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ABSTRACT

can-field approaches are commonly used in the simulation of grain growth in metals
M as they are easier to implement. However, mean-field models only track the evoluti-
on of average grain diameter as a function of temperature and time, while they neglect the
effect of actual grain size distribution, which limits their applicability. Recently introdu-
ced full-field models of grain growth — either by level-set and phase field methods- allow
to overcome the barriers of mean-field methods, but they are computationally much more
demanding. In this article, the main goal is to investigate the applicability of both appro-
aches for the pure grain growth in a solid with an initial Gaussian grain size distribution.
The main idea is to keep the average grain size constant while altering the grain size dist-
ribution by modifying the standard deviation. DIGIMU software, which uses the level-set
approach - is used for this purpose. The conclusion is that full-field models are beneficial
to observe changes during grain growth; alternatively, mean-field models deduce appro-
ximately the same results as full-field models for a Gaussian distribution within a shorter
time. However, it is found that mean-field models overlook certain important stages of the

evolution of the microstructure, while full-field method captures all the details. Therefore,
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the model to investigate the grain growth mechanism should be selected accordingly.
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INTRODUCTION

G rain growth is a phenomenon during which the
average grain size gets larger to decrease the
total area of grain boundaries to decrease the total
energy of the material. Before the grain growth, ot-
her mechanisms such as recovery or recrystallizati-
on take place to lower the energy; however, further
energy decrease is achieved by grain growth at higher
temperatures [1]. Change in the grain diameter has
a significant effect on the processing and the design
of the material due to the fact that material property
is affected by grain size [2]. Experts from different
backgrounds have studied the change in the mate-
rial properties like mechanical [3], dielectric [4], and
magnetic [5] as a function of grain size over the years.
Therefore, much research is going on about the simu-
lation of the growth processes. The easiest growth
phenomenon is the pure or ideal grain growth, which
does not include other factors such as recrystallizati-
on and grain boundary (Smith-Zener) pinning effect
[6].

The kinetics of boundary migration must be well
understood to study grain growth. Grain boundary
migration occurs due to the curved surface of the grains
under the existence of an internal pressure. In principle,
the migration is towards the center of curvature of grain
boundaries. This phenomenon enables the reduction in
the overall inner interface and consequently minimizes
the overall boundary energy [7]. The kinetics of normal
grain growth is generally represented by Eq. (1)

(R) ~(R), =kt )
where t is the time, (R) is the average grain radi-

usatt, (R), is the initial value of (R) att =0, and k is
the kinetic coefficient.

0

Mathematical models of grain growth allow us
to perform simulations. There are many types of gra-
in growth models; however, full-field and mean-field
models are the most popular ones. Each model has
some drawbacks and conditions that make it useful
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for different applications. Mean-field models work with
the average values of grain size and overlook the grain
size distribution. It means that providing only the avera-
ge grain sizes to the software is enough to obtain the final
average grain sizes. However, full-field models focus on
the grain size distribution; therefore, it requires a whole
picture of the domain. In terms of reality, full-field met-
hods include more information about the material than
the mean-field methods. On the other hand, this high le-
vel of detailed information is accompanied by very high
computational costs [8]. Calibration of numerical para-
meters, whose number is also increasing in a 3D study, is
another difficult problem to deal with. Due to all these
reasons, especially in the computation of 3D models, full-
field models have issues waiting to be solved. Some re-
cent progress addresses those issues to prevent obstacles
in their industrial use [9] [10]. Furstoss et al. [11] provide
a full-field method to simulate grain growth in multip-
hase materials. Their model can construct transient and
steady-state structures based on the level-set approach.
After using past experimental data to limit their full-field
model, their analyses showed that experimental microst-
ructure morphologies differ from simulated morphologi-
es. Using mean-field and full-field models together, they
could predict the mean grain size growth from an experi-
mental peridotite structure.

MATERIAL AND METHODS

DIGIMU?® is a software that enables the user to simulate
different kinds of phenomena happening in the microst-
ructure. In grain growth simulations, DIGIMU® uses
Level Set functions inside the finite element computati-
ons. Grain boundaries, interfaces, are defined with the
Level Set functions so that each function represents a
grain boundary. Level Set function, y, can be named as
a signed distance function, which is defined in Eq. (2)
over a domain Q. ) has many sub-domains denoted by
G. Distance is calculated as the Euclidean distance, A, to
the interface, I, of sub-domains. In finite element mesh, y
values are calculated for each node points, and depending
on whether ¢ > 0 or y < 0, the point is said to lay inside
or outside, respectively. Interfaces are also defined by the
level set functions in Eq. (3), where the distance to itself
is defined as zero.

w(x,t)=+A(x,T) 2

I(t)=y(xt)=0 ®)

In terms of computational expenses, defining each
grain boundary with a level set function is costly. In order
to reduce the numerical cost, a coloring technique is used.
In this way, grain boundaries that are represented with the
same level set function define grains with same colors, only

42

if they are not adjacent. In the end, computational costs are
minimized due to the decrease in the total number of level
set functions.

In order to determine the grain boundary velocity, v, ,
grain boundary mobility, M,, should be calculated. Based on
simulation time increments, the derivative of distance func-
tion, denoted by Ay, is also used to calculate grain boundary
velocity. The equations required to calculate those parame-
ters are given in Eq. (4) and Eq. (5).

V. =—My,A W 4 )

M,(T)=M, exp(_QMJ ®

RT
where Q is the constant activation energy, M, is the
mobility pre-exponential factor; and y, is the grain boun-
dary energy. Those parameters are material specific and can
be found in the material file for Inconel 718, also tabulated
in Table 1.

Table 1. Material data of INCONEL 718 for full-field grain growth
simulation in DIGIMU. M : mobility pre-exponential factor, Q_ : cons-
tant activation energy, y, : grain boundary energy (Data is taken from the
DIGIMU 3.0 material library.)

M, Q, Yy
(mmé/Js) (J/mol) (J/mm?)
2.981 x 10% 387000 6 x107

Mean-field and full-field approaches are investigated by
performing two simulations using DIGIMU® 3.0. The main
idea is to generate two initial polycrystals having different
grain size distributions and the same mean grain size so that
it is possible to observe differences between the approaches.
Simulations are performed in three stages, pre-processing,
computation, and post-processing.

It is known that 8 phases precipitate at temperatures
lower than 1050-1100 °C [12] and precipitates activate other
mechanisms like Zener pinning during the grain growth.
Therefore, 1100 °C is suitable as a heat treatment tempera-
ture to avoid precipitation since the aim is to demonstrate
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Figure 1. The thermal cycle of the simulations.



pure grain growth. Parameters are defined so that the pro-
cess lasts 4 hours, a heating step of 1/2 hour between 20 °C
and 1100 °C followed by a 3 hours step at this same tempe-
rature and then a 1/2 our cooling step between 1100 °C and
20°C. The thermal cycle of the process can be seen in Fig. 1.

Representative elementary volume (RVE) is defined as
a square with dimensions 3 mm x 3mm in 2D. The soft-
ware automatically generated 1139 sites (grains) in RVE.
Standard deviations are determined as 5 um and 15 um to
obtain dissimilar grain size distributions. The mean grain
size is decided to be set as 50 um because it is the typical
value for this alloy, which is specified in AMS 5663[13]. The
minimum and maximum grain sizes allowed in the initi-
al polycrystals are given together with the above criteria in
Table 2.

Table 2. The statistical data to form grain size distributions for each
simulation. (GS: Grain Size)

Min.G.S.  Max.G.S. MeanG.S Standard Deviation
Simulation 1 Sum goum s5oum sum
Simulation 2 s5um 90 um 50um 5um

After creating the project file and defining the simula-
tion parameters, the project is launched to compute. Each of
the simulations lasted approximately 150 minutes. Results
are obtained as microstructural figures and as grain size
distribution histograms.

RESULTS AND DISCUSSION

To investigate the grain boundary movement and the gra-
in size alteration, frames at selected times are given in Fig.
2 and Fig. 3, which show distances to grain boundaries
from the center of the grains for each simulation. Since
distributions are different, starting microstructures are
also different from each other. The grains in Simulation 1
when t = 0 s are smaller than in Simulation 2, which was
expected before the simulation due to differences in the
distributions.

By analyzing the reddish spots, it is easier to detect lar-
ger grains in Fig. 2 and Fig. 3. It is possible to visualize any
desired grain size by changing the color threshold. It should
be noted that the colorization of the grains is performed
separately in Simulation 1 and 2. Therefore, the maximum
values marked by red color are not the same. The distribu-
tions in final microstructures need to be investigated since
it is not easy to say how they are different from each other,
unlike in the initial microstructure. Therefore, histograms
of the grain size distributions are required to be analyzed
deeply.

In Fig. 4, progress in Simulation 1 is shown by grain
size distributions. It is possible to track the behavior of the
distributions during the simulation by making use of the-
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se histograms. Since we defined the initial distribution as
a normal distribution, the initial histogram (t=0 s) is in a
shape similar to a regular bell curve. However, as time pas-
ses, grain size distributions deviate from that shape because
grains with different sizes are formed more likely than the
initial condition.

It is not very easy to follow mean grain size from the-
se histograms; therefore, mean grain sizes are provided on
each figure, and it is concluded that mean grain size incre-
ases during the simulation as the grain sizes are increasing.
Moreover, not only that the mean grain size increases, but
also the grain size range enlarges. For instance, the histog-
ram at t = 0 s shows that grain sizes are ranged from 37 um
to 68 um; while the histogram at t = 14400 s shows the range
is from 29 pm to 279 um. Therefore, the probability of ob-
serving larger grains increases as time passes.

In Simulation 2, a similar change in the histograms is
seen in Fig. 5. It starts with a normal distribution, deviates
from bell-shaped as time passes. The range of the grain si-
zes again increases during the simulation. In the beginning,
grain sizes are ranged from 16 pum to 83 um. In the end, this
range enlarges to 19 pm - 292 pm. Therefore, larger grains
are likely to be found in the structure as time passes.

Initial distribution can be generated with higher non-
uniformity in terms of grain size by keeping the mean grain
size constant and increasing the standard deviation of the
initial polycrystal grain size distribution, as concluded in Fig.
4 and Fig. 5. Even from the first step at t = Os, grain sizes are
allowed to exist in a broader range in Fig. 5 than that in Fig.4
(from 37 pm - 68 pm to 16 pm - 83 um). Likewise, following
the same trend, one can say that at t = 14400 s, the grain size
allowance range would be higher in Fig. 5 than that in Fig.4.
It can be confirmed with the increase in the range from 19
pm - 292 pm to 29 pm - 279 pm.

In order to track mean grain size during the simulation,
all the frames were analyzed and Fig. 6 is obtained. The inc-
rease in mean grain size during the simulations was expec-
ted since grains are getting larger. The heat treatment cycle
can also be seen on the same figure to track the relation
between the temperature and growth. The increase in the
temperature affects grain growth since the grain boundary
mobility is affected by temperature. Up to around 1000 °C,
average grain size is not changing because the temperature
is not enough to activate grain growth. After that point on,
grain growth accelerates and the average grain size visibly
increases. Att=12600s, when the cooling starts, growth is
completed because the grain boundary mobility is too low
due to the absence of heat. The mean grain sizes at the end
of each simulation are given in Table 3.

The main goal of these simulations is to determine
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the differences between mean-field and full-field models
by carrying out two full-field model based simulations. It
can be easily seen in Fig. 6 that both simulations reached
approximately the same mean grain size at the end (Table
3). The slight difference is calculated as 1.7 pm. Therefore,
mean and full-field models reach similar results by means
of average grain size. However, the paths that simulations
followed are a bit more different from each other. The maxi-
mum difference in the mean grain sizes between the simu-
lations reached at t = 4400 s, and the difference is 13.25 pum,
which is a non-negligible difference. This difference can be
calculated since the full-field approach provides the advan-
tage of tracking mean grain size evolution throughout the
simulation, unlike the mean-field approach. Even though
mean field approach provides promising results for the final

mean grain size, it cannot predict the grain size distribution
and the evolution of mean grain size during the simulation.
Therefore, a full-field approach should be used if the inves-
tigation aims to examine the structure of the material while
the grain growth is operating. In other words, mean-field
approaches can only provide final mean grain sizes, but it is
not useful to determine the grain size distribution.

Table 3. Final mean grain size for each simulation and differences
between mean grain sizes

Simulation 1 Simulation 2
Final mean grain size 130.4 Um 132.12um
Final difference in the
. 1.7 um
mean grain sizes
Maximum difference in
13.25 um

the mean grain sizes

Figure 2. Distances to grain boundaries from the centers of the grains
in Simulation 1.

Figure 3. Distances to grain boundaries from the centers of the grains
in Simulation 2.
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Figure 5. Grain size distribution throughout the Simulation 2.
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CONCLUSION

Investigation of the grain growth mechanism has been
studied over the years due to the fact that change in the
grain size has a huge impact on the material property.
Some models relying on different backgrounds have been
developed, such as mean-field and full-field models. Me-
an-field models give information about final mean gra-
in size, whereas full-field models focus on the grain size
distribution and the evolution of mean grain size as well.
In this article, we examined the differences in those mo-
dels for pure grain growth simulation by carrying out two
simulations using DIGIMU® 3.0 software that works with
the full-field approach. For two simulations, different
grain size distributions were generated by keeping the
mean grain size constant while changing the standard
deviation. If we use the mean-field models instead, we
could already expect that the final mean grain sizes will
be the same since we provide equal initial mean grain si-
zes. However, we also provide the grain size distribution,
which makes two microstructures differ from each other.
Therefore, we could track the grain size distribution du-
ring the grain growth thanks to the full-field approach.
The main idea is to check the reliability of the mean-field
model by investigating it from a wider window. At the
end of the simulations, we found the final mean grain
sizes are slightly different from each other, which pro-
ves the mean-field models are reliable are applicable to
yield similar results with a full-field model while provi-
ding lower time consumption. However, simulations are
following different paths during grain growth. However,
it should be noted that mean-field models won't be app-
licable to multi-model grain size distributions and ab-
normal grain growth predictions. Therefore, the model
should be selected according to the goal of the simulation.
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