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a b s t r a c t

We have studied the crystallization kinetics of Ca40Mg25Cu35 bulk metallic glass under isothermal
annealing in the supercooled liquid region, with and without applied stress, by in-situ high-energy
synchrotron x-ray diffraction. We observed that without stress, crystallization started from the very
beginning of isothermal annealing. However, when a uniaxial compressive stress was applied during
isothermal annealing, no change in atomic order was observed at the beginning. Thereafter, the glassy
structure relaxed, but still without noticeable evidence of crystallization. It is suggested that the applied
compressive stress restricted the atomic mobility, which suppressed crystallization.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Ca-based bulk metallic glasses (BMGs) are simple-metal based
amorphous alloys with a very low density [1]. This feature, com-
bined with low characteristic temperatures, low elastic modulus,
and good glass-forming ability, makes Ca-based BMGs an excellent
candidate for biomedical applications [1e7]. However, for
biomedical applications, the stability of the amorphous structure is
a major concern. Both temperature and stress can influence the
glassy structure and cause crystallization [8]. It is crucial, therefore,
to have a thorough understanding regarding modification of the
structure with service time, under complex thermal and mechan-
ical conditions. The superior mechanical and corrosion-resistant
properties of BMGs are associated with the amorphous struc-
tures; crystallization can change the structure and hence deterio-
rate the intended functions. Although Ca-based BMGs were first
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reported in 2002 [2,3], and their atomic structure studies in the as-
cast state have been reported with the help of x-ray and neutron
diffraction as well as by ab-initio molecular dynamics and Reverse
Monte Carlo simulations [9e11]. However, very few experimental
studies (mostly post-mortem) have been conducted so far
regarding their crystallization kinetics [12e14]. Moreover, there
have been no prior in-situ studies of crystallization in BMGs under
the combined effect of stress and temperature. Here, we report an
in-situ isothermal annealing study in the supercooled liquid region
(SCLR), with and without stress, for Ca40Mg25Cu35 BMG by high-
energy synchrotron x-ray scattering. After prolonged isothermal
annealing, only partial crystallization took place; while under
compressive stress, the extent of crystallization was negligible. The
effect of compressive stress is explained in terms of reduced atomic
mobility.

2. Experimental

Rod-shaped specimens of 3mm in diameter and 6mm in length
were obtained frommetallic glass ingots prepared by sintering, arc-
melting, and suction-casting. Synchrotron high-energy x-ray
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diffraction (HE-XRD) was carried out at beamline 11-ID-C
(E¼ 105 keV, l¼ 0.11798 Å) of the Advanced Photon Source,
Argonne National Laboratory, USA. Ca40Mg25Cu35 BMG was
selected for this study owing to its better glass-forming ability
among the Ca-Mg-Cu alloy family. Differential scanning calorimetry
(DSC) of the as-cast sample was conducted at a heating rate of
20 �C/min using Perkin-Elmer DSC7. From the DSC curve, a glass
transition temperature Tg of 126 �C and onset of crystallization
temperature Tx of 162 �C were obtained, thus providing a SCLR
(DTx¼ TxeTg) of 36 �C. Synchrotron experiments were conducted
in-situ under isothermal annealing in the SCLR at 135 �C (9 �C above
Tg): (1) without load; (2) under uniaxial compression with a strain
rate of 1.7� 10�5 s�1 (maximum applied stress was approx.
180MPa). Synchrotron x-ray data were recorded with a time in-
terval of 7 s for the case without loading and 2 s for the experiment
under load, with a total acquisition time of 6500 and 12690 s,
respectively. FIT2D [15] was used for calibration with a standard
CeO2 sample and for conversion of 2D data to 1D. PDFgetX2 [16]
was used for correction of data and for generation of the structure
factor S(Q) and reduced pair distribution function G(r), where Q is
the momentum transfer given by

Q ¼ 4pSinQ
l

G(r) is related to S(Q) by

GðrÞ ¼ 2
p

ZQmax

Qmin

Q ½SðQÞ � 1 �SinðQrÞdQ

Corrections were applied for sample background, sample self-
absorption, Compton scattering, x-ray polarization, energy depen-
dence, etc. The exact wavelength (0.11798 Å), sample composition
(Ca40Mg25Cu35, in atomic percent), sample thickness (3mm),
number density (0.03987 Atoms/Å3), and sample geometry (flat
plate transmission) was used. For the kinetic study data, to
construct the integration intensity plots [Figs. 2(c) and 3(e)] from a
large number of data points, PDFgetX3 [17] was used after bench-
marking selective sets of data with PDFgetX2.
Fig. 1. Structure factor evolution of Ca40Mg25Cu35 BMG during isothermal annealing at
135 �C (a), and under compression while isothermally annealing at 135 �C (b).
3. Results and discussion

The evolution of the S(Q) for Ca40Mg25Cu35 BMG during
isothermal annealing at 135 �C and under compression at 135 �C
(hereafter referred to as annealing and loading conditions,
respectively, in the rest of the text for simplicity) are presented in
Fig. 1. Although the S(Q) data were collected up to a Qmax of 35 Å�1,
only data up to a maximum Q of 12 Å�1 are shown for clarity. The
initial (as-cast) patterns for both samples showed a pre-peak,
which is attributed to the presence of extended medium-range
order in the amorphous alloys [18e21]. The pre-peak remained
prominent till the end of the experiment under both annealing and
loading conditions.

The first sharp diffraction peak (FSDP) is asymmetrical in shape
and is located in the Q-range of 1.80e3.37Å�1 with the peak center
at 2.35Å�1. Significant changes can be seen in S(Q) after 2000 s of
isothermal annealing in comparison to the initial pattern [Fig. 1(a)].
The FSDP broadened with annealing time and ultimately split into
two peaks, which indicates the formation of a crystalline phase
[22]. After FSDP, the appearance of a kink at 3.2Å�1 also signifies
the development of structural order in the system. The appearance
of crystalline peaks can also be seen in the Q range of 4.0e8.0Å�1.
Crystallization started developing rapidly from the very beginning
of the experiment, but the rate of crystallization slowed downwith
increasing annealing time and only minor changes happened after
3000 s. Towards the end of the experiment, the crystalline peaks
are few in number and still very broad, which indicates that sample
is only partially crystallized.

Another sample of the same composition was subjected to
compressive stress in addition to isothermal annealing at 135 �C.
Surprisingly, it showed very little change [see Fig. 1(b)] in com-
parison to the case of isothermal annealing alone. The FSDP did not
show any broadening or splitting, and no new peak appeared
during the long loading time of 12690 s. It is thus concluded that
the applied compressive stress suppressed the crystallization.

Fig. 2 compares the evolution of FSDP for both experiments.
Under annealing alone, as illustrated in Fig. 2(a), a significant
shoulder peak developed as a result of crystallization. Fig. 2(b)
shows the behavior of FSDP under load; it remained essentially
unchanged except an increase in the peak intensity which is
associated with relaxation of the glassy structure [22]. Under



Fig. 2. Changes in FSDP during the course of the annealing experiments: (a) without
load showing two sub-peaks due to crystallization, (b) under loading where the
structure relaxationwas observed as evidenced by sharpening of the FSDP, (c) variation
of integrated S(Q) peak intensity during annealing and straining.
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annealing alone, the FSDP started to broaden from the top, which
ultimately transformed to a shoulder peak, and gave rise to three
distinct Q-regions as marked by vertical dashed lines in Fig. 2(a). In
the low-Q region (Q< 2.41Å�1), the S(Q) remained essentially
unaffected by annealing. The intensity in the middle-Q region
(Q¼ 2.41e2.75Å�1) kept increasing and this leads to a new
shoulder peak after splitting at 2.41Å�1. The growth of this phase
can be seen with annealing time. The intensity increase in this re-
gion occurred due to nucleation, but because of small crystallite
size the shoulder peak remained broad in the beginning and finally
split into two peaks, which is a clear indication of a new phase.
Between 2.75 and 3.20Å�1, the intensity decreased with annealing
time and the growth of the new phase happened at the expense of
this Q region. Fig. 2(b) shows the behavior of FSDP under loading. It
also consists of three distinct regions: (i) peak narrowing until
2.20Å�1; (ii) increase in intensity between 2.20 and 2.68Å�1; and
(iii) narrowing of peak for Q> 2.68Å�1. However, here, the increase
in intensity and narrowing of the peak is due to the relaxation of
the glassy structure [22]. In the loading scenario, the absence of any
shoulder peak indicates the lack of significant crystallization.

Fig. 2(c) is a comparison of FSDP integrated intensity for both
experiments, over the Q-range of 2.50e2.65Å�1. Under isothermal
annealing, crystallization started from the very beginning, upon
reaching the annealing temperature, with a fast growth rate for the
first 1200 s. On the other hand, when a stress was applied during
isothermal annealing, no change in intensity was observed for the
first 1500 s and even when S(Q) intensity started to increase at the
later time, the rate of change was extremely slow.

The PDF G(r) graphs are presented in Fig. 3(a) and (b). The first
PDF peak, which characterizes the nearest-neighbors or the short-
range order (SRO) [23], exhibits three shoulders at 2.54Å, 3.06Å
and 3.72Å, which corresponds to Cu-Cu, Cu-Ca and Ca-Ca atomic
pairs, respectively [9e11], as highlighted in Fig. 3(c) and (d). The
contribution from Mg-Mg pair can be ignored due to the relatively
low concentration of Mg and its small atomic number while Cu-Mg
and Mg-Ca pairs are overlapped with others [9]. The Cu-Ca peak
shifts to a larger r value during isothermal annealing but no such
change was observed when a compressive stress was applied, see
Fig. 3(c) and (d).

In Fig. 3(a), the second G(r) peak (r¼ 4.4e7.1 Å) became sharp
with increasing annealing time. An additional peak centered at
6.75Å appeared at the tail of the second peak and its intensity
increased steadily with the annealing time. The second PDF peak
and beyond characterizes the medium-range order (MRO) and thus
the observed changes signifies the development of the MRO [24].
Additional new peaks developed at larger r values indicate the
formation of new bonds. Note that the sample was only partially
crystallized after 6500 s of annealing, as the peaks were still fairly
broad.

Fig. 3(b) shows the effect of stress on G(r) patterns. Changes
above the MRO scale are quite different from the annealing sce-
nario. For example, no additional peak developed at 6.75Å under
stress. Additionally, no shifting of the central peak of SRO was
observed either, see Fig. 3(d). Under stress, the changes from the
initial pattern were negligible, despite the fact that the sample was
subjected to stress (with annealing) for much longer duration than
isothermal annealing alone.

Fig. 3(e) presents the variation of integrated intensities for
r¼ 11.88e12.13 Å (the position marked with arrows in Fig. 3(a) and
(b)). The intensity was almost unchanged with time under the
compressive stress while a steady build-up of intensity in the
absence of load can be seen. The development of medium-to-long
range order is evident in the absence of load, whereas little
change was observed under a compressive stress. It can be inferred
that the uniaxial compressive stress when applied in the SCLR,



Fig. 3. PDF under annealing (a), and under stress (b), in the SCLR. The first PDF peak consisting of three sub-peaks corresponding to different atomic pairs are presented for both
scenarios (c)e(d). Comparison of integrated PDF peak intensity is shown in (e).
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inhibited the development of long-range order in the system by
restricting the atomic mobility (evident from little shift of the
central shoulder peak in Fig. 3(d)).

The suppression of crystallization under compression is unusual
as stress can facilitate crystallization in MGs, especially since tem-
perature and stress have been demonstrated [25,26] to give rise to
equivalent effects on the structure. On the other hand, it has been
reported that hydrostatic pressure tends to stabilize the glassy
structure. Xue et al. [27] recently demonstrated the enhancement
in the stability of BMG by applying pressure at room temperature,
which led to an upward shift in Tg and Tx. Moreover, their sample
remained stable even when heated well above Tg temperature.
Jiang et al. [28] also observed an increase in Tx under high pressure
and attributed the retardation of crystallization to restriction in
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atomic mobility under high pressure, leading to larger thermal
activation energy required for crystallization to take place. How-
ever, in the case of uniaxial compression both pressure and shear
stress play a role. Whereas the pressure increases viscosity and
retarding the flow, the shear stress tends to enhance the flow by
breaking the atomic bonds [26,27,29,30]. The present experiment
was conducted at a temperature above Tg, where the effect of shear
is diminishing. Therefore, in our study of Ca-based BMG, the
pressure is expected to play a dominant role.

The nucleation rate, I, for continuous nucleation is given by [31]:

IfD:e
�
� W*

kBT

�
(1)

where D is diffusion coefficient, W* is nucleation barrier, kB is
Boltzmann constant, and T is the absolute temperature. Nucleation
barrier, W*, can be expressed in terms of interfacial energy (s) and

the chemical potential ðDgÞ: W* ¼ 16p
3

s3

ðDgÞ2 . From Equation (1), the

nucleation rate is proportional to the diffusion coefficient. Under
the influence of compressive stress, the diffusion and hence the
atomic mobility will be restricted. As a result, the nucleation rate
will be slower, compared to the case where no stress is applied.
Meanwhile, it should be noted that a compressive stress in the vi-
cinity of Tg could produce an inhomogeneous strain field, leading to
an increased interfacial energy, s. As Equation (1) shows, a large s
also suppresses nucleation and hence the crystallization.

It should be noted that the effect of pressure also depends on the
alloying elements. Guo and Li conducted a simulation study of
phase transitions in amorphous solids under hydrostatic
compression [32]. It was found that under pressure, the free vol-
ume is reduced because of compression of soft atoms. This lead to a
slow-down diffusion or atomic mobility, which stabilized the glass
structure. However, the effect of compressive stress is atomic size
dependent. Large atoms are soft centers and therefore are more
compressible, whereas small atoms are hard centers and incom-
pressible [32]. In Ca-Mg-Cu BMG, Ca atoms are large atoms and
considered soft, whereas Cu atoms are small and hence hard. The
PDF analysis provided supporting evidence in that under
isothermal annealing, the central PDF peak position moved from
3.06 Å to 3.09 Å, while under a compressive load there was essen-
tially no change in the peak position [Fig. 3(c) and (d)], demon-
strating the effect of pressure on restraining the atomic mobility.
4. Conclusions

In summary, crystallization kinetics of the ternary Ca40Mg25Cu35
BMG were studied by in-situ synchrotron x-ray diffraction under
two conditions above the glass transition temperature: (1)
isothermal annealing and (2) uniaxial compressionwith isothermal
annealing. In the case of isothermal annealing, crystallization was
fast at the beginning of the experiment, but after initial crystalli-
zation, the rate slowed down, and the sample was only partially
crystalline after 6500 s of annealing. However, under a compressive
stress in conjunction with isothermal annealing, relaxation of the
glass structure was observed without noticeable crystallization,
even after 12690 s of loading in the SCLR. Apparently, the pressure
component dominated in the competing shearing vs. pressure ef-
fect, thus restricting atomic diffusion beyond nearest-neighbors
and inhibiting the development of medium-to-long range order,
which took place in the absence of stress. It would be valuable to
investigate crystallization pathways of other Ca-based BMG alloys
as well as to carry out atomistic studies by computer simulations on
the underlying mechanism which caused suppression of crystalli-
zation under compressive stress.
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