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a b s t r a c t

Microstructures and mechanical properties of Co-based metallic glass with nominal composition of
Co43Fe20Ta5.5B31.5 (at.%) cast at the different cooling rates were investigated. When cooling rate is low
enough, some dendritic crystalline phases were in situ precipitated from the glass matrix, forming the
Co-based metallic glass composite with dendrites. Macroscopically, the fully amorphous samples often
split apart or were broken into some particles, displaying a fragmentation failure mode. The size of
particles became larger with the decrease in cooling rate. But, strength reduces slightly. Besides, the
composites with dendrites show a small compressive plasticity, plus local melting behaviors with vein-
like structure on the fracture surfaces. Furthermore, the effects of cooling rate on microstructures,
deformation and fracture behaviors were discussed systemically. It is proposed that the fragmentation
mechanism can be attributed to the inherent brittle character and high stress concentrations around the
free volume. And the local melting behavior is due to the more receiving elastic energy and local
shearing.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid scientific and technological progresses constantly
require the development of the novel materials with unique
physical, chemical and mechanical properties. Therefore, many
scholars have been devoting to the finding of new alloy with high
performance for the need of times. With the birth of metallic glass
as a novel class of metallic alloy in 1960, the history of materials
science opened a new chapter [1]. Especially, the development of
bulk metallic glass (BMG) alloy has attracted tremendous industrial
attention and scientific interest, due to the high strength [2,3],
which offers a great potential for structural application. At the same
time, they also offer a new opportunity to reveal scientifically the
fundamental deformation and fracture mechanisms of materials
with super-high strength [4–10]. Especially, the strength reached
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the historical zenith about 5300 MPa under compression test for
the amorphous Co–Fe–Ta–B alloy. However, it always displays
a zero-plasticity fracture with a fragmentation failure mode [11].
Generally, the apparent macroscopic brittleness severely impedes
further development of Co-based BMG materials, even though the
strength is the highest among the BMG family. Therefore, it is
significantly important to study its deformation and fracture
behaviors, in order to explore the methods to improve the
plasticity.

It is well known that at high stress and low temperature far
below the glass transition point, BMGs usually exhibit inhomoge-
neous deformation, which is highly localized into the narrow shear
bands, followed by the rapid propagation of shear bands across the
sample, and subsequently premature catastrophic fracture [3,12].
These characters bring out an urgent question: why do the BMGs
always display poor plasticity and how to improve it [13–15].
Recently, it is found that the mechanical properties of some Zr-
based BMGs with the same composition are relatively sensitive to
the cooling rate [16]. Besides, Huang et al. [17] have found
a dramatic effect of sample size on the plastic deformation capa-
bility of a Ti-based BMG, suggesting a tendency, i.e., ‘‘smaller is
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Fig. 1. XRD diffraction patterns taken from the cross-section surfaces of samples A, B
and C with different cooling rates.
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softer’’. And Hays et al. [14] reported the enhanced plastic strain,
impact resistance and toughness of Zr-based BMGs with the ductile
dendrites, prepared by controlling cooling rate. Thus, whether Co-
based BMGs can also exhibit the improved mechanical properties,
correlative to the cooling rate or not?

In this work, we successfully cast the Co43Fe20Ta5.5B31.5 alloy
under the different cooling rates until the precipitation of dendritic
crystalline phases. They all display brittle fragmentation fracture.
But the fragmentation coefficient, Fn, [11] is much different,
exhibiting a decreasing tendency with the decrease in cooling rate.
When the sample was cast at the enough low cooling rate, Co-based
BMGs composite could be formed with the in situ precipitated
dendritic crystalline phases, which displayed a small plasticity of
about 0.3% under the uniaxial compressive load.

2. Experiments

Multi-component Co-based alloy ingots with a nominal
composition of Co43Fe20Ta5.5B31.5 (at.%) were prepared by arc
melting the mixtures of ultrasonically cleansed Co, Fe, Ta metals
with the purity of 99.99% or better and pure crystalline B
(99.5 mass%) in a Ti-gettered highly pure argon atmosphere. Alloy
ingots in a rod form with 2 mm in diameter were prepared by an
ejection copper mold casting method. Each ingot was re-melted at
least four times, in order to ensure the chemical homogeneity. At
the same time, the time of arc melting was controlled into 3, 6 and
9 min, which led to the different initial temperatures of melting
liquid and further contributed to the different cooling rates. Thus,
three groups of samples were cast and designated as samples A, B,
and C in terms of the cooling rate from high to low.

And then, all the samples were machined and polished into
cylindrical bars with the same dimension of f2� 4 mm for
compressive test. In addition, one typical sample from each group
was etched with hydrofluoric acid so as to expose the microstruc-
ture, and then examined by Quanta 600 scanning electron micro-
scope (SEM). Meanwhile, all the as-cast samples were analyzed by
X-ray diffraction (XRD) using a Rigaku diffractometer with Cu-Ka

radiation as a source. The glass transition temperature and crys-
tallization temperature were determined by Perkin–Elmer differ-
ential scanning calorimeter (DSC-7) under the flowing purified
argon gas at a heating rate of 1 K/s. At last, the compressive tests
were performed on a computed-controlled, servo-hydraulic Ins-
tron-8810 testing machine at a strain rate of 1�10�4 s�1 at room
temperature. For each group, three specimens or more were tested,
and the averaged data were used. The deformation and fracture
morphologies were observed by using Quanta-600 SEM.

3. Experimental results

3.1. Microstructures and thermal analyses

Fig. 1 shows the corresponding XRD patterns recorded from the
cross-section of the as-cast alloy of samples A, B, and C. The
patterns of samples A and B consist of only a series of broad
diffraction maxima without any detectable sharp Bragg peaks. This
indicates that the microstructure is fully amorphous glass. Mean-
while, the observations from the etched side surfaces of samples A
and B give no hint for any visible crystallization phase [Fig. 2(a)].
Therefore, it can be concluded that samples A and B should have
a fully amorphous structure, which is consistent with the previous
results [9].

However, with decrease in cooling rate during solidification,
some crystalline phases began to precipitate from the glassy
matrix. It can be seen that the XRD pattern of sample C is composed
of a broad diffusion background and a set of several sharp
crystalline peaks, corresponding to a mixture of the glassy matrix
and the precipitated crystalline phase, as shown in Fig. 1. The pre-
cipited phase was identified as a complex face-centered cubic
(Co,Fe)21Ta2B6 phase, similar to the previous report [18]. Besides, no
other crystalline phases can be detected within the sensitivity limit
of the XRD. Fig. 2(b) shows the SEM backscattered micrograph of
the as-cast alloys on the etched cross-sectional surface. It is inter-
esting to find that the bright phases, corresponding to the
dendrites, disperse in the glassy matrix homogeneously. The
dendritic structure is the character with primary dendrite axes with
a length range of 10–20 mm. Besides, a regular pattern of secondary
dendrite arms is several micron and even nanoscale space of 50–
5000 nm. There is no any trace of the thick reaction layer at the
interface between precipitated crystalline phase and glassy matrix.
And neither pores nor voids appear over the whole cross-section of
the samples. So, it is apparent that sample C should be the glassy
composite with some in situ precipitated dendritic crystalline
phases.

Fig. 3 displays the DSC profiles of samples A, B and C. All the
samples exhibit one endothermic event, characteristics of the glass
transition to a supercooled liquid state, followed by a distinct glass
transition and undercooled liquid region, and then a very weak
second exothermic reaction associated with crystallization of the
supercooled liquid. However, the glass transition temperature, Tg,
the first crystallization temperature, Tx1 and the extent of under-
cooled liquid region, DTx (defined by (Tx� Tg)), are slightly
different. For sample A, they are 905 K, 976 K and 71 K, very similar
to the previous report [9]. For sample B, they are 917 K, 977 K and
60 K. And for sample C they are 929 K, 984 K and 55 K, respectively.
Besides, the weak second crystallization temperature, Tx2, was
1175, 1179, and 1176 K, respectively for samples A, B and C. All the
data are listed in Table 1. Besides, the change in enthalpy, DH0, is
clearly different from the DSC pattern (inset in Fig. 3). The value,
DH0, associating with the exothermic peak, was calculated by
integrating the heat flow near the glass transition range (600–
920 K). The results are 4.2, 3.9 and 2.4 J/g for samples A, B, and C
respectively, as listed in Table 1. Furthermore, the sum of the
crystallization enthalpy

P
DH is equal to the sum of the exothermic

heats for the first and the second crystallizations, that is,

X
DH ¼ DH1 þ DH2 (1)

By calculating the exothermic heats of the first and second crys-
tallizations, i.e., DH1 and DH2, it is also found that the sum of the



Fig. 2. SEM backscattered electron micrograph of the etched surface: (a) the typical featureless image of samples A and B; (b) the in situ precipitated dendritic crystalline phases.

J.T. Fan et al. / Intermetallics 17 (2009) 445–452 447
crystallization enthalpy,
P

DH, decreases from 44.7 to 43.3 J/g for
the samples A and B with the fully amorphous structure. For the
composite sample C, the value

P
DH declines down to 38.4 J/g. The

above results indicate that the samples A, B, and C should have
a different microstructures in detail. On the other hand, based on
the DSC data during crystallization, for sample C, it is possible to
calculate the volume fraction of the in situ precipitated crystalline
phases from the difference in enthalpy. So, the volume fraction of
crystalline phases was calculated to be about 12%, using the method
reported in Ref. [19].

To sum up, for the current Co43Fe20Ta5.5B31.5 alloy, the variation
in cooling rate led to the change in the microstructure, and even
contributed to the precipitation of the dendritic crystalline phases,
as represented by the difference in the XRD pattern and the
exothermic reactions during DSC.
3.2. Mechanical properties

Fig. 4 presents the compressive stress–strain curves tested at
room temperature for the current glassy alloy with the different
cooling rates. The compressive properties of samples A, B and C,
including Young’s modulus, yield strength, fracture strength, elastic
strain, and plastic strain, are listed in Table 2. For samples A and B,
the stress–strain relation is linear up to the elastic strain of about
Fig. 3. DSC traces of samples A, B and C, at a heating rate of 1 K/s, and the inset clearly
shows the different in the enthalpy, DH0.
2.4%, but no distinct plastic deformation was observed. The Young’s
modulus, E, is very high, about 214 and 194 GPa for samples A and
B. At the same time, the fracture strength of sample B, about
4700 MPa, is slightly lower than that (w5100 MPa) of sample A,
which should be relative to the difference in their microstructures.

Furthermore, for sample C, its stress–strain relation is linear up
to an elastic strain of about 2.6%, followed by yielding and then
a slight plastic deformation, about 0.3%. This implies that the
plasticity is significantly different from that of samples A and B.
Besides, its yield strength is approximately equal to its fracture
strength, about 4400 GPa. Evidently, the strength of sample C is
lower than that of samples A and B. Meanwhile, the Young’s
modulus, E is about 175 GPa, also smaller than that of samples A
and B. Those results illuminate that low cooling rate might vary the
microstructure of metallic glass alloys, and improves the plasticity
via in situ precipitating dendritic crystalline phases.

To sum up, with the decrease in cooling rate, the plasticity prior
to failure is improved, but the Young’s modulus, E and strength
decrease, suggesting a soft trend. This indicates that cooling rate
plays a crucial role in the ability of resisting deformation and the
plasticity of metallic glass materials.

3.3. Fracture morphologies

Fig. 5 shows the SEM images of the fractured particles with
different sizes after subjected to the uniaxial compressive test.
During compressive test, all the samples emitted a shrill sound like
bomb blasting without any premonition. If the compressive
experiment process was recorded by a camera, there is no any
visible light emission during fracture, not similar to the compres-
sive fracture moment of Zr-based BMGs [20]. At last, all the samples
broke into many fine particles or even powders, exhibiting a frag-
mentation failure mode [11], as depicted in Fig. 5(a) and (c).
However, it is interesting to find that the size of the particles is
significantly different. That is about 100–400 mm (sample A), 400–
1000 mm (sample B), and 1–2 mm or larger (sample C), suggesting
an increasing tendency with the decrease in cooling rate. This
Table 1
Thermal properties of samples A, B and C, measured from the DSC curves. DH0

denotes the structural relaxation exothermic heat; DH1 and DH2 are the exothermic
heats of the first and second crystallizations, respectively.

Sample DH0 (J/g) DH1 (J/g) DH2 (J/g)
P

DH (J/g)

A �4.2 �41.4 �3.3 �44.7
B �3.9 �40.2 �3.1 �43.3
C �2.4 �35.9 �2.5 �38.4



Fig. 4. Engineering stress–strain curves of samples A, B and C, subjected to the uniaxial
compressive test at a constant strain rate of 1�10�4 s�1.
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indicates that the fragmentation degree is different. Besides the
local cracks, a visible shear band was found on the outer surface of
sample C. This indicates that shear deformation did occur, corre-
sponding to the plasticity of 0.3%, although the sample displayed
a brittle fracture during the compressive test (Fig. 4).

Fig. 6(a) shows the typical fracture micrographs of sample A
after compressive test. It seems to be a clear core at the edge of each
fracture surface, where the crack initiated. Then the crack propa-
gated along uniform direction with a radial pattern, due to the
intrinsic isotropic structure of metallic glass. Recently, it is found
that one of the typical cleavage fracture features in brittle materials
is dynamic instability induced by rapid crack propagation [21–24]
with the ultimate velocity less than the Rayleigh wave velocity vR

[3,21,23]. Meanwhile, there is a visible smooth flat plane in the
initial fracture region, like a mirror, with a large width about
170 mm, implying the free propagation of crack without any
impediment. And then, the fracture surface becomes rougher with
the micro-branching or bifurcation, corresponding to the so-called
mist or hackle morphology. It implies that the dynamic crack
velocity begins to exceed the critical velocity, vC [25]. Fig. 6(b)
shows plentiful cracks observed on the fracture surface. These
cracks intersected with each other, and divided the surface into
many parts, which formed many small fractured particles. In short,
no vein-like patterns were observed on the fracture surfaces.
Numerous cracks nucleated almost instantaneously at each fracture
site, and then rapidly radiated with the dynamic instability just
prior to the final fragmentation.

Fig. 7(a) shows the typical fracture morphology of sample B. The
core, corresponding to the place of crack initiating, seems to be not
clear. And then the crack propagated only along uniform direction
with a slight radial pattern. Besides the visible ridges are perpen-
dicular to the direction of the crack propagation [as indicated by
arrows in Fig. 7(a)], there are no the mirror-like fracture surfaces.
That suggests the crack propagation is along the curved face rather
than the flat plane. This indicates that the crack propagation is
disturbed with a slower speed, probably due to the intrinsic
Table 2
Compressive mechanical properties of samples A, B and C at a constant strain rate of
1�10�4 s�1.

Sample E (GPa� 5) sy (MPa� 50) sf (MPa� 50) 3e (%� 0.02) 3p (%� 0.02)

A 214 – 5100 2.4 0
B 194 – 4700 2.4 0
C 175 4400 4400 2.6 0.3
microstructure. Meanwhile, each curved face of crack propagation
seems to become smaller, about 55 mm in width, only 1/3 of that of
sample A. That illuminates the radiating range of the crack becomes
smaller, suggesting the limited crack propagation. Between the
curved faces, there are clear borderlines, along the direction of
crack propagation. Furthermore, Fig. 7(b) shows a slightly melting
liquid in a vein-like pattern observed at the corner of the ridge,
indicating that the place has experienced a high temperature rise
[26]. Meanwhile, the surface visibly becomes rough, comparing
with that of sample A. Therefore, from the fracture morphologies
above, it can be concluded that the crack propagation of sample B
becomes slower, together with a little vein-like pattern.

Finally, Fig. 8(a) and (d) shows the typical fracture morphology
of sample C. There are many straight lines, along the direction of
crack propagation with a radiating pattern from the core, where the
crack initiated [Fig. 8(a)]. That is the track of crack skimming over,
named as ‘‘flow line’’. And, a visible shear band was found on the
surface, intersecting with the flow lines at a constant angle. It is
interesting to find that the ‘‘flow lines’’ were faulted seriously with
a large distance, about 8.1 mm, indicating a high local plastic strain,
which contributes to the macroscopic plasticity. Besides, many
vein-like patterns appeared on the surface, erased by the friction
during the fracture process [Fig. 8(b)], which is similar to that of
the ductile metallic glass [23,27,28]. That implies a plastic strain at
the local region, which is in agreement with the shear bands on the
surface. Besides, some other melting liquid was erased into a flat
plane, like the outspread milk, similar to the previous report [29].
The vein-like pattern can be attributed to the local melting within
the main shear band, induced by the high elastic energy of the
instantaneous fracture [30,31]. And under the effect of friction, the
molten metallic glass easily flows and forms the vein-like pattern.
Moreover, the amplified photo clearly shows that the melting liquid
was wiped into a flat plane on the surface, and some vein-like
patterns were presented in the gap of the cracks [Fig. 8(c)]. This
implies that the melting behavior not only took place on the
surface, but also appeared in the gap of the crack, which were
resulted from the temperature rise inside the shear bands. Those
observations provide a powerful evidence for the local shear strain.
Furthermore, it is significant to find that there are some shear
bands at the tip of the main crack along the crack propagation
direction [Fig. 8(d)], suggesting a blunt behavior, similar to the
report before [32]. That indicates a sound toughness with a high
fracture toughness, KC. In short, the sample C shows a certain plastic
stain with the improved toughness, not only in the macroscopic
compressive deformation, but also in the microscopic local fracture
process.
4. Discussions

4.1. Microstructures

By comparing the results listed in Table 1, the sum of crystalli-
zation enthalpy,

P
DH decreases from 44.7 to 38.4 J/g. This trend

should be mainly associated with the structural difference. First of
all, it is certain that the microstructure is decided by cooling rate.
The sample C, in the lowest cooling rate among the three samples,
has been identified as a metallic glass composite with in situ
precipitated dendritic crystalline phases. Because the cooling rate
of sample B is between that of samples A and C, it should contain
a large degree of short-range ordering and medium-range ordering,
or even nanocrystals, although it has been identified as fully
amorphous alloy by the XRD record. Besides, Table 3 shows that the
extent of undercooled liquid region, DTx, monotonically decreases,
due to the increase in the degree of ordering for the three samples.



Fig. 5. SEM images of samples A, B and C, after compressive fracture: (a–c) fractured particles with different sizes for samples A, B and C, respectively; (d) shear band together with
some cracks on the surface of sample C.
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That furthermore offers the evidence that the sample B contains
a larger degree of ordering than that of sample A.

In addition, as proposed by Cohen and Turnbull [33], during
cooling of a glass-forming material from the liquid state or above
the glass-transition temperature Tg, some excess quenched-in free
volumes, as a structural defect, are trapped into the glassy state. The
quantity of the excess free volume is, in fact, determined by the
cooling rate. The lower cooling rate means that more atoms have
enough time to move to their local ordered equilibrium positions.
Thereby, a more ordered packing atomic structure forms during the
cooling process from melting liquid. And, in turn, the obtained
glassy sample possesses a smaller amount of free volume. As
Fig. 6. SEM images of sample A after compressive fracture, (a) speedy crac
a result, the amount of free volume per atomic volume becomes
smaller and smaller for samples A, B and C, due to the decrease in
cooling rate. However, it is impossible to make quantitative state-
ments about the amount of atomic-scale free volume in non-
crystalline systems. But numerous attempts have been made to use
DSC to characterize the change in free volume, relating closely to
structural relaxation in amorphous alloys [34,35]. In the DSC
thermogram, the exothermic reaction, seen just below the glass
transition, is the result of the annihilation of free volume and
structural relaxation. Slipenyuk and Eckert [35] noted that the
change in free volume is proportional to the heat released during
relaxation, i.e.,
k propagation with a flat fracture surface; (b) many interacting cracks.



Fig. 7. SEM fractographies of sample B, after compressive fracture, (a) slower crack propagation with a curved fracture surface; (b) a few slightly melting droplets at the corner of the
fracture ridge.
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ðDHÞfv¼ b
0
Dvf (2)
where, b
0

is a constant; (DH)fv is the change in enthalpy; and Dvf is
the change in free volume per atomic volume. Therefore, a semi-
quantitative difference in free volume for the three samples may be
obtained. Here, we assume that in this work, the value of free
volume per atomic volume for sample A is j0. The DH0, associating
with the exothermic peak, was calculated by integrating the heat
flow near the glass transition range (600–915 K). By substituting
the values of DH0 (Table 1 and inset in Fig. 3) into Eq. (3), the values
of free volume per atomic volume for samples B and C are roughly
estimated to be 0:93j0 and 0:57j0, respectively. That suggests the
sample B contains less free volume per atomic volume than that of
the sample A. And the sample C contains the least free volume per
atomic volume together with some dendritic crystalline phases,
due to the lowest cooling rate. Thus, the different microstructures
Fig. 8. SEM fractographies of sample C after compressive fracture, (a) faulted surface due to
structure in the gap of crack, and (d) shear bands at the tip of the crack, suggesting a high
must exert a strong influence on the mechanical properties of
metallic glass. For the two fully amorphous samples A and B, it is
known that the Young’s modulus, E declines from 214 GPa to
194 GPa, and the strength declines from 5100 GPa to 4700 GPa, due
to the change in the microstructure. However, for sample C, its
Young’s modulus, E and strength decline down to 175 GPa and
4400 GPa, respectively. But a plastic strain of about 0.3% happened,
due to the in situ precipitated dendritic crystalline phases.

4.2. Fragmentation fracture

It is well known that there exists two stresses, i.e., shear stress
and normal stress, on any shear plane of a metallic glass sample,
subjected to a compressive load [4,8,36], as illustrated in Fig. 9(a). If
the critical shear strength, s0, of the glassy sample is lower than the
half of the compressive strength, sC, i.e., s0 < sC=2, the shear band
the shear deformation; (b) vein-like structure together with some cracks; (c) vein-like
fracture toughness.



Table 3
Thermal data of samples A, B and C, measured from the DSC curves, denoting Tg, Tx1,
DT and Tx2.

Sample Tg (K) Tx1 (K) DT (K) Tx2 (K)

A 905 976 71 1175
B 917 977 60 1179
C 929 984 55 1176
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will initiate and propagate approximately along the maximum
shear stress plane, leading to the final shear failure. That can be
widely observed in many Zr-, Cu-, and Ni-based BMGs under
compression, displaying a sound plasticity [4,8,36–38]. On the
other hand, it is often considered that the plasticity of metallic glass
is associated with the free volume [39,40]. Therefore, the plastic
deformation behavior is commonly interpreted in terms of flow
defects, i.e., free volume [39,40]. Even a tiny change in the free
volume could induce a dramatic effect on the plastic flow behavior
of metallic glass [41,42]. Generally, the sites with a higher amount
of free volume are expected to have lower strength, and are
susceptive to the loading stress. So, these sites are considered as
preexisting weakened regions with the kinetic equilibrium [43,44].
The differences in elastic properties between these regions and the
surroundings may introduce stress concentrations during defor-
mation, favoring the initial nucleation of shear bands [45].

However, if the critical shear strength, s0, is considerably higher
than the half of the compressive strength, sC, i.e., s0 � sC=2, it will be
extremely difficult to stimulate the formation of shear band during
compression. In this case, the metallic glass with high critical shear
strength, s0, will have to fail in another mode rather than the shear
fracture [4]. Previously, we have defined a parameter, aða ¼ s0=s0Þ, as
fracture mode factor. Where s0 is the critical cleavage fracture strength
[8]. Therefore, the metallic glass in a fragmentation mode should have
a relatively high fracture mode factor, aða ¼ s0=s0Þ [8]. During
compression, according to the Hook’s law, the uniaxial compressive
stress, sC, and compressive elastic strain, 3C, will follow the relation:

sC ¼ E3C (3)

where, E is the Young’s modulus. When the metallic glass sample
produces a compressive elastic strain, 3C, there must yield a lateral
tensile elastic strain, 3T, due to Poisson’s effect. Here, the two elastic
strains, 3T and 3C satisfy the rule:

v ¼ �3T=3C (4)
Fig. 9. Illustration of the fracture processes of Co-based metallic glass under the
compressive test: (a) distribution of shear stress on the shear plane; (b) fragmentation
processes due to the lateral tensile stress and plentiful simultaneously propagating cracks.
Where v is Poisson’s ratio. With the increase in the lateral tensile
elastic strain, up to 3T, a lateral tensile stress sT will apply to the
metallic glassy sample, i.e.,

sT ¼ E3T ¼ vsC (5)

This indicates that the lateral tensile stress sT is proportional to the
compressive stress, sC. When sT is higher than the critical cleavage
strength, s0 of the metallic glass, i.e., sT> s0, multiple cleavage
fracture will inevitably occur [Fig. 9(b)], resulting in a fragmenta-
tion fracture feature [Fig. 5(a) and (c)]. From Eqs. (4–6), the
following relations can be deduced:

s0 � sT ¼ vsC (6)

And

s0 � sC=2 (7)

Therefore, from Eqs. (7) and (8), it is easy to calculate the frac-
ture mode factor as:

a ¼ s0=s0 � 1=2v (8)

Assuming that Poisson’s ratio of the metallic glass is about 1/3,
the fracture mode factor should be higher than 1.5, i.e.,
a ¼ s0=s0 � 1:5. Just because of the high fracture mode factor [8],
several kinds of metallic glasses, for example, Mg-, Co-, and Fe-
based BMGs, often fail either in a fragmentation mode or in a dis-
tensile fracture mode under compressive loading [4,11,46–48].

Since Co-based metallic glass always exhibits extremely high
shear resistance, it is always too late to induce the formation of
shear bands before catastrophic failure. And the multiple cracks
could be formed, due to the brittle character with a high fracture
mode factor, aða ¼ s0=s0Þ. Because the sites with a higher amount
of free volume are considered as preexisting weakened regions
with lower strength, the cracks might favor the initial nucleation at
these sites, due to the stress concentrations introduced by
the differences in elastic properties between these regions and the
surroundings. That should correspond to the fracture sites, i.e., the
core of crack radiation [Fig. 6(a)]. Because numerous of free
volumes distribute homogeneously inside the metallic glass, many
cracks nearly synchronously nucleate and propagate. And then they
interact with each other, leading to the final fragmentation fracture,
as illustrated in Fig. 9(b). Furthermore, for the samples A, B and C,
due to the decrease in the free volume per atomic volume caused by
the decrease in cooling rate, the number of fracture sites, i.e., the
places of crack initiating, will become less and less. So, the number
of cracks will become smaller, leading to the decrease in the frag-
mentation coefficient, Fn [11]. Besides, because the sample C
contains the least free volume, its fracture sites should be the least.
During the deformation, when the stress is up to high enough, the
plastic deformation is first to be triggered in crystalline phase. And
then, the cracks will initiate in the metallic glass matrix, due to its
low plasticity. The relative report can be found in Ref. [48]. So the
little free volume and in situ crystalline phases, caused by the
decrease in cooling rate, contribute to the plastic deformation of
sample C.
4.3. Melting induced by fracture

For the current investigated three samples, due to the intrinsic
brittleness, the sample always fails in a fragmentation mode after
the uniaxial compressive test. However, the fragmentation degree
is always different, as shown in Fig. 5(a) and (c). To describe the
fragmentation degree of the metallic glass, a concept of fragmen-
tation coefficient, Fn was proposed in the following form [11],
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Fn ¼ An=A0 (9)

where, An is the area of new surface after fracture, and A0 is the area
of original surface before fracture. Due to the same geometry of
samples A, B and C, the area of original surface, A0 is the same. But
the fractured particle sizes of samples A, B, and C increase one by
one. So the area of new surface, An decreases correspondingly,
which causes the decrease in the fragmentation coefficient, Fn,
according to the definition above. Besides, it is well known that
BMGs can store high elastic strain energy than conventional crys-
talline metallic materials during compression [30]. The elastic
energy density, dE, stored in a metallic glass sample upon failure can
be expressed as:

dE ¼
s2

f
2E

(10)

where, E is Young’s modulus, and sf is the fracture strength of the
BMG material. For the current samples A, B and C, the elastic energy
density, dE is approximately equal. After fragmentation of the three
samples, it assumes that h is the efficiency of the effective energy to
be received by the new surface from elastic energy, and g is the
receiving energy of unit new surface, transformed from the elastic
energy, causing the temperature rise. Thus, it can be expressed as:

g ¼ hdEV0

An
¼ 1

Fn

hdEV0

A0
(11)

where, V0 is the original volume of the sample. So for the sample B,
due to its smaller fragmentation coefficient, Fn, the receiving energy
of unit new surface is greater than that of sample A. Thus, when the
temperature rise, caused by the receiving energy, will be up to the
melting point of material, the melting behavior is easy to happen.
For sample C, due to the smallest fragmentation coefficient, Fn, from
Eq. (11), it is easy to understand that much melting droplet was
observed on the fracture surface. That contributes to the local
plastic strain and blocks the crack propagation, so as to result in the
formation of local shear bands. At the same time, due to the
retarding effect of the melting liquid on the crack propagation,
some shear bands were also observed at the tip of crack [Fig. 8(d)],
suggesting an increase in the plastic zone size, rp. Xi et al. [6] have
demonstrated a correlation between plastic zone size, rp, the frac-
ture toughness KC and yield strength sy as:

rp ¼
1

6p

�
KC

sy

�2

(12)

So it is easy to find that the fracture toughness, KC, is proportional toffiffiffiffiffi
rp
p

, i.e., KCf
ffiffiffiffiffi
rp
p

. This indicates a significant increase in the frac-
ture toughness, KC, due to the retarding effect of the melting liquid
on the rapid crack propagation.
5. Conclusions

Co-based metallic glass and composite with dendrites were cast
at the different cooling rates. Due to the decrease in cooling rate,
the degree of order will become higher and higher. And even some
dendritic crystalline phases were in situ precipitated from the
metallic glass matrix. Besides, due to the decrease in cooling rate,
the free volume becomes smaller, leading to the decrease in frac-
ture site. Furthermore, that results in the decease in fragmentation
coefficient, Fn after compressive fracture. Thus, the receiving energy
of unit new surface from the elastic energy, g, will enhance, which
contributes to the local melting behavior. In addition, for sample C,
the BMG composite, due to the associated contribution of the less
free volume and in situ crystalline phases, the slight plasticity
happened. And the local melting liquid made a retarding effect on
the crack propagation, leading to the enhanced plastic zone, rp and
fracture toughness, KC. Based on these findings, it is suggested that
cooling rate is a critical factor to control the microstructure and
mechanical properties of Co-based metallic glass, which has an
instructional significance for the optimizing design of the high-
performance materials.
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