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The recrystallization of polycrystalline metallic materials is
modeled by using a 3D Monte-Carlo (Potts) approach, in
which the initial microstructure, texture [orientation-distribution
function (ODF)|, spatial distribution of the stored energy of
deformation, and nucleation mechanism are carefully quantified.
The formation of a microstructural and textural inhomogeneity
due to the recrystallization in deformed single-phase metallic
materials is thus predicted. The modeling technique is tested
using several special cases of common deformation textures for
commercial beta-titanium alloys. It is demonstrated that the
differences in an initial material texture affect the recrystallization
kinetics even when nucleation mechanisms and grain-boundary
properties are assumed to be the same. By taking the properties
of special boundaries into account, the classical JMAK (Johnson-
Mehl, Avrami, and Kolmogorov) kinetics is reproduced better
during the simulation, and the grain-size distributions within the
recrystallized material are broadened.

1. Introduction

Many metallic structural materials are produced
commercially via the thermomechanical processing of
large ingots with coarse and often nonuniform starting
grain size. The conversion of such ingots to obtain a
fine recrystallized microstructure usually relies on the
dynamic and static recrystallization, sometimes followed
by the grain growth. Because these processes control
the microstructure evolution, they are critical to the
optimization of a subsequent fabrication or service
properties. In particular, the static recrystallization
often controls the average grain size and texture
in deformed and heat-treated materials. Hence, the
phenomenology and mechanisms of recrystallization
have been studied extensively over the past several
decades. This research and the latest developments in
this subject are summarized in [1—3].

Recently, a substantial progress in the understanding
of recrystallization phenomena has been achieved
by using various analytical and numerical modeling
approaches [4—11]. As a result, a qualitative,
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and sometimes quantitative, description of the
microstructure  and  texture evolution  during
recrystallization has been developed [3, 12]. For

example, it has become increasingly recognized that
the microstructure and texture evolution during
recrystallization are closely related [13, 14] and thus
must be taken into account in the development of
advanced modeling routines [15, 16].

In the recent work, such as [13]|, the quantitative
approaches to describe an initial texture and to
model the simultaneous evolution of a microstructure
and a texture have been developed. Nevertheless,
there appears to be no complete quantitative model
which incorporates the complex microstructural
features that control the recrystallization kinetics
and the texture evolution in the case where a
noticeably textured initial state is formed due to
an inhomogeneous deformation. In such instances,
the resulting heterogeneity in the stored-energy
distribution leads to the heterogeneous nucleation of
recrystallized grains. The heterogeneous nucleation
and possibly the initial texture may both initiate
the anisotropic growth of recrystallized grains. Hence,
modeling procedures in these situations may be very
complicated.

Motivated by recent efforts, the objective of
the present work is to develop and validate a
computer-modeling technique for the analysis of the
microstructure and texture evolution during annealing.
The proposed model, based on a 3D Monte-Carlo
(Potts) approach, incorporates a complete description
of a microstructure and a texture and takes into
account both the recrystallization driven by the
stored energy and the grain growth driven by the
thermally activated grain-boundary migration. The
usefulness of the analysis is established with reference
to experimental observations for two commercial beta-
titanium alloys.
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Fig. 1. Schematic illustration of the microstructure: (a) Prior to
recrystallization, (b) selected area of (a) after recrystallization
starts, and (c) selected area of (b) at a higher magnification

2. Description of Recrystallization Phenomena

In the present work, the recrystallization was treated
in the typical manner as a process of nucleation and
growth of new (recrystallized) grains. The migration of
the grain boundaries within unrecrystallized volumes is
also taken into account. These phenomena are depicted
schematically in Fig. 1 and briefly described below.

2.1. Nucleation

Fig. 1,a shows the microstructure of a deformed
material prior to the recrystallization. It is commonly
observed that the recrystallization nuclei originate at
inhomogeneities in the deformed microstructure, such
as grain boundaries, shear bands, etc. The nucleation
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of new grains in the vicinity of prior grain boundaries,
whose orientations are not related to orientations of
one of the parent grains, has also been observed and
is more common at larger strains [3, 17—19]. Hence, for
the present study, the nucleation sites were chosen to
be primarily associated with the grain boundaries of the
deformed microstructure (Fig. 1,b) and secondarily with
specific areas within the grains. The nucleation rate was
specified using the following phenomenological relation:

in which Hg, is the average stored energy of deformation,
Hpin(t) is the minimum stored energy that causes
the recrystallization nucleation within the deformed
material, V,, () is the fraction of grain-boundary surface
area on which nucleation is still possible at time ¢, Z is
a constant, ()4 is the activation energy for nucleation,
kg is Boltzmann’s constant, and is the absolute
temperature.

Although it is generally accepted that the oriented
nucleation occurs in most recrystallization cases, many
details of how nuclei of particular orientations develop
remain unclear. Hence, one can use experimentally
derived orientation relationships between the texture
of a deformed matrix and recrystallization nuclei in
modeling instead of simulating individual nucleation
events. Specific orientations of the recrystallization
nuclei relative to the deformed matrix have been
found in many experiments (Table 1) [2, 3, 19—
23].

The specifics of boundary motion and stored work
are summarized in the subsections that follow.

2.2. Grain-boundary migration

Fig. 1 presents three different types of grain boundaries
considered in the modeling of recrystallization.
Boundaries between the grains in the deformed
material prior to recrystallization are denoted as
type-A  boundaries (Fig. 1,a); grain boundaries
between the deformed matrix and recrystallized
grains as type B (Fig. 1,b); and grain boundaries
between recrystallized grains as type C (Fig.
1,¢). Type-B boundaries form the recrystallization
front.

The kinetics of the migration of grain boundaries
of type C is controlled by the grain-boundary energy
E and mobility M as well as by the local grain-
boundary curvature R [15, 24]. The curvature-driven
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grain-boundary velocity can be estimated from the
following expression:

v~EMR™. (2)

The average rate of migration of the boundary between
grains G; and G is

vG;G; ~ EGiGjMGiGj (Ré} _Réj) ) (3)

in which R is the average grain-boundary curvature.

For type-B grain boundaries, the velocity of the
recrystallization front moving into the unrecrystallized
matrix can be described by [25]

v~M(—-ER™"+ AH), (4)

where AH denotes the driving force for recrystallization
in terms of the excess stored energy of deformation
within the unrecrystallized grains in comparison with
the recrystallized ones.

2.3. Grain-boundary energy and mobility

The existing experimental data on the dependence
of the grain-boundary energy and mobility on the
local lattice misorientation e are sparse [26—29].
Even with the results collected in [29], it is
not possible to fully describe the grain-boundary
energy and mobility as functions of the exact
grain-boundary misorientation. Nevertheless, from a
qualitative perspective, all of the measurements are
similar to those shown in Fig. 2 for the boundary
energy and mobility as a function of the scalar
misorientation.

It is often difficult to separate the specific
contributions of energy and mobility to the overall grain-
boundary kinetics [30, 31]. Hence, for modeling purposes,
normalized, instead of actual, values of the energy
W (9. 9a;) = W (g) and mobility U (9a,, 9¢;) = U (e)
of the grain boundary as a function of misorientation
were used, viz.,

E = EnaxW (e)

M = MpnaxU (¢), (5)
where FEn.x and Mpax are the maximum
possible  grain-boundary energy and mobility,

respectively. The values of W () and U (e) (W (e),
U (g) € [0.1]) are wused in determining the
elementary orientation-flip probability in the present
work.
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Fig. 2. Effective grain-boundary energy (o) and mobility (M) as a

function of grain-boundary misorientation

2.4. Distribution of the stored energy in a
deformed material

As described in Eq. (4), the grain-boundary motion
is strongly dependent on the stored work which is
nonuniformly distributed from grain to grain. The
Taylor factor is the first-order approximation for the
stored energy in a given grain.

During deformation, the grains of a polycrystalline
metal change shape in a manner that corresponds
approximately to the macroscopic shape change. This
results in an increase in the grain-boundary area.
The new grain-boundary area is continuously created
during deformation by the incorporation of some of
the dislocations generated during deformation. Hence,
a certain part of the stored energy of the deformed
material is associated with the grain boundaries. A
high level of stored energy within given grains in the
vicinity of grain boundaries and triple junctions (Fig.
3) has been clearly shown by electron back-scattered
diffraction analysis (EBSD) [32]. The most stored energy
is associated with dislocations which, however, are
distributed nonuniformly within grains.

The dislocation density and therefore the stored
energy can exhibit intragrain maxima and minima.
The local dislocation-density (and, hence, stored-energy)
maxima are often associated with intersecting slip bands
[3]. It can thus be concluded that, in a plastically
deformed material, the local stored energy associated
with the volume element S; often has its minimum at
the center of a grain and its maximum close to the grain
boundary. In the previous work [18], the MC simulations
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Fig. 3. Distribution of the largest component of the gradient
of the “micromechanical Taylor factor”, i.e., local stored-energy
distribution reconstructed from EBSD data [32]. Strong effects
appear in the vicinity of grain boundaries and triple junctions

were conducted for the recrystallization of a material
with a non-uniform stored-energy distribution in the
as-deformed microstructure. However, it is often not
possible to quantify the stored-energy distribution from
the FEM modeling, as was done in [18], or from
measurements such as those based on the image quality
of EBSD patterns. Hence, in the present work, a new
analytical approach is used to describe the discrete
distribution of stored energy within the deformed
grains for the purpose of the 3D MC simulation
of recrystallization within large modeling volumes.
Specifically, consider a deformed bicrystal containing a
single grain boundary. For the grains in such a bicrystal,
the stored energy in unit volume S; is given by the
following relation:

k
AHSj = Cf (e, L) Hmax; Z AHSJ' = M. (6)

i=1

Here, the quantity f is a factor which depends on
the misorientation and the distance from the grain
boundary. It determines the level of AH at the grain
boundary and the value of the stored-energy gradient
close to the grain boundary. Ldenotes the distance to
the grain boundary in the MC modeling units (MU),
or the spacing between the MC lattice points; i.e., a
model unit is equal to the length of the edge of the
volume element S;. Hpax is the maximum possible
value of the stored energy of deformation. Mt is a
measure of stored energy; its value can be derived
experimentally by integration of the local stored-energy
distribution over the grain volume as determined from
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EBSD data [32] or neutron diffraction or by utilizing the
correlations between the Taylor factor and the stored
energy [33]).

To generalize Eq. (6) to the case of a real grain having
a number of grain boundaries, the stored energy per unit
volume comprises the superposition of the contributions
from all boundaries, i.e.,

1 n
AHSj =G <E; f (Ei’ Ll) + PCT(SJ)> Hiax;

k
> AHg; = M. (7)
=1

Here, n denotes the number of grain boundaries
which form the given grain, and L; are the nearest
distances to the grain-boundary ¢ in MUs. In other
words, the first term in Eq. (7), depends on the
average distance between the volume element and the
nearby grain boundaries and on the misorientation,
while the second term reflects the part of the dislocation-
density distribution independent of the distance to
the grain boundaries. The desired relation between
the two parts of Eq. (7) can be achieved by varying
f(ei, L) and P (S;): (Fig. 4). In the simplest case,
Eq. (7) can be readily modified to treat a wuniform
distribution of stored energy by omitting F..(S;) and
taking f(e;,L) = f(eg;). In the more general case,
Eq. (7) with various sets of parameters can provide
insight into how different stored-energy distributions
affect recrystallization.

The movement and re-arrangement of dislocations
due to the recovery-type processes (e.g., resulting
from the climb and cross-slip of dislocations) can
result in a significant reduction in the stored
energy before the initiation of recrystallization. The
recovery and nucleation of recrystallized grains are
thermally activated processes; hence, temperature has
a complex effect on the nucleation and the overall
recrystallization kinetics. The nucleation rate increases
rapidly with increasing temperature, as indicated
by the exponential function in Eq. (1). On the
other hand, the nucleation rate may decrease with
increasing temperature due to the recovery processes
that reduce the stored energy. Because the present
work focuses on the texture and microstructure changes,
rather than on the specific relationship between the
simulation and real time scales, such recovery effects
were not incorporated into the present modeling
framework.
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Fig. 4. Possible inhomogeneous stored-energy distributions across

grains in the deformed microstructure

2.5. Recrystallization kinetics

From a phenomenological standpoint, the recrystallized
fraction as a function of the annealing time usually
exhibits a sigmoidal behavior. This can be expressed
mathematically by the well-known JMAK relation [3,
14]

F=1-exp(—Bt"), (8)

where F' is the fraction recrystallized, B and k are
constants, and ¢ is time.

It should be noted that the grain growth within a
recrystallized volume does not affect the recrystallized-
fraction kinetics, but has a significant effect on the final
material texture and microstructure.

3. Monte-Carlo Model for Recrystallization
and Grain Growth

3.1. Selection of modeling approach

In the past, both the MC [4, 9, 25, 35] and the
cellular-automaton (CA) [6,8,20] techniques have been
used for the numerical simulation of recrystallization.
Each technique has important restrictions, however. For
instance, typical CA approaches are unable to account
for the local grain-boundary curvature as a driving
force for the grain-boundary migration [36]. On the
other hand, the MC technique encounters problems in
modeling the linear relationship between the stored-
energy gradient and the migration rate of the
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Fig. 5. Schematic illustration of the “model-lattice” effect: (a) State
prior to the MC orientation flip and (b, ¢) different post-flip states
that cannot be distinguished by standard MC approaches

recrystallization front due to the “model-lattice” effect.
Because of this, the recrystallization and grain growth
have often been treated separately using different
techniques. Recently, there has been some initial success
in formulating 2D hybrid-modeling approaches for
modeling the grain-growth processes running in parallel
with recrystallization [36].

Fig. 5 illustrates the nature of a discrete modeling
volume, or “model-lattice” effect, that distorts the
shape of the recrystallization front and the associated
recrystallization kinetics during MC simulations.
Specifically, consider the recrystallization-front shape
prior to an MC trial (Fig. 5,a). Figs. 5,b and 5, ¢ illustrate
how two different lattice points, or the so-called MUs,
can be selected within the unrecrystallized volume for
the MC trial procedure. There is no difference between
cases (b) and (¢) in standard MC procedures; both MUs
have the equal numbers of neighboring MUs that belong
to the recrystallized and unrecrystallized volumes. It is
also obvious that there is an equal change in the local
stored energy for configurations (a) — (b) and (a) —
(¢) in the case where there is no significant gradient
of stored energy along the horizontal plane in Fig. 5.
However, the MUs selected for the flip trial in cases (b)
and (¢) have different ‘coordination’ relations with
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Fig. 6. “Shape factor” as a function of the MU coordination
number. Values were obtained from MC simulations to form a

smooth recrystallization front

respect to the upper MU in configuration (a). Hence,
there must be a difference in the probabilities of
MU reorientations in cases (b) and (c¢) in order to
predict the recrystallization-front shape and the overall
recrystallization kinetics. Ignoring this difference in
standard MC approaches may result in noticeable
distortions of the recrystallization front; e.g., the
formation of bubbles, occlusions (as reported in [4]),
“whiskers”, etc. In contrast, the CA approach does not
contain probabilistic trials and, hence, is free from this
particular problem. As a result, MC simulations are
usually not often used to simulate recrystallization.

One of the few attempts to use a “pure” MC approach
to model the recrystallization was done in [14] for heavily
cold-rolled aluminum. By using oblate grains with an
aspect ratio of 64:8:1 in the initial microstructure,
the model-lattice effect was avoided. Important details,
such as the anisotropy of grain-boundary mobility and
inhomogeneities in the stored-energy distribution within
grains, were not taken into account, however. The
simulation of the microstructure evolution in such an
approach was not realistic because the newly formed
nuclei had a diameter comparable to the thickness of
the deformed grain. Hence, the model described in [14]
was essentially suitable for the nucleation stage, but
could only provide a qualitative information regarding
the texture evolution.

An MC simulation technique was also employed to
model the recrystallization and grain growth using a 2D
modeling volume (with a triangular lattice array) in [25].
It was shown that the recrystallization front becomes
unrealistically rough for high stored energies. Another
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a b

Fig. 7. MC-predicted growth of an isolated recrystallization
nucleus within the unrecrystallized matrix after 30 MCS: a —
without using a “shape factor” and b — using a “shape factor”

problem was the quality of the texture simulation for
small modeling volumes. In other words, the number
of grains in the deformed (initial) microstructure must
be large enough to make the texture statistically
representative; this can be difficult to do for small
modeling volumes.

In the present work, the recrystallization features
summarized in Section 2 are incorporated into an MC
code. To overcome the model-domain lattice effect, a
special local shape factor, 0 < F(Qs,) < 1, was
introduced into the MC procedure for determining
the flip probability (Fig. 6). This factor provided
a correction for the flip probabilities based on the
distribution of differently oriented neighboring MUs and
thus their coordination numbers. The dependence of the
shape factor on the coordination number of the MU
considered gives an advantage to arrangements such as
‘c’in Fig. 5 as compared to arrangement ‘b’. A validation
trial (described below in Section 3.4) established that
this new approach gives rise to a physically meaningful
description of the migration of the recrystallization
front and helps to overcome the formation of a rough
recrystallization front (Fig. 7). Another distinguishing
feature of the present simulations is the use of a
substantially larger modeling volume consisting of
15,625,000 MUs, than that typically employed in prior
investigations. By this means, the ODF and texture
of the starting (deformed) condition are reproduced
precisely in the 3D model domain.

3.2. Initial texture and grain structure for MC
stmulations

The MC model domain was formed by a 3D cubic
array of MUs, each of which represented a point in the
cubic lattice. The microstructure and texture evolution
within the model domain (MD) was simulated as in the
previous work utilizing the MC approach to describe the
interaction of the grain growth and texture evolution
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[15, 16]. In all calculations, the length of the side of the
MD was set equal to 250 MUs; hence, the model domain
was large enough to obtain an adequate statistical
representation of the microstructure and texture.

In the most general 3D case, eight parameters are
needed to unambiguously define a grain boundary;
namely, three terms for the orientation relationship,
two parameters for the spatial orientation of the grain
boundary itself, and the three components of the
translation vector that characterize the displacement of
grains with respect to each other. To define the grain
orientation with respect to the specimen (or model-
domain) orientation, three Euler angles (y;, ®, and
9 in the Bunge notation [37, 38]) were used. Specific
values of the stored energy AH and the crystallographic
orientation g = {¢1, ®,p2} (0< 1< 360, 0< P < 90,
0< p2< 90) were associated with each MU. The
orientation space was divided into segments of 2x2x2
degrees. The grain-boundary position was associated
with the space between two sites having unlike
orientations. Each grain was characterized by a volume
equal to the number of MUs that comprised it.

A special procedure was developed to create the
initial textural state in the model domain and thus
to replicate the specified ODF as closely as possible.
This procedure was based on the following probabilistic
function:

1 1
P(Q;) = %W%V(Gu)x(g (Gi)).
@) ={ g 2GSy o)

in which g (G;) is the orientation of the i-th MU, V (G;)
is the number of MUs oriented as g (G;), N, is the total
number of orientations g within the volume ;, and
Vap is the volume of the overall model domain. From
the tests on model textures, it was determined that this
procedure did not work well when the number of grains
in the initial microstructure was less than 50, but it gave
very good results when it was equal to 100 and more.
A stochastic procedure was developed to create
the initial microstructure in the model domain and to
replicate the experimentally observed microstructures
with specific deformed-grain aspect ratios (for example,
Fig. 8,b). For this purpose, the number of grains within
the model domain was determined first from the average
grain size. Then, we selected randomly the corresponding
number of MU locations, at which the grains were to be
created in the model volume. The remaining MUs were
then assigned to these initial grains in a probabilistic
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Fig. 8. a — optical microstructure of hot rolled Ti-6Al-2Sn-4Zr-
6Mo [30], b — the corresponding inverse pole map for the 001
direction of the sheet used as a starting MC model microstructure,
and ¢ — the color key for the inverse pole-figure map

manner; i.e., a randomly selected MU site, if not yet
the part of a grain but adjacent to a specific grain, was
assigned to this grain with a probability proportional to
the prescribed aspect ratio. Such an approach enabled
99% of the model domain to be filled with grains.
The remaining 1% of the MUs was then randomly
assigned to adjacent grains. Then the stored energies
were determined according to Eq. (7) for each MU.

3.3. Grain-boundary misorientation in the MC
stmulations

The single parameter related to the lattice
misorientation between neighboring grains was used to
define the relative grain-boundary energy and mobility
[see Eq. (5)]. The present modeling routine used the
(approximate) scalar misorientation e between grains
having orientations g;and g2 [35], i.e.,

mi1 + maa +msz — 1
€ = arccos ( 1 222 23 > . (10)
Here, the elements m;; form the matrix
mip M2 Mi3
M =M, x M;zl =| m2a1 m22 m23 |, (11)
m3y MmM32 M33

and the rotation matrices My, , My, correspond to the
orientations g; and go [39,40]. If the lattice symmetry
is higher than the triclinic one, we need to take
into account the presence of equivalent rotations. For
example, for bce crystal structures, it is the smallest e
value from all possible pairs e ((My, ), ;(My,), ), where
p,q € [1...24] [39].

Unfortunately, the evaluation of a scalar
misorientation would require much time if done for each
MC trial, even using the effective calculation schemes
such as that based on quaternions [41]. Therefore, the
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prediction

database of £ as a discrete function of ¢g; and g» was
calculated and loaded into the computer memory prior
to the modeling. Thus, only the single search operation
was performed for each MC trial.

3.4. Grain-boundary migration in the MC model

To simulate the boundary motion kinetics with the
MC technique, an MU site was selected at random.
Each unit was characterized by its set of Euler angles
and AH value. If AH > 0, the MU was assumed to
belong to the unrecrystallized volume. A possible new
MU orientation was then randomly selected from the
orientations of adjacent grains (i.e. the adjacent MUs
with orientations that differ from the orientation of the
current MU). If the MU belonged to the recrystallization
front and was already denoted as recrystallized, the new-
orientation selection was restricted to the orientations
of adjacent recrystallized grains. This was followed by a
re-orientation attempt according to a typical MC trial
procedure [15—16]. The local grain-boundary velocity is
thus fully determined by the local conditions. Hence,
the energy minimization for the entire model domain is
equivalent to the energy minimization in the local area
g, close to the MU:

Q
1 &
Er = 5]221 w (Esisj) (1 — (Ssisj) + H; (12)

in which 2,, denotes the number of MUs in the local area
around the S; model unit, and H; is the stored energy
associated with the model unit S;.
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The probability of a re-orientation of the S; model
unit from the state g; to the state g; is

o

AEr =Er(gi) — Er(gr);e = e(gr, 91).

U(e)W () exp (—kfgL) . AEp >0,
U(e)W (e), AE;, <05

(13)

When an MU belongs to the recrystallization front and
not yet denoted as recrystallized, we get

AH (S;)
A‘H’Illa.)(

P=U(e) (14)

—AE
F@s) e (Trt)

in which F (Qg,) is the local shape factor for the MUs
that belong to the recrystallization front.

The grain-boundary energy in most cases is 2 to 3
orders of magnitude less than the average stored energy
AH [29] and thus is neglected in Eq. (14). As mentioned
above, the factor F'(Qg,) represents the effect of the
difference in coordination numbers of neighboring MUs
on the flip probability for the current MC trial. The
quantity 7; in Eqgs. (13) and (14) denotes the “model
lattice temperature” which is frequently introduced into
MC simulations to overcome the lattice-pinning effects.

As a preliminary test of the MC routine and the
validity of Egs. (12) and (13) , the migration of an
isolated 3D boundary with controlled curvature was
performed. The good correspondence with Eq. (3) was
obtained (Fig. 9).

3.5. MC procedure validation trial: Growth of
an isolated recrystallized grain from a nucleus
embedded in the homogeneous environment

A simple initial simulation was run to validate the MC
routine. The objectives were to confirm the absence
of the model-domain “lattice effect” and to test the
quality of the random-number generator used in the MC
routines. In this example, the grain boundary between
the recrystallized phase (nucleus) and the deformed
material (matrix) was of the X7 type. The stored
energy was distributed homogeneously in the deformed
material.

The simulation results in this case are presented
in Fig. 10. The recrystallization front maintained its
spherical shape throughout the simulation, and there
was a minimal deviation of the location of the center
of a recrystallized grain as it grew.
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4. MC Model Results for the Recrystallization
of Engineering Titanium Alloys

Several modeling examples were run to verify the
usefulness of the proposed MC-modeling approach.
The specifics of the evolution of a recrystallization
texture is mainly determined by the material texture
under the starting (deformed) state and the preferred
orientations of nuclei. As described in Sections 2
and 3, the recrystallization kinetics depends primarily
on the average stored energy level, the nucleation
rate, and the average grain size in the deformed
state. In the present investigation, the assumed initial
textures are similar to those of engineering beta-
titanium alloys which have a bcc crystal structure.
In all cases, the oriented continuous nucleation of
recrystallized grains was assumed [3]. Furthermore, it
was assumed that grain boundaries were preferred sites
for the nucleation of recrystallized grains and that
recrystallization nuclei had a special boundary of X7,
39, or X19 type with one of the adjacent grains. The
initial microstructure was assumed to comprise grains
with a volume of 8000 MU? and an aspect ratio of
5:5:1.

All MC simulation cases were conducted for a
material with anisotropic grain-boundary properties, i.e.,
misorientation-dependent grain-boundary energy and
mobility (Fig. 2). The nucleation rate for each MCS
within the unrecrystallized material was set assuming
a constant nucleation rate of 10™* nuclei/ MU3. The
recrystallization nuclei were assumed to be equiaxed
(i.e., have an aspect ratio of 1:1:1) with an average
volume of 15 MU?. The simplest form of the function
f(gi, L) in Eq. (7) was used; namely, it was proportional
to the grain-boundary misorientation. P..(S;) was
assumed to be zero, i.e. no intra-grain maxima were
introduced.

4.1. Case 1

In case 1, the initial texture within the model domain
was homogeneous and replicated the common texture
of cold-drawn Timetal LCB (Ti-4.5Fe-6.8Mo-1.5Al)
(Fig. 11,a). The initial distribution of the stored energy
within each grain (i.e., the parameters in Eq. (7)) was
assumed to be inhomogeneous with the maximum values
(between 0.7 and 1.0 x AHp,,x) at the grain boundaries.
The stored energy in each grain decreased from the grain
boundary toward the center (Fig. 4), at which AH had
values between 0.2 and 0.4 x AH,ax depending on the
grain size. The recrystallized grains nucleated in such
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(Nucleus formation)

10 MCS 25 MCS 50 MCS

Fig. 10. 100 x 100 MU section from a 3D MC simulation of the
growth of an isolated recrystallization nucleus

a way to produce a X7 boundary with one of adjacent
grains.

Fig. 12 summarizes the MC predictions of the
microstructure evolution in case 1; different grain
orientations are shown by different colors. From a
qualitative standpoint, the inhomogeneous nature of the
microstructure developed by the end of recrystallization,
as indicated by the clustering of grains of similar
colors/orientations, is evident.

The texture predictions in case 1 are summarized
in Fig. 11. At the point at which the microstructure
was 75%, the recrystallized (Fig. 11,b) transient texture
maxima (circled) were formed; this finding is a result of
the superposition of the initial axial texture components
and the recrystallization components. As expected, these
maxima vanished when recrystallization was complete
and strong texture components, characterized by a
rotation angle of £38.2° around the {111} direction,
were formed (Fig. 11,c¢).

4.2. Cases 2 and 3

Cases 2 and 3 used the initial texture commonly found in
a conventionally hot-rolled VI22 (Ti-5A1-5Mo-5V-1Cr-
1Fe) sheet. Both cases assumed oriented-nucleation. In
these instances, nuclei were able to form special grain
boundaries of X7, X9, or 19 type with one of the
adjacent grains. However, different probabilities for each
type of nucleus were used to determine the dependence
of recrystallization texture on nucleation conditions,
namely, P(X7) = 0.1, P(£9) = 0.3, P(£19) = 0.6 in
case 2 versus P(X7) = 0.6, P(X9) = 0.2, P(219) = 0.2
in case 3. The probabilities in case 2 approximate those
previously found for the recrystallization of bcec materials
(see the Table).

The microstructure-evolution predictions in cases 2
(Fig. 13) and 3 were similar. Some small evidence for
the formation of spatially inhomogeneous textures was
found, but such features were not as strong as in case 1.

Figure 14 summarizes the predicted ODFs for the
simulated microstructures of cases 2 and 3 after 70 MCS.
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Fig. 11. MC predictions of the texture evolution in case 1: initial texture (a) and textures after 15 (b) and 100 MCS (c¢). The texture

intensity is presented in terms of an x-random scale

Fig. 12. MC-predicted microstructure evolution in case 1 (cross-section #125 of 250): initial structure (a) and microstructure after 5
(b), 50 (¢), 100 (d), and 150 MCS (e)

The resulting textures had texture maxima at similar maxima were found to depend on the nucleation
angular positions. However, the intensities of the texture probabilities for the two different cases.

Preferred orientations of recrystallized nuclei in terms of crystal lattice rotations relative to the deformed matrix
orientation

Theoretical predictions [3] Experimental measurements
by Angle (deg) | Axis Angle (deg) | Axis | Metal Lattice | Reference
=7 38.21 (111) 35—45 (111) Al f.c.c [2,3,17—19]

38 (111) Cu f.c.c [3]
36—42 (111) Pb f.c.c 3]
»9 38.94 (110) 35 (110) - b.c.c. [18]
T13a 22.62 (100) 23 (100) Al f.c.c. 3]
19 (100) Cu f.c.c [3]
$13b 27.80 (111) 30 (111) Cu fc.c 3]
30 (111) Ag f.c.c. 3]
20—30 (111) Nb f.c.c. 3]
T17a 28.07 (110) 26—28 (100) Pb f.c.c 3]
30 (100) Al f.c.c. [3]

T19a 26.53 (110) 25 (110) — b.c.c. [2,18]
27 (110) Fe—Si b.c.c [3]

$19b 46.83 (111) 45 (111) Al f.c.c. [19,46]
¥21b 44.40 (112) 20—40 (112) Al f.c.c. [2,3]
$27a 31.58 (110) 30 (110) - b.c.c. [18]

— — — 24 (150) Al f.c.c. [2,19]
— — — oriented nucleation Ti b.c.c. [42]
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Fig. 13. MC-predicted microstructure evolution in case 2 (cross-section #125 of 250): initial microstructure (@) and microstructure after

5 (b), 15 (), 50 (d), and 100 MCS (e)
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Fig. 14. MC predictions of the texture evolution in cases 2 and 3: initial texture (a) and textures after 70 MCS in case 2 (b) and case 3

(¢). The texture intensity is presented in terms of an z-random scale
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Fig. 15. MC-predicted microstructure evolution in case 4 (cross-section #125 of 250): initial microstructure (@) and microstructure after
20 (b), 50 (c¢), 100 (d), and 250 MCS (e, f). Recrystallized grains which originate from the X7 nuclei are green (b, d, e). The grain
boundaries are colored according to the scheme in Fig. 16 to indicate their effective mobility (¢, f)

4.3. Case 4

This simulation was run to provide insight into the
effect of the properties of special grain boundaries on
the recrystallization kinetics. The initial grain structure
and texture, as well as oriented-nucleation conditions,
were assumed to be the same as in case 2. However, the
initial grain size was assumed to be coarse (Fig. 15,a) in
order to enable the easy visualization of the effective

ISSN 0508-1265. Ukr. J. Phys. 2005. V. 50, N 12

grain-boundary mobility during recrystallization (Fig.
15¢, f). The effective grain-boundary mobility for special
grain boundaries (X7, ¥9, and ¥19)) was assumed to be
one-half that for arbitrary high-angle boundaries. Most
of these special boundaries have a scalar misorientation
between 25 to 37 degrees; hence, an effective mobility as
shown in Fig. 16 was assumed in case 4. Nevertheless, it
should be mentioned that the precise description of the
properties of special boundaries is possible only by using
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Fig. 16. Effective grain-boundary mobility as a function of the
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of the simulated microstructures is also shown
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Fig. 17. Comparison of the MC predicted recrystallization kinetics
in cases 1—3 (points) and a fit based on the JMAK relation [Eq.

(8)] (solid lines)

the effective mobility as a function of the exact
misorientation. However, this function has been
estimated only for some points and rotations about
high-symmetry lattice directions, but not for all
misorientation space. Therefore, the proposed approach
accounted for special boundaries in the average sense
only.

Figure 15 summarizes the predictions of the
microstructure evolution in the RD-ND plane of the
sheet in case 4. Texture evolution in case 4 was predicted
to be the same as in case 2.
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Fig. 18. Comparison of the MC-predicted recrystallization kinetics

in cases 2 and 4

4-4. Recrystallization kinetics

Avrami plots (Figs. 17, 18) were made to quantify the
overall recrystallization kinetics for the three different
cases. The predicted kinetics in case 1 was noticeably
different from those in cases 2 and 3 due to the stronger
initial texture. Because the nucleation rate was assumed
to be the same in all cases, the similar kinetics predicted
by the MC model in cases 2 and 3 demonstrated that the
initial texture is the main factor controlling the kinetics,
even when the different probabilities of the oriented
nucleation cause differences in the recrystallized material
texture. The predicted recrystallization kinetics in cases
2 and 4 are compared in Fig. 18. The kinetics in case 4
is much slower than that in case 2, but provides a much
better fit to the classical JMAK behavior.

The predicted Avrami exponents varied from 2.0 to
3.0. These predictions agree well with experimental data
and modeling results in several previous investigations
[3, 29, 43, 44], keeping in mind that the experimental
slope usually reflects the JMAK kinetics in the vicinity
of a fraction recrystallized of 0.65 [45]. The slowing of
recrystallization in comparison with the ideal JMAK
kinetics after the recrystallized volume fraction reached
~80—85% was probably a result of the discrete
nature of the model domain as well as approximations
concerning the mobility dependence on misorientation.
Such an effect is typical in numerical simulations of

recrystallization [43].

4.5 Recrystallized grain-size distributions

MC predictions of the grain-size distribution (GSD)
within the recrystallized modeling volume in cases 1-4
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Fig. 19. MC-predicted grain-size distributions in case 1 (a), cases 2 and 3 (b), and case 4 (¢) corresponding to recrystallized volume

fractions of 20 (1), 50 (2), and 90% (3). MC-predicted grain-size distributions are compared in (d) to the classical log-normal distributions
(smooth solid lines) [3, 47]: 1 — case 4, 20% recrystallized, 2 — case 1, 90% recrystallized, and 3 — case 4, 90% recrystallized

at 20, 50, and 90% fraction recrystallized are summarized
in Fig. 19,(a-c). As for the recrystallization kinetics,
the predicted GSDs in cases 2 and 3 were the same.
In all cases, the width of the GSD increased with
the fraction recrystallized; however, this trend was less
pronounced in case 1 due to the large fraction of low-
angle grain boundaries which were formed between
recrystallized grains. On the other hand, a much bigger
initial grain size relative to the size of recrystallization
nuclei in conjunction with a large fraction of high-
angle boundaries within the recrystallized volume led
to the pronounced growth of recrystallized grains and
eventually to a very broad GSD, as in case 4.

Some of the simulated GSDs are replotted and
compared to the ideal log-normal distribution [47] in
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Fig. 19,d. This comparison reveals that the simulated
GSD results are realistic with respect to the log-
normal distribution usually found experimentally in
recrystallized microstructures [3, 48].

5. Summary and Conclusions

The recrystallization of polycrystalline metallic
materials was modeled using a 3D Monte-Carlo
(Potts) approach, in which the initial microstructure,
texture (ODF), spatial distribution of the stored
energy of deformation, and nucleation mechanism
are incorporated. Several simulations were performed
to confirm the validity of the approach, namely the
simulation of the growth of an isolated nucleus and the
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recrystallization of real materials when only specially
oriented nuclei are allowed to grow. It is shown that
the model predictions are in good agreement with the
theoretical JMAK kinetics and yield realistic grain-size
distributions for the recrystallized microstructure. By
taking the properties of special boundaries into account,
even in an approximate manner, the better predictions of
the classic JMAK recrystallization kinetics are obtained
in the present approach.

The advanced 3D MC approach proposed in the
present work provides a powerful tool to describe the
effect of an inhomogeneous distribution of stored energy
within the grains on recrystallization which is based
on the average Taylor factor and phenomenological
parameters introduced to emulate intragrain gradients.
However, the lack of quantitative experimental data
about such distributions poses an important challenge
in the precise validation of the model, thus warranting
a future research.

The present work was partially supported by the
Air Force Office of Scientific Research (AFOSR) and
the AFOSR European Office of Aerospace Research and
Development (AFOSR/EOARD) within the framework
of STCU Partner Project P-057.
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TPUBUMIPHE MOJEJ/JIFOBAHH A

METOJ0M MOHTE-KAPJIO (MOZEJIb IIOTTCA)
PEKTPUCTAJII3ATII TA POCTY KPUCTAJITYHOTO
3EPHA VYV NINOJIKPUCTAJITYHUX MATEPIAJIAX

O.M. Isacuwun, H.JI. Bacuaves, C.B. Illesuenko,
C.JI. Cemamin

Peswowme

Pekpucrangizamiio MoJiKpUCTATIYHAX METAJTIYHUX MAaTepiasiB mpo-
MOJI€JIBOBAHO 3 JIONOMOTOK TpuBuMipHOi Mozesni Monre-Kapio
(momenn ITorca). ¥V po3po6sieHOMY OpHIiHAJBLHOMY MiAXOAI 110
MOJIEJIIOBAHHSI BPAXOBAHO BHXIJHY MIKPOCTPYKTYpPYy Marepiasy,
BuxigHUil TekcTypHuil cran (y Burisai Gymkniil posmomimy xpum-
CTAJiTIB 32 Opi€HTAIifIMU), TPOCTOPOBHH DO3MOAIT HAKONUIEHOL
eneprii mipactu4ynol gedopmarii Ta MexaHi3M yTBOPEHHsI 3apOj-
KiB pekpuctasizamnii B 06’emi 3paska. Ilepenbadeno dopmyBan-
He MIKDOCTPYKTYPHHUX Ta TEKCTYPHHX HEOTHODIZHOCTEH y pexpu-
CTaJIi30BAHOMY OJHOMA3HOMY MeTaJiYHOMY MaTepiaji. 3 BUKODH-
CTaHHSIM PO3POOJIEHOT0 MiAXOAy IPOBEJEHO MOJEJIOBAHHS IPO-
meciB peKpHCTasizamil y KOMepIifHUX TUTAHOBUX CIaBax. Ilo-
Ka3aHO, IO DPI3HHUNS Y BUXIJHOMY TEKCTYPHOMY CTaHi MaTepia-
JIy CyTTEBO BIUIMBAE€ HA KIHETWKY pekpucrasizanii, HaBiTH 32
YMOBH TOTOXKHOCTI MEXaHi3MiB 3apO/2KEHHS DPEKPUCTATIZ0BAHOL
da3u Ta BIACTHBOCTEH MiXK3€peHHHX MeX. BcranoBseHO, IO
IpU BPaxXyBaHHI OCOOJIMBOCTEM MOBEMIHKHU CIENiaJIbHAX MiXK3epeH-
HUX MEX MOJeJIbOBaHA KiHETHWKA peKpucTaJizalii Haiikpaie Bij-
MOBifja€ KJIACHYHOMY KiHETHYHOMY DIiBHSHHIO, a JUCIEDPCis pO3-
MOAINMy 3€peH pPeKpHCTasi30BaHOI da3u 3a cepegHIMH po3MipaMu
301/1BIIy€THCS.
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