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In this paper, we explore the morphological evolution during two-phase growth in the Sn-Zn
eutectic system, which has a particularly low volume fraction of the minority Zn phase. The
reason for this choice is its exotic nature, as even with such a low volume fraction, the reported
morphology is ““broken-lamellar,” in contrast to the usually expected hexagonal arrangement of
Zn rods in the Sn matrix. Thus, the main objective of the study is to investigate the reasons
behind this phenomenon. We begin by presenting experimental results detailing the morphology
and crystallography of the eutectic microstructures under various combinations of thermal
gradients and velocities in directional solidification conditions. Based on the crystallography
and further specially designed experiments we find that the solid—solid interface between the Sn
and Zn crystal is anisotropic. On the basis of the results, we propose a hypothesis that the
presence of solid—solid interfacial energy anisotropy leads to the formation of predominantly

broken-lamellar structures, even when the minority fraction is significantly low.
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I. INTRODUCTION

EUTECTIC solidification provides fascinating exam-
ples for complex pattern formation that have been
studied experimentally and numerically." " If the
solid—liquid interfaces of a eutectic system are non-
faceted, then during steady-state solidification solid
phases grow simultaneously and self-organize them-
selves into structures based on the dynamic balance
between factors that influence solute diffusion and
capillarity. The most commonly observed structures
during binary eutectic growth are (i) lamellar/labyr-
inthine structure of two solid phases, (ii) rod structure of
the minority phase in the matrix of the majority phase,
and (iii) mixture of lamellar/labyrinth/rod morpholo-
gies. More complicated examples arise as the number of
phases and components increase, and some recent
studies on three-phase eutectic growth ;)rovide examples
of complicated phase organization.!'> 2
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One of the critical factors that influences morpholog-
ical evolution during multi-phase growth is the volume
fraction of the phases that result from the eutectic
reaction. The volume percentages of the phases selected
during growth are typically close to the value given by
the mass balance between the far-field composition and
the solid-phase compositions at the eutectic tempera-
ture. This is usually true for low solidification velocities
(low Peclet number) but will show deviations at larger
undercoolings due to appreciable changes in the solid
compositions. The volume fractions of the phases that
are dynamically selected as a result of the eutectic
reaction are therefore in general dependent on the
solidification conditions as well as the mobilities of the
elements in multi-component systems. For two-phase
growth in binary alloys, it is typically seen that for lower
fractions of the minority phase, the rod morphologies
are observed, while for close to equal volume fractions, a
lamellar/labyrinthine morphology is commonly seen.
Experimental evidence of the same is provided by
Trivedi er al®" in the Al-Cu alloy where different
microstructures with the change in the far-field compo-
sitions are achieved that consist of the rod, lamellar, and
mixed growth forms. While energetic arguments by
Cooksey er al.”* and others lead to critical values of the
volume percentages demarcating the regions of stability
of the rod and the lamellar morphologies, this has not
been experimentally verified, and examples to the
contrary are available, particularly from dynamical
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phase-field simulations. Simulation studies by Plapp
et al®*' and Granasy et al.”* show that there is no clear,
distinct volume fraction where the rod-lamellar transi-
tion occurs, and there are liquid compositions (which
influence the volume fractions) where mixed morpholo-
gies may be observed. Moreover, the rod-lamellar
transition is shown to be dependent on the history of
the solidification process,m] and thereby, there is no
pattern selection in the strong sense as a function of
change in the volume fraction of the phases. While the
influence of volume fractions on morphological evolu-
tion is fairly well understood during two-phase growth
in binary alloys for isotropic situations, several examples
to the contrary are available wherein, even for signifi-
cantly low volume fractions of the minority phase the
morphology is biased towards a lamellar structure in
contrast to a rod microstructure. Some of the examples
where lamellar (i.e., broken-lamellar) morphology is
observed even when the volume percent of the minorit?/
phase is less than 10 pct are Ag-Bi,>> 3% Ag-Pb, 3!
Ag-Sn,B>33 ALAWBY AL-SD,T AL-Sn,[%*!" Bi-Mg
Bi-Mn,® Bi-Zn,?73 Cd-Ge,B” In-Zn, B
Sn-Zn,?3** and some organic systems.[*®! One of the
key factors that can lead to the stabilization of the
lamellar structure over the rod morphology is the
presence of anisotropy in the solid—solid interfacial
energy, which is hinted at in Reference [47], while
experimental results illustrating the possible influence of
solid—solid interfacial energy anisotrollay are provided by
Chadwick,™ Jaffrey, and Chadwick” along with Caroli
and co-authors.*® In recent years the study of aniso-
tropic eutectics has lead to new observations and
inferences about the influence of solid—solid interfacial
energy anisotropy. In a review paper,'” the authors
postulate that anisotropy in the solid—solid interphases
would favor the formation of lamellae over rods. Studies
in thin-film growth experiments have resulted in new
findings that the presence of strong anisotropy in the
solid—solid interfacial energy can lead to locking of the
orientations of solid—solid interface with respect to the
growth direction.[** 3! The studies?®*>* are particularly
interesting as the authors propose a new method of
determining the strength of anisotropy by determining
the trace of the solid—solid interface using a rotating
directional solidification (RDS) setup and thereby the
authors provide evidence for the presence of anisotropy
in the solid-solid interfacial energy while also illustrat-
ing the influence of anisotropy on the morphological
evolution. More recently, it has also been shown that
such anisotropy can lead to well-aligned lamellar mor-
phologies in contrast to labyrinthine growth forms
during bulk solidification using dynamical phase-field
simulations® as well as in experiments.”” Similarly,
experimental studies by Bottin-Rousseau ez al.°® have
shown that coincident low-index lattice planes between
the solid phases can lead to special orientations with
lower interfacial energies leading to locked lamellar
eutectic growth in thin films of (In)-In,Bi binary system.
Finally, Mohaghegh er a/.®”) have studied the effects of
interphase boundary anisotropy on the three-phase
growth dynamics in f-(In)-In;Bi-y-(Sn) ternary eutectic
system. Therefore, there is enough evidence to show that

6388—VOLUME 51A, DECEMBER 2020

the presence of anisotropy in the solid—solid interfacial
energy can influence the morphological evolution during
multi-phase eutectic growth. However, there is still a
lack of understanding with regard to the influence of the
solid—solid interfacial free energy anisotropy on the
rod-to-lamellar (or vice-versa) transitions in eutectics.

This drives us to the main objective of the paper
which is to understand the formation of a broken-lamel-
lar structure in contrast to the rod morphology during
solidification of the Sn-Zn eutectic alloy that has a
minority phase percent of 9 pct of the Zn-rich phase.
The reason for choosing this system is that none of the
previous studies!®**#3°%6% on this system conclusively
establish the reason behind the formation of the
broken-lamellar morphology. Further, we would like
to clarify the existence of crystallographic orientation
relationships, given that no unique relationships were
observed in earlier studies.**41-¢""%% We postulate based
on the past experimental observations as well as our
own that the principal reason behind the formation of
this broken-lamellar morphology in contrast to rods is
the presence of anisotropy in the solid—solid interfacial
free energy.

Following is a brief structure of the paper. We begin
with the description of the directional solidification
setup in Section II. Thereafter, we elaborate on the
morphological and crystallographic characterization of
the directionally solidified samples in Section III. Using
the results obtained from characterization tools, we
analyze the reasons behind the biasing towards a
broken-lamellar microstructure.

II. EXPERIMENTAL DETAILS
A. Alloy Preparation

Eutectic alloys were prepared based on the composi-
tion (i.e., Sn-8.8 wt pct Zn) given in the phase diagram
as reported in Reference [64]. High-purity 99.99 + pct
(Alfa Aesar) elements were used for making the alloys.
Synthesized alloys were filled in quartz tubes (4 mm
inner diameter, 6 mm outer diameter) and sealed after
creating low pressure (107> mbar) inside the tubes using
rotary/diffusion pumps. These alloys, which are sealed
in quartz tubes, are used for directional solidification
experiments.

B. Directional Solidification Apparatus

We have used a modified Bridgman-type apparatus
(see Figure 1(a)) for conducting directional solidification
experiments. The setup contains three zones to enhance
the control of heat transfer during solidification. The
essential features of the setup are an isothermal hot zone
and an isothermal chill zone which are separated by a
thin ceramic-based insulation zone constituting the
adiabatic zone. The hot zone is obtained using resistance
heating (Kanthal-A is heating clement), whereas the
chill zone has a continuous circulation of constant
temperature water through a copper chill. Hollow
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Fig. 1-—Schematic of the modified Bridgman apparatus is shown in (@), while plots in (b) display the axial temperature distribution with distance
from the hot zone, for different temperatures of the hot zone; where the origin of distance axis is at the center of the hot zone and the distance
is measured until the center of the chill zone. Please note that the schematic in (a) is not to the same scale as in (b). Axial lengths of the hot
zone, gradient zone, and chill zone are 100, 10, and 80 mm respectively, while the inner diameters are 20 mm for hot and chill zones, whereas

gradient zone has 18 mm inner diameter.
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Fig. 2—Scanning electron micrographs obtained using backscatter electrons (BSE) after etching the alloy solidified at 2.5 um/s and imposed
temperature gradients of 14.5 °C/mm, where (@) is the longitudinal section (growth direction is from bottom to top), while (b) is the transverse

section, growth direction is towards the reader.

copper rods placed concentrically with the heating
elements are used to obtain a uniform distribution of
temperature in the hot zone and heat transfer right up to
the adiabatic zone. The purpose of the insulation zone in
between is to reduce the heat transfer between the hot
and chill zones and thereby automatically result in the
establishment of a gradient between the hot and cold
zones. In order to maintain a stable solidification front
without any mechanical vibrations, the entire furnace
assembly is moved relative to the stationary sample,
which is initially kept in the hot zone. The sample is
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moved from the hot zone to the chill zone with the
imposed directional solidification conditions (fixed tem-
perature gradient and fixed velocity), where the required
solidification velocity is imposed using a gearbox and a
stepper motor that translates the furnace along a fixed
linear drive. The axial temperature in the setup was
measured using a thermocouple that is held stationary
while the furnace is made to traverse a given length. This
delivers the temperature distribution with distance along
the furnace that is plotted in Figure 1(b) for different set
temperatures of the hot zone. We measured the
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Fig. 3—Transverse section SEM images of directionally solidified Sn-Zn eutectic alloy at different velocities, i.e., (a) through (f) correspond to
0.6, 1.0, 5.1, 7.5, 10.1, 50.0 pum/s, respectively. Images are captured in BSE mode after etching the samples.
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Fig. 4—Transverse section images of the unetched Sn-Zn alloy solidified at 0.6 um/s, low-magnification image in (a) and high-magnification
image in (b), where bright part is Sn-rich phase and dark part is Zn-rich phase. Images are captured using backscatter electrons, subsequent to

fine ion-milling.

temperature gradients at the melting temperature of the
alloy from the temperature profiles obtained that are
derived once the steady-state thermal equilibrium is
achieved. This temperature distribution in the absence
of the sample is essentially the imposed temperature
gradient in the furnace and differs from the value at the
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liquid-solid interface, since the temperature distribution
inside the quartz tube containing the sample involves
additional heat transfer through the solid and the liquid.
We computed the temperature profiles at the solid—lig-
uid interface through a heat-transfer model capturing all
the essential modes of heat transfer and using the partial
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Fig. 5—(a) Variation of average spacing with velocity and (b)
average undercooling with eutectic spacing.

differential equation manipulation library in Open-
FOAM!® that allow us to precisely ascertain the
thermal gradients at the solidification interface, the
details of which are mentioned in the Appendix A.
Using this furnace, we directionally solidified the eutec-
tic alloy up to 80 mm in length (4 mm in diameter) at
different imposed temperature gradients (14.5, 16.7 18.6,
21 °C/mm ) and different pull velocities (V' = 0.6, 1.1,
5.1, 7.5, 10.1, 50.0 pm/s).

C. Metallographic Examination and Spacing
Measurements

We sectioned the directionally solidified samples at
equally spaced intervals along the growth direction
using a wire electrical discharge machine (WEDM) in
transverse and longitudinal directions. Thereafter we
cold mounted using epoxy resin and then polished the
samples for imaging. For etching the samples, we
utilized a solution of 80 pct glycerol, 10 pct nitric acid,
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and 10 pct acetic acid which leads to pitting of the
Zn-rich regions in the samples that are consequently
used for Scanning Electron Microscope (SEM) (FEI
make, model: Quanta 400 ESEM) imaging. The eutectic
spacings are obtained by performing FFT (Fast Fourier
Transform) of the SEM images of the transverse
sections. We average the spacing obtained over 8-10
images spanning different regions of transverse sections
cut at 40, 50 mm distance from the start that is around
the middle of the sample where the spacing variation is
small and is representative of growth according to the
imposed conditions. This procedure is essential as both
in the early part of the solidification as well as in the end,
the thermal and solutal conditions are transient in
nature and therefore need to be omitted from the
analysis. The field of view for measurement is chosen
such that it contains maximum number of resolved
lamellae, i.e., 400 x 400 um? for 0.6, 1.1 um/s samples,
200 x 200 um? for 5.1, 7.5, 10.1 um/s samples, 100 x 100
pum? for 50.0 um/s samples. Additionally, in order to
avoid mechanical and chemical polishing artifacts
(Sn-rich phase is a mechanically very soft phase, and
Zn-rich phase is a chemically very active phase), we have
employed a separate method of sample preparation for
electron backscatter diffraction (EBSD) analysis, in
which, we have utilized the dual-beam platform (FEI
Helios G4) for final polishing through precision ion
beam milling using gallium ions at grazing incidence
angle close to zero and subsequently performed EBSD
in the same instrument. The precision ion beam milling
method is also used in sample preparation prior to the
imaging of unetched specimens shown in the paper.
EBSD scans are performed at an accelerating voltage of
25kV with a step size of 60.0 nm for samples solidified at
0.6, 1.1, 5.1, 7.5, 10.1 um/s and 20.0 nm for sample
solidified at 50 um/s. Data obtained from EBSD scan
are directly used without any cleanup, however, data
points having confidence index (CI) value greater than
0.1 are only selected for plotting and analysis.

III. RESULTS AND DISCUSSIONS
A. Morphology Aspects

Figure 2 depicts the microstructure ((a) shows the
longitudinal section, (b) shows the transverse section) of
the Sn-Zn alloy obtained from the directionally solid-
ified sample at an imposed velocity of 2.5 um/s and
imposed temperature gradient of 14.5 °C/mm. The
longitudinal section highlights the alignment of the
eutectic phases along the direction of the temperature
gradient, while the transverse section shows the “bro-
ken” lamellar morphology of the Zn-rich phase. As has
been mentioned in the previous sections, this is a
surprising result, given the small volume fraction of
the Zn-rich phase. Further, this structure is quite
different from that of the irregular growth structures
of eutectic phases.® Our observations match with
previous studies’®” *! on this alloy. Figure 3 shows the
range of eutectic microstructures of the alloy solidified
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Fig. 6—(a) Interface shape calculated for different values of the solid—solid interfacial energy, (b) displays the corresponding undercooling for the
different choices of the solid—solid interfacial energy, while (¢) and (d) show enlarged views of the variation of the undercooling across the
solid-liquid interface for particular values of the solid—solid interfacial energy.

at different velocities (V' = 0.6, 1.0, 5.1, 7.5, 10.1, 50.0
um/s). Globally, at all velocities, the transverse section
images show the evidence of a broken-lamellar type of
arrangement of the Zn-rich phase. Connections of
broken-lamellar fragments leading to increase in average
lamellar fragment length become more with the decrease
in velocity, however, the influence of the imposed
thermal gradients on connections is minor.

Because the previous SEM images are obtained post
etching, which alters the volume fraction of the phases,
we utilize the dual-beam microscope (FEI Helios G4)
for imaging subsequent to polishing of the surface with
ion beam. This retains the information about the spatial
distribution of the Zn-rich phases as well as their volume
fractions post solidification. High-resolution images
captured for the sample solidified at 0.6 ym/s shown in
Figure 4, depict the actual distribution of both the
phases and the phase fraction, whereas in the etched
samples the phase fraction of Zn appears to be higher
than actual due to the extent of the pitting reaction that
invades the Sn matrix. Consequently, we have utilized
EBSD data for phase quantification and the derived
phase fractions are close to that expected at the eutectic
liquid composition (refer supplementary material,
Velocity = 0.6 um/s, Figure S1). This confirms that
indeed, the liquid composition is at the eutectic during
solidification and additionally, the fact that the
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morphology of the Zn-rich phases appears lamellar in
the SEM images is not due to etching of the samples.
The lamellar spacing that is the principal length scale in
the microstructure is not altered with etching as the
centroids of the phases remain unchanged. Therefore, we
have utilized the SEM images post etching and evaluated
the average spacings using FFT, for each of the thermal
gradients and the velocities and the results are shown in
Figure 5(a) where error bars correspond to the standard
deviation of the data obtained over several images. We
linearly fit the observed spacings A against V=3 (V is the
velocity), that is also highlighted in Figure 5(a), where the
slope of the linear fit directly reveals the scaling constant

J2V that is approximately 27.04 um?/s for the Sn-Zn alloy
at the eutectic composition.

If we assume that our observed morphology is close to
a lamellar for most of the imposed conditions, then the
corresponding undercooling vs. spacing relation can be
calculated using the value of A’V obtained from the
experiments. Similarly, we calculated the undercooling
vs. spacing relationship for the rod morphology of the
alloy (refer Appendix B for this calculation). The
undercooling vs. spacing relations for both the rod and
the lamellae morphologies are plotted for the 50.0 um/s
and the 0.6 um/s velocities in Figure 5(b). For both
velocities, we see that the minimum undercooling for the
rod is lower than that of the lamellac, which would

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—Variation of average length of lamellar fragment with time
of solidification.

suggest going by the arguments in the Jackson—Hunt
papert” that the rod would be the preferred microstruc-
ture. However, this seems contrary to our experimental
observations which seem to suggest that the morpholo-
gies are biased more towards lamellae than rods. A
possible explanation is already provided by Jackson and
Hunt*”! where they propose that anisotropy in the
solid—solid interfacial energy may lead to the lamellar
morphology possessing a minimum undercooling that is
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lower than that of the rod microstructure. This is
because, for a lamellar morphology, the alignment of the
lamellae such that the solid—solid interfaces correspond
to the minimum interfacial energy orientations would
lead to a much lower undercooling than the corre-
sponding case of the rod morphology where the
solid—solid interface possesses a larger proportion of
orientations that are of higher solid—solid interfacial
energy leading to increased undercooling at the growth
front.

We have computed the interface shapes of the
lamellar morphology growing at 50.0 um/s for varying
magnitudes of the solid—solid interfacial energy and, as a
consequence, also computed the undercooling of the
solid-liquid interfaces, Figure 6 (the details of the
computation procedure are provided in the Appendix
O). Different values of y,; are obtained by varying the
angle 0,; (sin0,) and using constant y, for both the
phases (determined by taking the Gibbs—Thomson
coefficient™ of a-liquid and entropy of fusion derived
from thermodynamic database!®”). As depicted in
Figure 6(b), we see that the solid-liquid interfacial
undercooling decreases with reduction in the solid—solid
interfacial energy. This variation of the interfacial
undercooling can be attributed to the contribution from
the curvature undercooling which gets modified upon
changing the solid—solid interfacial energies. Extrapo-
lating to the case of a 3D growth front, in the presence
of solid—solid interfacial energy anisotropy, one expects
the undercooling along the triple-line to vary, wherein
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Fig. 9—Inverse pole figure maps of the alloy taken from different samples, where (@) through (e) are from the samples solidified at 0.6, 1, 1, 5,
50 um/s, respectively. The orientation of the unit cells is depicted in each of the phases that reveal that the basal plane of Zn is always parallel
to the lamellar interface (given that this transverse section is a true section, i.e., the lamellae plates are oriented exactly perpendicular to the

plane of the paper).

orientations for which the solid—solid interfacial energy
is larger will also be regions where the solid-liquid
interfacial undercooling is greater. In this configuration,
a microstructural evolution process that leads to the
merging of broken-lamellar/rod fragments such that the
higher undercooling regions of the solid-liquid inter-
faces are eliminated, will result in a lowering of the
average solid-liquid interfacial undercooling. Addition-
ally, it would result in a natural biasing of the
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microstructure that would closely resemble the merging
of lamellar fragments along well-defined directions
leading to the appearance of a periodic arrangement of
broken-lamellae. We find experimental evidence of this
in our SEM images as seen in Figure 7, where we see the
gradual alignment of lamellae along a well-defined
direction and consequently increase in the average
length of the broken-lamellar fragment with time, which
is shown in Figure 8.
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in Zn{2130} family. (c), (d) show the sample setup and reference frame in EBSD, respectively.

B. Crystallographic Orientation Aspects

During solidification of the eutectic, the Sn-rich phase
crystallizes as the tetragonal A5 structure whose space
group is I4;/amd (typically called as body-centered
tetragonal, BCT), and the Zn-rich phase crystallizes as
the hexagonal A3 structure whose space group is P63/
mmc Etraditionally called as hexagonal close packed,
HCP).* We find crystallographic orientation relation-
ships corresponding to the (Sn) and the (Zn) phases that
are reported in the literature.***'*""*¥ However, we do
not find a unique relation being reported among the
findings from these studies. Chadwick ez al.**%*! report
an orientation relation that suggests that the {101}
planes of Sn are parallel to {1012} planes of Zn while the
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(120) directions of Sn are parallel to (0110) directions of
Zn in all of their experiments (irrespective of rod/
lamellar morphology). This relation is, however, con-
tradictory to the relations reported by Straumanis
et al!®V that are referred to in a separate work!®*¢%
who find that the {100} planes of Sn are parallel to
{0001} planes of Zn and (001) directions of Sn are
parallel to (0110) directions of Zn. The differences could
be due to the technique that the authors employ in order
to obtain the orientation relation, wherein, Chadwick
et al!®) have used conventional X-ray texture diffrac-
tometry, whereas Straumanis es a/. have obtained the
relations based on Laue X-ray reflection method.[** The
problem with these techniques is that X-ray diffraction is
not a very sensitive tool for determining crystal orien-
tation relations. In order to clarify the presence/absence

VOLUME 51A, DECEMBER 2020—6395



* Current work
#Straumanis et al.
##Chadwick et al.

(a)

(b)

Fig. 11-—(a) Superimposed stereographic projection obtained upon matching the basal planes {0001} of Zn with {100} of Sn, and rotating
around these normal vectors to match the second set of planes (0110) of Zn with (021) of Sn. (b) Superimposed stereographic projection
obtained upon matching the basal planes {0001} of Zn with (101) of Sn, and rotating around these normal vectors to match the second set of
planes (2130) of Zn with (010) of Sn. This sets the orientation of the unit cells/crystals.

of a crystallographic orientation relationship, we have
utilized a more sophisticated tool EBSD which provides
local information, that is currently available. The
Kikuchi patterns which are used for determining the
crystallographic orientation in EBSD are extremely
sensitive to crystal orientation!®®*®’ and thereby are
more reliable for determining the orientation relation-
ships. EBSD is performed on the transverse sections of
the solidified samples. The patterns obtained from
EBSD in all samples have an average confidence index
more than 0.3 which can be taken as a very accurate
measurement.’”) The results obtained from the EBSD
are shown in the form of inverse pole figure maps
(Figure 9) (Refer supplementary information file for
pole figures and deduced orientation relationships). We
will first mention the principal finding in our paper,
which is that the basal planes of Zn are always parallel
to the solid-solid interfaces in the lamellar plate
morphology. This points towards the possibility that
this is a low-energy orientation for the solid—solid
interface and any other orientation is probably energet-
ically unfavorable (detailed description follows). Sec-
ondly, we have observed predominantly two orientation
relations in our experiments, i.e., first OR is one of the
poles in Sn{100} family || Zn{0001} and one of the poles
in Sn{021} family || one of the poles in Zn{0110} family;
and the other OR is one of the poles in Sn{101} family ||
Zn{0001} and one of the poles in Sn{100} family || one
of the poles in Zn{2130} family, which are depicted in
Figure 10 (These are obtained by comparing the pole
locations of each phase with respect to the sample
reference frame, refer supplementary information file for
data from experiments performed at different velocities).
We note that ORs may also be determined using
Kikuchi patterns obtained from a Transmission Elec-
tron Microscope (TEM), although, the effort required
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for the sample preparation for EBSD is much less
compared to that in TEM. However, validation of the
observed ORs using TEM remains as a scope for future
work. We have chosen to report the OR using parallel
plane normal vectors in both crystals, which should be
geometrically equivalent to the more frequently used
method of a combination of plane and a direction,
where the direction is in the plane. The combination of
planes in each crystal are chosen such that these are
perpendicular to each other (one is in the center and
other is in the great circle of the stereographic projec-
tion, see Figures 11(a) and (b)). We have verified
geometrically by comparing the resultant orientations
of the unit cells that would result with each of the OR
mentioned in the previous citations. We find that these
are indeed different and are highlighted in the stereo-
graphic projections plotted for our results, as shown in
Figure 11. For instance, the OR from Straumanis
et al’® has one set of parallel planes, the same as in
one of our OR, i.e., ({100} of Sn || {0001} of Zn). The set
of directions from Straumanis e a/.!°" that are indexed
as [h,k,i,0] are also the normal vectors of the planes with
the same {/,k,i,0} and therefore, we have plotted the
poles of the normal vectors of the planes corresponding
to the index of the parallel directions. This is highlighted
as in Figure 11(a) where we do not find a match between
the said directions {001} of (Sn) and {0110} of (Zn) that
are encircled. Therefore, the resultant orientation of the
crystals with respect to each other is different between
what is reported by Straumanis er al! and what we
find in our work. Further, the relations reported by
Chadwick et al!%* are entirely different from that of our
results. This is highlighted in Figure 11(a), where the
poles corresponding to the suggested parallel planes by
Chadwick er al!%¥! clearly do not superimpose when we
impose the OR that we find in our work as the
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Fig. 12—Comparison of the SEM images during the initial transient in (a) and later during the solidification in (b). The inverse pole figures in
(¢) corresponding to the SEM image in (a) reveals the presence of multiple variants of Zn growing along with Sn, while later during the
solidification a single orientation of Zn survives as highlighted in (d). The solidification is carried out at 0.6 um/s.

crystallographic relation between the Sn and Zn crystals.
The mismatch with the ORs is also true for the second
orientation relation that we find in our work as shown in
Figure 11(b). While our relations are therefore different
from that reported in the literature, however, we do not
claim that this is an exhaustive set and there could be
other possibilities that might have nucleated but are
outgrown by crystals with different orientations. Here,
we concur with the findings of Jaffrey and Chadwick*”’
that it is possibly Sn that nucleates first followed by
Zn. Our hypothesis is that among the orientations of
Zn that form, the ones that lead to a lower interfacial
energy along with a favorable growth direction with
respect to the imposed thermal gradient survive and are
the ones that are observed at the end of the directional
solidification experiment. This fact can be appreciated
by comparing the SEM and EBSD images during the
initial transient and those occurring later during the
solidification (refer Figure 12). Here, we see that while
multiple variants of Zn grow along with Sn during the
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initial transient, selection of a single variant occurs as
solidification progresses that is highlighted in the
inverse pole figure of the microstructure occurring
later during solidification.

The basal planes of (Zn), as well as the (100) and (101)
planes of (Sn), are the closest packed planes in compar-
ison to the other planes, and this might lead to the
formation of a low-energy solid—solid interface between
the (Sn) and (Zn) crystals. The growth competition
among the variants that might nucleate must undoubt-
edly depend on the solid-solid interfacial energy, and
this is certainly an interesting topic for future research.
However, the common thing we find in all our exper-
iments is that the basal planes {0001} of (Zn) and either
one of the planes in {100} or {101} family of (Sn) are
always parallel to the lamellar interface. The results
reported by Straumanis ez a/.° also have the (Zn) basal
planes and (100) planes of (Sn) parallel to the lamellar
interface.[’! This type of observation is not just limited
to the Sn-Zn system, the Bi-Zn eutectic system which
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Solidification front as it
propagates through melt

(a) Quartz ampoule (b) Schematic

Fig. 13—(a) Modified quartz tube showing bends that are intended
to cause a change in the orientation of the solid-liquid interface as
depicted in (b). A small constriction is given at the lower end so as
to cause the solidification of a single grain into the straight section
of the quartz tube.

has an even lower fraction of Zn-rich phase also exhibits
a broken-lamellar morphology with the basal planes of
Zn being parallel to the lamellar interface (refer supple-
mentary information file, Figure S7). Apparently then, it
is the orientation of the Zn crystal that determines the
orientation of the solid—solid interface in these alloys.

In the EBSD results of all our experiments, we do not
observe a preferential growth direction to suggest the
presence of any interfacial energy anisotropy of the
solid-liquid interface. What we do expect, however, is
that since the basal plane of Zn is always parallel to the
lamellar interface and because of which it seems that Zn
decides the orientation of the solid—solid interface, it is
likely that the solid—solid interfacial energy is anisotropic,
where the orientation for which the lamellar interface
becomes parallel to the Zn basal planes, also corresponds
to a low-energy direction in the y-plot of the solid—solid
interfacial energy. In the following, we present experi-
mental evidence of anisotropy in the solid—solid interfa-
cial energy.

C. Evidence of Anisotropy

Experimental evidence of anisotropy may be derived
by imposing changes in the growth directions and seeing
the relative change in the solid—solid interface orienta-
tions. One of the ways of causing a change in the growth
direction is by modification of the thermal and solutal
gradients in the crucible so as to have biased growth in
specific directions. Some of the ways of achieving this is
by changing the geometry of the crucible, such as
introducing hoops or bends.! """
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In the following, we choose a geometry (see Figure 13)
of the crucible (quartz tube) that would lead to the
introduction of lateral thermal and solutal gradients in
the crucible that is intended to influence a change in the
growth direction of the crystals. This is because, as the
crystals approach a bend, the liquid that is closer to the
acute end (the edge of the quartz tube that makes an
acute inner angle with the horizontal) of the bend will
get hotter with respect to the obtuse end (the edge of the
quartz tube that makes an obtuse angle with the inner
horizontal) of the quartz tube because of geometric
confinement of the released latent heat. This will
introduce a lateral thermal gradient over and above
the thermal gradient that is imposed in the growth
direction leading to a change in the orientation of the
resultant thermal gradient. Similarly, the solutal gradi-
ents will also get affected as solute rejection in the
confined space next to the acute bend compared to the
relatively free-liquid ahead of the obtuse bend will lead
to a change in the direction of the solutal fluxes.
Isotropic crystals would typically be influenced by the
change in the thermal and solutal gradients and there
would be associated changes in the growth direction of
the crystals as shown in Figure 13(b), however, this is
not true in the presence of anisotropy. Figure 14 shows
a collage of SEM images as the Sn and Zn crystals grow
into a quartz bend. We see that the Sn and Zn crystals
that are present in the straight section of the quartz tube
continue to grow in the same direction, as they grow
into the bend, without a change in the orientation of the
solid—solid interface. However, at the obtuse end of the
quartz tube nucleation of new grains is apparent. We
performed a crystallographic analysis at different loca-
tions of the longitudinal section of the sample near the
bend in order to verify this as highlighted in Figure 15.
We find that while the initial eutectic grain continues to
grow in the original direction, new Zn crystals contin-
uously nucleate at the obtuse end during growth,
whereas the Sn crystal retains its original orientation
during growth ahead of the bend. The fact that the
original eutectic grain in the straight part of the quartz
tube does not change direction, while it moves into the
bend, provides apparent evidence that the solid—solid
interface is probably corresponding to a low-energy
orientation in the y-plot of the solid-solid interfacial
energy for a given crystallographic relation between the
Sn and the Zn crystals. This is the same conclusion that
Jaffrey and Chadwick!*” reach on performing a similar
experiment. In addition, since we did not determine any
fixed growth directions from the crystallography the
only reason that remains for noticing such invariance in
growth directions with the change in heat and mass flow
conditions is possibly because the solid—solid interface is
indeed anisotropic.

In order to provide further evidence for the aniso-
tropy in the solid—solid interfacial energy, we performed
an additional experiment in which we cut a small piece
from a directionally solidified sample and utilize this as a
seed for another directional solidification experiment.
For the latter experiment, however, we impart a physical
rotation to the seed with respect to the original growth
direction. This is illustrated in Figure 16 that depicts this
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procedure where the original sample is cut at an angle
with respect to the growth direction, and then the
sample is placed in the quartz tube with the sectioning
plane normal perpendicular to the crucible axis. This,
therefore, imparts a rotation to the original grain with
respect to its previous growth direction. Thereafter, we
conduct the directional solidification experiment by
utilizing the rotated seed, and the microstructure is
depicted in Figure 17(a). Here, we see that the grains
upon re-solidification continue to retain the same
direction for the solid—solid interface which implies that
the growth direction of the crystals is rotated by the
same amount as the magnitude of the physical rotation
of the seed. We have also verified that the crystals that
re-solidify share the same crystallographic orientation of
the original seed, as shown, in Figure 17(b) and thus
there is no renucleation. Thus, it is clear that once the
crystal orientations are fixed, the orientation of the

Growth direction
|

lamellar interface gets determined and therefore the
lamellar orientation in this alloy is a function of the
crystallography of the individual phases and not a
function of the imposed thermo-solutal conditions as in
isotropic crystals. This, therefore, suggests and provides
further evidence that the solid—solid interface in the
Sn-Zn alloy is anisotropic.

While the crystallographic and experimental charac-
terization indeed points towards the possibility of
anisotropy in the solid—solid interfacial energy, we
presently do not have an estimation of its form.
Additionally, because of the aforementioned reasons,
that it is predominantly the Zn crystal that determines
the orientation of the solid—solid interface, it seems
plausible that the Wulff plot of the solid—solid interface
inherits the symmetry of the Zn crystal. A possible
approximation with regard the symmetry of the y-plot
may be derived from the fact that the principal plane

PV
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100 ymE

(d2)

%
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Fig. 14—Collage of SEM images revealing the change in the microstructure as the solidification proceeds across the quartz bend shown in (a),
starting from bl to f1 through cl, d1, el, respectively, and the corresponding high-magnification images are shown in b2, c2, d2, e2, 2, {3.
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Fig. 15—Crystallographic orientations of the eutectic phases obtained using EBSD at different locations on the longitudinal section (which are
highlighted as a, b, ¢, d, and e on the SEM image) of the sample near the bend in the quartz tube. While Sn maintains its orientation, nucleation
of Zn is evident.
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Fig. 16—(a) Depicts a directionally solidified sample with two grains that is utilized as a seed; one of the grains is aligned straight with respect
to the cylindrical axes, while the second has a slight tilt. (b) The angle of the cutting plane that dissects the sample at an angle of 10 deg with
respect to the growth direction. (¢) The cut sample is placed such that planes along which the sample is sectioned are aligned with the quartz
tube. This, therefore, mimics the situation where the original sample is now rotated with respect to the growth direction.
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(b)

Fig. 17—(a) Microstructure of the directionally solidified sample that is solidified using a seed. The horizontal discontinuity in the microstructure
demarcates the location from which the resolidification begins. (b) Pole plots for the Grain-2 in (a) derived from EBSD that show that the
crystallographic orientations of resolidified grains match that of the original seed.

that leads to the anisotropy in the solid—solid interfacial
energy is the basal plane of the Zn-rich phase.
Out-of-plane orientations (perpendicular to the direc-
tion of solidification) would then certainly have at least
a two-fold symmetry while in-plane rotations (in the
plane of the lamellar interface) could have a maximum
six-fold symmetry. A quantitative determination of the
form and strength of the anisotropy maybe ascertained
using RDSP? that can reveal the trace of solid-solid
interface as the orientation of the solid—solid interface is
changed during solidification keeping all other param-
eters fixed. This remains the scope for future work.
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However, our proposed hypothesis that the presence of
the solid—solid interfacial energy anisotropy leads to the
formation of broken-lamellar morphologies forms the
motivation of our subsequent paper which presents
evidence based on dynamical phase-field simulations.
Finally, while through our results we argue that the
solid—solid interface is anisotropic, it is kind of surpris-
ing that we do not find evidence for the presence of
solid— 11qu1d 1nterfa01al energy anisotropy, considering
that previous studies!’? show that the Zn-liquid inter-
face is anisotropic particularly because the basal planes
of Zn corresponds to a deep minimum in the y-plot of
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the solid—liquid interfacial energy. We believe this is
because the basal plane in the eutectic morphology is
parallel to the solid Sn instead of the liquid and thereby
we do not observe either faceting of the solid—liquid
interface or unique growth directions that would indi-
cate the presence of strong solid—liquid anisotropy. In
the configuration, where the basal planes are parallel to
the lamellar interface, it is possible that the {1010} and
{1120} face the liquid, and in the microstructures, it is
not evident that either of these planes show any faceting.
Therefore, while it is true that the presence of solid-liq-
uid interfacial energy anisotropy in an appropriate form
could also lead to the formation of lamellar-like
structures, however, since we do not find evidence of
strong anisotropy in the solid-liquid interfaces, the
formation of these structures can most likely be
attributed to the presence of anisotropy in the solid—so-
lid interfacial energy.

IV. CONCLUSIONS

In this paper, we have investigated two-phase growth
in the Sn-Zn alloy, where the minority phase fraction is
low. Using directional solidification experiments, we
derive that the microstructures during invariant growth
in this alloy are predominantly ‘broken-lamellar.”
Additionally, from the etched SEM images, we have
measured the spacings between the broken-lamellae
units and estimated the eutectic scaling constant as 1>V
= 27.04 um?3/s. We find that the experimental observa-
tions of a broken-lamellar arrangement are not in
agreement with theoretical predictions based on a
Jackson—-Hunt type analysis using undercooling vs.
spacing relationships of the morphologies. We propose
that this deviation is possibly due to the solid—solid
interfacial energy being anisotropic that leads to the
merger of lamellar fragments along higher interfacial
energy orientations. Subsequently, characterization
using EBSD of samples obtained from several experi-
ments were conducted, on the basis of which we find two
crystallographic relations, i.e., first OR is one of the
poles in Sn{100} family || Zn{0001} and one of the poles
in Sn{021} family || one of the poles in Zn{0110} family;
and other OR is one of the poles in Sn{101} family ||
Zn{0001} and one of the poles in Sn{100} family || one
of the poles in Zn{2130} family both of which are
different from the ones reported in literature. While we
do not find a unique orientation relationship, we always
find that the basal planes {0001} of the Zn-rich phase
and either of one of the planes in {100} or {101} family
of the Sn-rich phase are parallel to the solid—solid
interfaces that form the lamellar morphology. The fact
that the orientation of the Zn crystal always determines
the orientation of the lamellar interface points to the
possibility that the solid—solid interface is anisotropic.
Further, the orientation of the lamellar interface for
which it becomes parallel to the basal planes of (Zn) is
probably a low-energy orientation in the y-plot of the
solid—solid interfacial energy. While we do not present
the actual Wulff plot of the solid—solid interface, we do
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show evidence that the solid—solid interface is indeed
anisotropic. In a following paper, we elucidate the role
of solid-solid interfacial energy anisotropy in the
stabilization of lamellar morphologies using dynamical
phase-field simulations.
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APPENDIX A. CALCULATION OF THERMAL
GRADIENT AT THE SOLID-LIQUID INTERFACE

The model of the directional solidification experimen-
tal setup is as shown in Figure Ala. We calculate the
thermal profiles by solving heat transfer equations in the
software OpenFOAM!®Y, which allows us to determine
accurate thermal gradient at the solid—liquid interface.
The material parameters reported by References [43, 64]
for the alloy are used in the calculation. The computed
thermal profile is shown in Figure Alb. The axial
temperature profile (Figure Alc) in liquid shows a
gradient close to 6 °C/mm.

APPENDIX B. CALCULATION
OF JACKSON-HUNT PARAMETERS
FOR LAMELLAR AND ROD MORPHOLOGY

Using Jackson and Hunt theory,*”! undercooling vs.

spacing relation for lamellar (L) and rod morphology
(R) writes,

AT = K\Vi+ Ky ). BI]

For lamellar morphology, K =mC,P/f,/sD and
Ké = Zm(l"“ sin Qa/f“m% + l"/; sin 9/;/ﬁgM/;), where C, =
(Cx - Cﬁ) ( ie., C, is the composition difference
between the solid phases at the eutectic temperature),
fx» fp are the volume fractions of the solid phases,
1/m = (1/my + mg), m,, my are the liquidus slopes of
the solid phases. I', and I'y are the Gibbs-Thomson
coefficients of the solid and the liquid phases while the 6,
and 0p are angles the a-liquid and the f-liquid tangents
make with the horizontal. P is a function of the volume
fraction of one of the phases that reads

. -
Z;C:ln—smz(nnfm). Similarly for rod morphology,

3
T
1 A
KR =mC,M/fyD, where M =3, 73@
(’yn) JO (’VH)
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Fig. Al—Modeling using OpenFOAM software, where (@) is directional

temperature profile in liquid.

where 7, is the nth zero of the first-order Bessel function
Jy, while J, is the zeroth-order Bessel function. We
calculated K* and KR values as 0.00836 and 0.0018,
respectively, using material parameters reported™**¥ for
the Sn-Zn alloy. Thereafter using the value of J°V (=
K% /KL that we find using our experiments, we assessed
the value of K% as 0.226. Using the relation KX/K% =
V/f» from Jackson-Hunt theory, we calculated KX value
as 0.0678. This allows us to determine the AT vs. spacing
A relationship for both morphologies.
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APPENDIX C. CALCULATION OF INTERFACE
SHAPE AND UNDERCOOLING

Assumptions are

e Directional solidification conditions with gradient G
and velocity V;

e Composition profile derived for a planar solidifica-
tion interface; and

e All other Fourier coefficients are derived from the
planar solution except the boundary layer composi-
tion By
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We integrate the basic undercooling equation which
writes

AT(x) = m"(Cg — ¢(x)) + a/r(x), [C1]

where AT is the undercooling, m is the liquidus slope
of the solid phase concerned, Cp is the eutectic compo-
sition, ¢(x) is the composition profile derived from the
solution of the diffusion for a planar solidification
front, a is the Gibbs—Thomson coefficient of the rele-
vant solid-liquid interface, while r(x) is its curvature.
The composition ¢(x) can be explicitly written as

. nmx

c(x) = Co + B Bysin| ————— |,

(x) = Ci+ coo + 0+; (Sﬁs,;) [C2]
where By is the boundary layer composition, S, are,
respectively, the half widths of each of the lamellae.
¢ 18 the departure of the far-field concentration from
the equilibrium value, Cg is the eutectic composition,
while each of the Fourier amplitudes B, can be written
as

2 V . nmS,
B, =—— (S, + Sp) =Cpsin , C3
n (Vlﬁ)z ( o .B) D 0 (Sa + S/;) [ ]

where Cy is |Cg — C,| + |Cg — Cg| and D is the diffu-
sivity in the liquid.

The undercooling AT(x) can in turn be expressed
using the thermal gradient and the interface position as

AT = Tg — (To + G(z — z))
= (Tx — (To + Gz)) — Gz [C4]
= AT() — Gz

Ty and zp being the temperature and z-ordinate of the
triple point which is shared by both solid-liquid
interfaces. The composite term (Tg — (Ty + Gzp)) is
expressed as ATy which by definition is the same for
both the phases. With this Eqn. C1 becomes,

ATy — Gz = m"(Cg — ¢(x)) + a/r(x). [C5]

Integrating the preceding equation once over each of
the solid-liquid interfaces, with the boundary condi-
tions, that the center of each of the phases is flat and the
tangent at the triple point is given by the balance of the
surface tensions, we derive two relations, respectively,
for each of the solid-liquid interfaces, which can be
written as

ATy — GZ*¥ — m”* <—COC — By — 2%6‘0})(1’]1))

_ , Sin(0y)
A
ATy — Gz' —m! (_Coo — B+ 23C0P('79<)>
in(0
_ aﬁ sm( [g[) ’
My
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where 1 = S, + S, and n, = S, /(S, + Sp), while Z* and
zF are average interface positions of the « and the f
interfaces,  respectively.  P(y,) is written as

in?(nn
oy, )

The previous expressions can now be simplified to
derive ATy as well as By in terms of the average interface
positions as

(z* — 2P)
By = Gﬁi
mr — m*
1 *sin(0 af sin(0
+ ; a SIHS 01/) _ ( ﬁl) [C7]
mbP — m* 1,4 (1 —n,)i
2AVCyP  [m* mb
D(mP —m*) \n, 1-n,)’
while AT, is written as
2,VCyP
ATy = GZ* +m” (—Coo — By — A)
Dn,

a”sin(0y) [C8]

Nyl

Thereafter we set out to integrate Eqn. C5 using a
finite difference approach where we discretize the
curvature using central differences and the slopes as
one-sided forward differences. The boundary conditions
again involve imposing a zero slope at the mid-points of
the lamellae which are at x =0 and x = S, + S3. Also,
the tangents at the triple point x = S, are given by the
Young’s condition. In this discretized equation, the
derived expressions for By and AT, which are expressed
in Eqns. C7 and C8 are used. This gives us a set of N-2
non-linear equations (N being the points on a particular
solid-liquid interface) for each of the solid-liquid
interfaces, which are solved using the non-linear solu-
tion routine of “fsolve’ which is in the optimization tool
box of “octave-forge.” The result is the solution to the
interface z-ordinates of each of the solid-liquid interface
from which one can derive both the boundary layer
composition By and AT and thereby the temperature of
the triple point 7} (since z is derived from the solution)
along with the temperatures along each of the solid-lig-
uid interface.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
1007/s11661-020-06007-5)  contains  supplementary
material, which is available to authorized users.
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