A and B, deducing from
early no macroscopic shear bands on the surface [Fig. 6(c) and
d)]. Besides, due to the low-intrinsic cleavage strength, σ0, the
istensile fracture line DE will move largely towards the nega-
ive stress axis. So that the stress Mohr circle first touches the
istensile fracture line DE, and they failed in a distensile or split
racture mode, indicating by the cracks [Fig. 6(c) and (d)]. Since
he ratio, α = τ0/σ0, increases, it is hard for the samples C and D
o deform in a shear mode and form multiple interacting shear
ands. On the contrary, they had to fail in a cleavage fracture
ode with zero plasticity and low-fracture strength.
Finally, for sample C, it is worthy noting that there is no any

hear band activated under compressive loading [18], however,
ome short shear bands were still activated under the Vickers
ardness [Fig. 5(c)] and small punch test [Fig. 9(a) and (b)],
ndicating that the actual failure mode and the activation of shear
ands depend on the loading mode to some extent. But for sam-
le D, no shear band was triggered, no matter whether subjected
o Vickers indentation or small punch test. This indicates that
here is still some difference in the shear deformation ability
etween samples C and D, although they displayed quite sim-
lar properties under conventional compression test [18]. The
mall punch tests give a clear evidence about the local activa-
ion of shear bands in sample C [Fig. 9(a) and (b)], and no shear
and appearance in sample D [Fig. 9(c) and (d)]. Furthermore,
t is suggested that the small punch test can be regarded as an
ffective method to distinguish the shear deformation ability
nd ductile to brittle transition in different brittle metallic glass
omposites.

. Conclusions
. For Cu46Zr47Al7 (at.%) alloy, it is found that the mechani-
cal properties are very sensitive to the microstructures with
different volume fraction of primary crystallization phases,
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with a ductile to brittle transition behavior. Furthermore, the
Vickers hardness will decline notably, only when the metal-
lic glass matrix disappears completely; however, the strength
will decline when the volume fraction of primary crystalliza-
tion phases is high enough (about >30%); the plasticity will
decline, once the primary crystallization phases precipitate.

. Except for the conventional Vickers hardness test, the small
punch test can be introduced as a new experimental method to
trigger successfully the formation and propagation of shear
bands in different metallic glass composites. For the fully
amorphous sample and the sample with few primary crys-
tallization phases, the dense multiple shear bands can be
activated even to form a grid pattern after small punch tests.
And even, for those brittle metallic glass composites, the
small punch test can also successfully distinguish the differ-
ence in their intrinsic shear deformation ability.
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