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Singly-twinned growth of Si crystals upon chemical modification
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During crystallization a continuum of patterns could emerge due to the interplay of growth kinetics, material
or solution chemistry, and crystallographic defects. The coherent twin boundary is widely known to catalyze
growth in pristine crystals including polycrystalline Si. Much remains unknown about the impact of changing the
chemical environment of the crystallization process through the deliberate addition of trace metallic species—
termed chemical modification. Pristine Si has been reported to grow through the classical model of two parallel
twin planes acting in concert to enable steady-state propagation of the solid-liquid interfaces. Here, we achieve
a vision on the growth process via in situ synchrotron x-ray microtomography and further corroborated by
ex situ crystallographic investigation. We find that steady-state growth is impossible in chemically modified
alloys that consist of trace (0.1 wt.%) Sr. This is because the Sr modifier poisons the concave re-entrant grooves,
thereby deactivating the advantage of the twin-plane re-entrant edge mechanism and leading to a singly-twinned
interface. This study may serve as a proxy to chemically modified crystallization pathways of eutectic Si in Al-Si

alloys and, more broadly, as a framework for the crystallization-mediated synthesis of materials.
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I. INTRODUCTION

Understanding the relationship between the distribution of
chemical impurities and microstructural defects—including
grain boundaries—in crystals is of paramount importance for
engineering new or improved materials for a wide variety of
applications, including structural [1,2], electronic [3,4], and
energy [5]. An important class of grain boundaries is the twin
plane along which two crystals share the same lattice sites and
intergrow through certain symmetry operations, and recent
works provide key insights into the twin-forming process
[6] and its impact on grain growth [7]. The use of growth
modifiers in natural, biological, and synthetic crystallization is
a common strategy to control growth and achieve more desir-
able physicochemical properties [8—12]. For structural materi-
als, such as eutectic alloys, chemical modification through the
addition of trace, typically metallic elements to the feedstock
alloys during crystallization often improves the mechanical
properties of growing crystals from a melt, for instance duc-
tility and strength [13-18] of cast alloys. This is due to a
combination of structural refinement [13,16] as well as mor-
phological and topological changes during solidification [12];
Ref. [19] provides a review on the microstructural effects of
chemical modification. While it is known that impurities such
as those deliberately added [9,10,12,14,20] through chemical
modification tend to segregate to grain boundaries [1,21]
with dramatic consequences for the physical behavior of the
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material [8,12,19], the origins behind such drastic microstruc-
tural changes upon crystallization remain elusive.

Several models have been proposed since the 1960s and
onwards to explain the mechanisms behind chemically mod-
ified crystallization. These models are often in relation to
the growth of eutectic Si in Al-Si alloys whose brittleness
and coarse microstructure in pristine (unmodified) state is
the main reason for the poor mechanical properties of the
as-cast alloy, such as premature crack initiation and fracture
in tension [22]. Among these proposed models are those that
describe the growth of the faceted Si phase largely based on
geometric considerations involving the impurity atoms. The
twin plane re-entrant edge (TPRE) growth mechanism (vide
infra) describes the growth of the faceted phase facilitated
by {111} X3 twins [23,24]. TPRE is thought to dominate
for slow cooling rates in unmodified alloys. According to the
poisoning of the TPRE mechanism, growth of the faceted
phase is more isotropic due to selective adsorption of the
modifier atoms or clusters at the twin-liquid interface (i.e.,
deactivating the advantage of the TPRE mechanism) [25]. In
the impurity-induced twinning (IIT) mechanism, the modifier
atoms adsorb instead at the {111} step surfaces of the faceted
phase, and the associated change in the stacking sequence
facilitates the formation of frequent twins and locally enables
growth in multiple (112) directions [26]. That is, both IIT
and the poisoning of TPRE involve adsorption of the modifier
at the Si-liquid interfaces, however, the former leads to twin
formation and the latter to twin suppression.

The TPRE growth model for crystallization of a twinned
diamond cubic crystal was independently proposed by Wag-
ner [23] and Hamilton and Seidensticker [24], hereafter re-
ferred to as WHS. The model is based on enhanced nucleation
at the X3 twin-liquid interface. According to this model,
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FIG. 1. Schematics of faceted crystal growth with singly- and doubly-twinned interface, according to Wagner [23] Sand Hamilton and
Seidensticker [24]. (a),(b) Growth of a crystal with a single twin boundary. (a) The crystal is bounded by {111} habit planes, and a 141°
re-entrant corner (type I) appears where the twin intersects the solid-liquid interface. Growth proceeds in (112) directions (arrows) upon
nucleation at the re-entrant groove, compared to the flat {111} habit planes. (b) Growth terminates by the vanishing of the re-entrant grooves
and subsequent formation of a triangular mound projecting into the melt. (c)—(e) Growth of a crystal with two parallel twin planes. (c) The
doubly-twinned crystal is bounded by {111} habit planes and contains a type-I re-entrant groove. Nucleation readily occurs at the re-entrant
groove as opposed to the flat {111} planes, similar to the case of singly-twinned crystal in (a). (d) At the neighboring twin the new layer
creates a second re-entrant corner (type I1I) with an angle of 109.5°. (e) The type-II corner enables the continuous propagation of the crystal in
the (112) direction. Unlike in the singly-twinned interface in (a), the type-I corner does not disappear during growth and no triangular mounds
appear upon the termination of growth. Figure reproduced with permission from Ref. [24].

nucleation occurs at the 141° concave basin, termed type-I
re-entrant groove, which is formed by the intersection of
{111} interfaces on either side of the twin defect. Figure 1(a)
shows the shape of a faceted crystal with a single twin plane,
which contains three such re-entrants along (211) growth di-
rections. Nucleation of new solid layers occurs readily at these
re-entrants compared to the (111) flat surfaces, given that
adsorption is more favorable on the groove (local coordination
number of four) than on the {111} plane (coordination num-
ber 3). Therefore, growth occurs preferentially along the three
re-entrant grooves and terminates upon the disappearance of
the re-entrants, and the crystal attains triangular 60° corners,
as shown in Fig. 1(b).

The above mechanism alludes to the requirement of a mul-
tiply twinned interface that mediates growth until, e.g., deple-
tion of the melt. The WHS growth model of a {111}-bounded
crystal with two parallel twin planes, shown schematically in
Figs. 1(c)-1(e), entails rapid growth at the type-I re-entrant
corner similar to the above description of a crystal with
one twin. The nucleated layer propagates to the neighboring,
parallel twin and subsequently forms a new re-entrant corner
with an angle of 109.5° termed a type-II re-entrant. The
type-II re-entrant groove alleviates the shortage of nucleation
sites brought about by the formation of ridge (convex) struc-
tures during growth, thus enabling a continuous propagation
of the crystal [Fig. 1(d)] until the solid attains its original

shape [Fig. 1(e)]. Such concerted growth mediated by the
two parallel twins proceeds in all three (211) directions. The
key distinction between the growth of parallel-twinned and
singly-twinned interfaces is that the type-II re-entrant in the
former enables the cyclic, steady-state growth to proceed in
the (211) directions with a nonvanishing type-I re-entrant.
Here, we investigate whether the formation of Si crystals
in an Al-Si-Cu liquid follows the classical models mentioned
above in the presence of trace modifiers. We do so by utilizing
in situ X-ray microtomography to follow the evolution of
solid-liquid interfaces as a function of time. In comparison,
most previous assessments of Si modification are based on
quenched specimens. Our four-dimensional (4D) (time- and
3D space-resolved) data reveal that the particles attain a more
convex geometry during growth, from an initially concave-
like curvature. We attribute this morphological instability to
the selective poisoning of the concave re-entrant groove by
the modifying agent, suggesting that the poisoning of TPRE
mechanism is operative. In itself, the variable convexity of
Si particles during growth provides evidence that growth
does not occur under steady-state conditions. Subsequent
investigations of grain-boundary characteristics and twinned
interface of fully solidified Si particles in both modified and
unmodified alloys show that chemical modification allows
non-steady-state growth to occur with a single twin boundary
at the center of the Si particle. For unmodified Si, steady-state
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growth proceeds through the formation and persistence of
doubly-twinned interface between the grains of Si [27]. We
find that modifier clusters can readily nucleate at the re-entrant
groove, owing to a nucleation barrier that is ~50% smaller
than on {111} habit planes, thereby blocking the continuous
propagation of the twin boundary. Taken altogether, these
insights shed light on the impact of dopants and impurities
on the growth of crystals as well as their defect distributions.

II. METHODS
A. X-ray microtomography

Sample preparation. Alloy buttons of nominal composition
Al-32 wt.% Si—15 wt.% Cu-0.1 wt.% Sr were cast via vac-
uum arc remelting at the Materials Preparation Center at Ames
Laboratory, using 5-N purity Al, 6-N purity Si, 4-N purity
Cu, and 4-N purity Sr. We note that the composition of Si
(32 wt.%) in the present study is the same as that in the recent
report of the unmodified alloy investigated in Ref. [27]. For
the synchrotron x-ray tomography (wXRT) experiments, the
as-prepared alloy buttons were cut in the shape of cylindrical
rods of 1 mm diameter by 5 mm length via electrical discharge
machining.

Beamline setup. The uXRT experiments were conducted
at the beamline 2-BM of the Advanced Photon Source at
Argonne National Laboratory (Lemont, IL, USA) and largely
followed those of Ref. [12]. Typical solidification experi-
ments began with melting the sample by heating to 935 °C
and maintaining isothermally until a fully liquid sample was
observed in uXRT reconstructions. The homogenized melt
was then cooled at a rate of 1 °C/min, thereby solidifying
the primary Si crystals (below the liquidus temperature of
910 °C). Experiments ran for over 2 h (final temperature of
808 °C). Throughout the duration of the experiments, a poly-
chromatic “pink” x-ray beam illuminated on the samples and a
20-um-thick LuAg:Ce scintillator converted the transmitted x
rays to visible light. Images were recorded by a PCO Edge
CMOS camera equipped with a 10x magnifying objective
to provide isotropic pixel sizes of 0.65 mmx0.65 mm. The
tomographic field of view measured 2560x600 pixels (i.e.,
1664 mmx390 mm). The camera frame rate and exposure
time were 5S0Hz and 14 ms, respectively. Given the 1-mm
diameter of each sample, the temperature distribution was
assumed to be uniform within the sample. During acquisition,
the sample was rotated continuously at a rate of 6° per second.
For each 180° rotation of the sample, 1500 projections were
collected. The large number of projections (in addition to the
high exposure time of 14 ms) guaranteed high-quality images.
This combination of acquisition parameters optimally allowed
for a temporal discretization of 20 s between consecutive 3D
reconstructions. In total more than 90 000 projections and over
60 total reconstructions were collected.

Data visualization. Reconstruction of the uXRT data was
performed using TomoPy, a Python-based open source frame-
work for the processing of tomographic data [28]. Within
TomoPy, the x-ray projections were first normalized by the
dark- and white-field images to account for beam instabili-
ties. Additional correction for “ring” artefacts was made via
combined wavelet-Fourier filtering [29]. Subsequently, the

data were reconstructed via the direct Fourier-based Gridrec
algorithm [30]. The reader is referred to Ref. [28], and ref-
erences therein, for further details. In order to enhance the
contrast between the solid and liquid phases, and minimize
any systematic image artefacts, reconstructions of the fully
liquefied sample were subtracted from all other reconstruc-
tions. A representative 2D slice of 3D reconstruction, parallel
to the axis of rotation of the cylinderlike sample, is given
in Fig. S1 of the Supplemental Material [37]. The strong
absorption contrast between the constituents (partition coef-
ficient of Sr <« 1) allows one to easily distinguish between
the two coexisting phases: primary Si crystals (dark gray) and
Al liquid matrix (light gray). Subsequently, the grayscale re-
constructions of this region were segmented, i.e., transformed
into a computable representation of their parts (liquid + Si
crystals). Our segmentation algorithm, implemented in the
Image Processing Toolbox™ of MATLAB R2016a, comprised
of (i) multilevel thresholding, (ii) edge-based methods for
finding the boundaries of “objects” (Si and Al) within im-
ages, and (iii) morphology-based methods (e.g., dilation and
erosion) in order to remove speckle noise (small objects) as
well as to smooth the border of large objects [31]. Figure S1
of the Supplemental Material [37] shows the edges of the
segmentation output overlaid on the original reconstruction
(edges of Si are yellow, and those of Al are blue). The results
indicate excellent agreement with the crystals underneath.
The segmented 2D images were then stacked along the third
spatial dimension to reveal the 3D microstructures.

B. Electron backscatter diffraction

Sample preparation. Fresh samples with and without a
chemical modifier were prepared for electron backscatter
diffraction (EBSD) experiments following the same solidifica-
tion parameters as the beamline experiments described above.
The solidified samples were then mechanically ground and
polished, which were then polished further by Xe plasma
focused ion beam using a Thermo Fisher Helios G4 PFIB
UXe.

Texture analysis via EBSD. Crystallographic investigation
of the fully solidified Si crystals with and without chemical
modification was performed using an EBSD-equipped Tescan
MIRA3 scanning electron microscope. For the EBSD exper-
iments, the beam voltage was adjusted to 30 kV; the working
distance, tilt, and step size were set to 20 mm, 70° relative to
normal incidence, and 0.5-2 pum, respectively. Analysis of the
texture data was performed using the MATLAB toolbox MTEX
[32] in order to generate orientation maps and misorientation
distributions.

III. RESULTS AND DISCUSSION
A. Growth behavior of Si particles

The dynamics of chemically modified Si crystallization
was captured by in situ uXRT. Four representative snapshots
during the growth process are shown in Figs. 2(a)-2(d), where
only the Si particles are colored and the Cu-enriched liquid
is rendered transparent for clarity. The particles nucleate
heterogeneously on the oxide skin (translucent gray) and
grow into the melt. Qualitative comparison of the solid-liquid
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FIG. 2. 3D growth behavior of the Si particles from x-ray tomographic reconstructions. (a)—(d) The Si particles are visualized at 912,
907, 884, 879 °C (22.5, 27.5, 69, 89 min after imposing a cooling rate of 1 °C/min to the melt at 934 °C), respectively. The transparent gray
wall represents the oxide skin that contained the molten specimen. The Cu-enriched liquid is rendered transparent for clarity. Si particle color
reflects crystallization time, with early times in red and late times in blue. (e) A closer examination of the particle boxed in (a) suggests that Si
undergoes a morphological instability during growth to attain, eventually, a convex geometry with a triangular mound projecting into the melt
[cf. Fig. 1(b)]. Shown are the Si particle at six time steps: 912, 907, 890, 884, 879, 873 °C (22.5, 27.5, 44, 69, 89, and 120 min from start of

cooling).

interfaces during the early [panels (a) and (b)] and late times
[panels (c) and (d)] indicates a transition from a relatively flat
morphology to one that features a triangular mound projecting
into the melt. For subsequent analysis, we focus on the crystal-
lization dynamics of the Si particle that forms first and which
is boxed yellow in Fig. 2(a). A closer examination of the
growth dynamics of this particle, shown in Fig. 2(e), indicates
a continuum of polycrystalline growth forms that Si attains,
undergoing a morphological instability toward an eventual
convex geometry that resembles a triangular mound projecting
into the melt. This morphological instability, quantified in the
next section, is hypothesized (and verified below) to be the
result of the disappearance of the concave re-entrant groove,
and an indication of the non-steady-state growth of Si in
chemically modified alloy. We note that the Si particle is not
devoid of twins altogether, else its kinetic Wulff shape should
resemble an octahedron bounded by {111} habit planes [33].

It is worth pointing out the difference between our 3D
results and those of Ref. [27]. In the pristine (nonmodified)
crystallization of Si, it was observed [27] that the type-I
re-entrant (concave interface) persists during growth, suggest-
ing a steady-state pathway afforded by the presence of two
parallel twin planes and in which the lateral growth rate and
the re-entrant nucleation rate proceed in concert. This finding
illustrates that the WHS mechanism [Figs. 1(c)-1(e)] agrees
with the growth of pristine Si [23,24]. The same cannot be
said about the present work, cf. Fig. 2. At the macroscale,
such differences in crystallization mechanisms amount to
the distinction in the morphology of fully solidified Si: flat
interfaces with wide terraces in the pristine crystals, and
triangular corners at the growth tips in chemically modified
crystals.

B. Morphology of Si particles

We quantify the observed morphological evolution of the
Si crystals by computing the degree of concavity of the

crystals during the late stages of growth from uXRT recon-
structions. We treat concavity as a structural signature of the
re-entrant groove, i.e., where the twin boundary intersects the
solid-liquid interfaces (see Fig. 1). That is, the presence of
a re-entrant groove implies that the Si crystals have a geom-
etry that is at least partially concave. Our analysis involves
generating the convex hull of the Si crystal—the intersection
of all convex sets containing the crystal—and measuring the
maximum normal distance from the convex hull to the crystal
surface [arrow in inset (ii) of Fig. 3]. We note that, given that
the crystals grow principally along their height, this choice of
distance for quantifying concavity is reasonable. We limit our
analysis to the same Si crystal as in Fig. 2(e). The concavity
of the Si particle during growth is plotted in Fig. 3. Included
in the inset are the 3D visualization of both the Si crystal
(red) and the corresponding convex hull (light blue) at the
three indicated time steps during growth. As the data show,
the concavity initially increases and subsequently decreases as
the crystal attains a more convex geometry. The initial rise in
concavity distance can be explained by invoking the “growth
accident” hypothesis [34], which postulates that growth twins
are formed by errors in the stacking of {111} planes. Twin-
ning, in turn, will lead to re-entrant grooves at the growth
front. We postulate that the subsequent drop in concavity is
due to the poisoning of the newly created re-entrant groove
by the impurity Sr atoms or clusters. Upon termination of the
growth process, the Si crystal is fully convex, as indicated
by the “filling” of the convex hull (concavity distance of
zero). The nonconstant concavity distance indicates that the
Si geometry is not self-similar during growth, and that growth
proceeds in a non-steady-state manner.

C. Twinning profile of fully solidified Si particles

To confirm the grain-boundary characteristics and twinned
interface of the fully solidified Si particles, we con-
ducted electron backscatter diffraction (EBSD) on both the
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FIG. 3. Evolution of Si morphology during growth. Concavity
was calculated from the uXRT results as the length of the normal
vector projected from the convex hull to the crystal surface [see arrow
in inset (ii)]. The analysis is limited to the single Si particle shown
in Fig. 2(e), and the early times in growth are omitted due to the
small size of particle at time step labeled 7). The concavity initially
increases and subsequently decreases as the crystal attains a more
convex geometry. The latter suggests a disappearance of the concave
re-entrant groove. Inset: Si particle (red) and its corresponding
convex hull (light blue) at the three indicated time-steps (denoted
i, ii, and #ii) during growth showing that the crystal is fully convex
as growth terminates, thus “filling” its convex hull.

unmodified and modified Si crystals for comparison. Rep-
resentative orientation maps of the two alloys are shown in
Fig. 4. The mean crystallographic orientation of each grain of
Si is colored according to the standard stereographic triangle
on the top left of Fig. 4(a) while nonindexed regions, belong-
ing to the Al phase and the surrounding eutectic matrix, are
depicted as black. While the orientation maps provide only a
qualitative intuition about the degree of crystallographic twin-
ning as well as interlamellar spacing, they point a key striking
difference in the twinning profile of the two systems: In the
absence of chemical modification [Figs. 4(a) and 4(b)], the
Si crystals consist of two parallel twin planes that run along
the long axes of the crystals and intersect the solid-liquid
interface at the crystal edges. In the chemically modified
crystal [Figs. 4(c) and 4(d)], only a single twin boundary runs
along the crystal that then intersects the solid-liquid interface
at the crystal edges. The major distinction in the multiplicity
of the twinned interface—doubly in unmodified Si, singly
in modified Si—further supports the idea that the growth of
modified Si crystals involves the selective poisoning of the
re-entrant grooves that are formed by the intersection of the
{111} X3 twin planes with the surface.

Quantitative analysis of the grain-boundary character in-
volves the computation of the uncorrelated misorientation
distribution function (MODF) using the discretized EBSD
data taken from the interior region of a representative Si
crystal (see Fig. S2 of the Supplemental Material [37]). In
this analysis, only individual crystals were considered to

I —
52

FIG. 4. The impact of chemical modification on the twinning
behavior of fully solidified, primary Si particles. (a), (b) EBSD
orientation maps of two representative unmodified Si particles show
the existence of two parallel twin planes running across the length
of the Si particles and intersecting the solid-liquid interface at the
edges of the particles. (¢), (d) Orientation maps of two representative
chemically modified Si particles display singly-twinned interface.
Similar to the unmodified case, the twin plane intersects the solid-
liquid interface at the edge of the particle. In all maps, the mean
crystallographic orientation of each grain of Si is colored according
to the standard stereographic triangle on top-left of (a); the surround-
ing eutectic matrix is depicted black.

avoid the potential ambiguity that would otherwise result if
considering the entire collection of Si crystals in the fully
solidified microstructure which might not have an orientation
relationship. The MODF for both unmodified and modified
Si is represented in Fig. S2 [37] as the distribution of both
angle and axis of misorientation. In both the unmodified
and modified Si, we observe only a single misorientation
angle at 60° corresponding to the (111) misorientation axis
[cf. misorientation angle plot and axis (insets) in Fig. S2
[37]]. This combination of 60°/(111) represents the £3 {111}
coherent twin boundary, demonstrating the high incidence
of coherent twins in polycrystalline Si particles independent
of chemical modification [35]. Thus, chemical modification
influences not the character of the twin boundaries but rather
their multiplicity.

D. Nucleation of impurity clusters on the Si crystal surfaces

The morphological instability of Si crystals during growth
(Figs. 2 and 3) as observed through in sifru uXRT experiments
together with the absence of parallel twins in chemically
modified Si crystals as confirmed by EBSD texture analysis
(Fig. 4) point to the poisoning of the re-entrant groove in
Si upon chemical modification. To verify this hypothesis, we
calculate the nucleation barrier of an arbitrary impurity cluster
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FIG. 5. Nucleation potency of impurity clusters on the Si crystal
surfaces. Ratio of heterogeneous to homogeneous nucleation barriers
as a function of wetting strength (contact angle ) is plotted for
a re-entrant groove, flat facet, and ridge (crystal step of angle ),
computed via CNT [36]. For all contact angles, nucleation along the
concave re-entrant groove is found to be more favorable than on the
flat facet plane or along the convex ridge. Inset: Spherical droplet
(light brown) nucleating with contact angle 6 relative to the twin
plane (dashed line) and step angle .

as a function of wetting strength for a re-entrant groove, a
ridge, and a flat surface [cf. Fig. 1(c)], according to classical
nucleation theory (CNT) [36]; a brief sketch is provided in
the Supplemental Material [37] following the derivation in
Refs. [36,38]. The results, plotted in Fig. 5, indicate that
impurity nucleation is more favorable at the re-entrant groove
for all contact angles 6 relative to the twin plane. A schematic
of the nucleus and nucleant geometry is provided as an inset
in Fig. 5. We point out that the spherical impurity cluster
effectively “caps” the twin boundary, thereby blocking its
continued propagation. This geometry is different from that of
[39], which assumes that the nucleus itself is twinned. We note
also that the concavity distance, as defined above, scales with
the cosine of the half-angle 1/2 of the crystal step angle 7.
Thus, for a flat facet (n = 180°) concavity is identically zero;
grooves and ridges (n = 141° and 219°, respectively) have
equal concavity (in magnitude). Despite the latter observation,
the unfavorable nucleation of impurity cluster on a ridge com-
pared to a groove (Fig. 5) explains why one twin survives and
the other is poisoned, respectively. Poisoning occurs on the
re-entrant groove, which explains why the high concavity seen
in Fig. 3 is short lived. Ultimately, the Si particle geometry
determines the potency of impurity nucleation.

An interesting question is how exactly the Si crystal grows
around the impurity clusters once the latter have nucleated on
the re-entrant groove. The termination of a twin boundary is
expected to produce dislocations [40,41] ahead of the impurity

cluster in order to accommodate for the internal strain field.
This question can be readily addressed through simulation,
e.g., phase field crystal, which describes atomic-scale dynam-
ics (such as dislocation creation and annihilation) on diffusive
time scales [42]. We leave this open question for further
research.

E. Outlook

For in situ monitoring of solidification processes, and
particularly for metals and alloys, x-ray imaging has proven
to be the method of choice. Coupling x-ray imaging with con-
trolled solidification enables exploration of how processing
conditions and alloy chemistry influence microstructural de-
velopment. The distinguishing feature of this work compared
to other recent studies (including in situ approaches) is that
the latter have shed light into the late-stage growth dynamics
of metallic eutectics in both the absence and presence of
chemical modifiers, in an effort to corroborate models that
have been proposed since the 1960s and onwards to explain
the mechanisms leading to refinement and morphological
evolution. Most results from these studies suggest the ex-
istence of some level of synergism between the chemical
modifier and the twinning behavior of growing crystals. On
the other hand, the present paper sheds light on a rather
antagonistic behavior of the chemical modifier on a growing
crystal (here Si), in that the modifier poisons the otherwise
favorable nucleation site for the growing crystal, causing it to
grow in a non-steady-state fashion. Our experimental finding
is well explained on the basis of thermodynamic calculations.
The non-steady-state growth proceeds via a singly-twinned
interface, unlike the doubly-twinned interface of steady state
growth in which the two twins act in concert to replenish the
nucleation sites. This result has dramatic implications on the
resultant twin densities, grain sizes, and mechanical properties
of the solidified material.

At a broader level, these insights and experimental tech-
niques could be extended to other materials classes, beyond
Al-Si, that involve the interaction of “spectator” species such
as modifiers, dopants, and impurities, during crystallization.
As an example, the newly investigated Al-Ce alloys [43]
demonstrate castability, structure, and mechanical strength
similar to the near-eutectic Al-Si alloys modified by Sr; as
a result, the Al-Ce alloys have been rated positively for laser
additive manufacturing (no cracking or porosity). In another
recent report [44], it was demonstrated that chemical modifi-
cation of the feedstock alloy with grain-refining modifiers for
additive manufacturing can achieve previously incompatible
high-strength aluminum alloys that are crack free, equiaxed,
and fine grained.

IV. CONCLUSIONS

We demonstrated the interplay of chemical modification,
growth kinetics, and crystallographic defects that perturb the
faceted solid-liquid interfaces upon crystallization. By com-
bining in situ and ex situ experiments with thermodynamic
calculations, we showed that chemical modification deacti-
vates the advantage of the twin-plane re-entrant edge mecha-
nism wherein two parallel twins enable a continuous, steady-
state propagation of crystals from the melt. The chemically
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modified crystallization proceeds according to the poisoning
of the twin plane re-entrant groove. Consequently, the singly-
twinned particles cannot grow in a steady-state fashion. These
results provide insights into the relationship between the
distribution of crystal defects and spectator species such as
dopants or impurities, with implications to a broad range of
applications including metallurgy, semiconductor processing,
and additive manufacturing.

All processed data needed to evaluate the conclusions in
the paper are present in the paper and/or the Supplemental
Material [37]. The raw XRT projection data are publicly avail-
able in the University of Michigan Deep Blue Data repository
[45].
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