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The effects of isothermal annealing on the microstructures and compressive strength of a
Zrs6Al109NigsCuy78Nbg7 bulk metallic glass (BMG) have been studied using X-ray diffraction, scanning
electron microscopy and compression tests. It has been shown that only structural relaxation happens
during annealing at the temperature below T (glass transition temperature), while both structural relax-
ation and nanocrystallization happen during annealing at the temperature above T,. Compression tests

indicated that the strength of the BMG increases with annealing time at 437 °C up to 20 min, after which
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the strength starts to decrease. The strength evolution of the BMG with the annealing time is due to
combined effects of the variations of the free volume and nanocrystals.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) have attracted extensive atten-
tions due to their excellent mechanical properties [1-3]. However,
BMGs usually do not show any plastic deformation after yield-
ing because they fracture along highly localized shear bands.
Recent investigations have shown that large plastic strains can
be achieved if the primary shear bands can be branched into
many tiny shear bands [4-8]. Thus, the plasticity of BMGs
can be substantially improved if a highly localized shear pro-
cess along a primary shear band is effectively hindered and
branches out into a large number of uniformly distributed shear
bands.

The introduction of crystalline second phase particles in the
amorphous matrix is proved to be an effective way to improve the
plasticity of BMGs [9-11]. Hays et al. [9,10] and Szuecs et al. [11]
showed that micro-sized dendritic structure phase formed during
solidification can substantially improve the plasticity of ZrTiNbCu-
NiBe metallic glasses by inhibiting the formation of macroscopic
shear bands. However, using a similar method, Heilmaier [12]
found that micro-sized second phase particles in a Zrs5CusgAl;gNis
metallic glass will degrade both the strength and plasticity due
to the brittleness of the second phase particles. Previous studies
[6,8,13,14] also indicated that dispersions of embedded nanocrys-
tals (formed during annealing) are also thought to be effective
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for enhancing the mechanical properties of BMGs. It is believed
that both the type and volume fraction of the crystalline phases
have important effects on the mechanical properties of the metal-
lic glasses. Up to now, limited data are available on the effect
of second phase particles on the strength of the metallic glasses.
In this paper, a ZrsgAlg9NiggCuy78Nbg 7 metallic glass was suc-
cessfully fabricated by arc melting technique plus copper mold
casting. The metallic glass was annealed under a vacuum condi-
tion to form nanocrystals in the amorphous matrix, and the effect
of annealing on the compressive strength of the metallic glass was
investigated.

2. Experimental

ZrsgAly09NigsCuy78Nbg 7 alloy ingots were prepared by arc melting high-purity
Zr (>99%), Cu (>99.9%), Ni (>99.9%) and Al (>99.9%) under an argon atmosphere. The
ingot was remelted four times to ensure its microstructural homogeneity and then
cast into a copper mold to produce a 70 mm long cylindrical rod with a diameter of
3 mm. X-ray diffraction pattern (Dmax 2500VB) showed that the obtained material
has a complete amorphous structure (not show here). Thermal properties associated
with glass transition and crystallization temperatures were evaluated by differential
scanning calorimeter (DSC, NETZSCH 204) with a heating rate of 20K per minute.
The glass was then annealed from 5 min to 120 min at different temperatures under
a vacuum condition to form nanocrystals in the amorphous matrix. The structures
of the samples after annealing were examined by X-ray diffraction (Dmax 2500VB)
and scanning electron microscope (SEM, FEI Sirion 200). Uniaxial compression tests
were performed on the annealed and un-annealed samples at a quasi-static strain
rate of 10-% s~ in an Instron 3369 testing machine using rod samples with 3 mm in
diameter and 6 mm in length. All the compression tests were repeated 3-5 times to
ensure the data accuracy. The fracture surfaces of the specimens after compression
were examined using scanning electron microscopy (SEM, FEI Nano 230).
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Fig. 1. DSC curve of the specimen, with a heating rate of 20K per minute.

3. Results
3.1. DSC curve
Figz. 1 shows the DSC curve of the prepared

Zrs6Aly99Nig gCuy7.8Nbg 7 bulk metallic glass. It can be seen that
the glass transition temperature (T, glass transition temperature)
and crystallization temperature (Tx, crystallization temperature)
are 407 °C and 488 °C, respectively. Two crystallization peaks are
detected by DSC examination, with the peak temperature being
around 492°C (Tp1) and 646°C (Tpy), respectively. It should be
noted that Tp; and Ty, are related to the crystallization tempera-
tures of different crystalline phases (might be Al3Zr, AlsZr3Ni; or
other phase based on X-ray diffraction pattern as shown in Fig. 2).
Based on the DSC examination results, a serial of the temperatures,
below Tg, between Tg and Tx, and above Ty, were chosen as the
annealing temperatures to see how the annealing temperature
affects the crystallization behavior.

3.2. X-ray diffraction patterns and distribution of the
nanocrystals

Fig. 2a shows the X-ray diffraction patterns of the
Zrs56Al109NiggCuy78Nbg7 bulk metallic glass after annealed
for 20min at different temperatures. It can be seen that when
the annealing temperature (250°C and 337°C) is below Tg, the
annealed specimens still show the broad diffraction halo that is
typical of the amorphous structure. This means that the samples
annealed below Tg for 20min in this study are overall amor-
phous within the detection limit of XRD. It can also be seen that
when the annealing temperature (437°C and 517°C) is above Tg,
crystalline second phases are formed in the amorphous matrix
after annealed for 20 min, since diffraction peaks can be clearly
observed. This means that the samples can nucleate crystalline
second phases if the annealing temperature is above T in this
study. Indexing of the diffraction peaks indicated that the main
crystalline phases include face-centered cubic Al3Zr, AlsZr3Ni; and
an unknown phase. Fig. 2b shows the X-ray diffraction patterns of
the ZrsgAliggNiggCuy7gNbg 7 bulk metallic glass after annealing
to different times at a temperature of 437 °C. It can be seen that
crystalline second phases are formed in the amorphous matrix
for all the annealing time, and the crystalline degree increases
with increasing the annealing time since the height of the X-ray
diffraction peaks increase with the annealing time. The main
crystalline phases are also Al3Zr, AlsZr3Ni, and an unknown phase.

Fig. 3 shows the SEM micrographs of the specimens after anneal-
ing for 5, 20 and 60 min at a temperature of 437 °C. It can be seen
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Fig. 2. X-ray diffraction patterns of the specimen after annealed (a) at different
temperatures for 20 min and (b) for different periods at 437°C.

from Fig. 3(a) that very few second phase particles can be observed
in the amorphous matrix after annealed for 5min, while it can
also be seen from Fig. 3(b) and (c) that numerous spherical second
phase particles distribute uniformly in the amorphous matrix after
annealed for 20 and 60 min, with the average size of the particles
being 5-10 nm and 10-20 nm, respectively.

3.3. Compression behaviors

Fig. 4a shows typical compressive strength/displacement curves
of the ZrsgAl19.9Nig gCuy78Nbg 7 bulk metallic glass after annealed
for various periods at 437 °C, together with the data of the metallic
glass without annealing. It can be seen from Fig. 4a that the glass
deforms elastically and fractures without any plasticity, no matter
how long the glass was annealed. This means that annealing cannot
improve the plasticity of the ZrsgAl;g gNig gCuy78Nbg 7 bulk metal-
lic glass. On the other hand, it can be seen from Fig. 4a and b that
the maximum strength increases initially from 1597 MPa before
annealing to 1945 MPa after annealed for 20 min, after which the
maximum strength starts to decrease. This phenomenon indicates
that there is an ideal annealing time, at which the metallic glass can
achieve the maximum strength.
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Fig.3. SEM micrograph of the specimen after annealed for (a) 5, (b) 20 and (¢) 60 min
at a temperature of 437°C.

3.4. Fracture surfaces

The variation of the strength during annealing can be veri-
fied through observing the fracture surface micrographs of the
Zrs6Al109Nig gCuy78Nbg 7 bulk metallic glass after compression
tests. Fig. 5a shows the SEM fracture surface micrograph of the
metallic glass without annealing. The fracture surface is similar
to many previous studies [15,16], in which the vein-like pattern
in the fracture surface are clearly observed. The formation of the
vein-like pattern may be attributed to the larger viscosity of the
Zr56Al199NiggCuy7 8Nbg 7 BMG, and it indicates an instantaneous
shear fracture. Fig. 5b shows the SEM fracture surface micrograph
of the BMG after annealed for 20 min. It can be seen from Fig. 5b that
dense multiple primary and secondary shear bands can be achieved,
indicating stable propagation of the shear bands during compres-
sion. The width of a single shear band is in the range of several
nanometers, which is similar to the size of the annealing nucle-
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Fig. 4. (a) Compressive strength/displacement curves and (b) relationship between
the maximum strength and annealing time of the metallic glass. Note that the
annealing temperature is 437 °C.

ated second phase particles, as shown in Fig. 3(b). Fig. 5c shows
the SEM fracture surface micrograph of the BMG after annealed
for 60 min. It can be seen from Fig. 5c¢ that the BMG fractures by
cleavage along the shear plane, similar to most brittle materials
such as rocks and intermetallics. This phenomenon indicates a low
plasticity and strength of the material.

4. Discussion

It can be seen from Fig. 2a that when the annealing tempera-
ture is below the Ty the annealed specimens still show the broad
diffraction halo that is typical of the amorphous structure. This indi-
cates that crystallization is very difficult at such a low temperature
because the formation of crystalline second phase particles require
atom diffusion, which is controlled by the annealing temperature
and time. The most important feature during annealing at low tem-
perature below Ty is the structural relaxation process, resulting in
the reduction in the free volume and free energy. It can also be seen
from Figs. 2 and 3 that when the annealing temperature is above
Tg, crystalline second phase particles are formed in the amorphous
matrix due to the high crystallization driving force and atom diffu-
sion rate. One should be noted that at all temperatures above the
room temperature, the structural relaxation process will happen to
decrease the free volume and free energy. The higher is the anneal-
ing temperature and the longer is the annealing time, the less is the
free volume in the matrix.

According to the phase mixture model [17], the compressive
fracture strength of the metallic glass after annealing can be
expressed as [17]:

0 = VielaxOrelax + VnOn (1)
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Fig. 5. SEM fracture surface micrographs of the ZrsgAlj99NissCuz78Nbg7 bulk
metallic glass (a) without annealing, (b) after annealed for 20 min and (c) after
annealed for 60 min.

where Vi.x and V, are the volume fractions of the amorphous
matrix and nanocrystals, 0 qjax is the fracture strength of the amor-
phous matrix in the relaxed state (after annealing) and o, is the
fracture strength of the nanocrystals. According to the previous
studies [18,19], the nanocrystals with the size less than 10 nm in
the amorphous matrix have very high strength due to the per-
fect structures without defects. The size of these nano-particles is
smaller than the width of the shear bands, and thus these parti-
cles cannot effectively inhibit the propagation of the shear bands
and generate new secondary shear bands. On the other hand, these
particles can inhibit the atom movements in the shear bands and
decrease the width of the shear bands [20], and thus can improve
the strength, similar to dispersed strengthening mechanism in the
crystalline materials. Thus, the fracture strength increases initially
with the annealing time up to 20 min since the volume fraction
and size of the nanocrystals increase with the annealing time. It
should be noted, however, once the annealing time is too long, the
size and volume fraction of the nanocrystals increase too much,
and the interspacing between the nano-particles decreases dra-
matically. These large and high volume fractioned second phase
particles can severely inhibit the propagation of the shear bands
and generate cracks at a rather low externally applied stress [19].
At that condition, the strength of the metallic glasses will be sub-
stantially decreased due to the fast propagation of the cracks, which
are nucleated along the interface between the amorphous matrix
and nanocrystals due to the high stress concentration.

It is generally accepted that flow in metallic glass involves the
stress induced cooperative rearrangement of small groups of atoms
referred to as shear transformation zones [21,22]. These shear
transformation zones are associated with free volume. Annealing
will result in the reduction in free volume, and thus in the decrease
in the strength of the metallic glass [23]. Thus, it is believed that
there is an ideal annealing time at a given temperature, in which
the annealed BMGs have the maximum strength. Before the ideal
annealing time, the decrease in the strength caused by the reduc-
tion in the free volume can be compensated by the nanocrystals
formed in the amorphous matrix during annealing. While after the
ideal annealing time, too less free volume will result in the decrease
in the strength. Previous study [18] also indicated that an optimum
volume fraction of nanocrystallization is beneficial for the strength
in BMGs [18]. Consider that if the flow of newly formed shear
bands by nanocrystals would be hindered by the closely spaced
other nanocrystals, the strength would be degraded with excess
nanocrystallization.

In the present work, the strength of the
Zr56Al199NiggCuy78Nbg7 bulk metallic glass increases during
isothermal annealing up to 20 min, after which the strength starts
to decrease. From Figs. 2 and 3, we know that the nanocrystals
are formed during isothermal annealing at 437°C, and that the
crystallization degree increases with the annealing time. On the
other hand, the reduction of the free volume during annealing
results in the decrease in the nucleation rate of the shear bands,
and thus decreases the strength. These two affecting factors result
in the maximum value in the strength at about 20 min, at which
the dense primary and secondary shear bands can clearly be
observed on the fracture surface, as shown in Fig. 5b. Once the
annealing temperature is above 20 min, the free volume is too
less to nucleate enough shear bands for the deformation. At the
same time, high volume fraction of the nanocrystals also facilitates
the formation of interfacial voids during compression, resulting
in a substantial decrease in the strength of the metallic glass, a
phenomenon being also observed by Heilmaier [12], who also
used a Zr based bulk metallic glass with similar composition
to our material (ZrssAl;gNisCusg, without Nb addition) as the
testing material. At that condition, the BMG fractures by cleavage
along the shear plane, accompanied by low strength. It should
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be noted that the addition of minor Nb can improve the glass
formation ability and the fracture strength of Zr-based metallic
glasses.

5. Conclusion

In this paper, a ZrsgAl;9.9Nigq gCusy78Nbg7 BMG was prepared by
arc melting technique. The effects of isothermal annealing on the
microstructures and strength of the BMG have been studied using
X-ray diffraction, SEM and compression tests. It has been shown
that only structural relaxation process happens during anneal-
ing at a temperature below Tg, while both structural relaxation
and nanocrystallization happen during annealing at a temperature
above Tg. Compression tests indicated that the strength of the BMG
increases with annealing time at 437 °C up to 20 min, after which
the strength starts to decrease. Before 20 min, the decrease in the
strength caused by the reduction in the free volume can be com-
pensated by the nanocrystals formed in the amorphous matrix, and
thus improving the strength. While after 20 min, the strength will
be substantially decreased due to the fast propagation of the cracks,
which are nucleated along the interface between the amorphous
matrix and nanocrystals due to the high stress concentration.
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