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InerL second-phase particles are often dispersed in metallic and ~ c  materials to control grain mo.rphology 
and size [1,2]. The microstructure imposed by the particles affects the final properties of the material. For Instance, 
diversions of particles have long been known to pin grain boundaries and inhibit grain growth [3]. 

Many theoretical studies have examined the grain boundary pinning effect of randomly dispersed, monosized, 
isou'opic particles. Most of these studies are based on the Zoner approach to inhibited grain growth, in which the pinning 
force exerted by spherical particles on a randomly positioned grain boundary is equated with the grain boundary 
curvature driving force for grain growth [4]. For particle inhibited grain growth in three dimensions, the Zcner equation 
may be generalized as 

(i) 
r f 

where Dgis the average pinned grain diameter, r is the radius of the pinning particles, and f is the volume fracdon of the 
particles-J5,6]. 

The Zoner assumptions fail, however, if the intersections of grain boundaries with pinning particles arc non- 
random. For instance, if the second phase particles pin the grain boundaries strongly, the grain boundaries may deform 
into the shapes that maximize the number of particle-boundary intersections [6-8]. In this case, pinning occurs when 

Vg- Np~ n c (2) 
where Vg is the average grain volume, Np is the number of pinning particles per unit volume, and nc is the number of 
particles which stabilizes the average grain. Thus, since Vg~Dg d and Nl~f/rd, 

PL! (3) 
r fl/d 

where d is the dimensionality of the system. Expressions for nc have been derived by Srolovitz, et al. [7], Doherty, et 
al. [8] and Hillczt [6-]. Alternatively, this expression may be.derived by assuming that the grain diameter is proportional 
to the distance bclwccn pinning particles in d dimensions, Ad. Since Ad,,rf -I/d [9], if DB~Ad, Eq. (3) follows directly. 

Srolovitz, et al. [7] performed Monm Carlo computer simulations of two-dimensional, pinned grain growth by 
mapping the lwo.dimcnsional microstructure onto a discrete lattice. Anderson, et al. [10] later performed similar 
simulations in three dimensions. Both simulations reproduced the dependence of D~ on f predicted in Eq. (3). Since the 
particles in both studies were of size equal to one lattice site (r=l), it has been speculated that the disagreement with Eq. 
(1) is simply a consequence of the discrete lattice used in the simulation. Further, since single-site particles have a size 
on the order of the "width" of the grain boundary in the discrete lattice, questions have been raised about the validity of 
generalizing the r=-I results to r> 1. 

The purpose of this communication is to re-examine pinned grain growth simulation results [7] for a range of 
particle sizes. 

Conmuter Simulation 

The Monte Carlo model for the simulation of normal grain growth has previously been described in theoretical 
and computational detail [7,11-13]. A continuum microstructure is mapped onto a triangular lattice by assigning each 
lattice site an index corresponding to the orientation of the grain in which it is embedded. Sites with one or more unlike 
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nearest neighbors are boundary sites; sites with six like nearest neighbors are bulk (or interior) sites. The grain boundary 
energy at a site is specified by assigning a positive energy to boundary sites and zero energy to interior sites, and is 
computed via the I-lamillDnian 

H = - J  ~ . ~ S , S j -  1) (4) 
nn 

where &3iSj is the Kronecker delta, the sum is taken over nearest neighbor sites (nn), and J is a positive constant which 
scales the energy. 

Grain growth kinetics are determined through a Monte Carlo technique. First, a lattice site and an orientation are 
chosen at random The orientation of the chosen site is then changed to the random orientation if and only if the energy 
change for the reorientation is negative or zero. Since only negative or zero energy are allowed, the implicit Monte Carlo 
temperature of the simulation is T=0. Previous studies have determined that growth simulations at T=0 and at finite T 
yield similar results [7,11]. In the Monte Carlo simulation, time is incremented after each attempted reorientation by 
(1/Naet) Monte Carlo steps (MCS) where Nact is the number of active (non-particle) lattice sites. 

Inert particles are incorporated into the simulation by choosing sites at random in the lattice and assigning these 
sites an index not equal to any of the grain orientation indices. For particles of r>l, the fi~t through n a~ nearest neighbor 
sites are also assigned the "non-active" orientation index. If two randomly placed particles were found to overlap, the 
particle area fraction was modified to account for the double counting. The particle-matrix interface energy is computed 
in the same manner as the grain boundary energy; hence, the interface energy is nearly isotropic. Since particle sites are 
not re-oriented during the simulation, particles are immobile and of a fixed size. 

In these studies, the initial grain orientations were determined by assigning each grain site a random orientation. 
Then, the mierostrucmres were allowed to evolve until no further growth was detected (generally at about 106 MCS). 
The numerical data given are averages of ten independent runs on a 40,000 site lattice. The particles employed in the 
present study were all hexagonal and ranged in size from one to 61 sites. 

Results and Discussion 

Equation (3) predicts that at constant area fraction of particles, Dg/r is constant; thus, changing the particle size 
should lead to a proportional change in the pinned grain size. This is reasonable, since increasing the particle size 
essentially rescales all of the lengths in the simulation. Therefore, the data for all particle sizes should fall on the curve 
specified by Eq. (3). 

Figure I shows a plot of Dg/r versus 1/f for various particle sizes and area fractions. The linearity of the data on 
the log-log scale indicates a power]aw relationship 

for f<0.1. A best fit to the data for f<0.1 gives k=1.197i-0.070 and m=0.547~0.009 with a correlation coefficient of 
0.9967. This relationship is in good agreement with Eq. (3) for d=2; thus, the two-dimensional simulation results for 
single lattice site particles [7] arc valid for a wide range of particle sizes. Moreover, since mapping the pinning particles 
onto a discrete lattice had no effect on the applicability of Eq. (3) for d=2, the three dimensional simulation results for 
single site particles [10] are likewise expected to be valid for all particle sizes. 

In the range 0.002.q,f.~0.02, a very slight systematic dependence of Dg/.r on r may be observed: As r increases, 
D~/r decreases very slightly at a constant f. This behavior does not show a limitation in Eq. (3); instead, it is a result of 
the finite sample size used in the simulation. Since a grain may not be larger than the lattice itself, the grain size 
distribution [ 11,12] is truncated at a grain size of Dt,=N1/2, where N is the total number of sites in the latfi~. I-Iowev.er, 
the exclusion of a few very large grains decreases ~e  mean grain size, and reladvety more grmns are excmnea rrom me 
distribution as the mean grain size approaches N 1/2. Because the mean grain size increases with particle size, as r 
increases at a constant f, Dg/r decreases slightly. 

The deviation from linearity for f>0.1 may be attributed to the formation of clusters of overlappi.n, g particles as the 
volume fraction of particles increases. These clusters are not isotropic and their effective size ~s greater than r. 
Therefore, they may be expected to inhibit grain growth with a functionality different from Eq. (3). 

As in the previous study [7], the inhibited grain growth kinetics were found to have two distinct regimes. 
Initially, growth follows normal grain growth kinetics, with D ~ t  n (power law growth). In agreement with previous 
results for esrly time grain growth [7,11], n was found to be approximately 0.4 for aU r and f. (In the long time limit, 
the grain growth simulations yield n---0.5 [11,12].) The second growth regime is characterized by a pinned 
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microstructure with Dg constant. Because the transition between the two regimes is quite abrupt, a cutoff time (tc) may 
be defined as the time at which power-law growth ceases and the final grain radius is reached. Since the shapes of atl 
growth curves are identical, a scaling which causes the cutoff times to correspond should collapse all of the growth 
kinetics to a single curve. 

Since Dgo, t n and Dg~r/f m at tc, Dg should scale with (pa/r) and t should scale with (pa/r) TM . In this study, n_=0.4 
and n~0.55. Figawe 2 shows a scaled pld"i of Dg versus t for four different particle sizes and area fractions. Clearly, this 
scaling provides an excellent fit to all of the simfilation data. 

Figure 3 shows pinned microstructures for f=0.02 and various particle radii. It is apparent that most particles are 
located on the grain boundaries, in agreement with the r=-I case [7]. Because the particles strongly pin the grain 
boundaries, the grain boundaries are highly non-random in location; for instance, note the irregularity of the boundary of 
the large grain in the lower right comer of Fig. 3(a). Also interesting to note is that ouly two particles are needed to 
stabilize the small grain between the two large grains in the center of Fig. 3(c). As expected from Eq. (3), the pinned 
grain size decreases with decreasing particle size at constant f. 

Figure 4 shows simulated pinned microstructures for various particle area fractions and m7. It is again clear that 
in all cases, most of the particles are located on grain boundaries. Because particles are more closely spaced as the 
volume fraction increases, the pinned grain size decreases as the volume fraction of particles increases. 

Conclusions 

1. A Monte Carlo Putts model computer simulation of two-dimensional grain growth inhibited by randomly 
dispersed, monosized particles has reproduced the "strong pinning" growth relationship 

r f l /d 
for r>l and f<0.10. Above f=0.10, this relationship fails due to the formation of particle clusters. 

2. The result that single site particles follow the same scaling laws as large particles suggest that the results of earlier 
two- and three-dimensional simulations, which employed single site particles, are valid. 

3. Inhibited grain growth is characterized by two kinetic regimes: a normal growth regime with Dg,~t n followed by a 
pinned regime with Dg constant. Thus, Dg scales with (pa/r), and t scales with (PAR) I/n where m=-0.55 and n_=0.40 in the 
present simulations. 

4. The two-dimensional microstrucmres generated by the simulation display the characteristics of a strongly pinned 
swacture, with nearly all of the pinning particles located on the grain boundaries. 
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The effect of particle volume fraction on pinned grain size in two dimensions. Dg is the pinned grain diameter, 

r is the pinning particle radius, and f is the particle volume fraction. For f<O.1, the curve behaves as predicted 
for strong pinning by isotropic particles. For f>O.1, the formation of particle clusters causes a deviation from the 
predicted behavior. 
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The kinetics of inhib.it .efil g~. in. growth for v..arious.pi.nning p.m'dcl¢ sizesand, volum,¢ .fractions..DLg~,ls~: 
pinned grain diameter, r is me pruning parucle radius, f zs me parucxe volume tracuon, ann t is me ume m t 
Carlo steps. Growth first follows a normal grain growth curve, then ceases at some cutoff time when the grains 
become fully pinned. The data scale when the cutoff dines arc forced to coincide. 
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Figure 3. Computer generated pinned microstructmres for f=O.02 with various particle sizes. (a) r=2.67 Co) r---4.59 
(c) r=6.22. The grain boundaries are strongly pinned by the particles, so as r increases the grain diameter 
increases. 
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Figure 4. Computer generated pinned microstrucmres for r=2.67 with various particle fractions. (a) f--0.01 
(b) f=0.02 (c) f=0.05. The grain boundaries are strongly pinned by the particles, so as f increases the grain 
d~meter decreases. 


