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Phase-field study of the second phase particle effect on
texture evolution of polycrystalline material*
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The second phase particle effect on texture evolution of polycrystalline material is studied through phase-field method.
A unique field variable is introduced into the phase-field model to represent the second phase particles. Elastic interaction
between particles and grains is also considered. Results indicate that in the presence of second phase particles the average
particle diameter turns smaller than in the absence of these particles and retards texture formation by pinning effect. The
second phase particles change the strain energy profile, which tremendously influences the pinning effect.
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1. Introduction

Material microstructure, especially texture and grain size,
have very important effects on the mechanical and physical be-
haviors of a material.['! The influence of texture on mechan-
ical property accounts for 20%—50% of the property value. 6]
Ultrafine-grained material with grain size smaller than 1 um
exhibits superior mechanical properties, such as high strength,
high toughness, good fatigue strength, and excellent super-
plasticity.[7-8]
size is important for material design.[°~'?) Several researchers

Therefore, the controlling of texture and grain

have shown great interest in the effects of the second phase
particles on texture evolution and grain growth.['3-151 Lj er
al.l'% investigated the effects of the second phase particles
on the deformation mechanisms and the resulting texture by
studying the texture evolutions of three kinds of AlI-Zn—Mg al-
loys. In addition, Malick!!”! studied the influence of monodis-
persed mobile second phase particles on polycrystalline grain
growth.

With the development of computer technology, the phase-
field dynamic model has become a powerful computational
approach to modeling and predicting mesoscale morpholog-
ical and microstructure evolutions in materials.!'®-2! In most

studies!!6:17]

of the effect of the second phase particles, only
the bulk free energy of particles is considered when, in fact,
the elastic strain energy caused by a coherent misfit also plays

a very important role in texture evolution and grain growth.
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In this paper, we introduce the second phase particles into the
phase-field model developed by Chen and Bnottacharyya!??!
to study their effect on polycrystalline material microstructure
evolution. The focus is mainly on the effect of the second
phase particles on texture evolution and the pinning effect of
particles in an elastic constrained system.

2. Phase-field model

In the phase-field approach, a set of continuous noncon-
served parameter fields 1,(r;7) (¢ =1....Q) is used to repre-
sent the orientation of each grain. The second phase particle is

denoted as p(r): inside the second phase particle p(r) = 1 and
Q

=0. The function ¢ (r,1) = ¥, 1z (r,1)
-1

8
is used to distinguish the grain interior and the grain boundary.

outside the particle p(r)

The position-dependent stiffness tensor C,'jkl(r) is a func-
tion of the stiffness tensor Cpy, of the reference medium and
the transformation matrix is expressed as!>"!

l]kl Z‘Pga,p jqak,a[; pqrs» (D

where al g

tion of the coordinate system defined on a given grain g with

is the transformation matrix representing the rota-

respect to the fixed reference, and is expressed in terms of the
Euler angles 0, v, and & as follows:

cos@cosé —sinBsinEcosy  sin@cosé +cos@sincosy  sinésiny
algj = | —cos@sin& —sinBcosécosy —sinOsiné +cosBcosécosy cosEsiny | . )
sin O sin y —cosOsiny cosy
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In this model, only the Euler angle 6 is considered in the
simulation of a two-dimensional (2D) system, while y and &
are set to be zero.

The spatially dependent elastic stiffness tensor C;jx(r)
can be written as a sum of a constant homogeneous part
Cijl and a position-dependent inhomogeneous perturbation

]

Cl{jkl(r); that is,
Ciju(r)

Cijui(r) can also be rewritten as

= Czojkl +Cjrs 3

Ciju(r) =G jkl + (Z ng 1p fq“kraicpqrs _C:(')jkl> -4

Letting g;(r) denote the total strain, under the assumption

of linear elasticity, the local stress 0;;(r) can be given by (201

0ij(r) = (Cou+Chu ) (u (N —€l(1) . )

Here, elg(r) is the stress-free eigenstrain field that can
arise from phase transformation. Since phase transformation
is not considered in this model, elgl(r) is set to be zero.

The local elastic field can be obtained by solving the me-
chanical equilibrium equation

90i;
arj

The total strain &;;(r) can be expressed as a sum of homo-

=0, i.e., VjCijkl(r) (Ekl(l") — 81?1 (r)) =0. (6)

geneous and heterogeneous strains; that is, ?!
&j(r) = &j+ &;j(r). (7)

The homogeneous strain &;; is defined as

/ §eij(r)dr =0, ®)

The heterogeneous strain field d¢;;(r) is defined by the
displacement field as

8eij(r) = 5 (‘9;;2) +8Lgr(r)) : ©)

By substituting Egs. (8) and (9) into Eq. (6), we obtain

ViCiju(r) [Ekl +5 (agkr(, ) + 3azr(r)> —8,91(;")} =0. (10)

By rearranging and simplifying Eq. (10), we obtain
azuk (}’)
ijkl arjc?rl

{ <Z Mg (r)ai, /qakrafscpqr5> (g8 — &) }

duy(r)
[(an tp jqakralscpqrs Cz]ki) ak

The temporal evolution of the non-conserved parame-
ter field n,(r) (¢ =1,...,Q) is described by the Cahn—Allen
equation as follows:

ang(”af) —
ot

(1)

_Lg (uch + uel) ) (12)

where L, is the relaxation coefficient, uc, and ue denote the
derivations of the chemical and elastic parts of the free energy
with respect to 1, (1), respectively. uc, is given by

~ df(ng(r1))
T T on, (1)

The homogeneous-free energy density f(1,(r,?)) is for-

—2KgV2n,(nt). (13)

mulated as a Landau polynomial of the phase-field variables
N, (r,t) and p(r) as follows:

F(M.m2,...,n0)
Y

Y
= (—n’+ )+Z‘,Zn,n,+82n,~2p2. (14)

i=1j#i i=1

Inside the second phase particle p(r) = 1, the homoge-

neous-free energy has a single minimum at (1;,1m2,...,7Ng) =
(0,0,...,0).
Ue) is obtained as
8Fel aFel
Uy = 2 = 21y =3 (15)
©on, T Fomg

When the difference in modulus and the difference in
volume difference between the grain boundaries and the inte-
rior are ignored and the position-dependent eigenstrain tensor
eg-(r) is set to be zero, the elastic driving force ue can be given
by

uel(r) = ng(r)afpaiqakraicpm
X (O (r )+8ijékl+258ij(r)ékl)- (16)

3. Results and discussion

In this paper, we present the simulation results for 2D
microstructure evolutions of texture and grain growth in the
presence of immobile second phase particles. The simulation
domain size is set to be 512x512 grid points to ensure grain
sufficiency at later stages. The grid size Ax is set to be 2.0,
time step At = 0.1. In Eq. (14) € is set to be 1.0, and K, in
Eq. (13) is set to be 1.0. The system in this simulation con-
tains about 1500 grains with arbitrary crystalline orientations
and equiaxed grain size serves as the initial microstructure.

Figure 1 shows the microstructure evolutions of systems
with and without the second phase particles under uniaxial ap-
plied stress; the second phase particles are represented by dark
circles. Figures 1(al)-1(cl) show the microstructure evolu-
tions of the system in the case without second phase particles
(NP) at different times. The figures show that the grains grad-
ually grow with time going by. Figures 1(a2)-1(c2) show the
microstructure evolutions of a system in the case with second
phase particles (YP) at corresponding times. Most of second
particles are located on the grain boundaries. At later stages,
the average particle diameter of the YP system turns much
smaller than that of the NP system.
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Fig. 1. Microstructure evolutions of NP and YP systems under uniaxial applied stress Oy, = 3.0 GPa. (al) NP system at t = 103, (b1) NP
system at t = 2.6 x 103, (c1) NP system at t =5 X 10*. (a2) YP system at t = 103, (b2) YP system at t = 2.6 X 10%, (c2) YP system at

r=5x10%

To investigate the texture evolutions of the two systems,
we count the fractions of grain boundary orientation at differ-
ent times, as shown in Fig. 2. The fractions of grain bound-
ary orientation in the NP system at times 103, 2.6 x 10*, and
5 x 10* are shown in Figs. 2(al), 2(b1), and 2(c1), respectively.
The fractions of grain boundary orientation in the YP system
are shown in Figs. 2(a2), 2(b2), and 2(c2). Based on these fig-
ures, at the initial stage, all orientations in both systems have
almost the same fraction. As time goes by, the fractions of
some orientations in the NP system increase. At the final stage,
some obviously preferred components can be found in the NP

system. By contrast, no preferred orientation can be found in
the YP system; that is, no strong texture exists in the YP sys-
tem. Our simulation result is consistent with the experimental
result observed by Li er al.['%)

To study the mechanism behind the effect of second
phase particles on texture evolution, the grain boundary mi-
gration in a bi-crystal system with a second phase parti-
cle is simulated (Fig. 3). The elastic energy (defined as
Jes =C; jkl(r)eii}(r) €5(r)), elastic potential (defined as foo =
(Cijia(r) = Cpgrs) efjl(r)elf}(r)), and elastic driving force u,) are
also calculated.
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Fig. 2. Variations of grain boundary orientations of NP (panels (al)—(c1)) and YP (panels (a2)—(c2)) systems with time. (al) NP
system at t = 103, (b1) NP system at f = 2.6 X 10%, (c1) NP system atf =5 x 10%.
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The grain boundary motion with time when the system is
subjected to uniaxial stress oy, = 3.0 GPa, as shown in Fig. 3.
The figure indicates that grain I (left, with (6 = 0) orientation)
grows at the expense of grain II (right, with (6 = 7/4) ori-
entation), as proven by Chen.!'8] More importantly, the grain
boundary changes from a straight line to a curve, and the grain
boundary near the second phase particle tends to grow toward
the second particle, proving that the former has a pinning ef-

(a)

fect on the grain boundary.

The profiles of elastic energy and elastic potential are
shown in Fig. 4. Grain I has a higher elastic energy and lower
elastic potential, which is consistent with the simulation result
of Chen.!"8! More importantly, the elastic energy and elastic
potential of the grain boundary near the second phase particle

are much higher than elsewhere.

(b)

Fig. 3. Grain boundary motion of a bi-crystal system subjected to uniaxial applied stress Gy = 3.0 GPa at different times: (a) r = 10
and (b) r = 3.6 x 10*.
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Fig. 4. (color online) (a) Elastic energy density profile of each grain; (b) elastic potential profile of each grain.

The elastic energy and elastic potential across the grain
boundary at y = 140 and y = 256 are plotted in Figs. 5(a) and
5(b) to study the pinning effect of second phase particles on
grain boundary. Figure 5(a) shows that the second phase par-
ticle results in a larger elastic energy of grain II than that of
grain I, thus promoting the migration of grain boundary. The
existence of second phase particles increases the difference in
elastic potential between both sides of the grain boundary, as
shown in Fig. 5(b). The elastic potential is a key parameter in
determining the motion of grain boundary, so the occurrence
of second phase particles results in a larger grain boundary

motion velocity near the particle than elsewhere.

The existence of second phase particles influences the
elastic energy and elastic potential of the system, resulting in
the pinning effect on the grain boundary. These factors lead
to more difficult growth of a grain with the preferred orienta-
tion and weakening texture in polycrystalline materials. Li
ef al.l'% obtained the same conclusion, and further proved
that the deformation zone around the second phase particles
has a higher than average deformation energy. High energy
promotes the nucleation of recrystallization, and this process
is called particle-stimulated nucleation. During the particle-
stimulated nucleation, recrystallization nuclei develop with the

characteristic orientation, thus affecting grain size and recrys-
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tallization texture, and leading to grain refinement and texture

randomization.
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Fig. 5. (color online) (a) Elastic energy density profile at y = 140 and
y = 256; (b) elastic potential profile at y = 140 and y = 256.

4. Conclusions

Second phase particles are introduced into the phase-field
model to study the effect of the second phase particles on tex-
ture evolution under applied stress. Our results indicate that
the existence of the second phase particles results in smaller
average particle diameter than the nonexistence of these par-
ticles. Moreover, the formation of texture of polycrystalline
material is retarded by the pinning effect. Further study shows

that the elastic interaction between the grain boundary and the
second phase particles plays a very important role in the pin-
ning effect.
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