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Crystallization is a complex process that involves multiscale physics such as
diffusion of atomic species over multiple length scales, thermodynamic energy
considerations, and multiple possible intermediate states. In situ crystalliza-
tion experiments inside a transmission electron microscope (TEM) using
nanostructured metallic glasses (MGs) provide a unique platform to study
directly crystallization kinetics and pathways. Here, we study the embryonic
state of eutectic growth using Pt-Ni-Cu-P MG nanorods under in situ TEM.
We directly observe the nucleation and growth of a Ni-rich polymorphic phase,
followed by the nucleation and slower growth of a Cu-rich phase. The sup-
pressed growth kinetics of the Cu-rich phase is attributed to locally changing
chemical compositions. In addition, we show that growth can be controlled by
incorporation of an entire nucleus instead of individual atoms. Such a nucleus
has to align with the crystallographic orientation of a larger grain before it can
be incorporated into the crystal. By directly observing the crystallization
processes, particularly the early stages of non-polymorphic growth, in situ
TEM crystallization studies of MG nanostructures provide a wealth of infor-

mation, some of which can be applied to typical bulk crystallization.

Understanding crystallization is important to
control microstructures of materials. As demon-
strated in crystallization studies of many different
material systems,’™ it is now generally realized
that classic understanding of crystallization is not
sufficient to capture the general complexity of
crystallization processes.*” Challenges have been
partly the lack of direct in situ tools that allow us to
track the morphological as well as compositional
changes of the system during crystallization with
sufficient time and spatial resolution.

In recent years, major advances in in situ TEM
techniques have occurred, which enable direct study
of crystallization. These advances include aberra-
tion correctors that allow subatomic resolution,®*°
modern in situ thermal holders with precise tem-
perature control and excellent thermal stability,'!
and fast charge-coupled device (CCD) read-out for
acquiring movies with high temporal resolution.'?
As a result of these advances, several seminal works
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on crystallization have been conducted to show that
intermediated states, subcritical nuclei, and possi-
ble medium range order 5play an important role
during crystal growth.'>'® In addition to techno-
logical developments in in situ TEM, sample prepa-
ration methods compatible with TEM imaging have
been promoted and provide a new route to investi-
gate the complex crystallization processes. %"
Metallic glasses (MGs), in particular bulk metallic
glasses (BMGs), are a good model system for
studying glass physics, such as understanding of
glass forming ability, as a result of their simple
metallic bonds, large supercooled liquid region, and
slow crystallization kinetics.'®'® They also hold
promise for mechanical and biological applications
because of their mechanical strength and elasticity,
corrosion-resistance, and bio-compatibility.2°?? In
the present work, we exploit a previously developed
thermoplastic forming technique to synthesize MGs
nanorods with varying diameters and apply in situ
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heating inside a TEM to visualize the crystallization
process. We directly observe two crystallization
phenomena, which highlight the complexity of the
crystallization process in multicomponent MG
nanorod systems.

MGs nanorods were made by thermoplastic-based
nanomolding (Fig. 1).2> By pressing a heated MG
plate into a mold where the processing temperatures
are in the supercooled liquid region between the
glass transition temperature and the crystallization
temperature, the MG was thermoplastically formed
into nanorods while retaining its amorphous struc-
ture. The synthesis of Pt57,5Cu14_7Ni5.3P22_5 MGs
nanorods used in this study begins with alloying of
high-purity constituents with nominal compositions
by induction melting. The synthesized bulk MG is
then heated to 260°C and placed on porous anodized
aluminum oxide (AAO from Synkera Inc.) mold
(Fig. 1a and b). Nanorods were thermoplastically
formed by pressing the heated bulk MG into the AAO
mold (Fig. 1c). To release the nanorods, we dissolve
the AAO mold in a 20% potassium hydroxide (KOH)
solution at 80°C (Fig. 1d). With sonication, nanorods
break off and are collected in isopropyl alcohol (IPA)
(Fig. 1e). The size of nanorods is mainly determined
by the pore size of the AAO mold and can range from
10 nm to 200 nm in diameter.
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First we show an example of using in situ TEM to
observe a crystallization process in a 45-nm MG
nanorod (Fig. 2). The nanorod was wet-transferred
onto an in situ thermal chip, which can be heated up
to 1100°C. The nanorod was heated to and held at
380°C for the entire in situ experiment. During this
time, structure changes were recorded in a dark-
field (DF) imaging mode. Detailed analysis of the
chemical composition and the crystal structure was
carried out using energy dispersive x-ray spec-
troscopy (EDX) and high-resolution TEM imaging
(HRTEM) after the heating experiment. In Fig. 2
and supplementary video 1, we observe two crys-
talline phases with different crystallization kinetics,
chemical compositions, and crystal structures. In
Fig. 2a, a Ni-rich phase (denoted with an arrow in
the left-most image) first appears, which grows at
the growth rate of 72 4+ 0.5 nm/s. This is followed by
an emergence of a Cu-rich phase (at ¢t = 14 s), which
grows much slower at the growth rate of
18 £+ 0.2 nm/s. The Cu-rich phase eventually stops
growing even though the rod is still at 380°C. We
attribute the slow growth of the Cu-rich phase to
the unfavorable chemical composition in the glass
region. The chemical information was obtained by
EDX after the heating experiment was finished.
Figure 2b shows EDX mapping of Ni and Cu, which
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Fig. 1. Schematic of synthesis of MGs nanorods. (a) A commercial anodized aluminum oxide (AAO) template with a porous pattern. (b) A piece
of bulk MG is heated up and placed between the AAO template and a custom-built heating plate (heating plate not shown). (c) The MG plate is
pressed down onto the AAO mold to thermoplastically form nanorods. (d) The AAO template is dissolved in a 20 wt.% potassium hydroxide
(KOH) solution. (e) MG nanorods are released by sonication. (f) A TEM image of nanorods. (a—e) adapted from Ref. .
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shows a Ni-rich region and a Cu-rich region,
corresponding to the two grains observed in the
DF in situ TEM movie (supplementary video 1).
These two phases not only have different chemical
compositions but also different crystal structures,
which were studied by fast Fourier transformation
(FFT) of the selected regions from the HRTEM
image, as shown in Fig. 2c. The diffractograms of
the Ni-rich and Cu-rich regions show distinct
diffraction spots. The Ni-rich region shows six
diffraction spots, while the Cu-rich region shows
two diffraction spots. We cannot eliminate the
possibility that the different diffractograms are a
result of tilting of the crystalline grains. From
previous bulk studies, four phases are reported for
the Pt-based metallic glass: platinum phosphide
(PyPts) with monoclinic C2/c structure, copper phos-
phide (CuP;) with P21/c structure, NiP,, and
NiPt.?* Thus, the Cu-rich phase may adapt the
P21/c structure. The EDX spectrum of the Cu-rich
region shows no Ni (Fig. 2d). For the Ni-rich phase,
the EDX spectrum (Fig. 2d) shows the presence of
Cu, suggesting that it may be a metastable phase.
We note that the Ni/Cu ratio of the Ni-rich phase is
higher than that of the glass. As a result of the

limited diffraction information, however, further
experiments are needed to identify the crystal
structure.

Another crystallization phenomenon we observe
via in situ TEM crystallization study is shown in
Fig. 3. A 45-nm MG nanorod was again heated to
and held at 380°C. With this example, we capture a
scenario in which a small crystallite affects the
growth of a large grain during the isothermal
crystallization process. Figure 3a shows snapshots
from a dark field TEM movie (supplementary video
2), which records the merging process of a small
crystallite and a growing grain. The small crystal-
lite is denoted by the white arrow in Fig. 3a. At the
3-s mark (left most snapshot), a large grain is
observed, which grows from the bottom to the top
direction. At the 6-s mark, the growth front of the
large grain touches the small crystallite, at which
point the growth rate of the large grain decreases
significantly. The small crystallite gets pushed up
by the growing grain. The crystallite also rotates
around, which is evident by the intensity changes in
the DF TEM. For example, the intensity contrasts
at the time stamp of 41 s and 48 s are different for
the small crystallite. At the 53-s mark, the small
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Fig. 2. Crystallization of a 45-nm nanorod isothermally heated at 380°C. (a) Snapshots from a DF TEM movie that shows growth of a Ni-rich
phase and a Cu-rich phase with different growth rates. Two grains are indicated by the dashed lines. (b) Energy-dispersive x-ray mapping of Ni
and Cu on the crystallized nanorod. (c) A high-resolution TEM image with selected area fast Fourier transformation patterns showing possibly
different crystal structures. Scale bar is 30 nm in (a) and (b) and 6 nm in (c). (d) EDX spectrum of the glass (blue), the Cu-rich phase (red), and

the Ni-rich phase (black) (Color figure online).
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Fig. 3. Small crystallite merged into a large crystal grain. A MG nanorod is isothermally heated at 380°C. (a) A small crystallite (white arrow)
impinges the growth front of the large grain. The crystallite eventually disappears. (b) A plot of the measured growth rates during the crystal-
lization shows suppression of the large grain growth during the merging event. The red dotted line marks the time at which the small crystallite
meets the growing grain, and the black dotted line marks the time at which the small crystallite is fully incorporated by the growing grain. (c) A
schematic diagram shows how a small crystallite with a different crystal orientation or structure rotates and merges into the larger grain. Scale bar

in (a) = 35 nm (Color figure online).

crystallite begins to get incorporated by the large
grain. Figure 3b plots the measured growth rate
changes during this experiment. When the large
grain meets the small crystallite, the growth is
impinged as shown by the suppressed growth rate.
Once the small crystallite is fully incorporated into
the large grain, the growth rate resumes its original
value. Similar observations have been reported in
other material systems.?”2® We note that crystal-
lization occurs from the bottom of the nanowire
where the rod is wider. We attribute this to the
likelihood that more nuclei are present in a wider
region of the rod, which is in agreement with our
previous study.!

We assume the suppression of the large grain
growth is from the crystal orientation difference
between the small crystallite and the large grain,
which is depicted in the Fig. 3¢ schematic. As a
result of the experimental limitations of in situ
experiments, chemical information and electron
diffraction information could not be obtained during
the crystallization event. Thus, we cannot rule out
potential chemical composition differences or crys-
tal structure differences. The slowdown of the large
grain propagation occurs when it approaches the
crystallite but before the actual collision, which
suggests a possible strong interaction between the
two. Because of the possibility that the two grains

might be chemically different, the slowed growth of
the large grain before the collision could indicate
chemical fields that have steep compositional gra-
dients. In Fig. 3a, we also observe that the mor-
phology of the small crystallite gradually changes,
indicating atomic diffusions from the small crystal-
lite to the large grain. Thus, atomic diffusions as
well as compositional gradients, in addition to the
crystal orientation mismatch, could explain the
slowdown of the crystallization of the large grain.

In situ TEM crystallization experiments provide
direct visualization of complex crystallization pro-
cesses. The nanometer resolution easily achievable
in a TEM enables close investigation of crystalliza-
tion events in real time. Even though some of
observed crystallization processes might be a result
of size confinement, other aspects that are discussed
here might be representative for bulk crystallization
as well.

ELECTRONIC SUPPLEMENTARY
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The online version of this article (doi:10.1007/
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