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HIGH TEMPERATURE SOLID
MECHANICS: MESOSCALE
COMPUTATIONAL FORMULATION

Sinisa P. Mesarovié

ABSTRACT. A mesoscale phase field formulation for high temperature compu-
tational mechanics of polycrystalline solids with voids is developed. The math-
ematical description includes translation and rotation of crystalline grains,
diffusion through the crystals and interfaces, lattice growth at the boundary
and grain boundary sliding, elastic stresses and compositional eigenstrains.
The formulation connects heterologous continua; solids are represented by the
lattice continuum, while the voids/gas are the standard mass continuum vis-
cous (and elastically compressible) fluid. The deformation gradient for solids
is consequently a state variable with evolution defined in the Eulerian sense.
‘We consider non-inertial, controlled-temperature processes with vacancy-atom
exchange diffusion mechanism and isotropic interface energies. Nevertheless,
as discussed in the concluding section, the formulation provides the basis for
extensions to the processes with significant heat sources or sinks, diffusion of
multiple species and anisotropic interface energies.

1. Introduction

At high homologous temperatures, the deformation of polycrystalline solids is
characterized by diffusion within the crystals, as well as lattice growth/disappear-
ance at the boundary and grain boundary sliding. This is further complicated by:
formation of new phases (either controlled by differential diffusion of components
or by phase transformation), diffusion-controlled dislocation climb, and nucleation
and evolution of voids. A typical example in materials service is creep of metals,
alloys and ceramics [2], including creep fracture [6]. In the manufacturing stage,
there are sintering and stress-assisted sintering [16], which are an important stage
of some additive manufacturing methods [26] and are often accompanied by grain
growth and recrystallization [14]. To address these phenomena on the mesoscale,
i.e., within crystalline grains and on the grain boundaries, a specialized continuum
formulation is needed. A general mathematical formulation for such a mesoscale

2020 Mathematics Subject Classification: 74-10, 74A05, 74N25; T4A60, 74C20, 74F05.
Key words and phrases: sintering under stress, creep, grain growth, phase field, lattice
continuum.

247


https://doi.org/10.2298/TAM250605013M

248 MESAROVIC

solid continuum (lattice continuum) has been developed, assuming sharp interfaces
between grains, phases and voids [21-23] and used within computational limita-
tions of the sharp interface formulation [18]. However, the problem is characterized
by complex 3D geometry and moving boundaries, which makes analytic solutions
inaccessible (except for a few special cases) and very difficult to tackle compu-
tationally with the sharp interface formulation which requires tracking of curved
subspaces of different dimensions [15]. The main goal of this communication is to
develop the phase field (diffuse interface) mathematical formulation capable of com-
putational handling of such complex problems. An additional caveat here is that
most problems in high temperature solid mechanics require description of voids, i.e.,
the gas phase. However, the solid and gas phases are described by heterologous’
continua (lattice and mass continuum).

The paper is organized as follows. In the remainder of this section, we sum-
marize the key points of the lattice continuum formulation as it applies to the bulk
of a crystalline solid. In Section 2, we develop the kinematics of the phase field
formulation for heterologous continua (lattice and mass) with the focus on lattice
growth and grain boundary sliding in the diffuse interface framework. In Section 3,
we consider the free energy of the problem and its time derivative, thus revealing
the nature of the relevant generalized forces. In Section 4, we analyze the power
balance and dissipation for temperature-controlled problems, followed by derivation
of governing equations by means of the Principle of virtual power in Section 5. In
Section 6, we discuss the expressions for energy densities and provide closure (i.e.,
the non-dissipative constitutive laws). Section 7 contains an example of dimen-
sional analysis for a specific class of problems. Finally, in Section 8, we discuss the
extensions of the present formulation to the processes with significant heat sources
or sinks, diffusion of multiple species and anisotropic interface energies.

1.1. Lattice continuum. Standard continuum mechanics formulation (e.g.,
[19]) is inspired by the flow of fluids. The starting point is the motion of the
material element where the material is identified with mass. In Eulerian (spatial)
frame, the material element pdV', where p is the mass density and dV = dxjdzodrs,
currently at position x = (21, z3,x3), moves with the velocity v,,(x). The entire
continuum kinematics and dynamics then follow from this initial definition. In
crystalline solids, when diffusion is operational, the mass velocity is different from
the lattice velocity [4]; the mass moves with the lattice, and through the lattice.
Since most of the traditional (diffusionless) solid mechanics is based on the defor-
mation/motion of the crystal lattice (e.g., elasticity is based on lattice stretching,
while dislocation/crystal plasticity is based on the relative translation of lattice
parts), it makes little sense to describe solid kinematics using the mass velocity as
the primary field. Instead, we identify the material with the lattice. Then, with
lattice density N(x) (the number of lattice sites per unit volume), the material
element NdV, currently at position x, moves with the v(x). The lattice density
and mass density are easily connected if the concentration of different components

"Heterologous = from different origin.
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is known. The mass velocity will depend on the lattice velocity and on the fluxes
of different components.

In solids without diffusion, the mass and lattice continua are indistinguishable.
The traditional elasticity and crystal plasticity are in fact lattice continua, where
distinction between mass and lattice is ignored. When diffusion is present, such
distinction is needed. Solid mechanics traditionally relies on Lagrangean (material)
frame, with the material point having the reference position X, the current position
x(X, t) and the fundamental tensor field being the deformation gradient, with com-
ponents F;;(X,t) = 0x;/0X;. The reference position is typically taken to be the
initial position or the position at some reference time — in any case, it corresponds
to a specific real configuration. However, when lattice grows and disappears at
the boundary, the reference configuration for the newly created lattice cannot be
determined by physical reasoning. This is illustrated in Figure 1, where new lattice
points denoted A are created at some time different from the initial time and have
no meaningful reference position, and thus, the deformation gradient is not defined.

FIGURE 1. Grain in a polycrystal subject to diffusional creep
(left), and four particles (grains) sintering (right). The initial
shapes are shown in red. The current lattice points A did not
exist in the initial geometry. They currently exist as a result of
diffusion and lattice growth at boundaries.

Nevertheless, the deformation gradient is needed for the description of lattice
elasticity, eigenstrains and plasticity. Therefore, we adopt the Eulerian frame with
velocity as the primary variable, as the function of current configuration, v(x,t).
The deformation gradient now treated as a state variable, moving with the lattice,
and function of current coordinates F(x,t). It is determined by integrating the
velocity gradient L(x,t) in time, using the standard continuum relation:

(1.1) F(x,t)=L-F, L=vV,.
The dot (') represents the material derivative, i.e., the time derivative following
the material (lattice) point. The dyadic product is written without symbol and the
gradient operator (in the current configuration) acts on the available tensor (left or
right): (vV);; = 0v;/0z;, (VV)i; = Ov;/0z;.

The velocity gradient is, as usual, decomposed into the symmetric stretch rate
tensor and the antisymmetric spin tensor:

L(x,t)=D+W, D=21L+L").



250 MESAROVIC

In the incipient lattice at the boundary, we assume the continuity of state variables,
including the deformation gradient, which determines its value in a newly created
lattice at the moment of its creation, given that the value in the adjacent existing
lattice is known. Thus, (1.1) provides an implicit mathematical definition of the
key Lagrangean concepts: the reference configuration and the deformation gradient
tensor field.

To keep the accounting simple, we will only consider plastic deformation at the
interfaces, arising from the boundary lattice growth and boundary sliding?. Elastic
and compositional deformations are present everywhere, representing lattice defor-
mation caused by elastic stresses and by changes in composition due to diffusion.

The deformation gradient is multiplicatively decomposed into plastic, F?, and
elastic-compositional, F*, (pseudo)gradients: F = F* - F?. While the (pseudo)gra-
dients are incompatible, i.e., they are not gradients of a single-valued vector field,
they are subject to the multiplicative decomposition (left and right) into rotation
and stretch tensors:

F*=V*.R*=R*.U*, FP=V’.R’=R?.U".

In the context of lattice continuum, the (pseudo)gradients are interpreted as follows.
The inverse of elastic-compositional gradient maps the current configuration (dx)
to the intermediate configuration (dX):

dX(x) = F*(x) - dx.

The mapping F*~!: x — X is not necessarily single-valued. The intermediate con-
figuration X is stress-free and free of compositional strains. The inverse of plastic
gradient maps the intermediate configuration onto the reference configuration:

dX(x) = F"1(X(x)) - dX(x).

The total mapping F~': x — X is also not necessarily single-valued.

The rotation tensor R* represents lattice rotation, while the product R* - RP
represents mass rotation. The plastic deformation FP maps the reference configu-
ration into isoclinic intermediate configuration [20]; the lattice does not rotate, it
only shifts — one part with respect to the other, but mass (e.g., a line of specific
atoms) does rotate. The change of volume between the intermediate and current
configurations is given

N . dV N
F*=detF* = WON
The velocity gradient is subject to an additive decomposition:

L=vV=L"+1LP
It is then easily shown that
v —1 v —1 —1
L*=F"-F~", LP=F"-FP.FP~ . .F" .
2The plastic deformation inside the grains is the result of dislocation motion, both glide and

climb. This bulk component of plasticity is identical in sharp interface and phase field formulation
and has been studied often [1,3,13,22,23|.
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The history of grain boundaries and surfaces encoded in F? is not needed dur-
ing the computation. Thus, the relevant state variable tensor field is the elastic-
compositional gradient, which evolves as

(1.2) F*=L"-F* = (vV - L?) . F*.

This will be one of the governing equations of the system describing the evolution of
the elastic-compositional deformation gradient. The plastic deformation gradient
LP remains to be defined in the next section.

2. Kinematics of the phase fields and diffusion

In the following phase field formulation, we aim to describe:

— Lattice growth/loss at the grain boundary and grain boundary sliding;

— Solid grain phases and gas (void) phases, whereby solid grains are subject
to rigid body translation and rotation, elastic and compositional strains,
while the gas phase flows viscously through open pores and is elastically
compressible in the closed pores; and,

— Diffusion: in the bulk, along grain interfaces and surfaces, sublimation
and condensation.

Let the grain ¢ = 1,2,...,n4 be characterized by the phase field ¢;(x) and the
lattice velocity field v;(x). Similarly, the gas phase is characterized by the phase
field ¥(x) and the mass velocity field v (x). Most of the domain consists of regions
where one of the phase fields has value 1, while all the other phase fields vanish; the
exception lies in the thin boundary layers where one phase transitions into the other.
At each point of the continuum, the phase fields satisfy the exclusion condition:

(2.1) dpi=2, P+T=1
=1

The overall continuum velocity field is:

v(x) = Z@vi + Uvg.
i=1
Here we combine heterologous continuum fields (lattice and mass) into a single
velocity field, and interpret the physical meaning of the velocity field at each point
on the bases of phase fields (e.g., if ®(x) = 1 and ¥(x) = 0, the velocity v(x) is
the lattice velocity).

2.1. Solids and interfaces. We first consider diffusion kinematics in solids.
Let ¢ be the number of vacancies per lattice site. Then, the number of atoms per
lattice site is n = 1 — ¢. Further, let g be the lattice creation rate at the boundary
layer defined as the number of lattice sites created per existing lattice site in unit
time, so that ng is the strength of the sink for 7. Then, it is shown in Appendix A
that

(2.2) = 9

= . = _F*V.q—
=g, TV Vn V-q-—ng,
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where q(x,t) is the atomic flux relative to the lattice motion, given per lattice site.

The lattice creation rate g is intrinsically tied with the evolution of grain phase
fields. The boundary velocity (relative to the lattice velocity) at the interface layer
between the grain i and the gas is ¢;/|V¢;|, positive outward from the grain. At
the interface between grains ¢ and j, the sum of boundary velocities must match
the total local source of lattice sites: &;/|Vs| + ¢;/|Ve,| = N~1/3g, where N=1/3
is the lattice parameter. Therefore, at each point of the continuum the following
condition must be met:

(2.3) Z |V¢;'| = N~1/3g

It is clear from (2.3) that ¢ is not an independent variable and in what follows
we will use it only as a placeholder. One should take care not to associate any
energy or dissipation with g, to avoid double counting of energy associated with
¢; or dissipation associated with (;52 It is interesting to contrast this variable with
another dependent variable ¥ in condition (2.1), which will be kept formally as
independent, with condition (2.1) enforced by a Lagrange multiplier. The energy
associated with the gradient of phase field ¥ will signify the distinction between
interface energy between two grains and surface energy of a grain (interface between
a grain and the gas). The dissipation associated with ¥ will signify the difference
in dissipation which accompanies lattice growth on the grain boundary and on the
grain surface.

At the boundary between the grains ¢ and j, the unit outer normal to grain i,
and the tangential projection tensor are given as

Vo, — V¢,
e |vz§ —‘vil = Py =Py =Tonimg.

To simplify later summations, we set P;; = 0. We define the boundary slip rate
Sij = —Sji, such that

Sij - N5 = 0, Pij *8ij = 845
The plastic velocity gradient arises from the lattice growth and grain boundary
sliding:

1
(2.4) LP|pz0 = E gmienic + 5 E { E (9nijng; + sijng;) |,

where n;g is the unit outer normal to the grain ¢ at the interface with the gas.
The description of grain boundary slip and lattice growth is clearly inspired by the
descriptions of dislocation glide crystal plasticity [1,3,13] and dislocation climb
crystal plasticity [22,23]. However, in contrast to the crystal plasticity, here we
choose to describe grain boundary slip and lattice growth on the current configu-
ration, rather than the intermediate one. While differences are not quantitatively
significant, the choice still needs to be made. The geometry of grain boundaries is
described by 5 parameters and its thermodynamics and kinetics are, at present, far
less understood than the thermodynamics and kinetics of slip planes in crystals.
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Therefore, referring the quantities g and s;; to the intermediate configuration would
not improve accuracy and would be, at present, an unnecessary complication.

2.2. Gas. In gas, the “plastic” velocity gradient arises from the deviatoric
shear flow:

1 1 1
LP|gxo =L — gtr(L)I =vV — §(V V)L, L¥|wx = gtr(L)I = g(V -v)L
We can now formulate the general phase field expression for the entire domain:

LP = @(Zgnignig + %Z Z(gnijnij + Sijl’lij)) + \IJ(VV - %(V . V)I)
i i g

Then, we can complete (1.2) to formulate the first governing equation of the system
describing the evolution of the state variable — the elastic-compositional deforma-
tion gradient field:

(2.5) F* = [@(VV—ggniGnig—Q;;(gnijnij—&—sijnij))+3\II(V-V)I]-F .

3. Free energy of the system

We consider the Eulerian (spatial) domain V', bounded by the surface 9V. We
expect a variety of boundary conditions: periodic, minimal [24], gas and inert solid.
Only the last one requires special treatment as the interface energies between the
inert solid boundary and active solid or gas may play a role. We will consider non-
inertial viscous flow of compressible gas. Chemical and elastic free energy densities
f(n, s, ) and E(F*,n, ¢;, ¥), are given per unit intermediate volume V. The total
free energy of the system is

(3.1) ]—":/‘7(f+5)d17+/v BH(V\P)QJrZ;C(V¢>i)2]dv+/avfy(\11)dav.

The last integral exists only on the inert solid boundary. The material derivative
of the free energy can be written as (Appendix B):

. . 1 .
(3.2) ]—":/V[—M°V~q+MO\IJ+6’:(VV)—2ZZt§j-sij+Zu?¢i]dV
i 7 [

+/ [Toxiwzx%i]dav.
1% p

Here, the augmented stress & includes the standard Cauchy stress o and the cap-
illary stresses [7]
1 0¢& T

(3.3) o= T 5F

, 6=0—KkVUVE - (V$;V;.

The shear traction expanding power on the boundary slip rate are

L, » S
tij—P” o -1y,
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where we note that tf; - s;j = t; - s;;. Further, we define diffusion potential and
phase field potentials as

MO = M
on
(3.4) o L o(f+€) 1 I(f +&)nNY/3 _t”N1/3 v,
' MTF T 09, F ap Val Vil "
MO = %Lfa;; £) — kV20.

To understand the physical meaning of the solid phase potential x?, it is instructive
to compare (qualitatively!) the terms in the phase field expression (other than the
Laplacian term which arises as the result of diffuse nature of the interface) to
the sharp interface formulation of lattice continuum [21]. The potential ! is the
power conjugate to gbl and therefore represents the energetic changes associated
with the creation of a new lattice. The term with the normal traction ¢t (defined
in Appendix B) gives the power expanded by normal tractions. The first term is the
energy required for the creation of the new lattice and the 2"¢ term is the energy
change of the existing lattice when the atoms needed for the new lattice are taken
out of it. The boundary terms in (3.2), with
TOZHH-V\I/—FS%, XY =(n-Vg;,

exist only on the inert solid boundary. Their physical meaning is explained in the
context of capillary flow on inert solid surfaces [8].

4. Power balance and dissipation

We consider a temperature-controlled process, where temperature is a pre-
scribed field (not necessarily constant, nor uniform). The amount of heat added to
the system to bring it into the creep or sintering temperature ranges is much larger
than any heat generated in dissipative processes. Formally, the treatment is the
same as that for an isothermal process. The second law of thermodynamics then
requires non-negative dissipation, D > 0, and the power balance is expressed as:

(4.1) / t-vdoV = F + D,
ov

where t is the boundary traction vector.

Dissipation arises from diffusion, phase propagation (lattice growth), grain
boundary sliding and viscous flow of the gas. To describe the viscous flow, we
define the viscous stretch rate tensor

1
D = S(L" + L),

The total dissipation rate is written as

(4.2) D:/V{Q-q—&—M\P—&-ZMiéﬁ-TZD‘*‘ZZSU'SU}dV
i i g
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+/ Y;h;dOV > 0.

The second law will be satisfied for:

ot
wt

¢i = bsp;, ¥=beM, ¢ =pBY; on IV, bs,bg,B>0
Sij H=18Si;
Sy Sy’

(4.3) T=20(®,V)D, w=dws+Vwg >0, s = sy‘

H>> 1,

q =B -Q where B is positive definite.

The mobilities by and bg enable different dissipation for grain boundary growth at
grain boundaries and free surfaces, 7 is the viscous stress tensor and the viscosity
function w(®, ¥) is defined in such a way that the viscous flow in solids is negligible:
ws > wg. The diffusional mobility tensor B should enable bulk, interface and
surface diffusion, as well as sublimation — diffusion through gas — condensation:

(44) B = Byl + Z (BSS Z Pij + BSGpig> ,
i J

By = ®Bf§ + ¥Bf', Pg=1-nieng,

where P;; = 0, By is the mobility in the bulk, while Bgg and Bgg are the mobilities
along solid-solid and solid-gas boundaries. To disable sublimation and diffusion
through the gas, one sets Bg = 0. The constitutive law for the grain boundary
slip, assumed without reference to any particular atomic scale mechanism [11], is
the viscous regularization of the ideal rate-independent yield condition with the
yield stress S, and a large power H. The boundary terms (V) in (4.2) and (4.3)
are associated with the mobility of the triple line [8] between the solids, gas and
the inert solid boundary.
The power balance (4.1) can then be written as

: 1O — 1 — x| dOV
/W[t V+z¢:( x)qﬁ}

= [ @+ ) at (vt MO+ s 4 )

1
+ I (VV) + 5 Z Z(S” - tgj) 'Sij:|
v g
where
YX=0o+T.

For all boundary conditions listed at the beginning of Section 3, the conservation
of solid matter is enforced, either locally or globally:

(4.5) n-qlgy =0 or / n-qdoV =0.
v
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5. Principle of virtual power and governing equations

To formulate the principle of virtual power [9,10,23], an additional constraint
is needed:

(5.1) /‘/A<¢/+Zq3i)dvzo,

where X is the Lagrange multiplier. We then consider independent variations (test

functions): v, q, §;;, ¥, and q'Sj (t,j = 1,2,...,ng), so that the statement of the
principle of virtual power is expressed as:

/BV [(t—n.z).V_Z(Tj_ro_xg)(;j]dav

J

— [ @+ va)am o v 5 S -t 5

M4 MO - N+ > (pg+ 4 - A)J)j]dv.
J

Then, for arbitrary test functions, the following conditions must be satisfied in V:
(52) Q=-VM° M=-M"+) jpj=-pl+X V-E=0, S;=t.
At the domain boundary VV', we may have:

— Natural boundary conditions t = n - 3, or essential boundary conditions
for v.

— Natural boundary conditions for vanishing n-B - VM? locally or globally
(4.5), and/or, the essential boundary conditions = 0 in a gas which does
not accept solid atoms.

— Natural boundary conditions T; = 1O 4+ x? and/or essential boundary
conditions for ¢;.

From (5.2), the field equations for the phase fields are written as
bi = bs(—pd +X), W =bg(—M"+ ).
Upon eliminating A by means of (2.1) (Appendix C), we obtain

b2 bsba o

by = —bgud + —2 04, 576G
¢ SH; + b + by zj:/@ + b +b5ngM
. b2 bgbs
v=(—6G 1 0, Y99 0
(bGersng )M + ba + bsng Z'u]

where ng is the number of solid phase fields. The governing equations for the
unknown fields F*, n, ¢;(i =1,...,n,), ¥ and v are:

y 1 1 .
F = |:q) <Vv — Zgnignig — 5 Z Z(gnmn” + SUnU)> —|— g\y(v . V)I:| . F B
[ g J
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n=F"V. {B Va(faj; 5)] —ng,

, b2 bsbe
5.3) ¢; = —bgud + —— Op ——=—M% i=1,2,...
( ) ¢’L S,Ltz +bG+bSngzj:”J+bG+bSngM I’ ? < 7ng7

. b2 _ bebs
V=(—C¢ 1 04

(bg+bs’ng )M bg+bsng Z Hi»
V- (U+T — kVUVVY — E §V¢]V¢]> =0

J

where pf and M? are given in (3.4) and
/s B2 o bshe
g_F*1/3Z|v¢{ bsui + mz T e+ bsny )’

H—-1

t t P . . ..
ti;, t; =Py -0 n;.

Sy

ij
Sz’j = — | =
S
Y

Sy

6. Energy densities

The chemical free energy density f(7,$;, ¥) for the entire domain is written
as the linear combination of phase contributions, with addition of energy barriers
between the phases:

£, 00 9) = S 0uSi0) + D 60)] + W Slo) + Afgu (W)

w(g;) = 1667 (1 — ¢;)°.

The energy barriers, Af; and Afg, and the phase field parameters, ¢ and & (3.1),
are computed from physical quantities — solid-solid and solid gas interface energies
I'ss and I'sq, and the computational parameter — the nominal interface thickness
h (Appendix D):

3Tss 3Tse  3Tss
(6.1) Ai=5Th Afe= 17 "8 h
3 3
(= Fssh = *FSGh - Fssh

In the case of inert solid boundary condition (b), with interface energies I'g; and
T'gp, the domain boundary interface energy is

Y(¥) = (1= ¥)lsp + Y.

If only one species of solid atoms is present and diffusion is based on the atom-
vacancy exchange mechanisms, the chemical free energy of solids is the energy of
mixing, for which the regular solution model [12] can be used. Let the equilib-
rium vacancy concentration at the given temperature T" and pressure p be denoted
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Ceq(T,p). Then, for small departures from equilibrium concentration, the regular
solution model can be approximated [21]:

B0 = s e ) = (1= ()

where k is the Boltzmann constant and 7.4 = 1 — cey. In the absence sublimation
of solid atoms and transport through the gas, the chemical energy density of the
gas can be ignored: fg(n) = 0. Then the partials needed for diffusion and phase
potentials (3.4) are:

Z¢L Z¢z neq Tp)) (U"qu(Tap))‘F\I’fé:(??)v
W—ku+mw@»
gqi = ;[fi(ﬁ) + Afiw'(¢)],

where the prime superposed on the function of a single variable means the derivative
with respect to that variable.

Depending on the complexity and the importance of gas compressibility, the
elasticcompositional energy density £(F*, 7, ¢;, ¥) can be represented as the weight-
ed sum of solid and gas energies: £ = ). ¢;€s + VE¢. Here, we choose a simpler
formulation where the gas compressibility is linear. Accordingly, both the solid and
the gas can be described as elastic and viscous, but with parameters depending on
the phase, so that elasticity is dominant in solids and volumetric gas deformation,
while viscosity is dominant in deviatoric gas deformation. The elastic-compositional
energy can then be considered as a function of an appropriate strain measure E :
E(n,E, ¢;, V). Here, we choose the Green strain tensor:

E=1F" F -1I)

Irrespective of the choice of strain measure, the strain E is expected to be small and
is expressed as the sum of the compositional eigenstrain € and the elastic strain,
both of which are small. Typically, a change in vacancy concentration produces
only stress-free volume change, so that the compositional eigenstrain is assumed to
be purely volumetric and proportional to the change in vacancy concentration. We
assume linear elasticity, so that the elastic energy is given in the quadratic form:

E=3E-¢€):C(p,V): (E—¢), e=a(n—mn)l,
where 19 = 1 — ¢g = 1¢q(T0, po) is the equilibrium value of (1 — ¢) at the reference
temperature Ty and the reference pressure py. The isotropic elasticity tensor can
be expressed in terms of the bulk and shear moduli:
Cijri = K601 + G<6ik§jl + 0yl — %5@‘51@1),
K=0Ks+VYKg, G=oGg+ VYGg,
C=9Cgs + VCg,
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where Gg > Gg and Kg < Kg. The partial derivatives needed for the potentials
(3.4) are therefore:

o€
a—n:—ozI:C:(E—s)7

gji :%(E—s):(CS—CG):(E—E),
e = 3(B—2):(Co~Cs): (Be)

To complete the formulation, we need an expression for the Cauchy stress o
in (5.3). To that end, we note that the expression C : (E — ¢) is, in fact, the 24
Piola—Kirchhoff stress tensor referred to the intermediate configuration (i.e., the
work conjugate of the elastic Green strain), so that the Cauchy stress is given as

108 o 1
= ¥ T

T [C: (%(F*T-F* ~1) —a(n—no)l)} F*.

7. Elements of dimensional analysis

The nonlinearity and complexity of the governing equations (5.3) indicate com-
putational approach. In such cases, dimensional analysis can provide some useful
insights into the parameters used and the competition between the physical pro-
cesses. Depending on the problem at hand, different characteristic lengths, times
and forces can be defined. Here, we focus on the phase field and diffusion equa-
tions (second, third and fourth equations in (5.3)), as the analysis of the other two
equations is rather simple. Moreover, we focus on a specific problem — early stages
of sintering, which will govern our choices of characteristic quantities.

The phase field equations indicate the characteristic length of the process — the
nominal interface thickness h. The sintering is driven by the difference between
solid-gas and solid-solid interface energies (6.1), so that the characteristic force is
(T'sg — T'ss)h. In the early stages of sintering, the material is mostly transported
from one part of the solid-gas interface to the other. This the relevant phase field
and diffusion mobilities (4.3), (4.4) are bg and Bgg. The analysis of the phase field
equations then yields the characteristic lattice growth time

h
ba(Tsc —Tss)’

Denoting the nondimensional quantities with a concave arc (e.g., {= t/Tigs A=
hV), the nondimensional diffusion and phase field equations can then be written as
dn

Tie « o <O(f+E) 5
L= EV.|B.- VL2 —pg,
di Taite [ on } "

ﬂg =

dé - b b -
> = bt + —2— > i+ ——— M,
dt sk 1+bsngzu
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W hs o bs N
dt 14+ bsng 1+ bs’ng
. hN1/3 1 de;

F*1/3 - ‘6¢z| d{ 3
where the characteristic diffusion time is given by

1
hBsa(T'sg —T'ss)’

and the nondimensional quantity hN'/3 represents the number of lattice points
fitting into the phase field interface width. The ratio 7ig/7aig determines which
physical process governs the overall sintering rate. For example, if Tig/7aix < 1,
the sintering rate is governed by diffusion and not by the boundary dissipation
required for lattice growth. Clearly, the definitions of both characteristic times are
predicated by our (informed) choice of dominant diffusion/lattice growth mecha-
nism. For example, Nabarro-Herring creep problem in polycrystals will have 7y,
depending on bg and Tg;¢ on the bulk mobility in solids B@g (4.4). Such a problem
has been discussed (albeit in the sharp interface context) in [21].

Taig =

8. Discussion and extensions

The derived system of governing equations (5.3) represents a system of ng + 14
scalar partial differential equations for as many unknown fields: F*, n, ¢;(i =
1,...,n4), ¥, and v. In anticipation of the numerical treatment, e.g., spatial dis-
cretization by the finite element method, we have already written the 4" order
p.d.e’s for ¢;(i = 1,...,m,) and ¥ as pairs of 2°¢ order equations, so that the
potentials pd(i = 1,... ,ng) and M?O are treated as independent variables with cor-
responding additional equations (3.4). The size of the system is then 2ng + 15.
The discrete finite element system with nnoq will then consist of nNod(ng + 11)
ordinary differential equations (in time) and nxoqa(ny + 14) algebraic equations (to
be enforced at any time), for nodal variables as functions of time.

The nonlinear system (5.3) represents the full range of motion of the grains (ro-
tations and translations) as well as the lattice growth at the boundaries and grain
boundary sliding. The system also allows for all possible diffusion paths (crystal
bulk, grain boundary, free surface). While most of the closure equations (constitu-
tive laws) are linear — the exception being the grain boundary sliding in (4.3) — the
problem is still intractable analytically and requires computational approach.

We have considered a relatively simple system with a single lattice geometry
and the lattice occupied either by vacancies or one species of atoms. Interstitial
diffusion typically has different thermodynamics and kinetics from the vacancy
diffusion considered here. To describe this type of diffusion, the lattice of interstices
is added to the base lattice to form a complex lattice, and the bookkeeping for the
two lattices is kept separate. Such a method has been employed by [17] to address
the problem of ordered compounds — metal carbides, whereby carbon diffuses only
along the carbon site lattice, which is the interstitial lattice to the metal lattice.
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While the number of unknowns increases with the number of diffusion species, this
does not present a conceptual problem, but merely an extra bookkeeping effort.

The formation of new phases, dictated by the disparities in the diffusion rates
of different species, is a more complex problem. It requires the definition of eigen-
strains associated with martensitic phase transformations. Such strains and rota-
tions are often not small. This problem is partially addressed by [17], who used the
spatial averaging of the lamellar phase structure to simplify the problem. Never-
theless, the treatment presented here includes arbitrary deformation and rotation,
and is thus amenable to inclusion of eigen-gradient associated with the martensitic
transformation (in addition to compositional eigenstrain), e.g.,

* __ el eigen
F*=F.F ,
where F&°" now includes both compositional volumetric strain and transformation
strain and rotation, and the Green strain is

1
E= §(FelT . Fel _ I)

We have also assumed a controlled-temperature process, treated formally as
an isothermal process. This amounts to the assumption that any heat resulting
from dissipation is negligible compared to the amount of heat used to heat the
solid externally and is quickly transported away without causing only negligible
local temperature changes. The temperature is considered an externally imposed
global parameter, T'(t). While we have suppressed temperature dependence in our
notation, all parameters can, in principle, be temperature dependent. For the
class of processes considered here, this is justified. However, should the problem
include significant heat sources, such as exothermic/endothermic transformations,
heat conduction should be included in the formulation (heat convection is already
included by simply treating the temperature as a material field).

Finally, the dependence of interface energies on the misorientation of grains and
the orientation of the interface planes, is very important for the grain growth process
which often accompanies high temperature processes in polycrystalline solids. At-
tempts have been made in the literature to simulate grain growth with anisotropic
interface energies [5,25,27], but none of them include the description of grain
translation and rotation, i.e., each crystal is assumed to have a fixed orientation
in space and each initial material point has a fixed position. This is a challenging
problem as the interface geometry is a function of 5 scalar parameters. Tracking
such a parameter dependence in time requires tracking the grain rotations and
interface rotations.
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Appendix A. Diffusion

The lattice site density evolves as

ON
But the number of atoms depends on the atomic velocity v¢:
0 8N on
—(Nn) = N— =-V - (npNv*®

whence, upon substituting (A.1)

o
ot
V- (N (v = v))

—nV-(Nv)+nNg+ N

on _
ot

=V-(nNv")

= Nv-Vn+nNg+ N

on 1
)= — . =—— N(v® — —ng.
=)= 5tV V=S VN = v) — g
Finally, we note that N = N/F*, where N is constant, and define the flux as
q= 1;7 (v =v),

to obtain
n=-F"V-q-ng.

Appendix B. Free energy rate
Starting from (3.1):

_ 1 1
F= / (f +&)dV +/ {H(V\II)Q +y C(Véﬁi)ﬂ dv +/ 7 (¥)doV,
v v 12 2 ov
the time derivative in the fixed Eulerian volume is

(F+E) . Of+E).
F= /F{ G T e T aF*

N Af+€)
FT+Z 5o Z}

/ |:I<;V\I/ VU 4+ Z (Ve - v(m] dv + / D aov.
1%

Next, the material derivative of a gradient can be written as
V6 = V- (Vo) (vV),
so that:
Vo, - Voi = Vi - Vs — (Vo:iVo) s (VW)
=V (¢:iVi) — V20 — (V§i Vi) : (VV).

Then, using (1.2), (2.2), (2.3) and (2.4) and defining the Cauchy stress as in (3.3),
we obtain

Af+E 1 ., 1L o(f+E) o
F= /{ an F*FV q+ o0 PAVAR VAR
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+ {a — K(VIVT) — Z C(ngdiSi)} S (vV) — % Z Z o NS

LA(f+&)  1a(f+&nN'3
+Z[* 96, F oy Vil

1 N1/3 ) .
— <ZO’ ‘njgnig + 5220’ : n]‘knjk’)lv(b_ - ¢V ¢z}¢z
j ik '

+/ {(:;)\Ij—i-/m VQ)¢+Z<n'v¢i¢i]daV

The traction on the phase field level surface is o - n;;. Only its tangential portion
tﬁj = P;; - 0 - n;; expands power on s;;. The normal traction on the phase field
level surface is given as t}; = n;; - o - n;;, and the overall normal traction field can

be written as
Zt + = Z Zt

With those substitutions, we obtain

Fo /[ f+5 1*F*V-q+[;*7a(g$5)—HV2W}¢

+ {o‘ — r(VIVT) — ZC(VQS,;V(;S,;)] 2 (vV) — %Z Ztgj - 845

+Z[ 1 6f+5) 1 8(f—|—5)77N1/3 t"N1/3

+/ {(g\p V) > (n- Vwi]dav.

- (V2] ¢]

Appendix C. Elimination of the Lagrange multiplier

T+ di=0 = —baM"+ (bg + bsng)A _bszﬂgzo

ba
>\ =
= ba + bsng bG + bsn Z Hi»

: b2 bsbe
g0y U5 N~ e bsbe e
2 Shi + bg + bsng zj:ﬂj + b + bsng

. 2 bgbs
W:(m_l)jwo be + bsny, Z g
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Appendix D. Equilibrium interface energy

Consider the equilibrium of two semi-infinite domains (® + ¥ = 1) with the
interface (@ = ¥ = 1) located at x = 0. From (3.1) and (5.1), the interface
energy is

v [ [ase s atoo)+5<(3) + 3o(5) Jo
N e s (Ol

The equilibrium distribution ®(z) that minimizes the interface energy, is obtained
from the Euler equation:

(D.2) (Af+Afc)w(®) =

S (w)
2 dx/ "’
which, upon the substitution in (D.1), gives

r= /jo (C+/€)<%)2d:¢ - /Ol(CJrn)Z;I:dCI)

oo

= VBT AR [ Va@)iw = 2B+ Ao+ ).

To obtain the nominal interface thickness, we solve differential equation (D.2) with
®(0) = 3:

i
a0 _, AT AR, © _, a7+ A%
dm_4\/Tq>(1 o) = 1n1@_4\/?x
aw  _ orea) |, [ cen

dz |2=1/2 C+k S\ 2Aaf+Afe)
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MEXAHUWUKA YBPCTUX TEJIA HA ITOBUINTEHUM
TEMITEPATYPAMA: PAYYHCKA ®OPMVYJIAIINJA
HA MEBHYHUBOY

PEUME. Ussenena je dopmynanuja dasaor mosba Ha Mehyrusoy (usmehy mukpo-
HUBOA (ATOMU) U MaKPO-HUBOA (BEJIMKE 3aIIPEMUHE Y NHIKEHHEPCKUM IIPOPAdyHUMA) )
3a PAYYHCKN MPUCTYI MEXAHUIM YBPCTUX TEJA HA MOBUIIEHUM TEMIIEPATYpPaMa.
MaremMaTu9IKu OMUC yKJbydyje TPAHCIAINM]Y ¥ POTAIMjy KPUCTAJIHUX 3PHA, TUdy-
3ujy KpO3 KpuCTaje U MeDymnoBpiiu, pacT KPUCTAJIHE PEIeTKe U KJIN3aibe 3PHA
Ha MehyroBpIimMa, eIacTUYHe HAIOHE W KOMIIO3UIMOHE COIICTBEHE jiedpopMaliuje.
Qopmysanuja HoBe3yje XeTepoJorHe KOHTHHYYME; IBPCTa TeJa Cy MPEeJICTaB/LEHA,
KOHTHHYYMOM pellleTKe, 0K Cy [Pa3HUHE/Tac IPeICTaB/HeHN YOOuIajeHuM KOHTH-
HYyMOM Mace Kao BUCKO3HHU (U 3alPeMUHCKH esiacTrdan ) Guyua. ['pagujent pedop-
Mallfje je cTora IpoOMEeH/bIBA CTaiba drja je eBosyimja Aedunucana y Eymaep-oBckom
cvuciy. [locmarpamo HemHepIMjaIHe IPOIEce ca KOHTPOJNCAHOM TEMIIEPATyPOM,
MEXaHU3MOM pa3MeHe aTOMa U IIpa3HuHa 38 JAu(y3U]y U U30TPOITHUM IOBPIIHHCKUAM
eHeprujama. ¥YIpKOC TOMe, Kao IITO je 00jallllbeHo Yy 3aK/bIIIMa, 0Ba (hopMyJIaImja
Jlaje OCHOBY 3a IIPOIIUPEI-E TEOPHje Ha IPOoIlece ca 3HAYajHUM U3BOPUMA U TIOHOPH-
Ma TOIUIOTE, Judy3ujy BHUIIE BPCTA ATOMA U AHIM30TPOIIHE HOBPIINHCKE €HEPTHje.
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