PHYSICAL REVIEW LETTERS 125, 195503 (2020)

Dynamic Observation of Dendritic Quasicrystal Growth
upon Laser-Induced Solid-State Transformation
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We report the laser-induced solid-state transformation between a periodic ‘“‘approximant” and
quasicrystal in the Al-Cr system during rapid quenching. Dynamic transmission electron microscopy
allows us to capture in situ the dendritic growth of the metastable quasicrystals. The formation of dendrites
during solid-state transformation is a rare phenomenon, which we attribute to the structural similarity
between the two intermetallics. Through ab initio molecular dynamics simulations, we identify the
dominant structural motif to be a 13-atom icosahedral cluster transcending the phases of matter.
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Quasicrystals (QCs) have long fascinated physicists
owing to their noncrystallographic rotational symmetries
and quasiperiodic translational order [1]. Closely related to
the QC are “approximant” phases, which share similar
structural motifs with QCs yet with periodically stacked
atomic layers. Despite their frequent observation in both
metallic alloys [2—4] and soft matter structures [5—7], little
is known about the growth dynamics of complex inter-
metallics, including QCs and their approximants. Recent
in situ studies [8—12] have demonstrated that their solidi-
fication behavior is governed by the kinetics of interfacial
attachment, the anisotropy of which leads to the presence of
facets and polyhedral kinetic shapes. These real-time
experiments are typically done under near-equilibrium
conditions wherein a liquid is cooled slowly below the
liquidus, thereby solidifying in a thermodynamically stable
phase. However, the growth mechanisms that control the
formation of metastable QCs remain an enigma. Such
metastable phases are most often encountered under high
driving forces in Al-TM alloys (TM: Cr, Mn, among others)
[1,13-16]. An experimental assessment of metastable QC
formation is inaccessible using conventional approaches as
it unfolds too rapidly to discern at small spatial scales.

In this Letter, we show how a metastable icosahedral QC
grows dendritically from an approximant phase. We over-
come the challenge in observing the growth of QCs far
from equilibrium with the aid of dynamic transmission
electron microscopy (DTEM) [17-19]. Current state-of-
the-art “movie-mode” DTEM [19] enables the recording of
a stream of nine images generated by short electron probe
pulses following laser irradiation. With this technology, it is
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possible to capture transient behavior with an unparalleled
combination of temporal (~10 ns) and spatial resolutions
(~10 nm) [20]. These parameters are more than sufficient
to visualize the formation of metastable phases [20-25],
such as QCs, under superfast pulsed laser-induced cooling
rates (10° — 107 K/s). By harnessing these new develop-
ments, we provide fresh insights into the growth shapes,
growth rates, and growth mechanisms of the metastable
QCs, which have a higher degree of phasonic and chemical
disorder [26] than ideal QCs [27]. Our results point to the
anomalously high mobility of the QC-approximant inter-
faces, which can sustain diffusional instabilities. We
present a cohesive picture of the growth process based
on our experimental evidence and supporting molecular
dynamics (MD) simulations.

Thin films of composition Alg)Cr;y and thickness
150 nm were deposited on SiN transmission electron
microscopy (TEM) grids via magnetron sputtering. The
samples were placed on an in situ heating stage in the
DTEM and annealed at 340 °C for 5 min, leading to the
formation of the Al;3Cr, phase (C2/m) (plus Al). Then, the
samples were irradiated by a short pulsed laser with
1064 nm wavelength for 15 ns of exposure time. The laser
intensity was tuned to 15.2 uJ to prevent film dewetting and
rupture. The microstructural evolution within the heat-
affected zone was recorded in DTEM using 50 ns electron
probe pulses after a preset delay time.

The local structure of the Al;;Cr, phase before laser
irradiation was confirmed by x-ray absorption spectroscopy
(XAS). Samples for XAS were prepared in the same
manner as for DTEM. The x-ray energy was set above
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Comparison of local structure measurements. (a) Experimental EXAFS results of the preirradiated AlgyCr film and simulated

Aly3Cr, structure in the k space. (b) RDFs of the annealed Aly)Cr, film, simulated Al,;3Cr, structure, and Al-Cr icosahedral QC [40].

the Cr K edge (5989 eV). The IFEFFIT software package
[28] was used to analyze the raw XAS spectra in the k space
and R space. The data were fitted to simulated Al;;Cr,
structure [29].

To further explore the dominant local structures in
AlyyCryq that persist after rapid quenching, we performed
MD simulations using the neural network interatomic
potential developed by deep machine learning [30-32].
This approach describes a structure of liquid AlgyCry, that
is compatible with the results from ab initio MD calcu-
lations. Local structural order in the quenched liquid is
analyzed by the cluster alignment analysis method [33] (see
the Supplemental Material [34] for more details).

Figure 1(a) presents the extended x-ray absorption fine
structure (EXAFS) region of the XAS spectrum of the
preirradiated AlyyCry film and simulated EXAFS results
from the approximant Al;;Cr, structure [29] in the k space.
The agreement between the experimental and simulated
EXAFS spectra and radial distribution functions (RDFs) in
Fig. 1(a),(b) indicates that the dominant crystal structure
before laser irradiation is Alj3Cr, and not an Al-Cr QC
[40]. According to the RDFs shown in Fig. 1(b), the
adjacent atomic structures around a Cr atom in the latter
are more closely packed than in the former. The structural
relationship between the two phases will be elaborated
upon later (see below).

We captured via DTEM the microstructural evolution
in an Al;;Cr, thin film following laser irradiation. The
temperature profile of our sample (simulated via COMSOL in
Fig. S1 in the Supplemental Material [34], which is based
on the assumptions in [24] and parameters from [41,42])
suggests that the maximum temperature attained is below
600 °C, which is not sufficient to melt the sample (note
the liquidus temperature of AlgyCryy is 930 °C). Thus,
the ensuing phase transformation occurs entirely in the
solid state.

The growth sequence of single representative pre-
cipitate embedded in an approximant matrix is shown in
Fig. 2(a) after image processing (see also Fig. S2 in the

Supplemental Material [34]). Following an initial incuba-
tion period, we were able to observe the growth and
morphological evolution of the precipitate from a sphere
to a dendrite. The latter transition occurred at some point
between (ii) and (v) in Fig. 2(a). No facets were observed at
the resolution of the images. Eventually the growth process
terminates due to reduced driving forces [43] and/or solid
diffusivities [44]. (The temperature-dependent Cr super-
saturation and diffusion are dealt with further in the
Supplemental Material [34].) When these same samples
were irradiated with a single pulse laser for a second time
[Fig. 2(b)], QC growth occurred almost instantly. This is
because the preexisting precipitates or “seeds” serve as
templates for QC growth. This result is further confirmation
that the phase transformation proceeds entirely in the solid
state since the QC liquidus is underneath the approximant
liquidus [15]. We measure growth velocities of ~0.01 m/s
[see Fig. 2(c)], whether or not the sample contains the
seeds. However, the incubation times, determined by
extrapolating the growth curves in Fig. 2(c) to the zero-
radius axis, are substantially different: ~0 us with seeds vs
~170 ps without seeds.

TEM revealed that the fully grown crystals are indeed
icosahedral QCs, as demonstrated by the fivefold selected
area electron diffraction pattern [see Fig. 2(d)]. Corres-
ponding energy dispersive spectroscopy analysis showed
that these QCs are enriched in Cr and that they reject Al into
the interdendritic regions during precipitation (see Fig. S3
in the Supplemental Material [34]). Thus, QC growth is
rate-limited by diffusion and not collision [45] since we can
find solute partitioning. The average QC grain size was
approximately 2 um (see Fig. S4 in the Supplemental
Material [34]).

In general, a number of preconditions must be met in
order for precipitates to grow dendritically. These include
(1) an isotropic precipitate-matrix interfacial energy, (ii) low
diffusivity within the growing precipitate, (iii)) a low
“mismatch” between the precipitate and matrix, and (iv) a
low precipitate nucleation density [44,46,47]. All of these
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FIG. 2. Dynamics of QC precipitation following laser irradiation of Al-Cr thin film samples. Initial condition in (a) was the
approximant phase Al;3Cr, and in (b) the Al-Cr icosahedral QC “seeds.” In both cases, we focus on a single representative precipitate (in
white). Time lapse between consecutive images is 5 us. Note: the QC precipitate seen in (i) in (b) is not the same QC obtained in (ix) in
(a). (c) Precipitate radius vs time, where O us corresponds to the time at which the laser was fired. Equivalent radii were computed based
on the area A covered by the growing QC phase (determined via image segmentation) and using the relationship /A/z. Data points
corresponding to (a) and (b) are indicated with red and blue circles, respectively. Growth curves are compiled from multiple DTEM
experiments. (d) TEM image of Al-Cr QC precipitate formed via laser irradiation. Inset shows a selected area diffraction pattern with a

[000 001] zone axis taken from the highlighted area.

factors allow perturbations to grow in amplitude at the
interphase boundary. Bearing these requirements in mind,
the formation of dendritic structures upon solidification of a
metallic liquid is relatively common due to the missing
stabilizing effects against perturbations [46]. Conversely,
the formation of solid-state dendrites is extremely rare
in nature [44,46,47]. Nevertheless, the QC precipitates
seen here uniquely satisfy all of these preconditions. For
instance, past work shows that icosahedral QCs possess a
nearly isotropic equilibrium Wulff shape [48] and that
transition elements are slow diffusers in icosahedral QCs in
comparison to the self-diffusion in Al [49]. Moreover, and
as will be demonstrated below, 13-atom icosahedral motifs
are common to both QC and approximant phases, thus
satisfying precondition (iii). This should lead to a highly
mobile interface between the two phases, as there are no
kinetic limitations for atoms or clusters to incorporate into
the growing QC.

In light of the above considerations, we can test the
theoretical predictions of Mullins and Sekerka [50]. In their
analysis, the critical precipitate radius R.(I) above which
the /th-order spherical harmonic should grow is given as

2[(1/2)(1+ 1)(1+2) + 1]yQ
|(Cy — Co)/Co|RT '

R.() = (1)

where y is the interphase boundary energy, Q is the molar
volume, C,, is the initial solute composition in the
supersaturated matrix; C, is the solute composition in

the matrix in equilibrium with a precipitate having infinite
radius, and RT is thermal energy. Because of a lack of data
on the Al-Cr system, we used y between Al-Mn icosahedral
QC and the approximant Al;Mn phase, 0.03 J/m? at 750 K
[51,52] (note the Al-Mn quasicrystal is isostructural with
the Al-Cr QC). Qs 5.14 x 10~* m?/mol from the molecu-
lar weight of an Aly,Cr,3 Mackay cluster and the density of
Al-Mn QC [53]. T, at which perturbations were observed in
Fig. 2(a), is roughly 750 K (see also Fig. S1 in the
Supplemental Material [34]). The values of R.(I) from
the stability criterion of Eq. (1) are plotted in Fig. 3 against
the relative supersaturation |(Cy — Cy)/Cy|, where we
restrict [ to be 6, 10, and 12. Only these values of [ are
possible under / = 16 given the 532 site group symmetry of
the icosahedral QC phase [54].

In order to pinpoint where our DTEM experiment
lands on this morphological stability diagram, we require
estimates of the relative supersaturation |(C, — Cy)/Col
and the critical radius R.. We demonstrate in Fig. 2
that instabilities tend to grow at precipitate radii well
below R.~2 um (see Fig. S4 in the Supplemental
Material [34]). Likewise, we take the supersaturation to
be its maximal value, i.e., |(Cy — Cy)/Co| = 0.5. As we
show in Supplemental Material [34], this assumption is
reasonable for the diffusion-limited growth of a spherical
precipitate. In order to fit the experimental data to a model
of the diffusion-limited growth, we needed an approximate
measure of the diffusivity of Cr in the Al;;Cr, approximant
matrix, which we determined through a thin film diffusion
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FIG. 3. Calculated critical precipitate radius R (/) for relative
stability as a function of supersaturation. Curves correspond to
the /th-order spherical harmonic. Interface is radially stable below
the neutral curve and radially unstable above it. Shaded area
represents the conditions encountered in our DTEM experiment,
the boundaries of which are determined by the maximum
supersaturation and the average radius of the fully grown QCs.

experiment (see the Supplemental Material [34]). Our
measurement of the supersaturation is an upper bound
because it does not account for the diffusional interactions
between neighboring QCs [55] [see condition (iv) above],
nor does it account for defects that are created upon laser
irradiation [56,57]. The shaded area in Fig. 3 indicates the
region of the morphological stability diagram that we can
access through our DTEM experiment. That all three R,.(1)
curves intersect this shaded region indicates that dendrites
are indeed within the realm of experimental possibilities.

The reason that the QC can overcome the stabilizing
influence of capillarity (surface tension) and form dendrites
so readily is because of its structural similarity to the Al;3Cr,
matrix [precondition (iii) above]. The unit cell of the
approximant Al;3Cr, phase consists of three different types
of 13-atom icosahedra, and these icosahedra are linked either
by vertices, edges, or triangular faces or interlocked at the
center of neighboring icosahedra [29,58]. Such icosahedral
motifs are frequently observed in Al-Cr QCs as a substruc-
ture of 55-atom Mackay clusters [59]. The Mackay clusters
are aligned with the fivefold axis of icosahedral QCs and
produce a long-range icosahedral order [59]. Our MD
simulations trace the emergence of the icosahedral motifs
in AlgyCryo alloys. According to Fig. 4 and Fig. S5 in
the Supplemental Material [34], the dominant short-range
order (SRO) in the quenched liquid AlyyCrj, is a 13-atom
icosahedral cluster, as indicated by a low alignment score
(~0.05) and hence a small deviation from the reference
structure (the first coordination shell of a Mackay cluster).
This can be attributed to the prevailing SRO in the
liquid phase at high temperatures [60] (see Fig. S6 in the
Supplemental Material [34]). We have also compared the Cr-
centered structural motifs in the quenched alloy to the three
types of icosahedra in the approximant Al3Cr, phase
(Fig. 4). Here, too, we observe a high degree of structural
similarity despite the slight differences in Cr-Al bond
lengths. Given the energetic stability of the icosahedral
cluster, it stands to reason that the same motif will appear in
solid phases of close compositions, such as the QC and the
Al;Cr, approximant. In light of these results, we suppose
that the 13-atom icosahedral clusters can survive annealing
and laser irradiation and ultimately contribute to the for-
mation of icosahedral QCs in the solid state.
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FIG. 4. SRO of Alg,Cr,, alloy, quenched from 2200 to 700 K at a rate of 10" K/s. For reference, we show (a)—(c) three types of 13-
atom, Cr-centered clusters in the approximant Al;;Cr, phase and (d) a prototypical icosahedron (i.e., the first coordination shell of a 55-
atom Mackay cluster). Note the simulated clusters depicted in (a)—(d) are slightly distorted from the referenced icosahedra. While they
may look similar, they can be distinguished from each other: the corresponding ratio of average Cr-Al bond lengths in (a)—(d) is
1.03:1.02:1.01:1.00. The green and gray balls in (a)—(d) represent Cr and Al atoms, respectively. (e) Cluster analysis on rapidly
quenched AlgCr liquid, wherein the Cr-centered motifs are compared to those shown in (a)—(d). Clusters are said to have an SRO
similar to the given template (or reference structure) when their alignment score is below the cutoff value of 0.16 (indicated by a yellow
dashed line). Low alignment score indicates small structural deviation from the template. See the Supplemental Material [34] for further
details.
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The significance of these icosahedral clusters has long
been a matter of debate in the scientific community. The
central question is whether they impart a physical stability
to QCs or if they simply appeal to our need to organize
complex information into small units [61]. Here, we show
that clusters are not only important from a structural
perspective but also from a kinetic one: they facilitate
the “easy” transition from one solid intermetallic phase to
another. That is, the long-range icosahedral order in QCs
can be readily obtained by the motion of a few atoms from
the short-range icosahedral order in the approximant phase
[62]. As the clusters move into registry, whether by local
“matching” rules [63] or otherwise, they displace the
surrounding Al atoms (solute rejection; see Fig. S3 in
the Supplemental Material [34]). Clearly, this ordering
occurs by a nucleation and growth mechanism (Fig. 2).
Without this common structural motif between the QC and
approximant phases, the interphase boundaries would
possess a relatively low mobility, thereby stabilizing the
precipitates against dendritic perturbations [64]. The exist-
ence of icosahedral clusters (Fig. 4) may also explain why
we should see metastable QC precipitates in the first place
and why QCs are often observed as intermediate phases in
multistep nucleation processes [65]. These arguments can
be extended to other phase transitions involving liquid or
amorphous [66] precursors.

In summary, we have investigated the pulsed laser-
induced growth of Al-Cr QC dendrites from an approx-
imant phase. While QCs have been shown to grow
dendritically in a liquid [67-69], we provide a real-time
experimental assessment of this particular growth mode in
the solid state. We rationalize the development of mor-
phological instabilities based on the similarity in local
orders between QC and approximant. With the aid of
ab initio MD simulations, we trace this structural similarity
to 13-atom, Cr-centered icosahedral clusters. These clusters
readily assemble into icosahedral QCs without substantial
rearrangements. This atomic picture fully explains the
growth process of metastable QC dendrites in systems that
are driven far from equilibrium.
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