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Abstract: A cellular automata model was established to simulate grain coarsening processes pinned
by second-phase particles. The influences of particle coarsening, precipitation, growth and dissolution,
which contain complex changes of size and number density of the particles, on the grain coarsening
kinetics were investigated by considering the following two factors: average pinning force per
particle and particle number density. The simulation results showed that the average pinning force
per particle was related to the particle size, but little influenced by the particle number density. The
investigations about the grain boundary/particles interactions showed that the increase of number
fraction of particles, which located at the grain boundary junctions, should be the reason for the
increase of average pinning force per particle. Then the limiting grain size was researched and
compared to the results of some other models. The results showed that the average number of
particles to stagnate a grain was related to both the number density and size of particles. At last,
the comparisons between the present simulation results and the other simulation and experimental
results showed that the present models were efficient in simulating the grain coarsening processes
pinned by second-phase particles.

Keywords: cellular automata model; second-phase particle; grain boundary/particles interaction;
grain coarsening

1. Introduction

Grain refinement is an important means to improve strength and toughness of metallic
materials. The second phase particles always lead to fine grains by restricting the movement
of grain boundary during the processing and service of metallic materials [1-3]. There-
fore, the particle pinning effects during the grain coarsening processes always received
extensive attentions.

Though there were many experimental researches on the grain coarsening processes
pinned by second phase particles, many variables were difficult to control and measure accu-
rately and the conclusions were difficult to be extended to other materials in these researches.
Therefore, the mathematical models were widely used to deal with more general situations.
As the status of second phase particles and the grain boundary/particles interactions were
complicated, analytic expressions for the grain coarsening kinetics pinned by second phase
particles were very difficult to be obtained. Therefore, many computational simulation mod-
els, including the Monte-Carlo (MC) [4-13], front-tracking (or vertex) [14-17], phase-field
(PF) [18-29], finite element [30-32] models and so on, were used. The influences of the parti-
cle shapes, such as circular, elliptical in 2 dimensions [22] and rod like [24], spherical [25],
ellipsoidal [27], cubic [25,27] in 3 dimensions, were researched with PF models in detail.
Reference [22] researched the influences of particle size and shape on the grain coarsening
kinetics, respectively. They also showed that pinning force was independent of grain size
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in 2 dimensions by simulating the interactions between a single particle and single grain
boundary. Reference [24] researched the influences of orientation and length/diameter
ratio of rod like particles on the grain coarsening kinetics. Reference [25] researched the
effects of size distribution and morphology on grain coarsening kinetics. Reference [27]
researched relationships between the shape and pinning force for spherical and ellipsoidal
particles. The influences of the distributions [16], mobility [26] and coherency [28] of
the particles were also investigated. Reference [16] researched the influences of pinning
strength and spatial distribution on the grain coarsening kinetics with a vertex model. Ref-
erence [26] researched the interactions between mobile particles and grain boundary with
one- and two-dimensional PF models during grain coarsening processes. Reference [28]
researched the influences of particle/matrix coherency on the grain coarsening kinetics
with a 3-dimensional PF model. The numerical models greatly promoted the investigations
of the second-phase particle pinning effects on the grain boundaries. All these researches
focused on the influences of the second phase particles on grain coarsening kinetics during
various of single factor change processes.

However, in actual heat treatment processes, the evolutions of the particles would be
more complicated. Such as during the particle coarsening processes, the number and size
of the particles should be changed simultaneously, but the total volume fraction should
be maintained; during the particle growth on dissolution processes, the changes of the
particle size was considered to be dominant; during the particle precipitation processes, the
increasing of the particle number should be focuses on, but the changes of the particle size
were always ignored. Numerical simulation researches on the influences of these specific
particle evolution processes on the grain coarsening kinetics were significant but lacked
so far.

In the present literature, the 2-dimensional (2D) cellular automata (CA) model was
established basing on our previously proposed grain boundary/particles interaction
model [33]. Then the influences of particle coarsening, precipitation, growth and dis-
solution on the grain coarsening kinetics were investigated by considering the two factors,
including average pinning force per particle and particle number density, with the model.
The interactions between the grain boundary and particles were also investigated to explain
the phenomena.

2. Models

The 2D CA model used in the present research has been introduced in our previous
articles [33,34]. The moving velocity of grain boundary could be calculated with the
following formula [35]:

V = Mogx €))

where M, 0g; and k were the mobility, energy and curvature of the grain boundary, respectively.

In the CA model, the regions of the material to be simulated were discretized to small
cells. Then each cell was set state parameters to indicate the grain orientation. In each
calculation step, the state of a cell was decided by its four edge contacted neighbor cells. As
shown in Figure 1, the grain boundary curvature was calculated basing on the status of the
cells in the curvature calculation area with our modified Mason’s 2D curvature calculation

model [36,37]:
2412 2
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where w = 0.5 was a constant and # = 1.19A. The value of D could be obtained from
the status of the cells in the curvature calculation area [37]. This modified 2D curvature
model has been validated by comparing the results to the classical models in our previous
research [37].
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Figure 1. Diagrams of curvature calculation methods for the normal grain boundary and the grain
boundary/particle junction.

As shown in Figure 1, at the location where the grain boundary and the particle
contacted with each other, part of the grain boundary was replaced by the particle and
the cell status needed to calculate the grain boundary curvature was lacked. To obtain the
full information of the curvature calculation area, the lost grain boundary was completed
by extending into the particle. Then the corresponding cell status in the virtual curvature
calculation area in the particle could be derived from the cell status outside the virtual
curvature calculation area by solving the following equations:

b

ap = (a + bl)m 3)
a

by = (a1 + bl)m 4)

where 4, b, a; and b; were the areas of the regions as shown in Figure 1. This curvature
calculation model for the grain boundary/particle junction was validated by comparing
the simulation results for the interactions of single particle and grain boundary to the
corresponding results of the classical theories in our previous published article [34]. In
this previous article, the influences of the particle/grain interfacial energy on the grain
coarsening process were also researched and obtained reasonable results [34].

The frequency of the status of cell (i,j) to be transformed to the status of its neighbor
cells was calculated with the following formula:

vij= ), Veu/A ©)
(gh)eA(i))

where A (i,j) was a set containing all the two layers of neighbor cells of cell (i))); Vg j, was
the grain boundary moving velocity of neighbor cell (1), has units of m-s~!; A was the
side length of the cells, has unit of m. During the calculation process, the maximum time
steps ensuring the transformation frequency of every cell bellow 1 were used to balance
calculation efficiency and accuracy.

3. Model Parameters and Simulation Conditions

The initial grain microstructure was obtained by a 2D CA recrystallization model, then
different structures of the second phase particles were generated in the same initial grain
microstructure. The average grain radius of the initial grain microstructure was 22 um.
The grain coarsening processes were simulated in domains with 800 x 800 cells, which
were proven to be appreciate in our previous research [36]. The length of the cell side was
1.3 pm. The grain boundary energy and mobility were set to be g, = 0.56 J-m~2[38] and
M=34x 10" m-s~1Pa~1[39], respectively, for fcc Fe.
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4. Results and Discussion
4.1. The Grain Coarsening Kinetics

Figure 2 showed the calculation results of the microstructures and average grain sizes,
which evolved from the same initial grain structures randomly dispersed with second
phase particles of different radii and area fractions. As shown in Figure 2a, the simulation
conditions A and C had the same particle area fraction of fyy = 0.08, but different particle
radii of r = 3.9 and 7.8 um, respectively. The changes of the simulation conditions from A to
C were corresponding to a particle coarsening process. The simulation conditions B and C
had the same particle number of N = 445. The changes of the simulation conditions from B to
C should be corresponding to a particle growth process. Note that the growth process here
was the process that the particle size growing but the particle number remained constant. It
was different to the coarsening process, during which the area fraction of particles remained
constant. From the simulation conditions of B to A, the number density of the particles
increased, these changes were corresponding to a particle precipitation process. Figure 2a
showed the simulation results of the stagnating microstructures for different simulation
conditions. The simulation results obviously showed that the coarsening and dissolution of
particles could both weaken the pinning effects, and the growth and precipitation increased
the pinning effects.
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Figure 2. Simulation conditions and simulation results of the grain coarsening kinetics. (a) Simulation
conditions and the corresponding stagnating microstructures. (b) Relationships between the grain
radii and coarsening time for different conditions. (¢) Logarithmic relationships between the grain

radii and coarsening time.
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Figure 2b showed the simulated average radii of the grains for different simulation
conditions. The grain coarsening kinetics pinned by randomly distributed second-phase
particles was always expressed by the following power formula:

< R >=kt" )

where k was the material parameter; n was the index of grain growth. Figure 2c showed
the logarithmic scale of Figure 2b. As shown in Figure 2c, the linear relationships between
logarithmic grain radius and time described by Equation (6) were only observed during the
initial stages of rapid growth. This simple relationship for the grain coarsening kinetics was
originated from simple generalization of the exponential relationship for the normal grain
coarsening process. In the initial stages of grain coarsening, the driving forces of grain
coarsening were much larger than the pinning forces of the particles, the grain coarsening
kinetics was close to the normal grain coarsening, thus the relationships described by
Equation (6) were suitable in the initial stages. In the ending stages, the relationships
between logarithmic grain radius and time deviated from the linear relationships. During
these stages, the driving forces of the grain coarsening decreased with the increasing
of grain size; on the other hand, more and more grain boundaries contacted with the
particles during the increasing of grain size, thus leading to the increase of pinning forces.
Therefore, the differences between the driving and pinning forces decreased during the
grain coarsening processes. This leaded to the deviations of the relationships between
logarithmic grain radius and time from the linear relationship in the ending stages.

To investigate the influences of the complex particle changes, such as the particle
coarsening, precipitation, growth and dissolution, on the grain coarsening kinetics, we
described the particles with two factors: the average pinning force per single particle and
the particle number density. As the particle number density changes during these processes
were easy to be understood and their influences on the grain coarsening kinetics were also
widely investigated, the present research mainly focused on the average pinning force per
single particle.

Differential form of the grain coarsening kinetics pinned by second-phase particles
could be expressed by the following equation:

d<R>

G = M(Pi—E) @

where <R> was average grain radius, had unit of m; t was coarsening time, had unit of s.
P; and P, were the grain coarsening driven force and particle pinning force, respectively.
As the average grain coarsening driven force was decided by the average grain boundary
curvature, which could be expressed with 1/<R>, the difference of the pinning force
between two grain coarsening processes could be written as:

d<R> d<R>
= (), () Y

Figure 3a showed the relationships between the average grain boundary moving
velocities (d<R>/dt) and the average grain radii (<R>) for the simulation conditions A and
C. As shown in the figure, the average grain boundary moving velocity decreased with
the average grain radii for the decreasing of the average grain boundary curvature. The
figure also showed that the grain boundary moving velocities obviously increased after
the second-phase particles were coarsened from r = 3.9 um to r = 7.8 um. Substituting the
data shown in Figure 3a into Equation (8), the differences of the pinning force between
simulation conditions A and C were obtained and shown in Figure 3b. As shown in
Figure 3b, the differences of pinning force didn’t change much during the grain coarsening
processes. The average value of AP, was calculated to be 905.1 J-m 3.
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Figure 3. Calculation results for the grain boundary moving velocities and pinning force differences
of the particles. Differences of grain boundary moving velocity between (a) simulation conditions A
and C and (c) simulation conditions B and C. Differences of the pinning force between (b) simulation
conditions A and C and (d) simulation conditions B and C.

Figure 3c showed the relationships between the grain boundary moving velocity and
the average grain radius for the simulation conditions B and C. The figure showed that
the grain boundary moving velocity increased when the particle radius decreased from
r=7.8 pm to ¥ = 3.9 um. The differences of the pinning force between simulation conditions
B and C were also calculated from the data of Figure 3c and then shown in Figure 3d. As
shown in Figure 3d, the values of AP, decreased rapidly at the beginning of the coarsening
process, then did not change much in the steady coarsening stage. This was induced by
the unsteady grain boundary/particles interactions in the beginning stage and would be
shown in Section 4.3. The average value of AP, was calculated to be 494.9 J-m~3.

According to the research of Hillert [40], the particle pinning force for 2D grain
coarsening was calculated with the following formula:

OevJv
P, = zi )
r
where z was the Zener factor; fiy was the particle area fraction. Then AP, was expressed

with the following formula:

AP, = z0y, <fVl - fV2> (10)

" )

The subscripts 1 and 2 indicated different conditions of the second phase particles.
Substituting the average values of AP, obtained from the simulation data, the values of
z were calculated to be 0.19 and 0.2 for the particle coarsening and dissolution situations,
respectively. For the particle precipitation situation as shown in Figure 2a, the value of
AP; should be equal to the sum of these values for the particle coarsening and dissolution
situations. Then the value of z for the particle precipitation situation was calculated to be
0.19. As the values of z for the particle coarsening, dissolution/growth and precipitation
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situations were very close to each other, the relationships between the pinning force and
particle fraction and size as shown in Equation (9) were still valid in the present model.
Though the values of z obtained with the present model were much smaller than the value
of 4/ for Zener’s 2D model, the average value of z could be used to calculate the values
of P,. The calculation results of the pinning forces for the simulation conditions A, B and
C were 1904, 476 and 952 J-m~3. According to Zener’s model, the pinning force could be
expressed as [41],

P, = NyF, (11)

where Nj, was the number of particles in contact with the grain boundary per unit area.
F, was the average pinning force per particle. Figure 4 showed the number fractions of
the particles contacting with the grain boundary (¢) for different simulation conditions.
As shown in the figure, the fractions of grain boundary particles increased rapidly in the
beginning stages and then maintained almost stable. The values of N} could be calculated
with the following formula:

_ Ngw
=

where ¢;s was the average grain boundary particle fraction in the stable stage. S. was
the area of the simulation region. N was the total number of the particles. Substituting
Equation (12) to Equation (11), the values of F, for the simulation conditions A, B and C
were calculated to be 1.32 x 1079, 1.36 x 10~ ¢ and 2.43 x 10~° ]~m’1, respectively. The
values of F, for conditions A and B, which both had particle radius of 3.9 pm, were very
close to each other, but much lower than the F, value for condition C, which had a particle
radius of 7.8 pm. These results meant that the average pinning force per particle relied
heavily on the particle size, but little influenced by the particle number density. These
results seem to different from the previous theory about the 2D systems, which showed that
the pinning force of a 2D particle was independent of the particle size (F; = 20¢,) [15,40].
To further understand these mechanisms, the interactions between the particles and the
grain boundary should be explored.
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Figure 4. Evolutions of the number fractions of the particles contacting with grain boundary.
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4.2. The Grain Boundary/Particles Interations

Figure 5a—c showed the number fractions of particles, which were located at the grain
boundaries or junctions. As shown in the figures, the total number fractions of the particles,
which were located at the grain boundary and junctions (TFPLB]J), rapidly increased first
and gradually reached the limiting values in the latter processes. As shown in Figure 5a,b,
the TFPLB]J decreased slightly after achieved the limiting values. This meant that the
simulation results for ¥ = 3.9 um showed grain boundary de-pinning actions. As the
decreasing tendency of the TFPLBJ in Figure 5b was larger than in Figure 5a, the decrease
of particle number should increase the de-pinning actions. According to Section 4.1, as the
average pinning force per particle for Figure 5b was even a little more than that for Figure 5a,
the average pinning force per particle was not the reason for the increase of de-pinning
actions from Figure 5a to Figure 5b. Therefore, the increase of the grain coarsening driving
force should be the reason for the increase of the de-pinning actions. As the de-pinning
of the particles was not found in Figure 5c, the comparison between Figure 5b,c would
show that the de-pinning actions was also reduced when only the particle radius increased.
According to Section 4.1, the average pinning force per particle for Figure 5c was much
larger than that for Figure 5a,b, thus the decrease of the de-pinning actions should be also
induced by the increase of the average pinning force per particle. Synthesizing the two
comparative analysis results, the de-pinning actions of the particles relied on both the
driving and pinning force and influenced by both the particle size and number density. The
theory that the pinch off actions of particles was independent of particle size, which was
originally proposed by Hillert basing on that the pinning force was independent of particle
size in 2D [40], should be modified.

(a) 1.0 () 1.0

0.8+t e T Raaaaeo e 054
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£

—v— d Bl ! ti 0.6
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0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t(s) (s)

B e ——— (d) 1.0— 2000
0.8 . . 0.8 Total 41600
f,=0.08 —0— Gimin boundary * —O— Grain boundary

) —— T“ple-]u"d.lon ) —/— Grain junction
0.6 v— Quadruple junction 0.6 41200
s £ £

- S =
0.4 0.4 4800
0.2 0.2- T 400
0.0f————————— 0.0 . : : . 0

0 500 1000 1500 2000 2500 3000 3500 4 5 6 7 8

£(s) 7 (pm)

Figure 5. Evolutions of the particle locations during the grain coarsening processes for different
simulation conditions. (a) ¥ = 3.9 um, fy = 0.08; (b) r = 3.9 um, fiy = 0.02; (c) r = 7.8 um, fy = 0.08;
(d) The changes of the limiting number fraction (¢;;,,,) and the absolute number (Ny;;;,,) of the particles
for different particle radii but the same particle area fraction of fy, = 0.08.
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The previous researches showed that the particle size should have little influences
on the pinning force when a single grain boundary was pinned by a single particle in
the 2D system [15,40]. However, in an actual system, a particle could in contact with
more than 1 grain boundary and changed the relative position continuously. Figure 6
showed the simulated microstructures for r = 7.8 pm and fy = 0.08 when ¢t = 100 and 350 s.
The red-arrow-marked 3 particles in the microstructure were all in contact with the grain
quadruple junctions when ¢ = 100 s. As the grains continued to coarsen, 2 of the particles
were in contact with grain triple junctions and the other one was in contact with the grain
boundary when ¢t = 350 s. The evolution of the microstructure showed that the grain
quadruple junctions tended to transfer to triple junctions or grain boundaries for their
unstable structures. As shown in Figure 6, there should be different pinning forces of the
particles with different locations. When the particle was located at the grain boundary,
it would pin only 1 grain boundary; however, when the particle was located at a triple
or quadruple junction, it would pin more grain boundaries. Table 1 showed the limiting
number fractions of particles at different locations for the simulation conditions A, B, and
C. As shown in the table, the limiting number fractions for conditions A and B were close
to each other, however, the limiting number fractions of particles in contact with grain
junctions for condition C was much larger than that for condition A and B. This should be
the reason for the average pinning force per particle for condition C was much larger than
that for condition A and B.

Grain boundary 100 S ' - L | 350 s ' = |

e Se S D) et SN S
‘"_'I'i G .150um “om o *lsoum
—_ B —

Figure 6. Simulated microstructures for r = 7.8 pum and fy = 0.08 when ¢ = 100 and 350 s.

Table 1. Limiting number fractions of particles contacting with grain boundary, triple junction and
quadruple junction for different simulation conditions.

Simulation Condition

A B C
Limiting Number Fraction
Boundary 0.53 0.58 0.43
Triple junction 0.28 0.26 0.49
Quadruple junction 0.0033 0.0022 0.037

Figure 5d showed the changes of the limiting number fractions (¢;;;,) and the absolute
numbers (Ny;,;,) of the particles, which were located at grain boundary or junctions, for
different particle radii but the same particle area fraction of fy = 0.08. Under these simulation
conditions, the particle radius changed but the particle area fraction was maintained. This
should be corresponding to the particle coarsening process. According to the figure, there
should be two elements that changed the particle pinning force. One was the particle
locations: the increase of the number fraction of junction particles will lead to an increase
tendency of the pinning force, as analyzed above. The other one was the absolute number of
particles: the decrease of the particle absolute number would lead to a decrease tendency of
the pinning force. Overall, the decrease of the pinning effects during the particle coarsening
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process should be the results of the competition between the effects of particle locations (at
grain boundary or junctions) and Nyj;y,.

The researches of Darling et al. [41-43] showed that the coarsening of oxide particles
will lead to the increase of grain size and decrease of the yield strength of Fe-Ni-Zr oxide-
dispersion strengthened (ODS) alloys. On the other hand, they also found that the smaller
grain sizes and particles appear to be more sensitive to thermal softening than larger grains
and larger particles. Achieving and retaining high strengths above 600 °C, the size of the
particle should be not too small or too large. According to the present research, considering
both the influences of the particle size and number density on the pinning force should be
necessary, especially when the quantitative evaluations of the pinning force was needed,
during maximize the tradeoffs between the particle sizes for ODS alloys.

The abnormal grain growth always occurred when the pinning force of the particles
decreased during the grain coarsening processes [44], such as the grain coarsening was
accompanied by the particle dissolution or coarsening, or the distribution of the particles
was non-random. However, the particles in the present model were set to be stable and
the distributions were random. Thus, the abnormal grain growth was not occurred in
the present simulations. According to the present research, the changes of the pinning
force induced by the particle size increase or decrease should be considered during the
investigation of the abnormal grain growth phenomenon in 2 dimensions.

4.3. The Stagnating Average Grain Size

According to the classical Zenner’s pinning theory [45], the stagnating average grain size
of a second-phase particles pinned structure could be calculated with the following formula:

< R >im 1

— fx

fy

where B and ¢ were two constants, respectively equal to 4/3 and 1. <Ry;,,> was the

stagnating average grain radius. In fact, not all of the particles were located at the grain
boundaries or junctions, so the factor fy in equation (13) was always modified with @y, [45]:

(13)

< R >{im 1
= ‘B 7
r (golimf V)

As shown in Figure 7a, the linear relationships for different particle radii showed that
the simulation results of the present model were in accordance with the Zenner’s and
the modified Zenner’s pinning theories, as shown in Equations (13) and (14), respectively.
The figure also showed various slopes for different particle radii. Figure 7b shows the
simulated values of ¢ and § for different particle radii. As shown in the figure, the values
of ¢ increased with the particle radius. For the simulated largest radius of r = 7.8 um, the
values of ¢ were close to 0.5, which was widely obtained with other 2D models. For other
smaller particle radii, the values of ¢ were smaller than 0.5. The results of 2D phase field
model [21] also showed some simulation results of ¢ (for f = f/) smaller than 0.5. However,
they thought that the values of ¢ for the modified f = ¢y;,fy should be close to 0.5. The
present results showed that the values of ¢ for the modified f = ¢y;,,fy were larger than the
values of ¢ for f = f;, which tended to be in accordance with the 2D phase field simulation
results, but not all close to 0.5. The figure also showed that the values of  decreased with
the particle radius. For the modified f = ¢y, fy, the values of § were a little smaller than
the values for original f = fi. For the simulated largest radius of r = 7.8 um, the values of
were respectively 1.8 and 1.53 for f = fiy and f = ¢y;,,fy, which were close to the values of
1.2 to 1.8 obtained by other models [4,6,18]. For other smaller particle radii, the values of
B were larger. The 2D phase field simulation obtained a value of § = 4.4 [21], which were
close to the results of the present model for r = 2.6 um.

(14)
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Figure 7. The comparisons between the present simulation results and the Zener’s and the modified
Zenner’s pinning theories. (a) The fitting results for Equations (13) and (14); (b) values of ¢ and f for
different particle radii.

According to the theory of Srolovitz et al. [4], 3 particles were needed to stagnate
the grains in 2D system, then the following formula was used to describe the relationship
between the stagnating average grain radius and particle area fraction and radius:

<R >y 2 fy/(mr?) =3 (15)

Figure 8 showed the simulated average number of particles needed to stagnate the
grains (ANSPGQG) for different particle radii and area fractions. As shown in the figure,
the ANSPG decreased with the particle radius and not equal to 3. This would lead to the
decrease of the total pinning force and the increase of limiting grain size during particle
coarsening process. The figure also showed increasing tendencies of the ANSPG with
particle area fraction when the particle size was fixed. As the influence of the particle
area fraction on the average pinning force per particle was little, the increasing of ANSPG
should be the unique reason for the decrease of the limiting grain size when the particle area
fraction increased but the particle size was fixed, which corresponding to the precipitation
process. Assumed that the relationship between the ANSPG (expressed with U in the
equation) and the number of particles per area could still expressed with Equation (15), the
following relationships were obtained:

n<R>% -fy/(mr?)=U (16)

where fy// (rr?) was the number of particles per area. Comparing above equation to Equa-
tion (13), the value of U should be written as,

u=pfy1 (17)

and the following relationships could be obtained:

<R >lim _ ‘B 1
r lfV§1

B1=+r (19)
Gi=(1-q)/2 (20)

(18)
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Figure 8. Relationships between U and fy of Equation (17) for different radii.

The parameters p and g in Equation (17) were obtained by non-linear fitting the values
in Figure 8. Then the values of ; and ¢; were calculated with Equations (19) and (20)
and shown in Table 2. Table 2 also showed the values of B and ¢, which were obtained
by directly fitting the values of limiting average grain radius, in Equation (13). As shown
in Table 2, for small particle radius such as r = 2.6 pm, the values of §; and §1 were very
close to B and §. However, for large particle radius such as r = 7.8 pm, the value of § was
larger than ¢; and the value of B was smaller than ;. The deviations of the values of B,
and ¢ from f and ¢ increased with the particle radius. This meant that the relationship
between the ANSPG and the number of particles per area deviated from Equation (13), as
the particle radius increased. The results indicated that the ANSPG was not only influenced
by the number of particles per area, but also influenced by the particle size, which was
different to the original assumption of Srolovitz et al. [4]

Table 2. The parameters obtained with Equations (13) and (18).

7 (um) 4 é1 B B1
2.6 0.26 0.26 5.3 52
3.9 0.36 0.34 3.2 3.4
7.8 0.45 0.36 1.8 24

4.4. Comparisons with Other Simulation and Experimental Results

As proposed in the original research of Hillert [40], pinning force of particles in
2 dimensions was much larger than in 3 dimensions. As the present model was a 2-
dimensional cellular model, the simulation results should be compared with 2-dimensional
experimental results. However, the interactions between particles and grain boundary
in bulk materials were always in 3 dimensions. The thin films should be more similar to
the 2-dimensional system. As shown in Figure 9, the simulation results of the present CA
model were compared with the results of experiments and other models such as PF and MC
models in 2 dimensions. The experimental data were obtained from Al-films containing
®’-CuAl, precipitates by Longworth and Thompson [46]. Though the surface grooving
of the thin films should influence the grain coarsening kinetics, the 2-dimensional models
obtained better simulation results than the 3-dimensional models [21]. In the films, the disc
shaped ®’-CuAl, precipitates were laid in the columnar grains. Thus, the grain coarsening
behavior and the interactions between the grain boundary and particles were 2D. The
simulation results of PF and MC models were obtained from the research of Moelans [21]
and Gao [8], respectively. In the PF and MC simulations, the radii of the particles were
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both given in relative values of lattice site spacing rather than absolute values. To make
the results of different models comparable to each other, the ratio of the particle radii to
the initial average grain radii, Ry, were shown in Figure 9. The values of r/Ry for the
experimental results were within 0.1~0.225. As shown in the figure, though the ratio r/Rg
of PF and MC models were both close to 0.2, the simulation results of PF model were a
little larger than MC model. However, they were both obviously lower than the results of
the present model and the experiments. The simulation results for /Ry = 0.15 and 0.35 for
the present models showed better agreement with the experimental results than the PF
and MC results. This indicate that the present model could efficiently simulate the grain
coarsening processes pinned by the second-phase particles.

50
< Present, r/RO =0.12
O Present, r/RO =0.15
40
A Present, r/RO =0.35
3040 Fitted curve for r/RO =0.15and 0.35
J:E &  Phase-field, r/RO =02
::C< 20 - ®  Monte-Carlo, /R = 0.2
® L <>Al film (experimental data)
0 T T d T T T T
0.00 0.04 0.08 0.12 0.16
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Figure 9. The results of the present CA model compared with the PF and MC simulation and
experimental results.

5. Conclusions

Using a 2D CA model for the particle pinning grain coarsening, the influences of parti-
cle changes, such as coarsening, precipitation, growth and dissolution, were investigated
by considering the changes of two basic factors: the average pinning force per particle
and the particle number density. Then the relationships between the stagnating average
grain size and the particle number density were reevaluated. At last, the simulation results
of the present model were compared with other simulation and experimental results for
validation. The following conclusions were obtained:

(a) The average pinning force per particle was mainly decided by the particle size, but
little influenced by the particle number density. This conclusion was different to the
traditional theory, which showed the pinning force of a particle was independent of
the particle size in 2D. Therefore, the decrease of driving force during the particle
coarsening process was the results of the competition between the effects of the size
growth and number density decrease of the particles.

(b) The increase of average pinning force per particle with particles size was due to the
increase of number fraction of particles in contact with the grain junctions.

(¢) The average number of particles for a grain to be stagnated was related to both the
number density and size of particles. This was different to the original assumption of
Srolovitz et al. [4]

(d) The good agreements between simulation results of the present model and the ex-
perimental results showed that the present models were efficient in simulating the
second-phase particle pinned grain coarsening processes.
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