DISCRETE AND CONTINUOUS do0i:10.3934/dcds.2017040
DYNAMICAL SYSTEMS
Volume 37, Number 2, February 2017 pp. X—XX

ON THE MATHEMATICAL MODELLING OF CELLULAR
(DISCONTINUOUS) PRECIPITATION

OLIVER PENROSE!

1 Department of Mathematics and the Maxwell Institute for Mathematical Sciences
School of Mathematical and Computer Sciences, Heriot-Watt University
Riccarton, Edinburgh EH14 4AS, Scotland, UK

assisted by Joun W. CAHN?

2 John Cahn died on 14 March 2016. There is an obituary at
https://www.washingtonpost.com/local/obituaries/
john-w-cahn-who-fled-nazi-germany-
and-became-a-foremost-materials-scientist-dies-at-88/2016/03/15/
890fe246-eac6-11eb-a6f3-21ccdbcebf74e_story.html

ABSTRACT. Cellular precipitation is a dynamic phase transition in solid solu-
tions (such as alloys) where a metastable phase decomposes into two stable
phases : an approximately planar (but corrugated) boundary advances into
the metastable phase, leaving behind it interleaved plates (lamellas) of the two
stable phases.

The forces acting on each interface (thermodynamic, elastic and surface
tension) are modelled here using a first-order ODE, and the diffusion of solute
along the interface by a second-order ODE, with boundary conditions at the
triple junctions where three interfaces meet. Careful attention is paid to the
approximations and physical assumptions used in formulating the model.

These equations, previously studied by approximate (mostly numerical)
methods, have the peculiarity that v, the velocity of advance of the inter-
face, is not uniquely determined by the given physical data such as cg, the
solute concentration in the metastable phase. It is hoped that our analytical
treament will help to improve the understanding of this.

We show how to solve the equations exactly in the limiting case where v = 0.
For larger v, a successive approximation scheme is formulated. One result of
the analysis is that there is just one value for ¢p at which v can be vanishingly
small.

1. Introduction. One of Paul Fife’s lifelong interests was the mathematical mod-
elling of dynamic phase transitions in solids. Here we consider such a phase tran-
sition, the separation of a spatially uniform metastable phase of a two-component
alloy into two separate stable phases. For example, an alloy consisting of 30%Zn
atoms and 70%Al atoms can separate into an Al-rich phase in which the concentra-
tion of solute Zn atoms is at most 5% (depending on temperature) and a Zn-rich
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phase in which at the concentration of solute Zn atoms is at least 60% . Ther-
modynamic data tell us what new phases are possible, but we would also like to
understand the shapes, sizes and positions of the new phases.

Of the various possible configurations, one of the most straightforward, from the
theoretical point of view, is cellular precipitation (also known as discontinuous pre-
cipitation) in which an approximately planar (but corrugated) boundary advances
into the metastable phase, leaving behind it interleaved plates (“lamellas”) of the
two stable phases, as illustrated schematically in Fig. 1.

Figla-eps-converted-to.pdf

FIGURE 1. Schematic cross-section of a cellular precipitation
front, advancing upwards at velocity v. The as yet undisturbed
metastable phase is labelled 0; the two (relatively) stable phases
into which it separates after the front has passed are labelled o and

3.

This paper is concerned with the mathematical modelling of cellular precipi-
tation, a problem which has so far received little attention from mathematicians.
Previous treatments[5, 10, 3, 4] encountered the difficulty that the solution of the
equations used is not unique, and an arbitrary criterion was used to pick out the
‘right’ solution. In an effort to understand this situation better, we provide more
careful derivations of some of the basic formulas of the model and try to solve them
without some of the rather inaccurate approximations that were found necessary in
the earlier papers.

2. Preliminary assumptions and notation.

2.1. The geometry. The geometry is assumed two-dimensional, i.e. everything is
independent of a ‘depth’ coordinate z perpendicular to the plane of Fig. 1. The
triple junctions (places where three phases meet) are assumed to be straight lines
perpendicular to the plane of the diagram and to lie in a plane. The intersection of
this latter plane with the plane of the diagram is a straight line. This line will be
used as the x axis — see Fig. 2.

The cross-sections of the interlamellar boundaries, shown straight in Fig. 1, may
in practice be curved, as shown in Fig. 2. Fig. 2 also shows the notation that
will be used for describing the geometry of the specimen. We take the origin of
coordinates at one of the triple junction points and position the z axis so that it
contains all the triple junctions. The distance from the origin shown to the next
triple junction on its right is denoted by X, and the distance to the next triple
junction on its left is denoted by Xgz. If the specimen is taken to be infinite, the
structure will be periodic, with period X, 4+ Xj3. The sign convention for angles is
that the angles marked as in Fig. 2, with origin at a triple junction having « phase
just to the right it and 8 phase just to the left, are positive. All arc lengths are
denoted by s and measured from the nearest triple junction.

A full list of symbols and their definitions is given in the Appendix.
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FIGURE 2. Notation for the coordinate axes and for angles and arc lengths

2.2. Thermodynamics. The specimen is assumed to consist of two types of atoms,
A (the solvent) and B (the solute). The mole fraction of solute (percentage of B
atoms) in a macroscopic neighbourhood near any given point will be denoted by c.
The mole fraction in the initial metastable phase will be denoted by c¢q ; after the
phase separation, the mole fraction of solute in the « (A-rich) phase will be denoted
by ¢u, and in the 8 (B-rich) phase by 5. Both ¢, and ¢z may depend on position,
and ¢o (which does not depend on position) lies between them :

Cq < Co < Cp (1)

The thermodynamic properties of such an alloy system can be summarized in a
free energy diagram like the one in Fig.3. The curves shown are two pieces of the
graph of the function f(-), where f(c) is the Helmholtz free energy per unit volume
at solute concentration c. We denote by ¢ and c;q the concentrations of the two
phases when they are in equilibrium with one another across a plane boundary. By
a well-known construction, c¢? and czq are the c-coordinates of the places on the
graph where a common tangent touches the two curves, as shown in Fig. 3. The
slope of the common tangent will be denoted by u°?, so that

pe = f1(e) = 1 2

thermody1-eps-converted-to.pdf

FIGURE 3. The thermodynamic construction for phase equilib-
rium. The common tangent has slope p,, and touches the curve
at the points with abscissas cg? and .

3. The equations of our model.

3.1. The forces acting on an interface. The interfaces (grain and phase bound-
aries) are assumed to move in the positive y direction (as shown in Fig. 1) at a
uniform velocity v. The force that moves them is of thermodynamic origin, arising
from pressure differences (denoted here by p) between the phases on opposite sides
of the interface. In addition, we must take into account elastic forces, arising from
the difference in the volumes occupied by the two types of atom. The importance
of elastic forces for moving grain boundaries was pointed out by Hillert[9] in 1983; a
1997 paper co-authored by Paul Fife[6] showed that for the related phenomenon of
diffusion-induced grain boundary motion the elastic force was crucial. The elastic
force is an essential part of the theoretical treatment of cellular precipitation given
by Brener and Temkin[4]; indeed all the physical assumptions used in the present
paper are essentially the same as those used by Brener and Temkin. A formula for
p, taking into account the elastic forces, will be derived in sub-section 3.4.
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An additional force on the interface is due to surface tension. Surface tension
exerts a force per unit area, in direction normal to the interface, with magnitude
equal to 7 times the curvature, where v denotes the surface energy per unit area.
We shall assume that the velocity component of the grain boundary in the normal
direction is equal to the net force force per unit area tending to move the grain
boundary, multiplied by a a mobility factor M, which for simplicity we take to be
the same for all three types of interface considered in the model. Using the sign
conventions shown in Fig. 2, this modelling assumption gives the equations

veos = (p+~df/ds)M for the ‘corrugated’ O and 08 interfaces  (3)
vsing = (p+vydp/ds)M for an af interface (4)

At the triple junction the forces exerted by the three interfaces meeting there
must be in mechanical equilibrium; therefore, by the sine rule, the surface tensions
in these interfaces are proportional to the sines of the dihedral angles opposite to

them:
sindg _ sind,  sindg (5)
YapB YoB Yoo
where ¢y is the dihedral angle in the O phase, 7,4 is the surface energy per unit
area in the af interface, and so on.
The slopes of the tangents to the interfaces at a triple junction with a phase to

its right are related to the dihedral angles (see Fig.4) by the formulas
0.(0) = do — 57+ (0)
05(0) = &5~ 5m—»(0) (6)

where, for each arc, the argument of a function such as ¢(-) is the arc length
measured from the nearest triple junction.

TJ-eps-converfted-to.pdf

FIGURE 4. Dihedral angles ¢, inclinations of arcs € and surface
tensions ~ at a triple junction.

3.2. The transport of solute atoms. In order to form the new phases, solute
atoms must move from place to place as the corrugated interface passes. This
transport takes place by diffusion. It will be assumed (following, for example,
Cahn[5]) that the diffusivity is much greater in the interfaces than in the bulk
material, so that the interfaces are the highway along which solute atoms travel.

For a quantitative decription, we shall use the description of diffusion in an elastic
solid due to Larché and Cahn[11]. According to their treatment, diffusion is driven
by the diffusion potential, p which, if the material is isotropic and the composition
and strain depend on only one of the three position coordinates, is equal to

p=f(c) +20°Y (c — ceo) (7)

where f(c) is the Helmholtz free energy per unit volume at solute concentration c,
f'(c) means df (¢)/dc, which is called the stress-free diffusion potential and is analo-
gous to the chemical potential, c is the local concentration, c., is the concentration
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in the same phase a long distance away, Y is an elastic modulus which for the ge-
ometry used here is equal to /(1 — v); in this last formula E is Young’s modulus,
v is Poisson’s ratio, and 7 is the coefficient in Vegard’s law, according to which the
strain due to the misfit when B atoms are dissolved in the material at zero stress
is proportional to ¢

In this theory the flux of solute atoms is the vector

J=-BVpu (8)

where B is a mobility coefficient (not to be confused with the mechanical mobility
M in eqns (3,4)). This mobility is related to the bulk diffusivity D by

B=D/f"(c), (9)
so that (8) reduces to Fick’s law J = —DVc¢ when the stress is zero (in which case,
by (7), u = f'(c)). But if the stress is not zero, eqn (7) implies du/dc = " (c)+2Yn?
and Fick’s law takes the more general form

J = —B(f"’(c) +2Yn*)Ve
2
- - (1 + ?f&) DVe (10)
The diffusion equation implied by (8) and (10) is

Oc/ot =—-V-J =V (B(c)Vu) =V -(D*Ve) (11)

where oy 2

KON n
D*(c) := (1 + f”(c)> D (12)

In a region small enough for the interface to be treated as planar, take Cartesian
coordinates s, z,n where s is distance in the tangential direction, z is distance from
the plane of the cross-section in Fig. 1, and n is distance away from the interface,
positive in the upwards direction. The interface will be treated as a channel of
width A, advancing in the n direction at rate vcosf and in the s direction at
rate ssinf. We assume that the diffusivity in the channel is large, but that the
diffusivity elsewhere in the material is very small. To quantify these assumptions
more precisely, we assume that the diffusivity depends on n in the folowing way

i ADg if |7’l| > 1y

D(n) _{ Dy/X if |n| < %)\

where Dy and D; are constants. At a suitable moment we shall take the limit
A—=0.

Assuming a steady state, ¢ and p will be functions of n; := n — vtcosf and
st := s—wtsinf only (¢ being the time), so that 9/0t = —vcos0 d/In—vsinh J/ds.
On taking ¢t = 0, so that n; = n and s; = s, the diffusion equation (11) takes the

form ) o 8 (._,0 ) )
—vcosfae — psinf o (D* C)+ <D* C) (14)

(13)

on ds  0s ds on on
Introducing the re-scaled variable v := n/\, eqn (14) becomes, on multiplying

by A and then using (13)
Oc . Oc 0 , 0c 0 (D* dc
—’UCOSQ% - /\vsmeg = )\% (D 5‘5) + £ ( \ 61/) (15)
0 . 0c 1
oo (D52) wi= 1 o)

0 dc
_ 2 Y * U
= 0s (Doﬁs) +
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where

. 2Yn?
D = <1 + f”(c)) Dy (17)

On taking the limit A — 0 in (16), and assuming that all derivatives are of order
1 or less (rather than, say, of order 1/)) we obtain

oc 0 Oc
— —=—|Dj— 1
UCOSH@I/ v ( 081/) (18)
The boundary conditions to be satisfied at large v are
Ul;rr;o c(s,v) = cs(s) (19)
lm_c(s,0) = els) (20)

where ¢4(s) and c4(s) are, respectively, the concentrations in the shrinking and
growing grains at a distance from the grain boundary that is large compared to
Do/ v but small compared to the radius of curvature of the grain boundary. The
solutions satisfying these conditions are

(s,v) = cols)+g(s)exp (—vcos@/oydu/DS) w>1 @)

c(s,v) = cgls) (v<-—3) (22)
where the function g(-) is to be determined from the boundary conditions near
the interface. Thus, the solute diffuses ahead of the advancing interface a distance
of order Dy/Mv, as first shown by Balluffi and Cahn[2] for diffusion-induced grain
boundary motion. Behind the interface there is no elastic strain and no diffusion in
the normal direction.

Now we consider the interior of the channel, where |[v| < 3. The analogue of (16)
is now
dc Jdc 0 Jdc 1 0 Jdc
—vcos@a — Avsin@a = 3 (D’fas) + el (Di‘ay) (Jv] > 1)
(23)

where the definition of D7y is analogous to that of D§ in (17). In the limit of
small \ the coefficient of 1/A? must go to zero, so that the equation tells us that
Di0c/0v is independent of v. In other words, according to the definition (17),
(1 + 2Yn?/f"(c))dc/dv is independent of v or, going back still further, to (7).
Op/0v is independent of v.

To evaluate the (constant) value of du/0v we consider the matching condition
at the boundaries v = :I:%.. The original equation (14) implies that D*dec/dv is
continuous at these boundaries, i.e.

Dyx* Oc

Tg(% -0) = )\Dga(%"‘o) (24)
Dix 0c L Oc
715(_% +0) = )\Doa(_% - 0) (25)

The approximate solutions (21, 22) imply that both the partial derivatives on the
right are of order 1 (indeed one of them is actually zero); therefore the ones on the
left must be of order A2, and are zero in the limit of small A. Thus, the constant value
of Ou/0v inside the channel must be zero. It follows that the diffusion potential
inside the channel is independent of v and is the same on the two sides of the
channel.
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Now we can derive a transport equation describing how the solute atoms travel
along the ‘highway’. We start from eqn (15). Integrate from v = —% to +oo. This
gives

D* 60]”
= (26)
A Ov _%_H)

According to (21), dc/Ov — 0 as z — +o0. At v = 1 the condition (25), the formula
(13) and the approximate solution (22) tell us that

D* 80} [D* ac} [ 60}
[A W] _ 1, Aov]_ 1, v 1,

in the limit A — 0.

To evaluate the integral in (26), we use the facts that p is independent of v in
the channel, and that ¢ is independent of v behind the interface so that, by eqn (7)
w(s) = f'(cq(s)) in the growing grain. Hence, by the definitions of D} and p (eqn
(7)), we have

1
o] d 1 2 *dC
~veosd ) + O = A /\/%DldsdzH—O()\) +{

N N (¢ )%
Yas — f'(c)9s — f"(c) 97 0s
Thus, if we make the approximation f”(c) = f”(c,), eqn (26) simplifies, in the limit
A— 0, to

(28)

¢,
0s?

This equation is due to Cahn[5].

1 =wvcosh (cy(s) — cs(s)) (29)

3.3. A sum rule. If we integrate eqn (29) with respect to s along the intersection
of the O« interface with the plane of the diagram the result is

254
Dy (d,(Sq) — ., (0) = U/O (cals) —cp))cosBds (30)

where ¢/(s) := dc/ds and 25, is the arc length of the interface. Using the assumed
symmetry shown in Fig. 2 and the fact that cos @ = dx/ds, eqn (30) simplifies to

2Xa
— 2Dy, (0) = U/O (o — €o) dx (31)

where 2X,, denotes the thickness of a lamella of the a phase, measured betwen two
triple junctions on opposite faces of the lamella.

Adding together (31) and the corresponding formula for the 03 interface, and
assuming for simplicity that D; is the same for all three types of interface, we obtain
a result which can be simplified further using the formula

cn(0) 4+ ¢5(0) + c,5(0) =0 (32)

which expresses the fact (noted by Brener and Temkin([3, 4]) that the net flow into
the triple junction along the three interfaces that meet there must be zero. In this
way we obtain the sum rule

2X o 2Xp
v / Co dr + / cpdr | =v(2X4 +2Xp)co + 2D1¢,5(0) (33)
0 0
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This sum rule expresses the overall rate of accumulation of solute atoms in the two
new phases as the sum of the rate at which the old phase is being eaten up and the
rate of ‘recycling’ arrival along the af interface.

3.4. The pressure. To use eqns (3) and (4) we need a formula for the local pressure
force on an interface. To calculate this we shall treat the interface as locally planar,
as in the preceding section. The force on the interface is the space rate of decrease
of the total Helmholtz free energy (including elastic energy) when the interface
moves, the solute atoms redistributing themselves so as to bring about the required
concentration changes. Solute atoms must be supplied or removed as the interface
passes by. These atoms enter or leave the relevant part of the specimen by travelling
along the interface, whose chemical behaviour will be represented, for the pressure
calculation, as a (stress-free) reservoir whose stress-free diffusion potential p equals
the diffusion potential in the interface. As shown in the paragraph containing eqns
(24,25) the diffusion potential in the channel depends only on s and is continuous
across the interface, so we can treat p at the interface as a function of s only.

The free energy of the reservoir is equal to a constant plus p times the number of
solute atoms in it and therefore, since mass is conserved, equal to a constant minus
w1 times the number of solute atoms in the specimen. Thus the total Helmholtz free
energy of specimen and reservoir together, which will be called here the augmented
free energy, at a place where the solute concentration is ¢, is a constant plus

fle)+w—cp (34)

per unit volume of specimen, where w denotes the elastic energy per unit volume.
According to Larché and Cahn[11], the formula for w when (as here) the composition
and strain depend on only one of the three Cartesian position coordinates is

w=Yn*(c— coo)? (35)

where the notation is defined after eqn (7). The derivative of f(c)+ w with respect
to ¢ is the diffusion potential, given in eqn (7).

The augmented free energy in the growing grain at the point just behind the
grain boundary with arc coordinate s is, by eqn (34),

fleg(s)) = cq(s)n(s) (36)
per unit volume. In the shrinking grain, at the corresponding point just in front of
the grain boundary, the augmented free energy per unit volume, calculated using
eqn (34) and (35), is

Flei(9)) + Yn?(ci(s) = es(s))? = ul(s)e(s) (37)
The pressure is the difference between these two augmented free energies
p=flci) = fleg) — (ci —cg)pu+ Y772(Ci - 63)2 (38)

To use this formula we need to know p and ¢; Since the stress in the growing grain
is zero, the diffusion potential in the interface is equal to the diffusion potential in
the growing grain so that, by (7):

n=f"(cq) (39)
At the corresponding point just across the grain boundary the diffusion potential
is the same but the solute concentration, which se shall call ¢;, satisfies

p=f'(ci) + 2V (c; — c5) (40)
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by virtue of (7). Thus the equation for ¢; is
f'(eg) = f(ci) + 2V (ci — cs) (41)

This equation can be solved using our usual approximation of treating the relevant
part of the free energy curve of the shrinking grain (see Fig. 3) as a parabola. The
equation then becomes

f/(cg) = f'(cs) + (f"(cs) + 2Y772)(Ci — Cs) (42)
so that
_ f/(cg) — fI(CS) _.
° fres) +2Yn2
Using this formula, along with eqn (39), in the right hand side of the pressure
equation (38), we obtain
p =f(ci) = fleg) = (ci = cg) f'(cg) + Y1 (ci — ¢5)® by (39)
=f(cs) + O (cs) + 502" (cs) — fleg) — (s +© —¢g) f'(cg) +Y°O% by (43)
=f(cs) = fleg) = (cs = cg) f'(cg) + (f'(es) = f'(g))© + (3" (es) + Y1*)©?
1/ ¢ _f! 2
1)~ Fleg) — (e ) Feg) - 2

With a view to approximating this expression by means of a Taylor expansion in

powers of ¢, — cg? and ¢; — ¢§?, let us evaluate the relevant partial derivatives of p.

The derivatives we need are those of p1 := f(cs) — f(eg) — (¢s —cg) f'(cq). They are

C;i —C

(43)

by (43) (44)

B , ,
s = )= 1)
a "
e = (amef"e)
82 1
e = 1)
321)1 . "
dcsdcy —f7(eq)
82])1 " "
9z [ (eq) +(cg = o) [ (cq) (45)
g9

The results of the Taylor expansion are different according to whether the phases
on the two sides of the interface are the same or different. If the two phases are the
same, so that cg? = % =: ¢“, then the zero-order approximation to p is zero and
so are the equilibrium values of both the first derivatives in (45); the second-order
approximation for p; turns out to be

p1=5f"(c)(cg — cs)? + Oleg — ¢)° (46)
To this must must be added the lowest-order approximation to the quadratic term
in (44), whose calculation makes use of the assumption that the free energy curve
of the shrinking grain is a parabola, so that f'(cy) — f'(cs) = (¢g — cs) f"(cS?). The
resulting formula for p is

1"/ e l(JN( )_fl( S))2
p o~ %f (c*)(cq — ) - 2f”(zjq) +2;772
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(e () :
(e - o) o)

11( .eq 2
— /;f (C )Yﬁ (Cg - 08)2 (47)
[ (eeq) +2Y
If Yn? < f(¢57) this reduces to Hillert’s[9] formula for the elastic driving force in
diffusion-induced grain boundary motion; a less laborious derivation of a formula
essentially the same as (47) can be found in ref. [15].

Now consider the alternative case, where the phases on the two sides of the
interface are different. Since ¢y, the solute concentration in the shrinking grain,
may vary strongly with position near the interface, an expansion of ¢s in powers of
¢s — ¢4 may not be appropriate. We can still expand the right side of (44) in powers
of ¢4 — cg?, however. This expansion gives, using the formula for dp/dc, from (45)

Q

p = fles) = fegh) = (s = ") f (cg")
H(eg — g (cg? — es) [ (cg") + Olcg — ¢g)? (48)

3.5. Summary of the equations.
e The force equation (3)

veosd = (p+~vdf/ds)M (49)
with boundary conditions (6) for the O and 08 interfaces
0a(0) = 80 — 27+ ¢(0), 0a(254) = —0,(0)
05(0) = 65 — 37— ¢(0),  05(25) = —0,(0) (50)

where S, or Sz denotes the half-length of the relevant arc in Figs 1 and 2.
e The diffusion equation (29)

d?c,y(s
D/\#z() (cg(s) — cs(s))vcosb (51)
with the boundary condition
f,(cg (0)) = prs (52)

where p5, denotes the diffusion potential at the triple junction — it is the
same for all three interfaces meeting there. For the O and 07 interfaces there
is the further condition

fl(cg (29)) = prs (53)

e The triple junction net flow condition (32)
n(0) + 5(0) + c,5(0) = 0 (54)

or, alternatively, the sum rule (33)
e The pressure formulas (47) and (48),

1" .eq Y 2

if the phases on opposite sides of the interface are the same, and
p o= fles) = fleg") = (es — g f'(cg")

+(eg = cg)(cg? = cs) " (cg") + Olcg — ¢g)? (56)

b

if they are different.
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4. Solving the equations. The system of equations summarized in subsection
3.5 has generally been tackled by numerical methods, involving some questionable
approximations such as replacing cos@ by 1 in Cahn’s eqn (29). The approach was
to fix ¢p and then try to calculate the other variables. The method does not yield
a unique solution, but rather a one-parameter family of solutions, which could be
parameterized by the value of v. Experimentally, however, the value of v for given
cp and material parameters does appear to be unique. The physical mechanism
by which v is selected is not well understood. Our aim here is to understand the
mathematics of the model better; for example there might be some instablitiy that
rules out the unwanted values of v.

Our approach to the mathematical problem is different from those used previ-
ously. We approach it from the opposite direction: rather than treating cy as given
we fix the values of two other variables, ¢(0) and v, and try to express the remaining
variables, including cg, in terms of them.

4.1. The «af interface. We begin by looking at the equations for the a3 interface,
which trails behind the advancing front shown at the top of Figs 1 and 2. Using
the notation ¢ := 6 — 17 (see Fig 2) and the approximation sin ¢ = ¢(1 + O(4?),
equs (49) and (51) become

vp = (p+oydp/ds)M(1+O0(p%) (57)
DATE (o) — eal)opd + O() (58)

If ¢ > 0 as shown in Fig 2 the shrinking grain belongs to the o phase and the
growing grain to the 8 phase; if, on the other hand, ¢ < 0 then it is the growing
grain that belongs to the « phase. In either case the pressure is given by eqn (56),
a formula which can be approximated using a first-order Taylor expansion when ¢,
and cs are both close to their thermal equilibrium values. The resulting formula
can be written

p & [ (g (eg? — 5t (eg — ) + Oleg — ¢)* + Ofcs — c£7)? (59)

In the same spirit, we can approximate the right-hand side of (58) to lowest order
in ¢g — cg? and ¢ — ¢, which for that expression simply means replacing ¢, and
¢s by their equilibrium values, so that (58) is approximated as

eg(s) o eq e
DX dZQ ~ (g — S v (60)
Combining this with (59) we find that
d2p € € €
D/\—ds2 ~ f”(cgq)(cgq — )2 (61)

Eliminating p between (61) and (57) we obtain the following constant-coefficient
linear differential equation for ¢,
d2 ng v 1" e e eq\2

oA <vd5 " Mso) = P — )y (62)
A similar equation was obtained by Mullins[13] for a problem involving a solid-
vapour interface. Mullins’ equation is also used by Brener and Temkin[3]. Equation
(62) has solutions of the form ¢ = e~ %° where ¢ is a solution of the characteristic
equation

v
DA (va+ 1) = /(e (g — &5 (63)
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The cubic equation (63) has one positive solution and two others which are either
both negative or complex with negative real parts. Only the positive solution of
(63) leads to a solution of (62) that remains bounded as s — co. For small v the
second term on the left is negligible and so the solution that is bounded as s — oo
is

¢ =(0)e™? (64)
where /8
11( .eq eq _ .eq\2
q<f°@§gvcs)> o9+ 0(0) (63

To proceed to the next stage of the calculation, we need formulas for the diffusion
potential and the flow at the triple junction, when v and ¢(0) are known. The
appropriate solution of eqn (60) with ¢ given by (64) is

(cg? —c5h)v

o) = g (e
= 7 0)e~ 7 66
G e a0 (%)

from which, using (39), the diffusion potential at the triple junction can be calcu-
lated :

prs = F(eg(0)) ~ £ + (eg(0) = )1 (e57) + Oleg(0) = 5)?
K+ e 00) by (2) (67)

the last formula being exact if the free energy curve is a parabola.
For the triple junction flow condition (32) we need the derivative of ¢, which, by
(66), is

Q

/ o dc o '7q2
Ca5<0) - T;(O) - f”(C;q)(ng — C:q)@(o)

= Tw?3p(0) (68)

11 ( .eq eq __ eq\2 2/3
r.— - ’qu - f (Cg )(Cg Cs ) (69)
J(cg")(eg" — &%) Dy

It may be worth noting that, since ¢(0) and ¢, — ¢, have the same sign, pr, — p?
is positive (or zero) and c,4(0) is negative (or zero), regardless of the sign of ¢.

where

4.2. The 0a and 05 interfaces. The next step is to solve the equations for the
O0ca and 08 interfaces, using the boundary conditions determined by the given value
of ¢(0) and the formulas (66) and (68). We consider first the easiest case, in which
v = 0, and then show how to extend the results to larger values of v

4.2.1. The v =0 case. Eqn (51) shows that, when v = 0, each of ¢, and cg must
vary linearly with s, and by the symmetry assumed in Fig. 2, the linear function
must be a constant. The value of this constant is determined by the condition that
the diffusion potential at the triple junction is the same for all the three interfaces
meeting there! Eqn (67) shows that when v = 0 the diffusion potential has its
equilibrium value §¢9, and hence by (2), the concentrations in the growing grains at

!Brener and Temkin[4] appear to require instead, in their eqn (9), that the concentrations of
the two phases are equal at the triple junction.
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the O and 05 also have their equilibrium values. Thus, the constant value of ¢ on
the O« interface is ¢&7, and on the 05 interface it is cgq. Denoting the zero-velocity

values of the variable ¢ by ¢(?), we can write this concisely as

O (s) = ¢ (70)
Here we are using the notational convention that in an equation such as (70),
containing variables such as ¢, p, 0 etc with no subscript, either of the subscripts

a and B can be inserted; thus eqn (70) stands for the pair of equations c,(s) =
gty cp(s) = cy', meaning
O (s) = ¢4 on the Oa interface (71)
O (s) = g’ on the 03 interface
The zero-velocity pressure differences across the Oa and 08 interfaces are also
constants, being given, according to (55) and (56). by

pO(s) = ) = Yon?(co — c&)? on the O« interface
pO(s) = Pgo) i= f(eo) = f(cg") — (co — c5') f'(c5") on the 0f interface
(72)
where v
Ya: (73)

BRI CIC)
Setting v = 0 in the force equation (49) we find that
do® /ds = —r, where k= p© /7, (74)

so that each arc is circular, with radius 1/, i.e. v/ » or v/ pg)) The solution of
eqn (74) is

0 (s) = 0(0) — ks = k(SO — ) (75)
where 6(0) is given in (50) and
S = 0(0)/x = 0(0)7/p"” (76)

is the total length of the arc when v = 0. The condition for determining S, assuming
the symmetry shown in Fig. 2, is

0(28) = —0(0). (77)

This result enables us to calculate the thicknesses of the lamellas, to the current
order of approximation, using a formula already implicit in eqn (33):

25(®
2X :/ cos 0O (s) ds
0
~ 2sin(s@S®)  25in6(0) -3
- £(0) - kO (78)
with
0a(0) = o — 37 +¢(0),
05(0) = 05— 5m—¢(0) (79)
as in (6).

At this stage we would like to be able to use the sum rule (33) to determine a
value for ¢(®, but this is impossible for the moment because, since we are taking
v =0, eqn (33) just says 0 = 0. To get informatiohn about ¢y we need to go beyond
the v = 0 case.
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4.2.2. Improving the approximation. We can improve on the v = 0 solution (or any
other approximate solution)by the following successive approximations prodedure
which, it is to be hoped, will converge if v and ¢(0) are sufficiently small. The
idea is that if the nth order approximations to variables such as ¢(s), p(s), 8(s) and
S (denoted by c(™(s), etc.) are accurate to n th order in the two ‘independent’
variables v and ¢(0), meaning that the error is o(v" +¢(0)") as v — 0 and ¢(0) — 0,
then the next approximation will be accurate to (n + 1)th order (meaning that the
error is o(v™ ! 4 (0)" ).
The approximation scheme consists of the following steps:
e Given the nth order approximations to ¢(s),p(s),6(s) and S for both the O«
and 04 interfaces, we obtain the next approximation to c(s) (treating co as
given for the time being) by solving the following approximate version of (51)

D)\% = (™ (s) — co)vcos O™ (s) (80)

with the boundary conditions
FmD0) = f1DES) = iy (51)

with pr, as given in (67), i.e.
prs = 1+ 70 (0) (82)

The explicit solution of this boundary-value problem is

25(m)
" (5) = ¢ 4 % / G(s,u)(c'™ (u) — cé"))v cos 0 (u)du (83)
0

with the Green’s function G given by

1 {5(25(”)—u) if s<u

Gl u) = S 280 | u(28™ —5) if u<s

(84)
(see, for example, ref.[16]). If ¢ §(") and S(™) are all accurate to nth order
(as defined above) then the new approximation ¢**t1) will be accurate to
(n + 1)th order because of the factor v in front of the integral.

e The next approximation to p can now be calculated from the following formula,
which is based on (55) and (56):

pgn+1) — YQUQ(CghLl)_CO)Z (85)
pgY = P (T = e — o) () + Oles — )P (86)

e The next approximation to 6(s) is obtained from the following formula, based
on eqn (49)

do(n+1)
ds

with the initial condition from (6), i.e.

v +pn () = % cos 9+ (s) (87)

8o — 2T+ (0) on the O« interface

00 = 0) = { G 3

3™ —©(0) on the 03 interface (88)

If 0" is correct to order v™, and p"*Y to order v, then "tV will be
correct to order v™t!
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e Using this solution, we use the end condition
ot (250 +D) = —9(0), (89)

with (0) as in (88), to find S("+1).

e To get a better approximation, increase n by 1 and repeat the preceding
sequence of steps

e At the end of the calculation, we obtain the best available approximation to
¢o by using the sum rule (33)

2X, 2X 4
v (/ Co dx + / s dx) =v(2X4 + 2Xp)co + 2D1¢,5(0) (90)
0 0

or alternatively the triple junction mass conservation condition
n(0) + 5(0) + ¢,,5(0) =0 (91)
with ¢[,5(0) given by (68)

4.2.3. Illustration of the procedure. As an illustration, let us calculate a first-order
approximation, using the v = 0 solution in eqns (70) to (76) as our zero-order
approximation.

e Eqn (80) becomes, since ¢(%(s) = ¢° by (70),
d?cM(s)
ds?
In the formula (82) the correction term is of order g¢(0) which is o(v + ¢(0),

therefore to this (first) order of approximation we can write MTIJ) = /,(,g?,) = pc?

n (81); the boundary condition for (92) is therefore the same as for the ¢(*)
differential equation, namely

D (0) =M (280) = ¢ with S© =6(0)/x and 6(0) as in (88) (93)
The solution of (92) is then

DA — (¢ — ¢o)v cos (m(s@ - s)) (92)

v(co — c7)

1 __ e
V() =t Dr2

(cos kS — cosk(S® — s)) (94)

e The new approximation to p, from (85) and (86), is

p) = Yan'(cl) —co)?
P+ 2Yan (e = o) (ef)) = &) + O(?) (95)
Py’ = 5+ — o)l — )+ 00?) (96)

with i) — % and cg) — ¢, which are both O(v), as given in (94)

e The equation for AV, given in (87), is
do
s

= —pW(s) + % cos 00 (s)
= —pO 4 K(c® — o)+ % cos k(SO — )+ 02 (97)

where
Ko = 2Y,n?(c% — )
Kg = f"(cy)(cf" —co)
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whence, using (94), (75) which tells us that 0(°) = (S — s), and the initial
condition (6),

K s S
o = 9O 4 —/ (M) — ) ds + i/ cos k(S — s)ds + O(v?) (99)
7 Jo M Jo

e To find S we use eqn (89), which can be written §()(25M) = —xS(©) 5o
that the equation for S is

K 25 v 25M
k(28@ — 25y 4 — / (M) — c#9)ds + M/ cos k(S — s)ds = 0 (100)
7 Jo 0

e Finally, we use the triple junction flow condition (54). Differentiation of (94)

yields
dc™) v(co — ) . o 9
()= —Wsmns( )+ 0(v?) (101)
so that, using (74), (76) and (68) , the condition (54) gives
v(co — cg?) vlco — ¢4') >
—— 9058y + ———5— cosdg = [w?/3 2 102
W] cos 0y, + Diaor? cosdg = T'v*/°p(0) + O(v?) (102)

This still gives 0 = 0 if we take the limit v — 0 at fixed ¢(0), but suppose
we restrict our attention to values of ¢(0) that are small enough, in the limit
of small v, to satisfy

©(0) = o(v'/?), ie. lim @(0)v™ /3 =0 (103)

v—0

For such values of ¢(0) eqn (102) implies, on dividing by v and taking v — 0,

that
(co — c&9) (co —c5')
a 8o + ——2 g = 104
W cos s + Dosr? cosdpg =0 (104)

Recalling that & := p(®) / (eqn (74)), let us make the simplifying assump-
tion that the material parameters D, \,~,d (or, at least, the combination
4% cos§/DA) are the same for the two interfaces, a0 and £0. Then (102) sim-

plifies to
—c1 cFl—¢
e = Ly +Ow) (105)
(pa”) (pg )
which means, by (72),
co — g —co

- _ SO 1} 106
Voo — PP~ (Flew) — 1@ — (@ —en e T oW (1%
Using the thermodynamic formulas f'(c5?) = f'(c’), f(c5’) — f(ced) = (c5' —
e f! (czq), and approximating the free energy curve of the o phase by a
parabola, eqn (106) can be written

: = b +0(v)
(Yan?)?(co — cal)? (f(co) — f(c&) — (co — &) f'(ca1))?
czq -
~ 4 0(v) (107)

(3(co — ca)2f"(ca))
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which simplifies to

(co—cet) ¢ —cd

avape ~ ez TOW) (108)

so that

e 2Yan? ? e e
o~ () @00
‘ 2 \* e K

= I+ (f”(cgq) n 2Y772> (c5' — ) by (73) (109)
This is the value that ¢y must take to give a small v when the angle ¢(0) is small
compared to v'/3. The coefficient (2Y 7%/ " (c27) +2Y5?)? is likely to be quite small
(at most 1/10), so that ¢y needs to be much closer to ¢£4 than to c;q. That is to
say, the point on the graph in Fig. 3 representing the metastable state generating
a small v is likely to be quite close to the left-hand minimum.

5. Concluding remarks. This work shows that it is possible to make progress
in the theory of cellular precipitation using analytical methods. A challenge to
mathematicians is to find a more elegant way of dealing with this rather complicated
system of equations and to explore the parameter space so as to find out (rigorously
if possible) for what ranges of parameters solutions can and cannot exist. It would
also be useful to obtain more information about how v varies when ¢y and ¢(0) are
varied. It may be, for example, that v has a maximum with respect to variations
of ¢(0) at fixed ¢p, and this maximum value of v would then be a candidate for the
observed value of v, on the principle that the fastest runner wins the race.

6. Appendix: Summary of notation.

B a mobility coefficient related to diffusivity — see eqn (9)

c concentration of solute atoms at a general position

co  concentration of solute (B) atoms in the metastable g phase

¢o  concentration of solute atoms in « phase (and cg is analogous)

c¢d  thermodynamic equilibrium concentration of B atoms in « phase

cg  concentration of B atoms in growing grain just behind an interface

c¢;  concentration of B atoms in shrinking grain just in front of interface

c¢s  concentration of B atoms in shrinking grain far in front of interface
Dy A! times diffusivity in the high-diffusivity channel at the interface
D; ) times diffusivity in bulk material, away from interface

D*  see eqn (17)

f(¢) Helmholtz free energy density, a function of solute concentration ¢
f'(c) :=df(c)/dc = stress-free diffusion potential
see eqn (98)
co-ordinate increasing in a direction normal to the interface
thermodynamic pressure difference across the grain boundary
spatial decay rate for af interface — see eqn (65)
arc length along interface, measured away from nearest triple junction
total arc length along an interface from one triple junction to the next
time
velocity of the corrugated interface in the positive y direction
elastic energy per unit volume. See eqn (35)

Ee+honay 3 X
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z-axis passes through all the intersections of triple junctions with the x,y plane
X, distance in the a phase from one triple junction to the next

y-axis perpendicular to x axis, passing through a triple junction
Y an elastic coefficient, reducing for isotropic solids to E/(1 — v),

where FE is Young’s modulus and v Poisson’s ratio

Yo, =Y/(1+2Yn?/f"(c)). — see eqn (73)
0 surface energy at an interface (phase or grain boundary)
r see eqn (69)
6 dihedral angle at triple junction
n Vegard coefficient : rate of change of stress-free elastic misfit with ¢
0 angle between tangent to an interface and the z-axis
A thickness of channel along which diffusing atoms travel near an interface
1 diffusion potential — see eqn (7)
u?  slope of double tangent to free energy curve — see Fig. 3
ury;  diffusion potential at a triple junction
v :=n/\. See eqn (15)
%) angle beteeen tangent to the af interface and the y direction
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