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Quantification and prediction of
solidification textures under additive
manufacturing conditions

Mingwang Zhong1,5, Adriana Eres-Castellanos 2,3,5, Kaihua Ji 1, Alec I. Saville2,
Brian Rodgers 2, Dan R. Coughlin3, John W. Gibbs3, John D. Roehling4,
Joseph T. McKeown 4, Amy J. Clarke2,3 & Alain Karma 1

Crystallographic textures are a major determinant of the macroscale aniso-
tropic properties of polycrystallinemetallic alloys produced in a wide range of
additive manufacturing (AM) processes. Here, we introduce a statistical
method that can accurately quantify the degree of orientational order of
textures despite the large random fluctuations in the orientation of individual
grains inherent in AM processes. The method, demonstrated for laser and
resolidification of AlSi thin films, extends Z-scoring to a dynamical regime to
assess the statistical significance of observed textures compared to randomly
generated ones at different stages of solidification. We further show that,
combined with phase-field modeling, this method can be used to infer fun-
damental anisotropic properties of the solid-liquid interface that are essential
for texture prediction, and are compared here to the results of atomistic
simulations. In addition, phase-field modeling reveals that, even at rapid AM
solidification rates, the observed 〈110〉-dominated textures in the AlSi thin
films are controlled predominantly by the anisotropy of the interface free-
energy and sheds light on the physicalmechanismof grain competition. These
results significantly enhance both the existing tools for the quantification and
prediction of AM crystallographic textures and our basic understanding of
their formation.

Additive manufacturing (AM), particularly laser-based techniques like
Powder Bed Fusion Laser Beam (PBF-LB) and Directed Energy
Deposition (DED), has revolutionized the fabrication of complex
metallic components, offering unprecedented design freedom and
material performance1–3. These processes operate under extreme
thermal conditions, including thermal gradients of 103 ~ 107K/m4,5,
solidification velocities ranging from10−4 to 10m/s4,6, and cooling rates
as high as 108K/s3,5,7. These extreme conditions often produce colum-
nar or equiaxed microstructures with complex crystallographic

textures that influence mechanical properties and macroscopic
anisotropy3,8. However, the mechanisms governing grain texture
selection under AM conditions remain poorly understood.

Grain texture evolution during solidification is generally con-
trolled by the growth competition between grains of different crys-
tallographic orientations. This competition selects grains with more
favorable orientations at the expense of other grains with less favor-
able ones9. For columnar dendritic grain structures forming under
slow solidification conditions, where the solid-liquid interface can be
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assumed to remain close to thermodynamic equilibrium, grain tex-
tures are primarily governed by the anisotropy of the solid-liquid
interfacial free energy (γsl) that determines preferred dendrite growth
directions10–13. For commercially important metallic alloys with cubic
crystal symmetry, such as Al- or Ni-based alloys, 〈100〉 dendrite growth
directions are commonly preferred, leading to 〈100〉 grain textures
with 〈100〉 crystal axes preferentially aligned parallel to the heat flow
direction. Compositional variations have also been observed to induce
dendrite orientation transitions (DOTs) from 〈100〉 to 〈110〉 directions
in some Al-based alloys, including AlZn14–16, AlGe17, and AlSm18. These
DOTs have been interpreted theoretically using a two-parameter form
of γslpredictedby atomistic simulations.While knowledgeof preferred
dendrite growth directions is an important prerequisite to predict
grain textures, it is generally insufficient, since it does not predict
which grains survive and which ones are eliminated. The classical
minimum undercooling criterion of Walton and Chalmers19 assumes
the growth of dendritic grains with the smallest growth undercooling,
equivalent to the smallest misorientation between one of the 〈100〉
crystal axes and the heat flow direction, should be favored. However,
this criterion alone does not predict how fast grains are eliminated.
Several computational studies20–22 in a slow solidification regime have
shown that, surprisingly, unfavorably oriented grains can sometimes
survive and even outgrow favorably oriented grains. These studies
have highlighted the limitation of theminimumundercooling criterion
and identified various other factors than growth undercooling influ-
encing grain competition, including neighboring grain bi-
crystallography20,21 and microstructural length scales of dendritic
grain structures22.

For columnar grain structures forming under rapid solidification
conditions encountered in AM processes, where the solid-liquid
interface can no longer be assumed to remain in local thermo-
dynamic equilibrium, much less is known about what controls grain
texture selection. Depending on the alloy type and growth conditions,
the microstructure within each grain typically evolves from cellular/
dendritic to weakly cellular to planar or banded as the solidification
front velocity approaches and exceeds the absolute stability limit23–27.
Textures obtained in AM specimens have been previously explained
considering the dendritic primary growth direction and the contribu-
tions of the thermal gradient, solidification rate and melt pool
shape8,28–31. Phase-field (PF) modeling studies at the melt pool scale
have either focused on the computationally more tractable planar
front case without cellular/dendritic microstructures32,33, or assumed a
standard form of γsl with one anisotropy parameter that favors 〈100〉
dendrite growth directions34,35. In addition, to date, comparisons
between predicted and observed cellular/dendritic grain textures have
remained largely qualitative. As a result, some basic related questions
have remained unanswered. Does the anisotropy of γsl, or the kinetic
anisotropy known to influence dendrite orientations at rapid rates in
undercooled melts36,37 control dendrite orientations under AM condi-
tions? Are two anisotropy parameters essential for interpreting DOTs
under slow solidification conditions14,15,17,18 adequate to predict pre-
ferred growth directions under rapid solidification? What is the
underlying mechanism that governs the grain texture evolution?

Addressing these questions presents a major challenge. For the
comparison of predicted and observed textures to be informative of
preferred growth directions, the texture analysis needs to cope with
the inherent stochasticity of the grain competition process, as well
as large spatial variations of heat flow direction, which are both
especially pronounced in AM processes. In a slow solidification
regime where large columnar grains form with 〈100〉 or 〈110〉 crystal
axes aligned preferentially with respect to a uniform thermal axis15,17,
standard pole figures generally suffice to analyze grain textures and
DOTs. However, under AM conditions, grain textures generally
consist of a large number of grains with significant variations in
growth orientation with respect to a thermal axis that itself varies

around the melt pool. Furthermore, the number of grains decreases
during solidification. This raises the central question of the present
study of whether the comparison of predicted and observed tex-
tures can be made sufficiently quantitative to infer anisotropic
crystal growth properties.

To address this question, and at the same time answer someof the
basic questions raised above, we combine experimental and compu-
tational PF studies of pulsed-laser-induced melting and rapid re-
solidification of thin films of AlSi alloys. By focusing on this quasi-2D
geometry, we are able to use in situ imaging with Dynamic Transmis-
sion Electron Microscopy (DTEM), complemented by ex situ orienta-
tion mapping via TEM-based crystallographic mapping, to measure
grain orientations with respect to the local thermal axis around the
melt pool at different solidification times. We further introduce a new
statistical method based on Z-scoring − Significance Analysis of Soli-
dification Textures (SAST) − to quantify the observed textures. Here,
the Z-score represents the number of standarddeviations bywhich the
observed grain alignment with the local thermal axis, or the axis per-
pendicular to it, deviates from its mean value for a distribution of
randomly oriented grains. Importantly, the mean and standard devia-
tion of this distribution are calculated as a functionof the solid fraction
with the same number (N) of actively growing grains as in an experi-
ment or PF simulation, allowing us to assess the statistical significance
of the observed textures at different stages of solidificationdespite the
fact that N decreases with increasing solid fraction due to grain com-
petition. Furthermore, using SAST together with PF modeling, we are
able to infer both the anisotropic properties of the solid-liquid inter-
face that govern the formation of the intra-grain cellular/dendritic
microstructure, and the physical mechanism of the inter-grain growth
competition that controls the grain texture. The results reveal that the
anisotropy of the excess interface free-energy plays a dominant role
even at rapid rates typical of AM processes and that grain competition
is well-described by the classical Walton and Chalmers19 minimum
undercooling criterion.

Results
Pulsed-laser-induced rapid solidification of AlSi thin films
by DTEM
In this work, we conducted pulsed-laser-induced rapid solidification
experiments on AlSi thin films with homogeneous initial grain sizes
and random textures. Thin films approximately 100 nm thick were
investigated for three Si compositions: ~ 1 wt.%, ~ 3 wt.%, and ~ 6 wt.%,
referred to as Al1Si, Al3Si and Al6Si, respectively. In situ imaging was
performed during laser spot melting by DTEM, where the melt pool
boundary at different times after the laser was turned off was tracked,
as shown in Fig. 1a. Note that solidification does not start at laser
shutdown, but the interface remains still for some time (called incu-
bation time) until it starts moving towards the melt pool center. This
has been previously reported by McKeown et al.38.Detailed data ana-
lysis was performed to estimate the major and minor ellipse semiaxes
(a0

e and b0
e ) and instantaneous solidification velocity (V) values with

time. Further information regarding DTEM experiments and data
analysis is found in Experimental methods. Fig. 1b presents V as a
function of the solid fraction (by area) at various Si contents, together
with fitted curves. This result demonstrates increasing V as the solid
fraction increases, i.e.,V increaseswith solidification time t towards the
center of the melt pool, consistent with the findings reported by
McKeown et al.38. Moreover, lower Si contents result in higher average
V values. This trend canbe attributed to the corresponding decrease in
thermal conductivity, which varies from ≈ 215Wm−1K−1 for Al1Si to
≈ 160Wm−1K−1 for Al6Si at room temperature, according to the
ThermoCalc® 2022b, TCAL7 database. The thin nature of the DTEM
samples effectively eliminates convection, especially when the sample
plane is perpendicular to gravity during the experiment. This prevents
the formation of convection cells, minimizing disturbances, making
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solidification conduction-driven39. More detailed information
about the DTEM set-up can be found in Ref. 40. Regardless of the level
of Si content, average velocities consistently fall within the range of
0.5 ~ 2m/s. These velocities align with the characteristic range of
solidification velocities in AM, ranging from approximately 10−4 to
10m/s4,6.

Ex situ characterization of grain textures by TEM-based orien-
tation mapping
Ex situ TEM-based orientationmappingwas performed to evaluate the
crystallographic textures produced by the DTEM experiments; see
Experimental methods for additional details regarding the mapping.
For this analysis, only face-centered cubic (fcc) Al was considered. Two
scans per chemical composition were conducted, where one of them
was taken in the as-sputtered region and the other one was taken near
the melt pool boundary. The former captures the orientations outside
themelt pool edge, in theheat-affected zone,which is characterizedby
small, equiaxed grains of approximately random orientations. The
characterization of the as-sputtered and the heat-affected zone can be
found in Supplementary Note 4. An example of the latter mapping is
shown by the Inverse Pole Figure (IPF) map corresponding to Al6Si, as
shown in Fig. 1c, wheregrains aredefined as regionswith amaximum5∘

inner-grainmisorientation.Within themelt pool, the grains that evolve
from the edge to the center appear columnar. Notice that at the late
stage of solidification, only grains colored red, yellow, and green sur-
vive, while the blue grains are eliminated.

To gain a deeper understanding of grain texture evolution
during rapid solidification, we analyze the crystallographic mapping
data as a function of time (t) and Si amount. For each time step the

solid-liquid interface is estimated to be an ellipse, following the
procedure outlined in Supplementary Note 2. Since local orienta-
tions vary within the grain, the representative orientation at a given
time step is determined by averaging the orientations over a 200 nm
region from the solid-liquid interface (region with the red dashed
line in Fig. 2a). For each filtered grain, a grain coordinate system,
(X, Y, Z), is established. Here, X denotes the solidification direction,
approximated as the vector perpendicular to the solidification front
segment near the grain. The Y-axis represents the in-plane direction
perpendicular to X, while Z denotes the out-of-plane direction
(Fig. 2b). In addition, we introduce three key directions, ds[100],
dp[010], and dp[011], which are illustrated in Fig. 2 and will be further
defined in the next section.

Figure 3 shows IPF (out-of-plane direction Z) maps corre-
sponding to varying levels of Si content and different solidification
times. These maps feature cubes representing the orientation of
each grain, particularly in the region proximal to the solidification
front (see Experimental methods for its definition). Adjacent to each
map is a set of pole figures representing the mean orientations of
filtered grains. In these figures, the grain coordinate system (X, Y, Z)
is utilized, whereby the mean grain orientations have been rotated
to align the grain solidification direction (X) parallel to the hor-
izontal direction. Spot size in the pole figures is proportional to the
grain area, while spot color is determined by themean grain IPF (out-
of-plane direction Z). A more complete set of maps and pole figures,
corresponding to a wider range of time-steps, is available in Sup-
plementary Note 5.

The observations from Fig. 3a–c demonstrate the evolution of
texture as solidification progresses. Prior to solidification initiation,

Fig. 1 | DTEM imaging ofmelt pool dynamics during rapid solidification of AlSi
thin films and grain orientation mapping. a Example DTEM results for an Al6Si
thin film subjected to laser melting (energy of 2.34μJ and dwell time of 50 μs).
Images were captured at nine different time steps after the laser was turned off,
with a step size of 2.5μs. The largest melt pool trace is highlighted by a white
dashed ellipse, and themelt pool trace at anexample time step is depictedby a blue
dashed ellipse.b Plots of solidification velocity (V) versus the solid fraction (defined
in Supplementary Note 2) for three solute contents (Al1Si, Al3Si and Al6Si). The
upper (solid symbols) and lower (open symbols) bounds correspond to the major
and minor axes, respectively. Experimental data were estimated from DTEM

experiments with laser energies ranging from 2.32 to 3.92μJ, keeping a constant
dwell time of 50ns. cAn IPF (out-of-plane direction Z) map obtained by TEM-based
crystallographic orientation mapping (ASTAR) on an Al6Si DTEM thin film, where
the approximate scanned area is denoted by a yellow box in subfigure a. The melt
pool boundary is highlighted by awhite dashed line, with the upper part of themap
consisting of nanograins of near-random texture. Black lines highlight the grains,
calculated assuming a 5∘ inner-grain misorientation threshold. Source data corre-
sponding to solidification velocity measurements, crystallographic data and their
corresponding analysis codes are provided as Source Data files.
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the texture appears nearly random (Fig. 3a), characterized by a high
prevalence of small, equiaxed grains that formed via the sputtering
process. As solidification starts, some grains in contact with the melt
pool boundary begin to grow epitaxially (IPF map in Fig. 3b), aligning
approximately parallel to the heatflux. Even though the texture retains
an appearance of randomness (pole figures in Fig. 3b), selective
orientations begin to emerge. Towards the end of solidification
(Fig. 3c), grain competition becomes evident, leading to the pre-
ferential selection of specific crystallographic orientations. The (100)
pole figure illustrates that twodirections belonging to the 〈100〉 family
lie vertically, parallel toY. Moreover, pole figures corresponding to the
(110) and (111) planes show regions of higher intensity, indicating some
directionality. Examination of the cube maps on the left indicates not
all of the grains grew along their primary [010] directions, as tradi-
tionally reported41,42. In contrast, some of them exhibit [011]∥X align-
ment. Note that all of these directions are in-plane, consistent with the
sample geometry17. Finally, analysis of these representations of rotated
cubes for other Si contents (Fig. 3d, e) confirms the persistence of
these trends.

Significance Analysis of Solidification Texture (SAST)
While the pole figures in Fig. 3 offer a qualitative visualization of grain
texture, amore rigorous and quantitative approach remains needed to
evaluate texture evolution. To address this, we developed a Sig-
nificance Analysis of Solidification Texture (SAST) methodology (see
“Methods”). SAST provides a systematic framework to quantitatively
evaluate the alignment of grain orientations and their deviation from
random orientations. This robust approach enables a comprehensive
assessment of texture evolution across varying experimental condi-
tions, ensuring greater precision and consistency in analysis.

For each grain in the sample plane that is still growing, we first
pick (Fig. 2) one of the six principal 〈100〉 directions that has the
largest projection onto the Y direction locally parallel to the soli-
dification front, ds[100], and then subsequently pick the one among
the 4 remaining 〈100〉 directions in the plane perpendicular to ds[100]

that has the largest projection onto the X growth direction, dp[010],
and the one among the four 〈110〉 directions in the same plane that
has the largest projection onto the solidification direction, dp[011].
This choice of directions turns out to maximize statistical sig-
nificance in comparison to other choices discussed in Supplemen-
tary Note 6. It is also guided by the pole figures (Fig. 3), which
suggest that 〈100〉 directions are oriented preferentially parallel to
the solidification front, as expected for typical 〈100〉 textures with
secondary dendrite arms perpendicular to the growth direction.
This is also visually apparent when examining the preferential
orientations of the cubes for each grain (with six faces perpendicular
to the 〈100〉 directions) in the left column of Fig. 3. As for the crsy-
tallographic direction that ismost alignedwith the growth direction,
the pole figures or the cube orientations are less clear, since they
seem to contain a mix of directions close to 〈100〉 and 〈110〉 and
other directions in between. This is different than what is expected
for standard 〈100〉 textures dominated by primary dendrite arms
growing along 〈100〉 directions. While 〈110〉 directions appear more
frequently than 〈100〉, it is not clear that this difference is statisti-
cally significant. Therefore, while we expect 〈100〉 directions to be
preferentially aligned parallel to the solidification front, a statistical
analysis is required to confirm this expectation and to determine the
preferred crystallographic growth directions.

To perform this statistical analysis, we compare, at different
stages of solidification, whether the N grains that are still growing are

Fig. 2 | Schematic of crystal axis projections used for grain texture analysis.
a An IPF (out-of-plane direction Z) map for Al3Si at 15 μs. Black lines delimit grains
calculated assuming a 5∘ inner-grain misorientation threshold. The green grain on
the right is selected to highlight the coordinate system and variables. The red
dashed line delimits the pixels near the solid-liquid interface selected for analysis.
The gray box shows the area magnified in the panels on the right-hand side. The

methodology explained in themain text is used to define, for every grain time-step,
(b) the secondary [100] direction or ds[100] (red), (c) the primary [010] direction or
dp[010] (blue) on the plane perpendicular to ds[100], and (d) the primary [011]
direction or dp[011] (orange) on the plane perpendicular to ds[100]. The grain coor-
dinate system (X, Y, Z) is shown in gray in panels (b–d). Crystallographic data and
their corresponding analysis codes are provided as Source Data files.
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preferentially aligned with the X and Y axes when compared to N
randomly oriented grains. Taking N into account is important because
N decreases in time due to grain competition, and statistical sig-
nificance requires N to be sufficiently large. Since N is largest at the
earliest stage of solidification, when grains are randomly oriented, it is
not a priori obvious that N is still sufficiently large to reach statistical
significanceat later stageswhen the anisotropic growth competitionof

different grains has selected a texture. Our results below demonstrate
there is a large window between the early and final stages of solidifi-
cation, where grain competition has selected a texture and N is still
sufficiently large to quantitatively assess its statistical significance. To
measure the alignment of a collection of N grains, we sum over all
grains the projections of the crystallographic directions of interest
onto the local axes perpendicular and parallel to the solidification

Fig. 3 | Discretepolefiguresof experimental textures. IPF (out-of-plane direction
Z) maps and corresponding (001), (110) and (111) Discrete Pole Figures are dis-
played for Al3Si (a–c) at the solidification time of (a) 0 μs, (b) 10μs, and (c) 27.5 μs,
and (d) for Al1Si at 17.5μs and (e) for Al6Si at 37.5μs. On the IPFmaps, white dashed
lines delimit the melt pool boundaries, while black solid lines represent grain
boundaries. Pole figures are represented in the grain coordinate system; that is, the

mean grain orientations have been rotated so the grain solidification direction (X)
represented by black arrows is parallel to the horizontal direction. Spot size is
proportional to grain area, and spots aremeangrain IPF color. Only grains touching
the solid-liquid interface are considered; the solidification front at each time step
has been calculated considering the velocities in Fig. 1b. Crystallographic data and
their corresponding analysis codes are provided as Source Data files.
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front, denoted by Yi and Xi for the ith grain, respectively, which yields
the sums

As½100� =
XN
i = 1

ds½100�, i � Yi

Ap½010� =
XN
i= 1

dp½010�, i � Xi

Ap½011� =
XN
i= 1

dp½011�, i � Xi

ð1Þ

This approach takes into account the large variation of orientations of
the solidification front around the melt pool. For perfectly aligned
grains along dα, Aα equals N for each α ∈ {s[100], p[010], p[011]}, while
for randomly chosen grains, Aα is randomly distributed. This dis-
tribution is generally non-trivial for small N, as illustrated for N = 1 and
As[100] = ds[100] ⋅ Y in Fig. 4a; it exhibits a constant frequency for values
exceeding

ffiffiffi
2

p
=2, with a mean of 0.831 and a standard deviation of 0.1

as detailed in Supplementary Note 7. In the large N limit, however, the
statistical distribution of Aα’s become Gaussian with a mean value that
is proportional toN, albeitmuch smaller thanN since different random
projections cancel each other, and a standard deviation �

ffiffiffiffi
N

p
is

obtained as expected from the central limit theorem. This is illustrated

in Fig. 4b that shows the statistical distributions of As[100] with
increasing N with a perfect fit to a Gaussian distribution (solid black
curve) for N = 29, where the values of N correspond to the grain
textures of Fig. 3a–c at different stages of solidification.

We cannowuse the distributions in Fig. 4b to assess the statistical
significance of the experimentally observed textures. For this, we
superimpose as crosses the computed values of As[100] for the grain
textures corresponding to Fig. 3a–c in Fig. 4b, and as pluses the values
As[100] = N corresponding to perfect alignment. For the early stage
corresponding to Fig. 3a, there are many grains (N = 29) that are ran-
domly oriented. As a result, the measured value of As[100] falls well
inside the distribution for randomly oriented grains and is far from the
value for perfect alignment. For the intermediate stage of solidification
corresponding to Fig. 3b, there are fewer grains left growing (N = 13),
but the measured value of As[100] is now a few standard deviations
outside the distribution for randomly oriented grains, moving closer
to the value for perfect alignment. This trend continues to the later
stage of solidification, where the measured value of As[100] remains
statistically significant (i.e., outside the distribution for randomly
oriented grains), even though the number of grains has decreased
further (N = 5).

To further assess the statistical significance of the measured
alignments at different stages of solidification, we use standard
Z-scoring to quantify how much the experimentally measured Aα

Fig. 4 | SAST results for experimental textures. a Alignment distribution of the
random grain’s secondary [100] direction with respect to the Y-axis (ds[100] ⋅ Y).
Mean value is 0.831, and standard deviation is 0.1. The distributions in panels a and
b are generated from 10,000,000 randomly oriented grains, which are divided into
10 groups to calculate the standard deviations (SD) for each box. Data are pre-
sented asmean ± SD.bRandomgrain distribution for groupswith various sizes (N).
The crosses are experimental measurements of Al3Si at t = 7.5μs (red), t = 20μs
(orange), and t = 30μs (blue). The plus signs are values for perfect alignment,
corresponding to the X-axis value of N. The black curve is the Gaussian function
using the mean and SD obtained from the random distribution. The red, orange,
and blue histograms correspond to the squares marked by the red, orange, and

blue arrows, respectively, in the following panel c. Data are presented asmean ± SD
(vertical black lines). c–e Evolution of experimentally estimated Z-scores
(zs[100] zp[010] and zp[011], filled symbols) compared to Z-score values for perfect
alignment (zs[100],pa zp[010],pa and zp[011],pa, open symbols); results correspond to: (c)
zs[100] and zs[100],pa; (d) zp[010] and zp[010],pa; and (e) zp[011] and zp[011],pa. Refer to the
main text for a detailed definition of these variables. The horizontal dashed black
and dotted gray lines represent Z-scores of 0 and 1.96 (the critical value for sta-
tistical significance corresponding to the p-value of 0.05 for a two-tailed test); (f)
number of analyzed grains versus solid fraction, as defined in Supplementary
Note 2. Crystallographic data, SAST results and the corresponding analysis codes
are provided as Source Data files.
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values deviate from themean μα of randomorientations, normalized
by the standard deviation (σα): zα = (Aα − μα)/σα. The stage of soli-
dification is measured as in Fig. 1b by the solid fraction, which
increases in time from zero at the start of solidification to 1 at the
end of solidification. The results are shown in Fig. 4c–e that com-
pares the experimentally measured Z-scores to the values for per-
fect alignment with Aα = N (zs[100],pa, zp[010],pa, zp[011],pa) as a function
of solid fraction. Figure 4c shows that zs[100] surpasses the threshold
Z-score of statistical significance 1.96 for a large window of solid
fraction comprised between the very early and late stages of soli-
dification. This threshold Z-score corresponds to a small p-value of
0.05 for a two-tailed test, an indicator that the observations are not
due to random chance. Note that any measurement with a corre-
sponding Z-score for perfect alignment above 1.96 (corresponding
to two grains) is statistically representative. This statistical sig-
nificance confirms the aforementioned expected trend that ds[100]

aligns with the solidification front (Y-axis). As solidification pro-
gresses, zs[100] approaches zs[100],pa, suggesting that grains with
ds[100] aligned with Y increasingly dominate during grain competi-
tion. In contrast, Fig. 4d reveals that zp[010] consistently remains
below 1.96 throughout solidification, showing no significant align-
ment trend with the X-axis. Figure 4e highlights pronounced align-
ment of dp[011] with the X-axis, supported by the zp[011] values that
exceed 1.96 for most of the solidification process. However, toward
the end of solidification, zp[011] falls below 1.96 due to a reduced
number of surviving grains (Fig. 4f). Our analysis reveals clear trends
in grain orientation evolution during solidification: [100] directions
increasingly align with the Y-axis, while [011] directions align with
the X-axis. These findings underscore the role of grain competition
in texture evolution and validate the SAST methodology as a robust
tool for quantifying texture alignment.

Notably, since the standard deviation of alignment scales withffiffiffiffi
N

p
, the Z-scores for perfect alignment of 1 and 2 grains are 1.69 and

2.39, respectively. Thus, the minimum number of grains required for
statistical relevance is 2. However, this does not explain the decreases
in zs[100] and zp[110] at the mid-to-late stage, when the number of grains
is larger than 2. To evaluate the alignment of a single grain and to
enable comparison of Z-scores across systems with different grain
numbers, we normalize the Z-score using the corresponding value for
perfect alignment: zα/zα,pa = (Aα − μα)/(N − μα). Supplementary Fig. 5
shows that the Z-score ratios for ds[100] and dp[110] steadily increase
during solidification, except in the late stage. The late-stage deviation
arises because the grain number decreases substantially below ~ 13,
which is insufficient for reliably selecting preferential orientations
during grain competition.

Phase-field modeling of dendritic structures
To elucidate themechanismunderlying experimentally observed 〈011〉
textures, we employed PF modeling to simulate the crystallographic
texture evolution with the incorporation of the anisotropies of both
the solid-liquid interfacial free energy (as) and atomic attachment
kinetics (ak). For a solid-liquid interface with normal direction n, as(n)
can be expanded using spherical harmonics Ki(n) (i = 1, 2), which are
detailed in Supplementary Note 8:

γslðnÞ
γ0

� asðnÞ= 1 + ϵ1K1ðnÞ+ ϵ2K2ðnÞ ð2Þ

Here, γ0 denotes the reference solid-liquid interfacial free energy, and
ϵ1 and ϵ2 are anisotropy parameters. Previous studies on DOTs under
slow solidification conditions for three-dimensional (3D) bulk materi-
als demonstrate that a positive ϵ1 promotes 〈100〉-oriented growth, a
negative ϵ2 enhances the 〈011〉 dominance, and a region of positive ϵ1
combined with negative ϵ2 favors a more complicated hyperbranched
structure14,17,43. The kinetic anisotropy ak(n), governing interface

mobility, is represented by one leading term:

μkðnÞ
μ0
k

� akðnÞ= 1 + ϵkK1ðnÞ ð3Þ

where μk(n) is the anisotropic kinetic coefficient, μ0
k is its isotropic

reference value, and ϵk quantifies kinetic anisotropy strength. In 3D
bulk materials, the positive ϵk promotes the 〈100〉 growth direction44,
although in Al-based alloys at low solidification velocities, its impact is
negligible comparedwith the influence of as

14. Conversely, at very high
solidification velocities, the effect of kinetic anisotropy becomes
significant for dendrite orientations in undercooled melts36,37,45.
However, the effects of as and ak in thin-film alloys remain unexplored.
While their roles are well-characterized in bulkmaterials, confinement
effects in thin-film geometries may alter the competitive dynamics
governing texture evolution.

A challenge in capturing the crystallographic textures from rapid
solidification experiments is accurately implementing 3D anisotropies
in two-dimensional (2D) simulations. Our AlSi rapid solidification
experiments were conducted on thin films with a thickness of
approximately 100 nm. However, numerically resolving crystal-
lographic textures at the melt-pool scale in 3D is computationally
demanding for PF modeling. Therefore, we approximated the thin
films as effectively 2D by assuming that the solid-liquid interface is
essentially planar in thedirectionperpendicular to thefilm. In standard
2D implementations of γsl anisotropy, existing models reduce the
problem to a simplified special case, aligning a [100] direction per-
pendicular to the sample plane20,23. This approach yields a four-fold
symmetry expressed as a function of the misorientation angle α:
as = 1 + ϵ4 cos 4ðθ� αÞ, where ϵ4 is the anisotropy parameter and θ is
the angle between the normal direction of the solid-liquid interface
and the X-axis. However, this simplification fails to capture the com-
plexity of crystallographic orientations, which are randomly dis-
tributed in 3D space. To address this limitation, we calculated as by
projecting the interface normal vector n onto the intrinsic crystal
coordinates. These projections were directly substituted into the
explicit expressions for as(n) and ak(n), with randomly distributed
orthogonal crystal axes defined in the laboratory frame (see Supple-
mentary Note 8). This approach captures the full spectrum of possible
crystallographic orientations that are essentially a mixture of two-fold
and four-fold symmetry terms for the one-parameter anisotropy (Eq.
17 in Supplementary Note 8). Notably, our formulation recovers the
conventional four-fold symmetry when [100] is aligned perpendicular
to the sample plane and reduces to isotropic as when [111] is perpen-
dicular to it. To simulate the crystallographic textures at the melt pool
scale, we first used the commonly used one-parameter form of as,
(ϵ1,ϵ2) = (0.06, 0), which is a generalization of the aforementioned
simplified as forms. PF simulation results for a quarter melt pool are
depicted in Fig. 5 and Supplementary Fig. 12, with the model details
provided in the Phasefieldmodeling section ofMethods. Figure 5a and
Supplementary Movie 1 show representative grain texture evolution
characterized by rotated cubes that elucidate grain orientations. The
grain texture exhibits a trend where, at the late stage of solidification,
one of the 〈100〉 directions tends to align with the solidification
direction. This observation can be confirmed by the Discrete Pole
Figures (Fig. 5b), Density Pole Figures (Fig. 5c), and Density Pole Fig-
ures considering 4 simulations (Fig. 5d) at the solidification time of
15μs, obtained following the same procedure as in experiments.

Grain texture evolution is further quantitatively analyzed through
SAST. Figure 5e–g display three key Z-scores of simulation results,
along with the experimentally measured Z-scores for Al1Si (open cir-
cles), Al3Si (open square), and Al6Si (open triangles). Figure 5e illus-
trates most of the zs[100] data points are below 1.96 (p-value of 0.05),
suggesting statistically insignificance of ds[100]’s alignment with Y,
different from experiments (Fig. 4a). In addition, Fig. 5f exhibits a

Article https://doi.org/10.1038/s41467-025-66655-2

Nature Communications |        (2025) 16:11698 7

www.nature.com/naturecommunications


window of zp[010] exceeding 1.96, in contrast to the experimental
measurements of around 0 (Fig. 4b). This alignment indicates dp[011]

tends to form a large angle with respect to the X-axis, which explains
the negative zp[011] values of around − 1.96 (Fig. 5g). In addition, Fig. 5 h
presents the grain number, which substantially affects Z-score values.
This result demonstrates a large initial grain number, followed by a
quick decrease to a level that agrees with the experiments.

The inability to replicate the experimentally observed grain tex-
ture using the one-parameter γsl anisotropy prompted us to calculate
more realistic parameters forAlSi alloys.Toachieve this, we conducted
atomistic simulations for the solid-liquid interface evolution within a
thin slab, using an angular embedded atom method (AEAM) intera-
tomic potential for AlSi46. By employing the capillary fluctuation
method (CFM)47, we determined the anisotropy parameters of dilute
Al-Si alloys, revealing a shift toward the 〈110〉 region with increasing Si
composition (Supplementary Note 9 and Supplementary Fig. 11),
consistent with the trend observed in the AlSm alloys18. In this study,
we selected (ϵ1,ϵ2) = (0.06, −0.006) as the representative anisotropy
parameters.

The PF simulation results are presented in Fig. 6, Supplementary
Fig. 13, and Supplementary Movie 2. Figure 6a focuses on a repre-
sentative grain texture for Al1Si, demonstrating a transition to [011]
growth direction at late- stage solidification. The observed grain tex-
ture can be validated by the Pole Figures shown in Fig. 6b–d, produced

following the sameprocedure as in Fig. 5. Specifically, in the (100) Pole
Figure, a prominent high-density region is observed around the north
pole, and in the (110) Pole Figure, a relatively high-density area is at the
east. These characteristics underscore ds[100] predominantly aligns
with the Y-axis, while dp[011] aligns with the X-axis.

To further quantify the grain texture evolution, we applied the
SAST method. Figure 6e–g presents the Z-scores for the projection
sum of ds[100] on the Y-axis (Fig. 6e), dp[010] on the X-axis (Fig. 6f), and
dp[011] on theX-axis (Fig. 6g), for both PF simulations (blue square) and
experiments (gray lines). Additionally, the number of grains in the
simulations approaches those in experiments quickly after solidifica-
tion starts (Fig. 6). Moreover, the Z-score ratio with respect to that for
perfect alignment shows an increase for most of the solidification
process, and the initial grains outside the melt pool is approximately
205.0 ± 83.7 nm (Supplementary Figs. 14 and 15). These simulation
results demonstrate remarkable agreement with the experimental
measurements, thus validating our PF model’s capability in capturing
the grain texture evolution during rapid solidification of thin-film
AlSi alloys.

Compared to γsl anisotropy, kinetic anisotropy plays only aminor
role in texture evolution. To illustrate this, we performed two series of
PF simulations. In the first, γsl was isotropic while kinetics were aniso-
tropic. Supplementary Fig. 16 shows slight increases in Z-scores, but
none reaching statistical significance, suggesting near-random

Fig. 5 | SAST results for simulated textures of Al1Si with one γsl anisotropy
parameter (ϵ1, ϵ2) = (0.06, 0). a Representative grain texture with 60 grain
orientations shownby rotatedcubes.bDiscrete polefigures ofpanel (a) with grains
that touch the solidification front at 15 μs only considered. cDensity Pole Figures of
panel (b). The color bar denotes Multiples of Random Distribution (MRD).
d Density Pole Figure of 4 simulations. e zs[100] or Z-score of the projection sum of
the secondary [100] direction on the Y- axis as a function of solidification distance.

Blue squares correspond to the simulation shown in panel (a). Gray open circles,
squares, and triangles correspond to experimental results forAl1Si, Al3Si, andAl6Si,
respectively. The dotted line denotes a Z-score of 1.96, corresponding to the p-
value at 0.05. f zp[010] or Z-score of the projection sum of the primary [010]
direction on theX-axis.g zp[011] or Z-scoreof theprojection sumof the primary [011]
direction on the X-axis. hNumber of grains within themelt pool shown in panel (a).
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orientation and only weak 〈100〉 trends. In contrast, the second series
applied γsl anisotropy (ϵ1,ϵ2) = (0.06, −0.006) with isotropic kinetics.
Supplementary Fig. 17 reveals significant 〈011〉 alignment, matching
the fully anisotropic case in Fig. 6. Together, these results confirm that
while kinetic anisotropy promotes a conventional 〈100〉 texture, γsl
anisotropy remains dominant in crystallographic texture evolution.
Notably, the primary role of γsl anisotropy and the minor influence of
kinetic anisotropy remain valid when the solidification velocity follows
the experimentallymeasured profile (Fig. 1b) and the thermal gradient
is increased to 5 K/μm (Supplementary Figs. 18, 19, and 20).

The grain textures observed in experiments andpolycrystalline PF
simulations (Figs. 4–6) can be well explained by the minimum under-
cooling criterion, which assumes that dendritic grains with the lowest
tip undercooling are preferentially selected. To investigate the
mechanism of texture formation, we performed single-crystal simula-
tions with the principal axis rotating around the X, Y, and Z-axes
(Fig. 7a). For (ϵ1, ϵ2) = (0.06, −0.006), the tip undercooling Δ decreases
monotonically for rotations around the Y-axis (orange line), but gen-
erally increases for other rotations. To explain more complex orien-
tations in polycrystalline simulations, we further examined sequential
rotations: a subsequent X-axis rotation after the initial Y-axis rotation
(Fig. 7c) dramatically increases Δ. These behaviors align with the pre-
ferred 〈110〉 texture observed experimentally and in polycrystalline
simulations at the same anisotropy parameters (Figs. 4, 6). In contrast,
for (ϵ1, ϵ2) = (0.06, 0), X-axis rotations (blue line and cube in Fig. 7d)

yield the smallest Δ, consistent with the preferred 〈100〉 texture
observed in polycrystalline simulations at the same anisotropy para-
meters (Fig. 5). Notably, the rotation around the Y-axis for Al3Si also
exhibits the minimum undercooling (Supplementary Fig. 21), indicat-
ing that the Si composition effect does not significantly affect the
crystallographic texture evolution in PF simulations.

Discussion
The present study has introduced a SAST methodology to quantita-
tively characterize experimentally observed or simulated grain tex-
tures by statistically differentiating them from randomly generated
textures at different stages of solidification. This approach comple-
ments traditional Pole Figures by evaluation through Z-score the sta-
tistical significance of preferred crystallographic orientations. While
Pole Figures are informative in cases where textures are pronounced,
the information they provide becomes more qualitative when statis-
tical fluctuations in grain orientations are significant (Fig. 3). Such
fluctuations can originate from a number of factors, including the
strong variation in heat flow direction around melt pools, the inher-
ently stochastic nature of the grain competition process20,48, and the
characteristically small anisotropies of crystal growth properties in
metallic alloys thatmayonlyweakly select certain growth orientations.
In the present study, fluctuations or grain orientations are further
enhanced by the fact that, prior to melting and solidification, depos-
ited grains are randomly oriented in 3D space. As a result, even for the

Fig. 6 | SAST results for simulated textures of Al1Si with two γsl anisotropy
parameters (ϵ1, ϵ2) = (0.06, −0.006). aRepresentative grain texturewith 60 grain
orientations shownby rotated cubes.bPole figures ofpanel (a) with the solid-liquid
interface determined at the same position as the simulation at 15μs. c Density Pole
Figure of panel (a). dDensity Pole Figure of 4 simulations. e zs[100] or Z-score of the
projection sum of the secondary [100] direction on the Y-axis as a function

solidification distance. Blue squares correspond to the simulation shown in panel
(a). Gray open circles, squares, and triangles correspond to experimental results for
Al1Si, Al3Si, and Al6Si, respectively. f zp[010] or Z-score of the projection sum of the
primary [010] direction on the X-axis. g zp[011] or Z-score of the projection sum of
the primary [011] direction on the X-axis. h Number of grains within the melt pool
shown in panel (a).

Article https://doi.org/10.1038/s41467-025-66655-2

Nature Communications |        (2025) 16:11698 9

www.nature.com/naturecommunications


simplest form of cubic anisotropy of the interface free-energy
γslðbnÞ= γ0½1� 3ϵ4 + ϵ4ðn4

x +n
4
y +n

4
z Þ� in 3D, each grain has a different

projected form of γslðbnÞ in the 2D plane of growth, characterized by
γslðθÞ= γ0½1 +A0ϵ4 +A2ϵ4 cos 2ðθ� αÞ+A4ϵ4 cos 4ðθ� βÞ�, where θ is
the angle between the directional normal to the interface (bn) and a
reference axis in this plane and where (A0, A2, A4, α, β) are different for
each grain (Eq. 17 in Supplementary Note 8); the same holds true for
the kinetic coefficient μkðbnÞ. For a two-parameter anisotropy form of
γðbnÞ in 3D, the 2D projected form is evenmore complex and contains a
six-fold component (Eq. 14 in SupplementaryNote 8). Our results show
that, despite the large fluctuations of grain orientations caused by
these various factors, SAST is able to identify preferred textures in a
statistically significant way for intermediate solidification stages with
large enough Z-scores, when textures are indeed formed as in the
present experiments (Fig. 4) and for some, but not all, of the simulated
textures (Figs. 5, 6). In these cases, Z-scores typically fall below sta-
tistical significance at early stages of solidification, before grain com-
petition has had time to select a texture, and sometimes at late stages
when the number of grains that have survived this competition
becomes too small. When no preferred textures are formed, Z-scores
remain below ormarginally close to statistical significance at all stages
of solidification (Supplementary Fig. 16). As a first concrete application
of SAST in the present context of thin films, our results demonstrate

the method can be used to infer anisotropic crystal growth properties
by the combination of simulation, experiment, and a comparison
between the two. By comparing predicted and observed textures, we
were able to conclude that the commonly used one anisotropy para-
meter form of γslðbnÞ is insufficient to reproduce the specific experi-
mentally observed texture with 〈100〉 and 〈110〉 directions aligned
preferentially parallel and perpendicular to the solidification front,
respectively (Figs. 4, 5). This observed texture, however, was obtained
with a two-parameter anisotropy form of γslðbnÞ (Fig. 6) with these
parameters (ϵ1, ϵ2) predicted by atomistic simulations using an AEAM
interatomic potential for AlSi alloys (Supplementary Note 9). This
agreement suggests the anisotropy of γslðbnÞ is a major determinant of
grain texture in the present thin-film experiments. This expectation
was further confirmed by additional simulations showing that, (i) if
interface free-energy is chosen to be isotropic (γslðbnÞ= γ0), anisotropic
interface kinetics alone does not suffice to generate a grain texture of
clear statistical significance (Supplementary Fig. 16), and (ii) the com-
bination of isotropic interface kinetics and anisotropic γslðbnÞ repro-
duces the observed texture (Supplementary Fig. 17). In a recent 3D
phase-field study of a single laser track of 316L stainless steel, kinetic
anisotropy was found to influence the grain texture in the central
region of the melt pool32. However, this study was conducted in a
velocity range beyond the absolute stability limit for this alloy, where

Fig. 7 | Investigation of single-crystal solidification. a Dendrite morphology for
Al1Si with (ϵ1, ϵ2) = (0.06, −0.006). b Dendrite tip undercooling Δ as a function of
rotation angles of the principle axes around the X, Y, and Z-directions. Under-
cooling is definedasΔ = (Tl −Ttip)/(Tl −Ts),whereTtip is the temperature at the tip,Tl
is the liquidus temperature at the nominal composition c∞, and Ts is the solidus

temperature at c∞. For blue circles beyond 30∘, Δ was obtained using the output of
the smaller-angle simulation as input. The open circlemarks the unstable structure
shown in panel (a). c Δ for a subsequent X-axis rotation after the initial Y-axis
rotation (20∘ for light blue lines and 45∘ for bright blue lines). The dashed line
denotes Δ without rotation. d Δ versus the rotation angles for (ϵ1, ϵ2) = (0.06, 0).
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the interface grows with a planar morphology and γsl was assumed to
be isotropic. Our results indicate that the effect of kinetic anisotropy is
less relevant below the absolute stability limit, even at relatively high
velocities when cellular/dendritic structures, which are strongly
affected by the anisotropy of γslðbnÞ, are present. This is so even though
the capillary undercooling ~ Γ/R, where Γ is the Gibbs-Thomson coef-
ficient and R is the dendrite tip radius, and the kinetic undercooling
V/μk can be estimated (using R ~ 50 nm measured from simulations23)
to have comparable magnitudes of a few degrees K. Notably, these
conclusions are drawn from 2D PF simulations, which approximate
more realistic three-dimensional (3D) scenarios. The 2D model
neglects the curvature of the solid-liquid interface through the film
thickness, potentially influencing grain texture selection. Full-scale 3D
polycrystalline simulations incorporating realistic film thicknesses (~
100 nm) remain computationally prohibitive. In addition, the curva-
ture of the interface along the film thickness is controlled by the
interfacial excess free energies between solid/liquid AlSi and the sub-
strate. These, together with the solid-liquid interfacial energy, deter-
mine the dihedral angle formed at the solid-liquid-substrate junction.
These energies are not precisely known and are challenging to com-
pute using MD simulations, making it difficult to realistically model
film-thickness curvature effects. Despite these limitations, we believe
the quasi-2D results presented here provide meaningful insights into
grain texture selection relevant to applied AMprocesses, such as LPBF,
which involve fully 3D melt pools. The fundamental mechanisms of
grain competition under AM conditions, revealed through our quasi-
2D simulations, support the broader applicability of these findings to a
wide range of 3D AM processes.

The minimum undercooling criterion identified in our study for
AM conditions assumes that cellular/dendritic grains with the lowest
tip undercooling are preferentially selected, amechanism traditionally
used to explain grain competition under slow solidification rates19. In
this framework, differences in dendrite tip undercooling cause unfa-
vorable grains to lagbehind and be eliminated by favorable grains. Our
findings show that this criterion predicts remarkably well the selection
of the 〈100〉 and 〈110〉 dominated textures for different forms of the
anisotropy of the excess solid-liquid interface free-energy (Figs. 4–6).
This suggests that the same criterion may be applicable to more gen-
eral 3D geometries under AM conditions. Although the minimum
undercooling criterion predicts which grain orientation is favored, it
does not predict how quickly a well-oriented grain overgrows neigh-
boring grains with larger undercooling. Additional studies, which
extend recent studies of grain competition in a slow solidification
regime21,22,48, are needed to address this question.

Method
Experimental methods
AlSi thin films with Si contents of ≈ 1, 3 and 6 wt. %, exhibiting
homogeneous initial grain sizes and random textures,were used in this
work. For the sake of brevity, alloys are referred to as Al1Si, Al3Si and
Al6Si, respectively. Thin films, approximately 100 nm thick, were
deposited onto amorphous, 0.25 × 0.25 mm wide, 50nm-thick SiNX

windowed TEM grids by DC magnetron sputtering. Sputtering was
conducted in a chamberwith a base pressure below6.7 10−6 Pa, and the
process pressurewas 0.44 Pa. Themain sputter target was Al1Si, run at
a power of 300W,with a secondary Si target to increase the Si content,
run at a power of 25–75 W. Further information about the thin film
fabrication process can be found in Refs. 38,49.

We carried out in situ laser spotmelting and imaging experiments
by movie-mode DTEM at 200 kV50. The thin films were melted by a
pulsed Nd:YAG laser (1064 nmwavelength) with a Gaussian beam (1/e2

diameter of ≈ 135μm), a deposited energy ranging from2.32 to 3.92μJ,
and a dwell time of 50 ns. As detailed in other works51, after a certain
delay time subsequent to the laser shut-off, a 2k x 2k CCD camera with
single electron detection capability50 was used to capture nine

consecutive elliptical low-magnification multi-beam bright-field TEM
images of major and minor axes of ≈ 90 and 80 μm, respectively, and
temporal resolution of 1-2.5μs. Every nine-image series was recorded
in a 256 × 256 pixel image file. Therefore, each experiment recorded
images corresponding to a maximum duration of 22.5μs. Because
solidification was not always completed after such a period of time, up
to three different laser hits were conducted per alloy system, varying
the delay times from 0 to 40μs to capture the entire solidification
sequence. More details on the DTEM experimental procedures has
been described in previous publications51.

We conducted detailed analyses of DTEM data by tracking the
melt pool boundary, as shown in Fig. 1a, to estimate the major and
minor ellipse semiaxes (a0

e and b0
e ) as a function of time t. Note that the

melt pool was ellipse-shaped, due to the non-perpendicular laser
impact on the thin films during the experiments. Using the temporally
resolved a0

e and b0
e , we calculated instantaneous V and plotted them

against solid fraction at various Si contents, as shown in Fig. 1b. We
performed polynomial fitting of the scattered data in Fig. 1b using
second-order polynomials and the least squares method.

We then performed ex situ TEM-based orientation mapping
(NanoMEGAS® ASTAR) in a Philips CM300 FEG (S)TEM operated at
300 kV to evaluate the crystallographic textures produced by the
DTEM experiments. Orientation maps were obtained by indexing
electron diffraction patterns acquired with an electron probe size of
5–10 nm, with average confidence indexes (CI) above 0.25 (see Sup-
plementary Note 4 and Supplementary Note 5 for values correspond-
ing to each scan). Two ASTAR scans were conducted per alloy, in the
as-sputtered regions (step size of 5 nm) and near the melt pool
boundary (step size of 25 nm); only fcc crystal symmetry was con-
sidered. Spot sizes ranging from 3 to 50nm were used, depending
upon the mapped area. ASTAR data analyses were conducted on with
Matlab® 2024a and theMTEX toolbax 5.8.052. The analyses of themaps
near the melt pool boundary included an initial data cleaning step, in
which (a) grains were generated, with a threshold of 1∘; (b) grains with
equivalent diameters below 58 nm were deleted; (c) unindexed and
deleted pixels were interpolated using the method of nearest neigh-
bor; (d) the process was repeated and grains were recomputed. Sub-
sequently, areas affected by orientation misindexing due to the 180∘

ambiguity problem, described in ref. 53, were manually identified and
their orientation was interpolated, where each wrongly indexed pixel
was assigned themeanorientationof neighbors belonging to the same
grain. After cleaning, grains were generated with a threshold of 5∘.

Phase field modeling
We employed a multi-PF model extending from a previously estab-
lished model designed for the rapid solidification of binary alloys23, in
which far-from-equilibrium effects like solute trapping at the solid-
liquid interface are quantitatively reproduced over an extremely wide
range interface velocities from μm/s to m/s. Notably, this model dis-
tinguishes itself by obviating the need for introducing corrective anti-
trapping currents, as typically required in other widely adopted
models54,55, to mitigate the spurious solute trapping effect across the
solid-liquid interface. Instead of employing corrective anti-trapping
currents, our model incorporates a nonlinear solute diffusivity as a
function of the PF (ϕ) within the interface region. This approach pro-
vides a more accurate representation of the physical phenomena
under consideration. Furthermore, the versatility of this multi-PF
model allows for the utilization of a larger interface thickness without
compromisingnumerical accuracy. This feature substantially increases
the grid spacing achievable during numerical simulations, thereby
enhancing computational efficiency and reducing computational
resource requirements.

Thepolycrystalline PFmodel employed in this study encompasses
the evolution of both a Si concentration field, denoted as c, andM = 60
order parameters represented asϕαwithα= 1, 2, . . . ,N andϕα∈ [− 1, 1].
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To simplify the experimental conditions while retaining the funda-
mental characteristics of the system, we applied the frozen tempera-
ture (T) approximation. This approximation defines the temperature,
T, as a function of both solidification time, t, and solidification dis-
tance, x, and is expressed as follows: T = T0 + G(x − Vpt), where the
pulling velocity, Vp, and temperature gradient, G, are aligned with the
solidification direction. Here, T0 represents the initial temperature at
the melt pool border.

The evolution equations governing the dynamics of ϕα and c

τðnÞ ∂ϕα
∂t =∇ � ½W ðnÞ2∇ϕα �+

Px, y
i
½∂iðj∇ϕαj2W ðnÞ ∂W ðnÞ

∂ð∂iϕα ÞÞ�+

ϕα � ϕ3
α � λg 0ðϕαÞðc+ T�TM

jmej eb½1 + gðϕα Þ�Þ�

ω 1 +ϕα
2

PM
β≠αð

1 +ϕβ

2 Þ
2

∂c
∂t =∇ � fDlqðψÞc∇½ln c� bgðψÞ�g

ð4Þ

are derived based on the free-energy functional of binary alloys as
detailed in Ji et al.23. Here, we take the choices of interface attachment
time scale τ(n) = τ0as(n)2/ak(n), where τ0 = ðSW0Þ2=ðΓμ0

k Þ, and interface
widthW(n) = SW0as(n). These choices are based on the general forms
of the interfacial free-energy anisotropy γ(n) = γ0as(n) and kinetic
coefficient anisotropy μkðnÞ=μ0

k akðnÞ. Within these expressions, γ0
represents the reference value of interfacial free-energy, as(n) denotes
the anisotropic strength of the interfacial free-energy,μ0

k stands for the
reference value of interfacial kinetic coefficient,ak(n) characterizes the
anisotropic strength of the kinetic coefficient, n = ∇ϕ/∣∇ϕ∣ represents
the unit vector normal to the solid-liquid interface, S serves as a
computational coefficient for adjusting interface thickness, W0

denotes the physical interface width (approximately 1 nm), Γ = γ0Tm/
L represents the Gibbs-Thomson coefficient, Tm denotes the melting
point, and L stands for the latent heat of melting. Furthermore,
the coefficients b and λ are given by b = lnke/2 and
λ=a0

1 bmeSW0=½Γðke � 1Þ�, where ke is the partition coefficient,
a0
1 = 2

ffiffiffi
2

p
=3, and me < 0 represents the liquidus slope. In addition,

the interpolation function of the energy density is of a common form
g(ϕ) = 15(ϕ − 2ϕ3/3 + ϕ5/5)/8, which ensures g 0ð± 1Þ= g 00ð± 1Þ=0 and
g(± 1) = ± 1, thus allowing the free-energy density to attain localminima
in the solid (ϕα = 1) and liquid (ϕα = − 1) phases.

In this study, we emphasize the anisotropy of the interfacial free-
energy is critical to grain texture selectionduring rapid solidificationof
thin-film alloys. Using an angular embedded atom method (EAM)
potential for AlSi in the molecular dynamics simulations, we have
calculated the anisotropic parameters of γsl for the Si composition of
interest (Supplementary Note 9). It is worth noting that Eq. (2) also
applies to ak(n), with the distinction that the second-order term is
absent. For comprehensive details regarding the implementation of
as(n), please refer to Supplementary Note 8.

In Eq. (4), the term Dlq(ψ) represents the solute diffusivity across
the solid-liquid interface. Here, Dl corresponds to the diffusivity in
the liquid phase, ψ = − 1 + 2∑α(1 + ϕα)/2 serves as a mapping from ϕα

to the overall liquid-solid interface. Additionally, the function
q(ϕ) = 6(1 −ϕ) − 11(1−ϕ)2/4 (applicable only for S = 5) is introduced as a
nonlinear function to mitigate the spurious excess trapping. Impor-
tantly, the variational derivation of the free-energy functional neces-
sitates the replacement of g(ϕα) in Eq. (4) with g(ψ) because the
interpolation function g(ϕ) is originally introduced to interpolate free
energy between solid and liquid phases. However, when dealing with
more than two order parameters, the stability of PF modeling dictates
that g(ϕα) should be retained in the evolution equation of ϕα. Other-
wise, a stable fixed point emerges at ϕα ≈ − 0.5, which is not physically
valid, as there is no corresponding phase that exists at this point.

The final term in the evolution equation of ϕα shown in Eq. (4)
accounts for the coupling between adjacent grains, with the positive
value of ω representing a repulsive force. Assuming that ψ remains

constant across the grain boundary, we canderive a unique expression
for ω. To obtain this, we first consider the evolution equation for c. At
equilibrium, integrating the right-hand side from − ∞ to x yields
c = c∞eb[1+g(ψ)]. For the one-dimensional equation of ϕ, we multiply both
sides by dϕα/dx and integrate from −∞ to∞. The resulting relation can
then be solved by substituting c = c∞e

b[1+g(ψ)] and using the constraint
ψ = 1 + ϕ1 + ϕ2 = 1. Consequently, we obtain

ω=6λc1½2ke +
ke � 1

b
T � TM

jmejc1
� ð5Þ

Here c∞ denotes the nominal composition. Notably, this expression
indicates that, due to ke< 1, the valueofω exhibits a linear increasewith
the undercooling (T − TM)/(∣me∣c∞). In particular, when the temperature
aligns with the liquidus line at Tl = TM +mec∞ for the parameters listed
in Table 1, we find that ω = 0.652.

The evolution equations were implemented in C/C++ within the
CUDA (Compute Unified Device Architecture) framework to leverage
parallel computation. Simulations were performed on NVIDIA V100 or
H200 GPUs in single precision to maximize computational speed and
accommodate a larger number of phasefields. For a typical system size
of 5120 × 5120 grid points, a single simulation on an NVIDIA V100 GPU
required ~ 10 days of wall-clock time. Simulation data are processed
using Python (3.9.6) codes.

Significance Analysis of Solidification Texture (SAST)
The elliptic/circular nature of the solid-liquid interface during thin-film
spot melting hinders the interpretation of texture development as a
function of time, as local solidification directions vary considerably for
every grain. Here, we present a novel methodology to analyze the
statistics of grain texture development during thin-film solidification:
Significance Analysis of Solidification Texture (SAST). Even though the
examples given in this section correspond to the experimental data,
the same methodology has been applied to the modeling output.

Firstly, the coordinates of the experimental solid-liquid interface
as a function of solidification time t were determined, as explained in
Supplementary Note 2. Once these coordinates are known, the crys-
tallographic map can be cropped accordingly to analyze the texture
data for that specific time t. Fig. 2a shows a schematic diagram for
Al3Si, where data within the solid-liquid interface for that time-step
and data out of the melt pool boundary has been deleted. In the PF
simulations, the solid-liquid interface at a specific timewas determined
using essentially the same method as in the experiments. Since the
melt pool was assumed circular in PF simulations, the calculation can
be simplified. In particular, we first identified the dendrite tip position
at this specific time and then drew a circle at this position for the grain
texture at the final solidification time. Next, for each time-step t, we
delimited grains considering amaximum inner grainmisorientation of
5∘, as described in refs. 56,57. In Fig. 2a, grains are delimited by black
lines. For a solidification time t, only the grains in contact with the
solid-liquid interface, not truncated by the crystallographic map
boundaries, were selected for analysis. Details on how filtering was
conducted can be found in Supplementary Note 3.

Once grain filtering was finished, we proceeded to analyze the
texturedata. In the schematic diagram in Fig. 2, someof the definitions
introduced in this methodology are provided. Moreover, the green
grain delimited by a thick black line in Fig. 2a will be used to define
some of the most important variables by the panels on the right,
Fig. 2b–d. For every selected grain, we filtered the data-points located
at less than 200nm from the interface, i.e., Di,j≤ 200 nm (refer to
Supplementary Note 3 for a definition of Di,j), see area delimited by a
dashed red line in Fig. 2a. Then, we calculated the mean crystal-
lographic orientation (in matrix notation) and centroid coordinates of
the selected region: O and (xc, yc), respectively. The reason why the
data contained in the whole grain was not considered for the
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calculation was to avoid artifacts in the calculation associated with
experimental orientation gradients, detected as the distance from the
melt pool boundary increased, as observed in the same figure by the
changes in Inverse Pole Figure (IPF) color within individual grains.

For every grain, the grain coordinate system, (X, Y, Z), was
defined. The solidification direction vector Xwas approximated as the
vector perpendicular to the tangent to the section of the solidification
front near the grain. The considered section of the solid-liquid inter-
face included any interface point within a 500 nm distance from the
centroid (xc, yc). Note that, according to previous works in the litera-
ture where thin sample geometries were utilized, dendrites are
expected to grow in-plane, as impingement with the sample border
forces dendritic arms growing out of the plane to either cease growth
or change their growth direction17. The two remaining directions of the
grain coordinate system were defined as follows: Y was defined as the
in-plane direction perpendicular to X and Z was defined as the out-of-
plane direction, see Fig. 2b.

Utilizing this new coordinate system can be useful to estimate
the primary and secondary dendrite growth directions. However, to
further elucidate trends, a more quantitative and general metho-
dology is needed. In Fig. 2b we defined the secondary [100] and
[113100] directions (unit vectors ds[100] in the crystal coordinate
system, denoted by red arrows), which are the growth directions of
the secondary arms, as those 〈100〉 crystallographic directions
(d<100>) with the largest projection onto the Y-axis in absolute value,
i.e., the largest d<100> ⋅ Y. Note that previous investigations have
shown that secondary arms of dendrites undergoing DOT are not
necessarily perpendicular to the dendrite trunk, which is parallel to
the X15,17; confirmation of this assumption would imply additional
TEM analysis. Nevertheless, this definition allows for systematic
assessment of texture development.

In the plane perpendicular to ds[100], the potential primary [010]
and [011310] directions (unit vectors dp[010], denoted by blue arrows)
are defined as those 〈100〉 directions (d<100>) with the maximum pro-
jection onto the X-axis, i.e., the greatest d<100> ⋅ X. Similarly, the pri-
mary [011] and [113111310] (unit vectors dp[011], denoted by orange
arrows) are chosen from the 〈011〉 family (d<011>) having the largest
projection onto the X-axis, i.e., the greatest d<011> ⋅ X. Considering two
possible primary directions allows us to assess which one is more
probable, or whether intermediate growth directions may occur.
Alternatively, for a specific grain i, these directions can be defined so

that their projections onto Xi or Yi satisfy:

ds½100�, i � Yi = maxfdα, i � Yi : α = h100ig
dp½010�, i � Xi = maxfdα, i � Xi : α = h100i ? ds½100�, ig
dp½011�, i � Xi = maxfdα, i � Xi : α = h110i ? ds½100�, ig

ð6Þ

Using these directions, we defined the overall alignment of N grain
orientations, illustrated in Eq. (1), quantified the statistical alignment of
grains compared to random distribution via Z-scores. Specifically,
Z-scores aregivenby zα= (Aα−μα)/σα,whereα∈ {s[100],p[010],p[011]},
andμα and σα represent themean and standarddeviation, respectively,
of Aα for randomly distributed grain orientations. Explicitly,

zs½100� = ðAs½100� � μs½100�Þ=σs½100�,

zp½010� = ðAp½010� � μp½010�Þ=σp½010�,

zp½011� = ðAp½011� � μp½011�Þ=σp½011�,

ð7Þ

A Z-score measures the number of standard deviations a given data
point lies from themean. In thiswork, the sumof the projections of the
selected growth directions have been selected to quantitatively
evaluate the grain orientations of a whole texture.

Finally, for every alloy and time step, the Z-scores for perfect
alignment (zs[100],pa zp[010],pa and zp[011],pa) were calculated. This was
achieved assumingYwas perfectly alignedwith ds[100] vector for every
grain andXwasperfectly alignedwithdp[010] ordp[011] vectors for every
grain. These Z-scores were calculated as follows:

zs½100�,pa = ðN � μs½100�Þ=σs½100�
zp½010�,pa = ðN � μp½010�Þ=σp½010�
zp½011�,pa = ; ðN � μp½011�Þ=σp½011�

ð8Þ

Statistics and reproducibility
A large number of random grain orientations (ranging from 100,000
to 1,000,000), each defined by three orthogonal unit vectors (see
Supplementary Note 8 for details), were generated to compute align-
ment distributions for N randomly oriented grains and the corre-
sponding Z-scores (Figs. 4–6). The projections of these orientations
were grouped into sets of N data points, discarding any remainder.
Within each group, the N projections were summed to obtain As[100]

values. The large number of random orientations ensures statistically
robust estimates of the mean and standard deviation of As[100] used in
Z-score calculations. For the alignment distributions shown in Fig. 4a,
b, alignment values were binned into 20 intervals, and the random
orientation generation process was repeated ten times to compute
mean frequencies and standard deviations for each bin.

The statistical significance is represented by the Z-score, which
quantifies the deviation of an experimental or simulatedmeasurement
of the alignment from the mean of the random-orientation distribu-
tions. The Z-score is therefore not associated with standard error. In
Figs. 4–6 and other Supplementary Figures., each Z-score corresponds
to a single measurement encompassing all grains within a given tex-
ture. Because alignment is computed as the sum of grain-orientation
projections, increasing the number of grains reduces stochastic
uncertainty. Accordingly, for the four simulations shown in Supple-
mentary Figs. 12A, 13A, and elsewhere in the Supplementary Informa-
tion, Z-scoreswere calculated using all grains in the alignment analysis,
and thus do not yield standard errors for the reported values.

Data availability
All raw data and codes used to reproduce the results in this study have
been deposited in Figshare58. The DOI link of this dataset is https://doi.

Table 1 | Materials and simulation parameters

Symbol Description Value

c∞ Nominal composition of Si 1 wt.%

me Liquidus slope −6.5 K/wt.%38

ke Partition coefficient 0.1338

Γ Gibbs-Thomson coefficient 1.96 × 10−7 K ⋅ m59

μ0
k

Interface kinetic coefficient 0.5 m/(s ⋅ K)23

Dl Liquid diffusion coefficient 5.5 × 10−9 m2/s60

G Temperature gradient 1 × 106K/m35

Vp Pulling velocity 1m/s

W0 Atomic interface width 1 nm

ϵk Anisotropic strength of the kinetic coefficient 0.15

ϵ1 First-order parameter of the anisotropic
strength of interfacial free energy

0.06

ϵ2 Second-order parameter of the anisotropic
strength of interfacial free energy

−0.006 or 0

W Interface width 5 W0

Δx Grid spacing 0.8 W

Δt Time step of evolution 0.08 W2=ðΓμ0
k Þ
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org/10.6084/m9.figshare.30460382.v2. Source data are provided in
this paper.
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