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C

Directionmation of a eutectic melt allows control over the resultant eutectic microstructure,
i

which in t

phase-sepa utectic materials can be tuned to have periodicities from tens of microns down to
nanom ore, the two phases possess differences in their refractive index leading to

interesting optical properties that can be tailored within the visible to infrared wavelength regime. We

ts both the mechanical and optical properties of the material. These self-organized

find that th salt eutectic AgCl-CsAgCl, system forms a rod microstructure with sample draw
rates up tu@s which transitions to a lamellar microstructure at draw rates greater than 0.36
mm/s. Heat- simulations reveal a draw rate-dependent direction of motion of the solidification
front, vﬁnge of draw rates, requires nucleation of the minority solid phase at the sample
wall. Phwodeling indicates that the initial eutectic structure at the sample boundary, either

rod or lamellar, Wlictates the bulk eutectic morphology. These samples contain sub-micron

periodicitie&{ coupled with their optical transparency, results in them exhibiting draw rate
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dependent near-IR reflectance peaks consistent with stop bands for two-dimensional hexagonal (rod)
and one-dimensional planar (lamellar) photonic crystals.

1. Introﬂum
-

Directional 1cation of eutectic materials results in self-organized phase-separated micro- and
nanostruCHWe periodicities can be tuned to be on the order of visible or infrared wavelengths
of light.!"” icrostructure is highly ordered, and the phases have different optical properties,
the materi hibit strong diffraction of light with wavelengths comparable to the characteristic
dimension @f the structure; these structures are termed as photonic crystals.'! Photonic crystals with

large refrac x contrasts and varied structural motifs have been successfully fabricated from a

wide rangeNaf rials.” ¥ However, top-down (e.g. lithographic) formation of large volumes of
photoni s 1s a challenge. Self-organization techniques, such as eutectic solidification, has been
shown sible path to forming large volumes of photonic crystals.”'* Among possible motifs

provided by eutectic solidification, the regular microstructures of lamellar and rod eutectics have

[

direct rese o one-dimensional and two-dimensional photonic crystals, respectively, where the

phase-sepa, W mponents provide the required contrast in the refractive index to exhibit a unique
optical respofise. ' The components of eutectic materials can be chosen from metals, semiconductors,
polymers, sganics, ceramics or salts; thus providing metal, dielectric, or even metallodielectric
composiMich to synthesize (or to act as templates for) photonic crystals.'" '** ] Recent

examples from ature have demonstrated the formation of photonic crystals and other optically

interesting struc uris (for applications like diffraction gratings, phase-separated scintillators with light
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guiding and absorption induced transparency) in directionally solidified chloride based molten salt
eutectics such as AgCl-KCl,[lﬁ’ 18, 22] NaCl-CsI,[ZS’ 24] CuI-KCl,[IS] and KCI-LiF.”® The eutectic
solidiﬁca!lt—gase! synthesis route is particularly simple if the eutectics have a low melting

temperatur @ surface energy, are devoid of any corroding components, like fluorides, and do

not requiremeemmellcd atmospheres during fabrication. However, even without these ideal factors,

eutectic sohn is a quite well-established industrial process, and many challenging chemistries

can be dire@solidiﬁed.

The binary sa!t euSctic AgCl-CsAgCl, has the advantageous properties of a eutectic temperature (258

°C) and surface energy (135 mJ/m?®) at its eutectic temperature lower than most other eutectic salt

20281 Here we show that when directionally

systems, b received only minimal attention.!
solidified, mAgClz has a tendency to form either a rod structure or lamellar structure depending
on the directfona¥®olidification draw rates. While not unprecedented, as some binary metal eutectics,
e.g., Al-AT; @ Au-Co,”” Cd-Sn,”" Ni-W,P Ag-Cu,”*! and Al-Cu,”* have been known to show
transiti to lamellar structure, to our knowledge no other salt eutectics have been shown to
exhibit this property. In general, this rod to lamellar transition can be influenced by either volume
fraction, eh solution of the constituent solid solution phases, interfacial boundary energy
anisotropy. @ prowth rate, depending on the material system.'* ** *> 3% The rod to lamellar
microstruc ition is powerful in that it can be utilized to obtain a diversity of optical properties
from a Eﬁal, using the processing conditions alone as the tuning knob. Specifically, the
materialHnterchangeably rendered into one-dimensional and two-dimensional photonic

crystals.'! Although the photonic properties of lamellar eutectic salts have previously been studied,

i.e. as z&sional photonic crystal, the optical properties of rod two-dimensional photonic
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crystal eutectic microstructures have not been investigated. Here, we utilize the microstructural

transition of the AgCl-CsAgCl, salt eutectic system, and employ a combined experimental and

{

simulation pproach to understand the processing-dependent microstructural formation and resultant

optical pro @

rip

2. Results @nd Dis@ussion

The AgCl eutectic composition consists of 72 mol% AgCl and 28 mol% CsCl and its

eutectic te

USG

e is 258 °C.*" AgCl and CsCl powders are mixed at this composition, heated at

470 °C for® hours, and cooled. Figure 1a depicts a scanning electron microscopy (SEM) image of the

q

plan view furnace-cooled (i.e. effective draw rate v = 0 mm/s) AgCl-CsAgCl, eutectic

d

sample, showgi tructure with rods in a hexagonal lattice arrangement. During furnace cooling, the

sample cooled to room temperature in the furnace (at a rate of about 4 °C/min) by turning the
furnace ¢ diameter of the rods (dagci) and the rod spacing (1), as defined in Figure la-i, were

found to be approximately 750 nm and 1490 nm, respectively. Upon selectively etching (see

1

Experimen ion for details) the CsAgCl, matrix phase as seen in the cross-sectional view SEM

image (Fig

% , we can discern that the orientation of the rods is perpendicular to the substrate.

The fast draw rates (up to v = 0.63 mm/s) were accomplished using a syringe pump (see Figure Sla,

Supportinénformation) enabling controlled drawing of the molten eutectic samples through the
temperaMt of ~5.1 °C/mm in the tube furnace (see Experimental Section for details). Upon

directional E&cion of the bulk samples with a draw rate of v = 0.2 mm/s, the rod diameter and

spacing are ecreaied to approximately 250 nm and 440 nm, respectively (see Figure S2, Supporting
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Information). Bulk samples with rod geometry were obtained at draw rates up to v = 0.2 mm/s, and
dagct and 4 were observed to decrease with increasing draw rates, as shown in Figure 2. For v of 0.27
mm/s anMs circular rods were seen along with elongated rods or lamellar-like structures (see
Figure S2, nformation) indicating the formation of a mixed microstructure in this range of
draw rates (@hadedsregion in Figure 2). Increasing the draw rates to v > 0.36 mm/s, lamellar structures
were obsehe bulk structure (see Figure S2, Supporting Information). We define da,c; as the
width of ti@amella and A as the lamellar period (i.e. width of AgCl + width of CsAgCl,); see
Figure 1b-i ellar structure was observed at all higher draw rates, with dy.c; and 4 about 115
nm and SIm:pectively at v = 0.53 mm/s (Figure 1b). The lamellae align parallel to the draw
direction, as obse;d in the selectively etched cross-sectional view SEM image in Figure 1b-ii. When

increasing c rate from v = 0.4 mm/s to v = 0.63 mm/s, the lamellar spacing is decreased from

1790 nm t as shown in Figure 2. Low magnification plan view SEM images (see Figure S3,
Supportingiin ion) show the representative rods and lamellar structure domains over 30 um x 30
um area.

The binary phase diagram of the AgCI-CsCl system, shown in Figure 3a, was confirmed by
differentialhg calorimetry (DSC) measurements around the eutectic composition. Heat flow
curves we @ ed with DSC for samples with rod and lamellar structures to confirm their melting

points eﬁigure S4a, Supporting Information). Energy dispersive spectroscopy (EDS) was

used to composition of both the rod-like and lamellar eutectic structures (Figure S4b,
Supportm&on). Peaks associated with Cs, Ag, and Cl were observed in the atomic ratio
similar to the expSted theoretical ratio of 1:2:3, respectively, for the AgCl-CsAgCl, eutectic system.

EDS elemental ping discerns the rod phase as AgCl and the matrix as CsAgCl, in the case of the
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rod geometry (Figure S4c, Supporting Information), and the narrower component as AgCl and the
wider component as the CsAgCl, phase in the lamellar geometry (Figure S4d, Supporting

Informa‘uol’. The composition of the eutectic was further confirmed by X-ray diffraction (XRD),

where peanding to only AgCl and CsAgCl, phases were observed for both rod and
lamellamstuetusess(Figure 3b).

L

The low eutectictemperature and low surface energy of the AgCl-CsAgCl, eutectic system facilitate
infilling ombing (see Experimental Section for details). Using capillary action, borosilicate

glass capillaries Were infilled with the AgCl-CsAgCl, binary eutectic (see Figure S5, Supporting

Information) and were subsequently cooled either slowly in the furnace (that is allowed to naturally

cool) or b ing out of the furnace (see Figure S1b, Supporting Information). The former (slow-
cooled) ca were found to have a hexagonal arrangement of AgCl rods within a CsAgCl,
matrix (Figtire'#d). On the other hand, the capillaries solidified with a draw rate of 0.53 mm/s
exhibited a r microstructure consisting of alternating layers of AgCl and CsAgCl, (Figure 4b).
Equal r both the eutectic-infilled capillaries and the bulk samples yielded similar dagc

and A values, regardless of the resulting eutectic morphologies.

L

Both the ro amellar structures are oriented orthogonal to the substrate, with the lamellae aligned
along the saw direction. The alignment of the rods relative to the draw direction seems to be
counteriMause the diffusion near the solidification front (i.e. the solid-liquid interface)

parallel to T is responsible for the simultaneous formation of the two solid phases. However,

this alignmen caf :be attributed to the orientation of the solidification direction not coinciding with

This article is protected by copyright. All rights reserved.
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B 37 The orientation of the eutectic solidification front is determined by the details

the draw direction.
of the heat transfer in the eutectic material and the substrate for the given thermal condition, as
previoumnated by simulations."® **) Heat transfer simulations were performed using
COMSOLA @ ) the temperature profile in the eutectic material during directional solidification
(see them Fxpemmmental Section for details). For the furnace cooled case, the solidification front

(approximh)e eutectic temperature isocontour) is a horizontal plane (shown in Figure 5a and

5b) and indicates @ydownward solidification direction. For directional solidification with a draw rate

C

of 0.53 mmolidiﬁcation front is inclined at a shallow angle to the top boundary, indicating a
e

solidificatio ity with a smaller component in the draw direction and a larger downward

component (perpe;ﬁcular to the draw direction) as shown in Figure 5c and 5d.

C

Phase—ﬁelmons of eutectic solidification were performed with initial solid structures of rod,
nd'm

lamellar, a configurations as a seed (see Figure S6, Supporting Information) within eutectic

liquid; fi ils can be found in Experimental Section. For solidification velocities ranging from
0.001 mm/s, simulations with rods as an initial condition all yielded steady-state
structures of rods in a hexagonal arrangement. For the same range of velocities, simulations with
mixed or lhitial conditions all yielded steady-state structures of ordered lamellae. The steady-
state structhown in Figure 6. The fact that the mixed state converts to the lamellar structures
indicates th ellar structure is more stable; however, the energy barrier to switch between the
rod an ctures must be large enough that the rod phase does not convert to the lamellar

phase. Whe rod structure forms initially, then it will persist throughout the sample.

Conversely, if a miked or lamellar structure forms initially, then the lamellar structure dominates.

<
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As discussed earlier, the temperature profiles resulting from fast draw rates calculated by the heat
transfer simulations show the solidification front propagating from the top (cooler) boundary toward
the hotm beside a small component along the draw direction. Therefore, the initial
formation ic structure would likely occur at the top liquid eutectic-air interface for the
bulk sampiesmamdmthe top liquid eutectic-glass capillary interface for the capillary samples. If a
compact sth the minority solid phase is preferred during the initial solidification at the cool
boundary, ‘ rod s’ucture would emerge as a result and will persist through the thickness of the
sample. Tmrvations suggest that the difference in structures seen in experiments at different

draw rates 1 due to rod structures initially forming at the cool boundary at low draw rates and

lamellar structuresiﬁtially forming at the boundary at high draw rates.

C

It was pomvary the directional solidification draw rate for different regions of the same
AS'a

capillary. ample, Figure 7a depicts a eutectic-infilled capillary that was drawn through the
tube furna = (.53 mm/s for about half of its length, with the remaining half being allowed to
naturall ' furnace. The SEM images at various locations in the capillary show a lamellar

region, a lamellar to rod transition region, and a rod region (Figure 7b). The lamellar region had 4 =
550 nm an% 130 nm. This was followed by the lamellar structure transition into rod structure.
In this tra @ rion, the rods initially had a small diameter and spacing (4 = 440 nm and da,ci =
250 nm), li to the transience in which the local solidification rate changes from that of fast
draw raﬁ natural furnace cooling. As the solidification rate approached the furnace-cooled
rate, them and diameter increased to steady-state values (A = 1100 nm and daeci= 660 nm),

similar to those ob;rved in the furnace-cooled sample.

<
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Owing to the difference in the refractive indices of the components of the eutectic, these rod and
lamellar structures operate as two-dimensional and one-dimensional dielectric photonic crystals,
respecti\Mﬂ incidence reflectance spectra were taken from spot sizes of 180 um in diameter
from the s @ utectic-infilled capillaries using a Fourier-transform infrared (FTIR) spectrometer
microscepcmandathese reflectance spectra were compared with finite-difference time domain (FDTD)
simulationhperimental Section for details). Figure 8a compares the measured and simulated
normal-inceence ’ﬂectance spectra of the furnace-cooled sample with a hexagonal array of AgCl
rods in Cs e position of the measured reflectance peaks at 1.31 pm and 1.57 pm corresponds
to the FDm‘ated reflectance peak for a model hexagonal photonic crystal of AgCl rods in
CsAgCl, matrix Wih A = 1300 nm and dagc; = 650 nm. Figure 8b shows the measured and simulated
normal-inci flectance spectra of a sample drawn at v = 0.53 mm/s, which has alternating
lamellae OC

nd CsAgCl,. For the lamellar structure in the eutectic-infilled capillary, the

reflection

w 0.97 um and 1.95 pm agree well with the positions of the reflectance peaks as

observed in the
The differenceEe peak positions and the broadening of the reflectance peaks could stem from the
imperft arrangement and the size of rods or lamellae within a capillary sample, not

present in !he idealized structure used for simulations. The size distribution in rods and lamellar
0

DTD simulations for AgCl-CsAgCl, lamellae with 4 = 600 nm and dagc;= 150 nm.

structure arises trom the solidification process as there is always a range of spacing (and size

distributio around the average value close to the minimum undercooling value for a given
rate of soligi 143898 This distribution in the lattice parameters (as shown in Figure 2) may
cause t;:\g of the reflectance peaks (see Figure S7, Supporting Information). For the
samples#ﬁedwith varying draw rates, the regular regions (either of rod or lamella) exhibited a

similar optical re;nse to the samples drawn at the same constant rate, while the transition region

<
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with mixed structures had broad low intensity peaks, which is expected given the low degree of order

in this mixed region.

{

3. Conclu

Crl

In summa igvestigated a rod-to-lamellar microstructure transition in the AgCI-CsAgCl, eutectic

system drifye the drawing rates during directional solidification through experiments and

S

simulation; mbination of the low melting temperature and a low surface tension of this

eutectic i Iten state enables it to easily infill glass tubing, greatly facilitating optical

Lk

characteri . varying the drawing rate, not only the characteristic dimensions of the

microstructure buf also the lattice symmetry can be controlled. At low solidification rates, the rod

«y

structure isApr | while at higher solidification rates, the lamellar structure appears. From heat

transfe field simulations, it was established that the solidified structure is strongly

influenced b structure that forms initially at the boundary of the liquid eutectic during

solidification, and thus the transition is attributed to the different structure that forms at the cool
boundary. @hrough optical spectroscopy it was confirmed that the rod and lamellar microstructures of

this salt eut hibit the reflectance spectra corresponding to characteristic two-dimensional and

one-dimen otonic crystals, respectively.
4. Experimen:a! sction

<
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Synthesis of Bulk AgCI-CsAgCl, Eutectic: As-received high purity AgCl (99.999 %, Sigma-Aldrich)
and CsCl (99.999 %, Sigma-Aldrich) powders were mixed at 41.95 wt% AgCl and 58.05 wt% CsCl,
correspcMe eutectic composition. The powders were then mixed with an agate pestle in an
agate mort @ temperature. The mixed powder was placed in a glass vial and then heated in a

tube fumacematsddi) °C for 2 hours in air, and subsequently cooled to room temperature, with a

furnace-coh of about 4 °C/min.

Directiona idification Setup: For the directional solidification experiments, a 1” tube furnace

(Lindberg Blue was heated to 470 °C, and its temperature profile was recorded. The eutectic

USC

samples were placed at the mark where the temperature in the furnace tube (1” diameter quartz tube)

1

was at 350 igure S1, Supporting Information). For bulk samples, the eutectic was melted on

a glass sli as held on an alumina crucible, while the eutectic-infilled capillaries were kept

d

directly on the ina crucible. This alumina crucible was anchored to a syringe pump (NE-300,
New Era stems Inc.) which enabled drawing the samples through the temperature gradient of

~5.1°

M

tube furnace, for a distance of ~120 mm until the samples cooled down to room

temperature. With this syringe pump it was possible to control draw rates (v) up to 0.63 mm/s. In the

I

case of fu ing (v = 0 mm/s), the samples were cooled to room temperature in the furnace, by

turning the @ pff. The cooling rate near the eutectic melting temperature was about 4 °C/min.

CsAgCl ing: To etch the CsAgCl, phase, the bulk samples were immersed in a DI water

th

bath for 5 secondS§ollowed by immersion in an ethanol bath for 1 min. The etched bulk samples (etch

U

depth of a tew micgons) were then removed from the bath and air-dried with a light stream of N,.

A
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Fabricatioi of Ewctic—lnﬁlled Capillaries: (see Figure S5, Supporting Information) 0.2 g of the

AgCl-CsCQ’ture was placed in a 5 mL glass vial and heated in a tube furnace at 470 °C for 2

hours in ai ing to room temperature, a borosilicate glass capillary tube was placed in the
glass vial. !hlle borosilicate glass tubes of various shapes and size were tested for this work (square,
rectangle, w, square-miniature hollow glass tubing (VitroTubes™) 50 mm in length, with x

and y innefgimgisions of 0.600 mm and a 0.120 mm wall thickness were used, as this style of

capillary vw to give the most consistent infilling. The vial was heated at 350 °C for 2 hours.

During thi e molten eutectic salt was filled 10 to 30 mm into the glass tube by capillary
forces. Thj salt eutectic-infilled capillary was then cooled to room temperature at about 4
°C/min. C

Charactenigati EM images were taken using either Hitachi S-4800 or Hitachi S-4700 SEMs. EDS
was collected an Oxford INCA EDX analyzer, attached to the Hitachi S-4700 SEM. Powder X-
ray di RD) patterns for the rod and lamellar samples were obtained using a

Siemens/Bsker D-5000 with Cu K, radiation (1.5418 A), and XRD patterns from the bulk samples
were confir ing a Philips X pert MRD system with Cu K, radiation (1.54056 A). The observed
XRD pea compared with the database by the Joint Committee on Powder Diffraction
Standards

Scanning W

placed in Pﬁrkin Elmer) and covered with Pt lids. Each sample was subjected to 3 heating and

. DSC thermal analysis was carried out using Perkin Elmer Jade Differential
er. For DSC analysis the eutectic samples and CsAgCl, powders (~10 mg) were
cooling cy es of 10 K/min. All the DSC measurements were carried out in the temperature

range of 1 C. Reflectance spectra were collected from a ~180 pm diameter spot on the sample

This article is protected by copyright. All rights reserved.
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using a Vertex 70 FTIR and a Bruker Hyperion microscope. The borosilicate glass of the eutectic-
infilled capillary was removed and the solid eutectic was then polished to a mirror-like surface finish.
During Mspectroscopy these polished samples were oriented such that that incident beam is
normal to @ is and normal to the alternating lamellar layers. The reflectance spectra across the
wavelengthmmamgemof 0.8 um to 1.2 um was collected using a 10x quartz microscope objective
(numericalL= 0.25) whereas reflectance spectra across 1.2 um to 2.6 um was collected using a
CaF, lens @ncal length and numerical aperture = 0.08). An un-polarized tungsten light source
and a CaF, litter was used for these measurements. A Si detector was used in the wavelength
range of Om) 1.0 pm whereas a liquid nitrogen-cooled HgCdTe detector was used in the
wavelength range s 1.0 um to 2.6 um. The change in detector at 1.0 um explains the sudden increase
in noise ar pum in Figure 8b. The reflectance from a silver mirror was used as the reference.
The refractx of CsAgCl, was measured using a variable angle spectroscopic ellipsometer

(VASE, J .m Co. Inc.) over the instrument-limited spectral range of 400-1200 nm, and was

found to be around » = 1.49 with £ = 0 at 950 nm.

=

FDTD Simulations: The reflectance spectra from the eutectic microstructures were simulated using
the ﬁnite—(h time-domain (FDTD) method with the commercial software FDTD Solutions
v.8.16.931 @ al Solutions Inc. The FDTD simulations used the SEM-measured dagc; and A for
the eutectic, tive indices of 2.01 and 1.49 were used for AgCl and CsAgCl, respectively, and
both mﬁ treated as lossless. For Figure 8a, a hexagonal photonic lattice structure (25
columnw a matrix) was used with a radius of 325 nm and a periodicity of 1300 nm. For

Figure 8b, alterna51g lamellae (32 layers) of 150 nm wide AgCl and 450 nm wide CsAgCl, were

used. The sam ith size distribution (average + 2 standard deviations) in rods and lamellac were

This article is protected by copyright. All rights reserved.
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simulated using the values shown in Figure 2. These simulated reflectance peaks (see Figure S7,

Supporting Information), exhibit the broadened peaks as observed in the reflectance measurements.

S

Heat T@n@ulations: The temperature profiles of the eutectic during solidification were

simulated m dimensions using the commercial software COMSOL®. Neumann boundary

conditions ffor ton’s law of cooling were applied to all air interfaces with a heat transfer
coefficient o W/m’K."*" Air temperatures for the furnace-cooled case were initially 350 °C and
decreased atgdof 4 °C /min. Air temperatures for the directional solidification case matched those
measured in the furnace experiment with a moving frame of reference equivalent to the draw rate

Ul

of 0.53 mm/s. Temperature profiles for the alumina crucible, glass slide substrate/capillary, and

eutectic w ated as a function of time by solving the heat equation and the solidification front

)

positions \mmximated by the isocontour at the eutectic temperature (531 K). The physical
constants us arameterize the heat transfer simulations were assumed to be the same as that of
the AgCl- tectic system,'” as K and Cs are Group I elements; other relevant material
parame und in Table S1 in Supporting Information.

[

Phase Fie tions: Eutectic solidification simulations were performed using a phase-field

model in w the evolution of the microstructure is described by order parameters. Order

n

parameters\gepresent the phase occupying the point in the system (Pcsager, PagerPL) and are

constrai

L

t their sum is one (Pcsager, + Pager + P = 1). In the bulk of the CsAgCl, phase,

Pcsagel, = 1 and Puger = pr = 0. The AgCl and liquid phases are described in a similar manner. At

E

the interfaces b en phases, the order parameter values transition smoothly between zero and one.

A
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We employ the phase-field model for eutectic solidification developed by Folch and Plapp."*”! The

evolution of the order parameters reduces free energy and is described by an Allen-Cahn equation:

Ipt

2
= 72+ 5|21 - ) =20 + ) py(1-p))(1 - Zp,-)‘

JE2!

op;

DPcsAgcl, tPageitprL=1

~N\"09;
j

USCI;

where 7 is the relaxation time, the subscripts { and j indicate the phase (CsAgCl,, AgCl, liquid), t is

F

the simula time, A is a coupling constant, g is an interpolation function, and u is the chemical

potential. are a phase’s equilibrium concentration and equilibrium chemical free energy,

d

respectively. A, and B; are set to zero as only the relative differences between solid and liquid phases

are relevant.

VI

The chemical transport of the system is calculated by the diffusion equation written in terms of the

chemical p@tential, y, which is the first derivative of the free energy with respect to composition and

£

therefore pr: the driving force for chemical transport. With an anti-trapping current term,"*”! the

O

chemical p volution equation is

op; A . Op;
oV — ) A T 2a (A — A (A, -A)V - i
i i=CsAgCl,,AgCl

uth
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where D is the diffusion coefficient, @ = 1/(2v2), and 7 is the unit vector normal to a phase’s

interface. Further details regarding the physical bases and derivations of the order parameter and

t

chemical pBtential evolution equations can be found in literature.[*”

The tempe h point in the system is calculated based on its distance along the y-direction

|
from the dfitectic temperature isotherm plane by assuming a linear thermal gradient (G) in the x-

direction (th@ soligification direction). The y- and z- directions are perpendicular to the solidification

G

direction. ectic temperature isotherm has an initial position of x;,; and moves in the x-

S

direction afl th€ sg@lidification velocity, v. The chemical free energy of each phase changes as a

function o ure during solidification according to

u

G(x — vt — Xxint)
Bi=Ai——
l

E

where

Man

s liquidus slope. 4; is equal to the scaled equilibrium concentration of phase i and

is given by A; = (C; — Cg)/AC, where C; is the mole fraction AgCl equilibrium concentration of

r

phase i, C tectic concentration, and AC is the difference in the equilibrium concentrations of

the two solid d§ at the eutectic temperature (in the case of AgCl-CsAgCl,, AC = 0.5).

The materj@ls properties used to parameterize the model are found in Table S1 (see Supporting

Informatiog). The governing equations are discretized with a finite difference scheme with a grid

spacing of Axgls34in space and a forward Euler time-stepping scheme with a time step of At equal to

U

the minim "1Ax?/D and 0.1Ax?1; in time. This phase-field model does not account for each

A
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phase having a different molar volume; therefore, the eutectic composition is set such that the volume

fraction is preserved (C=68.05% AgCl).

{

Periodic bg conditions are imposed on all computational domain boundaries except for those

perpendic lidification direction, on which no-flux boundary conditions are imposed. The
|

code is pamgllelized using domain decomposition utilizing the message passing interface (MPI)

[

library. Thednitighundercooling of the solidification front is set according to the Jackson-Hunt theory

C

for a lamel re solidifying at the draw rate.'* The initial condition for the structure of the solid

layer, whidh sgfvesias the seed, was either rods, lamellar, or mixed rods and lamellar (see Figure S6,

$

Supportin tion). For the rod initial condition, AgCl cylinders were placed in a CsAgCl,

U

matrix in al lattice arrangement. The centers of the cylinders were shifted randomly in the

y- and z-dffections by up to £10% of the ideal rod spacing and the radii were adjusted by up to +10%

N

of the ideal ius given by the Jackson-Hunt theory.” For the lamellar initial condition, AgCl
lamellae d in a CsAgCl, matrix with the lamellae aligned along the z-direction. The width
(measu -direction) of each lamellar pair is modified randomly by +10% of the nominal

lamellar set by the Jackson-Hunt theory,” while conserving the volume. Subsequently, the

M

local width of each AgCl layer is sinusoidally perturbed along the z-direction up to #10% of the

nominal _The mixed initial condition is a superimposition of the rod and lamellar initial

4

conditions AgCl features scaled to preserve the volume fraction. The coldest part of the

O

domain that rely solidified is discarded and new liquid is added to the hot side periodically, such

that the computational window follows a volume that contains the solidification front. The simulation

q

continu dy-state, stable structure is attained.

ut

Supporting In ation

A
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Supporting Information is available from the Wiley Online Library or from the author.
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Fumace-cooled - v =0.53 mm/s
{(a) {b-i
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Figure 1. w SEM images of bulk samples showing the microstructures of the (a) furnace-

cooled rodQand (Y lamellae solidified with the draw rate of v = 0.53 mm/s. Arrow indicates the

’E

drawing di . Corresponding insets show (i) the schematic defining A and da,c; in the rod and

§

lamellar structures and (ii) the cross-sectional view SEM images after etching-away CsAgCl,.
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Figure 2. wc1 plotted as a function of draw rate v. Here, error bars represent +2 standard
deviations. egion corresponds to the observed mixed structure regime.
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Figure 3. ( i phase diagram of AgCl-CsCl system around the eutectic composition compared
to the publi rk of Sandonnini and Scarpa.”?”’ (b) XRD pattern of rod and lamellar samples
showing t ituent AgCl and CsAgCl, peaks with no detectable impurity peaks.
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anuscript

Figure 4. Plan view SEM images of eutectic-infilled capillary showing (a) a rod structure for furnace-

cooled cas¢f and (b) a lamellar structure for directionally solidified case at a draw rate of 0.53 mm/s.

Arrow 1ndlodraw1ng direction.
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Figure 5. Th erature profiles of the eutectic during solidification for furnace cooling (a) bulk
case an capillary, and for a draw rate of 0.53 mm/s (c) for bulk case and (d) capillary,

respectivelf Dotted arrow indicates the drawing direction. The temperature in the air is not plotted.
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Figure Sd simulation of directional solidification for (a) v = 0.01 mm/s with rod initial

conditioM% mm/s with rod initial condition, (c) v =0.01 mm/s with mixed initial condition,

and (d) v =153 ;n/s with mixed initial condition. Light gray and dark gray represent AgCl and
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CsAgCl,, respectively. Images shown consist of the computational domain repeated along periodic

boundaries.

1 mm

Rod + Lamellar Lamellar
(b) =—p Draw direction

anuscript

Figure 7 ograph of a eutectic-infilled capillary that was solidified at varying speeds. (b) Plan

M

view SEM images from various positions in the above capillary showing the rod structure, the mixed

rod and la cture and the lamellar structure. Arrow indicates the drawing direction.
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Figure 8. (Ltance spectra of the rod structure in a eutectic-infilled capillary measured normal
to the rod @ ot size: 180 um in diameter) and the corresponding FDTD simulation for a
hexagonal latti AgCl rods (25 layers) with a radius of 325 nm and a periodicity of 1300 nm in
CsAgCﬁ) Reflectance spectra of the lamellar structure in a eutectic-infilled capillary
measurewo the lamellae (spot size: 180 pum in diameter) and the corresponding FDTD

simulation for alt%nating layers (32 layers) of AgCl (150 nm wide) and CsAgCl, (450 nm wide).
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Refractive indices of 2.01 and 1.49 were used for AgCl and CsAgCl, respectively, and both materials

were treated as lossless.

{

The eutecti osition of the molten salts AgCl and CsCl exhibits a microstructural transition

from rod t on varying the draw rates controlled by directional solidification. This

|
transition iggdominated by the initial formation at the surface of either the rod or lamellar structure.
The resultangeutgetic microstructures have optical properties consistent with their being two-

dimensiona e-dimensional photonic crystals.
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