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Abstract: In order to understand the effects of drawing velocity, initial grain size and texture on the
microstructure evolution during directional annealing, a cellular automata model based on grain
boundary (GB) curvature, GB energy and GB mobility was established with a modified calculation
model of the GB curvature. The simulation results show that there is a lower limit and an upper limit
to the drawing velocity for the formation of columnar grains, and the columnar grains can only be
formed between the upper limit and the lower limit. The simulation results are consistent with the
experimental results. When the drawing velocity is lower than the lower limit, the equiaxed grains
grow at the front of the hot zone, which hinders the formation of the columnar grains. With the
increase of initial grain size, the driving force of GB migration decreases, and the grain boundaries
are difficult to move with the hot zone, which is not conducive to the formation of columnar grains.
There is an upper limit of initial grain size for the formation of columnar grains. The abnormal
growth induced by texture prevents the growth of columnar grains during directional annealing. The
weaker the texture strength, the more conducive to the growth of columnar grains.

Keywords: directional annealing; grain boundary curvature; grain growth; cellular automata

1. Introduction

Directional annealing, also known as directional recrystallisation, is a heat-treatment
process in which a moving hot zone with sharp temperature gradient traverses a specimen.
It has been used to produce columnar grain structures or single crystals for superalloys,
especially the oxide dispersion strengthened iron-based and nickel superalloys in the
aerospace industry [1,2]. The evolution of columnar grain structures during directional
annealing has drawn attention in recent decades because columnar grain structures can
enhance creep properties, improve low-cycle fatigue resistance and exhibit crack-stopping
behaviors [3]. Several advanced characterization techniques such as high-energy X-ray
diffraction microscopy have been applied to the direct observation of grain structure [4].
However, it is difficult to experimentally track the evolution of the columnar grain structure
and analyze the impacts of various factors on the migration of grain boundaries.

The microstructure evolution during directional annealing is determined by two dif-
ferent types of parameters [1]. One is the processing parameters such as drawing velocity,
annealing temperature and temperature gradient ahead of the hot zone. Zhang et al. [5]
pointed that the withdrawing velocity had a significant effect on the formation of colum-
nar grains in pure iron, and that there is an optimum drawing velocity that produces
columnar grains with the highest grain aspect ratio at a fixed annealing temperature. The
optimum drawing velocity also exists in Fe-Mn-Al-Ni and high-purity nickel [6,7]. For
the temperature gradient and annealing temperature, a sharp temperature gradient is
needed to avoid grain growth ahead of the hot zone. There is a lower temperature limit
for columnar grains formation in most research on directional annealing [1]. The other
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is the microstructural parameters, which include the initial grain size, texture, insoluble
particles and soluble particles. Zhang et al. [8] found that texture hinders the columnar
grain growth, because there are many low angle or twin boundaries between the columnar
grains and equiaxed grains with recrystallized textures at the front of the columnar grains.
There are few studies on the effect of initial grain size on columnar grain growth during
directional annealing. Hotzler et al. [9] found that there was an upper limit of initial grain
size for formation of columnar grains in oxide dispersion strengthened superalloy MA
6000E due to the reduction in the driving force of GB migration from GB energy at larger
grain sizes. The microstructure of materials containing insoluble particles after directional
annealing is closely related to the distribution of insoluble particles. For hot-extruded
ODS MA 754 with oxide particles aligned along the hot extrusion direction, the growing
direction of columnar grains is consistent with the arrangement of particles and is not
affected by the direction of directional annealing [10]. For soluble particles, Yang et al. [11]
found that particle dissolution is a prerequisite for columnar formation in Ni-Al alloys.

With the development of computer technology, numerical methods have been widely
used to simulate the microstructure evolution during material processing [12,13]. For
directional annealing, there are several numerical models to simulate its microstructure
evolution, such as Monte Carlo models, front-tracking models and phase field models.
Holm et al. [14] confirmed that columnar grains can form from textured material during
directional annealing using the Monte Carlo model with Gaussian temperature gradient.
The main problem with Monte Carlo models is that it is difficult to establish an accurate
relationship between real time and simulation time. Badmos et al. [15] systematically
researched the grain structure evolution under different drawing velocities and hot zone
widths using the front-tracking model. They found that there was an upper limit of
drawing velocity for columnar grains formation and increasing the hot zone width was
benefited to columnar grain growth. Wei et al. [16] simulated the grain growth with a
moving temperature gradient using the phase field model, columnar grains can be formed
when drawing velocity is between the minimum and maximum grain growth rates. Both
phase field model and front-tracking model require significant computational resources for
microstructure evolution simulation.

The cellular automata (CA) model is a sharp interface model. It can be used to simulate
the influence of GB structure, GB energy, GB mobility and temperature field on the GB
velocity with a higher computational efficiency [17]. The CA model has been widely used
in the simulation of solidification, phase transformation, recrystallization and grain growth
behavior in recent years [18,19]. In the simulation of grain growth, most papers focus on
the improvement of the GB structure model and curvature model, and analyze the grain
growth kinetics, grain size distribution and topological aspects. Regarding the GB structure
model, Johnson et al. used Euler angles to represent different grain orientations rather than
integers, and accurately described GB structure by the misorientation between the adjacent
grains and GB plane. The GB curvature also plays a significant role in grain growth [20,21].
Mason et al. [22] proposed a complex curvature model based on rigorous mathematical
derivation for two-dimensional and three-dimensional CA simulations. Li et al. [23] re-
searched the grain growth kinetics, grain size distribution, topological aspects with two
different GB curvature models. The most popularly used two-dimensional curvature model
was proposed by Kremeyer [24] in order to simulate the process of binary solidification.
Su et al. [25] extended Kremeyer’s curvature model to three-dimensional grain growth sim-
ulation. However, there are few investigations on the relationship between the calculated
curvature and the factors such as shape factor and the relative position of the GB and the
curvature calculation region.

In this work, we modified Kremeyer’s curvature model using a new shape factor to
improve the calculation accuracy. The shape factor closely relates to the relative position
between the GB and the curvature calculation region. A CA model was then developed
to simulate microstructure evolution during directional annealing with GB mobility of a
movable Gaussian distribution. Based on the CA model, the influence of drawing velocity,
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initial grain size and texture on the microstructure evolution during directional annealing
were numerically studied in detail.

2. Description of Model
2.1. Grain Boundary Velocity

It is generally assumed that the GB velocity is directly proportional to the driving
force and can be expressed as follows [26]:

V = MP 1)

where P is the driving pressure and M is the GB mobility. GB migration is driven by the
reduction of the GB area and move towards their centers of curvature. The driving pressure
can be generally expressed via the following equation:

P =xy @)

where « is the GB curvature and 7 is the GB energy. The low angle GB energy can be
calculated by classical Read-Shockley relation which is based on dislocation model [27]. We
use the modified Read-Shockley relation for a large angle GB, also employed by, e.g., [28],
which can be expressed as:

Y = Ymsin(2A0){1 — r,, In[sin(2A0)] } 3)

where 7, is the maximum of the GB energy, r,, is a constant, and A6 is the misorientation
between adjacent grains. For the microstructure evolution of directional annealing, it is
common to assume that the GB mobility follows a Gaussian distribution [14,16]. In this
study, we assume that the GB mobility (M(x, t)) in the direction of the heat zone movement
follows the following Gaussian distribution:

(x — vt)z)

M(x, t) = Mnin + (Mmax - Mmin) exp(— 202

4
where x is traveled distance of the heat zone, v is the velocity of the heat zone. T is the time
of the hot zone’s movement, and vt represents the distance traveled by the hot zone. 2¢
is the width of the heat zone, with 2¢ = 0.02L [14], where L is the length of sample. Mmax
and M,y are the GB mobility of pure iron at 1073 K and 823 K, respectively, which can be
calculated by the following formula [29]:

_ Dol? Qp
M= kTeXp<_RT) ®)

where Dy is the self-diffusion coefficient, b is the magnitude of the Burgers vector, k is the
Boltzmann constant, T is the thermodynamic temperature, R is the gas constant and Q,
is the activation energy for GB motion. The material parameters used for grain growth
during directional annealing are listed in Table 1.

Table 1. Parameters of CA model for grain growth during directional annealing, data from [28,29].

T (Jim?) Dy (m?/s) b (m) Qp (KJ/mol) To
0.56 1.11 x 107° 248 x 10710 140 0.66

2.2. Grain Boundary Curvature

In mathematics, curvature refers to the rate of change of direction of a curve with
respect to the distance along the curve. Continuity is a necessary condition for the existence
of the curvature of a curve, but GB curvature is usually calculated by a GB represented by
discrete state lattices in a CA simulation. One of the most widely used models for local
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GB curvature calculation was proposed by Kremeyer [24]. As is shown in Figure 1, the
curvature calculation region of cell i includes the first- and second-nearest neighbors, and
the area of red grain in the curvature calculation region is proportional to the local GB
curvature. The local GB curvature can be described as follows:

_ AKink—N; _ A S
K_aN—i-lNa(So_Stot> ©

where a is the cell size of the square cell, A is a shape factor, N = 24 is the number of the first-
and second-nearest neighbors, Kink = 15 is the number of cells within the neighborhood
that belong to grain i for a flat interface, N; is the number of cells within the neighborhood
belonging to the grain i and N; = 8 in Figure 1. Sy is the area ratio of grain i for a flat grain
boundary when the curvature calculation region has infinite cells, S is the area of grain i in
the curvature calculation region and Sy is the area of the curvature calculation region.

Curvature calculation region

H = Grain k

T

Figure 1. Schematic view of local GB curvature calculation.

The curvature calculation value of Kremeyer’s curvature model is closely related to
the ratio of the area of grain 7 to the area of the curvature calculation region; moreover, it
is necessary to further consider the influence of the shape factor A, the relative position
of GB and the curvature calculation region. Previous studies often roughly assumed that
the shape factor A was 1.28 for both square cells [29] and hexagonal cells [30]. Recently,
Li et al. [23] compared the calculation values of the CA model with the von Neumann's
topological relation and obtained a value of A = 2.4. In this paper, we obtained the shape
factor A through the Monte Carlo method and studied the influence of different relative
positions of GB and the curvature calculation region on curvature calculation value. As
is shown in Figure 2, there are four types of relative positions of GB and the curvature
calculation region. The magnitude of the curvature radius |R| and angle 6 between the
curvature radius and horizontal X-axis are used to describe the relative position between
the GB and the curvature calculation region. Firstly, we assign N,; = 10,000,000 random
points in the curvature calculation region and determined whether the random points are
in grain i by Equation (7). Then, the number of all random points in grain i is calculated by
Equation (8) and the proportion of grain i’s area is calculated with Equation (9). Finally, the
dimensionless curvature was calculated by xa =a/ IR 1.

0, /(%= IR+ (5~ IRI) > IR

P = ()
i
L/ (x— IR)” + (y;— IR]) < IR]
Nayy
Nip =Y P; (8)
i=1
S N;
—— 9
Stot  Nan ©)

where x; and y; are the coordinates of random points and R is the curvature radius at the
GB. Pj = 1 means that the jth random points is within grain i, and P; = 0 means that the jth
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random point is not within grain i. Ny, is the number of all random points in the grain i,
and N, is total number of random points.

(@) (b) ()
|R| =1.5a & |R| =1.5a |R|=3a
Yyl @ =R0° Y| 7 0=30° Y| o0=0°

X Grain boundary X X

Figure 2. The relative position of the GB and the curvature calculation region. (a) # =0°, IR| =1.5a,
(b)6=30° IRl =1.5a,(c) #=0°, IRI =3a,and (d) 6 =30°, IR| =3a.

To analyze the stability of the area ratio calculated by the Monte Carlo method, the
relationship between the area ratio and dimensionless curvature at 8 = 0° was calculated
three times, as shown in Figure 3. The maximum deviation of the three calculation results
was less than 0.11%, and the calculation results were stable. In order to further analyze
the accuracy of the calculation results, the theoretical values of § =0°, IRl =1and 6 =0°,

IR | = 2% were compared with the Monte Carlo calculated values, and the deviations in
both cases were less than 0.03%. Therefore, the calculated values of the area ratio are stable
and accurate with the Monte Carlo method.
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Figure 3. The calculation results for three different area ratios at 8 = 0°.

In order to consider the symmetry of the square curvature calculation region with the
GB, 6 = 0° to 45° can describe all possible relative positions. Therefore, 8 = 0°, 15°, 30°, 45°
were selected, and the GB passed through the center of the curvature calculation region.
As shown in Figure 4, the dimensionless curvature for different relative positions and
different area ratios was calculated. The area ratio was proportional to the dimensionless
curvature. The fitting parameters of the area ratio and the dimensionless curvature at
different angles 0 are summarized in Table 2. As 6§ increased, the shape factor A of the
square cell first decreased and then increased, changing between 2.94 and 3.58. The fitting
parameter Sy changes between 0.48~0.52, with a small fluctuation. On average, the shape
factor of the square cell is 3.22, so A = 3.22 is selected as the shape factor of the square cell
in this paper. The area ratio of the square curvature calculation region and the curvature

can be described as: 390 S
K= ——[050— — 10
a ( Stot) (10)
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Figure 4. The relation between area ratio and dimensionless curvature when GB and curvature

calculation region are at different relative positions.

Table 2. The fitting parameters of area ratio and dimensionless curvature.

Relative Angle 0 Shape Factor A Parameter Sy
0° 3.58 0.51
15° 2.94 0.52
30° 297 0.48
45° 3.40 0.50
On average 3.22 0.50
2.3. CA Model

In the CA model, GB migration is controlled by the continuous transition of cells at the
grain boundaries. The transition of cell states is closely related to the type of neighbors and
transition rules. The common von Neumann neighbors were used in this model, which
included four neighbor cells in contact with the central cell. The transition rules for GB
migration consist of two main parts: one part was the sign of curvature that controlled the
direction of GB migration, and the other part was the transition probability that controlled
the GB velocities. If the curvature of cell i at the GB is less than or equal to 0, the cell at
the GB cannot transform into its neighboring cells. If the curvature of cell i at the GB is
greater than 0, the cell 7 at the GB has a probability to transform into the neighbor cell. The
transformation probability is given by p; = V;/Vmax, where V; is the GB velocity of cell i at
the GB, and Vax is the maximum GB velocity.

The time step At and the size of the square cell were determined by comparing the
simulated microstructure with the experimental microstructure. Firstly, the experimental
microstructure [5] was divided into 600 x 800, and the size of square cell, a = 3.36 pm, was
obtained. Then, when the GB mobility distribution or temperature distribution moved a
grid per 50 time steps along the length of the sample, the simulated microstructure was
consistent with the experimental microstructure at 30 pm/s [5]. Through ﬁ =30um/s,
the time step, At, was calculated to be 2.24 x 103 s.

The initial grain structure for the CA simulation was generated by a recrystallization
CA model. The symmetry boundary condition was applied to all boundaries, the cell
state was symmetrical about the boundary. Each cell was assigned an orientation value
between 0° and 90° for fcc materials, and the grains were composed of a number of cells
with the same orientation value. For simulation research on the effects of drawing velocities
and texture, the initial grain structure is shown in Figure 5, with an initial grain size of
approximately 30 pm.
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Figure 5. Initial grain structure generated for the CA simulations.

3. Results and Discussion
3.1. Effect of Drawing Velocity

Figure 6 shows the evolution of equiaxed grains into columnar grains during direc-
tional annealing. As the heat zone moves from left to right, the columnar GB at the front of
the heat zone moves with it, and the columnar grains continue to grow by engulfing the
equiaxed grains at the front of the moving heat zone.

Figure 6. Microstructure evolution of directional annealing at a drawing velocity of 3.3 pm/s at
900 °C. (a) the hot zone passes through half of the specimen, (b) the hot zone passes completely
through the specimen.

Figure 7 shows the simulated microstructures during directional annealing with
various drawing velocities. The equiaxed grains can be obtained at low and high drawing
velocities. When the drawing velocity is 0.1 um/s, coarse equiaxed grains are obtained,
as shown in Figure 7a. When the drawing velocity is 30 um/s, a fine equiaxed grain
structure is obtained, with a grain size of 102 um, as shown in Figure 7f. The grain size after
directional annealing at 30 um/s is larger than the initial grain size, indicating that a certain
degree of grain growth also occurs at 30 pm/s, as show in Figures 5 and 7f. However, the
equiaxed grain size of 102 um after 30 um/s is much smaller than 549 um at 0.1 um/s,
as shown in Figure 7a, f. The columnar grains can be generated at the middle drawing
velocity, but slightly higher drawing velocity such as 18 pm/s result in a mixture of both
columnar grains and equiaxed grains, as illustrated in Figure 7b—e.

The grain length, grain width and aspect ratio obtained after directional annealing at
900 °C with different drawing velocities are shown in Figure 8. The grain length is parallel
to the direction of movement of the heat zone, and the grain width is perpendicular to the
direction of movement of the heat zone. The grain length and width are calculated using the
intercept method, and the aspect ratio is defined as the ratio of the grain length to the grain
width. As shown in Figure 8a, the columnar grains can be formed in range of 0.1 pm/s
to 30 um/s. The grain width gradually decreases as the drawing velocity increases, due



Metals 2023, 13, 368

8 of 14

to increased drawing velocity reducing the heating time of the sample. In terms of grain
length, it increases first and then decreases with increasing drawing velocity. As shown in
Figure 8b, the aspect ratio increases and then decreases with increasing drawing velocity.
The columnar grains with the maximum aspect ratio are obtained at 3.3 um/s.

Figure 7. Simulated microstructures with various drawing velocities after directional annealing at
900 °C. (a) 0.1 um/s, (b) 0.75 um/s, (c) 3.75 um/s, (d) 7.5 um/s, (e) 18 um/s, (f) 30 um/s.

1600 (a) —&— grain width 6.0} (b)

— —e— grain length
§_1200 : =
= = 45

«
g [
@ 800} ‘g 20
= of
.E ?
S
O 400}

1.5}
0 " " "
107! 10° 10! 10? 10! 10° 10! 10%
Hot zone velocity (um/s) Hot zone velocity (um/s)

Figure 8. The relationship between drawing velocity and grain size at 900 °C. (a) grain length and
grain width, (b) aspect ratio.

In the experimental study of directional annealing, it was observed that there is a
lower and upper limit of drawing velocity for columnar grains formation [1,5,31,32], which
is generally consistent with our simulated results. Zhang et al. [5] investigated the effect of
different drawing velocities on directionally annealed pure iron at 900 °C. It was found that
columnar grains can be obtained at a drawing velocity between 0.5 uym/s and 30 um/s,
while the equiaxed grains can be obtained at a drawing velocity lower than 0.5 um/s
or higher than 30 pm/s, and columnar grains with the maximum aspect ratio could be
obtained at 0.3 um/s. For the simulation of directional annealed pure iron at 900 °C, the
range of drawing velocity for the formation of columnar grains is approximately 0.1 pm/s
to 30 um/s, and the columnar grains with the maximum aspect ratio were obtained at
3.3 um/s. The simulation results are close to the experimental results.

Previous simulation research of moving hot zone with an infinite temperature gradi-
ent [15] demonstrated that columnar grains were obtained at very low drawing velocity
due to zero growth at the front of the hot zone, and the grain length and width remain
approximately constant with varying drawing velocity. In comparison to the simulation
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study presented in this paper, the temperature gradient had a significant effect on the
microstructure at low drawing velocity.

Figure 9 shows a schematic illustration of the growth of columnar grains during
directional annealing at different drawing velocities. When the drawing velocity is as low
as V1, the coarsened equiaxed grains at the front of the heat zone inhibit the formation of
columnar grains [1]. When the drawing velocity is increased from V; to V3, the heating
time of the equiaxed grains at the front of the heat zone is reduced, resulting in smaller
grain sizes compared to when the drawing velocity is V,. The main driving force for the
growth of columnar grains during directional annealing is the reduction of GB energy
caused by curvature driving. The driving force is given by, where 7 is the GB energy
between columnar grains and equiaxed grains, d is the size of the equiaxed grains at the
front of the hot zone, and D is the width of columnar grains. As the size of the equiaxed
grains at the front of the columnar grains decreases, the driving force increases, which is
more favorable for the growth of columnar grains.

AP d

Figure 9. Schematic view of the columnar grain growth during the directional annealing, where
V1 <V, < V3, data from [15].

3.2. Effect of Initial Grain Size

The simulated patterns of directionally annealed pure iron with various initial grain
sizes are shown in Figure 10. It can be seen from the morphology after directional anneal-
ing that small initial grain size is conducive to obtaining columnar grains, as shown in
Figure 10a—c. When the initial grain size is 99 um, the microstructure is predominantly
composed of equiaxed grains, as shown in Figure 10f. The more grain boundaries of the
equiaxed grains at the front of hot zone due to the smaller initial grain size afford the larger
driving force for GB migration, which is beneficial for the formation of columnar grains.

The grain length and width after directional annealing with different initial grain
sizes are shown in Figure 11. At 3.3 um/s, the grain length after directional annealing
significantly decreases with increasing initial grain size, while the grain width does not
change significantly. When the initial grain size is about 99 um, the grain length and grain
width are similar, but when the initial grain size is less than 99 um, the grain length is
much greater than the grain width. This indicates that there is an upper limit of the initial
grain size for columnar grain formation during directional annealing, which has also been
reported in experiment study [9]. A previous simulation study [15] on initial grain size
indicated that the ability of columnar grains formation decreases with increasing initial
grain size, but the upper limit of initial grain size for columnar grains formation has not
been discovered yet due to the limited range of initial grain size.
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Figure 10. Simulated microstructures with different initial grain sizes after directional annealing at
3.3 um/s. (a) 11 um, (b) 22 um, (c) 45 um, (d) 55 um, (e) 69 um and (f) 99 um.

—a— grain width
—e— grain length

[
[
>
>

Grain size/pm
(=]
>
<>

0 20 40 60 80 100
Initial grain size/pm

Figure 11. Trend of grain length and grain width as a function of initial grain size after directional
annealing at 3.3 um/s.

3.3. Effect of Texture

During directional annealing, recrystallization has already occurred in the front of
hot zone [1], which meaning that the sample near the hot zone already have a recrys-
tallized microstructure. Therefore, the effect of recrystallization texture on grain growth
was considered for deformed materials during directional annealing, and other complex
processes were ignored. The texture can affect GB migration by influencing GB energy,
which has a significant impact on microstructure evolution during directional annealing.
Zhang et al. [8] found that after directional recrystallization of pure iron with cold-rolled
85% reduction, the primary recrystallization grains at the front of columnar grains had a
texture with {110}<112>, and the presence of texture hindered the growth of the columnar
grains. In order to study the impact of texture on the microstructure evolution during
directional annealing, the initial grain orientation was varied from 0° to 90° for cubic
materials in 2D CA model. The texture was described by the distribution of orientation.
Figure 12 shows the initial grain structure with different texture strengths. Figure 12a—
have orientation variances of 10°, 5°, and 2.5°, respectively, and contain 10% random
grains, representing weak, moderate, and strong texture. The initial grain orientation for
the weak microstructure is more dispersed in color compared to the strong microstructure
in Figure 12df.
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Figure 12. Initial grain structure of different texture strengths. The orientation variances of (a—c) were
10°,5° and 2.5°, respectively, and (d—f) are the initial grain structures corresponding to (a—c), respectively.

The grain morphology after directional annealing with different texture strengths at
3.3 um/s is shown in Figure 13. The number of equiaxed grains after directional annealing
with strong texture in Figure 13(c2) is far more than the weak texture in Figure 13(a2), and
strong texture is detrimental to the growth of columnar grains during directional annealing.
Several large grains grow rapidly in a matrix of fine grains at front of columnar grains,
and the size of the abnormal grains with strong texture is larger than weak texture. The
presence of texture causes the abnormal growth of equiaxed grains at the front of the heat
zone. The colors of the abnormal grains are mainly yellow and blue, which deviate from
the colors of the texture component, as shown in Figure 13(al—cl). The reason for the
abnormal growth is that most grains are inhibited from growing, and only a small number
of grains grow rapidly. The grain boundaries between grains deviating from the texture
component and grains belonging to the texture component are usually high angle grain
boundaries with high GB energy and high GB velocities. The grain boundaries between
grains belonging to texture component are usually low angle grain boundaries with low
GB energy and low GB velocities. Therefore, grains deviating from the texture component
can grow rapidly, while texture component grains grow slowly, resulting in abnormal grain
growth. Additionally, columnar grains are formed by grain boundaries of abnormal grain
moving with the hot zone. The columnar grains are mainly composed of grain deviating
from the texture component. There are few simulation studies on the effect of texture on
columnar grain growth during directional annealing. Godfrey et al. [33] used the Monte
Carlo method and confirmed that columnar grains could form from texture materials after
directional annealing. Our research not only confirms this conclusion but also goes further
to analyzed the impact of texture strength during directional annealing, which can provide
a valuable guidance for pretreatment process before directional annealing.
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Figure 13. Simulated microstructures with different texture strengths after directional anneal-
ing at 3.3 um/s. (al-c2) are the microstructure evolution of orientation variance of 10°, 5° and
2.5°, respectively.

4. Conclusions

In this paper, the influence of the relative position of GB and curvature calculation
region on curvature calculation model was discussed, and the average shape factor was
A =3.22. A CA model was used to analyze the influence of drawing velocities, initial
grain sizes, and texture on grain morphology during directional annealing. The specific
conclusions are as follows:

(1) A CA model for directional annealing was established, which involves various factors
affecting the microstructure evolution, including the drawing velocity, initial grain
size and orientation texture;

(2) The drawing velocity of columnar grain formation has an upper limit and lower limit
during directional annealing. When the drawing velocity is between the lower and
upper limits, columnar grains are formed, and there exists a drawing velocity that
produces columnar grains with the maximum grain length. Otherwise, only equiaxed
grains can be obtained;

(3) The grain length decreases as the initial grain size increases after directional annealing.
A large initial grain size is not conducive to the formation of columnar grains. There is
an upper limit of initial grain size for columnar grain formation. As the GB velocities
of grains with a large initial grain size are low, the grain boundaries at the heat zone
are difficult to move with the heat zone. The larger initial grain size causes in the lower
GB velocities, which results in the GB cannot keep up with the moving heat zone;

(4) The abnormal growth induced by orientation texture hinders the growth of columnar
grains during directional annealing. A weak texture is more conducive to the columnar
grain growth than a strong texture and columnar grains are primarily composed of
grains deviating from the texture component.
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