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In this paper, Zr based bulk metallic glass (BMG) composite consisting of nanocrystals embedded in the
amorphous matrix was synthesized by controlled annealing treatment of a Zr41.2Ti13.8Cu12.5Ni10Be22.5
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amorphous alloy. The homogeneous plastic deformation behavior of the BMG composite was charac-
terized in the supercooled liquid region, exhibiting non-Newtonian steady state plastic flow over the
investigated strain rate domain. Based upon the analysis of rheological data in terms of a modified
mechanistic model, it is revealed that the mechanism of the non-Newtonian plastic flow varies with
temperature, which is closely related to the presence of nanocrystals within the glassy matrix.
omposite materials
echanical properties

. Introduction

In the past decades, bulk metallic glasses (BMGs) have received
ncreasing attention since they combine a high value of the yield
tress with a particularly large elastic domain [1–3]. Moreover,
he presence of a large supercooled liquid region (SLR) as well
s a high thermal stability with respect to crystallization pro-
ides new opportunities for high temperature forming [4–6]. In
rder to improve the mechanical properties, particularly the duc-
ility of BMGs suitable for structural applications, BMG composite

aterials have been developed by introducing nanocrystalline pre-
ipitates into a glassy matrix by controlled annealing treatment of
morphous precursors [7–10]. Extensive researches have been car-
ied out on the room temperature mechanical properties of these
omposites, revealing good ductility and/or high strength [8–13].
eanwhile, there have been a number of works concerned with the

lastic flow behavior of the BMG composites at high temperatures,

hich is of importance for their workability [14–23]. In the previ-

us investigations [15,17,18], the metallic glass matrix composites
re found to exhibit large deformability in the SLR and their rheo-
ogical behavior is usually explained in terms of the transition state
heory [24,25]. Seemingly, the high temperature plastic deforma-
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tion of the BMG composite is mainly controlled by viscous flow of
the amorphous matrix.

However, the transition state theory is essentially thermome-
chanical, independent of the microstructure of the material [26].
The effect of crystalline phases on the plastic flow of the BMG
composite is still unclear. Some questions are still open: (i) Do the
crystals contribute directly to the deformation? (ii) Is the flow of the
remaining glass constrained by the presence of crystals, thus mod-
ifying the viscous flow behavior? So, the mechanism of the high
temperature deformation of BMG composites needs to be further
investigated.

Among the multi-component BMGs, the
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy (Vitreloy 1) is a particularly
good glass former with a critical cooling rate as low as approxi-
mately 1 K/min [27]. This BMG exhibits a wide supercooled liquid
region (SLR) and a high thermal stability against crystallization.
Over the past years, a large number of experiments have been
performed to study the effect of thermal treatment on the Zr
based alloy by using a variety of techniques [28–36]. An inter-
esting feature of this material is that the microstructure that is
observed in the stage of primary crystallization is composed of
nanocrystalline precipitates randomly embedded in the remaining
amorphous matrix [28–31]. Moreover, it has been demonstrated
that the composite microstructure has a high thermal stability

against secondary crystallization during subsequent prolonged
thermal exposure in SLR [29–31]. So, in the present work, the Zr
based alloy subjected to primary nanocrystallization is chosen as
the model material to study the steady state plastic flow of the
BMG composite containing nanocrystals.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. A bright field TEM image of the Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG annealed
t 646 K for 2 h. The inset is the corresponding selected area electron diffraction
attern.

. Experimental

The Zr41.2Ti13.8Cu125Ni10.0Be22.5 (at.%) BMG alloy (Vitreloy 1) was supplied by
owmet Corp. (USA). The investigated BMG composite with nanocrystals dispersed

n the amorphous matrix was prepared by isothermally annealing the as-received Zr
ased alloy at the temperature of 646 K (in the SLR) for 120 min. The thermal stabil-

ty of the BMG composite was examined using a differential scanning calorimeter
Perkin-Elmer DSC7) at a heating rate of 10 K/min. Strain rate jump compression
ests were carried out to study the rheological behavior of the BMG composite. For
ompression tests, cylindrical samples of 3 mm in diameter and 5 mm in height were
sed and both compressive sides were polished in order to be parallel. The samples
ere heated to a given testing temperature at the same rate of 10 K/min as used

n DSC measurements and a maintaining of about 3 min was necessary to homoge-
ize temperature before starting the mechanical test. The investigated temperature
omain was from 646 to 675 K in the supercooled liquid region whereas the strain
ate interval was from 2.5 × 10−4 to 2.5 × 10−3 s−1. The microstructure of the BMG
omposite was investigated by a high resolution transmission electron microscope
HRTEM, JEOL 2010F) operated at 200 kV with a field-emission gun. The TEM spec-
mens were prepared by the conventional method of slicing, grinding and then by
he ion milling.

. Results and discussion

Fig. 1 presents a typical bright field TEM micrograph of the
r41.2Ti13.8Cu125Ni10.0Be22.5 BMG annealed at the temperature of
46 K for 120 min. It is shown that the isothermal heat treatment

eads to the precipitation of nanocrystals in the amorphous matrix.
he size of the precipitates ranges from about 2 to 10 nm. The vol-
me fraction of nanocrystals in the annealed Zr based BMG can be
stimated to be about 10.5%, which is in agreement with that pre-
iously reported [37]. The corresponding selected area electronic
iffraction pattern (SAED) consists of Bragg diffraction rings super-

mposed on the amorphous diffuse rings (see the inset of Fig. 1). The
icrostructure of the BMG composite is further confirmed by using
RTEM. It is revealed in Fig. 2(a) and (b) that the investigated BMG
omposite is composed of nanocrystals surrounded by the amor-
hous matrix, revealing a typical characteristic of lattice fringe. The
ourier transfer (FT) treatments on the selected area of the HRTEM

mage were performed, as shown in the insets of Fig. 2(a) and (b).
pparently, the diffraction spots from the nanocrystal can be seen.

Fig. 3 shows a comparison of DSC traces for the as-received
nd partially nanocrystallized BMG at a heating rate of 10 K/min.
he as-received sample exhibits a distinct endothermic character-
Compounds 495 (2010) 50–54 51

istic due to glass transition and three exothermic peaks upon the
crystallization of the supercooled liquid phase at high tempera-
tures. For the as-received alloy, the Tg, Tx and �Tx = Tx − Tg (defined
as supercooled liquid region) are 619, 698, and 79 K, respectively.
After isothermally annealing at 646 K for 120 min, the Tg and Tx are
enhanced to be 627 and 721 K, respectively, leading to a broadened
supercooled liquid region of 94 K, while the first exothermic peak
corresponding to the primary crystallization vanishes. The shift of
glass transition towards to higher temperature as well as the pres-
ence of widened supercooled liquid region for the pre-annealed
sample indicates that the thermal stability against crystallization
of the remaining supercooled metallic liquid are higher than that
of the initial homogeneous amorphous phase. This might offer us
an opportunity to investigate the steady state plastic flow of BMG
matrix composites reinforced with nanocrystals at high tempera-
tures.

Fig. 4 shows a typical true stress versus true strain curve
obtained by strain rate jump compression test at the tempera-
ture of 665 K. Whatever the strain rate, a constant flow stress is
quickly reached, revealing a steady state plastic flow. When the
testing temperature is decreased (e.g. T = 655 K), stress overshoots
are detected whereas they disappear for a higher temperature (e.g.
T = 675 K). Similar phenomena have been observed for the mono-
lithic Zr based BMGs in the SLR [38]. It is worth noting that no
conspicuous strain hardening was observed whatever the test-
ing temperature, suggesting that no significant microstructural
modification, e.g. the secondary crystallization of the remaining
amorphous matrix occurred during the compression tests at the
given temperatures [16].

Using experimental data from the strain rate jump tests, the
double logarithmic plots of strain rate versus stress for various
testing temperatures were performed, as shown in Fig. 5. It is illus-
trated that the flow stress is dependent on both strain rate and
testing temperature. At temperatures between 646 and 675 K, the
flow stress of the BMG composite increases with increasing strain
rate over the investigated domain from 2.5 × 10−4 to 5 × 10−3 s−1.
Moreover, the calculated value of strain rate sensitivity parameter
m (= �log �/�log ε̇) is much less than unity, varying from 0.15 to
0.55. This indicates a non-Newtonian type of viscous flow. Note that
the strain rate sensitivity m varies with not only strain rate but also
testing temperature. For example, at a given temperature of 646 K,
the value of m decreases with increasing strain rate from 0.25 at
2.5 × 10−4 s−1 to 0.15 at 2.5 × 10−3 s−1. However, at a given strain
rate of 2.5 × 10−4 s−1, it rises from 0.25 up to 0.55 when the testing
temperature is elevated from 646 to 675 K.

It has been demonstrated in previous investigations [15,17,18]
that the plastic flow behavior of the BMG composite reinforced with
a second crystalline phase could be described by the transition state
theory derived from free volume model [24,25], which predicts a
strain rate-stress relation in the form:

ε̇ = ε̇0sinh
(

�Vact

2
√

3kT

)
(1)

where k is the Boltzmann’s constant and T is the temperature, and
the activated volume, Vact as well as the reference strain rate ε̇0
are used as fitting parameters for adapting calculated curves to
the experimental data. Nevertheless, we note that the logarithm
strain rate versus logarithm stress curves of the investigated BMG
composite cannot be fitted by using Eq. (1) with the least-square
method except for the lowest testing temperature of 646 K (see
Fig. 5). This suggests that the effect of nanocrystals on the vis-

cous flow of the amorphous matrix cannot be ignored and different
mechanisms of plastic deformation might come into effect at higher
temperatures in the studied BMG composite.

In order to account for the rheological behavior of the BMG
composite at high temperatures, one may alternatively consider
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ig. 2. HRTEM images (a) and (b) showing a nanocrystal embedded in the amorpho
c) and (d) the corresponding inverse Fourier transfer (IFT) images.

mechanistic model [39]. From a rheological viewpoint, the shear
ate of a glass, �̇ , is a nonlinear function of applied shear stress, �,
nd can mathematically be expanded into a Taylor series:

˙ = f (�) =
n∑

i=1

Ai�
i = A1� + A2�2 + A3�3 + A4�4 + A5�5 + · · · + An�n
(2)

Note that each term in the above series corresponds to a par-
icular physical mechanism and that the respective order of Eq.

ig. 3. DSC curves obtained at a heating rate of 10 K/min for the as-received sample
a) and the sample annealed at 646 K for 2 h (b).
trix of the BMG composite; inset: the Fourier transfer pattern of the selected area;

(2) is not universal but has to be determined for the alloy system,
the testing temperature, strain rate and the microstructure of the
material. In a first approximation, the total deformation rate for
nanocrystalline/amorphous mixture can be expressed by:

�̇total = (1 − fv)�̇am + fv�̇cry (3)
where �̇total is the total strain rate, �̇am and �̇cry is the strain rate
of the amorphous and crystalline phase, respectively, and fv is the
volume fraction of crystalline phase. Since the plastic flow of an
amorphous alloy can be described by �̇am = A�, and the plastic flow

Fig. 4. A typical true stress versus true strain curve showing the effect of strain rate
during the compressive deformation at 665 K for the BMG composite.
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ig. 5. Strain rate–stress relations at various temperatures for the BMG composite
nd fits to experimental data using the functions as described in the text.

f a nanocrystalline alloy can be described by �̇cry = B�n, the total
eformation rate in the alloy composed of nanocrystalline grains
mbedded in the amorphous matrix is simply expressed by

˙ total = (1 − fv)A� + fvB�n (4)

here � is the flow stress, n the stress exponent (n ≥ 2), A and B are
aterial constants.
As the mechanical model suggested, the measured strain rate

ensitivity parameter would have to fall between 0.5, i.e. n = 2,
he value for grain boundary sliding in fine-grained crystalline

aterial, and unity, the value for Newtonian viscous flow if a
ixed nanocrystalline-plus-amorphous structure contains aggre-

ates of nanocrystalline grains. However, if an alloy contains
solated nanocrystalline grains in an amorphous matrix, the overall
train rate sensitivity parameter would be less than unity, i.e. n > 1
ut is not bounded at a lower level by m = 0.5 [26,39].

Indeed, the high temperature plastic flow behavior of the inves-
igated BMG composite can be described by using the above

echanical model. The m value of the composite falls between
.15 and 0.55, without bounding at a lower level by m = 0.5 (see
ig. 5) while the HRTEM/TEM observations demonstrate that the
icrostructure of the composite material is composed of the iso-

ated nanocrystals within the amorphous matrix (see Fig. 2).
Nevertheless, taking into account that the response of the com-

osite including the amorphous matrix and reinforcements could
e nonlinear [20,40], we may write a modified form of Eq. (4) as

˙ total = (1 − fv)dA sinh
(

�Vact

2kT

)
+ fvB�n (5)

In the present case, where m ranges from 0.15 to 0.55, the appro-
riate values of exponent, d lie in the range ∼3–5 [40].

Interestingly, it is revealed in Fig. 5 that the strain rate versus
ow stress data points are well fitted by using Eq. (5), yielding the
alue of the stress exponent, n for each testing temperature. The
emperature dependence of n for the BMG composite is shown in
ig. 6. The value of n is found to decrease from 4.6 down to 2.5
s the testing temperature is raised from 646 up to 665 K. Above
65 K, the stress exponent tends to be independent of tempera-
ure. Therefore, it is indicated that the mechanism of viscous flow
n the studied BMG composite varies with the testing tempera-
ure. According to the above model, the BMG composite can be
onsidered as a dispersion-strengthened solid at a relatively low
emperature, e.g. 646 K, since the value of n is close to 5, which

grees with HRTEM/TEM observations. However, the stress expo-
ent of 2.5 obtained at temperatures higher than 665 K means that a
ifferent plastic deformation mechanism could operate in the crys-
alline lattice [39]. As a consequence, it is worthwhile to investigate
he microstructure of the precipitated nanocrystallites and its effect

[

[
[

Fig. 6. Temperature variation of the stress exponent n.

on the high temperature plastic flow behavior of the BMG compos-
ite. To characterize the detailed microstructure of the nanoparticle,
the inverse Fourier transfer (IFT) treatments on the selected local
area of the corresponding HRTEM image have been performed, as
shown in Fig. 2(c) and (d). It is interesting to note that the disloca-
tions are seen in the precipitated nanocrystal in accompany with
the presence of lattice distortion. This may be the reason why the
rheological behavior of the Zr based BMG matrix composite could
be modified at higher temperatures.

4. Conclusions

The Zr based BMG composite with nanocrystals embedded in
the amorphous matrix was synthesized after primary nanocrystal-
lization of a Zr41.2Ti13.8Cu12.5Ni10Be22.5 glassy alloy. The rheological
behavior of the BMG matrix composite in the supercooled liquid
region can be well described by a modified mechanical model. It
is revealed that the mechanism of the non-Newtonian steady state
plastic flow varies with temperature, which is closely related to the
presence of nanocrystals in the amorphous matrix.
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