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Outline
• Microgravity experiment: DEvice for the study of Critical LIquids and 

Crystallization - Directional Solidification Insert (DECLIC-DSI)
• Phase-field modeling
• DSI-R Campaign 

Ø Transient recoil and morphological instability
Ø Dendrite tip radius measurements (using interferometry)
Ø Curvature effects  

• Summary and outlook
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• Microstructure formation under well-controlled growth conditions during directional solidification: 
alloy (solute) concentration C0, a constant pulling rate Vp, and a thermal gradient G.

Directional solidification

Giamei (2013)

David et al. (1992)
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observation
from

the
top

is
carried

out
by

using
the

light
transm

itted
through

the
entire

sam
ple

length.
It

provides
bright-field

im
ages.

A
cellular

m
icrostructure

appears
as

a
tw

o-dim
ensional

array
of

bright
cap

regions
separated

by
dark

lines
delineating

cell
grooves.

M
ach-Z

ehnder
inter-

ferom
etry

can
also

be
perform

ed
in

the
vertical

direction
[8].

A
s

the
field

of
view

is
reduced

due
to

technical
con-

straints,
interferom

etry
is

focused
on

the
m

ost
significant

region.
D

irectional
solidification

induces
deform

ation
of

the
solid-liquid

interface,
accom

panied
by

the
appearing

of
interference

fringes
that

give
level

curves
of

the
non-

planarphase
boundary.

T
hese

fringes
are

num
erically

pro-
cessed

to
get

interface
shape

and
m

otion.
In

particular,
an

interface
sm

ooth
atm

icroscopic
scale

(no
m

orphologi-
cal

instability)
but

m
acroscopically

curved
by

convective
cells,

that
is

not
visible

in
direct

observation,
can

be
ob-

served
by

m
eans

of
interferom

etry.
T

he
situation

w
ith

fluid
flow

driven
by

the
radialtherm

al
gradient

(thick
solid

seed)
is

considered
first.

For
heater

and
cooler

tem
peratures

sym
m

etricalw
ith

respectto
alloy

m
elting

point,before
pulling

the
solid-liquid

interface
is

in
the

m
iddle

of
the

interm
ediate

adiabatic
zone

and
planar.

A
s

the
m

acroscopic
shape

ofthe
interface

reflects
isotherm

shape,this
is

in
agreem

entw
ith

C
hang

and
W

ilcox
analy-

sis
[9].

A
ftersam

ple
translation

is
applied,circularfringes

appear
as

the
interface

becom
es

m
acroscopically

concave
due

to
recoil

of
isotherm

s
induced

by
translation

and
the

generation
of

latent
heat

of
solidification.

Interface
cur-

vature
am

plifies
w

ith
tim

e
and

often
the

phase
boundary

eventually
exhibits

an
elongated

and
abrupt

cavity
in

the
m

iddle
(Fig.1).

T
his

is
due

to
inw

ard
radial

sw
eeping

by
the

horizontal
com

ponentof
fluid

flow
of

the
enriched

solute
boundary

layer
attached

to
the

solidification
front.

R
adialm

acrosegregation
of

acetone
atthe

solid-liquid
in-

terface
creates

a
ram

p
of

control
param

eter
for

m
orpho-

logicalinstability.
A

ccordingly,the
interface

corrugations
thatrevealthe

birth
of

instability
firstappear

w
here

solute
concentration

is
highest,nam

ely
in

a
sm

allregion
around

the
center

w
here

fluid
flow

is
converging

(Fig.2a).
T

he
pattern

then
corresponds

to
the

focuslike
local

structure
com

puted
by

D
avis

et
al.(see

Fig.3b
in

[2]).
A

ctually,V
i and

C
i keep

increasing
in

the
initialsolidifi-

cation
transient[3].

C
onsequently,m

orphologicalinstabil-

FIG
.1.

(a)
Interferogram

w
ith

spatialinterfringe
of

36
m

m
of

height.
(b)

3D
reconstruction

of
the

central
m

acroscopic
cavity

induced
by

fluid
flow

driven
by

radial
therm

al
gradient

after
97

m
in

of
grow

th.
V

P
!

1.3
m

m
!s.

ity
spreads

radially
against

fluid
flow

(Fig.2),
i.e.,

in
the

direction
opposite

to
the

radial
gradient

of
acetone.

T
he

unstable
region

thus
takes

the
shape

of
a

disk
(Fig.2b).

C
oncom

itantly,
the

driving
force

of
m

orphological
insta-

bility
also

raises
in

the
already

unstable
region

of
the

in-
terface

w
hich,in

conjunction
w

ith
earlierbirth,results

in
a

gradientof
m

icrostructure
from

corrugations
to

cells
(and

even
to

dendrites
depending

on
V

P )
w

hen
going

from
the

propagation
frontback

to
the

center.
For

the
presentrange

of
pulling

velocities,
m

orphological
instability

ultim
ately

covers
entirely

the
solid-liquid

interface,
the

faster
and

higher
the

translation
velocity.

W
hen

directionalsolidification
is

started
on

a
thin

solid
seed

and
therm

osolutalconvection
has

im
posed

itself,the
sm

ooth
solid-liquid

interface
gets

m
odulated

atthe
scale

of
convective

cells.
D

epressed
channels

are
observed

(Fig.3)
that,

as
it

results
from

the
alloy

phase
diagram

that
ace-

tone
is

concentrating
there,

do
correspond

to
convergent

flow
-stagnation

bands
follow

ing
cell

borders.
L

ater
on,

butstillin
the

initialtransient,an
annular

rim
of

m
orpho-

logical
instability

show
s

up
in

contact
w

ith
the

crucible.
A

s
the

m
acroscopic

interface
shape

is
w

eakly
convex

dur-
ing

this
phase

of
experim

ents,
this

can
be

attributed
to

w
eak

therm
al-driven

convection
accum

ulating
solute

at

FIG
.2.

(a)
Focuslike

localization
of

corrugations
at

the
very

onset
of

m
orphological

instability
at

the
sm

ooth
solid-liquid

interface
in

the
case

of
thick

solid
seed

(V
P

!
2.5

m
m

!s).
(b)

D
isk

of
cellular

m
icrostructure

spreading
outw

ards
920

s
later,that

corresponds
to

the
interior

of
the

circled
in

Fig.
2a.

166105-2
166105-2

Gravity-induced convection

Microstructure heterogeneities

UMR 7334, CNRS, Universités d’Aix-Marseille (AMU) et de Toulon (UTLN) 

3 DECLIC-DSI Device 
To study the microstructure formation 
during directional solidification Location of DSI 

Kibo module 

DSI 
(Directional  
 Solidification 
 Insert) 

DECLIC 

ISS 

Transparent systems o  
In situ and real time observation 
of interfacial microstructure 

Large cylindrical crucible o 
extended patterns 

Onboard the ISS from 2009 to 2011 o 
microgravity experiments 
dedicated to cellular regime 

Experiments on ground o 
understand the effect of 
convection 

Onboard the ISS from 2017 to 2018 o 
microgravity experiments 
dedicated to dendritic regime 

Microgravity experiment
Two campaigns:

1) Microgravity experiments 
from 2009-2011 dedicated 
to cellular regime (DSI). 

2) Microgravity experiments 
from 2017-2018 dedicated 
to dendritic regime (DSI-R).

Microgravity experiments

Jamgotchian et al., PRL (2001)
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Y. Song, F.L. Mota, D. Tourret, K. Ji, B. Billia, R. Trivedi, 
N. Bergeon, A. Karma, Nat. Commun., in press

Effects of grain boundary – A
combined experimental and PF study

Ex
pe

rim
en

t
Si

m
ul

at
io

n

• Individual cells from one grain can 
invade a nearby grain of different 
misorientation, causing grains to 
interpenetrate and grain boundaries 
to adopt highly convoluted shapes.

• Agreement in the drifting 
dynamics of solitary cell between 
phase-field simulations and 
experiment (DSI).
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(a) SCN-0.46wt% camphor alloy, VP = 1.5 µm/s, G = 12 K/cm. (b-e) Preliminary results for SCN-0.5wt%
camphor alloy (VP = 10 µm/s, G = 23 K/cm): (b) phase-field simulations of dendritic array; (c-d) G = 12 K/cm and C0 = 0.46wt% at V = 1.5–3 μm/s

2030 μm

DSI-R Campaign: Increased alloy concentration
• Increase of concentration: dendrites at lower pulling rates
• Study of the formation of dendritic patterns

1.	Multi-GPU Scheme with CUDA Stream

• CUDA streams enable us to perform multi-GPU program in a single	
node,	e.g.,	if	a	node	consists	of	4	GPUs	then	we	can	use	up	to	4	
GPUs	 in	parallel.

• Peer-to-Peer (P2P)	API	enables	direct	inter-device	 communication	
between	 GPUs	under the	same	PCIe bus.

• Unified	Virtual	 Addressing	 (UVA)	maps	system	and	global	memory
of device into	a	single	virtual	address	 space.

• By	using	the	combination	of	the	
above	 three	techniques,	 we	can	run	
multi-GPU	application	in	
@karmagpuclusterheadnode.neu.edu,	
@piuvivace.ascc.neu.edu and	
@vivace.ascc.neu.edu clusters	 (up	to	
4	GPUs).

Intra-node	communication
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Song et al. Acta Mater (2017)
• The interface recoil in the phase-field simulation with 

latent heat diffusion agrees well to experiment.

Solid-liquid interface recoil

DSI-R: V = 3 µm/s G = 12 K/cm
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V = 3 µm/s G = 12 K/cm

305 x 305 μm2

Initial λ ~ 64 μm in 
phase-field simulation

Morphological instability



9

Growth condition: G = 12.5 K/cm and C0 = 0.46wt% at V = 1.5 μm/s, Noise F=0.01

Growth condition: G = 12.5 K/cm and C0 = 0.46wt% at V = 1.5 μm/s

• The tip radius obtained in the PF simulation with (about 39 
μm) agrees well to the experiment measurement of 39 μm.

Tip radius measurement

Measurement of 
tip radius in PF: 
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• Simulations with the oscillation of 
temperature around the tip. Promote 
sidebranching.

Comparison between PF simulation and experiment

• The upper limit of primary spacing in the PF 
simulation is lower than experiments (a 
separate problem).

Ground-based experiment: G = 12 K/cm and C0 = 0.46wt% at V = 6 μm/s

• The PF simulation can quantitatively model a 
dendrite tip, as validated by thin-sample 
experiment on the ground.
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Macroscopic
curvature
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60 mm of growth, G = 12,5 K/cm ; 7.4*7.4 mm²
J. Deschamps et al. Phys. Rev. E 78, 011605 (2008).
S. Akamatsu & T. Ihle, Phys. Rev. E 51, 4751(1995)

Drifting dynamics – misorientation and
curvature

• Flat interface: 
Homogeneous drift of 
the dendritic pattern due 
to crystallographic 
misorientation.

• Curvature modifies 
radially the 
misorientation angle => 
gradient of drift velocity

• Macroscopic curvature 
is frequently observed, 
convex or concave, 
depending on velocity,
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Effect of curvature on drifting velocity
• Velocity gradient: Curvature modifies radially the 

misorientation angle and causes a gradient of the cell 
drifting velocity.

F.L. Mota, K. Ji et al. Acta Mat. (2023): 118849.
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Spacing evolution due to curvature
• Dendrites drift towards the sample boundaries due to a convex curvature and towards 

the sample center due to a concave curvature. The spacing distribution evolves.

SCN-0.46 wt% camphor alloy, G = 12 K/cm, V = 1.5 (a)-(b) and 6 (c)-(d) μm/s
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G = 12 K/cm and C0 = 0.46wt% at V = 6 μm/s

® Stray-grains invasion 
Þ induces disappearance 
of the well-oriented grain

® Unusual pattern ordering  
Alignment of dendrites // 
secondary branches 

F.L. Mota, K. Ji et al. Acta Mat. (2023): 118849.
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Simulation domain

G = 12 K/cm and C0 = 0.46wt% at V = 6 μm/s; Misorientation 8.1 deg for the blue grain and 2.7 deg for the red grain

Combined effects of macroscopic curvature and grain boundary

• The migration of a convergent grain 
boundary under the influence of a 
macroscopically concave interface.

• The grain boundary migrates faster 
under a concave interface compared 
with a flat interface.
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Summary
• Observation of dendritic patterns in DSI-R experiments and quantitative 

comparison with 3D phase-field simulations:
Ø From the top view, the morphological instability and interface recoil.
Ø From interferometry, the measurement of tip radius.
Ø From the side view, macroscopic interface curvatures.

• Even a weak macroscopic curvature can create a gradient of lateral 
drifting velocity and affect the global behavior of growth interfaces.

• Microstructure evolution is affected by the combined effects of crystal 
misorientation, macroscopic curvatures, and grain boundary.
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Outlook
• Quantitative comparison between PF simulation and DSI-R experiment.
• Investigate why the upper limit of primary spacing predicted by the 

phase-field simulation is lower than the experimental observation.
• Investigate the dendrite orientation transition.
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