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Abstract

We have investigated a Monte-Carlo treatment of particle-growth by evaporation—condensation based on a combination of a two-state
Potts, or Ising, model with the Metropolis algorithm for the acceptance/rejection of simulated growth steps. The effects of initial size-
distribution and lattice occupancy on particle-growth through Ostwald ripening via evaporation—condensation have been explored and the
sensitivity of the results to model-parameters, such as interaction energy, temperature and second-nearest-neighbour weightings has beel
investigated.

From an initial random distribution of particles, the predicted growth follows a square root dependence on time, consistent with well
known analytical treatments. When the temperature parameter was examined, a critical tempgnratigdound. Belowr; the rate of
particle-growth increased with increasifigbut aboveT, the growth-rate decreased with increas&.ifThe correspondence, in the absence
of second-nearest-neighbour interactions, of the compIifesiith the analytically determined value demonstrates the robustness of our
procedures.

The effects of evaporation—condensation on the size-distribution, characterized by a meé&h armkr.m.s. deviatiod, have received
particular consideration. It is predicted that, for three different initial particle size distributions, with the same initial mean size, growth by
evaporation—condensation will lead to convergence of the normadiz8d versus time o6/(R) versus(R) curves. Counter-intuitively, a
narrow initial size-distribution is not maintained by particles growing by evaporation—condensation.

Finally, we have developed a simple technique for incorporating diffusive phenomena into this model by incorporating distance de-
pendence into the probability of migration. This has reduced the necessary computational time and enabled us to compare the de-
pendence of thé/(R) versus(R) relationship for different values of the characteristic distance. Remarkably and somewhat unexpect-
edly, we find that for a wide range of model-parameters the normalized deviation is effectively independent of this characteristic
distance.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction tion of titanium tetrachloride vapour

Gas-phase production of nano-particulate powders offers TiCl4 4+ Oz — TiO2 + 2Cl;
many attractions. The necessary volatile starting materials, o o o
e.g. metal halides, are often available and the feasibility of to produce annually 2-3 million tonnes of titanium dioxide

large-scale manufacture is amply demonstrated by the oxida-particles ¢-100 nmradius; 7 fg~*).> An analogous process
for the production of nano-particulate Zs®as been demon-

strated at pilot-plant scafe.Nano-particles of alumina,
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chloridesS e.g. surface site is accepted if there is a resultant decrease in sur-
_ _ face energy. If an increase in surface energy results, the move
SiCly +2Hz2 + Oz — Si0; 4 4HCI is accepted with a probability given by a Boltzmann factor

ngMetropolis algorithm). As aresult, the larger clusters grow
at the expense of smaller ones.

The variables in the analysis include the fractional occu-
pancy of the sites, the nearest neighbour interaction strength
J and simulation temperaturd (combined within the

Gas phase processes have been developed for titaniu
boride? titanium nitridé and silicon carbidé.All of them
offer attractive routes to production of fine particles.

In order to control mean particle-size and size-distribution

it is important to understand the mechanisms by which such dimensionless parametesT1J, whereks is the Boltzmann

articles grow. Initially, particle-growth in gas-phase reac- . .

P 9 Y, P 9 gas-p constant), the relative strength of next nearest neighbour
tors depends on the balance between nucleation and growth . A . .

. interactions and a characteristic distance associated with
by surface reaction. However, once the reactants have beern .

.~ “'those accepted exchanges which lower the surface energy.
consumed, further growth may occur by the aggregation - !
Specifically, moves which lower the surface energy may

and subsequent sintering of flocculated parents or by Ost- . . .
S : X X . be assessed in terms of the separation between the two sites
wald ripening—in which evaporation and condensation cause .

. . : involved, to which a characteristic radius may be applied. If
small particles to disappear and larger particles to grow as a

. the separation between these sites is less than this character-
result of the greater relative surface energy of the smaller .

: . o istic radius, the move is accepted; otherwise it is accepted or
particles—a consequence of their greater specific surface ™. . ) .
. . rejected on the basis of comparison with a random number.
area. Although, the gas phase production of oxide nano-

: This constraint on the phase space has the effect of incorpo-
particles can occur at temperatures close to or above the

melting point of the bulk oxidé&s’ little attention has been rating a Qiﬁusion distanf:e intq the model, .. it allows for

paid to this particular cause of particle-growth—mainly be- eyaporatlon—condens_anon being more probable over short
. e o . distances than long distances.

cause of the experimental difficulties inherent in differentiat-

ing ripening by evaporation—condensation from aggregation

and sintering. Computational modelling provides a method

of unravelling the effects of the many growth mechanisms,

which contribute to each of the main routes and this paper

presents a first step in building such a model.

Although the above paragraphs emphasize growth during
powder production, evaporation—condensation plays a partin
many other particle-growth processes, including calcination
of small particles and the growth of crystals in solution. A
specific example of the former is the growth of silver particles
supported on Ti@® More generally, the sintering of metal
crystallites on catalyst supports is significantly enhanced by
small amounts of chlorine which promote mass transport be-
tween particles via volatile chlorides.

In general, the time dependence of the mean grain radius
(R), may often be described analytic&llgy the relation

1.1. Background

The Potts modéf 11 which treats the evolution of a non-
equilibrium discrete ensemble populating a regular lattice
was first proposed as a generalization of the Ising model
for simulating the critical transitions in magnetic materials
and gas-liquid phase transitions in a lattice gas with more
than two degenerate statédt has been used in conjunction
with the Monte-Carlo method to simulate grain growth and
evolution of microstructures during sintering, melting, phase
transitions, laser ablation and micromachinifig?

Anderson and co-workers developed a 2D simulation of
grain growth and examined the growth kinetics, topology, and
local dynamicg3-15Tikare et al*®17 simulated microstruc-
‘tural evolution and size-distribution during solid state sinter-
ing. They found that grain growth kinetics were described

(RY' = R} +kt 1) by a power law withw =2. In these simulation procedures,
the spin state populations are not conserved—a lattice site
where R represents the mean grain-radiusta, k is a is selected at random, its state is changed to one of its near-

constant (with Arrhenius temperature dependence)naisd est neighbours’ states, and the change is accepted or rejected
the order of grain growth. The value afdepends on the  depending on the outcome of the standard Metropolis proce-
growth mechanism and is generally taken to be 2 for transfer dure. Tikare et at1”also simulated pore migration (surface
across a boundary and 3 for diffusion in the bulk. diffusion) in solid-state sintering using conserved dynamics,
Inorderto extend studies of grain growth beyond the limits so that the total number of pore sites and grain sites remained
of analytical approximations, numerical methods are neces-constant. A pore site was first selected and a neighbouring
sary. In this paper, the evaporation—condensation mediatedyrain site was chosen. The two sites were temporally ex-
ripening process is studied by Monte-Carlo simulation on changed, with the grain site assuming a new state. Then the
a two-dimensional lattice. A two-state (lattice gas or Ising) standard Metropolis algorithm was again used to accept or
model is adopted, corresponding to a specified occupancy ofreject the move.
filled and empty sites. The simulation proceeds in a stochas- Matsubara and co-workers have studied microstruc-
tic manner, generating a sequence of configurations of latticetures®1° formed by liquid-phase sintering and simulated
states. Trial states are generated from an initial, normally ran-the microstructure developméfiand compared the results
dom, distribution and an exchange between afilled and emptyof these simulations with experimental grain growth in AIN
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based ceramic&-22Tikare and co-workers have also imple-  bitrary unit of energy to the system. First and second-nearest
mented the Monte-Carlo method to simulate microstructural neighbours are defined as cells with a common side and com-
evolution, size-distribution, grain growth and Ostwald ripen- mon corner, respectively. The total surface energy is
ing in liquid-phase sintered materi&&:2>They found grain No 8
growth kinetics followed a power law with asymptotic ex- _ Y
ponent,n = 3 for different fractions of liquid-phase volume E=J Z Z[l 5(4i- )] @
in liquid-phase sintering®24 For cases in which long range b
diffusion is involved®?7 (solid-liquid sintering, AB alloy ~ wheres is the Kronecker delta function such ti#g;,q;) = 1
sintering) a site and its neighbour are selected at random.if ¢; =¢; and8(g;,q;) =0 if g; # ¢;, whereg; is the state of
If they belong to different phases, they are allowed to ex- the grain or empty-site at sifeandg; is the state of the first-
change their spins. This can create an isolated spin of phasaearest and second-nearest neighbours gt 3ite contribu-
B, which can randomly walk through the matrix of phase A tion of neighbours to the surface energy can be varied through
until it reaches another grain of phase B. The probability is the first-nearestand second-nearest neighbour weightings (
then compared with a random number. Using procedures ofandws). Eq.(1) then becomes
this type, Zhang et &’ found that the liquid-phase hinders
the motion of the grain boundary, and the rate of grain growth Yo &
in the two-phase case is slower than that in the single phase.E =7 Z Z[l — (gi q)]wr
Liu et al2829 studied grain growth and grain boundary v

segregation in binary alloys. The Ising lattice was used to No 4
realize the solute diffusion event via spin exchange and +JZZ[1 — 8(gi, q)ws 3
the Potts model was applied to simulate a domain growth i
event via spin adjustm_ent. Dudek et”%lemplqyed Q solid- Throughout the simulations; was taken as 1, whilsts was
phase states and a single pore state to simulate late stage

. S allowed to vary between 0 and 1.
sintering in metal powders. They found that for the non-

: : L In our simulations, the two steps in Ostwald ripening,
conserved system with low porosity, the kinetics of metal . . .
. A . evaporation—condensation and transport between grains, are
grain growth followed a power law with=2. The pores in-

side the bulk grain dissolved according to the Lifshitz and simulated independently based on (1) an energy-dependent

Slyozo! evaporation—condensation mechanism. For dilute probability and (2) a distance-dependent probabily. In the
systems, a power law with= 3 was observed ' first case, (a) the state of a randomly chosen surface cell is

first checked; then a new surface site with different state
is selected, and the total system energf)) (s calculated
from Eq. (3), (b) state-spin exchange is performed for the

In this paper, we use an Ising (or two-state Potts) model to Chosen sites and the total system enerf) €alculated
simulate grain growth processes such as the growth of a single?d (€) the difference in energE, is calculated using
phase solid at the tail end of a gas phase reaction when therd=d- (4):
is no further reaction between the solid and gas ph&ées. AE = E; — E; (4)

The choice of a two-state model may be justified by the fact !

that, for TiQ, prepared by gas phase oxidation, each particle (d) The standard Metropolis algorithm is then used to deter-
normally consists of only one crystallite, as evidenced by the mine whether the exchange is accepted or rejected. A transi-
close correspondence between particle-sizes measured frontion probabilityp(AE) is evaluated using

transmission electron micrographs and crystal-sizes calcu-

lated from X-ray line broadening. The two-dimensional sim- p(AE) = exp(%‘f) (for AE > 0)

ulation domain is discretized as a 4Q@l00 square lattice

with periodic boundary conditions. The Iatticg—occupaﬁ):y( P(AE) =1 (forAE =0)

is defined as the ratio of the number of occupied lattice sites whereT is the simulation temperature, which defines the de-
(No) to the total number of lattice sited). We assume a sin-  gree of thermal fluctuation in the system. A random number
gle spin state in the solid phase, with spin stgde=(+1, and R between 0 and 1 is generated such th&+f p (AE), the

one in the surrounding inert gas phase wigh{—1. Adja- exchange is accepted; otherwise, the original configuration
cent cells with spin state +1 form a grain, within which there is restored. This permits even some of the jumps associated
are no boundaries. Adjacent lattice sites with a spin state ofwith a positive energy change to be accepted; it allows for
—1 form free space in which entities can diffuse from one the distribution of energies associated with a specified tem-
grain to another. The driving force for grain growth is the re- perature. The dimensionless paramétgf/J is varied from
duction of surface energy associated with interface between0 to 2.0. Note that the simulation temperature is not a phys-
occupied and empty cells. ical temperature, so that the effect of increasihig not to

The energy under consideration is the surface energyincrease the ‘evaporation’ frequency. Consequently, setting
whereby all unlike first-nearest neighbours contribute one ar- T=0 does not eliminate crystal growth; it simply eliminates

2. Description of the model
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thermal fluctuations and ensures the rejection of all steps forin the simplest case, the functigid,d.) is 0, such that

which AE>0.

pd(d.dy) is a step function, but the effect of other smoothly

For each jump that is successful on the basis of this first varying functions will also be explored.
criterion a second criterion-based on a distance-dependent If dis less than or equal i the move is accepted. dfis
probability (pg)—may be applied. This may be defined as  greaterthawd, , arandom numbet between 0 and 1 is drawn,

1 @d=<a)

pd(d: di) = { fd d) (@ > d)

whered is the distance between the occupied lattice site (
y1) and the empty lattice sita{,y2) to which the monomer

moves, such that

d = /(2= x1)% + (2 — )

dp, the characteristic distance within which any exchange

and a move for whiclpqy(d,d| ) <R is accepted; otherwise the
(5) move is rejected. Thus, unlike the case of two-phase sintering
explored by Tikare et af% where bulk diffusion was treated
by a random walk procedure, we have used a fast algorithm
by avoiding attempting unsuccessful moves. We consider this
procedure to be acceptable because in our simulations, in
contrast to those of Tikare et &F the occupancy is very low.
For the formation of one mole of Tixfrom TiCls, one mole
(6) of solid TiO, (~20 cn?) coexists with two moles of chlorine
< gas (~40dn?).

which lower the energy are accepted with unit probability, is _11M€ () in the simulation is measured in units of Monte-

given by

dmax
d, = &max
LT om

wherem is a positive numberx1). The maximum possible
diffusion distancelnaxis dictated by the dimensioi&sandY (R)

Carlo Steps (MCS) such that 1 MCS correspond#/ tat-
tempted exchanges, whekeis the total number of lattice

@) sites in the system. During the simulation, the mean grain
size(R) and r.m.s. deviatiod were recorded, where

DR

of the simulation matrix and a factor of 1/2 in H@) arises 2k Mk

from the use of periodic boundary conditions.

dmax=V X? +Y?

<R>, &<R>
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Fig. 1. ‘Snapshots’ corresponding to an initial random distribution, at 0 Monte-Carlo Steps, and the subsequent growth of particle size, a 3001AC&,
for occupancieg=25%,ws=0.5 andkg7/J = 0. The mean size, the normalized deviation, and the number of MCS are shown below each representation.
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Here, the sum is over all grains, whetgis the number of

grains of sizeRy.

AE>0 will be rejected, and for this simulatians/ws =0.5.
At t=0, the mean siz€R)) is 0.74 and normalized deviation

In the following, all quoted results reflect the average of (8/(R))=0.37. As the simulation progresses, some grains
five runs; ‘snapshots’ of grain growth are recorded from a grow at the expense of other grains. After 200 MCS,

typical run in the set.

3. Results and discussion

3.1. Grain growth without distance dependence

few small grains remain and many large grains, with a
mean size of 8.5 and normalized deviation of 0.49, are
seen.

Fig. 2demonstrates the effects of grid occupancy, second-
neighbour weighting, temperature and initial size/size-
distribution on the particle-growth. As expected the mean
size increases with MCS in all casésg. 2a shows that as

The effects of a range of parameters on grain growth the occupancy is increased the ‘growth-rate’ increases. This
were first examined for the case in which the monomer may effect persists even if the effect of largRs at higher oc-

diffuse (jump) through the whole simulation matrix € 1).

cupancy is compensated for by plotting)/Rg instead of

Fig. 1shows ‘snapshots’ of the growth during a simulation (R) against MCS. The larger fluctuations for MCS > 150 and
for an initially random distribution of grains with a lattice f=40% may be due to coalescence when two or more parti-
occupancy of 25%. The filled cells represent grains. The cles of the decreasing number population come together to
value ofkg7/J was chosen as 0, implying that any move with form one large particle. For long simulations, wh&h > R
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12F | —10%

0 1 1 i 1 1 1
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() t/MCS
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v 20% & log<R> = -0.07 + 0.44logt
o 25% & log<R> = -0.02 + 0.44logt
10 40% & log<R> = -0.03 + 0.49logt
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Fig. 2. (a) Mean size vs. time (MCS) for occupancies between 10 and 40% (in allwgses= 0.5 andkg7/J = 1.0). (b) The results from (a) plotted on a
logarithmic scale to demonstrate the similarity to the behaviour expected from a power law. (c) Mean size vs. MCS for ugltresod to 1 (in all cases the
occupancyf=25% andkg7/J=1.0). (d) The mean size at 50, 100, and 150 MCS as a functiog ®f4) for ws/wr = 0.5. The discontinuity atg7/J) ~ 0.67

is clearly seen.
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Eq. (1) can be rewritten as sonable because an increasaviwill—through its link to
" AE—increase the relative likelihood of moves from small to
(R)" =kt large, rather than from large to large, particles. Hence it will
or increase the growth rate.
Fig. 2d shows the effect oR) of varying T (via kgT/J
1 1 : . .
log(R) = — logk + — logt (10) at constant/). It is clear the change in growth rate with
n n

is not monotonic, as would be expected in an experimental

Fig. 2b displays the curves frorRig. 2a, on a logarithmic ~ study at increasing temperatures, but has a turning point at
scale and demonstrates (except at the early stage of growthks7c//~ 0.61. On closer examination of this turning point at
approximate linearity with slopes of 0.43—0.49 for occupan- longer simulation times (MCS), a discontinuity in gradient
cies of 10-40%. The deviation from linearity at less than 10 of the curve ofR) against at a critical value of temperature
MCS has been noted previoush?? and was attributed to  (7¢) is observed. Thisis analogous to an order—disorder phase
the effect of the initial disorderly lattice structure and ne- change, such asthat observed in the variation of heat capacity
glect of the initial grain radiuRo. Within statistical error, the ~ with temperature within the Ising model.
slopes are in good agreement with the power law prediction At temperatures below the critical temperature, where
1/n=0.5, and confirm the essential robustness of the model. (R) is observed to increase slightly with increasifigthe

Fig. 2c shows that mean size increases as second-nearestnergetically favoured increase in grain size is being off-
neighbour weighting increases from 0 to 0.5 and, more set to an increasing extent by the probability of accepting
slowly, from 0.5 to 1.0. This general trend is intuitively rea- moves which result in an energy increase. At temperatures
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the occupancy;=25% andkg7/J = 1.0). (d) Normalized deviation as a function of mean size kgi(/) from 0 to 2.



above the critical temperature, whe is observed to de-
crease rapidly with increasing the increasing probability
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The figures inTable 1 confirm the trend indicated in
Fig. 2c, namely that the particle-growth-rate increases as

of accepting positive energy moves dominates those whichsecond-nearest neighbour weighting increases, and this trend
result in a lower energy, leading to the break-up of larger become less pronounced whag exceeds 0.75. The inclu-

grains.

We have also expressed the resultsigf 2c in logarithmic

sion of second-nearest neighbour weightings will on average
promote growth by reducing the valueA¥, and hence lead

form, as forFig. 2a. Some representative slopes derived from to AE<O0, for a move to a large crystal.
these plots are listed ifable 1

Table 1

The slopes derived from particle-growth curves (Rg=a +b x logz) for
different second-nearest-neighbour weighting, temperaturekg7/J and

occupancyf
we? Slope,b? kg TIJP Slope P 7 (%) Slope pP
0 0.36 0 0.39 10 0.43
0.25 0.43 0.5 0.42 20 0.44
0.5 0.44 0.75 0.44 25 0.44
0.75 0.46 1 0.43 40 0.49
1.0 0.46 1.5 0.37
2 0.25
a f=25,kgTlJ=1.
b ws=0.5,f=25.
¢ we=0.5,kgTI/=1.
T
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Table lalso shows that for a fixed value of the particle-
growth exponent increases with increasing temperature over
a range of temperatures, reaches a peak, and decreases with
further increasing in temperature. Hence, it supports the
conclusion drawn fronfig. 2d that a critical temperature
ksT/J~0.67 exists. For the case afs=0, with other
conditions as before, we obtain a critical temperature of
ksTc/J~ 0.57 comparable with the value of 0.567 predicted
by the lattice gas modéf This again shows that our
computational procedures are robust.

For some applications of advanced powders a narrow
spread of particle sizes is highly desirable. We have, there-
fore, calculated the standard deviation of the size and nor-
malized this by dividing by the corresponding value of the
mean sizeFig. 3a shows that, agis increased from 10 to
40%, the normalized deviatiod/(R), first increases with
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time (MCS) to a peak value and then gradually decreases o
to a plateauFig. 3a. Normalized deviation, for conditions
corresponding téig. 2c is shown as a function of mean size
in Fig. 30—d. 8
Although exceptions to the general pattern occur when
ws=0 (Fig. 3c for whichkg7/J=1) orkgT//>1.5 (Fig. A
for which ws=0.5) the distribution curves generally display
the same pattern. The normalized deviation sharply increase: p ¢ :
atearly stages, goes through a peak, and then decreasesast v /
mean size increases. The initial increase may be attributed tc
the small particles diminishing in size in order to feed the
growth of large particles. Eventually, these small particles s
disappear completely, and at this stage the size-distribution
begins to narrow. However, the broad conclusions from these
simulations are that the narrowest size distributions occurin 4 : '
dilute systemsKig. 3a) and, at long times, further growth
by evaporation—condensation does not affect the normalized
distribution. 08

uniform (8x8), 0.3125%
F— = = mixture (10x10, 8x8, 6x6), 0.1%
| —— mixture (10x10, 6x6), 0.15%

Random distribution

3.2. The effect of initial particle size-distribution on
growth 0.6

uniform (8x8), 0.3125%
= = = mixture (10x10, 8x8, 6x6), 0.1%
——mixture (10x10, 6x6), 0.15%

Having established the robustness of the computations
and investigated the effects of systematic variation of the A s
input parameters, we can explore the effect of the initial size- T o4 ¥
distribution on grain growthFig. 4, like Fig. 1, shows snap- =
shots of grain growth at different times (0, 10, 50 and 200
MCS). However, instead of the random initial distribution 0.2
used inFig. 1the effect of the breadth of the initial distri-
bution is demonstrated for a fixed initial mean size of 4.51
and an occupancy of 20%. Case (a) corresponds to monodis . , . , . , . ,
perse 8« 8 particles, the number of particles being equal to "0 50 100 150 200
0.3125% of the total number of cells. Case (b) corresponds t/MCS
to gqual numbers (0.1% each) of £1.0, 8x 8 and 6x 6, Fig. 5. A comparison of: (a) mean size as function of MCS for the same
whilst case (c) corresponds to 0.15% each o1 and initial mean size with different initial distributions contrasted with a random
6 x 6. distribution (inset). (b) Normalized deviation as a function of MCS for all

Fig. 5shows the corresponding variations of (&) with three cases in Fig. 4.

MCS and (b) normalized deviation with MCS.

Fig. 5a shows that the initial growth of the monodis- 3.3. Distance-dependent grain growth
perse particles is small. Any change from monodispersity
must lead to an increase in surface energy and only for The results described in SectioBd and 3.2are derived
ksgT/J >0 can growth occur. A comparison, /&7//=1, of on the assumption that condensation may occur at any sur-
the growth of an initial random distribution with that from face site within the simulation grid and that the probability
a fixed size-distribution shows that grain growth is impaired of condensation does not depend on the distance from the
until a random distribution has been generated. This trend point of evaporation. This corresponds to a thermodynamic
mirrors experimental findings that a narrow initial particle analysis. By contrast, consideration of the transport process
size-distribution substantially slows coarsening rates in the suggests that condensation is more likely on sites that are
early stages of Ostwald ripenid§.However, the rate of  near to the point of evaporation. We now turn our attention
growth of all three of our artificial populations converges af- to this ‘distance-dependent’ grain growth.
ter about 150 MCS as do tligR) versus(R) plots ig. ). We introduce a characteristic lengti_J within which
These simulations suggest that growth of different initial size all evaporation—condensation steps, which lower the sur-
distributions by evaporation—condensation will lead to par- face energy are accepted. For valueg/ ofd| , a functional
ticles with a similar distribution. Evaporation—condensation dependence is introduced (simple cut-off, exponential de-
is predicted to eliminate the differences in size-distribution cay, Gaussian decay, inverse distance-dependence) whereby
between an initially random and an initially uniform particle evaporation—condensation steps which would automatically
population. lower the energy are only accepted on comparison of the

Note that the occupancy is always 20%;
it follows that the number of 8x8 particles
is 0.3125% of the number of pixels.
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value of this function with a random number. This allows us
to investigate the distance-dependence of the acceptance o 10 S\ d,=02
evaporation—condensation steps which lower the surface en- - i
ergy. Although we have investigated the effects of a number 4| \-\ \
of functions as noted above, we will concentrate here on the | N » )cp[[!]]
Gaussian decay function \ \\” B
> 06 |- \\
g(d) = e_((d—dL)/dL)z (11) -g: -\‘\\
04 N

ford>d_ and g@.)=1ford<d, . L \“\\. id

This ensures that both the function and its first derivative | VN P(d,dl.)ﬂxp[fT’]
are continuous at=d| . It turns out in practice that the vari- pld.d,)=0 N '\.\_{
ous functions yield very similar results and we will only quote | J/ S el
results using the above Gaussian functibig( 6). 00 e

The ‘snapshots’ (a) to (c) ifig. 7 at t=200 MCS (all d
for f=40%, ws =1, ws=0.5) demonstrate that decreasing
the diffusion-related characteristic distamﬁ_e(f: dmax/m) Fig. 6. The variation with distancé, of various functions used in the cal-

(i.e. by increasingn) decreases the rate of particle-growth. culation of the distance-dependent probability of a move.
Correspondingly, the snapshots ig. 7d—f, show that

increasing times (50, 82 and 153 MCS respectively), are inter-particle distance, intra-particle transport will dominate.
necessary to reach a fixed mean size as the diffusion distancéligh energy surface cells will move to a lower energy
decreases. Conceptually, limiting the distance through which location on the same patrticle, i.e. transport will lead to
‘monomer’ can be transported must decrease the chancechanges in shape rather than size.

of a successful evaporation—condensation step. When the The particle-growth curves are plotted fiig. 8a. It can
transport distance is very small in comparison with mean be seen that shorter characteristic distances (larger values
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Fig. 7. Snapshots at 200 MCS (a)—(c), and fixed mean size (d)—(f) for different characteristic distances for A~48euaf=0.5 andkg7//=1.0.
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0.7

0.6 -

05 |-

0.4 -

<R>
§/<R>

03 -

Fig. 9. Normalized deviation as a function of mean size for the same con-
ditions as Fig. 8.

Remarkably, a universal curve was obtained regardless of
the diffusion distances. Therefore, these results suggest that
the normalized deviation is independent of particle concen-
tration density in the simulation domain. Similar behaviour,
not shown here, was observed for a higher occupancy of 40%.
Similar universal curves were obtained for the other functions
shown onFig. 6.

8/ <R>

4. Conclusions

10 100 1000 As stated in the introduction, evaporation—condensation

(b) t/MCS is one mechanism, which can contribute to the growth of
particles and may be an important contribution to particle-

Fig. 8. The effect of decreasing characteristic distance, increasiran growth in the later stages of gas-phase powder production.

particle-growth f=10%, ws=0.5 andkg7//=1.0 in all cases). (a) Mean In these processes. not onlv the rates of particle-arowth
size as a function of MCS and (b) normalized deviation as a function of P ! y P 9 !

MCs, plotted on a logarithmic scale. but also the size-distribution, which develops, are important.
For example, the opacity of TigOpigment and the fracture
of m) significantly slow the earlier stage of particle-growth. of oxide ceramics are both affected by the size-distribution
However, for longer times a power-law with exponent 2.0 Of the powders. Therefore, the key conclusions from this
still holds. This is because at an early stage, when morestudy concern the insights with respect to the contribution
small grains exist, the majority of moves are energetically of evaporation—condensation to the evolution of the size-
favourable, and consequently many energetically-successfuldistribution.
moves are rejected by the diffusion limitation; the diffusion ~ The simulations lead to two such insights. The first is
restrictions dominate. By contrast, at longer times there that for growth by evaporation—condensation the ultimate
are fewer small particles and fewer moves are successfulvalue of normalised size-distribution may be independent
energetically. Consequently, the relative importance of of the initial size-distribution of the particles. The sec-
diffusion limitation decreases and the power-|aw behaviour ond is that the normalised deviation distribution does not
is re-established. depend on the characteristic distance. However, because
The corresponding plots of normalized deviation versus €vaporation—condensation is only one mechanism by which
with MCS are shown irFig. 8. The normalized deviations ~ Particles can grow, our simulation may only tell part of the
first go through a maximum, Sh|ft|ng to |0ngertime$ia$je_ story. This model s the first stage ina programme dESigned to
creases. The peak heights are identical for different diffusion take into account the main mechanistic steps responsible for
distances because similar initial conditions were employed. Particle-growth and will, in future work, be combined with
Fig. 9 shows normalized deviation as a function of mean models of other processes—specifically a multi-state model
sizes for different diffusion distances afrd10%. of growth by boundary diffusion.
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