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ABSTRACT

Simultaneous wide- and small-angle X-ray scattering (WAXS/SAXS) measurements were performed to investigate the low-temperature crystalliza-
tion kinetics of Zr46Cu46Al8 bulk metallic glass during isothermal annealing. Quantitative analysis of the WAXS intensity data indicated that the
crystallization process was dominated by steady-state homogeneous nucleation and three-dimensional diffusion-controlled growth. This observa-
tion was corroborated by quantitative analysis of the SAXS data showing a saturation of the growth of nanoscale crystallites. Comparison of simul-
taneously measured WAXS and SAXS data showed evidence of composition fluctuation prior to crystallization, suggesting that the crystallization
was facilitated by nanoscale phase separation which established regions of favorable compositions catalyzing crystallization. The temperature
dependence of crystallization mechanisms and the resulting microstructures in metallic glass are discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088984

Upon heating into the supercooled liquid region, bulk metallic
glass (BMG) undergoes amorphous-to-crystalline transformation. In
many cases, the microstructure of a crystallized BMG is characterized
by a high density of nanoscale crystalline particles evenly distributed
in the matrix. Thus, crystallization studies of BMGs are vitally impor-
tant for understanding the glass formation and the development of
nanomaterials with excellent properties.

Simultaneous wide- and small-angle X-ray scattering (WAXS/
SAXS) is a powerful technique to capture details of phase transforma-
tion. Wang et al. demonstrated this technique1 with high energy
synchrotron X-ray and used it to investigate the crystallization behavior
of Zr52.5Cu17.9Ni14.6Al10Ti5 BMG. It was found that nucleation and
growth of the crystalline phase occurred in separate stages with differ-
ent kinetics; phase separation occurred first, setting the stage for crystal-
lization. However, the complicated chemistry of the multicomponent
alloy makes data interpretation difficult. Recently, BMGs have been
fabricated in the binary Zr-Cu system, and a minor addition of Al

significantly enhances the glass forming ability (GFA).2–6 The best
GFA is reached with 8 at. % Al added to Zr50Cu50-based alloy.
However, to date, a fundamental understanding of crystallization kinet-
ics in Zr-Cu-Al BMG is still lacking. Lan et al.7 revealed that the crystal-
lization behaviors for Zr46Cu46Al8 and Zr56Cu36Al8 were different. The
former was characterized by site-saturated nucleation, followed by slow
growth, while the latter was described by continuous nucleation and
growth. However, the above experiments were conducted at high
temperatures, i.e., 45K above the corresponding glass transition tem-
peratures. Low-temperature annealing may introduce different crystal-
lization mechanisms.8–10 First, the nucleation mode is temperature
dependent, and homogeneous nucleation rather than heterogeneous
nucleation dominates at a lower temperature.8 Second, the growth
mode of nanoscale crystalline particles in amorphous alloys is also
temperature dependent. For example, Deledda et al. studied the crystal-
lization of (Zr0.55Cu0.30Al0.10Ni0.05)100�xCx MGs using differential scan-
ning calorimetry (DSC). Based on modeling of the DSC data, it was
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proposed that the growth mechanism changed from interface-
controlled growth to diffusion-controlled growth when the annealing
temperature was lowered.9 Similarly, a DSC study of an undercooled
Pd43Ni10Cu27P20 melt suggested a transition of crystallization mecha-
nism from nucleation-controlled at high temperatures to growth-
controlled process at low temperatures.10

In the present work, we used in situ, simultaneous WAXS/SAXS
to study the structural evolution of Zr46Cu46Al8 BMG upon isothermal
annealing in the supercooled liquid region. The combination of
WAXS/SAXS measurements and quantitative analysis of the multi-
scale structural data allowed us to pin-point and establish in-depth
understanding of the crystallization process in BMG.

An alloy ingot with a nominal composition of Zr46Cu46Al8
(at. %) was prepared by arc melting a mixture of Zr (99.99%), Cu
(99.99%), Al (99.99%) in appropriate amounts under a Ti-gettered
argon atmosphere. To ensure compositional homogeneity, the ingot
was remelted six times and quenched into a cooper mold via suction
casting under a high purity Ar atmosphere. A disk of 3mm diameter
and 1mm thickness was polished for the synchrotron experiment. The
glass transition temperature (Tg) and the first crystallization tempera-
ture (Tx) obtained by DSC at a heating rate of 10K/min were 709K,
776K, respectively.7,11

Synchrotron time-resolved WAXS/SAXS measurements were
carried out using high energy synchrotron X-rays at the 1-ID-E beam-
line, Advanced Photon Source, Argonne National Laboratory. The
energy of the incident X-ray was 70 keV corresponding to a wave-
length of 0.1771 Å. The sample was heat treated in the supercooled
liquid region by a Linkham vacuum furnace (Model TS1500). The
temperature profile of the sample is shown in Fig. 1(a). The

Zr46Cu46Al8 sample was heated as follows: (1) heating to 729K at
a heat rate of �200K/min; (2) annealing at 729K for �2 h; and (3)
further annealing at 739K for �1 h. The last step was to accelerate
crystallization since no evidence of crystallization was detected at
729K. A blow-up of the temperature profile from 729 to 739K is
presented in Fig. S1 (see the supplementary material). Time-resolved
synchrotron scattering data were collected with an interval of �5.6 s
throughout the heat treatment. The WAXS data were acquired in
transmission geometry by 2D detectors (GE-41RT) and azimuthally
integrated about the beam center to obtain the 1D intensity profiles by
using the Fit2D software.12 The intensity profiles were then processed
with PDFgetX213 to obtain the structure factor S(Q), where Q is the
magnitude of the momentum transfer. The SAXS images were
acquired in transmission geometry by a 2D detector (ScintX
DXI-11000R). The 2D images were also azimuthally integrated. The
resulting 1D intensity profiles I(Q) were obtained after corrections of
dark current, mask, transmission, solid angle, detector efficiency, and
background scattering. After these corrections, the scattering intensity
of the sample (IS) during annealing was reduced as follows:

IS ¼ ½ISþF tð Þ � IDARK � � ½TSþF tð Þ=TSþF t0ð Þ��½ISþF t0ð Þ � IDARK �:
(1)

Here, IDARK refers to the dark current. IS and ISþF represent the scat-
tering from the sample and sample in the furnace; respectively. TSþF
refers to the transmission of the sample in the furnace. t0 is the time
when the heat treatment process starts, which was set to 0.

Figures 1(b) and 1(c) show the kinetic diagrams of the WAXS
and SAXS patterns during crystallization, respectively. It can be seen
that the SAXS intensity started to develop after �155min, but there
were no obvious crystalline peaks yet at this point. Prominent crystal-
line peaks appeared suddenly after �160min. For further examina-
tion, the integrated intensities from WAXS (red) and SAXS (blue)
were obtained and shown in Fig. 1(d). The intensity of WAXS was
obtained by integrating S(Q) over the Q range from 3.747 to
3.785 Å�1, where prominent crystalline peaks appeared. The starting
time for crystallization was found to be s¼ 157.66 0.1min (the stan-
dard deviation corresponds to the time resolution of the recorded
data). During the incubation period, there was no discernible change
in the diffraction patterns, as evidenced from the flat integrated inten-
sity as a function of time. After the start crystallization, the integrated
intensity increased continuously, even after �3h of annealing. The
integration of SAXS was done by summing I(Q) over the Q range from
0.0049 (Qmin) to 0.0502 Å�1. Clearly, there was virtually no SAXS
intensity at the initial stage of annealing. The SAXS intensity started to
develop after 154.26 0.1min and became stronger at longer times.

Figure 2(a) compares the S(Q) for the as-cast (t0 ¼ 0min) and
the heat-treated (t¼ 200.5min) Zr46Cu46Al8 BMG. It is obvious that
the heat-treated sample was partially crystallized. Phase identification
and quantitative analysis of the heat-treated sample were performed
by Rietveld refinement14 using TOPAS 4.2 software (Bruker AXS).
The crystalline phase was fitted with the orthorhombic Cu10Zr7 phase
with space group Cmca.7 The amorphous phase was modeled with
two broad peaks, following Baser et al.15 Figure 2(b) shows the refined
diffraction pattern for the heat-treated Zr46Cu46Al8 BMG. As it can be
seen, the sample was partially crystallized; the crystallized volume frac-
tion of the heat-treated sample was estimated to be �63%. The good-
ness of fit (GOF) and the RWP value for the fit were 1.17 and 6.62%,

FIG. 1. (a) Temperature profile for Zr46Cu46Al8 BMG during the heat treatment
process. The sample temperature was held at 729 K from 2.3 to 145.2min, and at
739 K from 145.2 to 200.5min. (b) Kinetic diagram of WAXS for 140< t< 200min.
(c) Kinetic diagram of SAXS for 140< t< 200min. (d) Integrated intensity for WAXS
(Q¼ 3.747–3.785 Å�1) and SAXS (Q¼ 0.0049–0.0502 Å�1) for 140< t< 180min.
For comparison, the initial values of the two curves were shifted to the same level.
The starting time for crystallization and nanoscale density fluctuations, marked by the
red and blue arrows, respectively, in (d), were also labeled by the red and blue dashed
lines in (b) and (c).
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respectively, indicating good agreement between the experimental and
calculated diffraction patterns.

To examine the kinetics of phase transformation during the heat
treatment process, an intensity ratio was calculated by taking the area
underneath the crystalline peaks divided by the total area under the
crystalline peaks and amorphous peaks. This intensity ratio was used
as a measure of the crystallized volume fraction of the sample. The
Kolmogorov-Johnson-Mehl-Avrami (KJMA)16–21 equation is a conve-
nient method to characterize the crystallization kinetics of metallic
glasses during isothermal annealing. The crystallized volume fraction,
x(t), is described by

x tð Þ ¼ 1� exp½�K t � sð Þn�: (2)

The kinetic parameter K represents the crystallization rate; the Avrami
exponent n provides information about the crystallization mechanism;
s is the starting time for crystallization. Experimentally, the Avrami
exponent n can be extracted from the KJMA analysis by rewriting
Eq. (2) as ln �ln 1� x tð Þð Þ½ � ¼ nln t � sð Þ þ lnK . Typical values of n
and the corresponding nucleation and growth mechanisms are sum-
marized in Table S1 (see the supplementary material). Figure 3 shows
the plot of ln[�ln(1 � x(t))] vs ln(t � s). Here, the whole heat treat-
ment process was assumed as an isothermal annealing at T¼ 739K
since the temperature was raised to T¼ 739K at t¼ 145.2min, and

no crystallization occurred until t¼ 157.66 0.1min. An excellent
linear relationship is seen in Fig. 3, from t¼ 169.1min to
t¼ 200.5min, corresponding to x values from 0.05 to 0.63. An expo-
nent n¼ 2.306 0.01 was obtained, indicating that the crystallization
process was characterized by diffusion-controlled growth with con-
stant nucleation rate,22 i.e., steady-state homogeneous nucleation.

To extract the nanoscale structural evolution of Zr46Cu46Al8
BMG during the heat treatment process, SAXS scattering profiles were
fitted with a structural model using the SasView software.23 With the
assumptions of spherical shape7 and a lognormal size distribution for
the crystalline particles, a model consisting of a Porod law function,24 a
lognormal size distribution of spheres, and a flat background was used

I Qð Þ ¼ A� Q�4 þ B= Vh i
� �

�
ð1
0
f Rð Þ Dqð Þ2V2½F Q;Rð Þ�2dRþ C;

(3)

where A, B are scale factors, Dq is the difference in scattering length
density between the crystalline particles and the matrix, F(Q, R) refers
to the form factor amplitude for a sphere, which can be calculated by
FðQ;RÞ ¼ 3 sin QRð Þ � QR cos QRð Þ½ �=ðQRÞ3, and C is the back-
ground scattering. The lognormal size distribution function for
the crystalline particles f(R) is given by f Rð Þ ¼ ½1= rR

ffiffiffiffiffi
2p
p� �

�
�exp½� lnR� lnRmedð Þ2=2r2�. Here, Rmed and r refer to the median
radius and polydispersity of the crystalline particles, respectively. The
average particle volume hVi is obtained by hVi ¼ 4phR3i=3 with
hR3i ¼ ðRmedÞ3 � expð9r2=2Þ. The Porod law, the first term in Eq.
(3), describes the contributions from large structural inhomogeneities
with a sharp interface. The fitting results matched the experimental
SAXS profiles very well and two examples are shown in Fig. 4(a). The
corresponding particle size distributions, f(R), are plotted in Fig. 4(c).
As t increased from 180.6 to 200.5min, the scattering intensity
increased due to the increase in the size of the crystalline particles. The

FIG. 2. (a) S(Q) for the as-cast (red line) and the heat-treated (blue line)
Zr46Cu46Al8 BMG. (b) Rietveld refinement of diffraction pattern for the heat-treated
Zr46Cu46Al8 BMG.

FIG. 3. KJMA analysis of the crystallized volume fraction x(t). The red solid line
gives a linear fit between x¼ 0.05 and x¼ 0.63. s represents the starting time for
crystallization, i.e., 157.66 0.1 min.

FIG. 4. (a) Experimental SAXS data (symbols) collected at 180.6 and 200.5 min,
respectively, and fits (solid lines) using a model consisting of a Porod law function,
a log-normal distribution of spheres, and a flat background [the corresponding parti-
cle size distributions f(R) are shown in (c)]. (b) Mean radius Ravg and (d) polydisper-
sity r vs time obtained by model fitting. The red solid curves are drawn to guide
the eyes.
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temporal evolution of mean particle radius and corresponding poly-
dispersity were obtained and shown in Figs. 4(b) and 4(d). The mean
radius (Ravg) is related to Rmed and r by Ravg ¼ Rmed � expðr2=2Þ. It
was found that the size of the crystalline particles increased signifi-
cantly at first, and then remained almost constant at the late stage of
annealing. The crystalline particle size was found to approach a uni-
form value, and an average radius of �85 Å was obtained at long
annealing times. The observed saturation of the growth with time sig-
naled a diffusion-controlled process with soft impingement between
crystalline particles,25 consistent with the KJMA analysis.

Simultaneous WAXS/SAXS is a powerful tool to decipher the
kinetics of phase transformation. In our case, quantitative analysis of
simultaneously collected WAXS/SAXS data yielded a complete picture
of nanocrystallization in Zr46Cu46Al8 BMG. Nanoscale density fluctua-
tions took place, as evidenced from the development of SAXS inten-
sity, prior to crystallization. This observation is somewhat surprising
and should be a subject of future investigations because for ternary Zr-
Cu-Al alloy, the heat of mixing is negative for all atomic pairs.26 The
crystallization thereafter was dominated by steady-state homogeneous
nucleation and diffusion-controlled growth mechanism. This was
evidenced from KJMA analysis of the extracted volume fraction and
confirmed by evolution of the particle size. Previous kinetic analysis
was mostly carried out via modeling of calorimetry data (see, e.g.,
Ref. 9). The n values thus extracted vary widely, rendering the interpre-
tation with ambiguities. In this paper, quantitative analysis of the in
situ time-resolved multiscale structural data, from simultaneous WAXS
and SAXS measurements, provided a means to characterize and pin-
point the nature of crystallization and the underlying mechanisms.

The crystallization mechanism and resulting microstructure
reported here complement the previous study conducted at higher
temperature, where the isothermal crystallization process of
Zr46Cu46Al8 was characterized by site-saturated nucleation,
followed by slow growth. The classical nucleation theory proposes
that the steady-state nucleation rate27 is expressed as Is ¼ A� Deff

�expð�DG�=kTÞ, where A is a constant, Deff is the effective diffu-
sivity, and T is the temperature. The nucleation barrier, DG�, is
described as DG� ¼ 16pr3=DG2, where r is the interfacial free energy
between the amorphous matrix and the crystalline particles, and DG is
the driving force for crystallization. The lower temperature studied
presently implies the presence of a larger driving force for crystalliza-
tion and smaller nucleation barrier, suggesting a high nucleation rate.
Also, lower temperature means a higher viscosity of the supercooled
liquid, i.e., lower atomic mobility for diffusion. By this consideration,
the slow diffusion limits both the nucleation and the growth rates at
low temperatures. Therefore, nucleation can take place readily, while
the growth process is suppressed by the slow diffusion. In contrast,
high-temperature crystallization is dominated by fast diffusion, and
thus high nucleation rate, which leads to site-saturation at early stage
of crystallization. Then, particle growth proceeds until soft impinge-
ment effect reduces the growth rate to zero.

In summary, low-temperature crystallization of Zr46Cu46Al8
BMG during heating was investigated by simultaneous WAXS/SAXS
technique. Upon heating Zr46Cu46Al8 in the supercooled liquid
region, (1) phase separation occurred before crystallization. (2) The
crystallization process was dominated by steady-state homogeneous
nucleation and three-dimensional diffusion-controlled growth.
Simultaneous measurements at atomic and nanoscales by WAXS/

SAXS underscore the important role of temperature on crystallization
mechanisms and the resulting microstructures of BMGs.

See the supplementary material for the blow-up of the tempera-
ture profile from 729 to 739K, typical values of the Avrami exponent
n, and the corresponding nucleation and growth mechanisms.
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