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The effect of cooling rate on the bending plasticity of ZrssAl;oNisCusg bulk metallic glass was investi-
gated by varying the thickness of the as-cast sample. It turned out that as the thickness of the as-cast
sample increases from 1 to 3 mm, short-range ordering in the microstructures is enhanced until noticeable
nanocrystallization occurs in the thickest sample, but the bending plasticity measured under the same

test specification first decreases and then increases. It is suggested that both free volume and structural
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heterogeneity dominate the plasticity of metallic glasses.
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1. Introduction

Bulk metallic glasses (BMGs) possess high strength, hardness
and elastic deformation limit due to their random atomic struc-
ture and concomitant lack of dislocations and associated slip planes
[1-5]. However, during compressive or tensile testing at tempera-
tures far below the glass transition temperature, they often break
abruptly along a very narrow shear band, and exhibit little global
plasticity [2,4]. Such a catastrophic fracture severely limits their
application as structural materials. The plasticity of BMGs can be
enhanced by introducing nanoscale compositional heterogeneities
via phase separation [6-8] or dispersions of embedded nanocrys-
tals [9-14]. However, recent investigations showed that the plastic
strain of some monolithic BMGs could also be remarkably improved
by enhancing the homogeneity in microstructure through high
cooling rate [15-17], multiple remelting of master ingot [18],
appropriate casting temperature [19] or flux treatment of alloy
melt [20]. These results seem to suggest that BMGs would experi-
ence a nonmonotonic change in plasticity while the microstructure
changes from disorder to order. In order to verify such inference,
Zrs5A119NisCusg BMG samples were prepared under different effec-
tive cooling rates by varying the as-cast thicknesses, followed by
bending test. A “large-small-large” transition in bending plastic-
ity was observed with increasing the thickness. Moreover, it was
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suggested that a full amorphous structure with high ordering
degree is detrimental to bending plasticity.

2. Experimental procedures

The master alloy ingots of ZrssAl;oNisCusg were prepared by arc melting
the pure metals in a water-cooled copper crucible under a Ti-gettered argon
atmosphere. The ingots were remelted four times to ensure chemical homo-
geneity, and then suction cast into water-cooled copper molds to form plates
of 1 mm x 10 mm x 60 mm, 2mm x 10 mm x 60 mm, and 3 mm x 10 mm x 60 mm,
respectively. Three plates were cast for each size. Bend specimens of
1mm x 3 mm x 40 mm (thickness x width x length) were cut from the as-cast plates
using a diamond saw, followed by machining away the excessive parts symmet-
rically in the thickness direction and polishing the surfaces. For simplification,
hereafter both the as-cast plates of 1, 2 and 3 mm thickness and the bend specimens
machined from them are expressed using T-1, T-2 and T-3, respectively.

A Thermo ARL X-ray diffractometer (XRD) with Cu-K, radiation and a JEOL JEM-
2100F high resolution transmission electron microscope (HRTEM) were employed
to identify the structure of the as-cast samples. Thermal analyses were performed
using a Perkin-Elmer Pyris Diamond differential scanning calorimeter (DSC) at
20K/min under a flow of high-purity Ar atmosphere. A Zwick/Roell Z10 testing
machine was used for the three-point bending test, with a support span of 20 mm
and a cross head speed of 0.64 mm/min. After bending, the specimen surfaces were
examined with a JEOL JSM-6460 scanning electron microscope (SEM).

3. Experimental results

All the as-cast plates were prepared under the same melting
and casting conditions. A smaller thickness of the plate means a
higher cooling rate during solidification, which in turn results in
differences in the microstructure. Although the XRD patterns of
all the as-cast plates consist of the broad diffuse diffraction peaks
associated with amorphous structures (the results are not shown
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Fig. 1. HRTEM images of the as-cast plates of 1 mm (a), 2 mm (b) and 3 mm (c) thicknesses.

here), HRTEM observations revealed that one plate is different
from another in microstructure if their thicknesses are different.
A set of HRTEM images are shown in Fig. 1. One sees that both
the T-1 and the T-2 samples are amorphous without any visible
lattice fringes, except an enhanced fluctuation in contrast in the
image of T-2 (Fig. 1a and b). This means that T-2 is more heteroge-
neous in short-range arrangement of the atoms. Dissimilarly, clear
lattice fringes can be seen in the HRTEM image of T-3 (Fig. 1c),
suggesting the existence of nanocrystals. Evidently, decreas-
ing the cooling rate enhances the short-range ordering in the
microstructure.

DSC curves of the as-cast plates are shown in Fig. 2. Glass transi-
tion temperature Tg and onset temperature of crystallization Ty for
three types of plates are essentially the same within the experimen-
tal error, indicating a comparable thermal stability among them.
However, by carefully integrating the area covered by the crystal-
lization peak in the DSC curve, different crystallization enthalpies
were obtained. They are 53.2, 52.3, and 48.3]/g for the T-1, T-2, and
T-3 plates, respectively, also confirming an increasing ordering in
microstructure with a decreasing cooling rate. The crystallization
fraction of the sample, which reflects the degree of ordering, can be
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Fig. 2. DSC curves of the as-cast plates with different thicknesses at a heating rate
of 20K/min. The inset is an enlargement of the part below the glass transition
temperature.

evaluated by calculating the ratio of the crystallization enthalpies
from DSC curves [21]:
AHmax — AH

Vf - AHmax (1 )
where AHnmax is the total enthalpy change when the fully amor-
phous alloy transforms into a completely crystallized one, and AH
is the crystallization enthalpy of the examining sample. Among the
three thicknesses of plates, T-1 can be seen to be fully amorphous
with zero crystallization fraction. The crystallization enthalpy of
T-2 is slightly different from that of T-1, suggesting a negligible
crystalline content in the T-2 sample. The small decrease in crystal-
lization enthalpy results from the enhanced short-range ordering.
However, the V; of T-3 reaches 9.2%, indicating that it is a composite
of glassy matrix embedded with nanocrystals. The inset of Fig. 2 is
a local amplification of the DSC curves below the glass transition
temperature, illustrating the heat release events due to structural
relaxation. The relaxation enthalpy was calculated to be 4.4, 1.8,
and 1.4]/g for T-1, T-2, and T-3, respectively. A higher cooling rate
has resulted in a larger relaxation enthalpy.

Fig. 3 displays the bending stress—displacement curve measured
with the 1 mm x 3 mm x 40 mm bend specimen. The bend speci-
mens produced from the different thicknesses of the as-cast plates
exhibit a similar elastic displacement D, (about 1.60 mm) but dif-
ferent average plastic displacement Dy, prior to failure. The Dy of
T-1, T-2, and T-3 is 2.11+£0.17, 1.11+0.18 and 1.444+0.16 mm,
respectively. The corresponding average maximum bending stress
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Fig. 3. Bending stress-displacement curves when the 1 mm x 3 mm x 40 mm bend
specimens were machined from the as-cast plates of 1, 2 and 3 mm thicknesses.
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Fig. 4. SEM image of the side surface of the bend specimen and the initial shear region of the fracture surface on the tensile side after bend test. The corresponding original

as-cast sample is 1 mm (a, d), 2 mm (b, e) and 3 mm (c, f) in thicknesses.

om is 3206, 3195, and 3164 MPa, respectively. Considering that the
bend specimens have the same geometry and the tests were per-
formed under the same loading conditions, these results well reflect
the mechanical property: a “large-small-large” transition in the
bending plasticity of the as-cast Zrss5Al;gNisCusg BMGs with the
decreasing cooling rate.

Shear band distributions on the side surface of the specimen
subjected to bend test are shown in Fig. 4a—c. Besides secondary
shear bands between the primary shear bands, several distinct
shear offsets along the primary shear bands on the tensile side are
observed. The density of shear bands is found to be the highest on
the side surface of T-1 (Fig. 4a), the lowest on T-2 (Fig. 4b) and
middle on T-3 (Fig. 4c). That is to say, a higher bending plasticity
corresponds to a larger shear band density.

During bend test, the tensile side takes the main responsibility
for the failure of the specimen. The initial shear region on the frac-
ture surface was therefore examined, and the results are shown in
Fig. 4d-f. A smooth region and a vein-like pattern region are found
on all fracture surfaces. The former was caused by shear sliding
[22] while the latter by the subsequent catastrophic failure [23].
The width of the smooth region is equal to the critical shear offset,
which is a parameter directly reflecting the stable shear capabil-
ity [22]. Among the specimens, T-1 has the largest shear offset
of about 90 wm (Fig. 4d), while T-2 has the smallest one of about
42 pm (Fig. 4e). Interestingly, there are many slip traces (indicated
by arrows) surrounded by vein-like pattern for T-3 (Fig. 4f).

4. Discussion

During the three point bending test, the first shear band, which
coincides with the onset of plastic deformation, forms at the middle

region of the tensile side (bottom surface), since yield is gener-
ally initiated at this region. As the strain increases, there are two
main manners to sustain the plastic deformation: formation of new
shear bands or sliding along the existing primary bands [24]. When
the sliding displacement (shear offset) exceeds a critical value,
the shear band is transformed into a crack, and then catastrophic
fracture occurs [25]. Therefore, promoting the initiation of shear
bands, enhancing the shear displacement and preventing shear
bands from cracking are helpful to improve the plasticity of metallic
glasses.

Generally, free volume is employed to explain the plasticity of
metallic glasses on the basis of the following two points of view
[17,26]. On one hand, sites with high free volume content favor
nucleation and branching of shear bands. The concurrent nucle-
ation of multiple shear bands and high branching of the shear bands
are beneficial to sustain strain. On the other hand, a large amount of
free volume helps to enhance the atomic mobility, which can alle-
viate the stress concentration and therefore prevent the metallic
glass from cracking and/or breaking, i.e. promote to accommodate
strain before failure.

Slipenyuk and Eckert [27] have demonstrated that the amount
of free volume in metallic glasses is proportional to the enthalpy
released during structural relaxation. As shown in the inset of Fig. 2,
the enthalpy of structural relaxation follows a decreasing order
of T-1, T-2 and T-3, i.e. the higher the cooling rate, the larger the
relaxation enthalpy, and consequently the larger the free volume
content in the metallic glass. Among the three types of specimens,
T-1 contains the most free volume and has the highest shear band
density as well as the largest shear offset, leading to the best bend-
ing plasticity. However, T-3 with the least free volume content
exhibits a better plasticity than T-2, indicating that free volume
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is not the only factor that affects the plasticity of metallic glasses.
Other factors such as structural heterogeneity should also be con-
sidered.

The plasticity improvement of BMGs containing small nanocrys-
tals can be ascribed to two factors [21]. Firstly, nanocrystals can act
as obstacles hindering the propagation of shear bands and cracks.
Secondly, the interface between the nanocrystal and the glassy
matrix tends to create stress concentration, which is beneficial to
the nucleation and multiplication of shear bands. One may argue
that the nanocrystallization induced by isothermal annealing does
not necessarily lead to improved plasticity [11]. In the present
case, however, when nanocrystals precipitated during solidifica-
tion, sufficient free volume was also kept in the amorphous matrix,
therefore leading to an improved plasticity.

Based on the above discussion, two aspects should be taken into
account in analyzing the correlation between the plasticity and the
microstructure of BMGs. On one hand, for metallic glasses without
nanocrystals, free volume will be the decisive factor, and reduction
of free volume always leads to a degradation of plasticity [28]. On
the other hand, for metallic glasses with finite volume fraction of
nanocrystals, free volume still plays a role while nanocrystalliza-
tion tends to enhance the plasticity. In our work, crystalline phase
is hardly detected in T-1 and T-2, as evidenced by the large crys-
tallization enthalpies as well as the HRTEM images. But the free
volume content in T-2 decreases notably due to the lower cooling
rate, determining that T-2 exhibits rather poor bending plasticity.
Comparing to T-2, small nanocrystals form in T-3, evidenced by an
obvious decrease in crystallization enthalpy and the lattice fringes
in the HRTEM image (Fig. 1c). Considering that the free volume
reduction from T-2 to T-3 is rather limited, the positive effect from
nanocrystals overcomes the detrimental effect of the free volume
reductionin T-3.In one word, as the cooling rate decreases, free vol-
ume content reduces while short-range ordering is enhanced in the
as-cast metallic glasses. The competitive effect of these two factors
leads to a transition of “large-small-large” in the bending plas-
ticity of Zrs5Al;9NisCusg BMGs. Enhancing the short-range order
in microstructure while not resulting in nanocrystallizing in the
amorphous matrix will significantly deteriorate the plasticity of a
metallic glass.

Recently, Kumar et al. [29] compared the bending plasticity of
Pd-based and Pt-based bulk metallic glasses. They found that low
cooling rates during casting render Pd-BMG (Pd43Cuy7NijgPyq) brit-
tle, whereas Pt-BMG (Pts7.5Cuy47Nis53P,5 5) retains high plasticity
at all cooling rates. This also indicates that both free volume and
topological arrangement of atoms in metallic glasses should be
taken into account in studying the plasticity of BMGs.

5. Conclusions

The effect of cooling rate on the plasticity of Zrs5Al;9NisCusg
BMG was investigated in terms of the correlation between

bending plasticity and the microstructure of the as-cast sam-
ples with different thicknesses. It is found that as the cooling
rate decreases, the short-range ordering in the microstructure is
enhanced, leading to nanocrystallization in the glassy matrix at the
expense of reduced free volume. The comprehensive effect of free
volume and short-range ordering results in a “large-small-large”
transition in the bending plasticity of the Zrs5Al;9NisCusg
BMGs.
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