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Abstract

Tailoring microstructures by optimizing fabrication or forming processes is a challenge for
metal industries. However, predicting microstructure evolution implies to develop models at
the scale of the polycrystal, which is incompatible with large scale simulations of processes.
In this context, we propose an energetic upscaling strategy to model anisotropic grain growth
at large scale without loosing detailed grains statistics. Thus, a fast mesoscopic model is nec-
essary to establish a large database of computations in order to develop a macroscopic model
whose state variables contain statistical descriptors of the microstructure. This paper focuses
on a fast mesoscopic model based on Voronoi-Laguerre tessellations, which are updated at each
time step to capture grain growth. Several energetic contributions are considered at different
scales. The grain boundary energy is obtained as a function of misorientation from molecular
dynamics, and the dissipated power is obtained from crystal plasticity theory. The evolution
law at the mesoscopic scale is obtained by considering all energetic contributions in the repre-
sentative volume element, and from thermodynamic laws and approximate mass conservation.
This upscaling approach reaches short computation time, which is essential to establish the
database underlying the macroscopic model. Basic grain statistics are validated by comparison
to classical models. Moreover, a good agreement is observed with an experiment conducted
on pure iron. The model is then used to analyze the evolution of detailed statistics. To capture
grain growth at macroscopic scale, it is necessary to consider couplings between means and
standard deviations of various distributions (e.g., size, shape, misorientation etc.)

Keywords: Grain growth, Upscaling, Anisotropic grain boundary energy, Dissipated power,
Voronoi-Laguerre tessellation

1. Introduction

Grain growth is a thermally activated mechanism that usually occurs after recrystalliza-
tion during annealing of metals. During grain growth some grains grow at the expense of
other grains depending of their respective sizes and crystallographic orientations, which leads
to grain coarsening [1]. Classical statistical descriptors of the polycrystalline structure such
as morphological and crystallographic textures (e.g., grain size, shape and crystal orientation
distributions) evolve during the process. Thus, for different fabrication or forming processes,
temperature conditions could be optimized to obtain targeted microstructures, especially for
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large heterogeneous parts. However, mechanisms involved during grain growth arise at the
scale of grain boundaries (GB). Thus, numerical simulations of texture evolution may be dif-
ficult for macroscopic parts, which hinders the development of optimization loops to adjust
process parameters.

Thus, this paper and the subsequent paper [2] aim at developing an upscaling strategy to
establish a macroscopic model of grain growth that fully relies on finer scales and whose state
variables contain statistical descriptors of the grain structure. The proposed upscaling strat-
egy involves considering grain growth at various scales. As shown in figure 1, four typical
scales are distinguished in this paper: (i) the atomic scale (e.g., crystal lattice and interatomic
potential), (i1) the microscopic scale (e.g., grain boundaries), (iii) the mesoscopic scale (e.g.,
polycrystalline structure) and (iv) the macroscopic scale (statistical descriptors of the grain
structure). As energetic concepts are valid at all scales, the upscaling strategy fundamentally
relies on various energetic contributions arising at different scales. This energetic upscaling
strategy is developed within the framework of standard generalized media [3] that are char-
acterized by their free energy and dissipated power. These two potentials arise in the energy
balance equation combining the first and second laws of thermodynamics, and they depend on
macroscopic state variables that should be defined so that the macroscopic state statistically
represents the grain structure. The determination of the macroscopic free energy and dissipa-
tion potentials as a function of the state variables enables to establish the evolution law of the
system at the macroscopic scale. The proposed upscaling strategy consists in determining these
two potentials not axiomatically (with parametric functions and calibration with experiments),
but on a more physical basis by using a large database of computations carried out at the meso-
scopic scale. Thus, the macroscopic model emerges from finer scales and is compatible with
thermodynamics.

It should be noted that we do not propose a multiscale approach, for which simulations
at the mesoscopic scale are performed online during the macroscopic computation. On the
contrary, all the computations at the mesoscopic scale are performed in advance and stored in
the database probing the space of polycrystalline structures. On this basis, we can identify the
macroscopic free energy and dissipated power as a function of the macroscopic state variables
in order to obtain an evolution law that accounts for statistical descriptors of the grain structure.

Therefore, the database requires to use intensively a mesoscopic model of grain growth.
As a consequence, a sufficiently fast mesoscopic model should be established. This paper
specifically focuses on this aspect, whereas the identification of the macroscopic model will be
broached in [2]. Many different approaches have been proposed to model grain growth at the
mesoscopic scale (e.g., see [1, 4] for reviews). Most of them rely on the classical curvature
driven GB motion evolution law:

Vep = Mcep Y K (1)

where v¢p is the inward speed of the GB (where CD stands for curvature driven), mcp 1s
the mobility (m*.J=!'.s7"), v is the surface energy (J.m?) and « is the grain curvature. Since
this evolution law holds at the scale of the GB, many numerical approaches enable to refine
the geometrical description of GBs in order to capture accurately GB motion. For instance,
models based on cellular automaton and Monte Carlo method [5-9], mobile finite element
modeling [10, 11], level set functions [12—14], phase field [15-20] or molecular dynamics [21-
23] have been proposed. All these approaches produce very interesting results. However,
the computational cost is usually incompatible with an intensive use as suggested within the
proposed framework.
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Figure 1: Different scales involved in the upscaling strategy

Other approaches reaching shorter computation time have also been proposed. For instance,
vertex methods [24-27] consist in establishing the evolution law directly at the triple junctions
and are relatively simple in two dimensions. However, the extension in three dimensions is
difficult [1]. More recently, a fast mesoscopic model called Orientated Tessellation Updating
Method (OTUM) has been proposed [28], and fully relies on Voronoi-Laguerre tessellation
techniques that are usually used to approximate polycrystals at the mesoscopic scale. Very effi-
cient algorithms have been developed with the possibility of controlling statistical distributions
of grain size and shape (e.g., using the free software NEPER [29]). Crystal lattice orientation
can also be specified for each grain, and the tessellation equipped with such an orientation
field is called an Orientated Tessellation (OT). One can approximate the real evolution of the
mesostructure as a succession of OT approximations. OTUM relies on the idea that the evolu-
tion law of the mesostructure can be formulated directly by modifying the parameters defining
the OT. To the best of the authors knowledge this idea of updating Voronoi-Laguerre tessellation
parameters to model grain growth has been proposed for the first times in [30, 31]. However,
the evolution laws proposed in [30, 31] are questionable. Indeed, they are postulated to directly
mimic the curvature driven evolution law (1) despite the fact that GBs have no curvature in
a Voronoi-Laguerre tessellation. More importantly, the modification of a single parameter of
the OT affects several GBs according to the Voronoi-Laguerre definition, which plays the role
of a geometrical constraint on possible GB motions. Thus, the curvature driven evolution law
(1) is not appropriate within the framework of OTUM, as it would necessitate to control GBs
independently.

That is why in this paper, the evolution law is formulated at the mesoscopic scale (i.e., for
the entire tessellation instead of each GB taken individually). Different energetic contributions
are considered so that the evolution law relies on a physically consistent basis. More precisely,
the evolution law is obtained through the energy balance equation at the mesoscopic scale, by
specifying mechanisms at the microscopic scale: (i) the anisotropic GB energy and (ii) the dis-
sipated power through any GB virtual motion. The proposed energetic framework enables to



consider not only the driving force (associated to the GB energy) but also the dissipated power
as a resistive mechanism. The GB energy is estimated as a function of misorientation by molec-
ular dynamics computations at the atomic scale. In addition, the dissipated power associated to
GB motion is estimated by crystal plasticity for very low angle boundaries and atomic jumps
and atomic diffusion are considered for high and intermediate angle boundaries respectively.
Thus, a substantial link is made in this paper between atomic, microscopic and mesoscopic
scales to derive the model. The final step enabling to extend this energetic upscaling to the
macroscopic scale is not detailed in this paper but will be broached in [2].

From the macroscopic point of view, all the mesoscopic structures play the role of rep-
resentative volume elements (RVE). This implies that each mesostructure is supposed to be
extracted from a much larger polycrystalline structure. As a result, boundary conditions should
be applied to the RVE to take into account interactions between the RVE and the rest of the
polycrystal. This is achieved by defining the RVE as a subset of grains extracted from a larger
OT, so that misorientations are affected to GBs at the edges of the RVE.

In addition, the set of possible OTs is a high dimensional vector space. Thus, the database
should contain various RVEs sufficiently different from each other to probe efficiently the space
of possible OTs. However, as detailed in the following, if crystal orientations are assigned
purely randomly, then boundary misorientation distributions (BMD) are likely to be very simi-
lar to each other instead of spreading in the entire space of possible distributions. To overcome
this difficulty, crystal orientations are assigned according to a specific procedure in order to
match prescribed BMDs.

For the sake of simplicity, the proposed upscaling methodology is derived for plane hexag-
onal polycrystals. In 3D, this would correspond to face-centered cubic (fcc) crystals, and for
each grain the direction [111] is assumed to be aligned with the out of plane direction. Thus,
there are three plastic slip systems in 2D, as shown in figure 2. Misorientation between two
neighboring grains (characterized by five parameters in 3D) is characterized only by two param-
eters in 2D: the misorientation angle (denoted by A#) and the orientation of the grain boundary
plane (denoted by ¢). Thus, the grain boundary energy considered in this paper is computed
from fcc crystals sharing the same orientation (111) (tilt boundaries). The plane assumption
enables to deal with thin structures such as thin films. In addition, since there are 3 plastic
slip systems in the plane, the proposed approach also enables to reasonably approximate 3D
structures.

Figure 2: FCC crystal and (111) plane with plastic slip directions



The paper is organized as follows. General principles of OTUM are presented in section 2.
In section 3 we detail the procedure enabling to generate different RVEs to probe the space
of possible OTs. Mass conservation issues and the minimum number of grains that should be
considered for the RVEs is discussed in section 4. Mechanisms at the microscopic scale are
broached in section 5. In particular molecular dynamics computations are performed to obtain
the GB energy, and the mobility is derived as function of misorientation. The mesoscopic evo-
lution law, which constitutes the core equation of the model is derived in section 6. Results and
discussion are provided in section 7. Classical models (Hillert distirbution [32, 33] and von
Neumann-Mullins law [34, 35]) are compared to the model to validate basic grain statistics.
A comparison with an experimental study conducted on pure iron [36] is also presented and
good agreement is observed. More detailed statistics are also analyzed to determine meaning-
ful information to be considered at the macroscopic scale. Conclusive remarks are given in
section 8.

2. Orientated Tessellation Updating Method

In this section mathematical definition of the OT is provided as well as general principles
of the OTUM. A Voronoi-Laguerre tessellation is defined by N seeds whose dimensionless
Cartesian coordinates are denoted by (x;,y;) € [0, 11> and N dimensionless weights denoted
by w; € R, (where 1 < j < N). The tessellation is completely determined by the parameter
vectors X = (xy, - ,xn), ¥y = V1, - ,yn), W = (wy,--- ,wy). Each cell (or grain) denoted by
C; (where 1 < j < N) is defined as follows:

2
- Wk} (2)

It is clear from the definition (2) that weights are defined up to a constant. Thus, the following
constraint is added to obtain a univocal definition:

N
Dowi=1 3)
=1

Thus, weights w lie in an affine hyperplane of dimension N — 1 and denoted by PND whose

support is the hyperplane denoted by PV~1 and:

pv-1) _

pN-1 _
where 1 = (1,---,1) € RY and wy € RY verifies wy.1 = 1. In addition, it should be noted that
a cell C; may be empty as shown in figure 3a. This property will be intensively used as some
grains should disappear during grain growth. In 2D, crystallographic orientations are defined
as N additional angles denoted by §; (where 1 < j < N). In this paper, 6; represent the (111} tilt
angles. Thus, the OT tessellation definition necessitates the additional vector 8 = (6y, - - , Oy).

Since the crystal lattice is plane hexagonal 6; € [0,7/3] (where 1 < j < N). Therefore, the
parameter set Por defining OT's reads:
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Figure 3: Orientated tessellation

Grain boundaries are indexed by pairs (7, j) where i and j denote two neighboring grains (where
I <i<Nand1 < j< N). The set of pairs of neighboring grains defining grain boundaries is
denoted by Igp:

Ios ={G. )€ {l,--- NP, j>i,C;nC; # @) (6)

The condition j > i is meant to count each grain boundary only once. Since the parameters
defining OTs are dimensionless, the physical size of the OT is given by L, representing the
length of the box side in which the OT is contained, as shown in figure 3b. Moreover for
any grain boundary (i, j) € Igg (with i and j two neighboring grains) /;; € [0, 1] denotes the
dimensionless GB length and Af;; = |9 i = 9,~| € [0, /3] is the misorientation angle.

The general principle of the OTUM is to establish an evolution law directly on the parameter
of the OT, that is to say that for @ € Por :

@ = f(a) (7)

For the sake of simplicity we assume that only weights w can evolve. In particular, 0 is fixed.
This implies that we neglect crystallographic rotations (obtained by activation of plastic slips
systems in the bulk), which only affects the smallest grains [23]. Thus, the general evolution
law reads for @ = (x,y,w,0) € Por:

W= f(a) 8)

An explicit form of the evolution law (8) is derived in section 6.

3. Probabilistic procedure for orientation assignment

As mentioned in the introduction, the proposed energetic upscaling strategy necessitates to
probe the space of possible OTs. Indeed, very different morphological and crystallographic
textures may be observed [1] depending on fabrication and forming processes that impose
specific temperature paths and deformation mechanisms.



The morphological texture is controlled by seeds (x,y) and weights w, whereas the crys-
tallographic texture is controlled by the orientations #. Morphology (e.g., shape and size dis-
tributions) may be controlled by optimization techniques in the free software NEPER [29]. In
addition, one can generate tessellations by choosing x, y, w randomly (with various probabil-
ity density functions), which enables to produce a database of very different tessellations with
respect to sphericity and size distributions.

Since GB energy significantly depends on misorientation, the boundary misorientation dis-
tribution (BMD) (i.e., misorientations between neighboring grains) is essential for predicting
anisotropic grain growth. Misorientation angles are simply deduced from crystal orientations
but cannot be directly prescribed as a control parameter of the OT. Moreover, one cannot probe
the space of possible BMDs by assigning crystal orientations purely randomly. Indeed, misori-
entations not only depend on crystal orientations but also on the network connectivity formed
by the grains. In other words, the way to assign an orientation to a grain should depend on the
orientation of its neighbors. If crystal orientations are assigned randomly in the OT (even con-
sidering various probability density functions) a statistical effect arises: small misorientations
are favored'. Thus, BMDs obtained with this method are very likely to be similar. That is why
we need a specific procedure assigning crystal orientations in order to obtain various prescribed
BMDs so that the space of possible BMDs can be explored efficiently. A Monte-Carlo opti-
mization technique has been proposed in [38] and a rank optimization has been developed in
[39]. However, optimization necessitates to re-assign several times orientations until the BMD
matches the prescribed distribution, which is time consuming. As a large database is aimed, an
alternative approach reaching very short computation time has been developed.

A stochastic step by step procedure is proposed for the orientation assignment (see figure 4).
The target BMD is defined by a probability density function denoted by p(A8). The procedure
is as follows. An initial grain is selected randomly and the orientation is arbitrarily set to 6, (in
practice 8y = 0). Then, one neighbor is selected, and its orientation 6, is assigned randomly as
a draw of p(Afy;). Indeed, 6, being already assigned, the probability of 6, is conditional to 6y,
and reads as the probability of the misorientation angle A6y, = |0 — 6y|. More formally, this
reads:

p(016o) = p(Abor) 9)

where p(6]6,) is the probability density for 6; under the condition that 6, has already been
assigned. This procedure is repeated to another neighbor etc. At some point, the selected grain
denoted by i have several already assigned neighbors denoted by ji, - - -, ji, whose orientations
are denoted by 6;,,--- ,0;, (see figure 4). Therefore, the orientation 6; is determined as a draw
of the following conditional probability density function:

P(9|9J'1, s ,9jk) = p(Aeijp s aAeijk) (10)

where p(0|6;,,---,0;,) is the probability density for §; under the condition that 8;,---,6;,
have already been assigned, A;; ,--- ,Af;; are the misorientation angles between the grain
i and ji,---, ji respectively, and p(A6;;,,--- ,A6;;) is the joint probability of misorientation.

For the sake of simplicity, it is assumed that grain boundary misorientations are independent,

'In 3D, uniform random orientation distribution classically leads to the Mackenzie disorientation distribution
[37], which is not obtained in 2D. Indeed, plane hexagonal polycrystals correspond in 3D to fcc grains with the
(111) direction aligned with the out of plane direction, which is a strong non-random texture.



hence:

k
P16, .0;) = | | p(a8y;,) (11)
m=1

This process is repeated until all grain orientations have been assigned, as shown in figure 4.
This probabilistic procedure is very fast but not exact. However, the obtained BMD is suf-

Figure 4: Principle of probabilistic orientation assignment

ficiently close to the target BMD to enable an efficient exploration of possible BMDs. For
instance several orientations are assigned to the same Voronoi-Laguerre tessellation in figure 5.
The obtained BMD is presented with histograms and the targeted BMD is presented in solid
line. These examples have been generated with beta probability density B(«a, 8) for the targeted
BMD with parameters @ = 1,2 and 8 = 2, 3, 4.

4. Representative volume element and mass conservation

The proposed mesoscopic model is meant to be used in an upscaling strategy. Thus, the
mesoscopic evolution law should not be derived for an entire polycrystalline structure contain-
ing all the grains of the macroscopic object. Instead, the mesoscopic model should be derived
for RVEs supposed to be embedded in a much larger polycrystalline structure. As a result,
boundary conditions should be applied to the RVE to take into account interactions with the
rest of the polycrystal. Boundary conditions consist of misorientations at the boundaries of the
RVE. This section deals with the definition of RVEs and difficulties related to mass conserva-
tion.

4.1. Boundary conditions

A simple way to define the RVE is to generate an OT containing N grains and to consider a
subset of n connected grains (with n < N) among the N grains and not belonging to the edges of
the OT. Thus, all GBs in the RVE, including boundaries of the RVE, have a misorientation angle
(see figure 6). Hence, boundary conditions are naturally defined. The evolution of the RVE is
obtained by updating only the parameters of the n connected grains, while the parameters of
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Figure 5: Examples of probabilistic orientation assignment. OTs with BMD histograms and targeted probability
density function (red line)

the other grains are fixed. Therefore, the set of parameters describing the RVE is denoted by
Prve and reads:

Prye = {a = (x,y,w,0) € [0, 17" X [0, 1]" x R" x [o, 5]} (12)

3

It should be mentioned that the constraint (3) that applies to the entire OT, does not apply to the
RVE. Indeed, the constraint implies that there are N — 1 independent weights. The n weights
of the RVE are therefore independent. The set Pryg is a 4n dimensional vector space. The
evolution law for the RVE is similar to (8) and reads for @ = (x,y,w,0) € Pryve: W = f(@).

As the weights of grains surrounding the RVE are fixed, if the evolution law is not con-
strained, then the RVE tends to shrink to minimize the GB energy similarly to a spherical grain

9
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Figure 6: Definition of the RVE with boundary condition

in an infinite matrix. This issue is overcome by imposing mass conservation for the RVE as a
constraint. This anomalous shrinkage is demonstrated as follows. A RVE is defined from an
OT. A reference computation is performed for the entire OT (all weights are updated at each
time step). In this case there is no constraint, as mass conservation is automatically verified.
Then, two computations (with and without mass conservation) are performed for the RVE, and
compared to the reference computation. The evolution law is derived in section 6, the purpose
in this section being only to present the effect of mass conservation of the RVE. Results are
presented in figure 7 (to facilitate the interpretation, grains not belonging to the RVE are distin-
guished by a white solid line). The OT physical size is Ly = 1 mm, and initially consists of 200
grains. The figure 7 clearly shows that ensuring mass conservation in the mesoscopic evolution
law enables to overcome the difficulty, even though it does not enable to obtain exactly the
same evolution as the entire OT.

4.2. Mass conservation

Mass conservation has been introduced as an ad hoc principle in order to avoid anomalous
shrinkage of RVEs. Mass is automatically conserved in OTs as they represent the entire object
(no surrounding grains). However, the RVE exchanges matter with the rest of the OT (some
grains grow at the expense of grains not belonging to the RVE) and mass conservation is not
guaranteed. Ultimately, if the RVE were constituted of a single grain, then mass conservation
principle would be obviously violated. Nevertheless, if a sufficient number of grains are con-
sidered in the RVE, the growth of some grains compensates the shrinkage of the others, and
mass is statistically conserved (even though there are slight variations). This idea is demon-
strated as follows. The evolution of an OT containing initially 5000 grains is computed (see
figure 8). This OT represents a square sample with a side Ly * 7 mm. The average grain size is
around 100 um. The total mass is conserved as the OT does not exchange mass with the exte-
rior. In contrast, several groups of connected grains are randomly selected in the OT and their
mass is computed as a function of time. (In practice the surface is computed as the density is
constant). For instance, the evolution of 9 groups is presented in figure 9. The positive relative

10
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Figure 7: Comparison between OT and RVE respective evolutions (with or without mass conservation)

mass variation is denoted by Ae(?) and reads:

_ |Mgve(?) = Mrye(0)|
A VAT (1

where Mgyg(?) is the mass of the group at time ¢. For each group, tﬁf‘,’E denotes the time needed
to decrease the initial number of grains ngyg by x%. The maximum relative mass variation until

15, is denoted by Ae” and reads:

Ae™ = max As(r) (14)
re[ 0. ]

For each group, the maximum relative mass variation until the initial number of grains de-
creases by 33% is presented in figure 10. For groups with more than 110 grains Ag>>% is below
4%. Thus, even for significant evolution, mass conservation is approximately verified for suf-
ficiently large groups of connected grains. For smaller groups As23% may reach higher values,
and the statistical mass conservation is not guaranteed. This analysis enables to determine the

minimal number of grains to obtain an approximate statistical mass conservation.

11
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Figure 9: Evolution of 9 groups of connected grains in a 5000 grains polycrystal

5. Microscale mechanisms

Before establishing the mesoscopic evolution law taking into account mass conservation
(see section 6), energetic mechanisms at the microscopic scale are introduced so that the meso-
scopic evolution law relies on a physically consistent basis. Indeed, different energetic contri-
butions are considered at the microscopic scale, namely: (i) the anisotropic GB energy (due to
crystallographic misorientation) and (ii) the dissipated power due to crystal plasticity for very
low angle boundaries and atomic jumps and atomic diffusion for high and intermediate angle
boundaries respectively.

5.1. Grain boundary energy

GBs are defects that have an excess free energy per unit area with respect to the default stack
energy. Indeed, the GB thickness is of a few atomic planes, where crystal lattices are disturbed

12
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to accommodate geometrical incompatibilities due to misorientation. In addition to temper-
ature, five independent parameters enables to classify GBs (three describe the misorientation
and two describe the orientation of the GB plane). In 2D, only two independent parameters are
necessary (one describes the misorientation and one the GB plane). Various methods have been
developed to compute and measure GB energy as a function of these five parameters (see [40]
for a review of the literature). Thus, considering two-dimensional setting, the energy per unit
area y;; of the GB between grains i and j (i.e., (i, j) € Irvg) reads:

vij = ¥(T, Ab;j, ¢ij) (15)

where v is a function to be determined, 7 is the temperature, Ag;; is the crystal lattice misori-
entation between grains i and j defined by:

AG; = |0,- 6] € [o, g] (16)

and where g;; is the angle of the GB plane. In 2D, one of the most popular approach is the
Read & Shockley [41] model relying on dislocation calculation within the framework of con-
tinuum mechanics. An explicit analytic GB energy as a function of misorientation and GB
plane orientation has been obtained. However, the range of validity of the Read & Shockley
formula is limited to small misorientation angles and do not account for the energy cusps at
certain misorientation angles. To overcome this difficulty, molecular dynamic computations
have been proposed to compute GB energies as a function of the five parameters characterizing
GBs. Among early works, Wolf [42-45] provided a systematic investigation of GB energy in
fcc metals. Many other molecular dynamic computations have been carried out to determine
GB energy (e.g., [46—48]). However, using molecular dynamics online during a simulation
of grain growth would be computationally costly. Thus, some approaches attempt to estab-
lish simple models of GB energy based on multiscale strategies relying on molecular dynamic
computations (e.g., [49]), whereas other approaches simply rely on interpolations of molecular
dynamic computations (e.g., [50]). In this contribution such a strategy is adopted, molecular
dynamic computations are performed and then interpolated as a function of misorientation.

To reduce the number of computations, it is assumed that the dependence on ¢ is negligible.
Thus, the function y(T, A8, ¢) is approximated by a function y(7', A6). Thus, (111) symmetric

13



tilt boundaries have been simulated for various misorientation angles Af. GB energies were
computed by minimizing system energy using the conjugate-gradient method in the LAMMPS
code [51] at T = 0 K with embedded-atom method (EAM) interatomic potentials. The chosen
interatomic potential [52] is adapted for Fe (pure iron) and presents the advantage to be stable
at low temperature for fcc (although Fe presents a bcc structure at low temperature). The
interatomic distance for the fcc structure is a ~ 3.6057 A, and the default stack energy is
E s ~ 4.18127 eV (exact values can be found on the OpenKIM project https://openkim.org
[53]). The approach is similar to [46, 47], using computation cell with periodic boundary
conditions. The misorientation angle is defined by two integers n, and n, as shown in figure 11.
For instance, for (001) tilt in fcc structures, periodicity leads to consider square simulation

cell with a side being a multiple of a /n? + ns (see figure 11 left). However, for (111) tilt in

fcc structures, periodicity leads to consider prismatic simulation cell with a /3 skew angle as

shown in figure 11 right, and a side being a multiple of (a/ V2) \/n2 + n2 + n,ny.

. . y direction _ .
Simulation cell for Simulation cell for

[001] o <001> tilt <I11>tilt
y direction

x direction
[010]

[101]

Figure 11: Simulation cell for molecular dynamic computations

Similarly to [47], a rigid body translation of one lattice with respect to the other is used to
sample different starting configurations. In addition, since atoms in the two lattices are built up
to the GB plane, an atom deletion criterion is used to remove atoms that may physically lie too
close to each other. For each misorientation angle A6, different rigid body translations (0 a to
0.5 a with a step of 0.05 @) and atom deletion criteria (0.3 a to 0.7 a with a step of 0.05 a), are
tested, and only the minimum GB energy is stored for each tested misorientation angle. Results
are presented in figure 12 with a piecewise interpolation function introduced in [54]:

. (7 AO . (7 AB
7(0, AG) =71 8in (EA_HI) ll —aj In (sm (EA—GI))]
(0 < A8 < A6))

A9 T Ag T a17)
7(0,A9>:y2+<71—yz)sin(ﬁ ’ 3ﬂ)[l—azln(sin(7—r i 3))]

2A6, - % 2M6, - %

(A01 <A< ;—T)

where y; = 0.95I.m™2, ¥, = 0.67 J.m~2, a; = 0.5, a, = 0.1 and A§, = n/6.
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Figure 12: Grain boundary energy per unit area at 7 = 0 K for symmetric tilt (111)

The grain GB energy has been interpolated for 7 = 0 K (i.e., y(0, A6)). However, the tem-
perature dependence of GB energy is needed for simulating grain growth. In this contribution,
we assume that the temperature dependence is in G(7")/G(0) similarly to [55], where G(T) is

the shear coefficient: ( )
4 1 . Af) = —— O, AbO 18

Data for Fe extracted from [56] are used to calibrate G(T'):
G(T)=agT + bg (19)
where b; ~ 88134 MPa and a; ~ —24 MPa.K!.

5.2. Dissipated power through grain boundary motion

Grain boundary energy enables to compute the driving force that tends to make evolve the
system. Moreover, resistive mechanisms should be considered to control the speed at which the
system may evolve. Thus, the dissipated power through any virtual motion of the GB is detailed
in this section. For very low angle boundaries, the dissipative mechanism during GB motion
can be interpreted within the framework of crystal plasticity. Indeed, slip systems are activated
so that the crystal orientation of one grain can be transformed into the crystal orientation of the
other grain, as shown in figure 13a (where v* is a virtual normal velocity of the GB).

Consider v;; a virtual velocity of the grain boundary (i, j). The dissipated power per unit
area reads:

D;; = D(T, AG,j, vi; (20)

where D is a function to be determined. In [57, 58], D has been determined analytically within
the framework of crystal plasticity. The calculation relies on two plane hexagonal semi-infinite
crystals with a moving GB. Thus, six slip systems may be activated to transform the crystal
orientation in the volume covered by the GB during motion (see. figure 13a). For practical
calculation, the plastic slip is assumed to obey Schmids law without hardening, while elasticity
is neglected. The following dissipated power per unit area is obtained:

D(T, AQij, V;kj = TCX(AQU) (21)

*
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Figure 13: Dissipative mechanisms and mobility

where 7. is the critical shear stress and X is the following function:
6 3
X0 = 8 (% 4 2v3 10 Y2)) min {AQ, T Ae} 22)
m\3 2 3
Since grain growth is viscous, the analytic computation proposed in [57, 58] is simply adapted

for crystal visco-plasticity by considering that the critical shear stress 7. linearly depends on
Vi il which reads:

1
T
where m(T) is a grain mobility (m*.J~'.s™!) that can be related to the curvature driven mo-
bility mcp(T, AB) introduced in (1). The mobility m(T) is calibrated so that the shrinkage of
an hexagonal grain (computed according to the present model) evolves at the same speed as
the shrinkage of a circular grain according to the curvature driven evolution law (1). More
precisely, it is shown in Appendix B that:

£

(23)

T
mep(T, A6) = % (24)

Hence the dissipated power per unit area:

2
D(T, A6, v}y) = %]

"~ mep(T, A9) 25

Thus, the dissipated power (25) corresponds to what is obtained for the curvature driven growth.

For very low angle boundaries, mcp(T, Af) varies in 1/A@ (see (24)), which is consistent
with the expression obtained by considering the movement of boundaries in which the disloca-
tions are spaced far apart [1]. However, for high angle boundaries the dislocation cores overlap,
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and the dissipative mechanism is more likely related to atom jumps, and for intermediate angle
boundaries, dissipation is attributed to diffusion of atoms over a certain distance [1]. Since the
mobility completely determines the dissipated power through any virtual speed (see (25)), real
dissipative mechanisms are indirectly taken into account in the mobility function mcp(T, A6).
There are significant evidences [1] that for intermediate and high angle boundaries the mobility
can be approximated by the following sigmoid function introduced in [59, 60]:

LAY
mCD(Ta AQ) = mmaX(T) 1 - exp -K|— (26)
A6,
where K is a positive coefficient, p is positive exponent, my,,x is the maximum mobility and
A#; is a threshold. However, (26) should not be used for very low angle boundaries because
mep(T, AG) would tend to O when A6 tends to zero which would lead to an infinite dissipated
power (see (25)). This difficulty is overcome in this paper by introducing a mixed mobility
based on (24) for very low angle boundaries and (26) for higher angle boundaries, which reads:

m(T)
X(A6)

mmax(T) (1 —exXp [_K(

if min{A6, - AG} < A,

mep(T, A6) = (27)

Ad

p
A_Hl) D if min{A0,Z - A0} > AG

where A6 is a threshold between very low angle boundaries and high and intermediate angle
boundaries. In addition, continuity reads:

A6y
m(T) = Max(T) (1 — exp [_K(E) ])X(Mo) (28)

1

In figure 13b the mobility (27) is presented with parameters listed in table 1.

6. Mesoscopic evolution law

In this section, the mesoscopic evolution law accounting for mass conservation is derived.
This evolution law is adapted for RVEs with boundary conditions (see section 4.1). The total
energy per unit depth (denoted by &) is considered in the RVE as well as the total dissipated
power per unit depth (denoted by D). For @ € Pryg:

ET,a) =L Z lijyij

(i, ))EIrVE 29
DT, av)=Ly ), 1D} &)
(i, ))EIRvE

where Iryg C Igp is the set of GBs in the RVE. There are n grains in the RVE and ngp GBs
with ngp = card [Iryg]. In addition, /;; is the dimensionless joint length, and vy;; and D;."J. are
computed from (18) and (25) respectively. Moreover, v* is the following vector:

V= (V?f)u,.i)elRVE 0

By combining (25) and (30) one obtains:

DT, a,v") = Lyv' x(T, @).v* (31
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where y(@) is a diagonal second order tensor of size ngp X ngg whose diagonal reads:

L.
Y(i, j) € Igve, ¥(T,A8;)= ———L 32
(@ J) RVE>» X( ]) mep(T, A@j) (32)

As seeds and crystalline orientations are fixed (i.e., x = y = 0 and § = 0), and considering any
virtual variation of weights w*, it is straightforward to demonstrate that:
Wi =W

= L / 33
Vij 0 2 (33)

where d;; is the dimensionless distance between seeds:

Vi Vi
It is clear in (33) that for each GB an arbitrary choice is made for the positive direction of the
normal velocity v}, which has no consequence as the square of the virtual velocity arises in the

ij’
dissipated power. Hence:

' (34)

v' =Ly K(a).w" (35)

where K(a) is a second order tensor of size ngp X n, which can be evaluated analytically:

i J
K@=ap [0 -+ 0 5= 0 -+ 0 —5= 0 -+ 0 (36)

The tensor K(«) represents the link between the normal speed of the nsz GBs and the n weights.
However, only the weights are controlled in the evolution law. Thus, consider R(a) the follow-
ing second order tensor of size n X n:

R(T,a) = K(@)" (T, a).K(a) (37)

As already mentioned, the constraint (3) does not apply for the RVE (only for the entire OT),
thus R(T, @) is invertible and symmetrical positive-definite. For any virtual weight variation
w*, the total dissipated power per unit depth reads:

DT, a,w) = LLw" - R(T,a) - w* (38)

The energy balance equation obtained from the first and second laws of thermodynamics
holds for any possible state @ and any possible evolution w (real not virtual):

DT, a,w)+ET,a)=0 (39)

Hence:

o0&
L3w~R(T,a/)-w+%(T,a)~w:O (40)

18



In addition, the mass balance equation reads (if density is assumed constant):

S
S(O/):%-W:O (41)

where S denotes the total area of the n grains in the RVE.
The maximum dissipation principle [61] under the constraint (40) and (41) is invoked to
determine the evolution law:

argmax [ng -R(T, @) - W]

weR"
. 3 88
Wmeso = 4 Subjected to. Low - R(T,a) - w + G_(T’ @) -w=0 (42)
w
GAN 0
ow "

The maximization problem (42) is solved analytically by Lagrangian multiplier method. Con-
sider the following Lagrangian:

0&E oS
LOb A, ) =Lgw-R- W+ |[L3w-R-Ww+—-w|+—Ww (43)
ow ow
The optimality condition reads:
oL 3 _ 0E oS
a—w:2L0(1+/11)R'W+/116—w+/120—w:O (443.)
oL L3'R‘08'O 44b
a_/ll = Lgw - W+ % W = ( )
oL oS 0 4
o " aw (H40)
Contracting (44a) with w, one obtains:
3 0&E oS
2L+ AW -R-w+ A — - w+w-—=0 (45)
ow ow
Considering (44b) and (44c), (45) reduces to:
Q+A)W-R-w=0 (46)

The tensor R being symmetric definite-positive, w - R - w > 0, thus:

Ay =-2 (47)
Plugging (47) into (44a) one obtains:
1 05 A a8
Vmeso = — =3 R71 o _R71 e 48
Preo =TT Taw T 20 T ow (%)



The multiplier A, is obtained by contracting (48) by S /0w and using (44c):

as . 0E
w "~ ow
=2 49
e oS )
ow " ow
By plugging (49) into (48) one obtains:
oS , 06
1 & |70 K 5 ds
Wineso = == [R™ - oo — | S0 SN R —— (50)
L ow | oS o oS ow
ow " ow
Thus, the mesoscopic evolution law reads:
M(T, 08T, a
Wineso = — (7o) : ( ) (51)

L ow

where M is a second order tensor of size n X n homogenous to a mobility (m*.J-!.s™!) defined

as follows:
R oS P oS
ow ® ow

M=R"'- (52)
oS oS
—.R'. —
ow ow

By using (29) and (18) the mesoscopic evolution law reads:

O 7. n0 53
D, 5 VT40) (53)

(i,))EIRvE

Wmeso = —

M(T, @) -
L

The viscous evolution law (53) presents a size effect through the scaling parameters Ly. The
tensor M(T, @) is completely determined by the actual state (a, T) of the RVE. The gradients
0l;;/0w and 0S /0w are easily obtained by a geometrical analysis of the OT, which is detailed
in Appendix A.

For simulations of entire OTs in section 4 (i.e., all weights are updated and mass conserva-
tion is not imposed) the tensor M in (53) should be replaced by:

M =R’ (54)

where R' is the Moore-Penrose pseudo-inverse of R that can be computed by singular value
decomposition techniques. Indeed, because of the constraint (3), there are only N — 1 indepen-
dent weights in the entire OT and R is not invertible (rank N — 1). It is straightforward to show
that the pseudo-inverse enables to obtain the N — 1 independent weights time derivatives.
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7. Results

All Voronoi-Laguerre tessellations are produced by using the free software NEPER [29]
and the evolution law (53) is computed by using the free software SCILAB [62]. The dialogue
between NEPER and SCILAB is done by writing and reading text files (e.g., Voronoi-Laguerre
tessellation files, list of updated weights etc.), which represents the most significant part of
the computation time. Despite this unoptimal implementation, computation time is relatively
short (e.g., a time increment for a 1000 grains OT is around 1 second on a personal computer).
Computation time could be fairly reduced though by implementing the model in C++ language
directly in NEPER.

7.1. Comparison with von Neumann-Mullins law

In this section, the mesoscopic model is compared to the von Neumann-Mullins (VNM) law
[34, 35, 63]. The classical vNM law is formulated within a fully isotropic framework (i.e.,
isotropic GB energy and isotropic mobility), and relies on the curvature driving evolution law
(1) and the assumption that angles at triple junctions are 120°. Thus, the vNM reads:

*

d m
-8, =
dr 3

(n—6) (55)

where 7 is the number of sides of the grains family, dS,/dz is the area change rate of n sided
grains, and m* = y m¢ep (m%.s7!) is the constant reduced mobility. The vNM law (55) applies to
individual n sided grains in 2D ideal grain growth [63]. In the following, we determine whether
the vINM law is verified in average, where m”* is the average reduced mobility in the entire RVE.
In addition, an extended vINM law (56) has also been proposed for anisotropic grain growth and
tested with a mesoscopic stochastic Monte-Carlo simulations [35].

d . 2n
2 (S = (m3) (= (B,)) (n — <M) (56)
where (m’ ) is the average reduced mobility, (3,) is the average triple junction angle, and where
averages are taken over the family of the n sided grains. However, in Voronoi-Laguerre tes-
sellations each grain is polygonal and then (5,) = 7 (n — 2)/n, and therefore d (S ,) /dt = 0 in
(56). Thus, the extended vNM law is of limited interest within the framework of OTUM. But a
simple extended vNM law can be simply derived from (55) to take anisotropy into account:
d n{m')
o S = 7 " 6) (57)
Three conditions are tested in the following and listed in table 1. A purely isotropic condition
is tested with constant GB energy y, and mobility m listed in table 1. A weakly anisotropic
condition is also considered with a constant reduced mobility m*(7T) and an anisotropic GB
energy y(T, Af), hence mcp(T, AG) = m*(T)/y(T, A8), where m*(T) is given in table 1. Despite
the anisotropic GB energy and mobility, this condition is similar to the isotropic condition with
respect to the curvature driven relation (1), which only depends on the reduced mobility. A
fully anisotropic condition is also tested by considering (27) whose parameters are listed in
table 1.
A single 2500 grains tessellation is used, and the BMD is assigned as detailed in section 3 by
a beta probability density function B(«,5) with @ = 2, 8 = 3 (see figure 5). Numerical values
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Table 1: Conditions related to GB energy, mobility and reduced mobility. For all conditions the average reduced
mobility over the entire tessellation is m* = 0.06 107> m?.s™! and T = 800° (the symbol T is omitted).

Isotropic O Anisotropic 1 Anisotropic 2 (27)
GB energy (J.m™?) vo = 0.535 v(AO) (17) v(AO) (17)
Mobility (m*.J-'.s71) my=1.11210"13 - Mmax = 0.291 10713
Reduced mobility (m?.s7!) - m* =0.0610"12 -
Coefficient (-) - - K=5
Exponent (-) - - p=4
Misorientation angle (-) - - AO, = m/9
Misorientation angle (-) - - AGy = 4.57/180

listed in table 1 have been chosen so that the average reduced mobility over the entire RVE
is the same for all conditions. For each number of sides, the corresponding normalized area
change rate distribution is computed. In figure 14a the mean values with standard deviations
are presented as a function of the number of sides. As expected, the isotropic condition fits well
with the vNM law with small standard deviations (excepted for grains with 3 sides). The same
behavior is observed for condition 1 as the reduced mobility is also constant. Larger standard
deviations are obtained though, as the vNM law (55) relies on isotropic energy, which is not
verified for condition 1. Results for condition 2 fits better with the extended vNM law (57),
which is due to the anisotropy. This result is similar to what is obtained in [35] for the same
condition.

7.2. Comparison with Hillert and Rayleigh distributions

In this section, the equivalent grain size distribution R/ (R) is analyzed (where R is the grain
equivalent radius and (R) its average over the RVE). The well known Hillert [32] and Rayleigh
distributions are compared to the model for all conditions listed in table 1. The tested OT has
initially 5000 grains with a misorientation distribution defined by a beta probability density
function B(a, ) with @ = 2, 8 = 3. The histograms of R/ (R) are given for different numbers
of grains left in the tessellation after evolution. For all conditions, results are similar to what is
observed for purely isotropic grain growth in [33]. Histograms for condition 2 are presented in
figure 14b. The quasi steady-state distribution is in between Hillert and Rayleigh distributions,
and can be fitted by a log-normal density function. In addition, the average grain size (R) is
presented as a function of time in figure 15 for condition 2. The well-known grain growth
power law (R) ~ " (where n = 1/2 as for isotropic grain growth) is rapidly reached by the
proposed model.

7.3. Comparison with experiments

A recent experiment has been conducted on pure iron during annealing for 75 min at 800 °C
[36]. The sample is initially fully recrystallized. Grain evolution has been determined in three
dimensions using diffraction contrast tomography at a synchrotron source. Since the present
model has been derived in 2D, only a plane section of the sample is compared to the model
at three different time steps (0 min, 40 min and 75 min). Approximating a real grain structure
with a Voronoi-Laguerre tessellation is usually done by numerical optimization. However,
as the proposed comparison is mostly qualitative, a rough approximation of the initial grain
structure is proposed and crystal orientations have been assigned manually by following the
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Figure 14: Validation of basic grain statistics
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Figure 15: Validation of grain growth power law (R) ~ "

misorientation estimation proposed in [36] (i.e., black and white lines represent boundaries with
misorientations above and below 15°, respectively). The specimen in [36] is around 500 um in
diameter, and the best fit between the model and experimental results is obtained for 480 um.
The reduced mobility has been estimated in [36], and linearly evolves during annealing from
0.12 1072 m%.s7! to 0.02 1072 m?.s™!. The mobility (27) is considered with parameters are
listed in table 1 excepted my,,y that is set so that the average reduced mobility over the sample
is 0.06 1072 m?.s7!. The GB energy is obtained by molecular dynamics computations on pure
iron as shown in figure 12. The qualitative comparison is presented in figure 16 where grains
are colored as in [36] to facilitate the reading. It should also be noted that several neighboring
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grains have the same crystal orientations to form larger grains. The average equivalent grain
radius (R) has been extracted from [36] and compared with the model. Good agreement is

observed in figure 17.

Model

Experiments

480 pm

t=40 min t=75 min

Figure 16: Comparison between the model (top) and experiment (bottom) extracted from [36].
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Figure 17: Average equivalent radius (R), comparison between the proposed model and the experiment extracted

from [36].
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7.4. Discussion

In this section, grain statistics are analyzed in more details. The objective is to determine
meaningful statistical information that should be considered at the macroscopic scale. Indeed,
classical vNM law and Hillert distribution are based only on the average grain size, which is
very limited if a specific microstructure is targeted during fabrication or forming processes. In
addition, since anisotropic grain growth is considered, BMDs should be captured with sufficient
details so that other distributions (e.g., grain size and shape) may be estimated accurately. Four
simulations have been performed, with the same initial 2500 grains Voronoi-Laguerre tessella-
tion (see figure 18). Crystallographic orientations have been assigned so that different means
and standard deviations of BMDs are obtained, as listed in table 2. The evolution is computed
according to condition 2 listed in table 1. The evolution of mean and standard deviation of
grain surface distribution (denoted by (§) and o5) and BMD (denoted by (Af) and o »4) are
provided respectively in figures 19 and 20. Since anisotropic grain growth is considered, the
initial mean misorientation affects the growth rate (see figure 19a). In addition, the initial mean
misorientation also affects the standard deviation of size distribution (see figure 19b, compari-
son between conditions BMD 2 and BMD 3). Thus, grains not only tends to grow in average
at different rates according to the mean misorientation, but the distribution also tends to spread
at different rates. The evolution of the grain surface distribution also depends on the initial
standard deviation of BMD (comparison between conditions BMD 3 and BMD 4). Moreover,
significant variations of the mean of BMD are observed in figure 20a and strongly depend on
the initial standard deviation (see figure 20b).

Distributions characterizing microstructures (grain size, shape, orientation, misorientation
etc.) constitute a very rich information, which cannot be processed for each material points at
the macroscopic scale. However, these distributions may be characterized in a simplified way
by a measure of central tendency and statistical dispersion (e.g., mean and standard deviation).
Previous examples demonstrate that both mean and standard deviation significantly evolve dur-
ing anisotropic grain growth. Moreover, couplings between different distributions (e.g., size
and misorientation) have been obtained. Thus, the macroscopic model that has to be developed
in the subsequent paper [2], should involve fully coupled state variables characterizing means
and standard deviations of different distributions.

Table 2: BMD: initial condition

Condition Mean Standard deviation
@) @)

BMD 1 ~ 21 ~ 13.5

BMD 2 ~ 21 ~ 10

BMD 3 ~ 12.5 ~ 10

BMD 4 ~ 12.5 ~ 6.5

8. Conclusion

An energetic upscaling strategy has been proposed to model grain growth by considering
energetic contributions and dissipated power at various scales. This strategy necessitates to
establish a large database of computations at the mesoscopic scale in order to feed a macro-
scopic model whose state variables represent statistical descriptor of the polycrystal. Thus, a
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Figure 18: Initial OT and after 3 h evolution at 7 = 800° for all conditions listed in table 2
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Figure 19: Evolution of grain surface statistics

fast mesoscopic model based on orientated tessellation updating method has been proposed.
The space of possible orientated tessellations can be probed by generating a large number
of tessellations with various grain statistics and boundary misorientation distributions. To do
so, a procedure to assign crystal orientations has been proposed, and relies on a probabilistic
approach enabling to approximately fit targeted boundary misorientation distributions. Rep-
resentative volume elements have been defined so that boundary conditions may be applied,
and mass conservation has been verified to be statistically valid if the number of grains is suf-
ficient. The grain boundary energy has been evaluated by molecular dynamics computations
and the dissipated power associated to boundary motion has been evaluated. Thus, the total
grain boundary energy and total dissipation in the representative volume element has been cal-
culated as the sum of all grain boundary contributions. The mesoscopic evolution law has been
derived by maximizing the total dissipation under the constraint of the first and second laws
of thermodynamics and mass balance. The present mesoscopic model has been validated for
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Figure 20: Evolution of misorientation statistics

several conditions by comparing to von Neumann-Mullins law, and classical Hillert distribu-
tion. In addition, a good agreement is observed with an annealing experiment conducted on
pure iron. The model has been used to analyze the evolution of grain statistics during grain
growth, and coupleings between means and standard deviations of various distributions (size,
misorientation etc.) have been found necessary to capture grain growth at the macroscopic
scale. Thus, the present fast mesoscopic model can be intensively used within framework of
the proposed upscaling strategy, and therefore contributes to model detailed grain statistics at
very large scales, and tailor microstructures by optimizing fabrication or forming processes.

Appendix A. Geometrical relationships
The gradient dl;;/0w is obtained by considering the set of triple junctions:
L={Gjke(l, - .nP, C;NnC;NC # 2} (A.1)

and the angles at the triple junctions denoted by §;x, where (i, j, k) € I and where the following
symmetry rule holds B = Byji. Triple junctions and the effect of weight variation on the length
of the GB is presented figure A.21a. From simple geometrical consideration one obtains:

tan (ﬁijk - %) + tan (ﬁijm - %) . tan (,Bj,-k - g) + tan (,Bj,-m - g) -
Wi+ W,

Zij = i
- Wi — W),
Zdjk COS (ﬁijk - g) Zdjm COS (ﬁijm — %)
Moreover: e
Iij = (a_wj) W (A.3)

Hence:

oy o~ (an(Byp—3)  tan (B -3 5

— _ Z&ijp M&q + ( p 2)5jq _ P (A.4)

g p=1 2d;; 2d;j 2d;, cos (Bijp - %r)
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where 6;; is th Kronecker symbol and:

= 1 if G,k ek
KT 0 if (k) ¢ I

(A.5)

The gradient 0S /0w is obtained by calculating the dimensionless area S; of a grain i as a

(a) Angles at the triple junctions

Figure A.21: Geometrical relationship

(b) Surface of grains

function of the heights £;; of the triangles joining the seed i and the grain boundaries /;; (where
Jj denotes the neighboring grains), as shown in figure A.21b.

Si=

| =

N
Z Sijlijhij
J=1

(A.6)

where Sij = 1 if i and j are neighbors (i.e., (i, j) € Iryg) and 5,-,- = 0 otherwise, and the sum
is taken over all the grains in the OT because GBs at the edges of the RVE connect grains not
belonging to the RVE. The height £;; is obtained by using the definition of the Voronoi-Laguerre

tessellation:

Hence:

Moreover:

Hence:

wi = w; +d;,

hij = 2d:

=1
oS
S,’ = .
ow L
S 1< ~ij 5\ Olij
a_qu = Z 4 —U (W, w; +dij) 6wq +(6iq_6jq)lij
j=1

28

(A7)

(A.8)

(A.9)

(A.10)



Hence: Nz
S - 0ij ol
o, D) 2|0+ ) g+ (6 =)y A1

i=1 j=1

where the sum on i is taken over grains belonging to the RVE.

Appendix B. Calibration with respect to curvature driven evolution law

The shrinkage of a circular grain in an infinite matrix with a misorientation A# is modeled
according to according to the curvature driven evolution law (1). To calibrate the mobility
m(T) introduced in (23), the shrinkage of an hexagonal grain is modeled by OTUM as shown
in figure B.22. From (A.4) one obtains for the situation defined in figure B.22:

ol  aly; ol ol 1
Vie(2,--,7), —L = = - = - = (B.1)
y 8W1 0Wj 8Wj_1 aWj+1 2\/§R
Figure B.22: Circular grain shrinkage in an infinite matrix
The second order tensor y introduced in (32) reads:

2R X(A6

_ R X(46) (B.2)
3 m(T)

Thus, the second order tensor R introduced in (37) and it pseudo-inverse M introduced in (54)
are computed. Hence the evolution law (53) for the hexagonal situation can be used to obtain
Wmeso» and by using (33) one obtains the inward normal speed according to the proposed model:

_ m(T)y(T, A9)

Vecp = T X(AH) (B3)
Combining (1) and (B.3) one obtains:
m(T) = mcp(T, AG)X(AO) (B.4)
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