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Abstract—A theory is developed of concurrent growth and coarsening of a dispersion of spheres that
accounts for the exchange of heat by diffusion among the spheres due to their curvature differences and
between the spheres and the environment due to an externally imposed heat extraction rate. The results show
that in concurrent growth and coarsening the average particle radius asymptotically increases with the cube
root of time, which is the same behavior as in separate growth and coarsening. The growth rate constant
increases linearly with the heat extraction rate, from the LSW value in pure coarsening to a value that is
1.89 times larger in concurrent growth and coarsening with a heat extraction rate that just prevents particles
from disappearing due to coarsening interactions. For larger heat extraction rates, coarsening has no effect
on the particle growth rate, because the distribution becomes mono-§iz€801 Acta Materialia Inc.
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1. INTRODUCTION current growth and coarsening results in a complex

Concurrent growth and coarsening (Ostwald ripeningﬁvm.mIon of the particle sizes and spacings in soI|d|.-
. . X : cation processes that cannot be explained by avail-

of a dispersion of particles occurs in many phase :
able theories [1, 2].

transformation and precipitation processes. OneIn the past. arowth and coarsening of a dispersion
important example is solidification. During most sol- past, 9 9 P

idification processes a mushy zone develops coﬂf particles have only been analyzed as separate pro-

sisting of a mixture of dendrites or other microscopif:esses [3-7]. Growth is generally caused by heat

cally complex solid structures in the melt. As a ﬁrs{emoval from or Species addition to a system or by
approximation, the solid can be viewed as a dispefl-n |mp.osed supgrcoollng or supersaturapon. It results
sion of particles of different sizes. Due to continua’ @n INcrease in '_[he sizes of aII_par_tches and an
heat extraction, the particles grow as the mixture sojficrease in t.he particle volumg fractlon in the system,
idifies. At the same time, the mixture undergoes Qut the particle number density remains constant (in

coarsening process driven by the curvature of the pép_e absence of nucleathn or coalescence). Coarsen-
ticles. In coarsening, larger particles with a lownd. on the other hand, is due to the dependence of
interfacial curvature grow at the expense of smalldf'€ Solubility or melting point of a substance on the
particles with a high curvature. Thus, the average pahterface curvature (Gibbs-Thomson effect) and is
ticle size in the mixture increases during coarseningontrolled by the exchange of heat or species among
as in growth due to heat extraction. However, smalldpe particles. The average particle size increases and
particles that would remelt and disappear due the system asymptotically approaches the equilibrium
coarsening alone may actually survive and grow jmelting temperature or solubility. Since in pure coars-
the heat extraction is dominant. Larger particles ma§ning the larger particles grow at the expense of the
increase in size at a higher rate than would bemaller particles, the particle number density
expected from the heat extraction rate alone, becaug@creases with time while the particle volume fraction

coarsening adds to their growth rate. Overall, the cofi? the system remains constant. Because of the differ-
ent or even opposing influences of growth and coars-

ening on the evolution of the particle sizes, volume
rom all g hould be add " fraction and number density, the two effects are not
+1‘[313_\év3§_r26a6900rrespon ence should be addresse 'F@fmply additive. A new theory is needed that con-

E-mail address: becker@engineering.uiowa.edu (C.Siders growth and coarsening simultaneously.
Beckermann) All classical theories of pure growth and of pure
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coarsening are based on the idedlization that the dis-
persion of particles can be analyzed as a single par-
ticle in an infinite medium, which corresponds to the
limit of vanishing particle volume fraction. The stat-
istics of growth or coarsening are then determined by
solving a continuity equation for the size distribution
function. In standard theories of particle growth a
constant driving force, such as an imposed supersatu-
ration or supercooling, leads to a parabolic growth
law for the particle radius with time [3-5]. All classi-
cal coarsening theories replace the constant driving
force by one that depends on the curvature dependent
solubility or melting point of a single particle with
respect to a statistically averaged background solu-
bility or supercooling (LSW theory, [6, 7]). Coarsen-
ing then becomes self-similar and the average particle
radius is predicted to increase with the cube root of
time. This well-known coarsening law has been con-
firmed experimentally numerous times [8, 9]. Other
growth and coarsening laws have been derived for
particles located at grain boundaries or along dislo-
cation lines, for particles in a convecting liquid, and
for particles undergoing interface reactions of first or
second order [9]. In all cases, growth or coarsening
laws of the form Rt or (R)"ect are obtained for the
evolution of the particle radius R or the average radius
(R) with time t.

The present study attempts to develop a theory for
concurrent growth and coarsening. For simplicity, the
discussion islimited to a dispersion of stationary solid
spheres of a pure substance in a motionless melt, such
that growth and coarsening are controlled by heat dif-
fusion only. The paper is structured as follows. In
Section 2, expressions for the particle growth rates
for growth at a constant supercooling, growth at a
constant heat extraction rate and pure coarsening are
derived. This is followed by areview of the statistics
of growth of a dispersion of particlesin Section 3. In
Section 4, the case of concurrent coarsening and
growth of a particle dispersion is analyzed by deriv-
ing the general growth equation and then solving the
continuity equation for the evolution of the size distri-
bution function. Three limiting cases are considered
that allow for an analytical solution. In Section 5, the
analytical results are verified and generalized by solv-
ing the governing set of equations numericaly. The
conclusions of the present study are drawn in Sec-
tion 6.

2. GROWTH RATES FOR A SINGLE PARTICLE
2.1. Growth at constant supercooling

The growth of a single sphere of radius R in a
supercooled melt is schematically illustrated in Fig. 1.
Far away from the interface the melt is at a constant
temperature T.. which is below the equilibrium melt-
ing temperature T,,..

Growth is assumed to proceed slowly enough that
a stationary interface approximation holds [3]. The
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Fig. 1. Growth of a sphere of radius R into an infinite superco-
oled melt.

temperature distribution in the melt, T(r), is then
given by the solution of the steady, one-dimensional
heat conduction equation in spherical coordinates:

0°T
P
vaT 6r2+

20T _

roor 0 (1)

subject to the boundary conditions:

T(r—=) = T. @)
Tr=R =Tn ©)

The genera solution of equation (1) is given by:

Tm=m+% (4)

Evaluating the constants A1 and B1 using the bound-
ary conditions, the complete solution is:

T(r)=T. + Tmew)?R (5)

The growth rate of the sphere is obtained from a heat
balance at the solid-iquid interface:

av 0T
pLE = - ERA (6)

where p is the density measured in kg/m?, L is the
latent heat measured in Jkg, k_is the liquid thermal
conductivity measured in W/(Km), and A = 47R? and
V = 47R%3 are the surface area and volume of the
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sphere, respectively. Taking the derivative of T(r) in
equation (5), the growth rate is given by:

Rk T T.
- ™

dt pL

For a constant supercooling AT =T,,—T.. and con-
stant thermophysical properties, growth then proceeds
in a parabolic manner as:

_ 2K,
RE = R +° AT = R + Kot ©)

where K is the growth rate constant for the case of
constant supercooling. Using thermophysical proper-
ties of succinonitrile (SCN) and a supercooling of
AT =05 K, the growth rate constant is equa to
K=2-10"1° m?/s. This means that within 1 s a SCN
particle would grow from a negligible initial size to
10 um in radius. In one day the particle would grow
to a radius of approximately 4 mm.

2.2. Growth at a constant heat extraction rate

Another important growth mode is the case where
not the supercooling, but the heat extraction rate
Qsingle Measured in W at the boundary of a spherical
volume V,, of radius R, is kept constant. This situ-
ation is illustrated in Fig. 2.

Using again the stationary interface approximation,
the general solution for the temperature field is given
by equation (4). However, the boundary conditions
become:

Tr=R =T, 9)
oT
_kLE 477:R<2:v = Qs'ngle (10)
Rev
=) h
= \ Tln

distance from the center r

Fig. 2. Growth of a sphere of radius R in a melt cooled with
a constant heat extraction rate.
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where T; is an interface temperature that could be but
is not necessarily egual to the equilibrium melting
temperature, T, and Qqnge IS the heat extraction rate
corresponding to a single particle. For an arbitrary
number N of spherical particles, the total heat
extracted at the surface of the control volume, Q.
s IS,

4
Qtotal = N'Qs’ngle where N = n'\/cv = ngRgv
(11)

and n is the number of particles per unit volume. Eva-
luating the constants in the general solution using the
above boundary conditions, the temperature profile is
given by:

(12)

_ 7Qsin lej 171
T0) =T (R r>

Using the interfacial heat balance, equation (6), the
growth rate is:

dR _ Qs’ngle 1

dt pL 4nR? (13

It is interesting to note that the growth rate does not
depend on the interface temperature. Integrating the
above equation yields that the particle radius grows
with the cube root of time:

SQS' ngle

R=R+ Arpl

t=R+ Kyt (14)

where Ko, is the growth rate constant for the case of
aconstant heat extraction rate. Using again the therm-
ophysical properties of SCN, the growth rate con-
stant becomes:

K%CN = Qs'ngle'6'1079 m3/(SW) (15)

As is shown below, a reasonable heat extraction rate
for a single particle is Qgpge = 0.1 PW. With that
vaue the growth constant is egua to
K3N=6:10"1® m¥s. Then, in 1 s a SCN particle
would grow to a radius of 8.4 pm from a negligible
initial size. In one day the particle would grow to a
radius of 373 um.

Defining the total heat extraction rate per unit vol-
Ume as Qiotal = Qtotal/vcv = Qs’ngle'nl equmion (13) can
be rewritten as:

dR _ qtotal 1

dt  npL 47R2

(16)
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Then, it is easy to see that the solid volume fraction
fs increases linearly with time:

f(t) = f,(0) + oy

o 17)

According to this equation, it would require a con-
stant heat extraction rate per unit volume of
Grota = 2.4-10* W/m? to solidify a volume containing
liquid SCN to 60 percent solid (corresponding to
some packing of spheres) in 1000 s With
Qsingie = 0.1 W from above, such a solidification rate
could be achieved for a particle number density of
n = 2.4-10" m~3. In these 1000 s, the spheres would
grow to 84 umin radius. Thisis a physically reason-
able particle size (and, hence, particle number
density), thus justifying the initial choice of Qgnge @
an example. Note that according to equation (8),
growing a SCN particle to the same size in the same
time would require a constant applied supercooling
of only 0.02 K.

2.3. Pure coarsening

In pure coarsening of a dispersion of spheres, the
radius evolution of a given sphere is driven not by an
applied supercooling or heat extraction rate, but by
the difference between its curvature dependent inter-
face temperature, T; = T,(R), and the average inter-
face temperature, (T;), of the whole ensemble of
spheres of different radii. Thus, sensible heat is
exchanged only among the spheres and not with the
environment. As in all classical coarsening analyses,
it is assumed that the solid spheres are far enough
away from each other that a single sphere (dilute dis-
persion, zero volume fraction) approximation can be
used. The temperature field around a sphere in the
case of pure coarsening is illustrated in Fig. 3. In
analogy with equation (7), the growth rate of a sphere
in the pure coarsening case is given by:

dR _ k T—(T)
d pL R (18)
~a
2
g
2
N Ti=Tm®)
R <T;>

distance from the center r

Fig. 3. Temperature field around a sphere undergoing pure
coarsening.
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The interface temperature is given by the Gibbs-
Thomson equation:

_ v\ _ 1
Ti(R)—Tm(l oL R) T.—2I/R  (19)

where T' = yT./(Lp) = ¥As is the Gibbs-Thomson
coefficient, As; is the entropy of fusion, and y is the
solidHiquid interfacial energy. Similarly, the average
interface temperature of the dispersion of spheres can
be related to a so-called critical radius R* by:

2r
R*

(T) = To— (20)

The exact definition of the critical radius in terms of
the size distribution of spheresis provided in the next
section. Physically, the melting temperature of
spheres having the critical radius is exactly equal to
the average interface temperature. Note that the aver-
age interface temperature and, hence, the critical
radius change with time. Inserting the above eguation
into the expression for the growth rate, equation (18),
and setting the interface temperature equa to the
melting temperature of a sphere with radius R, equ-
aion (19), leads to:

d pL R

pL R?

dR kLZF(l 1)_2|<Lr 1<R
oL R\R* R

R ) (21)

This equation for the growth rate in the case of pure
coarsening cannot be solved easily because of the
unknown time dependence of the critical radius. It is
exactly the same growth rate equation as the one con-
sidered by LSW [6, 7]. Its solution requires a detailed
consideration of the statistics of coarsening of a par-
ticle dispersion, which isreviewed in the next section.

For illustration purposes, it is useful to compare the
growth rates in the case of pure coarsening with those
in the pure growth cases obtained in the previous sub-
sections. This can be accomplished by using the result
from the LSW theory that the critical radius evolves
with the cube root of time as:

r
(R*)S_(Rc*))s = SQL't = Kiawt

= (22)

where K_gy is the LSW coarsening rate constant. The
LSW analysis aso shows that the critical and the
average radius are identical. Using again the thermo-
physical properties of SCN, the LSW rate constant is
then equal to:

KZEN = 2.7-107* m¥/s (23)
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Hence, in 1000 s an average SCN particle in a disper-
sion would grow to a radius of 65 um from a negli-
gible initial size. In one day the particle would grow
to aradius of 300 um. Note that the above value of
the coarsening rate constant is very similar to the
example value of the growth rate constant for the case
of a constant heat extraction rate, equation (15) with
Qsinge = 0.1 pW. Whereas K g is determined solely
by thermophysical properties, K, depends on the
imposed heat extraction rate and can be both smaller
or larger than K _gy. Nonetheless, the above example
shows that similar particle growth rates in the cases
of coarsening and constant heat extraction are poss-
ible and physicaly realistic. Also note that the above
result for coarsening only applies to the average
radius, and particles with other radii grow faster or
shrink.

3. STATISTICS OF GROWTH

Before analyzing the case of concurrent growth and
coarsening, it is necessary to consider the statistics
of growth of a dispersion of particles. The statistics
determine how an initial size distribution and the
average particle radius change with time. The size
distribution f(r,t)dR, defined as the number of par-
ticleswith aradius in the interval (R,R + dR) per unit
volume, obeys the following continuity equation in

size space:
of d/(dR

where dR/dt is the growth rate (i.e. interface velocity).
With the knowledge of the size distribution function,
its moments can be used to evaluate the following
quantities:

(24)

©

1 1f1 . i
Re 1 j ﬁf(R,t)dR critical radius (25)

0

nt) = j f(Rt)dR number density (26)
(o]

(R) =ﬂRf(R,t)dR average radius (27)

%

fs(t) = %ﬂ j Rf(Rt)dR volume fraction solid

0

(28)
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As is shown below, depending on the functional
characteristics of dR/dt the fraction solid or the num-
ber density can be time independent.

Equation (24) can be solved quite generally for al
growth laws of the type dR/dt = K/R". Defining the
dimensionless radius r and time 7 as:

I = RIR« (29)
K
T= @'t (30)

where R is an arbitrary reference length scale (e.g.
the capillary length or the initiadl mean radius), the
growth law can be written as:

dr
&= o (3D

In the above equation, y(r) = 1/r". Next, a new func-
tion £(r) is defined as:

r

dr’
{r) = - f ) (32)
and its inverse via the relation:
Gy =1 (33)

Then, the solution of theinitial value or Cauchy prob-
lem given by equation (24) for an arbitrary initial size
distribution fy(r,0) can be written in dimensionless
form as:

f(r.1) = Wm(@@(r) 1) (34)

This genera solution has been previously applied to
growth at a constant supercooling [10, 11].

4. CONCURRENT GROWTH AND COARSENING OF
A PARTICLE DISPERSION

In this section, concurrent coarsening and growth
of a dispersion of spheres is analyzed by combining
the growth rate expressions for the pure coarsening
and pure growth cases derived in Section 2 and con-
sidering the statistics reviewed in Section 3. As men-
tioned in the Introduction, the two cases are not sim-
ply additive, and of particular interest are how the
average radius, the solid volume fraction, the particle
number density, and the size distribution function
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evolve in the combined case. In this study, only the
combination of coarsening with growth at a constant
heat extraction rate is treated. In typical solidification
processes, the heat extraction rate (and not the bound-
ary temperature) is controlled or can be obtained from
a simple heat flow analysis. Therefore, the case of
growth at a constant heat extraction rate with concur-
rent coarsening is of greater practical interest. The
case of concurrent coarsening and growth at a con-
stant applied supercooling is most likely of less inter-
est, because it is difficult to see how a constant super-
cooling could be maintained while the curvature
dependent average interface temperature is continu-
ally changing. As noted above, in the case of a con-
stant heat extraction rate the particle growth rate does
not depend on the interface temperature. However,
the reader is referred to the study of Beenakker and
Ross [12] who analyzed coarsening of a precipitate
for the case of an open system immersed in a reser-
voir of constant solute concentration, which is some-
what anal ogous to the case of aconstant supercooling.
They found that in the limit of an infinite system, the
bulk of the system is screened from the reservoir by
diffusive interactions among the particles.

In view of Section 2, the heat transfer rate for a
single particle in the case of concurrent coarsening
and growth a a constant heat extraction rate is
given by:

Q . — qtotal
single no

+ 4nk R(T,—(T) (35)

where ny is the initial number density of particles in
the control volume. If the total heat extraction rate at
the boundary of the control volume is zero,
Oww =0, pure coarsening results. Any difference
between the interface temperature of a given particle
and the average interface temperature of the disper-
sion adds or subtracts a heat flux from the external
heat extraction rate. The genera solution for the tem-
perature profile around the particle is still given by
equation (4). The constants are evaluated using the
boundary conditions given by equations (9) and (10),
but with Qgnge in equation (10) replaced by the
expression given by equation (35) above. Then:

_ qtotal 17 })
nepdnk \R r

- R

Tr) =T, (36)

Using the interfacial heat balance and substituting the
Gibbs-Thomson relation for the interface tempera-
ture, the following eguation for the growth rate is
obtained:

dR _ Qs’ngle i

dt  4nplL R?

@37
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— qtotal l
nedrplL R?

20 1(R_
pL RE\R*

The right hand side of the above equation is simply
the sum of the growth rates given by eguation (13)
for pure growth at a constant heat extraction rate and
equation (21) for pure coarsening. The dimensionless
radius and time are defined, respectively, as.

r = RE (38)
r= %t (39)

where ¢ is the thermal diffusivity of the liquid and
£ is an arbitrary length scale. If the length scale is
taken to be & = ng Y3, then in view of equation (26)
the area under the normalized initial size distribution
function f(r,z = 0) is equal to unity. Equation (37) can
now be rewritten as:

dr 1

1/r
a klﬁ + kz?(F*_ 1) (40)

where the two dimensionless prefactors are given by:

_ qtotal
ko = 4rplngoy & (41)

KT
o= 42)

There are three special cases that are treated analyti-
cally below:

Case 1. k, is arbitrary and k, = 0, i.e. pure growth
by external heat extraction.

Case 2: k, is arbitrary (although it would be fixed
by thermophysical properties once & is specified)
and k, =0, i.e. pure coarsening.

Case 3: k; = k, = k; the heat extraction rate at the
boundary of the control volume is of the same
magnitude as the sensible heat exchange among
the particles due to their curvature differences and
fixed by Orotar = 87k Ny (then,
Osngle = 87k, = 0.3 pW for SCN). It will later be
seen that this g, 1S @ critical heat extraction rate
that just prevents particles from disappearing
because of coarsening interactions.

4.1. Case 1

In the case of pure growth by external heat extrac-
tion, the dimensionless form of the growth law, equ-
ation (40), reduces to:
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a1

& - 1r 2 (43)

Inserting this growth rate into equations (32) and (33),
the solution for the evolution of the size distribution
function can be obtained from the general expression
given by equation (34) as:

2

r 3_ 13
fi(r,7) = Wfo«r 7)) (44)

The subscript 1 on the size distribution function
denotes that this solution corresponds to pure growth
by external heat extraction, i.e. Case 1.

The zeroth moment gives the dimensionless par-
ticle number density as:

%

n(z) = j Wfo((rLSkﬂ)m)dr

0

(45

Introducing the transformation y = (r3—3k,7)*3, it is
easy to show that the integral becomes:

n(z) = j foldy=n(r=0) =1 (46)

The last equality holds if the distribution function is
normalized. Hence, in pure growth by external heat
extraction the particle number density is constant and
equal to the initial value.

The asymtoptic behaviour of the dimensionless
average particle radius can be examined by evaluating
the first moment. Using the same transformation as
above, the average radius is given by:

<r> = % f O + 3ket) V3o () dy (47)
0]

= @ (1+ 2 ) hmay
™'n 3k,z/ °
0

At long times, the second term in the integrand van-
ishes and the integral simply becomes the zeroth
moment of the size distribution. Using equation (46),
the average radius therefore evolves in the long-time
limit with the cube root of time as:

(r) = @ky)*37 (48)
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size distribution [(r,T)
P < R,
n = W I

w

»
“n

0 0.2 0.4 0.6 0.8 1 1.2
normalized radius r
Fig. 4. Variation of the particle size distribution function with

time for growth at a constant heat extraction rate (time
increases from left to right as 7 = 0, 0.01, 0.05, 0.1, 0.2, 0.3).

Similarly, the solid volume fraction variation can
be derived from the third moment as:

©

0 = [0 + ony

0

©

4

=3 2Fo()dy + 4ﬂklrjfo(x)dx (49)

(o]
= f(r = 0) + 4dnk,nt

where n in the last equality is constant and equa to
unity if the initial size distribution is normalized. As
expected, in the case of a constant heat extraction rate
the solid volume fraction evolves linearly at al times.

In order to examine the behavior of the above sol-
ution in more detail, the following lognormal distri-
bution is used as the initia particle size distribution
function (note that y =r for T = 0):

_(Iny—=<Inyo>)?
202

WD) = Vo |

Taking k, = 1, the evolution of this function, with the
standard deviation o = 0.25 and y, = 0.5, is shown in
Fig. 4. The plot of the average radius in Fig. 5 rep-

0.7

0.6

average normalized radius r

0 0.1 0.2 0.3

normalized time T

Fig. 5. Evolution of the average particle radius for growth at
a constant heat extraction rate.
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resents a curve fit of the first moments of the distri-
bution functions shown in Fig. 4, and not just the
long-time result given by equation (48). Correspond-
ing to the increase of the average radius, the particle
size distribution functions continualy shift to the
right in Fig. 4. Interestingly, the distributions become
more narrow, indicating that the dispersion of par-
ticles approaches a state where the particle radius is
increasingly uniform. This can be explained by the
fact that the smaller particles in the dispersion grow
more quickly than the larger ones for a constant heat
extraction rate. After some time, the distribution is
characterized by a relatively sharp lower cut-off very
near the peak and a somewhat longer tail at larger
radii. Since in pure growth by heat extraction the par-
ticle number density is constant, the area under the
distributions in Fig. 4 is constant. Hence, as the the
distribution becomes more narrow, the peak of the
distribution function increases sharply.

4.2. Case 2

In the case of pure coarsening, k, = 0 and the gen-
eral growth law given by equation (40) becomes:

dr 1(r
dr "2?(?1)

Since this equation is exactly the growth law analyzed
by LSW [6, 7] in the low solid volume fraction limit,
their results are only briefly reviewed here. By introd-
ucing the following coordinate transformation:

(51)

r

P=r (52)
0 =Int (53)

the growth law can be rewritten as:
P Y e

(r*)ZE

LSW showed that a stationary (self-similar) size dis-
tribution in p,0-coordinates is obtained if the factor:

1
V= kzi

: (55)
o

is a constant. This constant is determined by the zer-
oth of dp/d® and its first derivative with respect to p
[6]. Performing the necessary calculations, LSW
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obtained v = 27/4. Solving equation (55) for r* and
integrating gives:

(r)e = 37k21 = i1rkZ'L'

9 (56)

L SW also showed that the critical radius and the aver-
age radius are identical. Hence, in terms of the vari-
ables used here, the average radius evolves in the
long-time limit as:

0 = () e &

which is simply a dimensionless version of equation
(22) with the critical radius replaced by the average
radius.

To further illustrate the results for pure coarsening,
the evolutions of the size distribution function and the
average radius are shown in Figs 6 and 7, respect-
ively. These plots were obtained from a numerical
solution of the leading system of equations using the
initial size distribution given by equation (50) and set-
ting k, = 1. As can be seen from Fig. 7, the expected
cube root of time dependence of the average radiusis
only obtained after some time, and the initial average
radius increase is much slower. Corresponding to the
increase in the average radius, the size distribution
functions in Fig. 6 continually shift to larger radii.
Note that the size distribution is skewed about the
maximum and consequently the peak does not
coincide with the average radius. The area under the
size distribution function decreases with time because
the particle number density decreases hyperbolically
with time. The decrease in the particle number density
occurs by remelting of the smallest particles. By sca-

size distribution f(r,t)

normalized radius r

Fig. 6. Variation of the particle size distribution function with
time in pure coarsening.
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Fig. 7. Evolution of the average particle radius in pure coarsen-
ing.

ling the long-time size distribution functions with the
average radius, the usual LSW distribution can be
obtained. Such a scaled distribution function is time-
invariant, implying that L SW-type coarsening is self-
similar. The decrease in the particle number density
coupled with the increase in the average radius result
in a constant volume fraction solid in the case of
pure coarsening.

43. Case 3

In the case of concurrent growth and coarsening
with k; = k, = k, the general expression for the growth
rate, equation (40), reduces to the following form:

dr_ 1t
dr rre(n)

(58)

Asin the case of pure coarsening, the solution of this
equation requires the knowledge of the time depen-
dence of the critical radius r*. A simple analytical
solution can still be obtained if only the long-time
limit is considered. Since the average radius in both
growth at a constant heat extraction rate and coarsen-
ing varies asymptotically with the cube root of time,
it is reasonable to assume that the same time depen-
dence holds in the combined case in the long-time
limit, i.e.:

r(r) = at*® (59)

where a is a constant. This assumption is checked
later through a numerical solution of the full system
of equations. Insertion into equation (58) gives:

o K
dr  ar-7'3

(60)
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and after integration, the following cubic growth law
for a single particle in the long-time limit is obtained:

r3 = (3ka)*?r (61)

Based on this single particle solution, the solid vol-
ume fraction grows linearly in time, since:

4 4
f= TRe = gngs(Ska)wr

. (62

The constant a can be determined by realizing that
the change in the solid volume fraction is only due
to the external heat extraction rate and that the sens-
ible heat exchange among the particles during coars-
ening does not change the solid fraction. For this pur-
pose, equation (17) is rewritten in the long-time limit
by introducing the dimensionless time as:

f = équotal

oL (63)

Comparing equations (62) and (63) gives:

_ 3otal 3/2i — 23 i — (i)m
a= (47raLpL§n> 3k~ G5 = |5

(64)

since k; =k, = k.

In order to solve the statistical problem the conti-
nuity eguation for the particle distribution function,
equation (24), is recast in dimensionless form as:

ofy adfdr \
= + ar<drf3> =0 (65)

where the subscript 3 on the distribution function
denotes Case 3 where k; = k, = k. Inserting equation
(60) into equation (65) gives:

ofs 9o/ k B
o " E(ra-f’f3 3) =0 (66)
or equivalently:
of;  kofy; k
gy 3 BT By
at Trar r2f3 0 67

Transforming time as:

O = 3/2ar?3 (68)
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the continuity equation can be rewritten as:

o kol k. _

9%  ror r2° (69)

This equation has a simple solution for a given initial
size distribution f:

£(r,0) = ———efo(VIP— 2K0) (70)

Vre— 2k19

or substituting equation (64) for a and transforming
back to r,r coordinates:

fo(Vr2—(3kr)?3)

r
f3(|’,T) = W (71)

Further insight into the nature of the solution can
be gained by calculating the moments of the size dis-
tribution. The particle number density is given by the
zeroth moment as:

n() = J f(r,7)dr (72)

3Vake

f (3k e e N CORL Y

Transforming the integrand using y = vr?—(3kr)?®
leads to:

n(z) = j foldy=n(r=0) =1 (73)

where the last equality holds if the distribution func-
tion is normalized. Thus, as in Case 1, the particle
number density is constant in the case of concurrent
growth and coarsening with k; = k, = k. This result
can be explained by the fact that the death of the
smallest particles occuring in pure coarsening is
exactly prevented by their growth due to external heat
extraction. In other words, the heat extraction rate
given by Qi = 871k Ny for ky = k, represents a criti-
cal heat extraction rate that just prevents particles
from disappearing because of coarsening interactions.

The average radius is obtained from the first
moment of the size distribution as:

o

1 re r2_ (RA7)23),
<r> j\/l"z(T)Z?’fO(\/r *(3'(’[) )dr (74)

33kt
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Using the same transformation as above yields:

0 = [T @Dy @9

o

_ el X
= (3kr o J \/ 1+ (gkr)mfo(x)dx

0

Noting that the second term in the sguare root
becomes neglibibly small at long times and using
equation (73) leads to the following asymptotic result:

(r) = BKrerte (76)

Hence, after some time the average particle radius
grows with the cube root of time. Note that this sol-
ution is the same as the result obtained for the radius
of asingle particle, equation (61). However, at short
times the average and single particle radii evolve dif-
ferently.

The volume fraction solid is obtained by evaluating
the third moment of the size distribution as:

£(7) —g J rofy(r,)dr

_an 7Lf =Bk D)dr (77
T3 | =@k g
3V3ke
r ZZ 3/2
= 4ﬂkfj(l + W) fo(l)dl
6]
At long times, the solution is given by:
f(7) = 4nknt (78)

where n is constant and equal to unity if the initial
size distribution is normalized. Thus the volume frac-
tion solid grows asymptotically linear in time.

The evolution of the particle size distribution given
by equation (71) for Case 3 isshown in Fig. 8, taking
equation (50) as the initial distribution and setting
k = 1. The corresponding time variation of the aver-
age radius, obtained from afit of the first moments, is
shown in Fig. 9. The distributions appear qualitatively
similar to the ones for growth at a constant heat
extraction rate (Case 1), Fig. 4. With increasing time,
they become more narrow with a sharp lower cut-off
very near the peak, while the area under the distri-
butions is constant. Note that the size distributions in
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size distribution f(r,7)
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Fig. 8. Variation of the particle size distribution function with

time for concurrent coarsening and growth at a constant heat

extraction rate with k; = k, = k = 1 (time increases from left to
right as 7 =0, 0.05, 0.1, 0.2, 0.5, 0.75, 1).
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average normalized radius r
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Fig. 9. Evolution of the average particle radius for concurrent
coarsening and growth at a constant heat extraction rate with
k =k, =k=1

Case 1 [as given by equation (44)] and Case 3 [as
given by equation (71)] are different.

4.4. Summary of long-time growth laws

In the previous subsections, analytical solutions are
derived for three specia cases of the general problem
defined by the set of equations (24), (25), and (40).
Analytical solutions for al values of k, and k, cannot
be obtained. There is an analytical solution for the
case of 0<<k,<k,, derivable using the LSW technique,
which is omitted here.

The analytical solutions provide the following
relations for the time dependence of the average
radius in the long-time limit:

Case 1: (79)
<r> = (3k,)¥37¥3 heat extraction, k, = 0
Case 2: (80)
<r> = (4k,/9)¥37V3 coarsening, k; = 0
Case 3:
<r> = (3k)“*z"* concurrent, (81)

k =k, = k
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Since in Case 3 k; =k, =k, it can be compared
directly with the LSW result of Case 2. Denoting the
rate constants according to (r) =K;7"3, with
j = 1,2,3 denoting the three cases, the ratio of the rate
constants for Cases 2 and 3 is given by
K4/K, = (27/4)V3~=1.89. Thus, concurrent growth and
coarsening with k; = k, = k proceeds 1.89 times faster
than coarsening alone. Formally, Case 1 and Case 3
do not differ with respect to the rate constant. How-
ever, in Case 3 the rate constant is fixed by the con-
dition k; = k, = k, whereas in pure growth k; isavari-
able determined by the imposed external heat
extraction rate. The fact that Cases 1 and 3 are for-
mally identical implies that if the external heat extrac-
tion rate in Case 1 is equal tO Qg = 87l'k Ny, the
growth rate is the same as in concurrent growth and
coarsening, Case 3. In other words, coarsening has
no effect on the long-time particle growth rate if the
external heat extraction rate is equal to the critical
heat extraction rate that just prevents particles from
disappearing because of coarsening interactions. This
interesting result is generalized and discussed in more
detail in the next section.

In order to illustrate the above results more clearly,
the three long-time growth laws given by equations
(79), (80), and (81) are plotted in Fig. 10. In this fig-
ure, k, =1 for Cases 2 and 3 and k;, = 3k, for Case
1, implying that the external heat extraction rate is
three times larger than the critical heat extraction rate
that prevents particles from disappearing due to
coarsening.

5. NUMERICAL SOLUTIONS FOR CONCURRENT
GROWTH AND COARSENING

Since the analytical solution for concurrent growth
and coarsening is limited to long times and
k, =k, =k, the governing set of equations given by
equations (24), (25) and (40), subject to the initial
size distribution given by equation (50), was solved
numerically for more general values of k, and k,
using the technique described by Abbruzzese [13].

5 T 5
growth

4 kl:Sk/ *

growth with
A 3 -~ coarsening 3

ivi f.p'"‘l k,=k =k=1
2 - 12

-~
-~ -
l.—— - -
- - coarsening
L . - k=1 1!
-"-" - -
P —

0 - L L L 1 [}
0 0.5 1 1.5 2 2.5

Fig. 10. Long-time evolution of the average particle radius for

pure coarsening (with k, = 1), pure growth at a constant heat

extraction rate (with k; = 3k;), and concurrent growth and
coarsening (with k; = k;, = k).
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This was aso done to check if the anayticaly pre-
dicted long-time behavior based on the heuristic
ansatz for the time dependence of the critica radius
given by equation (59) is correct.

Numerical results for the evolution of the average
particle radius are shown in Fig. 11 for various com-
binations of k; and k,. As expected, the slopes of the
various curves reach a constant value after some time,
implying that in each case the long-time average
radius evolution is proportiona to the cube root of
time. The curve with the smallest slopeis for the case
of pure coarsening (k, = 1 and k, = 0). With increas-
ing k; (keeping k, = 1) the slopes increase, since the
addition of external heat extraction accelerates the
particle growth over pure coarsening. The uppermost
curvein Fig. 11 corresponds to concurrent growth and
coarsening with k; =k, =1, where the long-time
growth rate is 1.89 times larger than the growth rate
in pure coarsening. Interestingly, for k; = 1 the same
curve is obtained for all 1=k,=0. Therefore, coarsen-
ing has no effect on the particle growth rate for
ki=k, or, equivalently, for guw=8rIk_ne. Although
not shown in the figure, this result is true not only
for k, = 1 but for al values of k,, as long as k,=k,
[note that the actual values of k; and k, depend on
the choice of the length scale £ in equations (41) and
(42)]. Thus, the present numerical results generalize
the analytical finding of the previous section, that the
growth rate is formally the same for Cases 1 and 3,
to all k;=k,. The fact that coarsening does not affect
the long-time particle growth rate if k;=k, can be
explained by noting from Fig. 8 (for k, = k;) that the
size distribution becomes increasingly narrow at long
times. Consequently, the particles ultimately become
mono-sized and coarsening has no effect on the
growth rate. For k;<<k,, on the other hand, coarsening
does enhance the particle growth rate because the size
distribution remains of a finite width even at long

2 . . 2
k=1
k,=0.1,0.5,1

RIS

average radius <r>

normalized time 1/

Fig. 11. Numerical results for the evolution of the average par-
ticle radius for various combinations of k; and k; (k, = 1 unless
otherwise noted).
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times and there continues to be sensible heat
exchange among the particles.

The variation of the growth rate constant, defined
as the long-time slope of the average radius variation
with the cube root of time, with the dimensionless
external heat extraction rate, ki, is shown in Fig. 12.
The solid and open circles are obtained from the
numerical results by measuring the long-time slopes
of the curves shown in Fig. 11. These growth rate
constants correspond to cases where coarsening is
present, taking k, =1. For the limiting cases of
k, =0 and k, = 1, the numerical results are compared
to the analytica rate constants (open sguares) given
by equations (80) and (81), respectively. The analyti-
ca rate constants are (4/9)¥3~0.763 for k, =0 and
(3)¥3=1.44 for k, = 1. Overdl, the numerica and
analytical results are in satisfactory agreement for
these two limiting cases, thus verifying the heuristic
ansatz for the time dependence of the critica radius
given by equation (59). The two numerical results
shown at k, = 1 (solid and open circle) indicate that
better agreement can be obtained if in the numerical
calculations the time step is decreased and the time
is increased (open circle). It has been observed pre-
viously that the long-time limit in coarsening systems
is difficult to achieve numerically [14].

The numerical results indicate that the growth rate
constant varies in an approximately linear fashion
between k, = 0 and k, = 1 in the presence of coarsen-
ing (k, = 1). This variation with k; is represented by
the dashed line in Fig. 12. For comparison, the corre-
sponding variation for the case of no coarsening
(k;, = 0), given by equation (79), is included in Fig.
12 asasolid line. It can be seen that the rate constant
without coarsening (solid line) increases in a nonlin-

<>/t

4] L L L 0
0 0.2 0.4 0.6 0.8 1

dimensionless heat extraction rate kl

Fig. 12. Variation of the growth rate constant with k, and com-

parison of numerical (solid and open circles) and analytical

(open squares) results for k, = 1. The dashed line represents

the approximately linear variation of the growth rate constant

between 0<k,<1. The solid line corresponds to the case of no
coarsening (k, = 0).
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ear fashion from zero at k; = 0, and asymptotically
approaches the dashed line for concurrent coarsening
and growth at a constant heat extraction rate as k;
increases to unity. Already at k; = 0.2 the two rate
constants with and without coarsening are within
approximately 6 percent, indicating that the effect of
coarsening on the particle growth rate diminishes at
relatively small external heat extraction rates. This
comparison aso shows that the dashed linear line
cannot be accurate, because as drawn the rate con-
stants for concurrent coarsening and growth are
dightly below the values for pure growth at inter-
mediate and larger k,<<1. In redlity, the rate constants
for the concurrent case can be expected to be always
above those for pure growth. However, in the absence
of more accurate numerical results the linear variation
represented by the dashed line approximates the
actual rate constants for concurrent coarsening and
growth reasonably well. In accordance with the pre-
vious discussion, the rate constants for concurrent
coarsening and growth for any k,=k, (= 1in Fig. 12)
are the same as for pure growth at a constant heat
extraction rate (k, = 0, solid line).

Numerical results for the normalized particle num-
ber density evolution are shown in Fig. 13 for various
combinations of k, and k,. As long as the external
heat extraction rate is smaller than the critica heat
extraction rate, i.e. ky<<k,, the particle number density
decreases with time, with the strongest decrease
observed in pure coarsening. Already at k; =0.5
(with k; = 1), the decrease is very small. As soon as
k, = k,, the particle number density becomes a con-
stant, and this is true for al k,=k,. Hence, as with
the particle growth rate, coarsening has no effect on
the particle number density for k,=k, or, equival-
ently, for Qw=8rl'k.n,. To summarize, in pure
coarsening (k, =0) and for al k;<k, the particle

T
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Fig. 13. Numerical results for the evolution of the normalized
particle number density for various combinations of k, and k,
(k, = 1 unless otherwise noted).
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number density decreases, but for k;=k, the number
density is constant.

6. CONCLUSIONS

Concurrent coarsening and growth by external heat
extraction of a dispersion of solid spheres of a pure
substance in their melt is analyzed. Coarsening and
growth have different or even opposing influences on
the evolution of a microstructure. Smaller particles
that would remelt and disappear due to coarsening
aone may actually survive and grow if the heat
extraction is dominant. Larger particles may increase
in size at a higher rate than would be expected from
the heat extraction rate alone, because coarsening
adds to their growth rate. Hence, the two effects are
not smply additive.

It is found that in both pure coarsening and pure
growth by externa heat extraction, the radius of a
single sphere increases with the cube root of time.
Using these growth laws, a statistical analysis for a
dispersion of spheresis performed. Analytica results
are obtained for the limiting cases of pure coarsening
(k, =0), pure growth by external heat extraction
(k> = 0), and concurrent coarsening and growth with
Oiota = 87’k Ny (or ky =k,). From the analytical
expressions for the evolution of the size distribution
function, the average radius, the particle number den-
sity, and the volume fraction solid, as well as from
supplementary numerical results, the following gen-
eral conclusions can be drawn:

1. In @l cases, the average radius increases in the
long-time limit with the cube root of time. The
growth rate constant for concurrent coarsening and
growth with an external heat extraction rate that
just prevents particles from disappearing due to
coarsening interactions  (Quoa = 87’k N, O
ki = k) is 1.89 times larger than for pure coarsen-
ing (ky =0). When the heat extraction rate is
smaller (k,<k), the rate constant increases in an
approximately linear fashion between 0<k;<k,.
When the heat extraction rate is larger (k;=k;,), the
rate constant in the concurrent case is the same as
in pure growth, implying that coarsening has no
effect on the average particle growth rate.

2. Different size distribution functions are obtained
in pure coarsening, pure growth by external heat
extraction, and the concurrent case. In pure coars-
ening (LSW case) as well as for any 0<k,<k,, the
distribution function becomes in the long-time
limit self-similar. For any k,=k,, however, the dis-
tribution function becomes increasingly more nar-
row, indicating that the spheres approach a mono-
sized distribution. This explains the fact that coars-
ening has no effect on the growth rate in the long-
time limit if k;=k,.

3. The particle number density in pure coarsening as
well as for any 0<k,<k, decreases with time,
whereas for any k;=k, the number density is con-
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stant. Hence, k, can be identified as a critica
dimensionless heat extraction rate for coarsening
that just prevents particles from disappearing
because of coarsening interactions.

4. The volume fraction solid is constant in the pure
coarsening case. In the presence of a constant
external heat extraction rate (k,>0), the volume
fraction increases, as expected, linearly in time.
The rate constant is determined by the external
heat extraction rate only, and this is true even for
0<k;<k, when coarsening still affects the particle
growth rate and the number density.

The results presented here for pure growth
(k, = 0) and for ky=k, are valid for finite volume frac-
tions solid. However, the results for k; <<k, apply only
in the limit of vanishing volume fractions solid, even
though the solid fraction increases with time when
k,>0. It is well known that in pure coarsening the
evolution of a particle size distribution depends on
the solid fraction [1]. Since the effect of coarsening
becomes negligibly small as k; approaches k,, the
critical heat extraction rate given by k, =k, can be
expected to be independent of the volume fraction
solid. Nonetheless, it would be interesting to extend
the present analysis for k,<k, to the case of finite
solid fractions.

It would also be interesting to compare the present
results to experimental measurements. Unfortunately,
no suitable experimental data are presently available
for pure substances. An important extension of the
present work would be the consideration of concur-
rent growth and coarsening for an aloy, which may
provide insight into the evolution of the microstruc-
ture during aloy solidification processes. Even
though coarsening in more concentrated alloys can be
expected to be dominated by solute diffusion due to
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the large value of the Lewis number [15], simul-
taneous heat removal still causes concurrent growth.
Voorhees [15] only considered an adiabatic system
in analyzing coarsening of a binary aloy solidHiquid
mixture. Another interesting situation to consider
would be concurrent melting and coarsening.

Acknowledgements—This work was conducted while the first
author (LR) was on a sabbatical leave at The University of
lowa. The second author (CB) acknowledges the support by
NASA under Contract No. NCC8-94.

REFERENCES

1. Marsh, S. P. and Glicksman, M. E., Met. Trans., 1996,
27A, 557.
. Li, Q. and Beckermann, C., Acta mater., 1999, 47, 2345.
. Aaron, H. B. and Kotler, G. R., Met. Trans., 1971, 2, 393.
. Martin, J. W. and Dougherty, R. D., Stability of Micro-

structures in Metallic Systems. Cambridge University

Press, Cambridge, UK, 1980.

5. Christian, J. W., The Theory of Phase Transformations in
Metals and Alloys, 2nd ed. Pergamon Press, Oxford,
UK, 1975.

6. Lifshitz, I. M. and Slyozov, V. V., J. Phys. Chem. Solids,
1961, 19, 35.

7. Wagner, C., Z. Elektrochemie, 1961, 65, 581.

8. Fischmeister, H. and Grimval, G., in Sntering and
Related Phenomena, ed. G. C. Kuczynski. Plenum Press,
New York, 1973, p. 119.

9. Ratke, L., in Progress in Astronautics and Aeronautics,
Vol. 130, ed. J. N. Koster and R. L. Sani. AIAA, Wash-
ington, DC, 1990.

10. Ratke, L., Habilitation Thesis, University of Stuttgart, Ger-
many, 1988.

11. Latham, J.,, Rep. Prog. Phys., 1969, 32, 69.

12. Beenakker, C. W. J. and Ross, J.,, J. Chem. Phys., 1985,
83, 4710.

13. Abbruzzese, G., Acta metall., 1985, 33, 1329.

14. Alkemper, J., Snyder, V. and Voorhees, P. W., Phys. Rev.
Lett., 1999, 82, 2725.

15. Voorhees, P. W., Met. Trans., 1990, 21A, 27.

A OWN



