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Abstract

In this paper, we present the results of 426 anisotropic grain growth simulations in two-dimensions
using a diverse set of initial microstructures. We consider anisotropy by using a realistic 5D grain
boundary (GB) energy function [1]. We sample from the space of all possible crystallographic textures
(the texture hull) to generate initial microstructures. The resulting diversity of initial states enables us
to evaluate the impact of the initial state on the evolutionary trajectory and identify general trends.
We run anisotropic grain growth simulations using these microstructures as the initial points. Addi-
tionally, we analyze the evolution of the texture and GB network of these microstructures. We use the
orientation distribution function (ODF) and the triple junction distribution (TJD) as the descriptors
of the microstructures. We find that at the end of the simulations, there is a universal increase in the
sharpness of the ODFs. We identify both a trivial and non-trivial sharpening effect and quantify their
contributions to the overall texture sharpening. We also observe a positive correlation between texture
strength and its sharpening rate during grain growth. Finally, the evolution of the GB network showed
an increase in the low-angle GB fraction in most of the simulations, while spatial correlations in the
GB network remained dominated by crystallographic constraints around TJs without the development
of longer-range effects.
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1. Introduction

The behavior of polycrystalline materials is dic-
tated, to a significant extent, by their microstruc-
ture. Two of the key characteristics of these mi-
crostructures are the crystallographic texture and
the GB network, whose evolution during grain
growth greatly affects the properties of the final mi-
crostructure [2]. Hence, gaining an understanding
of the influence of the initial microstructure on the
final evolved state is vitally important for tailoring
material properties to specific needs.

GBs are characterized by five degrees of free-
dom. Three of these parameters describe the mis-
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orientation between two grains, and the remaining
two determine the GB plane normal. Traditional
grain growth theories assume isotropic conditions
[3–5], with numerous simulations conducted based
on these assumptions [6–12]. Recent work has in-
creasingly considered more realistic anisotropic GB
properties [13–31]. However, a significant portion
of anisotropic grain growth studies (e.g., those em-
ploying the Read-Shockley model [32]) still consider
only the misorientation dependence of GB energy,
often neglecting the influence of the GB plane nor-
mal.

The development of GB energy databases [33, 34]
and advanced energy models [1, 35], has spurred
recent anisotropic grain growth studies that ac-
count for all five degrees of freedom [28–31]. In our
previous work [29], grain growth simulations that
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fully considered anisotropy were executed using an
adapted implementation of the level set method by
Esedoḡlu [15]. In these simulations, the GB en-
ergy model from [1] (referred to as the BRK func-
tion) was used to perform these simulations. Two
types of microstructure were used to perform the
simulations, a microstructure with an initial ran-
dom texture and a microstructure with an initial
fiber texture. While in this previous work, we stud-
ied, in-depth and under realistic conditions, the mi-
crostructure evolution during grain growth, we only
examined a few specific microstructures. As far as
we know, a comprehensive survey to understand
general trends about microstructure evolution dur-
ing grain growth across a diverse set of initial mi-
crostructural states has not been done yet. Such
a study would reveal the influence that the initial
state has on the trajectory and rate of microstruc-
ture evolution.
In the literature, the ODF has been successfully

used as a descriptor of the microstructure [36–
38]. While there are experimental studies avail-
able [39–41], research on texture evolution during
grain growth has predominantly employed statisti-
cal modeling and computational simulations [42–
46]. These computational simulations have ex-
plored various factors influencing the evolution of
crystallographic texture. These factors include the
initial microstructure (initial texture, grain size dis-
tribution), anisotropic GB energy, anisotropic GB
mobility, and spatial correlations.
For instance, in [46], they conducted simulations

incorporating anisotropic GB energy and isotropic
GB mobility on a microstructure characterized by
a single texture component within a matrix of
random orientations. They observed significant
growth in the texture component, even without an
initial size advantage for the textured grains. In
[42], they studied texture evolution by perform-
ing grain growth simulations using a phase field
method under different conditions: anisotropic GB
energy, anisotropic GB mobility, and both. They
found that the primary variable that influences tex-
ture evolution is the GB energy density. For their
simulations, they used a microstructure with an
initial ODF composed of a single cube component
(assigned to 27% of grains) in a matrix of random

orientations. More recently, Zollner [43] performed
simulations with anisotropic GB energy and mo-
bility. They examined three different initial mi-
crostructures: one with a primary high-angle mis-
orientation distribution function (MDF), another
with a uniform MDF, and a third with a low-angle
MDF. They discovered that in the first scenario,
the microstructure evolved ideally, while in the lat-
ter two scenarios, the microstructure tended to pre-
serve and augment the fraction of low-angle GBs.
Additionally, the evolution of the triple junction

distribution serves as a key descriptor of the GB
network. In previous work [47], Lu and Yang gen-
erated and analyzed polycrystals with random ori-
entations and various texture intensities defined by
fractions of Goss orientation. They found that in
microstructures with stronger textures, the triple
junctions had more special boundaries. Lastly, it’s
worth mentioning that all these studies on grain
growth with different GB energies used a GB en-
ergy function that only considers the misorienta-
tions between grains.
The texture hull represents all possible crystal-

lographic textures a given material can adopt [48].
By systematically sampling initial microstructures
from the texture hull, it is possible to explore a
broad range of initial conditions and observe how
they evolve under grain growth. The texture hull
has been explored to study texture evolution during
strain hardening [49] and deformation processing
[50, 51]. In addition, Johnson et al. [52] recently
developed an algorithm to generate ODFs that ex-
plore the texture hull more efficiently.
The primary focus of this study is to investi-

gate the role of the initial crystallographic texture
on the final evolved state by considering a com-
prehensive set of initial ODFs. We generated this
set of initial ODFs by sampling from the texture
hull using the algorithm outlined in [52]. Then, we
sampled orientations from the ODFs and assigned
them uniformly at random to grains in each 2D
microstructure. This implies that there were no
spatial correlations in grain orientation in the ini-
tial states. Such an absence of spatial correlations
occurs in real materials under certain processing
conditions such as powder metallurgy [53], rapid
solidification [54], or mechanical alloying [55]. Each
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of the initial microstructures was subsequently sub-
jected to anisotropic grain growth simulations using
the level-set methods explained in [29]. Finally, we
monitored the evolution of the ODFs and visual-
ized their respective trajectories within the texture
hull. In addition, we explored whether different
initial microstructures evolve separately or if they
converge towards a common texture. This aspect
has relevance for materials design, potentially pro-
viding a roadmap to tailor the properties of poly-
crystalline materials based on their initial texture.

In Section 2.1, we detail the methodology em-
ployed to generate the set of initial ODFs spanning
the texture hull. Our visualization techniques for
representing ODFs within the texture hull are elab-
orated in Section 2.2. The grain growth simulation
approach, along with the associated parameters, is
delineated in Section 2.4. Section 3 provides an
overview of the grain growth simulation outcomes,
including charting the trajectory of ODFs within
the texture hull. In Section 4, we discuss the evo-
lutionary patterns of diverse ODFs, especially con-
trasting those with strong and weak textures. Our
findings and their implications are summarized in
Section 5.

Figure 1: The texture set (the Fourier coefficients of the fun-
damental ODFs) visualized in a 3D orthogonal projection.

2. Methods

2.1. ODF Generation

To generate a diverse set of ODFs, we first con-
struct the texture hull, and then we sample ODFs
from it. Construction of the texture hull involves
the following steps:

1. Obtain fundamental orientations: The
cubic orientation fundamental zone (FZ) is a
region in orientation space where each point
represents a unique orientation. We sample
orientations uniformly over the cubic orien-
tation fundamental zone (FZ). These are re-
ferred to as “fundamental orientations” [56,
57]. We used MTEX [58] to define equispaced
points in the FZ. The cubic orientation FZ
was discretized with a resolution of 10◦, re-
sulting in K = 618 fundamental orientations:
{gk | k ∈ [1, K]}.

2. Define the texture set: We first associate
a Dirac delta function ODF with each funda-
mental orientation,

fk(g) = δ(g, gk) . (1)

We then employ a finite harmonic expansion
approximation of each fundamental ODF:

fk(g) =
S∑

s=0

M(s)∑
µ=1

N(s)∑
ν=1

...
fµν
s

...
Dµν

s (g) , (2)

with S = 32 and where
...
fµν
s are the complex

Fourier coefficients and
...
Dµν

s are the basis func-

tions. The
...
Dµν

s are a variation of the Wigner-D
functions as defined in MTEX (see [59]), sym-
metrized for Oh crystal symmetry and triclinic
sample symmetry (see [38]). The Fourier coef-
ficients of a particular ODF constitute coordi-
nates in this 3,988-dimensional vector space1.
Thus, each ODF can be represented by a point
in this space. The set of Fourier coefficients

1There are 1,994 complex coefficients for Oh point group
symmetry and S = 32, resulting in a real vector space with
2 × 1,994 = 3,988 dimensions due to the real and imaginary
components each coefficient.
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Figure 2: The texture hull together with points representing
the 426 ODFs used in this study. (001) Pole figures corre-
sponding to a few representative points are also illustrated.

for all fundamental ODFs is convex and con-
stitutes the texture set, as shown in Fig. 1.

3. Define the texture hull: The texture hull
(see Fig. 2) is simply the convex hull of the tex-
ture set [56]. It is closed, compact, and obvi-
ously convex. Any ODF can be represented as
a point contained in the texture hull whose co-
ordinates are given by its Fourier coefficients,
which can, themselves, be expressed as a linear
combination of the Fourier coefficients of the
fundamental ODFs [60].

Having defined the texture hull, which contains
all possible ODFs (under a particular discretization
of SO(3)), we proceed to sample ODFs from it by
means of the hierarchical simplex sampling (HSS)
algorithm [52], which promotes uniform sampling
of both the interior and surface of the texture hull.
After sampling, the coefficients are adjusted by a
convergence acceleration technique [61] to ensure
non-negativity of the resulting ODF (eliminating
truncation artifacts from the fact that S is finite).

2.2. ODF Visualization in the Texture Hull

The texture hull resides in a high-dimensional
space, causing a full visualization of the Fourier co-
ordinates of each ODF and their subsequent evolu-
tion to be unattainable. We have chosen to display
the texture hull and the evolution trajectories of

the ODFs by orthogonal projection in the first 3
non-trivial dimensions. Fig. 1 displays the texture
set and Fig. 2 shows the texture hull.
Following the construction of the texture hull, as

referenced in Section 2.1, we uniformly dispersed
a sample of 10,000 ODFs throughout its multi-
dimensional space. Although the 10,000 points are
well distributed in the full 3,988-dimensional space,
in the 3D projection used for visualization, points
appear congregated near the origin. Thus, for ease
of visualization and to ensure comprehensive cov-
erage of the texture hull (visualized in Fig. 2), we
partitioned it into 1,000 equally-sized bins. From
our initial 10,000 ODFs, we then chose a represen-
tative point within each bin. Given that certain
bins didn’t contain any points, our final selection
culminated in 426 distinct points. These specific
426 points, which span the 3D projection of the tex-
ture hull, were subsequently employed as the initial
ODFs for our grain growth simulation microstruc-
tures.

2.3. Initial Microstructures

We use a similar procedure employed in our ear-
lier work [29] to define the initial microstructures.
This includes starting with a two-dimensional
Voronoi tessellation containing 10,000 grains. Af-
ter constructing the microstructural template, we
assigned a crystallographic orientation to each ini-
tial grain. The orientations were sampled from
the ODFs generated in Section 2.1 using MTEX
[62]. In all cases, the orientations sampled from
the respective ODFs were subsequently assigned to
grains in the microstructure template uniformly at
random. Assigning grain orientations directly en-
sures that crystallographic constraints are satisfied
by construction. The process to generate the ini-
tial microstructures is summarized in Fig. 3. Addi-
tionally, Fig. 4.(a)-(d) shows four samples of initial
microstructures created following this process.

2.4. Anisotropic Grain Growth Simulations

The fully anisotropic grain growth simulations
were performed using the methods from our prior
work [29], which are an extension of the level set
method developed by Esedoḡlu [15], based on one
of the algorithms described in [15] with adaptations
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Figure 3: (a) Texture hull with the 426 ODFs (black points). (b) Pole figure of one of the ODFs sampled from the texture
hull (generated using MTEX [62]). (c) Microstructure template from Voronoi tessellation containing 10,000 initial grains.
(d) Initial state of a microstructure for grain growth simulations after assigning orientations sampled from the ODF.

Figure 4: (a)-(d) Four initial microstructures (10,000 grains) and (e)-(h) the corresponding final microstructures (∼700
grains) from the 426 anisotropic grain growth simulations. Grain colors and corresponding color legend were constructed
using MTEX [62].

to employ the fully anisotropic 5D BRK GB energy
model [1]. The material simulated in the energy
function was nickel (Ni).
The algorithm simulates the mean curvature mo-

tion of networks of interfaces under arbitrary GB
energies. Classical theories consider that the local
velocity of a GB is proportional to its local curva-
ture (κ), and it is determined by the equation:

v = Mγκ (3)

where M is the GB mobility, and γ is the GB en-
ergy. In this version of Esedoḡlu’s Matlab imple-

mentation of the level-set method v = κ which im-
plies that Mγ = 1. As a result, the simulations do
not capture independent mobility effects (though
the effect of mobility is expected to be small com-
pared to the effect of the GB energy [22, 23]).
Even though M and γ cancel out, the GB energy
anisotropy still controls the GB motion. This is
because the curvature of any given boundary is de-
termined by conditions of force equilibrium at its
terminating triple junctions (the Herring condition
[63]). The simulation methodology employed here
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Figure 5: (a)-(d) Initial and (e)-(h) final ODFs corresponding to the microstructures shown in Fig. 4. The distance from
the origin of the texture hull is indicated for each.

has been confirmed to enforce/satisfy these equilib-
rium conditions [15, 29]. The anisotropic GB en-
ergy determines the dihedral angles at each triple
junction, which determine the curvature of each
GB, and consequently their velocity.

Using this procedure, each of the 426 initial mi-
crostructures was subjected to anisotropic grain
growth. Each simulation was run for 800 time steps
with a step size of ∆t = 3× 10−6. The state of the
microstructure was saved every 30 time steps. At
the end of the simulations, the microstructures had
less than 10% of the grains remaining (around 700
grains).

Fig. 4(e)-(h) displays the concluding evolved
states of four microstructures from the simulations.
After performing the simulations, we obtained a
large dataset of 426 microstructures across 121 time
steps each, for a total of 51,546 microstructural
states.

Every microstructure was stored as an 800× 800
label matrix, where the label in a given pixel in-
dicates the grain orientation at that point from
the accompanying list of initial orientations (repre-
sented as quaternions) assigned to each grain. The

Figure 6: The texture hull and arrows representing the tra-
jectory of the 426 ODFs during the simulations.

data acquired from each grain growth simulation is
accessible in [dataset] [64].

3. Results

3.1. ODF Evolution

In Fig. 6, we can see the trajectory of the 426
ODFs during the simulations. Each ODF is repre-
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sented by an arrow that goes from the initial ODF
to the final ODF. The arrows tend to point away
from the texture hull’s origin. The relative position
of an ODF to the texture hull’s origin is an indi-
cator of its randomness. ODFs proximate to the
origin have a random texture. In contrast, ODFs
located farther from the origin present a stronger
texture. The range of distances to the origin in
the generated 426 ODFs is 0.7 to 9.4. Beyond this
range, the textures are so sharp that they are es-
sentially single crystals. These distances were cal-
culated using all 1,994 of the complex valued co-
efficients (not just the 3 used for visualization in
Figs. 1–3 and 6).
Fig. 5.(a)-(d) shows four initial ODFs (out of the

426) chosen for their varying distances from the ori-
gin of the texture hull. The corresponding evolved
ODFs are illustrated in Fig. 5.(e)-(h). Both ini-
tial and final ODFs maintain similar overall shapes,
and textures seem to get sharper for ODFs with
strong initial textures (e.g., Fig. 5.(a)). However,
we don’t see as pronounced of a change in texture
for the ODFs that started with a weak texture (e.g.,
Fig. 5.(d)).
Moreover, to visualize the change in the distance

between all the ODFs to the origin, Fig. 7 illus-
trates the distribution of these distances for the
initial and final state of the ODFs. Notably, a
discernible shift to the right in the final ODF dis-
tribution is evident. Quantitatively, the average
distance for initial ODFs is 4.91, while the post-
simulation ODFs present an average of 5.60. The
difference is a 14.03% increase in distance, which is
significant and highlights the ODF evolution dur-
ing grain growth.
While the accumulated distances between ODF

points and the origin suggest an increase for the
evolved states, it’s important to determine whether
this trend is universal or limited to a subset of
the initial ODFs. To estimate the trajectory of
each point in the texture hull relative to the ori-
gin, Fig. 8 displays the extent of displacement each
ODF underwent during the simulations. Notably,
all recorded distances were positive, signifying that
every ODF moved further from the origin as the
simulation progressed. Since closeness to the ori-
gin denotes a random texture, this pattern suggests

that all textures get sharper during anisotropic
grain growth.

Figure 7: Distribution of the distance from the origin before
and after anisotropic grain growth.

Figure 8: Distribution of the change in the distance from
the origin after anisotropic grain growth.

3.2. TJD Evolution

In this section, we present the results of the
TJD’s evolution throughout the grain growth sim-
ulations. The term (Ji) represents the triple junc-
tion fractions, designating the fraction of TJs in
the microstructure coordinated by i low-angle GBs
(LAGBs). The array [J0, J1, J2, J3] is commonly re-
ferred to as the TJ Distribution (TJD).
Our simulations show distinct evolutionary

trends in the TJD across two microstructure types.
The TJD at each time step are plotted for a rep-
resentative microstructure of each type in Fig. 9.
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Figure 9: TJD evolution of a microstructure with (a) strong texture and (b) weak texture. Solid lines show the uncorrelated
TJD predicted for the ODF at each of the respective time steps: initial (blue), intermediate (green), and final (red).

Figure 10: Distribution of change in LAGB fractions (p).

First, Fig. 9.(a) illustrates the evolution of a mi-
crostructure exhibiting strong texture, with an ini-
tial ODF from Fig. 5.(a). In Fig. 9, p repre-
sents the length-fraction of LAGBs, applying the
conventional 15◦ threshold. Here, the value of p
increased from 0.4583 to 0.5302 throughout the
simulations. Accordingly, there is a trend of de-
creasing J0, slightly decreasing J1, and increasing
J3, whereas J2 remains largely unchanged. The
diminution in J0 and increase in J3 show that there
is an increase in connections between LAGBs and
a decrease in connections between high-angle GBs
(HAGBs). In addition, initial TJ fractions do not
deviate from the uncorrelated TJD [65–67] (illus-

trated by the solid lines and defined in Section 4.4).
Moreover, it is evident that J0 and J3 fall on top
of the uncorrelated lines, while J1 and J2 stay close
to the uncorrelated lines but slightly deviate from
them at some time steps. Other simulations with
initial microstructures with moderate to strong tex-
tures presented similar behavioral traits.

Conversely, the evolution of the TJD for weak
texture microstructures (ODF from Fig. 5.d) is il-
lustrated in Fig. 9.(b). The LAGB fraction p re-
mains relatively stagnant throughout the simula-
tions. Initially, the TJs are predominantly J0-type.
However, no significant transformation is observed
in the values of the Ji. Additionally, in this case,
the TJ fractions stay in proximity to the uncorre-
lated TJD (they fall on the red line).

In Fig. 10, we can see the change of the LAGB
fractions for each microstructure. Positive values
mean that the LAGB fraction increased. Most
of the microstructures have a positive difference.
There are some microstructures that have a neg-
ative change. However, these instances where the
LAGB fraction decreases are small in magnitude
(close to zero), which suggests that for such cases,
the LAGB fraction value didn’t change significantly
during the simulations.

The mean LAGB fraction value for all the initial
microstructures stands at 0.20, while the final av-
erage increases slightly to 0.22. This represents a
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10.47% difference, presenting a general trend: the
proportion of LAGBs tends to increase as the mi-
crostructures evolve.

4. Discussion

As is apparent from the foregoing results, texture
appears to universally sharpen during grain growth.
In addition, we observe that microstructures with a
stronger initial texture show a larger change during
grain growth. In this section, we explore possible
explanations for these observations.
It is noteworthy that grain growth is governed

by the principle of minimization of the total energy
in the system. One of the mechanisms to mini-
mize the system’s energy is by expanding the size
of low-energy GBs at the expense of high-energy
GBs by the motion of triple junctions. This mech-
anism is relevant in our simulations as we consider
anisotropic GB energy.
To explain how the microstructure gets sharper,

let us consider a simulation where the microstruc-
ture (e.g., Fig. 5.(a)) contains one predominant ori-
entation, q, while the rest are random orientations
r. When the proportion of orientation q domi-
nates, there is a high proportion of low-angle GBs
(q-q boundaries) compared to high-angle GBs (q-r
or r-r boundaries). Consequently, q-q boundaries
are low-energy GBs, and q-r or r-r boundaries are
likely high-energy GBs. During grain growth, at
each triple junction, the high-energy GBs tend to
reduce in size and eventually disappear, preserv-
ing the low-energy GBs. Thus, grains separated
by low-energy (primarily low-angle) GBs are more
likely to persist, whereas grains separated by high-
energy GBs are more likely to be the ones that get
eliminated, leading to a more pronounced texture
in the microstructure. For example, Fig. 11 shows
a grain that persisted in one of the simulations. In
the initial microstructure, this grain had an average
disorientation angle of 14.57, while it ended with a
disorientation angle of 11.39. Similar to this grain,
most grains in the last simulation step present a
lower disorientation angle than at the beginning of
the simulation. However, the survival or disappear-
ance of grains is influenced by various factors, in-
cluding but not limited to grain size and spatial

correlations. While the presence of low-angle grain
boundaries (LAGBs) may contribute to a grain’s
persistence, it could still disappear due to other
factors.

Figure 11: (a) Grain at the first time step of the simulation.
(b) The same grain at the last time step of the simulation.

Experimental investigations have also observed
texture enhancement during texture evolution. For
instance, in the experiments reported by [68], the
annealing of a rolled magnesium alloy resulted
in a significant sharpening of the texture. They
hypothesized that the anisotropic GB properties
are responsible for the strengthening of the tex-
ture. Moreover, experiments have also reported
an increase in the fraction of LAGBs during grain
growth [24, 40]. Specifically, Gruber et al. [24]
analyzed polycrystalline magnesia samples and
measured the misorientation distribution function.
Their findings showed that there was an increase in
the average area of LAGBs during the experiment.
These results are consistent with our observations
in the present work.
This texture enhancement, along with the rise in

LAGBs, is reflected in the TJD’s evolution. The
data indicates a growing fraction of LAGBs, which
correlates with the decline in J0 and the surge in J3.
As the microstructure progresses, the diminishing
HAGBs make triple junctions dominated by three
HAGBs less frequent, favoring those where all GBs
are LAGBs. It is apparent that during this evolu-
tion, triple junctions transition from J0 to J3. In
this transformation, they might temporarily shift
to J1 or J2, serving as transitional states.
Although all textures become sharper during the

simulations, the extent of this change varied de-
pending on the specific ODF. Even though most
GB networks increased the LAGB fraction, the
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Figure 12: Distribution of the contribution of trivial sharp-
ening (percent of total sharpening).

magnitude of this increase differed across the var-
ious microstructures. In the following subsections,
we discuss and analyze the type of microstructures
that present a larger and smaller change during
grain growth. We also analyze possible causes for
these changes. In addition, we discuss changes in
the ODF beyond just sharpness.

4.1. Trivial vs non-trivial sharpening

We have observed the sharpening of the ODFs
during grain growth and analyzed how minimiz-
ing energy during grain growth could lead to this
sharpening. However, there are potentially two dis-
tinct sources of texture sharpening. The first is
the trivial source: as grain growth proceeds, there
are fewer grains, and with fewer grains, the texture
necessarily sharpens. The second is the non-trivial
sharpening that we discussed previously.
To test whether the sharpening experienced by

the ODFs comes from the trivial or the non-trivial
source, we calculate the contribution of the triv-
ial effect to the total texture sharpening in each
microstructure. To calculate the trivial sharpen-
ing, we start with the initial set of grains of a
microstructure and the corresponding orientations.
We randomly pick a subset from this set of grains.
The subset has the same size as the number of
grains in the final time step for that microstruc-
ture. Then, using the subset of grain orientations,
we generate an ODF and calculate its distance to
the origin in the texture hull. The difference be-
tween this distance and the distance of the initial

Figure 13: Scatter plot of the ODF’s initial distance to the
origin vs. Contribution from trivial sharpening.

ODF from the origin is an estimate of the amount of
trivial sharpening as it comes from down-sampling
the initial ODF. Finally, we calculate the percent-
age of trivial sharpening by taking the ratio of the
trivial change in distance to the actual change in
distance. We repeated this process 100 times for
each ODF and took the average as an estimate of
the amount of trivial sharpening.

Fig. 12 shows the trivial sharpening percentage
distribution for all ODFs. As expected, the trivial
sharpening is positive or close to zero for all the
ODFs. The range of trivial sharpening percentage
is 0% to 151%. Percentages above 100% mean that
for those ODFs, the total traveled distance is less
than the trivial sharpening estimate. Most percent-
ages are under 100%, but as some distances traveled
were minor, even small differences with the trivial
sharpening estimate could mean high percentages.

Additionally, Fig. 13 presents the correlation be-
tween the initial distance to the origin and the de-
gree of trivial sharpening percentage. There is a
strong negative Pearson’s correlation with a coef-
ficient ρP = −0.78. This correlation shows that
while all ODFs experienced some trivial sharpen-
ing (as expected), the magnitude of this sharp-
ening varied among them. ODFs that present a
weaker texture exhibited a more substantial de-
gree of trivial sharpening compared to those with
a stronger texture. For a weak texture ODF (like
Fig. 5.(d)), trivial sharpening is around 91.52% of
the total sharpening, while for a microstructure

10



with a strong texture (Fig. 5.(a)), trivial sharp-
ening represents only 8.67% of the total sharpen-
ing. This is significant because it indicates that
strong textures not only experience a large degree
of sharpening, but nearly all of that sharpening is
due to the non-trivial effect caused by the GB en-
ergy anisotropy.

4.2. ODF Randomness and Evolution Rate Corre-
lation

We further analyze which initial ODFs under-
went significant changes and which ones remained
relatively stable. In Fig. 14, we plot the distance
each ODF moved relative to the origin of the tex-
ture hull against their starting distance from the
origin. Our data revealed a moderate positive cor-
relation, with a Pearson’s correlation coefficient
of ρP = 0.47. This suggests a weak relation-
ship, accounting for 22% of the shared variance
(R2 = 0.22).

Figure 14: Scatter plot of distance between ODF from origin
vs. Difference between initial and final ODF with respect to
the origin.

However, a closer look at Fig. 14 suggests the
presence of two separate distributions. The first
set of data points, with initial distances ranging
from 0 to 4.31, differs from the second set, spanning
distances from 4.31 to 10. Breaking these groups
apart for further analysis, we found that the first
group, associated with weak texture, had a Pear-
son’s correlation of ρP = −0.16 (essentially a neg-
ligible relationship). In contrast, the second group,
corresponding to strong-textured ODFs, exhibited

Figure 15: Scatter plot of the ODF’s distance to the origin
vs. Change in angular position between initial and final
ODF.

a more robust correlation of ρP = 0.54, which is
a stronger correlation when compared to the entire
dataset’s correlation. This indicates that weak tex-
tures remain largely static, while stronger textures
sharpen during grain growth. Moreover, on aver-
age, the sharper the initial texture, the faster the
rate of sharpening.

4.3. ODF Reshaping/Rotation

Up to this point, we have analyzed the change in
the radial position of the ODFs within the texture
hull. In this section, we examine changes in the an-
gular position. An ODF that exhibits positive ra-
dial movement without any angular change means
that the ODF presents essentially the same shape
and is only getting sharper. In contrast, changes
to the angular position of an ODF in the Fourier
space represent rotations or changes in the shape
of the ODF. An evolutionary trajectory that has
no radial component signifies that the ODF has ro-
tated or morphed so that probability density has
shifted to different orientations.
To evaluate the change in the angular position of

each simulation, we construct two vectors. The first
vector goes from the origin to the initial ODF in the
texture hull, and the second vector goes from the
origin to the final ODF (using all of the coefficients
in both cases). The angle between these two vectors
represents the angular change of the ODF.
In Fig. 15, we can see the relationship between

11



Figure 16: Difference between initial and final order parameters (a)χ and (b) σ.

the change in angular position and the initial dis-
tance to the origin for each ODF. The data exhibits
a very strong negative Spearman’s correlation with
a coefficient of ρS = −0.93. The microstructures
with a more random texture (smaller distance from
the origin) present a large change in angular posi-
tion. And the microstructures with a strong tex-
ture show a smaller angular movement.
This observation suggests that ODFs with a

weak texture do not develop a texture but rather
undergo rotations or morphological changes in
their ODF. For these microstructures, as there are
no predominant orientations, grain size fluctua-
tions and disappearing grains during grain growth
may cause significant rotations or morphological
changes to the ODF. On the other hand, for ODFs
with a strong texture, grain growth does not in-
duce changes to the angular position of the ODF,
but only results in sharpening of the ODF (radial
motion). Thus, there appear to be two fundamen-
tally different evolutionary trajectories of texture
during grain growth depending on the initial state.

4.4. GB network evolution

Fig. 16 shows the change of the GB network topo-
logical order parameters [65]. χ, represents the ten-
dency of LAGBs to form either compact (χ < 0)
or elongated (χ > 0) clusters, and σ, indicates the
tendency of LAGBs and HAGBs to mix (σ < 0) or
phase separate (σ > 0).
While some GBNs experience a slight increase in

χ and others a slight decrease, on average, there

is no significant change χ between the initial and
final states. On the other hand, there is a slight in-
crease in σ on average, which indicates a preference
for phase separation of the LAGBs and HAGBs.
However, the change in σ is also negative for some
microstructures, and the average increase is small.
Additionally, we analyze the strength of correla-

tions in the evolution of the GB network. The TJ
fractions are a measure of the type and strength
of local correlations in GB type around TJs. The
uncorrelated TJD [65, 66, 69] describes the distri-
bution of triple junctions at each fraction of LAGBs
in the absence of spatial correlations in grain orien-
tation. In Fig. 9.(b), the TJD matches the uncorre-
lated predictions (for each particular texture). This
indicates that the short-range correlations required
by crystallographic constraints around TJs domi-
nate throughout the grain growth process without
the development of significant longer-range correla-
tions in the GB network. For strong texture ODFs,
in Fig. 9.(a), the result is similar, but the TJD devi-
ates slightly from the uncorrelated lines for J2 and
J3. Thus, in all cases, the observed evolution in the
TJD (which we use as a descriptor of the GB net-
work structure) can be explained almost entirely by
the increase in LAGBs, without the emergence of
any longer-range correlations.

5. Conclusion

In this research, we generated a set of 426 ODFs,
spanning the texture hull. Using this extensive

12



set of ODFs, we constructed initial microstructures
that we used to perform a broad survey of fully
anisotropic (5D GB energy model) grain growth
simulations on 2D microstructures. The primary
objective of our study was to investigate how the
initial state of the microstructure influences its evo-
lution and make general observations. Our key
findings include:

• As the simulations advanced, all ODFs got
sharper during grain growth. On average, the
distance from the uniform ODF increased by
14.03%, but ranged from 1.60% to 57.63% de-
pending on the initial state.

• We distinguished between trivial sharpening
due to the disappearance of grains (coarsen-
ing of the microstructure) and a novel non-
trivial texture sharpening effect. We proposed
a mechanism to explain this non-trivial sharp-
ening effect (which is caused by GB energy
anisotropy) and quantified its influence rela-
tive to trivial sharpening. We found that weak
textures sharpen very little and any sharpen-
ing that does occur is primarily due to the
trivial effect. In contrast, stronger textures
sharpen significantly, and that sharpening is
primarily due to the non-trivial effect.

• We found that the evolutionary trajectory of
weak textures during grain growth is primarily
rotation or a change in the shape of the ODF,
while the trajectory of strong textures is pri-
marily sharpening while preserving the shape
of the ODF and the locations of its peaks.

• Our analysis showed a significant positive
correlation between texture strength and its
transformation rate during grain growth. This
suggests that the stronger the initial texture,
the faster the sharpening of the ODF.

• Analysis of the GB network evolution revealed
that the low-angle GB (LAGB) fraction con-
sistently increased, with an average increase of
10.47% over the duration of the simulations.
While the structure of the GB network did
evolve (increase in J1, J2, and J3 and decrease

in J0), this evolution can be explained almost
entirely by the increase in the LAGB fraction
without the emergence of any correlations be-
yond the local constraints of crystallographic
consistency around TJs.
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