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Axisymmetric shapes and forces resulting from the interaction of a particle
with a solidifying interface
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A steady state model of the interaction of a foreign particle with a solidifying interface in a microgravity
environment is presented in order to examine the phenomenon of particle engulfment. The model considers the
interception of a spherical impurity particle by a deformable solid-liquid interface. Three forces are present
whenever the particle is in near contact with the solid front, namely, the disjoining pressure force, the thermal
force, and the hydrodynamic pressure force. These forces arise diethe disjoining pressure gradients
resulting from the deformation of the interface behind the partidlethe interface distortion caused by the
difference between the coefficients of thermal conductance of the particle and méiti yathe hydrodynamic
pressure resulting from the melt flow driven by the pressure gradients in the gap between the particle and the
interface. The model accounts for the modification of the melt's freezing point by these pressure terms. The
dependence of the interface morphology on the various physical and processing parameters is revealed. These
include the rate of solidification, the thermal gradient, the gap width, and the coefficients of thermal conduc-
tivity of the particle and the melt. The gap profile is calculated and used in the evaluation of the three forces
that characterize the interaction. The analysis shows that the outcome of the interaction, i.e., particle engulf-
ment or rejection, depends primarily on the competition between the hydrodynamic and thermal forces.
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[. INTRODUCTION entists. The first experimental inquiry into the role of the
thermal effects on the capture of particles by growing crys-
The understanding of the interaction between particlesals was conducted by Zubket al. [8]. They examined the
suspended in the melt and a crystallization front is importansolidification, by the Bridgman method, of three materials
to the fabrication of particulate metal matrix composités  (bismuth, tin and zincthat have been mixed with particles of
and to other natural and man-made proceges]. This different materialtungsten, iron, molybdenum, nickel, chro-
interaction has proven to be very difficult to quantify. Alot of mjum, and tantalum The experiments demonstrated that the
progress has been made towards its understanding througiature of the interaction depended primarily on the relative

experiments, computer simulations, and theoretical analysegagnitudes of the coefficients of thermal conductivity of the
However, many relevant questions remain unanswered. The,rticle (,) and the melt k). They found that the particle

reader is referred to the papers by Chernov and Teff6{in g captured ifk,>k; and rejected by the solid front K,

and Li and Neumanfi7] for reviews of the problem. " regardless of the wetting properties of the particles.
The presence of a foreign particle near a solidifying intertpese authors accounted for the strong dependence of the

face induces locally a slight change in the melting point of¢oefficients of thermal conductivity on temperature, but did
the substance, and in turn the modification of the melting,t offer a physical explanation for the behavior of the par-
point induces a change in the shape of the solid-liquid intergcles at the interface. Later theoretical and experimental
face. Three factors are responsible for this charigethe  gygies found that the crystal behind the particle bulges into
difference in the thermal conductivities of the melt and parhe melt ifk,<k; and forms a trough otherwige]; and then
ticle, (ii) the disjoining pressure, aridi) the hydrodynamic  tried to explain the rejection and the engulfment of the par-
pressure. The latter two take place in the melt film separatingc|e in terms of the interface profile, i.e., the formation of a
the particle from the front. The understanding of the depengepression is conducive to engulfment while the formation
dence of the front's deformation on the material and processss 5 bump is conducive to pushing. Hadlli0] has shown

ing properties is essential to the understanding of the intery, 5t the presence of a foreign spherical particle near a solid-

action of the particles with the advancing solid-liquid jiqyig interface gives rise to a thermal force that acts on the
interface. The quantification of the influence of the partlcle’spartide_ This force is given by

presence on the shape of the interface in terms of the physi-

cal and processing parameters has not been fully resolved 27LGad(1—a)

and its determination remains an intensive area of research. FTH:Wv (1)
The interaction of a foreign particle with a growing crystal- m

lization front and the resulting interfacial morphologies areyherel is the latent heat of fusion per unit volun@,is the
influenced by the following three factors. imposed thermal gradient in the medt,is the particle’s ra-
dius, T, is the melting point of the fluid, and=k, /k . The
derivation of the thermal force is discussed in Sec. IV. The
The influence of the thermal factors on the particle-experimental finding$8] can easily be interpreted in terms
interface interaction has been investigated by numerous scof the thermal force; the influence of the thermal conductiv-

A. Thermal effects
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ity contrast, represented by the parametgis such that the

o o roxdx
thermal force pushes the particle against the frontif1 Fdrang 2arP(r)dr= —12va er 3 dr
and rejects the particle away from the frontif 1. Further- 0 0 0 g°(x)
more, the analysigl0] shows that the thermal force is of the ()

same ordderf of _mar?nltuds_ as_the Io'gher :]or(_:es that_ are :;lsuallyhe inclusion of the shrinkage flow will modify EB) by a
s or 1 e Sl b e o g ey e matad ). e vy
9 q ' are the densities of the solid and liquid phase, respectively.
In this paper the estimation of the fordd<], which con-
B. Disjoining pressure effects siders a planar solid-liquid interface, is revisited to include
Chernovet al.[6,11] have used the concept of disjoining the effects of the disjoining pressure and the hydrodynamic
pressure to describe how a particle can be rejected by a mo@ressure on the shape of the solid-liquid interface. Only then
ing interface. If the disjoining pressure is from van der Waalscan a reasonable assessment of the forces be made. An at-
interactions, then it is expressed asd/6mg® and the in-  tempt at this problem has been made by Sasikiehat. [15]

duced force is given by and Casses and Azoufii6]. However, these authors use an
expression for the temperature which does not satisfy the
A (= rdr heat conduction equation in the cylindrical geometry and
FDP=§f EY (2)  does not even have the proper power of the coordireaes
0 gi(r) r as eitherz or r — o, Sasikumar and Ramamohdh7]

correct their result§15] but present an incomplete analysis
f the front shape and forces on the particle. Recently, there
ave been several investigations of the interface profile near
a particle; the experiments of Sen al. [18] depictin situ
and real-time evolution of the solid-liquid interface morphol-
C. Hydrodynamic pressue effects ogy in the vicinity of a particle or void. In particular, the

The pressure gradients that develop in the gap as a resiependence of the shape of the interface shape isnthor-
of the particle’s presence near the interface and the subs€ughly analyzed. Had[i19] carried out an asymptotic analy-
quent deformation of the solid front due to the thermal ef-SIS of the interface prOflle which results from the the dual
fects drive the melt to flow. If the melt is treated as a New-éeffects of the disjoining pressure and interface curvature. The
tonian fluid then the melt flow is described by the lubricationfesulting interface profile is analyzed in RE20] and found

where A is the Hamaker constant agdr) denotes the pro-
file of the gap separating the particle from the deforme
solid-liquid interface.

equation[12] to exhibit a cusp at the origin when the particle is in the
near-contact region. This finding is in agreement with the

9’u 1 9P theory that predicted that the curvature of the profile has a

E: ; o logarithmic singularity. In the near-contact region, the inter-

face behaves like constr?Inr asr—0. In the following

analysis, we also include the hydrodynamic pressure and
show that it has a strong influence on the shape of the inter-
face. This prediction is in agreement with numerous experi-
ments that show significant interfacial deformations caused
by variations in the growth rate. Furthermore, the gap sepa-

whereu(z) is the radial component of the melt’s velocigy,

is the dynamic viscosity of the fluid, arfél(r) is the pres-
sure. Applying the no-slip boundary conditions at the inter-
face,h(r), and at the particle-melt boundai§(r)=h,.+a

—va’—r?(r=a), leads to ration profile is calculated and used to evaluate the forces
acting on the particle. However, neither the stability of the

1P It il th tion of mini film thick t

u(z)= — —[2%— (S+h)z+ Sh. melt film nor the question of minimum film thickness a
2p ar which the disjoining pressure becomes effective are ad-

dressed in this paper. The minimum gap width is considered
On neglecting any changes in the melt's density upon solidian external parameter.

fication, the conservation of mass equation The plan for the remainder of this paper is stated as fol-
lows. The mathematical model as well as the major assump-
2t fsu(z)dzz _ 2y tions are presented in Sec. II. In Sec. Ill we solve the model
h ' and analyze the interface profile. The analysis is divided in
two parts. The first part deals with a detailed analysis of the
then implies disjoining pressure effect and the second part includes the
effects due to the solidification rate. An assessement of the
rogde forces is carried out in Sec. IV. The discussion of the results

0 300 , and conclusions are presented in Sec. V.

P(r)=—6uV

. . . . . Il. MATHEMATICAL MODEL
where, for convenience in the numerical simulations, the

limits of integration are chosen so thA(0)=0. The drag Consider the situation illustrated in Fig. 1 which depicts
force is then given by6,7,13,14, an inert and spherical particle of radiagplaced in the pure
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o z where AT.,,, is the curvature undercooling given by the
Liquid phase Gibbs-Thomson formul§21,22]
s Tm
e AToy=——] K. ®
r
v | Do . Meltfiow In the-near-con_tact region, the molecular interactions in the
: melt film contribute an amountb(g) to the free energy
Solid phase [12,23. Following Chernoy 6], we assume thab(g) arises
S/L interface

from the nonretarded London-van der Waals interactions

FIG. 1. Sketch of a deformed solid-liquid interface near a par-and has the forn‘b(g)zA/lZﬂ-gz. The Hama}ker Cons_tam .
ticle of radiusa. The interface is moving with velocity in the ~ depends on the properties of the phases involved in the in-
positivez direction; h., is the distance between the lowest point on teraction but is assumed not to depend on the film thickness.
the particle’s surface and the planar interfdtar away from the The disjoining pressure in the film i$pp=dd/dg=

particle. — Al6mrg®, which gives rise to the undercooling term
melt at a distanch., from the planar solid front. We consider AT,
an axisymmetric geometry with the radial coordinate axis, r, ATDPZGWng(r) : ©)

taken along the planar solid-liquid interface and thaxis

pointing vertically upward. If we write the heat conduction s ndercooling term due to the hydrodynamic pressure is
equation in a frame that is moving with velocityin the z

direction, and scale lengths by the particle’'s radiighen given by

the resulting equation consists of the Laplace’s equation plus 6uVT, (T X

a convection term that is multiplied by the factav/«x, ATHP:_—mf dx. (10)
wherek is the heat diffusion coefficient. Typicallg, varies L 0 g*(x)

between 1 and 10@m, V varies between 0.01 and ) )

100 ums ! and k~10"° m? s 1. Thus the factoraV/x The symbols that appear in E48)—(10) are defined as fol-
varies between 10 and 103 and so the convection term is 10WS: o is the surface excess free energy afdis the
negligible. Furhermore, we assume tfiathere is no change front’s curvature(positive when the center of curvature lies
face equilibrium temperature accounts for the change in th@escribed by

melt's melting point due to the undercooling effects of the

disjoining pressure, the Gibps-'!’ho_mson effe_ct and the hy- izG as 7. (11)
drodynamic pressure in the liquid film sandwiched between Jz

the particle’s lower surface and the interface. Under these ) ) o .
assumptions, the thermal field is described by the steady On assuming thal) the particle’s diameter is small com-
state form of the heat conduction equations in the melt and iRared to the horizontal extent of the interfa@g), the particle

the particle, is in the near proximity of the solid-liquid interface, afii)
the solid-liquid interface is deformable, we have from Egs.
Farl ) o @

T(r,z)=T,+Gz-Ga®

a—l) z—(h,+a)

at2/{[z—(h.+a)]>+r?32
(12

1d( dT,\ T,
ra—r + 522 =0, (5)

Equation(12) applies only in the case considered here, i.e.,

the melt is a pure substance whdgg isotherm is deformed

by the thermal conductance contrast. Note that if the inter-

face is nondeformable, then the method of images must be

used to solve for the temperature distribution whose value is

T, at z=0. On evaluating Eq(12) at z=0 and on using

Egs.(7)—(10), we obtain the differential equation

whereT andT, are the temperature in the liquid phase and in
the particle, respectively. At the particle-melt boundduw,
—(a+h.)]?+r?=a?, the continuity of the temperature and
of the heat flux implies

T=T,, V(kT—kyT,)-n=0, (6)
. LGa®[a—1 A
where n denotes the normal vector to the particle-melt -K= —|HO—| ———
boundary that is pointing into the liquid aiis the gradient Tmosi | at2 6mg>(r)os

vector. The interface equilibrium temperature is described by

6uV (v X
— f dx|u(a—r), (13
TIZTm+ATCUrv+ATDP+ATHP! (7) Os|1 Jo gs(X)
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whereg(r)=[h..+a—[a?—r?—h(r)] is the gap separa- 50
tion, h(r) is the interface profile, and(a—r) is the unit step
function given by T
®
1 if r<a, 5
— — o
U@=D=10 it r>a, (149 £
and =
B h,+a
H(r)_ [(hm+a)2+r2]3/2- (15) =50 =50 0 50

r (micrometer)

The unit step function is utilized to model the fact that both FIG. 2. Plot of a gas bubble of radius=4 xm immersed in
the d.'Sjommg prgssure and the hydrpdynamlc prgssure a%Lccinonitrile(SCN) and the interface profiles for three values of
only in the melt film between the particle and the interface.y,q growth rateV=0.0 ums ! (dash-dotted ling V=15 ums *
The dependence of the front’s curvature on the interface PrOdotted ling and V=30 ums 1 (dashed ling over a horizontal

file is given by extent of about 20 particle diameters.
. he M) (19  —0@sr—c. Inanumerical experiment, this condition must
[1+(h")2]¥2  r[1+(h")2]¥2 be applied at am location that is far enough from the origin

to describe the far field behavior of the interface. At the same
where the prime notation pertains to derivative with respectime, because the system is solved as an initial value prob-
to the variabler. On substituting Eq(16) into Eqg.(13), we lem, the range of the interval of integration must not be
obtain the following coupled system of nonlinear differential allowed to be very large. The numerical experiments carried

equations for the interface profile: out with several values di(0) andh,, show that the shape
of the interface depends solely on the value of the gap thick-
ﬂ_ (r ness at the origingo=h..—h(0), and not on thespecific
dar %) values ofh,. andh(0). Figure 2 depicts some typical pat-

terns that are observed in the simulations. Note that there is a
significant amount of deformation in the neighborhood of the
3 particle with the interface becoming planar as we move away
g°(r) from the particle. The height reached by the planar portion of
the interface depends ag, and on the numerical values of
0‘_1) r the physical parameters. The boundedeness condhign),

d—v=(1+v2)3’2{ — 1?12y a’oL (— H
dr r ogTm\at+2 —0 asr—0, seems to be always satisfied. This is consistent
with the mathematical model. However, from a numerical
standpoint, the integration range must be taken very large to
' 17 actually have, within discretization errornis(r)=0. In our
numerical experiments, we have arbitrarily used an integra-
tion range of about ten particle diameters. Furthermore, we
circumvent the evaluation of the systdf¥) at the origin by

the following procedure. Owing to the fact that0)=0 and

A 6uV

6mogg3(r)  Osi

w|u(a—r)

where the intermediate variableis given by

roxdx
W(r):f T (18  w(0)=0, we have
0 g°(x)
3
The system of equationd7) and Eq.(18) are comple- d_U(o): a_GL a_l H(0)— A ]
mented by the following conditions: the symmetry condition dr OsiTm\at2 6mog[h.—h(0)]3
v(0)=0, w(0)=0, and the far-field conditioh(r)—0 as (19

r—o, The later condition is due to the fact that far away .
from the particle, the solid-liquid interface is assumed to” forward difference formula fodv/dr allows the evalua-

remain planar at the locatior=0. We are, thus, assuming tion of v at a locationr = §>0 very close to the origin. We

that the growth rates considered in this study are low enough@ve

that the possibility of the onset of morphological instabilities 3

is remote. The system of equatio(i’) and corresponding (8)= 5a GL a—4 H(0)—

initial and boundedness conditions are viewed as an initial o Tmlat2 6mog[h.—h(0)]?
value problem: the system is solved subject to an assumed (20)

value ofh(r) atr=0, w(0)=0, and the symmetry condi-
tion h’(0)=0. The correct value df(0) is that value which We have set6=10 % and used the Matlab numerical
satisfies, theoretically, the condition at infinity, i.da(r) ODEA45 to solve Eq(17) for r> 4.
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IIl. INTERFACE PROFILE 15

In this section, we present an analysis of the influence of — 10 Particl
the particle’s presence on the morphology of the interface. g ariicle
We consider two experimental setups. Experimental results E 5
are available for these systems under normal gravity condi- E’
tions. The first one considers the solidification of succinoni- = o0 /
trile (SCN) containing SiC particles and is characterized by a = S/L interface
high value of the thermal conductivity ratiey~381. The -5
second one consists of gas bubbles in SCN and is character-
ized by a=0. From an experimental point of view, the 10— 0 10
bubbles contain air that was dissolved in the melt during the r (micrometer)
preparation of the sample. The numerical values for the
physical constants ar¢24] u=2.6x103kgms?!, G 1
=10800-30800 Km?%, L=4.6x10" I m 3, T,=328 K, o8l

and 05 =0.03 Jm 2. We consider a Hamaker constat
=10 J. This numerical value ofd is typical for liquid
films for which the disjoining pressure results from the non-

0.6 Particle’s surface

h(r) (micrometer)
o
B

retarded van der Waals interactions. Furthermore, we assume 0.2
that A>0 so that the force resulting from the disjoining 0
pressure is repulsive, i.e., acts opposite to the drag force. The
caseA<0 is found to yield qualitatively similar results. -0.2 S ntotes
04 -2 0 2 4
. r (micrometer)
A. Disjoining pressure effects

We begin our analysis of the possible shapes resulting 0
from the interaction between the particle and the solid-liquid ~0.05
interface by focusing on the influence of the disjoining pres- T
sure. This is accomplished by turning off the effects of the § -01
hydrodynamic pressureVE0). The resulting system of 8 415 _
equationg(17) is solved over a horizontal extent of ten par- £ Particle
ticle diameters. An initial value for the interface profile, £ -02 AN
h(0), aswell as a value for the gap thickness at the origin, —0.25 SiL interface
0o, are prescribed. This is accomplished by prescribing a

value forh.,, the gap thickness is thegy=h..—h(0). In " ) 0 5 4

Figs. 3 and 4, where the interface-particle system is plotted r (micrometer)

for an SCN-SIiC experimental setup, we note that for a rela-

tively large gap widthgy>10 A, the interface profile is de- ~ FIG. 3. Plotofh(r) for the SCN-SIC system wita=4 wm and
termined by the thermal factors, i.e., becauasel, the in- forg_gap thlcknesg(_):lOO A. The top figure d_eplcts_, the partlcle’_s
terface exhibits a concave shape and it almost conforms tposition over a honz_ontal extent of twp particle dlamete_rs,_whlle
the shape of the partic[d0,19. Forgo=10 A, the disjoin- the corresponding mlddle and bottom figures are magnifications of
ing pressure enters into play and induces interesting morphdl€ Near-contact region.

logical changes. These are shown in Fig. 4. The peak shape
that appears at the origin has been quantified by Ha@jiin

his analysis of the interface profile near a foreign spherical Consider now the effect of the growth rate on the front's
particle under the dual action of the undercoolings due to thenorphology. The inclusion of the front's velocity in the
disjoining pressure and curvature. It is found thetr) analysis brings the effect of the hydrodynamic pressure into
~consttr2nr asr—0 in the limit of a vanishingly small action. We are considering a steady situation wherein the gap
gap thickness. This implies a logarithmic singularity in theseparation at the origimy,, is kept fixed and the growth rate
curvature. The peak in the interface profile resembles thearied. For a given growth raté, the interface profile that
dimple effect that is observed when two viscous drops comeesults from the solution of the systefh?7) corresponds to
into close contacf25,26]. Away from the origin, the inter- the profile that is observed experimentally when the solid
face shape is determined by the thermal conductivity ratio front that is approaching the particle at a velocityis a

A different scenario holds for the case of SCN immerseddistanceg, from the particle. Figure 7 depicts the depen-
with air bubbles shown in Figs. 5 and 6. For a large gapdence of the interface morphology near the particle on the
thickness, the interface is convex sinee=0. Also in this  growth velocity for an SCN-SiC system. For a low growth
case, the decrease in the gap width is associated with thrate,V=1 um s, the front’s profile still resembles that for
appearance of a peak at the origin in the solid front’s profileV=0 shown in Fig. 3. On a length scale comparable to the

B. Growth rate effects
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15 ‘ 15
- 10 Particle = 10 Particle
[ [+
2 g
§ s § s
S Qo
£ £
= 0 c 0
=g r=
5 S/L interface 5 S/L interface /
EE—T 0 10 -1 3% 0 10
r (micrometer) r (micrometer)
1 0.6
0.8f 0.4} Particle
2 o6 Particle’s surface % 0.2
E E
(=]
E o € 02
=3 ol = _0'4ﬂ\
S/L interface
-0.2 -0.6f
S/L interface
04, -2 0 2 4 08, -2 0 2 4
r (micrometer) r (micrometer)
0 0
__-0.05 __-0.05
o s
g -0 g -0 Particle
S e
ié/ -0.15 Particle é -0.15
€ o2 _':5 —02 S/L interface <
| SMLinterface
-0.25 Cusp -0.25
-4 2 0 2 4 -4 2 0 2 4
r (micrometer) r (micrometer)
FIG. 4. Plot ofh(r) for the SCN-SiC system wita=4 um and FIG. 5. Plot ofh(r) for a gas bubble of radius gm immersed

for a gap thicknesgo=10 A. The top figure depicts the particle’s in SCN for a gap separatiog,=100 A. The middle and bottom
position over a horizontal extent of two particle diameters, whileplots are magnifications of the top figure.
the corresponding middle and bottom figures are magnifications of
the near-contact region. Note the peak formation at the origin.  is defined bya. As V is increased further, a trough forms
under the particle and the process of engulfment begins and
particle’s radius, the profile is determined by the thermalcontinues until the lower portion of the particle is completely
factors, i.e. the thermal conductivity ratie, while on a  surrounded by the solid. This engulfment process is accom-
length scale comparable to the gap thickness, the disjoininganied by changes in the gap thickng$és), which are plot-
pressure is the determining factor of the profile at the originted in Fig. 9. Note that the gap thickness away from the
However, the magnification of the near-contact region doesrigin decreases with increasing growth rates and does not
not reveal any dimple formation. A¥ is increased to conform to the shape of the particle. Thus, the assumption of
18 um s™*, the depression in the front has deepened slightlya parabolic profile for the gap width or the interface, which is
with more solid surrounding the particle. This trend contin-often used, is incorrect. Furthermore, we observe that the gap
ues with increasiny until the solid-liquid interface has sur- separation changes witi even in the neighborhood of the
rounded the whole lower part of the particle=h.+a  origin. Hence the often used assumption that the interface
— Ja?—r2. Beyond this value fo¥, the mathematical model shape is primarily determined by the disjoining pressure near
ceases to be valid since it accounts only for the physics thahe origin is also incorrect. Due to a lack of pertinent micro-
takes place in the melt sandwiched between the lower half afravity results, we validate the present model against the
the particle and the interface. Figure 8 is a sequence showirgyound experiments carried out by Stefanestal.[24]. In-
the effect of increased growth rate for the case of an aideed, these authors have conducted several experiments us-
bubble immersed in SCN. For very low velocity, the profile ing several types of particles mixed with the transparent or-
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15 20, 20,
. V = 1.0 micrometer per second V = 10.0 micrometers per second
. = =15
= 10 Particle £ E
2 § 10 2 10
E o E g
=4 5 = 5
2 = -3
E 0 0
-~ Or S/L interface
g 5 o 10 —T) 0 10
5 S/L interface r (micrometer) r (micrometer)
20, 204
-10 V = 18.0 micrometers per second V = 21.55 micrometers per second
-10 0 10 % 15| 5"
H |
r (micrometer) £ 1 5 10
g £
E E
0.6 =5 < 5
=3 £
0.4; 0 0
| Particle _
0.2 =T 0 10 AL 0 10
r (micrometer) r (micrometer)

FIG. 7. Changes in the interface profile near the particle as
function of the growth velocityV for an SCN-SIiC system
=381); a=4.0 um andgy=20 A.

h(r) (micrometer)
o

S/L interface /

higher growth rate, the trough widened and engulfed more of
-4 -2 0 2 4 the particle, in agreement with the predictions of the present
r (micrometer) model shown in Fig. 8.

IV. FORCES

The preceding section dealt with the analysis of the steady
axisymmetric interface shapes near a foreign particle. It
—0.15 showed that the presence of a particle near a solidifying front
is associated with several different interface profiles, depend-
-02 ,~S/Linterface ing on the values of the growth rate, the disjoining pressure,
the thermal conductivity ratio, and the gap thickness. The
strong effect ol is particularly worth noting. The change in
” ) 0 P 4 the front curvature as a result of the interaction of the particle

r (micrometer) and the deformable solid-liquid interface gives rise to the

_o.q} Particle

h{r) (micrometer)

FIG. 6. Plot ofh(r) for a gas bubble of radius 4m immersed 20 20
in SCN for a gap separatiog,=10 A. The middle and bottom V = 1.0 micrometer per second V = 40.0 micrometers per second
particles dispersed in SCN, they have observed that a particli o

plots are magnifications of the top figure. Note the peak formation§ '®
at the origin.
of radius 4um was pushed at a solidification rate of SN intertace
9.2 um s 1. They recorded the following sequence of events —~ -1 0 1 -10 0 10
. . . . . r {(micrometer) r {micrometer)
(Fig. 5 in Ref.[24]): as the interface intercepts the particle, a
very shallow trough forms on the part of the solid front un-
derlying the particle. As the solidification rate is increased, ¢ 15
the trough got deeper and more solid surrounds the particleg w0l
as if whenever any part of the interface touches the particle it~§
ceases to move. This sequence of events resembles the pz§
terns shown in Fig. 7. o
Their experiments involving the solidification of succino-
nitrile in the presence of air bubblésee Fig. 11 of Ref.24])
yielded the following sequence of events. At low growth
rates, a bump formed on the interface as the air bubble is FIG. 8. Changes in the interface profile near the particle as
approached, then a depression formed on the elevated partfohction of the growth velocityV for SCN immersed with air
the interface a¥ is increased. As the interface is driven at abubbles ¢=0.0); a=4.0 um andg,=20 A.
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FIG. 10. Sketch of the forces acting on the particle. These are
FIG. 9. Plot of the gap thicknesx(r) for a gas bubble with  the disjoining pressure forcEpp, the drag forceF y,,4, and the
growth ratesV=1.0ums ' (continuous ling V=50.0ums™'  thermal forceF1,. The latter pushes the particle against the front if
(dashed ling V=70.0ums * (dotted ling, andV=78.7ums '  4>1 and pushes the particle away from the fron&if 1.
(dash-dotted ling

G(1—a)
pressure changB= oK provided that changes in the pres- P(r,S.(r))= imvaz—fz-
sure distribution in the solid are ignored. On using E), m

we have

The thermal force acting on the patrticle is thus obtained by
integrating the pressure over the surfaG&sandS, . We

LGa®{a—1 A :
S = % H(r)+(6—3() obtain
r
" ™9 . 47LGa(1-a 3
Cox W=7 |55 4
—6,uVJ 5 dx)u(a—r). (21) 5Tn 12+e
0 g%(x)

It differs from Eq.(1) by a factor of (2/3). The remaining
This pressure change will, in turn, induce a force on thdwo integral terms represent the disjoining pressure force,

particle given by Eqg. (2), and the viscous drag force, E(B), respectively.
These forces are sketched in Fig. 10. The evaluation of the
LGad/1—a\ (= Afa r drag and disjoining pressure forces depends on the calculated
== e f 27rH(r)dr+ 3 3 gap thickness profilg(r). Estimates for the magnitude of
m @ 0 0 g%(r) these forces are often made by assuming a planar interface
2 X [10]. The gap thickness will then assume a parabolic profile
—127T,U«VJ’ rJ dx. (22) and closed form formulas for the disjoining force and the
o Jogi(x) hydrodynamic force can be obtained. They are
The evaluation of the first term yields the expression for aAd 6muVa’
the thermal force, Eq). This thermal force is evaluated by Fop=—— and Fgag=——, (24)
considering the pressure distribution in the gap to be the 690 9o

same as that at the interfacs 0. A more accurate evalua-
tion requires using the pressure distribution at the particle2nd ;v8ere propotgedl by Verwey and Overbg2K and Bren-
melt boundary,z=S_(r)US,(r), where S_(r)=h.+a ner[28], respectively.

— JaZ—r? andS, (r)=h..+a+a?—rZ. The distortion of Consider a particle that is approached by the solid front at
+ T e '

the solid-liquid interface due to the thermal conductance’ velocity V. When the particle is less than a particle diam-

: . . eter from the front, it is subjected to the thermal force, Eq.
contrast gives rise to a pressure change at the interface,

-~ .2 ) T (23). This force either pushes the particle against the front if
=0. This, in turn, induces a pressure distribution in the melt,a>1 or pushes it away from the front #<1. The drag

z>0, and possibly a corresponding weak flow. Thus, theforce, Eq.(3), acts in such a way as to oppose the motion of

creeping flow equations are assumed applicable. The P%he particle. The competition between these two forces will

sure distribution,P(r,z), th_at Sat;Sf'es Laplace’s equation determine whether or not the particle gets near enough to the
and ta_kes the v_aluf’(r,O)— LGa (1= a)H(r)/Tm(a+2) front. In the affirmative, as the gap separation decreases, the
at the interface, is given by disjoining pressure force becomes important, E), and
LGa¥(1—a)[(h., +a)—2] hence, the final outcome of this interaction will be deter-
P(r,z)= * ' mined from the competition of three forces. Otherwise, the
Tm(a+2){[z— (h,+a)]?+r?}3? particle remains ahead of the interface and the disjoining
pressure never enters into play. An assessement of the mag-
Thus nitudes of the three forces is carried out and the results
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TABLE I. Magnitudes of the disjoining pressure foregp , the TABLE IIl. Magnitudes of the disjoining pressure forég,p,
drag forceF 4,4, the thermal forceé=r,, and the total forceF in the drag forceF .44, the thermal forcé=ry, and the total force”
nanonewtons (10° N) on a SiC particle of radiua=4.0 um im- in nanonewtons for an air bubble of radias 4.0 um immersed in

mersed in succinonitrilego=125 A andG=10800 Km 1. The  succinonitrile;g,=20 A andG=10800 K m .
negative sign indicates an attractive force between the particle and

the front. V(ems?h  Fpp(nN)  Fyag (NN)  Fry (NN)  F (nN)
V(ums?h  Fpp (NN) Farag ("N)  Fryy (NN) 7 (nN) 0.1 12.0 -2.8 202.0 211.0
1.0 12.0 —28.0 202.0 186.0
0.1 6.3 -15 —400.0 —395.0 5.0 12.0 —147.0 202.0 67.0
1.0 6.4 —-15.0 —400.0 —408.0 10.0 13.0 —306.0 202.0 —-91.0
5.0 6.7 —78.0 —-400.0 —471.0 15.0 14.0 —485.0 202.0 —269.0
15.0 7.9 —280.0 —-400.0 —672.0 20.0 15.0 —704.0 202.0 —487.0
18.0 8.7 —360.0 —-400.0 -751.0
21.0 10.0 —500.0 —400.0 —890.0

instabilities is remote and the particle’s presence constitutes
shown in Tables I—IIl. The case of an SiC particle of radiusthe sole cause of interfacial distortions. The second reason
a=4.0 um in SCN is presented in Table | faj,=125 A has to do with the fact that, given thde/x<1, the thermal

and G=10800 K ni'L. It is clear that the thermal force field can be appoximated using the immobile interface con-

dominates the interaction over a wide range of growth ratedition. This is a standard approximation in such studies. The
in this particular case. The increaseRp with V is due to model includes the coupled effects due to the disjoining pres-
the decrease of the gap Separa’[ion proﬁl@’,), with V as sure, the hydrodynamic pressure, the deformability of the
shown in Fig. 9. The decreasegiffr) with VV also contributes  interface, and the modification of the thermal gradient due to
to the increase of 4,,4. The decrease af, to 20 A leadsto the difference in thermal conductivities between the particle
an increase in the values fBrp but the resulting increase is and the liquid.

not enough to balance thoseff;,q or Fry (Table 1I). Table We have considered for study two systems for which ex-
Il gives the results for the case of an air bubble in SCN. Inperimental results are available for comparaison, namely, the
this case, the thermal force is repulsive and dominates theolidification of SCN in the presence of either SiC particles
interaction for low growth rates. Whenexceeds some value O dissolved air bubbles. Our results show that for very low
between 5ums ! and 10um s !, the magnitude OF drag growth ratesV<1.0 um s, the shape of the crystal-melt
exceeds that of 1,4, and the particle is pushed against theinterface depend; primarily on the vqlue of the _therma_l con-
front. Note that Eqs.(24) yield Fpp=17 nN and Faq ductance ratiay, i.e., the front shape is convexdf<1 (air
=0.4 nN for the case given by Table Ill. Thus, Eqg84) bubble and concave ifa>1 (SiC particlg. The casew
underestimate the hydrodynamic force but approximate the=1, planar interface, does not occur in practice. The disjoin-
disjoining force well. This is an indication that the disjoining ing pressure plays a role in the distortion of the interface
force is effective only in the thin region near the origin; the whenever the gap separation is very thin and

interfacial deformations play a minor role. <1 ums ' Its effect appears in the form of a peér a
dimple) in the front's profile at the origin. This peak was
V. DISCUSSION AND CONCLUSIONS investigated by Hadji19,20 for the casex=1. It was found

that the front’s curvature exhibits a logarithmic singularity at

We have formulated a steady state model to analyze thghe origin. The cause of the singularity can be traced back to
interaction of a colloidal particle with a solidifying interface Eq. (13). With V=0 anda =1, Eq.(13) exhibits a balance
in a microgravity environment. The particle is assumed to beyetween the effects of the undercoolings due to the disjoin-
spherical, smooth, and insoluble. The formulation of theing pressure and curvature. Note that while the disjoining
model assumes a very slowly moving interface for two reapressure acts to increase the front's curvature, the Gibbs-
sons. The first one has to do with the fact that at low solidi-Thomson effect acts to decreas@20]. For the case at hand,
fication rates, the possibility of the onset of morphologicaly differs from unity and the interface profile consists of the
superposition of two shape@) a profile due to the thermal
conductivity difference and of exte@(a) and (ii) the tiny
dimple, of the order of the gap thickness, due to the disjoin-
ing pressure effect provided the gap separation is small
enough. The inclusion of a small amount of undercooling
due to the hydrodynamic pressure is found to inhibit the
dimple formation.

TABLE Il. Magnitudes of the disjoining pressure forég,p,
the drag force .44, the thermal forcé=ry, and the total force”
in nanonewtons on an SiC particle of radas 4.0 um immersed
in succinonitrile:go=20 A andG=10800 K m1.

V(ems™t)  Fpp(nN) Fgrag (NN)  Fry (NN) - F(nN)

0.1 15.0 -3.4 —-400.0 —388.0 The increase in the growth rate is associated with dra-
1.0 15.0 —36.0 —-400.0 —421.0 matic changes in the morphology of the interface. In both
5.0 17.0 —200.0 —400.0 -583.0 setups, shown in Figs. 7 and 8, we observe the process of
7.0 18.0 —300.0 —400.0 —682.0 engulfment taking place a8 is increased. The sequences of

profiles obtained as function of the growth rate bear a very
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striking resemblance to those obtained experimentally for thgor the growth rate exists below which the total for&eis

same systems but under terrestrial conditi@. Thus, the  repulsive and above which it is attractive. This value of the
simple model put forth in this paper seems to capture theyowth rate is termed critical velocity. Unhimaret al. [13]

main features of the particle-interface interaction. The samgere the first authors to introduce this term to describe the
sequence of profiles leading to engulfment is also observegegictions of their experiments. The latter consisted of ana-
for the case of larger particles. However, we have dlscovereg,zing the behavior of different types of particles, such as
that the growth rate required to obtain a given profile de'graphite, magnesium oxide, and silt of sizes varying from

Crrisvséﬁsr;:ggafopeé’n Stm?rlleegt sglnzea przretlrﬂgrit r@ﬂﬁ'rﬁumg?ﬁ one to several micrometers and several types of matrix ma-
9 9 9 Sterials, typically ice water or organic materials. They ob-

experiments. . . .
A systematic evaluation of the three fundamental forces S ved that for any parnp!e-matnx sys'Fem, there eX|§ts aspe-
cific value for the solidification velocity, below which the

involved in the particle-interface interaction in a micrograv- . ! . .
ity environment has been carried out. These forces are tHRarticles are rejected in the melt and above which they are
thermal forceFry, the disjoining pressure forcpp, and  Incorporated in the solid. , . ,

the hydrodynamic force 4,44. The results of such an evalu- There has been a rgcent attempt at mvgstlgatllng _thg |n.ter-
ation, shown in Tables I-ll, seem to indicate tRap is not action between a particle and an advancing solid-liquid in-
large enough to affect the interaction in any realistic situaterface on the space shuttle Columb2g]. Unfortunaltely,
tion. This is a surprising result given that the disjoining pres-the experimental findings were of limited use, given that they
sure force has always been thought of as being one of th@id not yield a two-dimensional view of the solid-liquid in-
most important factor influencing the interaction. The tabu-terface. Hardware constraints led to a slanted interface which

lated results do show that the interaction is primarily deter+estricted the observation of the particles located at the lower

mined by the competition betwedfry andFg.,4. For the
SCN-SIiC case depicted in Tables | and Il, bdthy and

edge near the interfad®0]. The quantitative experimental
validation of our predictions must await the performance of

Farag act to push the particle against the front while for thecarefully controlled experiments in a microgravity environ-
air bubble in SCN, it is deduced from Table IIl that a value ment.
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