PHYSICAL REVIEW E 79, 031601 (2009)

Thermodynamics and roughening of solid-solid interfaces
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The dynamics of sharp interfaces separating two nonhydrostatically stressed solids is analyzed using the idea
that the rate of mass transport across the interface is proportional to the thermodynamic potential difference

across the interface. The solids are allowed to exchange mass by transforming one solid into the other,
thermodynamic relations for the transformation of a mass element are derived and a linear stability analysis of
the interface is carried out. The stability is shown to depend on the order of the phase transition occurring at
the interface. Numerical simulations are performed in the nonlinear regime to investigate the evolution and
roughening of the interface. It is shown that even small contrasts in the referential densities of the solids may
lead to the formation of fingerlike structures aligned with the principal direction of the far field stress.
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I. INTRODUCTION

The formation of complex patterns in stressed multiphase
systems is a well-known phenomenon. The important studies
of Asaro and Tiller [1] and Grinfeld [2] brought attention to
the morphological instability of stressed surfaces in contact
with their melts or solutions. In the absence of surface ten-
sion, small perturbations of the surface increase in amplitude
due to material diffusing along the surface from surface val-
leys, where the stress and chemical potential is high, to sur-
rounding peaks where the stress and chemical potential is
low. Important examples of instabilities at fluid-solid inter-
faces include defect nucleation and island growth in thin
films [3,4], solidification [5], and the formation of dendrites
and growth of fractal clusters by aggregation [6]. The surface
energy increases the chemical potential at regions of high
curvature (convex with respect to the solution or melt, at the
peaks) and reduces the chemical potential at region of low
curvature (at the valleys) and this introduces a characteristic
scale below which the interface is stabilized.

In systems where the fluid phase is replaced by another
solid phase, i.e., solid-solid systems, the interface constraints
alter the local equilibrium conditions. Here we study a gen-
eral model for a propagating interface between nonhydro-
statically stressed solids. The interface propagates by mass
transformation from one phase into the other. The phase
transformation is assumed to be local, i.e., the distance over
which the solid is transported via surface diffusion or solvent
mediated diffusion is negligible compared to other relevant
scales of the system. Although the derivations apply to a
diffuse interface, we shall here treat only coherent interfaces,
where there is no nucleation of new phases or formation of
gaps between the two solids [7,8], in the sharp interface
limit. For example, in rocks such processes appear at the
grain scale in “dry recrystallization” [9,10]. Common ex-
amples of coherent interfaces that migrate under the influ-
ence of stress include the surfaces of coherent precipitates
(stressed inclusion embedded in a crystal matrix) [7] and
interfaces associated with isochemical transformations. Most
studies of solid-solid phase transformations have been lim-
ited to the calculation of chemical potentials in equilibrium
and have provided little insight into the kinetics. Here we
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investigate the out of equilibrium dynamics of mass ex-
change between two distinct solid phases separated by a
sharp interface. We expand on the recent work presented in
Ref. [11] where we studied the phase transformation kinetics
controlled by the Helmholtz free energy. It was shown that a
morphological instability is triggered by a finite jump in the
free energy density across the interface, and in the nonlinear
regime this leads to the formation of fingerlike structures
aligned with the principal direction of the applied stress.

In the majority of solid-solid phase transformation pro-
cesses, the propagation of the interface is accompanied by a
change in density. For this reason the density is an important
order parameter that quantitatively characterizes the differ-
ence between the two phases. We consider two types of
phase transitions underlying the kinetics, first order and sec-
ond order, which result in fundamentally different behaviors
at the phase boundary. A first-order phase transition occurs
when the two phases have different referential densities and
it typically results in morphological instability along the
boundary whereas a second-order phase transition may either
stabilize or destabilize the interface depending on Poisson’s
ratios of the two phases. A simple sketch of the stability
diagram is outlined in Fig. 1 for relative values of density
and shear modulus of the two phases.

The article consists of five sections. In Sec. II we derive a
general equation for the kinetics for mass exchange at a
solid-solid phase boundary separating two linear elastic sol-
ids. We utilize the derived equations on a simple one dimen-
sional example and offer a short discussion of the order of
the phase transition underlying the kinetics. We proceed in
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FIG. 1. Sketch of a stability diagram for the growth rate of a
sharp interface separating two solid materials. The axes show rela-
tive values of the shear modulus and density of the phases. As will
be shown in Sec. III, the symmetry of the diagram is broken by the
values of Poisson’s ratios.
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FIG. 2. (Color online) Two solids separated by a sharp interface.
A compressional force is applied at the margins in the vertical
direction

Sec. III with a linear stability analysis of the full two-
dimensional problem. In two dimensions, the phase transfor-
mation kinetics gives rise to the development of complex
patterns along the phase boundary. While we solve the prob-
lem analytically for small perturbations of a flat interface,
things become more complicated in the non-linear regime,
and we resort to numerical simulations based on the combi-
nation of a Galerkin finite element discretization with a
level-set method for tracking the phase boundary. In Sec. IV,
numerical results are presented together with discussions. Fi-
nally in Sec. V we offer concluding remarks.

II. GENERAL PHASE TRANSFORMATION KINETICS

Although the equations that we derive for the exchange of
a mass element between two solid phases in a nonhydrostati-
cally stressed system apply to more general settings, we limit
ourselves to the study of two solids separated by a single
sharp interface. The solids are stressed by an external
uniaxial load as illustrated in Fig. 2. In the referential con-
figuration, a solid phase is assumed to have a homogenous
mass density, p, defined per unit undeformed volume occu-
pied by that phase. After the deformation, the densities are
functions of space x and time ¢, i.e., p;(x,?) and p,(x,7). The
average density of the two-phase system is denoted by
p(x,1). Finally, the mass fraction for phase 1 is denoted by c.
In this notation, the mass fraction of phase 2 becomes 1—c.

For nonvanishing densities, the mass-averaged velocity is
defined as

v=cv;+(1-c)v,. (1)

Throughout the text, the mass average of any quantity is
indicated by a bar. Similarly, the average specific free energy
density is given by
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f=cfi+ (1 =-0c)fs. (2)

The total specific volume is related to the real densities in the
deformed state p,(x,?) and p,(x,t) by

pl=cpi +(1-0)p;". (3)

The interface separating the two phases is tracked by the
zero level of a scalar field ¢(x,?) passively advected accord-
ing to the equation

9¢ _
o WIvel=0, )

where W is the normal velocity of the surface. It follows that
the interface is given by the zero level set

I" = {x|p(x,t) = 0, for all ¢}. (5)

The scalar field is constructed such that phase 1 occupies the
domain in which ¢(x,t) >0 and phase 2 occupies the domain
in which ¢(x,7)<0, see Fig. 2. In this notation, the mass
fraction may be expressed as the characteristic function of
the scalar field

. if ¢(x,1) >0,

c(x,t) = Hlp(x,0)] = if ¢(x,1) =0, (6)

1
1
5,
0, otherwise.

In the subsequent analysis, we make use of the following
relations (see, e.g., Ref. [12])

Vic=n;6r, dc=—-Wé, (7)

where 1n;=V,;¢/|V | is the normal unit vector of the inter-
face, W=-d,¢/|V¢| is the normal velocity, and &
=|V¢|8(¢p) is the surface delta function. Taking the gradient
of the averaged velocity from Eq. (1) and using the above
identities, the following relation is obtained

ov;
Vllj] = ;CLVZIC + CVZ'UL]' + (1 - C)Vivzyjs

== ni + Vo, (8)

A. Kinetics of the phase transformation

The system must satisfy fundamental conservation prin-
ciples for the mass, momentum, energy and entropy. Let us
denote the material time derivative with respect to the mass-

averaged velocity by an over dot, i.e., ©=9,0+7,V,0. Then,
the local mass conservation can be written in the form
p=-pVD; )

and the local momentum balance can be written in the form

plj,:VjO'U, (10)

where oy; is the stress tensor.
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The mass fraction of phase 1 satisfies the advection-
reaction equation given by

pc=Qdr, (11)
where the mass exchange rate Q is confined to the interface
by the delta function (in the sharp interface limit). Mass
transport by diffusion is negligible in the reaction dominated
regime. This is a valid approximation when the characteristic
length /[=D/W, where D is the diffusion coefficient and W is
the velocity of the interface, is small compared with other
relevant microscopic length scales. That is material diffusion
occurs on a time scale much longer than any other relevant
time scale in the system or equivalently the characteristic
length scale formed from the diffusion constant and solidifi-
cation or precipitation rate is small compared to other rel-
evant microscopic scales.

In the linear kinetics, the mass exchange rate is now de-
rived from the requirement that the entropy production has a
positive quadratic form. We start by expressing the conser-
vation of specific energy density e in the form

where 7%=cvi+(1—c)v3 since the cross term vanishes in the
limit of a sharp interface.
At equilibrium

e=f+Ts, (13)

where the free energy is assumed to be a function of the local

strain and the composition, i.e., f:]_‘(E,-j,c). By inserting the
energy conservation equation (12) into the time derivative of
this equation, under constant temperature conditions, the ex-

pression

. _ df = I,
pTs=0o;Vi;— Pa?fij —-p7C

(14)
i dc

is obtained. The phase transformation is assumed to be slow
and isothermal. From Egs. (2) and (8) it follows that

.o — — 9f
PH=0'nj;C15r+0'ijVin_ngij—%PQ (15)

ij

Given that the strain rate is &;=1/2(Vv;+Vv;) and using
the symmetry of the stress tensor, we arrive at the expression

. a0, af \— of
Ts=0,—L +( - —) =08, 16
pLs o-n_/ Je 0-1.] P agl] 61] aCQﬁF ( )

where o,;=0;n; is the stress vector at the interface. From
Egs. (8) and (9) and using an equation of state of the form
p(E,-j,c)=p0(c)(1 —€;) it follows that
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dp . dp— v,
ST 6=
dc Jg; dc

pdr—pV;

1dp —
=——06& - p'e;
p dc

v e
== anP5F—PViUi
c
a1 v — —
=>—(—>Q= L plei=pV,.
dc\p dc

Using Eq. (3) for the density, the jump in the material veloc-
ity is related to the reaction rate by

o, a1
=0—\(—).

dc dc\p

The direction of the kinetics is constrained by the second law

of thermodynamics which can be expressed in the continuum
form as

(17)

ps+ V=11, (18)

where J7 is the entropy flux density and I1,=0 is the entropy
production rate. We consider the case where the entropy flux
is negligible (in the absence of mass and heat fluxes) and
therefore set J,=0. Combining Eqgs. (16) and (18), it can be
seen that the positive entropy production rate leads to the
condition

(17 A
|:0-nn¢9€<p) aC]Q5F+(Uij pag..>€ij_THS/0

ij
(19)

on the reaction rate. We now define a constitutive relation
that couples the stress to the strain via the Helmholtz free
energy

of
Ti=p (20)
JE;;
From Eq. (19) we observe that the entropy is produced only
at the interface, and in the linear kinetics regime the reaction

rate is proportional to (see, e.g., Ref. [13]),

I I R A}
Q~K|:O-nn(9c<p) (96':|’

where K>0 is a system specific constant.
The normal velocity of a sharp interface is obtained by
integrating Eq. (11) across the interface and taking the sin-

gular part of it
_ K 1
Wzvn__ Uiln__f .
p P

Here we introduce the jump in the quantity a from one phase
to another [al:=a,—a,, where q; is the value of @; in phase i
outside the interface zone as the interface is approached. The
additional interfacial jump conditions of the total mass and
force balance from Egs. (9) and (10) are given by

(21)

(22)
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FIG. 3. One-dimensional system undergoing phase
transformation.
[p(W=v,)]=0, (23)

In general, surface energy 7y and surface stresses may
have an important effect on the kinetics at the phase bound-
ary with high curvature /C, therefore the expressions given
above are modified to take this into account. For this purpose
we utilize the Cahn-Hilliard formalism [14] of a diffuse in-
terface. The surface energy is obtained by allowing the
Helmbholtz free energy density to be a function of the mass
fraction gradients, i.e.,

% (25)

_ - K
pf(€;.c,Vc) = pfo(€.c) + 51|Vc

where «; is a small parameter related to the infinitesimal

thickness of the interface and f;, is the homogenous free en-
ergy density introduced above. Because the composition gra-
dient is small everywhere except for a thin zone at the inter-
face, the free energy can be separated into bulk and surface
contributions. If we now take the limit of vanishing surface
thickness and follow the derivations in the appendixes we
obtain the general jump condition for the normal force vector

[[O-nn]] =-2K Y- (26)

In the aforementioned expression of the interfacial velocity
Eq. (22) the normal stress vector was continuous across the
interface. In the presence of surface tension, the normal ve-
locity is altered by an additional contribution from the sur-
face energy

Wi+ E(Hf]] ol T+ 2K, (27)

where we have used the interface average defined as (a)
=1 /2((114‘(12).

B. Example: Phase transformation kinetics in a one-
dimensional system

We start out considering the phase transformation kinetics
of a one-dimensional system composed of two linear elastic
solids separated by a single interface. A force o is applied at
the boundary of the system (see Fig. 3) and each solid phase
is represented by its Young’s modulus E; (i=1,2), unde-
formed density p?, and length L?. In the deformed state when
the external force is applied the length becomes L,-:L?(l
+0/E;) and the density p,-=p?L?/ L;. The specific free energy
is given by
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_f( c N 1-c¢ )
“2\p(Ei+0) py(Er+ o))

In the following, we do not allow new phases to nucleate
within the solids and limit our considerations to the propa-
gation of a single interface separating the solids. The system
is assumed to be isothermal and no diffusion of mass takes
place. The interface moves as one phase, slowly transforms
into the other and an amount p,dL,, of solid 1 is replaced by
an amount p,dL, of solid 2, with conservation of the total
mass. The phase transformation is assumed to be irreversible
and to occur on time scales that are much larger than the time
it takes for the system to relax mechanically under the defor-
mational stresses.

In the one-dimensional setting the local mass exchange
rate is given by a linear kinetic equation (21) of the form

S (R U R 29
m=s 2p0E_p - 2p0E+pO ’ 29

with K> 0. In most cases, the contribution from the jump in
the elastic energy density will be small compared to the con-
tribution from the work term (because o/E<<1, within the
linear elasticity regime). The change in the total length will
in general follow the sign of the stress

. p1 (! o o 1 o
L=Lj\1-—)=m|—|=K —ot olll ot =0l
P2 p 2Ep” p llp Ep

If the densities in the undeformed states are identical, p?
=pg, the change in the total length is given by

.o |l L|?
L=K2—p0|lgﬂ, (30)

whereas a jump in the referential densities (p(l) * p(z)) will re-
sult in a work term given by

L~Ko| 5| - (31)
p

Under a compressional load, the dense phase grows at the
expense of the less dense phase (if the two phases have the
same Young’s modulus) and the soft phase grows at the ex-
pense of the hard phase (if the two phases have the same
density), such that overall the system responds to the exter-
nal force by shrinking. The one-dimensional model cannot
predict the morphological stability of the propagating phase
boundary in two dimensions. It turns out that the work term
destabilizes the propagating boundary under a compressional
load.

(28)

C. First- and second-order phase transitions: Equilibrium
phase diagrams

In the above derivations, the reaction rate is determined
by the jump in the Gibbs potential across the phase bound-
ary. Whenever the system is stressed, only one of the two
phases will be stable, i.e., the general two phase system will
always evolve to an equilibrium state consisting of a single
phase. In the absence of an external stress, it is possible for
two phases to coexist without any phase transformation tak-
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FIG. 4. (Color online) Part (a) illustrates the phase diagram for
a second-order phase transition in the p-o plane. The solid-solid
kinetics will always be directed from the unstable phase (dashed
line) to the stable phase as illustrated by reaction path Q marked by
the dashed arrow. The slopes of the densities with respect to stress
are Young’s modules of the materials. Part (b) illustrates the equi-
librium curves of the first order phase transition. For the first order
phase transition one would in general expect to see hysteresis ef-
fects extending the continuous lines (stable regions) beyond the
point 0=0. Here we have shown an idealized case where such
effects are disregarded.

ing place. In the one-dimensional example, the relevant field
variable is the stress o applied to the system and the Gibbs
potential is given by [follows from Eq. (29)]

(o
-—. 32
2WE (32)

glo) =

In Fig. 4 we show an equilibrium phase diagram in the con-
jugate pair of variables o and 1/p. If the derivative of the
Gibbs potential with respect to the external field o is evalu-
ated at the critical point 0=0, it can be seen that there are
two possible scenarios. The first scenario is a first order
phase transition, which occurs whenever there is a jump in
the referential densities, i.e., the derivative of the Gibbs po-
tential is discontinuous and the second derivative diverges at
the critical point. The other scenario is a second-order phase
transition, which occurs when the referential densities of the
two phases are identical. We then have a jump in the second-
order derivative whenever Young’s modules of the two
phases are dissimilar.

The order of the phase transition has a fundamental im-
pact on the dynamics. In two dimensions a first-order phase
transition kinetics will generally lead to morphological insta-
bilities of the propagating phase boundary while a second
order phase transition will either flatten or roughen the
boundary depending on Poisson’s ratios of the two materials.
In the next section we analyze the different phase transitions
by performing a linear stability analysis.

III. LINEAR PERTURBATION ANALYSIS

We now solve the elastostatic Egs. (10) and (26) together
with the kinetics Egs. (22) and (27) in two dimensions for an
arbitrary perturbation to an initially flat interface using the
quasistatic version of momentum balance in Eq. (10). In ad-
dition to the translational dynamics observed in the one-
dimensional system presented above, it turns out, that in two
dimensions the interface dynamics is nontrivial and may lead
to the formation of fingerlike structures. The general setup is
shown in Fig. 2, where phase 7, i=1,2, has material param-
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eters w;, v;, and p;, with u; being the shear modulus and v;
being the Poisson’s ratio. In general, the interface velocity
depends on its morphology, the 6 material parameters and the
external loading o... One degree of freedom is removed by
rescaling the shear modulus of one phase with the external
load.

A. Stress field around a perturbed flat interface

In order to evaluate the jump in Gibbs energy density, i.e.,
[F/p°+ W], we need to determine the stress field around the
interface by solving the elastostatic equations. We have that
under plane stress conditions, the local strain energy density
can be written in the form

1 2 2
= @(UM+ Oy~

14

= V(O'xx + O'yy)2 + 20'%,) (33)

and the work term is defined as

W==0,,p; == 0upioll +Tr(e)]. (34)
The trace of strain is given in terms of stress by
1-2v
Tr(e) = ——— +0,,). 35
() a1+ ) (0 +0y) (35)

Note that we could as well have formulated the problem
under plane strain conditions; however, the generic behavior
in both plane stress and strain is the same although the de-
tailed dependence on the material parameters is altered.

We solve the mechanical problem by finding the Airy
stress function U(x,y) [15] which satisfies the biharmonic
equation A%2U=0. Once the stress function has been found,
the stress tensor components readily follow from the rela-
tions

>FU FU U 26

O = (9y2’ Oy = a2’ Oxy = axdy” (36)

The biharmonic equation is solved under the boundary con-

ditions of a normal load applied in the y direction at infinity,

ie., 0,,——[0.|<0 and o,,=0 for y— * . The continuity

of the stress vector across the interface follows from force
balance. In addition we require that u,(*,y)=0.

For a flat interface, the stress field is homogenous in
space. This implies that the Airy stress function is quadratic
in x and y, with coefficients determined by the boundary
conditions. With the boundary conditions specified above,
the stress function for the ith phase can be written in the
form

I PR
Ui(x,y) = > (" + wy?). (37)
From this stress function we can calculate the Gibbs po-
tential which in the case of dissimilar phases is discontinuous
across the interface. The velocity of the phase transformation
readily follows from the potential
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Wo = [Fo/p” + Wl

I 1 lo>(1-3v, 1-3p,
=|a'oo|<—0——0)— 1 ( T~ 0 . (38)
P P2 P1H Prf2

The subscript of the free energy density and the work term
refers to an unperturbed interface. From the above equation,
we see that when the lower phase is much denser than the
upper phase, i.e., p?< pg, the interface propagates uniformly
into the upper phase with a velocity W= |o..|[1/p]>0, i.e.,
the denser phase grows into the softer. When the densities
are identical or almost identical, p,/p;=1 and the shear
modules significantly different, i.e., u;<<u,. When the two
solids phases have identical Poisson’s ratios v, we see that
the softer phase can only grow into the harder one when v
<1/3.

In the case of an arbitrarily shaped interface separating
the two phases, the analytical solution to the stress field is in
general far from trivial. In-plane problems can in some cases
be solves using conformal mappings or perturbation schemes
[15-17]. Here, we solve the stress field around a small un-
dulation of flat interface employing a linear perturbation
scheme [17]. In the linear stability analysis we now study the
growth of an arbitrary harmonic perturbation with wave-
length k, i.e., h(x,t)=Ae® cos(kx) with A<1. In Appendix
B, we derive expressions for a general perturbation. The Airy
stress function can be written as a superposition of the solu-
tion to the flat interface and a small correction due to undu-
lation U(x,y)=Uy(x,y)+O(x,y), where O(x,y) is deter-
mined from the interfacial constraints of continuous stress
vector and displacement field. When the wave number £ is
much smaller than the cutoff introduced by the surface ten-
sion, we obtain the following expressions for the Airy stress
functions:

= |ou|h(x)exp(= ky)(ay + B)

0,(x,y) =
: k(uary + py) (k2 + o)
|o..|h(x)exp(ky)(ayy - B)
®2(x7y) = 5 (39)
k(pory + py) (g ko + o)
where Kl:% and we have introduced the material specific
constants
ay = k(1= v) (g = ) (g 63 + ),
a = k(1 = ) (g = po) (o iy + ),
and
1 - V2 1 bl Vl Vl - V2
=2u? —2u? +4 —_—.
B I-L]1+V2 M21+V1 M1M2(1+V2)(1+V1)

From the Airy stress functions, we then calculate the
stress components using Eq. (36) and find the jumps in the
Gibbs energy density from Egs. (33) and (34). The evolution
of the shape perturbation relative to a uniform translation of
the flat interface is described by Eq. (27), namely,
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PED L L W= Wy, (40)

which in the linear regime corresponds to a dispersion rela-
tion given in the general form as

w X

[F+W]-Ww,

; (@)

Below follows an evaluation of the growth rate for a small
harmonic perturbation to a flat interface. For this perturba-
tion, the general expression for the growth rate follows di-
rectly upon insertion of the Airy functions in Eq. (39) and
then in Eq. (36), however, the growth rate is not easily ex-
pressed in a short and readable form and we have therefore
limited our presentation to a few special cases. The growth
rate is a function of the six material parameters (v;,u;,p;)
and the external stress. Naturally, the stability of the growing
interface is invariant under the interchange of the solid
phases and correspondingly the region of the stability dia-
gram that we have to study is reduced.

B. First- and second-order phase transition: Stability
diagrams

In the second-order phase transition when both solids
have the same referential densities p?:pgzpo and when the
Poisson’s ratios v;=1,=v are identical the dispersion rela-
tion assumes a simple form

© _ Br=1)1 = v) () + po) (r — M1)2
ko p sy + pak) (i + py <) (14 v)

(42)

where « is the fraction introduced above and k the wave
number of the perturbation. The expression reveals an inter-
esting behavior where the interface is stable for Poisson’s
ratio less than 1/3 and is unstable for Poisson’s ratio larger
than 1/3. Figure 5 shows stability diagrams for the specific
case where u;=1 and p(l):l (in arbitrary units). In panel (A)
the diagram is calculated for two solids that have the same
Poisson’s ratio and with a value v=1/4. The second-order
phase transition occurs along the horizontal cut pgzl and is
marked by a dashed grey line. We observe that w/k is nega-
tive along this line and the interface is therefore stable. For v
larger than 1/3 (not shown in the figure) the horizontal zero
level curve will flip around and the grey dashed line will then
be covered with unstable regions. In order to see this flip, we
expand Eq. (41) around the point (1,1), i.e., in terms of pJ
—1 and u,—1, and achieve the following expression for the
ZEro curve:

(1-2v=-3") (- 1)
v(7+v)

py=~1+ (43)
Note that the right-hand side is in units of p;. We directly
observe that the horizontal zero curve flips around at the
critical point v=1/3. In the case when the two solids are
identical, i.e., at the point (1,1) in the stability diagram, all
modes will as expected remain unchanged and the interface
therefore remain unaltered. The other parts of the zero levels
lead to marginal stability but will in general induce a growth

031601-6



THERMODYNAMICS AND ROUGHENING OF SOLID-SOLID...

0.05
0.00
—~ I
- —
Il I
oy —
~ -0.05
odl
o) —
-0.10
-0.15

PHYSICAL REVIEW E 79, 031601 (2009)

BT,
SO

| e 0.15

AT

p2, (p1=1)

-0.05

-0.10

FIG. 5. (Color online) Panel (A), stability diagram for two solids materials with identical Poisson’s ratio of »=0.25. Panel (B), diagram

for solids with Poisson’s ratios of v;=0.45 and v,=0.40.

of the interface due to the unperturbed Gibbs potential (38).
We now consider a cut in the stability diagram where the two
solids have the same shear modules, u;=pu,=u, but different
densities and Poisson’s ratios. For different Poisson’s ratios
the dispersion relation (41) becomes

o (1 —v)lvip)— vp) +2(p) - p) ]

k 4ppou
From this expression we see that the vertical zero line ob-
served in Eq. (42) and in Fig. 5 panel (A) only exists for
identical Poisson’s ratios. When the solids have different
Poisson’s ratios, the separatrix or intersection of the two zero
curves located at (1,1) in panel (A) will split into two non-
intersecting zero curves. In panel (B) we show a stability
diagram for solids with Poisson’s ratios v;=0.45 and v,
=0.40.

In general the stability diagram is characterized by four
quadrants, two stable and two unstable, delimited by neutral
zero curves. The physical regions would typically correspond
to the quadrants I and II under the assumption that higher
density implies higher shear modulus. In these quadrants the
growth rate is typically positive (i.e., the interface is un-
stable) except for a thin region at the borderline between a
first- and second-order phase transition, i.e., when p,=p;.

(44)

IV. NUMERICAL RESULTS AND DISCUSSIONS

The linear stability analysis revealed an intricate change
in stability depending on the material properties and densi-
ties of the two solids. We explore this stability beyond the
linear regime using numerical methods. The bulk elastostatic
equation (10) is solved numerically on an unstructured trian-
gular grid using the Galerkin finite element method and the
surface tension force is converted to a body force in a narrow
band surrounding the interface. The discontinuous jumps ap-
pearing in the dynamical Eq. (27) are computed at the outer
border of the band. Periodic boundary conditions are used to
minimize the possible influence of the finite system size in

the x direction (parallel to the interface). The interface is
tracked using a level set method (e.g., Ref. [18]) and propa-
gated with the normal velocity calculated in Sec. II using Eq.
(27). Several level set functions ¢(x,) can be used, how-
ever, most level set methods use the signed distance function
[|#(x,1)| is the shortest distance between x and the interface
and the sign of ¢(x,7) identifies the phase at position x].
Good numerical accuracy can be obtained by keeping ¢(x,?)
a signed distance function at all times, and this is achieved
by frequent reinitialization of ¢(x,#) according to the itera-
tive scheme

d
2+ SVl - 1) =0, @s)
where ¢, is the level set function before the reinitialization,
t' is a fictitious time, and S(¢py) =/ \ ¢3+(Ax)2, where Ax
is the grid size. Generally only a couple of iterations are
needed at each time step, to obtain a good approximation to
a signed distance function, and it is only necessary to update
the level set function in a narrow band around the interface.
In Figs. 6 and 7 we present numerical simulations of the
phase transformation kinetics using parameter regions where
the interface is either stable or unstable. The simulations pre-
sented in Fig. 6 [panels (A) and (B)] represent interface snap
shots of a first-order phase transition dynamics and panels
(C) and (D) simulations of a second order, respectively. In
panel (A), the values of the parameters were chosen in a
region of the stability diagram where the interface is pre-
dicted to roughen and in panel (B) we have used parameters
corresponding to a stable evolution of the interface. Note that
the interface in both cases is moving from the dense phase
into the soft phase independent of its stability. This is in
agreement with the one dimensional calculation performed in
Sec. II. Panel (C) shows a case of a second-order phase tran-
sition where the interface is unstable, while panel (D) shows
a stable case. We notice that, for second order phase transi-
tions, the overall translation of the interface is changed in
unison with its stability. In Eq. (43) we saw that the stability
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FIG. 6. (Color online) Simulations of the temporal evolution of solid-solid interfaces for first-order [panels (A) and (B)] and second-order
[panels (C) and (D)] phase transitions. Panel (A) shows a simulation using p;=1.0, #;=1.0 and p,=1.05, u,=2.0. Both phases have identical
Poisson’s ratio v;=v,=0.45. Panel (B) is a simulation run with densities and shear modules similar to panel (A) but with a different Poisson’s
ratios v;=1,=0.25. Panel (C) is a simulation run with p;=1.0, u;=1.0 and p,=1.0, u,=2.0. Both phases have identical Poisson’s ratios
v;=1,=0.45. Panel (D) shows a simulation run with densities and shear modules similar to panel (C) but with different Poisson’s ratios
v;=1,=0.25. The color code represents a time arrow pointing from the darker regions (early stage) to the lighter regions (final stage).

of the second-order phase transition is dictated by the values
of Poisson’s ratios. For Poisson’s ratio smaller than 1/3, the
kinetics is stable and the phase of small shear modulus grows
into the phase of higher shear modulus while for higher val-
ues of Poisson’s ratio the behavior is reversed and the inter-
face roughens with time. This also follows from Eq. (38). In
Fig. 7, we have plotted the mean velocity as a function of
time for the simulations presented in Fig. 6.

V. CONCLUDING REMARKS

In conclusion, it has been shown that the phase transfor-
mation of one solid into the another across a thin interface

may lead to a morphological instability, as well as the devel-
opment of fingers along the propagating interface. We have
presented a stability analysis based on the Gibbs potential for
nonhydrostatically stressed solids and have established a lin-
ear relationship between the rate of entropy production at the
interface and the rate of mass exchange between the solid
phases. The solids are compressed transverse to the interface
and corresponding stability diagrams reveal an intricate de-
pendence of the stability on the material density, Poisson’s
ratio and Young’s modulus. With the density as order param-
eter, two types of phase transitions were considered, a first
and a second order, respectively.

IR PRy W

©) 1

b FIG. 7. (Color online) Normal
velocity as a function of time in
] first-order [panels (A) and (B)]
and second-order [panels (C) and
(D)] phase transitions. The simu-

0 2

TS

. 6 I8 lations presented in the individual

. . . panels are identical to the corre-
sponding panels in Fig. 6. The

D) | color code of the curves reference

to the mean velocity (in black),
the mean of lowest 10% (lower
g curve) and the mean of the highest
10% (upper curve).
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For both types of transitions we find expressions for the
curves separating the stable and unstable regions in the sta-
bility diagram. For most material parameters the first-order
phase transition, i.e., when the two solids have different ref-
erential densities, destabilizes the interface by allowing fin-
gers to grow from the denser phase into the other. When the
solids have identical or almost identical densities, i.e., a
second-order phase transition, we find that the stability de-
pends on Poisson’s ratios of the two solids. If the two solids
have Poisson’s ratios less than 1/3, the phase transition dy-
namics of the two solids will lead to a flattening of the in-
terface, i.e., any perturbation of a flat interface will decay
and ultimately the interface will propagate uniformly from
the soft phase (low Young’s modulus) into the hard phase
(high Young’s modulus). We believe that our classification of
the phase transition order together with the stability analysis
may find application in many natural systems, since the mor-
phological stability directly provide information about the
order of the underlying phase transformation process and the
material parameters.
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APPENDIX A: SURFACE TENSION

In this appendix we present additional details on the deri-
vation of the reaction rate (27) including the interfacial free
energy. Let us consider a diffuse interface characterized by a
small thickness over which the concentration field varies
smoothly between the constant values in the bulk of the two
phases. In the Cahn-Hilliard formalism, the free energy is
introduced as a function of both the concentration and con-
centration gradients, and has the form

(A1)

pf(€;,¢,Ve) = pfo(€;,
where the first term is the free energy in the bulk and the
second term is associated with the interfacial free energy.
Here «; is a small parameter related to the thickness of the
interface.

In this case, the calculation of the reaction rate Q pro-
ceeds as in Sec. II. We apply the total time derivative of the
local equilibrium equation (13), where the free energy is
given by Eq. (A1) and then obtain the following expression:

é—a—fe_+ifc'+a—f(v,-é—

(A2)
J€;; dc IV

VieVio)) + Ts,
where the commutation relation %V,-C:Vié—V,-v ;Vjc has
been used [12]. Combining the above equation with the con-
servation of energy from Eq. (12) and the entropy balance
from Eq. (18) an expression for the entropy production rate
is obtained:
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af af af of —
Llen-dZ-v)e-rs

v asily

of o of of o |-
—((;C—V,W[ )Q(SF+(U”+’)VC<9V P, ) -

THS=< itpVie=—

We observe that I1; satisfies the second law of thermodynam-
ics provided that the last term vanishes and the rest of the
terms are brought into a quadratic form. This implies a con-
stitutive equation for the stress given by
of I
—— _ Ve ,
p J€;; pYie Ve

(A3)

and a linear kinetics law with the reaction rate being propor-
tional to

{afo‘ 2(1) 4,5 L

A . (A4
p P Z&V,-c:| (A4)

where K is a positive local constant of proportionality and O'?j
is the elastic stress in the absence of surface tension.

Using Eq. (Al), the two constitutive laws may be ex-
pressed as

o= O'?j— K Vic® Ve, (A5)

where og- is the elastic stress obtained in Sec. II without the
surface stress.

In the sharp interface limit, i.e., the thickness goes to zero,
the surface free energy becomes

pf = Ky |Ve|* — yér, (A7)

and surface stress is related to the surface energy by

(Tfj“rf K1|VC|2< |Vl::| ® |—V§> — Y1 =n;®n;)ép.

(A8)
The divergence of the surface stress is then calculated as

Viay" =2 m;dr, (A9)

where IC is the local curvature.

APPENDIX B: GOURSAT FUNCTIONS AROUND A
PERTURBED FLAT INTERFACE

In this appendix, we explain in details how to calculate
the Airy stress functions around the perturbed flat interface
introduced in Sec. III. All the detailed calculations were car-
ried out in MAPLE in order to handle the lengthy algebraic
expressions.
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The Airy stress function satisfies the biharmonic equation
c?fd%U =0. This equation has a general solution which can be
written in the Goursat form U(z,7)=Re{zZ¢(z) + x(z)}, where
¢(z) and x(z) are complex functions determined by the
boundary conditions. Combining Eq. (36) with the Goursat
solution, stress components are related to these functions by
the following expressions:

0(2) = 0 (x,y) + 0, (y) =2{¢' () + ¢/ ()}, (B1)

3(2) = 0y, (x,y) = 0 (x,y) + 210, (x,y) = 2{Z¢"(2) + Y2)},
(B2)

where ¢(z)=x'(z). The solution to the biharmonic equation
is determined up to a linear gauge transformation

@(z) = ¢(z) + Ciz +p, (B3)

W) = W2) +q,

where C is a real number and p, g are arbitrary complex
numbers.

The boundary conditions are given by the far-field
stresses and the constraints at the interface. Here we consider
that the system is loaded by a uniaxial compression in the y
direction, o, (x,%)=-|o.| <0. Whenever the two phases are
different an interface is introduced at which we require force
balance and continuous displacement field. The force balance
is expressed by the following jump condition:

(B4)

[own, + oyny +i(oyn, + oyn,)] =-

ity YK(n, +iny),

where K is the local curvature and 7 is the surface tension.
From Egs. (B1) and (B2) we find that the force balance leads
to the following condition on the Goursat functions:

s

[[qo+z?+ = iJ YK(n, +in)ds,
0

(B5)

where s is a point at the interface. The continuity of the
displacement field across the interface introduces an addi-
tional jump condition given by

Ill(— kp+ag + w)ﬂ -0, (B6)
)72
where w is the shear modulus and K:%’j is a constant for
in-plane stress-elasticity determined by the Poisson’s ratio.
The two jump conditions (B5) and (B6) combined with
the far-field boundary conditions (pw(z)=—i(1+v)|0m|z and
l/fw(z)=—%(1—v)|0'm|z are sufficient to determine the fields
©1(2), ¥1(2), ¢x(z), and ¥,(z). Superimposing an arbitrary
perturbation with amplitude /(x) on the flat interface, the
Goursat functions are slightly altered. They can be expanded
to linear order in A(x) as follows [17]:

@(x) = @o(x) + ih(x) o(x) + D(x), (B7)

() = () + ih(x) g (x) + W (x). (B3)
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®(x) and W (x) are functions of i(x). Inserting this expansion
into Egs. (B6) and (B5), we obtain that the corresponding
jump conditions for the perturbation fields

[D(x) +xD’ (x) + T (x)] = ih(0)[Zo(x)] + £(x),

N_KQ(x)+x5(x)+@(x)ﬂ =ih(x)ﬂEﬂ’ (BIO)
n M

(B9)

where f(x)=i[{yK(n+in,)ds. To linear order we find that
S(x)=—vy[ih"(s)ds. Eqs. (B9) and (B10) can be rewritten
equivalently as

D, (x) = QP (x) + W (x) = (1 + A)Dy(x)

=— iQh(x)E_,Ol(x) + I+ Af()c), (B11)
1+k
5 (x) ~ T1D() + T, (0) - (14 A) D, (x)
_ A
= TS )~ (). (B12)

The constants appearing above are expressed in terms of the
elastic moduli. Adopting the notation of Ref. [17], these are
given by

_ Vpy =1/ Uy =1, (B13)
1y + Kkl g )y + 1y

o Up =1V, Vpy =1, (B14)
Kl + 1/ Kl + 1y

Equations (B11) and (B12) are solved at an arbitrary point z
in the complex plane by applying the Cauchy integral and
using the analytic continuation of each function [15]. Let us
denote the Cauchy integral over the perturbation amplitude

Hi(z)= 2%” f f(Tx)de, with Im(z) >0, (B15)
1 h(x) .
H,(z) = by f de, with Im(z) <0. (B16)

Notice that the two functions satisfy the following relations:

H\(2) =-Hy(z), Hy(Z)=-H,(z)

Im(H, (x)) =Im(H,(x)), Re(H,(x)) =-Re[H,(x)],
where the principal value of the Cauchy integral is consid-
ered when x is a point on the real axis.

Thus, by applying the Cauchy integral with Im(z) >0 in
Eq. (B11) and Im(z) <0 in Eq. (B12), ®, and W, are deter-
mined in the integral form as follows:

031601-10



THERMODYNAMICS AND ROUGHENING OF SOLID-SOLID...

1+A
CI)](Z):—iQEo,]Hl(Z)‘F 1 Fi(2)
+ K
1+A
Dy(z) = iHEo,sz(Z) + 1 Fy(2),
+ K

where
e L (f® &
F (Z)—2m,fx_zdx~—de2H(z). (B17)

W, (z) is calculated from the complex conjugation of Eg.
(B11) when the Cauchy integral is applied on both sides of
the equation and Im(z)>0. In a similar manner, ®,(z) is
derived from Eq. (B12). The final expressions for the two
functions then follow:

PHYSICAL REVIEW E 79, 031601 (2009)

1+A 1+A
q’l(Z) == iEO,lHl(Z) - ﬁ(‘ iHEo,zHl(Z) - J_KF1(2)>
1+A ,
- mﬂ(z) -zP(2),
1+A 1+A
Wy (2) = i%,H,(2) - : (iQEO,lHZ(Z) - J__KFz(Z))

1+A

———F,(2) - z®5(2).

H(1+K) Z(Z) Z 2(2)
For a cosine perturbation of the interface, h(x)=A cos(kx),
with A<1 the Airy stress function, U(x,y)=Re{Z¢(z)
+x(z)} is obtained explicitly.
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