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The Zener pinning effect with growing second-phase par-
ticles in Al,O;—ZrO, composite systems were studied by
two-dimensional (2-D) computer simulations using a dif-
fuse-interface field model. In these systems, all second-
phase particles are distributed at grain corners and bound-
aries. The second-phase particles grow continuously, and
the motion of grain boundaries of the matrix phase is
pinned by the second-phase particles which coarsen
through the Ostwald ripening mechanism, i.e., long-range
diffusion. It is shown that both matrix grains and second-
phase particles grow following the power-growth law,R" —

o' = kt with m = 3. It is found that the mean size of the
matrix phase (D) depends linearly on the mean size of the
second-phase particlesr] for all volume fractions of second
phase from 10% to 40%, which agrees well with experi-
mental results. It is shown that D/r is proportional to the
volume fraction of the second phase f() as f~*2 for a vol-
ume fraction less than 30%, which agrees with Hillert and
Srolovitz’s predictions for 2-D systems, while experimental
results from 2-D cross sections of three-dimensional (3-D)
Al O4-rich systems showed that either af =2 or a /3
relation might be possible. It is also found thatD/r is not
proportional to f~3and f =% in 2-D simulations, which sug-
gests that the Zener pinning effect can be very different in
2-D and 3-D systems.

I. Introduction

ENER pinning is a phenomenon in which second-phase par-
ticles retard the coarsening of a matrix phase (grain
growth) by pinning the motion of grain boundaries. Since con-
trolling grain size is a critical issue for the processing and
application of advanced materials, the inhibition of grain
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distributed, and did not coarsen. The grain growth in matrix
phase will be stopped and the final grain size is determined by

D 4

roaf

whereD is the mean grain size of the matrix phases the size

of second-phase patrticles, ahi$ the volume fraction of sec-
ond-phase particles. In a more precise calculation, Hellman and
Hillert” showed that the relation should bér = 8/9f~0-°3for

f less than 0.1. However, th&yindicated that, for a volume
fraction f larger than 0.1, the relation should be
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for 3-D systems when most of the particles are located at grain
corners and boundaries. This prediction seems to be supported
by the experimental results from different two-phase ceramic
systems in which the pinning relationship for a variety of
zirconia- or alumina-based ceramic composités 0.15) has
been found to be consistent withf ¥ while the constant for
this relation was found to be 0.75 in these systems, smaller than
3.6in Eq. (2).

Srolovitz et al.> on the other hand, showed that in two-
dimensional (2-D) systemB/r should be proportional to fi/
the same as Eq. (1), if particles are randomly distributed. By
assuming that grain growth will stop when there is one particle
on each one of the six boundaries of an average grain and all
the particles are distributed at grain boundaries, they stated
that, in two dimensions,

D 3.46
? = fl/2

®)

growth by second-phase particles has been extensively stud-

ied 16 A detailed theoretical treatment of Zener pinning is very
complicated, and a number of approximations have to be in-
troduced.

Zenet first derived an analytical model of inhibition of grain
growth for three-dimensional (3-D) system by assuming that

which is different from that for 3-D systems (Egs. (1) and (2)).
Their 2-D Monte Carlo simulatiofsupported this analysis. A
similar relation ofD/r with 1/ ?>was also obtained by Doherty
et al® for 3-D systems by assuming all particles are in contact
with grain boundaries.

second-phase particles were spherical, monosized, randomly The above formulations were obtained by introducing a con-
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siderable number of approximations, such as simple geometry
(spherical or circle) and monosized particles, and the Q-states
Potts model simulations considered only small and immobile
second-phase particles which cannot coarsen. While, in real
materials, the geometry of particles can be complicated, and if
the two phases have limited mutual solubilities, the second-
phase particles will grow dynamically as time increases. There-
fore, the main purpose of this paper is to examine the relation-
ship betweerD/r and the volume fraction of a second phase in
two-phase systems when the second-phase particles can
coarsen.

We employed a diffuse-interface computer simulation
modef°-12for studying the microstructural evolution in two-
phase polycrystalline materials. One of the main advantages of
this model is that the complexity of microstructural evolution
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and long-range diffusion in two-phase materials can be auto- dnf(r,t) SF
matically taken into account. We employed the well-studied e -LP— i=1,2,...9 (7b)
Al,O,~ZrO, two-phase composite systems as a model system oy (r,t)

and kinetic data are available for these systédtsiThe de-
tailed computer simulations of microstructural evolution in dt
Al,05-Zr0, two-phase composites have been previously re- \yhere |, LP and L. are kinetic coefficients related to grain

ported:> We will focus on examining the relationship of the boundary mobilities and atomic diffusion coefficierttss time,
Zener pinning effect on matrix grain size with dynamically 5nqF is the total free energy given in Eq. (5).
growing second-phase particles and comparing simulation re-

sults with theoretical analyses.

to study the Zener pinning effect, since many thermodynamic dc(r,t) SF
{ [sqr tJ} (7e)

Ill.  Numerical Methodology

II. The Diffuse-Interface Field Model The microstructural evolution of a two-phase system can be
simulated by solving coupled kinetic Eq. (7). To numerically
Details about this model have been reported in previous solve the set of kinetic equations, one needs to discretize them
papers:®*2and hence only a brief account of the model will be with respect to space. We discretize the Laplacian using the
given here. To describe an arbitrary two-phase polycrystalline following approximation:
microstructure, we define a set of continuous field vari-

ableg®12 [ E(cbJ dy) + Z(d)j'_d)i)] ©)
<

(A x? [ 2
N5, M50, . .., Mp(r), ME(r), m5(r), . .., m§(r), C(r)
* 2 P * 2 ; whered is any function Ax is the grid sizej represents the set

of first nearest neighbors @fandj’ is the set of second nearest
whereni(i =1, ...,p) andmP(j = 1, ..., q) are called neighbors of.. For discretization with respect to time, we em-
orientation field variables, Wrth each orientation field repre- ployed the following simple Euler technique:
senting grains of a given crystallographic orientation of a given

phase (denoted as or B). Those variables change continu- _ d_(b

ously in space and assume continuous values ranging from b(t+ AL = (1) + dt x At ©)

-1.0to 1.0.C(r) is the composition field which takes the value ] ) ) ) )

of C, within ana grain andC, within a g grain. where At is the time step for integration. All the results dis-
The total free energy of a ‘two- -phase polycrystal system,  cussed below were obtained by usiAg = 2.0,At = 0.1to

is then written as ensure the numerical stability. The kinetic equations are dis-

cretized using 512 x 512 points with periodic boundary con-
ditions applied along both directions. The total number of ori-
F= f{fo[C(r);n‘l‘(r),ng(r), coomp(r); N (r)msr), ... ,nq(r)] entation field variables for two phases is 30.

In the ALO,~ZrO, systems, it was reportéd®that the ratio

of the grain boundary energy to the interphase energy for the
+—[VC(r)] + 2 —[Vﬂ.a(f)] + E —[VT] (Nl } Al,O; phase (denoted asphase) iR, = 0%,/o%? = 1.4, and
that for the ZrQ phase (denoted &3 phase) isR; = of,/

®) ot = 0.97. We assumed isotropic grain boundary and inter-

where VC, Vn® and V) are gradients of concentration and phase boundary energies. It is found that paraméters 2.0,

orientation fieldskc, k& andkf are the corresponding gradi- B =9.88,C, = 0.01,Cy = 0.99.D, = Dy = 1.52,7, = v

= 1.23,3, = dg 108—70KC—15K| 2.5 and
svr%ticer:]niirg% t(h(i)s f\j:,(gfkntgfsslfmtgg tlc?cﬁil free energy density, KB = 2.0 give the correct grain boundary to interphase bound-

ary energy ratios for the AD;—ZrO, system!! We also as-
B p g sumed that both phases have the same diffusivity and grain
f,=f(C)+ >, f(Cm™) + >, f(CmP) + f(mk, boundary mobility.
© 2 (Cmi) E (Cmp) é;,; ( Tl, All the kinetic data and size distributions were obtained
(6) using 512 x 512 grid points and averaged from three indepen-
dent runs. There are more than 2700 grains at the beginning of

in which collecting data for calculating the statistics and there are about
5 4 200 at the end. To generate the initial two-phase microstruc-
f(C) =-(A72)(C-C,)" +(B/4)(C-C) ture, a single-phase grain growth simulation was first per-
+(Dy/4)(C - C)* + (Dg/4)(C - Cp)* formed to obtain a fine-grain structure. Grains are then ran-
5 wn 4 domly assigned with the equilibrium compositiGp or C; and
f(Cmy") = ~(¥a/2)(C = Cp) ()" + (8,/4) (") an orientation field, keeping the overall average composition
corresponding to the desired equilibrium volume fractions. The
f(Cm) = ~(v5/2)(C = C)%(mP)* + (8g/4)(mP)* grain area was measured by counting all points within a grain,

f = kk/z)( 22 and the grain sizRwas calculated by assuming aka= wR2.
o) = (e ;i) (;

whereC, andC, are the equilibrium compositions ofandB IV.  Simulation Results and Discussion
phases(:m (C +Cp)/2,A, B, D,, Dg, Yas Vg, B, g, @ndef
are phenomenologrcal parameters The Justrfrcatron of using
such a free-energy model in the study of coarsening was pre-
viously discussed*

The temporal evolution of the field variables are described
by the time-dependent Ginzburg-Landau (TD&lgnd Cahn-
Hilliard'” equations.

The details of kinetics and microstructural evolution in
ZrO,—Al,O4 two-phase composites have been previously dis-
cussed:}13Six representative simulated two-phase microstruc-
tures at six different volume fractions of the Zr@hase are
shown in Fig. 1. In these microstructures, ZrQ@rains are
bright and ALO; grains are gray. It can be seen that simulated
microstructures have a striking resemblance to those of experi-
(r.) N= mental observation$ All the main features of coupled grain

e i=1,2,....p (7a) growth and Ostwald ripening, observed experimentally, are

dt Lam(r,b) predicted by the computer simulations. For example, at a low
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Fig. 2. Time dependence of the average grain size ofQAl(w)

- ) = | LB P A phase. The volume fraction of Zg(hase is 10%R, = 1.4,R; =

v Pl e B . ™ ¥ W | 0.97. The dots are the measured data from simulated microstructures.
et T ra 4T ¥ The solid line is a nonlinear fit to the power growth |&¥ - R} =

o kt with three variablesn, k andR,,.
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Fig. 1. Typical simulated microstructures in f;—ZrO, systems a4 6 i
with different volume fractions of Zr@phase: (a) 30%; (b) 50%; (c) 2 -~
60%:; (d) 70%; (e) 80%; (f) 90%. System size is 512 x 512. Zyains 5
are bright and AJO; grains are gray. 8
5+ 4 .
8 m mo_
volume fraction of ZrQ phase, the particles of Zgphase are R o R 0o kt
located mainly at trijunctions and grain boundaries ofQ\ _
grains, and the coarsening of these particles is controlled by the 4 m = 2.997 £ 0.001
Ostwald ripening process; i.e., relatively large particles grow at k = 0.785 + 0.001
the expense of smaller ones by long-range diffusion. The mo- ) -
tion of grain boundaries of AD; grains is essentially pinned 3 , | | | |

by the ZrQ, particles, and the grain size of A, grains is fixed

by the locations and distributions of ZsQparticles. During 0 110° 210" 310° 410° 510° 6 10°
microstructural evolution or coarsening, all second-phase par- ti ¢
ticles are in contact with grain boundaries. 1me Step

The time dependencies of the average grain size in the 10%
Zr0O, system with the initial microstructure generated from a Fig. 3. Time dependence of the average grain size of,Ag) phase.
fine-grain structure are shown in Fig. 2 for 8 (a-phase) ~ The volume fraction of Zr@phase is 10%R, = 1.4,R, = 0.97.The
and in Fig. 3 for ZrQ (B-phase). In these plots, the dotted lines dots are thel_meas%yred ﬁata from S|mu:1a|ted mlcros_trl;ctu_rﬁshThe solid
are the data measured from the simulated microstructures, an 'gﬁéiggﬁn Lngﬁ[j it to the power growth leRy" - Rg' = ktwith three
the solid lines are the nonlinear fits to the power growth law
RM™ - R = kt. It can be seen that both second-phase particles
and matrix grain size grow dynamically as time increases. Ac-
cording to the nonlinear fits, growth kinetics for both matrix the typical diffusion distance is about the typical separation
phase and second phase particles follow the power law with distance betweef-phase grains. However, grain growth for
m = 3, a strong indication that the coarsening kinetics are the high volume fraction ok-phase depends on the fraction of
controlled by the long-range diffusion. The kinetic coefficient grain boundaries that are pinned Pyrains, and therefore the
k for the a phase is 31.85, and is 0.785 for tRephase in the volume fraction ofB. It has been shown that the variation of
10% B-phase system, which is abo¥b that for thea-phase. volume fractions will dramatically change the coarsening ki-
This dramatic variation comes from the different diffusion dis- netics of both phaséd:1®
tances of the two phases during coarsening as the volume frac- Experimentally, Alexandeet all° have examined the rela-
tion changes. For the low volume fracti@aphase, the coars-  tionship between the matrix grain size and the size of growing
ening kinetics are controlled solely by Ostwald ripening and second-phase particles in alumina-rich, zirconia-toughened
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composites. They showed that a good linear relationship be-
tween the average alumina grain sif® (vith the mean zir-
conia particle sizer} is maintained at all zirconia contents
(10% [ 40%), as shown in Fig. 4. The ratio of the alumina/
zirconia grain sizeld/r) is constant at a given volume fraction

of zirconia phasé? which does not change with sintering time
and temperature. They found that the rddiv decreases with
increasing volume fraction of the zirconia phase, and the ratios
observed are 4.6, 3.5, and 2.1 for 10%, 20%, and 40% of
zirconia phasé? respectively. The relationship db/r with
growing zirconia particles, from computer simulations, is
shown in Fig. 5, for alumina—zirconia composites with 10%,
20%, and 40% of zirconia. It can be seen that all features
observed experimentally have been predicted from computer
simulations. It is clear that a good linear relationship exists
betweernD andr at all zirconia volume fractions, and the ratio
D/r decreases as the volume fraction of zirconia increases.
From computer simulations, the ratiDér are predicted as 4.4,
3.1 and 1.6, for 10%, 20%, and 40% of zirconia, respectively.

The agreement between computer simulations and experimen-

tal results is surprisingly good, considering the assumptions we
made in the simulations and the fact that we only fitted the data
of grain boundary energies and interfacial energy.

To compare the simulation results with analytical solutions
(Egs. (1)—(3)), we plot the matrix grain siZ@)(against the size
(r) of second-phase particles, which is normalized by an ap-
propriate form of volume fraction. For example, to examine if
D/r has a relationship with volume fraction a$4?% we plotD
againstr/f /3 for different volume fractions. It is obvious that if
that relation is obeyed, a common slope (or conségrghould
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Fig. 5. Simulation results for the dependence of mean sixedf
alumina phase on mean sizg of zirconia phase as a function of
zirconia volume fraction. Th®/r ratios are 4.4, 3.1, and 1.6 for 10%,
20%, and 40% of zirconia phase, respectively.

be found for different volume fractions of second phase, which 25 ' ! ' '
satisfies the equatiod = Ar/f* Figures 6 and 7 show the ___;E___ ;8;" %?r
simulation results for the relationships of matrix grain dixe o Lir .
. . ¢ ; ) ——30% Zir
with second-phase particle siz@ormalized with 1f/*/3 for the weeteen 40% Zir P
Al,O5-rich and the ZrGQrich systems, respectively. In these . 20 F o
plots, the volume fraction of second phase (Z@ Al,O3) o j
varies from 10% to 40%. It can be seen that the slopes of these 2‘“
linear relations at different volume fractions are different for
both ALOs-rich and ZrQ-rich two-phase systems, indicating °© p
that there is no uniqué which can be found to satisfy the 5 15 7]
relationD = Ar/f/3 for different volume fractions. This sug- =
i
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2 1.5 r ] Fig. 6. Simulation results for the relations of matrix grain sievith
] T F ] the second-phase particle sizeormalized with 1f/*/3for Al ,O;~ZrO,
E r ] two-phase systems. The A&); phase is the matrix phase.
< 1.0 .
=) r ]
0.5/ 1 Solid - Isochronal (3h) Data ] gests thaD/r is not proportional to ¥#2 in these 2-D two-
. Open - Isothermal (1650° C) Data 4 phase systems. However, experimental re$shswed that the
0.0 ol b b b b b e relationD = Ar/f*2is followed in zirconia- or alumina-based

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Diameter-Zirconia (r) (um)

Fig. 4. Experimental results for the dependence of mean diameters

ceramic composites with < 0.15. Hence, the relatioD =
Ar/f12 may apply only to 3-D systems.

The relationD = Ar/f is examined from simulations for
Al O5-rich systems and Zr&xich systems in Figs. 8 and 9,
respectively. It is clear that this relation is not obeyed in small

: : e lume fraction systems. However, it is interesting to notice
(D) of alumina phase on mean diametery ¢f zirconia phase after volume T .
isochronal and isothermal treatments at different volume fractions of that in high volume fraction systems (30% and 40% second
zirconia. (Experimental data are adapted from Fig. 5 of Ref. 22, by Phase) a fairly good relation might be found for both,@{-
Alexanderet al) TheD/r ratios are 4.6, 3.5, and 2.1 for 10%, 20%, and  rich and ZrQ-rich systems. The relatio® = Ar/f for 3-D
40% of zirconia phase, respectively. systems (Eq. (1)) was obtained by assuming the numbers of
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Fig. 7. Simulation results for the relations of matrix grain sizevith
the second-phase particle sizeormalized with 1f/*/3for Al ,O4~ZrO,
two-phase systems. The Zy@hase is the matrix phase.

Fig. 9. Simulation results for the relations of the matrix grain dire
with the second-phase particle siz@ormalized with 1f for Al,O;—
ZrO, two-phase systems. The Zg@hase is the matrix phase.

25 systems follow this equation remains to be more carefully ex-
amined.
Figures 10 and 11 show the simulated relations of the matrix
grain sizeD with r/f ¥2in Al,O5-rich and ZrQ-rich two-phase
20 k _ systems. It is found that the relatidh = Ar/f/2 is followed
o reasonably well for volume fractions of second phases equal or
- less than 30%, with the constahitalues being 1.32 for AD5-
< rich systems and 1.27 for ZgQich systems. ThesA values
s are much smaller than 3.4, which was obtained by Srolamtitz
2 15 . al.® for small and immobile particles. The smallérvalues
= mean a smaller matrix grain size at a certain size of second-
g phase particles. Therefore, the pinning effect of growing sec-
= ond-phase particles is much stronger than that in systems with
10 F ’ —a— 10% Zir _
=== 20% Zir
—r—30% Zir 25 T T T T T T T
weee¥ene- 40% Zir —a— 10% Zir
o 20% Zir
5 ! 1 ] 1 s 30% Zir .
10 20 30 40 50 60 70 80 g b T A0% Zin o
C
r/f, normalized radius of ZrO, 2" <
L)
Fig. 8. Simulation results for the relations of the matrix grain dire :
with the second-phase particle sizaormalized with 1f for Al,O5— B2 15 7]
ZrO, two-phase systems. The &), phase is the matrix phase. 2
i
a
particles at a boundary proportional to the particle radius and a 10 | .
random particle distribution. However, this is not the case in
these simulations of high volume fraction systems, in which all
second-phase grains stay at grain boundaries and become in-
terpenetrated at 40%. Liu and Patter¥utt modified the Ze- .
) ; . . . ] 1 ! I ! ! 1
ner's equation in 2-D by accounting for the nonrandomness of 5
the particle distribution. By defining a parameRr= f /f, the 8 100 12 14 16 18 20 22 24
degree of contact between grain boundaries and second-phase
particles, wherd,, is the area fraction of second phase at the r/f''2, normalized radius of Zr0,

grain boundaries anfd the total fraction, they obtained/r =

w/4Rf. The R value, which varies among material systems, and Fig. 10. Simulation results for the relations of the matrix grain size
with volume fraction, particle size, et€%**was not calculated D with the second-phase particle sizenormalized with 1§22 for

in current simulations. Therefore, whether 2-D,@}-ZrO, Al,04~ZrO, two-phase systems. The /), phase is the matrix phase.
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30 T T T T T T
8 10% Alu
—— 20% Alu
&  30% Alu
25 [ === 40% Alu

D, radius of ZrO2

1

20

10 12 14 16 18 22

r/f!’2, normalized radius of A1203

Fig. 11. Simulation results for the relations of the matrix grain size
D with the second-phase particle sizenormalized with 112 for
AlL,O4~ZrO, two-phase systems. The Zs@hase is the matrix phase.

small and noncoarsening particles. The main reason for the
larger pinning effect in the studied composite systems is that it
is almost impossible for grain boundaries to pass through sec-
ond-phase particles in these long-range diffusion-controlled
systems. It is also interesting to notice that the difference of
grain boundary energies in alumina and zirconia does not affect
the relationship of Zener pinning in these simulations. Even
though the coarsening rate for alumina and zirconia matrix can
be slightly different, both AlO,-rich and ZrQ-rich two-phase
systems show identical relationships of Zener pinning in these
simulations. When the volume fraction of second phase is
larger than 40%, the relatioB = Ar/f¥2 is not followed
anymore, which may result from the fact that at this volume

fraction the second-phase grains become interconnected in a

two-phase microstructure.

To compare the 2-D simulation results with experimental
observations, we re-plot the experimental data (Fig. 4, adapted
from Ref. (19)) with the normalized second-phase (zirconia)
grain size in Figs. 12, 13, and 14. It should be noted that these
experimental data were obtained from the 2-D cross sections of
3-D microstructure$? which may be different from 2-D sys-
tems. It is quite clear that the relati@n= Ar/f is not followed
by those experimental systems either. While there may not be
enough evidence to conclude that the relatidn= Ar/f13 is
not obeyed in those systemis€ 10%), it is obvious thab =
Ar/f 12 fits these experimental data better for volume fractions
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Fig. 13. Experimental observations of the relation of the mean di-
ameters of alumina with mean diameters of zirconia normalized with

between 10% and 20%. Since most of the second-phase graing /= (Experimental data are adapted from Fig. 5 of Ref. 19, by

are distributed at grain boundart@sn these two-phase com-

Alexanderet al)

posites, it seems that those experimental results agree with the

analysis by Dohertet al® for 3-D systems, in which ® =
Ar/f12 relation is predicted by assuming all particles are in
contact with grain boundaries. As mentioned before, in zirco-
nia- or alumina-based ceramic compositef) a Ar/f*3 re-
lation was observeédor f < 0.15. Therefore, it can be seen that
Zener pinning effect may depend on the dimensionality, vol-
ume fraction, and distribution of second-phase particles.

V. Conclusions

The Zener pinning effect with growing second-phase par-
ticles in the ALO;—ZrO, two-phase composites has been stud-
ied through computer simulations using a diffuse-interface

field model. The simulated microstructures are in excellent
qualitative agreement with experimental observations for
Al ,O5—ZrO, two-phase composites. It is found that the coars-
ening kinetics for both phases are controlled by long-range
diffusion and follow the power growth la®R™ - R = kt with

m = 3, while the kinetic coefficienk for the second-phase
particles is much smaller than that of the matrix phase. A linear
relation between matrix grain siz®) and second-phase grain
size ¢) is found for all volume fractions of second phase,
which agrees with experimental results. TD& ratios are de-
pendent on the volume fraction of the second phase and are
predicted as 4.4, 3.1, and 1.6 for 10%, 20%, and 40% of zir-
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conia, respectively, which are very close to experimental ob-
servations. It is found that the relationship between matrix
grain size and second-phase grain size foll@wvs- Ar/f2in

the 2-D simulations when the volume fraction of the second
phase is less than 30%. Thé 47 and 1f relationships are not

observed in these 2-D two-phase simulation systems with dy-

namically growing second-phase particles. Comparison with

experimental results shows that the Zener pinning effect may

depend on the dimensionality, volume fraction, and distribution
characteristics of the second-phase particles.
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