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We report here the first three-dimensional (3-D) Monte Carlo (MC) modeling of grain growth in the
heat-affected zone (HAZ) of a weldment. Computed grain-size distributions in the HAZ of a 2.25Cr-
1Mo steel, for different heat inputs in the range from 1.1 to 4.8 MJ/m, were compared to independent
experimental results. The simulated mean grain size for different heat inputs agreed well with the
corresponding independent experimental data. The mean grain size at various locations equidistant
from the fusion line were different. The predicted grain size from the 3-D model matched the
experimental results more closely than that from a two-dimensional (2-D) model. When the whole
calculation domain was subjected to a single thermal cycle experienced by a monitoring location
within the HAZ, the computed grain size was larger than that calculated at the monitoring location
by taking into account the prevailing temperature gradient due to thermal pinning.The good agreement
between the simulated grain structure and the corresponding experimental results indicates significant
promise for understanding grain-growth phenomena in the entire HAZ by using the MC technique.

I. INTRODUCTION time. Gao et al.[9] suggested that there was insufficient evi-
dence to show that the MC simulation time could be linearlyTHE driving forces for grain-size change are classified related to the real time in all material systems. They pro-into two categories. The reduction of grain-boundary energy
posed three models—the atomistic model, the experimental(or curvature) leads to normal and abnormal grain growth.
data–based (EDB) model, and the grain-boundarymigrationThe reduction of internal defects also leads to changes in
(GBM) model—to relate tMCS and real time to address vari-grain size due to static and dynamic recrystallization. In
ous situations.most alloys, grain growth occurs due to a reduction in grain-

One common feature in all the previous work done byboundary curvature.[1,2,3] Computer simulationhas been used
both the groups was that the simulationwas two-dimensionalin recent years to quantitativelystudy grain growth. In partic-
(2-D) in what was really a three-dimensional (3-D) HAZ.ular, the Monte Carlo (MC) simulation has been widely used
Considering the significant local-temperature gradients into simulate the grain structure under isothermal conditions.[4–7]

all directions in the HAZ, 2-D simulation of grain growthApart from grain-growth kinetics, MC simulations also pro-
is inadequate. Furthermore, the width of the HAZ usuallyvide information on the evolution of grain morphology
varies with the location in the actual weldment. This varia-which cannot be obtained by analytical equations.[4–7]

tion cannot be accounted for in the 2-D simulations, and 3-Recently, MC calculations have also been used to simulate
D calculations are needed for a realistic simulation. Thethe grain growth in the heat-affected zone (HAZ) of
phenomenonof “thermal pinning,” in which a grain is physi-welds.[8–11]

cally restricted from growing due to steep temperature gradi-In MC simulations, the dimensionless grain size changes
with the number of iterations, which is also known as the ents in all the three directions, is more effectively modeled
MC simulation time steps (tMCS). In the MC model, the grain- in 3-D than in 2-D simulations. Thus, a 3-D MC model
size variation with tMCS is largely independent of material needs to be developed which incorporates both the presence
properties and real-time grain-growth kinetics and is only of steep temperature gradients and spatially dependent ther-
dependent on the grid system (e.g., the dimensions of the mal cycles and also the nonlinear nature of the relation
system and total number of grid points). In order to quantita- between tMCS and real time.
tively predict grain growth for a specific material under There are considerable computational challenges in con-
given thermal conditions, a relation needs to be established ducting meaningful MC calculations. The main challenge is
between the simulation steps, tMCS, and real time. So, a in the processing of a large volume of data in a realistic
kinetic submodel is needed to simulate grain growth using time frame. For example, a 2-D grid of 40 3 1550 grid
the MC technique. points with 80 iteration steps involves about 5 million (40

Previous work on modeling grain growth in the weld 3 1550 3 80) data points. Only in recent years have such
HAZ using MC simulation included two approaches in relat- large-scale computations become tractable, because of
ing the tMCS to the real time. Radhakrishnan and Zacharia[10]

advances in computational hardware. On the other hand,
and Wilson et al.[11] modeled grain growth in the weld HAZ with a more-realistic 3-D calculation with 40 3 1550 3
by considering a linear relationship between tMCS and real

1550 grid points undergoing 80 iteration steps, the number
of data points increases to about 7.7 billion. This three-
orders-of-magnitude increase in the volume of data presents
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to visualize the computed results, even in an efficient Through the MC simulation,an empirical relationbetween
the simulated grain size and the MC simulation time can bebinary format.

Here, we report the first comprehensive effort to develop obtained as[8,9]

a model to simulate grain growth in three dimensions in the
L 5 K1 3 l 3 (tMCS)n1 [4]entire HAZ of a fusion weld. As an example, grain growth

in the HAZ of a 2.25Cr-1Mo steel weldment is simulated which can be written as
for various heat inputs. The model predictions are then com-
pared to independent experimental results.[12] This steel is log 1Ll2 5 log (K1) 1 n1 log (tMCS) [5]
widely used in turbine engines, power generation equipment,
and high-temperature applicationsbecause of its good corro-

where L is the simulated grain size measured by mean grainsion and creep resistance.[3,11–14] Alberry and Jones[3,12,13]

intercepts, l is the discrete grid-point spacing in the MCstudied in detail the susceptibility to reheat cracking in these
technique, tMCS is the MC simulation time or MC simulationalloys and found that the increase in austenite grain size
iteration steps, and K1 and n1 are the model constants, whichduring service at high temperatures contributes to a signifi-
are obtained by regression analysis of the data generatedcant reduction in the strength of the HAZ of these steels.
from MC simulation. It should be noted that Eq. [4] repre-
sents the intrinsic grain-growth kinetics of the MC model,
dependent only on the grid system of the MC model andII. SIMULATION MODEL
largely independent of the material properties and tempera-

A. The MC Simulation of Grain Growth ture-time history. The MC simulation time in Eq. [4] is a
dimensionless quantity.The application of the MC technique to model grain

growth has been described in the literature.[4–10,19,20] Only the
salient features pertinent to the specific problem addressed in B. Application of MC Technique in the HAZ of Real
this article are described here. Each grid point is assigned Welds
a random orientation number between 1 and Q, where Q is

To apply the MC-based grain-growthsimulationtechniquethe total number of grain orientations. A grain-boundary
to welding, the conversion of the MC simulation step (tMCS)segment is defined to lie between two sites of unlike orienta-
to real time–temperature is necessary. Radhakrishnan andtion. In other words, two adjacent grid points having the
Zacharia[10] related tMCS to real time and temperature assame orientation number are considered to be a part of the

same grain; otherwise, they belong to different grains. The
tmcs 5 K1 K0

2 te
12

QM

RT
2

[6]grain-boundaryenergy is specified by definingan interaction
between nearest-neighbor lattice sites. The local interaction

The symbol K1 was a scaling constant between MC spaceenergy (E ) is calculated by the Hamiltonian:
and real space and is given by

E 5 2J o
n

j51
(dSiSj 2 1) [1]

K1 5
DR

DM
[7]

where J is a positive constant which sets the scale of the where DR is the real grain size and DM is the dimensionless
grain-boundary energy, d is the Kronecker’s delta function, MC simulated grain size (measured in number of grid spac-
Si is the orientation at a randomly selected site i, Sj is the ings). Thus, K1 corresponded to the grid spacing, which
orientation of its nearest neighbors, and n is the total number could be assumed according to the situation. The symbol
of the nearest-neighbor sites. The sum is taken over all K0

2 is an empirical “frequency factor,” QM is the activation
nearest neighbors.Each pair of nearest neighbors contributes energy for grain-boundary migration, R is the gas constant,
J to the system energy when they are of unlike orientation, T is the temperature, and t is the real time. Both K0

2 and QMor zero otherwise. were obtained from isothermal experimental measurements
The kinetics of grain-boundary migration are simulated at different temperatures. The thermal cycles at various loca-

by selecting a site randomly and changing its orientation to tions were incorporated into the model by breaking down a
one of the nearest-neighbororientations, based on an energy cycle at a given location into a number of small isothermal
change due to the attempted orientation change. The proba- steps using a small time-step.
bility of the orientation change is defined as Gao et al.[8,9] questioned the linear relationship between

the MC simulation time and real time and proposed threep 5 1 for DE # 0 [2]
models (e.g., the atomistic model, the GBM model, and the
EDB model) to relate tMCS and real time. The atomisticp 5 e

2DE
kBT 5 e

2(n12n2)J

kBT for DE . 0 [3]
model can only be applied to small assemblies of atoms
such as nanocrystals. Considering the large size of the HAZ,where DE is the energy change, kB is the Boltzman constant,

J is a positive constant that sets the scale of the grain- the atomistic model is not suitable for simulation of grain
growth in this region. In the GBM and EDB models, theboundary energy, T is the temperature, and n1 and n2 are

the number of neighbors with different orientations before grid points are treated as a block of physical area, in a 2-D
simulation,or of volume, in a 3-D simulation, in the material.and after the attempted reorientation. The term J/kBT is

taken to be equal to unity in this article (refer to Appendix When the isothermal grain-growth kinetics of a material are
available, the EDB model can be applied to simulate the1). Thus, successful transitions at the grain boundaries to

orientations of nearest-neighbor grains corresponds to HAZ grain growth in welds. On the other hand, when the
isothermal grain-growth kinetics are not available, the GBMboundary migration.
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Fig. 2—Thermal cycle measured experimentally[12] and calculated for q/v
5 1.1 MJ/m and r 5 4.8 mm.

Fig. 1—A schematic diagram showing variation of temperature, T, and MC
MC calculations. However, grains must grow at higher ratessimulation time, tMCS, with real time.
in regions of higher temperature in the weld HAZ, where a
steep temperature gradient exists. This fact must be included

model is a good approach for grain-growth simulation.How- in any realistic grain-growth calculation scheme. One way
ever, the physical properties of the material must be avail- to achieve this is to devise a scheme where grain orientations
able. Furthermore, the model assumes the grain size to be at higher-temperature locations (higher tMCS locations) are
proportional to the square root of time. One drawback of updated more frequently by considering a probability gradi-
this model is that the assumed grain-growth exponent of 0.5 ent.[10] In other words, the site-selection probabilities vary
is not valid for many engineering alloys. For example, for with location. The larger the tMCS at a site, the higher the
most steels, the grain-growth exponent[8,9] has been found corresponding site-selection probability ( p(r)):
to be around 0.3. Therefore, the EDB model was adopted
as the kinetic model to establish the relation between tMCS p(r) 5

tMCS(r)
tMCSMAX

[10]
and real time–temperature in the present investigation for
a 2.25Cr-1 Mo steel. where tMCS(r) is the computed MC simulation time at the

1. Description of EDB model site with a distance of r from the heat source, and tMCSMAX

According to the EDB model, a relation can be obtained, is the maximum MC simulation time.
based on isothermal experimental data, between grain size 3. Calculation of thermal cycles
(L), initial grain size (L0), holding time (t), and temperature To determine the thermal cycles in the HAZ, the following
(T ) by multiple regression analysis: equation, which represents the quasi–steady state 3-D heat

conduction in a semi-infinite (very thick and large) workLn 2 Ln
0 5 Kte12

Q
RT

2 [8]
piece due to a moving point heat source,[17] was used.

where K is a constant and Q is the activation energy. Both
K and Q are obtained from experimental data. Substituting T 5 T0 1

q
2pksr

e
2

v(r2x)
2as [11]

Eq. [4] into [8] and integrating it over an entire thermal
cycle by summing the grain growth in short time intervals This equation gives the temperature (T ) as a function of
at different temperatures, a relationship between the MC welding speed (v) at any point at a distance of r from the
simulation time and real time and temperature is obtained: heat source, which is assumed to be a point heat source.

The symbol T0 is the initial temperature (i.e. at t 5 0), q is
(tMCS)nn1 5 1 L0

K1l2
n

1
K

(K1l)n o 1Dti e
12

Q
RT

22 [9] the heat input, ks is the thermal conductivity, as (equal to
ks /rc) is the thermal diffusivity, rc is the specific heat per
unit volume, and r is given aswhere T is the mean temperature in a time interval (Dti).

Thus, at any given monitoring location where the tempera- r 5 ! x2 1 y2 1 z2 [12]
ture is known as a function of time, tMCS can be related to

Figure 2 shows the computed and the experimentallyreal time (t 5 (Dti). Figure 1 is a schematic plot showing
determined thermal cycles for a heat input of q/v 5 1.1 3the variation of tMCS with real time, calculated from Eq. [9]
106 J/m and at a distance of r 5 4.8 mm from the heatusing the thermal cycle also shown in this figure.
source. The agreement shows that the calculationof tempera-2. The MC simulation step and site-selection
ture profiles using the heat-conduction equation is adequate.probability
The material properties used for calculations are presentedThe tMCS values at different locations, calculated from Eq.
in Table I.[9], cannot be directly applied in the MC algorithm. This is

because the choice of a grid point for updating an orientation 4. Numerical Scheme
In the present investigation, 3-D simulations were carriednumber is random in the MC technique, and, thus, the proba-

bility of selecting each grid point is the same in traditional out in a simple cubic lattice system. The grid spacing (l)
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Table I. Data Used for the Physical Properties of a 2.25Cr- grain-growth kinetics for the 40 3 1550 3 1550 grid system
1Mo Steel[12] at 1443 K, which is the median temperature of the melting

temperature (1813 K) and the austenite transformation tem-Physical Property Value
perature (1073 K). By plotting log (L/l) as a function of

Thermal conductivity (ks) 26 J m21
log (tMCS) in Figure 4, the values of the constants K1 and n1Specific heat per unit volume (rc) 7.87 3 106 J m23

in Eq. [4] are determined to be 0.93 and 0.46, respectively.Melting point 1813 K
Previous researchers have shown that the value of the grain-Activation energy (Q) 1.8 3 105 J mol21

growth exponent n1 lies in the range from 0.4 to 0.5 (0.47Initial temperature 298 K
for Yang et al.,[8] 0.46 for Radhakrishnan and Zacharia,[20]Experimental grain growth exponent (n) 3.17

Pre-exponential factor 2.19 3 1023 0.41 for Grest et al.[19] in three dimensions, 0.48 for Gao et
al.[8,9] (at very high tMCS), and 0.41 for Anderson et al.[4] in
two dimensions), depending on whether the grid system is
2-D or 3-D and on the number of MC simulation steps. As
the number of neighbors increases, there is more interaction
between the neighboring grains and, thus, grain growth is
facilitated. Thus, for a 2-D calculation where the number
of interactions with neighbors is less than that in a 3-D
calculation, the value of the grain-growth exponent n1 in 2-
D calculations is less than in 3-D calculations for a fixed
number of tMCS. In previous studies,[19,20] it has been noted

Fig. 3—Schematic of the calculation domain selected for the simulation that, at low tMCS, the initial grain size cannot be neglected
of final grain structure. The dimensions of the selected domain are 0.32, in comparison to the mean grain size, which leads to a
12.4, and 12.4 mm, respectively, and they correspond to a grid system of

reduction in slope of the log-log plot between the mean40 3 1550 3 1550 grids.
grain size and tMCS.

Finally, the grid size also influences the value of n1. For
very large grid systems (with more than a million grid
points), the value of n1 becomes independent of grid size.[18]

This means that, for a very large grid system, the grain-size
calculations become largely independent of grid size. Thus,
similar grain-size gradients are observed even for different
grid spacings (refer to Appendix II for a more detailed
discussion).

The values of K1 obtained by Radhakrishnan and Zacha-
ria[20] were 0.84 for an isothermal 2-D system and 0.8 for
an isothermal 3-D system, which are comparable to the
values obtained in this study for K1 (0.82 and 0.93, respec-
tively). In addition to n1 and K1, there are other material-
dependent constants which are obtained from isothermal
experimental data. They are n, the experimental grain-
growth exponent; K, the pre-exponential factor; and Q, the

Fig. 4—A log-log plot of L/l vs tMCS for both 2-D (768 3 234) and 3-D activation energy for grain growth. The values used for these
(768 3 234 3 234) cases. The values of K1 and n1 are 0.82 and 0.40 for constants for a 2.25Cr-1Mo steel are given in Table I.
2-D and 0.93 and 0.46 for 3-D, respectively.

b. Distribution of tMCS and the probability
After knowing the value of the constants K1 and n1, thewas taken to be 8 mm, which is equal to the initial austenite

tMCS values at each site were calculated from Eq. [9] bymean grain size measured by Miranda and Fortes.[12] The
incorporating the corresponding thermal history into thecalculation domain was chosen (shown as the thin dashed
equation. The distribution of the tMCS in the cross sectionblock in Figure 3) to be a slice from the region of the work
of the domain is shown in Figure 5(a). From this figure, itpiece, so that the calculationcould be done with an 8 mm grid
is observed that the maximum value of tMCS lies at locationsspacing. The grid system used to represent the calculation
close to the fusion line. Near the fusion zone, tMCS changesdomain was 40 3 1550 3 1550 (which corresponds to (40

3 8 mm) 3 (1550 3 8 mm) 3 (1550 3 8 mm) 5 0.32 3 significantly due to a steep temperature gradient. After
12.4 3 12.4 mm3, as shown in Figure 3). knowing the spatial distribution of tMCS in the domain, the

corresponding distribution of site-selection probability wasa. Determination of simulation constants
obtained, using Eq. [10] as shown in Figure 5(b). As expec-Before simulation of grain growth under nonisothermal
ted, the spatial distribution of the site-selection probabilityconditions, the dimensionless grain-growth kinetics from the
was similar to tMCS. After obtaining the p(r) distribution, thepresent MC model under isothermal conditions needs to be
temperature-time history at each site was incorporated intoestablished. In other words, the values of K1 and n1 in Eq.
the model by considering the spatial variation of the site-[4] need to be determined.

Figure 4 shows the simulated isothermal dimensionless selection probability in the simulation domain.
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(a) (b)

Fig. 5—Computed values of (a) spatial distribution of MC simulation time tMCS and (b) site selection probability in the cross section perpendicular to the
direction of welding. The calculations were done with a grid spacing of 8 mm and a grid system of 40 3 1550 3 1550 for a heat input of 4.2 MJ/m.

III. RESULTS AND DISCUSSION variation with distance from the heat source. The results for
simulation of grain growth in a 2D calculation are comparedThe simulated final grain structure of the HAZ after the
to the top surface of the 3-D domain for a q/v value of 1.9completion of welding is shown in Figure 6. Some regions
MJ/m in Figure 10. This figure shows that the slope of theof the HAZ have been magnified in the figure for clarity.
curve for a 3-D calculation is steeper than that for a 2DThe closer the site to the fusion line, the coarser the grain
calculation. This difference results from the fact that thesize. This is expected, since the grain-size change depends
temperature gradients in a 2-D calculation are only in twoon the temperature. The higher the temperature at a site, the
dimensions, whereas, in a 3-D calculation, they are in threelarger the final grain size. A continuous decrease of grain
dimensions. So, the resulting grain-size gradient is moresize with distance is observed.
pronounced in three dimensions than in two dimensions.Along the lines AB and CD on the top surface and vertical
The figure also shows that, near the fusion line, the graincentral plane directly under the fusion zone (shown in Figure
sizes are higher in a 3-D calculation. This is because of6), the calculated grain-size gradient is compared to experi-
more neighboring interaction in a 3-D calculation than in amental results in Figures 7 and 8 for different heat inputs.
2-D calculation. Also, the experimental results are in betterIt is seen that the calculated results agree fairly well with the
agreement with the grain sizes calculated by the 3-D modelcorresponding experimental data. The agreement indicates a
than those calculated by the 2-D model.significant promise for quantitative understanding of grain

Thermal pinning is the restriction of grain growth neargrowth using 3-D MC simulation.
the fusion plane due to steep temperature gradients.[13,14,15]

The extent of grain growth at various locations close
As discussed earlier, near the fusion plane, the temperatureto and equidistant from the fusion plane was significantly
gradients are very steep and the atomic mobility might varydifferent, as shown in Figure 9. The grain growth on the
even across a single grain. The thermal pinning effect tendstop surface was not as pronounced as that on the central
to restrict the grain growth and, thus, tends to limit the grainsvertical plane directly under the fusion zone. For example,
from growing within a region with a sharp temperatureat a heat input of 1.9 MJ/m and a distance of 5.8 mm from
gradient.the heat source, the mean grain size along the top surface

To examine this effect, simulations were done in a 3-D(line AB) is 46 mm, but, along the central vertical plane
(40 3 1550 3 1550) domain, subjecting the whole domain(line CD) it is 56 mm. This behavior results from compara-
to a thermal cycle at a distance of 6 mm from heat sourcetively lower temperatures at the top surface than those below
(along line AB, as shown in Figure 6). The final mean grainthe heat source in the interior of the specimen. This result
size in the 3-D domain was around 54 mm (Figure 11). Thisclearly shows the importance of doing calculations in three
value is comparatively greater than the mean grain size atdimensions and the inherent problem of using a 2-D model
the same distance (6 mm from the heat source along lineto study grain growth in what is, in reality, a 3-D HAZ.
AB, as shown in Figure 6) for a weld HAZ which was 36To further emphasize the importance of a 3-D calculation,
mm (Figure 10). This difference can be attributed to the so-simulations were done in both 2-D and 3-D (40 3 1550 and

40 3 1550 3 1550) domains to compute the grain-size called thermal pinning effect, which takes place in the weld
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Fig. 6—Simulated HAZ grain structure after completion of welding. Some regions have been magnified for clarity. The heat input provided was 4.2 MJ/
m and the grid spacing was 8 mm.

Fig. 7—Comparison of the calculated and experimental[12] mean grain size
Fig. 8—Comparison of the calculated and experimental[12] mean grain sizeat various locations from the heat source. The calculated grain sizes were
at various locations from the heat source. The calculated grain sizes werefrom the top surface of the sample (along line AB, as shown in Fig. 6).
from the central vertical plane of the sample (along line CD, as shown in
Fig. 6).

HAZ. The same effect was also observed in a 2D (40 3
1550) domain. The final mean grain size in the 2-D domain difference between grain sizes obtained due to the thermal

pinning in the 2-D and 3-D domains (Figure 11) can bewas around 49 mm (Figure 11) when the whole domain was
subjected to the same thermal cycle, and that in the weld attributed to the difference in the isothermal grain-growth

exponents (0.40 in the 2-D case and 0.46 in the 3-D case).HAZ for the same 2-D domain was 34 mm (Figure 10). The
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Fig. 12—Plot of the mean calculated austenite grain size produced in theFig. 9—Comparison between the mean grain size at different locations
HAZ of welds at 0.4 mm from the fusion plane as a function of heat inputalong the AB and CD lines (as shown in Fig. 6) at q/v 5 1.9 MJ/m.
on two perpendicular planes.

The austenite grain size in the HAZ is controlled mainly
by the heat input of the weld. The effect of heat input on
the mean austenite grain size at 0.4 mm from the fusion
plane is shown in Figure 12 for both the top surface (along
the line AB, as shown in Figure 6) and the central vertical
plane (along the line CD, as shown in Figure 6). There is a
linear relationship between the mean grain size achieved
and the heat input. When a very high heat input is used,
such as at very low welding speeds, the HAZ becomes wide
and grains coarsen significantly. This occurs because of two
reasons. First, at very low welding speeds, the grains have
more time to grow than at very high speeds, and, second,
the high heat input produces higher temperatures, which
helps the grain structure to coarsen. Also, it can be seen that
there is more grain growth on the central vertical plane than
on the top surface, due to comparatively lower temperatures
on the top surface at all heat inputs.

Fig. 10—The variation of grain size with the distance along line AB (as
shown in Fig. 6) from the heat source for 2-D and 3-D calculations at a
heat input of q/v 5 1.9 MJ/m. IV. CONCLUSIONS

This article reports on the first 3-D modeling of grain
growth in the HAZ of a steel weldment. The model simulates
the evolutionof grain structure in the entire HAZ under steep
temperature gradients that cannot be obtained otherwise.
Specifically, the grain growth in the HAZ of a 2.25Cr-1Mo
steel weldment was investigated. The following are the
main conclusions.

1. Both the computed results and independent experimental
data[12] showed that the mean grain size near the fusion
plane, for the welds considered in this investigation, was
about 4 to 7 times larger than that in the base plate,
depending on the experimental conditions, and it
decreased continuously with distance from this plane.
The computed grain size agreed well with the experimen-
tal data.[12]

2. Since the mean grain size at locationsequidistant from the
fusion line was different, all the previous 2-D calculations
need to be re-examined. The computed mean grain-size
values obtained from the 3-D calculations matched the

Fig. 11—The variation of computed mean grain size with time in 2-D and experimental results more closely than the 2-D values.3-D for a thermal cycle at a distance of 6 mm from the heat source (along
3. Comparison of simulated isothermal grain-growth kinet-line AB, as shown in Fig. 6) and q/v 5 1.9 MJ/m. The plot exemplifies

the effect of “thermal pinning,” which takes place in the weld HAZ. ics in the 2-D and 3-D models showed a lower value of
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the grain-growth exponent n1 in 2-D than in 3-D calcula- because the effect of the value of the grid spacing has already
been considered in determining the MC simulation step, astions, and this was attributed to the lesser number of

neighbors for a 2-D grid point than for a 3-D one. given in Eq. [9]. According to Eq.[9], the larger the value
of l, the smaller the tMCS for simulationof grain growth under4. When an entire calculation domain was subjected to a

thermal cycle calculated at a specific monitoring location, a specified welding condition. As a result, the predicted
final grain structures should almost be the same, althoughhigher values of mean grain size were obtained than that

obtained inside a weld HAZ that experiences the same different grid spacings are used. It should be recognized that
a grid spacing larger than the average initial grain diameterthermal cycle. The restriction of grain growth under a

temperature gradient, i.e., thermal pinning, can be satis- after recrystallization is not particularly suitable for simula-
tion of regions where the grain growth is rather limited.factorily simulated by the present 3-D MC simulation.

5. The good agreement between the simulated grain struc- For example, the grain-growth process cannot be properly
simulated in the regions where the final grain size is equalture and the corresponding experimental results indicates

significant promise for understanding grain-growth phe- to or less than the selected grid spacing (far away from the
fusion line).nomena in the entire HAZ, based on the 3-D MC

technique.
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