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Abstract: A well-designed experimental method has been presented to in-situ visualize
the amorphous-to-crystalline phase transformation of two glass formers at the atomic-
length scale in the supercooled liquid region using a high voltage electron microscopy
(HVEM). Analysis of the HVEM high-resolution images, supported by the in-situ
synchrotron diffraction, further confirms previous observations of distinctively
different crystallization pathways in the two Zr-Cu-Al alloys. Moreover, the HVEM
results illustrate that isolated distributed nanocrystals with mutual orientation easily
grew up from the ZrssCussAlg, an average glass former, which follows a classical
crystallization pathway; while density population poorly ordered atomic clusters with
large misorientation suspended the growth in the ZrssCussAls, a good glass former,
which might follow a unusual crystallization pathway. In addition, in-situ synchrotron
diffraction measurements confirm that the ZrssCussAlgalloy finally crystallized into an
extended structure, in contrast, the final crystalline product of ZrssCussAlg alloy

possesses a damped structure. Our study provides a detailed microscopic understanding



of the crystallization behaviors in the supercooled liquids, showing that the density
population nucleation site with large misorientation and the confined final crystalline

structure contribute to the stability of Zr-Cu-Al supercooled liquids.

1. Introduction

Understanding the atomic rearrangement in the supercooled metallic glass-
forming liquid could shed light on some basic properties, such as the phase stability,
glass-forming ability and crystallization [1-3]. The technical difficulties of in-situ
directly observing the atomic rearrangement process hinder the development of this
kind of studies [4-6]. Most pioneer works were conducted by computer simulation or
in the pseudo-atomic system such as micrometer scale colloidal particles [7-9]. The in-
situ experimental observation of nucleation and growth process in the atomic resolution
is still very challenging [10].

Since the high voltage electron microscopy has an ultra-high accelerating voltage,
it possesses several unique advantages to studying the structure information of
materials [11, 12]. The most attractive feature of HVEM is the high penetration power,
which enables capturing clear microscopy images of relatively thick specimens. By
contrast, specimens for conventional TEM, especially for the spherical aberration-
corrected TEM (Cs-TEM), have to be prepared to very thin, which can only represent
the thin-film structures instead of the structures of bulk samples [13]. With HVEM, a
thicker specimen maintaining the bulk nature could be observed. In addition, the point-
to-point resolution of HVEM could reach to 0.118 nm, which observes atomic-level

resolution images for ‘bulk-like’ samples possible. Furthermore, the HVEM in the



Hokkaido University is equipped with a holder with a heating stage, which enables in-
situ observation of microstructure evolution in the supercooled liquid region.

A previous study [4] found the unusual crystallization behavior in a good glass
former, ZrssCussAls, Which is characterized by site-saturated nucleation followed by
slow growth and the conventional crystallization behavior in an average glass-former,
ZrssCussAls. The details of the atomic, scale structure evolution mechanisms, i.e., how
atoms rearrangement affect the crystallization kinetics, and how localized atomic
orderings develop and finally form nanocrystals are less understood. Here in-situ
HVEM was applied to directly visualizing the phase transformation from the disordered
structure to ordered crystalline in the supercooled liquid region at the atomic scale.
Time-resolved synchrotron diffraction experiments with pair distribution function
analysis were conducted to corroborate the observation by HVEM.

2. Experiments

Amorphous alloys ingots with compositions of ZrssCussAlg and ZrssCuasAls
(atomic %) were respectively prepared by arc melting from mixtures of Zr (99.99%),
Cu (99.99%), Al (99.99%) in appropriate amounts under a Ti-gettered argon
atmosphere. Each ingot was re-melted six times to ensure compositional homogeneity
and quenched into cooper-mold with 3 mm diameter by suction casting under high
purity Arz atmosphere. lon milling was used to prepare the thin foil specimens of alloys.
In-situ TEM images were taken by JEM-ARM-1300 high voltage transmission electron
microscope (HVEM) with accelerating voltage of 1250 kV at Hokkaido University.

The samples were loaded on a holder with a heating stage during in-situ observation.



The auto-correlation function (ACF) was introduced into image analysis on the
scale of 1-2 nm to determine the local ordering. The ACF is a method for obtaining a
measure of the amount and extent of local ordering in TEM images [14]. This analysis
can be used to quantitatively compare different and related samples. It has been used to
characterize the degree of local ordering in various materials with amorphous, near
amorphous or microcrystalline structures [15-17]. The HRTEM images were divided
into 64 sub-images, each of which is corresponding to the small region with the
dimension of 1.84 nm x 1.84 nm. ACF Image analysis was carried out using the
software Digital Micrograph (Gatan, Inc.) and Image J.

The energy-dispersive X-ray spectroscopy (EDX) line scanning of a partially
crystallized ZrseCussAlg sample was performed with Tecnai F20. The EDX elemental
mapping of a partially crystallized Zr4sCussAls sample was performed with Titan G2 at
Hokkaido University. The EDX results analysis was carried out using the Tecnai
Imaging & Analysis (TIA).

In-situ synchrotron X-ray diffraction measurements were conducted at Beamline
11-1D-C of the Advanced Photon Source (APS), Argonne National Laboratory, using
114 keV X-rays. The samples were cut and polished to 1 mm, mounted on a sample
holder in a Linkam heating stage. In-situ X-ray scattering data were collected using a
Perkin Elmer detector with a time resolution of 1 second in the argon atmosphere. The
structure factor S(Q), where Q is the momentum transfer, and the reduced pair
distribution function G(r), where r is the correlation length, were deduced using

software PDFgetx2 [18].



3. Results

Figure 1 shows the sample temperature profiles for the Zr56 sample (blue dots)
and the Zr46 sample (red squares) during the in-situ HVEM experiments. To overcome
the drifts caused by the heating process and the high-energy electron beam bombarding
effect [5], the samples were slowly heated to the specific annealing temperatures step
by step. The samples were held for a period (10 to 20 minutes) to be stabilized at the
given annealing temperature and then the high-resolution images were continuously
taken until next heating event. The supercooled liquid regions of two alloys were
determined from the previous differential scanning calorimetry (DSC) profiles
performed with a heating rate of 10 K/s [4]. The first annealing stage was chosen ~ 15
K below Tg, which was to prevent the overshot of beginning heating event. Then the
annealing temperature was elevated to just above Tg. The third stage was ~15 K above
Tg. For Zr56, the sample was further heated to ~ 35 K above Tg. For Zr46, since it has
higher Tg (20 K higher than that of Zr56), we stopped at the third stage. The specific
temperatures of annealing stages for two samples were listed in Table 1. The precision
for temperature control was 1-2 K.

Previous studies on the phase stability of several kinds of metallic glasses under
ultra-high-energy (2 MeV) electron beam irradiation indicated that the high-dose
electron irradiation would accelerate the crystallization in the MGs with poor glass-
forming ability (GFA) [19-21]. Although our incident electron energy was far less than
2 MeV and the phase stability of two BMG are good enough, slight structure damage

was still unavoidable. Accordingly, in order to reduce the dose of the incident electron



beam and minimize the radiation damage, we enlarged the beam size and lowered the
magnification during each heating process. Images were taken statistically from a
specific area for each specimen beucause it is hard to avoid drifting in a high-resolution
imaging filed. By applying this strategy, it is feasible to capture the crystallization
process in the supercooled liquid state at the atomic scale using in-situ high-resolution
TEM.

Figure 2 (a-d) display the high-resolution images of the Zr56 sample at the as-cast
stage and different annealing stages. Figure 2 (e-h) are the images for the Zr46 sample
at the as-cast stage and different annealing stages. At the as-cast state, both samples
exhibit maze-like atomic arrangement with very few regions with short-range ordering
as marked by squares in Figure 2 (a, e).

For the Zr56 sample annealed at 15 K below Tg, a few local lattice fringes limited
in 1 nm began to appear in the amorphous matrix. With further increasing the
temperature to 5 K above Tg, few nanocrystals around 2 nm dispersed in the Zr56
supercooled liquid, as shown in Figure 2 (b). After heating up to the third stage (15 K
above Tg), we can see that numbers of nanocrystals formed and developed into a larger
size with clear interfaces. Analysis of ACF-processed images, Figure 3 (a), revealed
the nanocrystalline particles with mutual orientation. The average size of nanocrystals
in this annealing stage is about 5 nm, as shown in Figure 2 (c). When reaching to the
final state (35 K above Tg), the sample was crystallized with a very small fraction of
amorphous matrix remaining at the end. Figure 4 (a) displays a high-angle annular dark-

field (HAADF) image of a partially crystallized Zr56 sample. The presence of the



mass/thickness contrast suggests that its composition is non-uniform [22]. The bright
regions, shown as a dendrite-liked structure with clear interfaces, represent the
crystalline product, and the rest dark regions are the remaining amorphous matrix.
Figure 4 (b) shows the EDX line profiles along the black line which is marked in Figure
4 (a). The line scan profiles indicate that the crystalline product is Zr-rich (~67% Zr)
and Cu-poor (~33% Cu).

For the Zr46 sample, at the first annealing stage of 18K below Tg, it remained
amorphous without any lattice fringes, which indicates good phase stability of Zr46
sample. When the second annealing stage (2 K above Tg) was reached, few atomic
clusters no larger than 1 nm, as marked in Figure 2 (g), became visible. During the final
annealing stage (12 K above Tg), local atomic clusters, with a high number density and
small size, formed in the matrix. The atomic alignments in those clusters were not well
developed at this stage. These clusters were poorly ordered and adjacent to each other,
as shown in Figure 2 (h). From the ACF analysis results, as shown in Figure 3 (b), local
patches of fringes also indicated that the current structure contained local ordering,
furthermore, the orientation of those fringes also suggested the nanocrystalline particles
were randomly oriented in the matrix. Poorly ordered atomic clusters describe these
precipitates with tiny size, large local distortion of the atomic alignment, and random
orientation corresponding with Figure 2 (h) and Figure 3 (b). Figure 5 (a) displays a
HAADF image of a partially crystallized Zr46 sample. The crystalline product, shown
as irregular shapes with messy boundaries, presents the bright contrast, and the

remaining amorphous matrix presents the dark contrast. Figure 5 (b-d) show the EDX



mapping results of Figure 5 (a)’s region, which indicates that the crystalline product is
Cu-rich.

Figures 6 (a) and (c) show the evolution of structure factor patterns, S(Q), as a
function of annealing timefor the Zr56 and Zr46 samples at a same relative annealing
temperature, respectively. Figures 6 (b) and (d) show that the corresponding G(r)
patterns for the Zr56 and Zr46 samples, respectively. At the as-cast state, both S(Q)
patterns displayed diffraction halos without Bragg peaks. Meantime, the G(r) profiles
fall at large r due to the lack of long-range order, exhibiting typical features of fully
amorphous materials.

For the Zr56 sample, the incubation period for crystallization is 150 min at 23 £ 1
K above its Tg, within which the diffraction patterns and pair distribution functions
(PDFs) showed no discernable changes. Then, the intensity of diffraction peaks
increased gradually at a steady rate, as shown in Figure 6 (a). After 4 hours annealing,
the diffraction peaks became strong and sharp. The Rietveld refinement analysis shows
that the final product of a fully crystallized Zr56 sample is the tetragonal Zr,Cu, which
is consistent with the EDX result shown in Figure 4. From Figure 6 (b), the PDF
corresponding to 4 hours annealing extended to a high correlation length (beyond 30
A), which indicates that the Zr,Cu phase could quickly fill in space.

A Zr46 sample annealed 6 hours at 30 + 1 K above its Tg, and the structural
evolution was recorded as shown in Figure 6 (c-d) from 0 min to 360 min. Surprisingly,
there is no signature of crystallization, which implies the strong stability against

crystallization in the Zr46 supercooled liquid. The crystal pattern marked in Figure 6



(c, d) is the final crystallization state of Zr46 alloy, which was collected by annealing
another sample at an elevated temperature, 55 + 1 K above its Tg, for 30 min. The S(Q)
pattern of crystallized state shows weak and broad diffraction peaks. According to the
Rietveld refinement analysis of a fully crystallized Zr46 sample, the primary crystalline
phase is orthorhombic CuioZr7. As shown in Figure 6 (d), the PDF of crystallized state
damped fast, and strong pair correlation limited in 20 A, which indicates that the
Cu10Zr7 phase is a somewhat confined structure.

4. Discussions

The detailed atomic-scale information obtained from the in-situ HVEM
demonstrates that the crystallization in the Zr56 alloy adequately follows continuous
nucleation and growth, while that in the Zr46 alloy could not be so simply described,
which is characterized by much longer induction time, site saturate nucleation and
slower growth. Furthermore, HVEM results showed a significant discrepancy of
nanocrystalline formation and initial crystal growth rate between two alloys. The
mechanisms behind the crystallization of these two alloys under isothermal annealing
in the supercooled liquid region could be different.

Classically, the crystallization precedes as following: nucleation clusters form
during thermal fluctuation, and only the ones surpass a critical nucleation size could
continue to grow to nuclei and grow into crystals, while those smaller than this critical
size dissolve [23]. In the Zr56 supercooled liquid, the nuclei individually formed and
separately distributed in the matrix, independently grew up into nanocrystals with 5-7

nm sizes, as shown in Figure 2 (a-c). Then the crystals of larger size were obtained,



which was indicated in Figure 2 (d) and HAADF image. On the other hand, from the
synchrotron data, the crystal grows continuously during isothermal annealing. The final
crystalline product is a highly-extended structure supported by the PDF results. All
these evidence points to a possible outcome that the Zr56 alloy followed a classical
nucleation and growth mechanism during isothermal annealing in the supercooled
liquid region.

Recently, some in-situ observations and simulations revealed an unusual
coarsening behavior in various systems and formulate a new mechanism of crystal
growth, oriented attachment [24-27]. This particle-based non-classical crystallization
can be divided into three main steps: 1. the formation of high density of 2-3 nm primary
particles as the building blocks; 2. the spontaneous self-organization of adjacent
particles with a common crystallographic orientation; 3. the aggregation of these
particles at a planar interface, which allow the system to win the driving force by
eliminating two high-energy surfaces, to form the final coarser polycrystalline products
[28, 29]. Earlier, Lu et. al. [30, 31] demonstrated that poorly ordered clusters as
precursors firstly formed and then shear-deposited at the crystal front in the Ni-P
metallic glass system based on the in-situ TEM studies. In principle, there are two main
possible ways achieved oriented attachment growth: one is an effective collision of
particles with mutual orientation, another choice is coalescence by particle rotation to
achieve a parallel orientation in infirmly solidified system where the particles possess
rotation freedom [28]. For the Zr46 alloy, as shown in Figure 2 (e-h), saturated poorly

ordered clusters around 2-3 nm appear adjacently with random orientation after a rather

10



long incubation time. These high density clusters consist well with the formation of the
building blocks in the first step of particle based non-classical crystallization
mechanisms. Then, they grew into polycrystalline with diffuse boundaries and confined
size, indicated by the HAADF image, which may suggested the merge of these clusters
in the matrix. Furthermore, the final fast damped structure suggested by the PDF results
also supported a confined structure. Our results might suggest that the crystallization
mechanism behind the Zr46 alloy is a particle-based non-classical oriented attachment.
Since the time resolution for our experiment is limited, we missed some crystallization
steps and are not sure how the particles rotated in the supercooled liquid matrix.
However, to rotate and parallelize them required relatively high energy, which
suspended the crystal growth in a certain extent. Further investigation with more
advanced techniques should be conducted to study the physical insight of particles’
random orientations and also the rotation process in the Zr46 supercooled liquid during
crystallization.
5. Conclusions

To sum up, in-situ HVEM observation, supported by in-situ synchrotron
diffraction illustrated the crystallization pathways in two Zr-based BMGs of different
GFA at the atomic scale are different. Our experimental results reveled an unusual
crystal growth mode for the Zr46 alloy of good GFA. By contrary to the classical
crystallization pathway for Zr56 BMGs, an average glass former with an extended
crystalline product, Zr46 BMGs, a better glass former with a damped crystalline

product, would experience a more complex crystallization mechanism, so-called

11



oriented attachment, that is, the crystal growth suspended by the poorly ordered clusters
with random orientation. This study also illustrated that the potential of HVEM as a
tool to in-situ visualize the real-time structural evolution during the crystallization in

BMGs at a atomic scale.
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Table 1: Temperature profiles for ZrseCussAls (a) and ZrssCussAlg (b) samples.

Stage 1 T g-onset Stage 2 Stage 3 Stage 4
T (K) 653 668 [4] 673 683 703
ZI‘56CU36A18
AT (K)* -15 0 5 15 35
T (K) 673 691 [4] 693 703
ZI‘46CU46A13
AT (K)* -18 0 2 12

* . AT:T—Tg-onset.

Captions

Figure 1. Temperature profiles for ZrssCuszsAls and ZrssCussAls samples.

Figure 2. The HRTEM images for ZrssCussAls (a) and ZrseCuzsAlg (a) in as-cast state,
which show random atomic arrangement with very few short-range ordering regions as
marked by red and yellow squares for ZrssCuszsAls and ZrssCussAls, respectively. (b-d)
and (f-h) are the HRTEM images for ZrseCuzsAlg and ZrssCussAlg isothermal annealed
for different time, respectively. The nanocrystals formed in the ZrseCussAlg matrix have
been marked by red spheres, and poorly ordered clusters formed in the ZrssCussAlg
have been marked by yellow squares.

Figure 3. The ACF-processed 1.84 nm x 1.84 nm images corresponding to Figure 2 (C)
for ZrssCussAls (a) and corresponding to Figure 2 (h) for ZrssCussAls (b), respectively.

Figure 4. The HADDF image (a) and EDX line scan profiles (b) along the black line
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marked in the (a) for the partially crystalline state of ZrssCuscAls.

Figure 5. The HADDF image (a) and EDX element mapping for Zr, Cu and Al (b-d)
for the partially crystalline state of Zr4sCussAls.

Figure 6. The S(Q) (a) and PDF (b) evolution during isothermal annealing for
Zrs6CuseAls. The structure evolution during isothermal annealing at 30 £ 1K lasting
360 min and also the structure information of the final crystalline product noted as Cryst.
which is obtained at 55 + 1 K lasting 30 min for ZrssCussAlg are shown as S(Q) (c¢) and

PDF (d) patterns.
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