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Static Recrystallization Simulation of Interstitial Free-Steel
by Coupling Multi-Phase-Field and Crystal Plasticity Model
Considering Dislocation Density Distribution

Alireza Rezvani, Ramin Ebrahimi,* and Ebad Bagherpour*

Knowledge of alloy recrystallization is key to optimizing microstructures and
achieving superior material properties. Computational models predicting
microstructural evolution during recrystallization significantly enhance control of
microstructure formation during manufacturing. Accurate prediction of micro-
structural parameters, including recrystallization fraction and grain size, is highly
desirable. However, developing robust recrystallization models under various
processing conditions remains an active research area. Herein, using interstitial
free-steel for simulations and experiments, plastic deformation of polycrystalline
material is simulated using a physics-based crystal plasticity model. A real
microstructure serves as the initial configuration. The resulting inhomogeneous
dislocation density distribution and deformed grain topology are used in a multi-
phase-field simulation of recrystallization. In primary recrystallization, nucleation
strongly influences kinetics and the final microstructure. In the model, the
dislocation density distribution predicts both the number and positions of nuclei.
Comparing simulations—one considering the dislocation density distribution in
both nucleation and evolution and the other assuming constant dislocation
density and random seed positioning—demonstrates the importance of het-
erogeneous dislocation distribution. Results confirm that static recrystallization
simulations, accurately reflecting plastic deformation and utilizing the dislocation
density distribution as the driving force for grain growth and nucleation, can be

1. Introduction

The microstructure established during the
cold working process serves as a critical
foundation for the static recrystallization
(SRX) phenomenon that occurs during
annealing process. The characteristics of
this initial microstructure, including grain
size, dislocation density, and texture, pro-
foundly impact the kinetics and final grain
structure of the recrystallized material."!
Thermomechanical processing (TMP)
routes, which can induce recrystallization,
are essential for tailoring the microstructure
of alloys to achieve specific properties
in final products. To optimize these proper-
ties, a comprehensive understanding, con-
trol, and prediction of recrystallization is
paramount.”! This necessitates a combina-
tion of experimental and computational
approaches. A computational model capable
of accurately predicting microstructural evo-
lution during recrystallization would signif-
icantly enhance our ability to control
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microstructure formation during TMP.

The manufacturing industry demands
accurate prediction of fundamental micro-
structural parameters, including recrystalli-
zation fraction and grain size, under real-world processing
conditions.[ Current models, however, exhibit limited accu-
racy due to an incomplete representation of the deformed
microstructure.

To achieve precise numerical predictions of microstructure
and texture evolution during SRX, it is crucial to integrate a com-
prehensive representation of the deformation microstructure,
including inhomogeneities, within the SRX simulation model.
A coupled crystal plasticity-microstructure evolution model
is considered the most promising approach for designing
SRX microstructures.”®

Prior work has demonstrated the coupling of phase-field mod-
els of recrystallization with other simulation methods. For
instance, Takaki et al.”~? linked recrystallization simulations
to crystal plasticity models, successfully simulating recrystallized
grain growth considering heterogeneous plastic deformation.
However, their simulated final SRX microstructure strongly
depended on the employed nucleation criteria and was limited
to a small number of deformed grains. Similarly, Vondrous
et al.’ employed a coupled crystal plasticity and phase-field
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approach to analyze grain structure evolution during annealing
in sheet metal production of low carbon steel. Min et al. utilized a
similar coupling to predict recrystallization in ultralow carbon*"!
and electrical steels."”! Luan et al.l"*! also used the same combi-
nation to investigate SRX in pure aluminum. Roy et al."* utilized
the same methodology to simulate SRX and grain growth during
hot-forming in Ti-alloys. Notably, these studies utilized synthetic
representative volume elements (RVEs) as initial microstruc-
tures, characterized by a limited grain count and planar grain
boundaries. This simplification neglects the inherent curvature
observed in experimental samples, potentially impacting the
accuracy of predicted microstructure evolution during subse-
quent deformation and recrystallization processes.

Beyond phase-field approaches, alternative simulation techni-
ques have also been coupled with crystal plasticity. For example,
Raabe et al.'®'® developed a crystal plasticity-finite element
(CP-FE) and cellular automaton model to simulate primary
SRX microstructure evolution. Likewise, Radhakrishnan
et al.'"”!® presented SRX models coupling CP-FE with Monte
Carlo techniques.

In these models, the stored energy calculated from the dislo-
cation density, simulated by CP-FE, serves as the driving force for
recrystallized grain growth. While these models successfully
simulate recrystallized grain growth considering heterogeneous
plastic deformation, the final SRX microstructure and texture
are strongly influenced by the employed nucleation criteria.
Therefore, developing accurate nucleation criteria for recrystal-
lized grains remains a significant challenge.

While other authors successfully captured recrystallized
microstructures by incorporating heterogeneous plastic defor-
mation into their simulations, the final SRX microstructures
were highly sensitive to the accuracy of nucleation modeling.
Additionally, the nonuniform distribution of stored energy
within the material significantly influences the kinetics of
SRX. This energy heterogeneity directly affects the nucleation
and growth of recrystallized grains, leading to variations in
the final grain size and shape distribution within the material’s
microstructure.!*2%

Given the critical role of nucleation and growth in determining
the final microstructure of recrystallized materials, establishing
accurate nucleation criteria and growth model for recrystallized
grains constitutes a substantial challenge that requires further
investigation.

In this article, a physics-based crystal plasticity model imple-
mented in the open-source software DAMASK??*2¥ is used for
predicting the deformed microstructure and total dislocation dis-
tribution coupled with the multi-phase-field (MPF) model pro-
posed by Fan and Chen**%”! for the microstructural evolution
simulation. Both simulations along with the experimental inves-
tigations were performed on interstitial free (IFN) steel samples.
This study introduces a novel approach to SRX modeling
by directly linking nucleation site prediction to dislocation den-
sity evolution, eliminating the need for empirical assumptions.
Unlike prior studies that rely on experimentally derived grain
counts or preassigned nucleation distributions, our method pre-
dicts nucleation directly from dislocation accumulation, ensur-
ing a physically consistent representation of recrystallization
initiation. Additionally, we employ optical microscopy to gener-
ate initial microstructures instead of relying on synthetic or
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small-scale eModel. Simul. Mater. Sci. Eng. lectron backscatter
diffraction (EBSD)-based datasets. This enables larger-scale
simulations that are more representative of industrial pro-
cessing while remaining cost-effective and widely accessible.
Furthermore, we integrate an in-house computational frame-
work that automates the extraction of microstructural features
from experimental optical microscopy images and converts them
to a readable format for crystal plasticity modelling. In the cou-
pling process between crystal plasticity and phase-field models,
a grid refinement process was performed using an interpolation
algorithm. This minimized grain area alterations after conver-
sion from a sharp to a diffuse interface, while ensuring continu-
ity in the dislocation density field. The refined computational
grid ensures that the characteristic length scale of the diffuse
interface remains well below the minimum grain size, prevent-
ing unintended dissolution of small grains, ensuring consistency
across different stages of the simulation. By combining these
advancements, our approach enhances the accuracy, scalability,
and predictive capability of recrystallization modeling, making it
more adaptable for studying different materials and processing
conditions. To validate our model, hardness testing was per-
formed to derive Avrami parameters and an in-house image
processing tool was developed for quantitative grain size analysis.
The strong agreement between experimental and simulated
results supports the robustness of the model in predicting recrys-
tallization kinetics and microstructural evolution.

2. Experimental Section

The SRX simulation employed in this research consists of four
sequential stages: 1) Microstructural Characterization: A custom-
developed image analysis code is employed to extract the grains
distribution from the optical microscopy images of the
as-received microstructure. This data is then used to generate
a RVE that serves as the initial microstructure for subsequent
crystal plasticity simulation. 2) Crystal Plasticity Modeling:
A crystal plasticity model is utilized to predict the deformed
microstructure resulting from cold work deformation.
3) Model Coupling: The integration of crystal plasticity and
phase-field models, performed after the crystal plasticity simula-
tion stage, allows for a comprehensive simulation of the recrys-
tallization process by considering the final microstructure of the
crystal plasticity model, as initial microstructure for the phase-
field model. 4) Phase-Field Modeling: A phase-field model is
utilized to simulate the SRX process. This model tracks the evo-
lution of grain boundaries and the growth of recrystallized grains
during the annealing process.

The proposed simulation procedure is summarized in a flow
chart as shown in Figure 1. Detailed descriptions of each stage
are provided in the subsequent sections.

2.1. Microstructural Characterization

The material employed in this study is a commercial IFN steel
with a chemical composition determined by quantometric anal-
ysis and presented in Table 1. The IFN steel, owing to its chemi-
cal composition, exhibited a stable body-centered cubic (BCC)
crystal structure throughout the processing conditions employed,
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Figure 1. Overall flow chart of the simulation procedure for the integrated coupled crystal plasticity and phase-field model.
Table 1. Chemical composition of the IFN steel used in this study (Wt. (%)).
C Si Mn P S N Al Cr Mo Ni Nb \ Ti
0.002 0.020 0.13 0.005 0.009 0.0032 0.030 0.037 0.008 0.025 0.002 0.002 0.062

including cold compression, annealing, and water quenching,
thereby excluding phase transformation effects from the analy-
sis. This allowed for a clear evaluation of SRX mechanisms with-
out interference from transformation-induced recrystallization.

The initial microstructure was analyzed using optical micros-
copy and is shown in Figure 2a with Nital 2% etchant. A homo-
geneous, single-phase microstructure was observed, containing
238 grains with a mean grain size of 40 pm. A custom MATLAB
code was developed to perform microstructural analysis
(after transforming the original image to binary image), includ-
ing grain identification and indexing. The results of this analysis
are shown in Figure 2b, where each grain is individually indexed
and color-coded on the micrograph.

Grain boundaries were eliminated by expanding nearest
neighboring grains in the microstructure and converted to a
readable format for subsequent analysis in the Dream.3D soft-
ware package.”®! The crystallographic orientation of each grain

“’,/:
‘\ :\‘ .

was assigned according to a random texture, and the final micro-
structure was exported in a format compatible with the prepro-
cessor of the DAMASK crystal plasticity simulation package for
the creation of the initial geometry and material files.

To ensure accurate representation of the microstructure in the
DAMASK simulations, it is crucial to carefully consider the scale
and resolution when converting the original microstructure
image. The inverse pole figure (IPF) color map of the resultant
microstructure, as shown in Figure 3, is a grid of 700 x 700
points.

In the cold working process, cylindrical specimens, machined
from the as-received material using wire electrical discharge
machining to a diameter of 10 mm and a height of 15 mm, were
subjected to a compression test to induce a true strain of 0.45.

Subsequently, a heat treatment process was conducted at
750 °C, followed by quenching in cold water. The normal plane
of the specimens was meticulously prepared through grinding,

Figure 2. Microstructure of as-received IFN steel: a) original image; b) digitized and indexed.
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Figure 3. Initial grain structure (IPF color map) used in crystal plasticity
simulation.

polishing, and etching after annealing for durations of 0, 1, 2, 3,
4, and 5 min. Optical microscopy was employed to investigate the
extent of recrystallization by analyzing the microstructural
evolution.

2.2. Crystal Plasticity Model

Crystal plasticity models offer the capability to simulate the acti-
vation of individual slip systems and account for the influence of
grain orientation on slip inhibition. This enables the prediction
of full-field, heterogeneous strain and dislocation density distri-
butions within a polycrystalline microstructure.

Given the objective of this paper, which is to incorporate non-
uniform dislocation density distributions into phase-field model-
ing, a physics-based crystal plasticity model is a suitable choice.
Consequently, the cold-work deformation simulations were
conducted using a physics-based crystal plasticity model imple-
mented within the open-source software DAMASK. The subse-
quent section delves into the constitutive law employed in these
simulations.

The constitutive model employed in this study is based on the
dislocation density approach proposed by Ma and Roters.?**"!
This framework directly accounts for the fundamental mecha-
nisms of dislocation multiplication, annihilation, and dipole
formation.

The shear rate on a slip system, a, 7%, is directly linked to the
average velocity of mobile dislocations, v*. This relationship is
described by the Orowan equation,®!! which states that

7 = b 1)

where p“” is the mobile dislocation density of the slip system a
and b is the magnitude of the burgers vector.

The distance between short-range barriers and the average
activation energy for overcoming these barriers are the main fac-
tors controlling dislocation velocity,?>** which is given as
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where | denotes the average distance between the short-range
barriers, t, is the time a dislocation spends waiting to overcome
a barrier, while t, represents the time it takes to move between
barriers. Given that t, is significantly shorter than t,,, the waiting
time is often considered to be the dominant factor and the run-
ning time is neglected.*” In accordance with the model of Kocks
et al.’* the waiting time is calculated as

AG
by = wp 'exp (kB_T> 3)

where AG is the average activation energy, w, is the attempt fre-
quency, T is the absolute temperature, and kg is Boltzmann’s
constant. The dislocation glide velocity is evaluated using
Equation (2) and (3) as

—AG
0% = pyexp (kB—T) 4)

vy = lwg ©)

Inserting Equation (4) into 1 gives the shear rate as

. —AG
r* = pbvgexp (m) (©)

The stress dependency of AG can be expressed as

*Q p q
AG = AF {1 - (TL) } )
o
where AF represents the total short-range barrier energy, that is,
the activation energy for glide in the absence of external stress.
The shape of the short-range barrier is characterized by param-
eters p and g, which, for most barrier profiles, satisfy the condi-

tions0<p<land1<g< 2.3% The thermal stress component,
7%, is determined by

|t — 7% for |¢%] > 72
L —
o= {0 for |=%) < 4 ®)

where 7, denotes the total resolved shear stress acting on slip
system «, while t¢ represents the athermal component of the
resolved shear stress, which is defined as

N, 1/2
T(é; =Gb (Z 50«1’ (p(x’ + Pgl)) (9)

o'=1

where pf is the dislocation dipole density, &,y is the interaction
coefficient matrix between different slip systems a and a’, G is
the shear modulus, and 7} is the barrier strength, the stress
needed to overcome short-range barriers without thermal assis-
tance, which is given as

75 = (Jz*] —1&)atT = 0K (10)

By combining Equation (6) and (7), the shear rate for slip
system «a is obtained as follows
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. AF T\ P\1| .
7% = p*bogexp {,m (1 — (ri*) ) }mgn(ﬂ) (11)
0

The evolution rate of the mobile dislocation density and the
dislocation dipole density are given as?*>°!

a ‘ya‘ 2 gipole alea
“pae b

o 2( gipole - d(alnni)
pd - b

(12)

. 24* .
7% = Z““‘pﬁlral (13)

where d% . represents the critical distance required for the
annihilation of two mobile dislocations of opposite sign. The
annihilation term in the Equation (12), is calculated under
the assumption of equal populations of positive and negative dis-

locations. The dislocation mean free path, A%*? is determined by

1—1+1 14
ACdy e (14)

where d, is the effective grain size and 4 is defined as

1 1 (& 1/2
/1_(1 = a (Z Baw (pa + pg )> (15)
o' =1

where C, is a coefficient that characterizes the number of dislo-
cations that can traverse a given distance before becoming immo-
bilized by forest dislocations. The coefficients g, represent the
interactions between dislocations on different slip systems.
Finally, the critical distance for dipole formation is expressed as

G

dgipole = W (16)

The crystal plasticity simulation, employing the presented con-
stitutive law, was performed using the spectral solver imple-
mented in DAMASK. A compressive loading condition was
applied to achieve an average strain of 0.45. Accurate material
parameter selection is crucial for crystal plasticity models to reli-
ably predict a material’s deformation behavior. While single-
crystal experiments offer a pathway to determine many material
parameters for physics-based crystal plasticity models, macro-
scopic experiments, such as uniaxial compression tests, are more
practical for polycrystalline engineering materials. The model
parameters are adjusted (Table 2) to achieve optimal agreement
with the experimental macroscopic stress—strain response using
a series of simulations (Figure 4) and made sure that the param-
eters are in the range specified for DAMASK simulation kit.[*®3”}
Notably, detailed analyses of slip systems and hardening param-
eters are well-documented for IF steel within the DAMASK
framework,***”! providing a robust foundation for our parame-
ter selection. The remaining properties, including the Burgers

Table 2. Optimized constitutive parameters for DAMASK simulation.

pg [m~7] vo [ms ™) AF 7 [MPa]  p 9 G G

28x10%  1.01x10®° 1.7x107" 450 0.46 1.4 254 707
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Figure 4. Experimental and simulated true stress—strain response of
IFN steel in compression.

vector magnitude, b, and shear modulus, G, were acquired from
existing literature on IFN steel.

2.3. Model Coupling

The final microstructure from the crystal plasticity model is used as
the initial condition for the phase-field simulation. To extract grain
boundaries and individual grains, the initial grain configuration is
deformed using the displacement vectors calculated during the
crystal plasticity simulation. Subsequently, the indices of each grain
and the total dislocation density at every point are extracted and
imported into a MATLAB code for further processing.

It should be pointed out that the phase-field method is a diffuse-
interface method, meaning that grain boundaries have a finite
width.’® Therefore, a sufficiently fine grid spacing is required
to accurately represent the microstructure. Additionally, the inser-
tion of nuclei demands a small enough grid size to correctly cap-
ture their topology, as nuclei are typically smaller than the overall
microstructure. Taking the previous consideration into account,
the coupling algorithm interpolates the grain and dislocation den-
sity data according to the new increased grid size. Additionally,
the scale of the microstructure was carefully adjusted to align with
the new grid size, which is essential for accurate phase-field
simulations.

2.4. MPF Method

The total free energy of an inhomogeneous system is written in
terms of all orientation field variables and their gradients, Fyun
and F,,,,*” respectively, plus the stored energy field, P29 F_ due
to plastic deformation. Thus, the total free energy function is
given as

f:Fbulk+Fint+Fs

17
= [ o) + St (V) + fuctniiay

where V is the volume of the system, ;(i=1, ..., g) are called
orientation field variables®® for distinguishing different grains
in the microstructure and g is the total number of grains.
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The bulk energy provides potential wells with equal depth at
(M1, ...,ng) =(1,0,...,0),...,(0,0, ...,1) which provides the
driving force for grains to fill the simulation domain. The gradient
energy density is nonzero only around the grain boundaries.*'!

et g8 .8 1
Fos b fu =YY ey S5

i=1 i=1 j>i
(18)
K& 2
— Vn,
+3 ?:1‘ il

where my, is the energy density coefficient and y is a positive con-
stant equal to 1.5 for symmetrical values of order parameters
across the grain boundaries. It should be noted that the grain
boundary energy and thickness vary with the gradient energy pen-
alty, k.

The stored energy density term in the Equation (17), provides
the driving force for microstructural evolution due to high dislo-
cation density in deformed grains. This term can be approxi-
mated by the stress field of dislocations which are formed
during the plastic deformation as!"

fs=30GH (19

where p is the dislocation density field at each point, derived from
the order parameters and their respective dislocation densities!*’!

through the application of Moelans’ interpolation function!****!
Siame

P M, . ng) = g8 (20)
=11

The dislocation density at each grid point, p,, is obtained from
the results of crystal plasticity simulations. For the purpose of
comparative analysis with previous studies, p, is considered to
be uniform within each grain, with a random value assigned
between 0.75p and 1.25p, where p represents the average dislo-
cation density.[*?!

The microstructural evolution equation can be obtained from
nonconserved order parameters, based on the time-dependent
Ginzburg-Landau equation,®® also known as the Allen-Cahn
equation!*®
on;(r, t) I oF

ot )

(21)

where L is the relaxation coefficient related to the interfacial
mobility, ¢ is time, and r is the spatial position of order param-
eters in the system. Now using the total free energy function
(Equation (17)), the evolution equation of the system becomes!*’!

on; &
5 =L [m()(—m 2y nf) — KV,
7

ni ,
+ GV = (pg—p)|i=1,2,....,8
j=1"1j

In order to simulate the SRX kinetics, the set of kinetic equa-
tions (Equation (22)) have to be solved numerically using the
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finite difference method by projecting the continuous system
on a lattice of discrete points.’® The phase-field equations
are also discretized, resulting in a set of algebraic equations.
Solution of the algebraic equations yields the values of the
phase-field variables in all lattice points.

A finite difference discretization technique using uniform lat-
tice spacing, and with a central second-order steeping in space
and forward steeping in time, is most widely used because of
its simplicity

oni(r,t) _ mi(r,t+ At) — ni(r,t)
ot At

(23)

where At is the time step for integration.

Active parameter tracking!*’**! is utilized for computational
efficiency. It should be pointed out that at every grid point only
a few phase-field variables are nonzero and contribute to the evo-
lution of the system. With a sparse data structure, the computa-
tions are simplified by iterating through only nonzero order
parameters at any grid point. The list of active order parameters
at each point is described as

P(r, ) ={(m)mi(r, 1) > €} (24)

where ¢ is chosen to be a small positive threshold value, wherein,
only order parameters bigger than that are stored.

More importantly, IFN the value of any order parameter is
zero at all points in a neighborhood, the value of the order param-
eter at center point will remain zero during the next time step.
Therefore, an active parameter list should be considered in order
to account for the possibility of an order parameter entering or
leaving a point from neighboring points.

The following relations were derived for relating the simula-
tion coefficients to the grain boundary energy, g, and grain
boundary mobility, Mg, as*'!

3
k= Znglgb (25)
4Mg,
L=—% 2
i (26)
67gp
my = li (27)
gb

where Iy, is the grain boundary width which is a model
parameter.

The boundary mobility for high angle grain boundaries
(HAGB), Mg, (m*]~1s71), is defined as!*”

Mg, = Myexp (_R—%g) (28)

where Q, is the activation energy for the migration of a HAGB,
R is the universal gas constant, and M, is the preexponential
factor.

A 2D microstructure representative of IFN steel was simulated
to study the SRX process under annealing at 750 °C. The param-
eters used for the simulation are listed in Table 3.

As noted earlier, the initial microstructure for the 2D simula-
tion was derived from the results of the crystal plasticity
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Table 3. Material properties of IFN steel on the phase-field model.

Qg [jmol™'] R[jmol™'K™'] Mg [molmj™'s™" & g [[m % G[GPa] B[A
14019 8.314 0.4369 107 0.791% 69,2050 2 48l€"

simulation. The edges were then cropped, and the grid size
increased to 1750 x 930. The grid spacing, Ax, was set to
0.543 pm, considering the scale of the original microstructure,
the crystal plasticity simulation, and the phase-field grid. The
grain boundary width, 1y, was set to 4Ax to ensure adequate
numerical resolution across the diffuse interface. The simulation
time step, At, was set to 1 x 1072 (s) to maintain numerical sta-
bility during simulation. Each grain is assigned a unique order
parameter, as well as new recrystallized grains.

The evolution of the 2D microstructure is solved at each grid
point using finite difference, with an eighth-order scheme for
spatial derivatives and the Forward Euler method for time
integration.

2.4.1. Grain Nucleation

The site-saturated nucleation assumption was adopted to model
grain nucleation in the phase-field simulations. This assumption
stipulates that all nucleation events are presumed to occur at the
inception of recrystallization.

Experimental observations have indicated that, under condi-
tions of uniform deformation, nucleation events are more likely
to initiate at triple junctions and grain boundaries compared
to the interior of grains.!! It has been hypothesized that triple
junctions provide more energetically favorable nucleation sites
due to their higher grain boundary area-to-volume ratio.?%>"
Consequently, these assumptions will be incorporated in the
present investigation.

Prior research!***? has employed a probability-based algorithm
for selecting seed positions by summing the normalized gradients
of all order parameters at each grid point r, Y%, |V;(r)|. This
approach identifies triple junctions as high-probability nucleation
sites but assigns equal probability to all two-grain boundaries. In
this article, we enhance this method by additionally considering
the normalized gradient of total dislocation density at each

Ql "0‘. 8 2
-_— . >
l% 001 101
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position, |Vp,(r)|. This modification enables a more accurate pre-
diction of nucleation site locations, especially on two-grain bound-
aries, rather than relying on random selection.

In prior research,****! the number density of nuclei was esti-
mated from the experimentally determined average grain size at
the completion of recrystallization. This approach relies on the
assumption that the number of grains in the fully recrystallized
microstructure is equal to the initial number of recrystallized
nuclei. While this assumption is generally tenable, it necessitates
experimental measurement of the final average grain size. In this
article, a more direct approach is adopted by selecting the num-
ber of nuclei at each grid point based on a nucleation probability
exceeding a threshold. This threshold is determined by the
relative position of the average within the total dislocation density
domain. This method obviates the need for experimental
investigations.

To facilitate comparison, the simulation with constant dislo-
cation density employed the same number of nuclei as the
previous simulation, though their spatial distribution was
randomized.

A circular nucleus, centered at the selected position, is intro-
duced into the simulation domain. The initial order parameter
within this nucleus is governed by the following function**!

1 d— T'seed

where d represents the radial distance from the center of the
nucleus and rseed denotes the radius of the nucleus, which is
fixed at 14Ax in the present study. Subsequent to the insertion
of nuclei into the phase-field domain, an initial hold period is
implemented to allow the microstructure to accommodate the
newly formed recrystallized grains.** This approach mitigates
the occurrence of unphysical behavior arising from overlapping
order parameters.

It should be noted that the holding time is neglected in the
total time of microstructural evolution.

3. Results and Discussions

Figure 5 depicts the IPF color map of the deformed microstruc-
ture, obtained through crystal plasticity simulations at an average

m

Figure 5. Final grain structure obtained from crystal plasticity simulation (IPF color map).
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true von Mises strain of 0.45, based on the initial microstructure
shown in Figure 3. The results indicate that the grains have elon-
gated perpendicular to the compression axis. Additionally, signif-
icant changes in the crystallographic orientation of the original
grains are evident.

Unfortunately, the DAMASK postprocessor does not calculate
the deformed grain topology directly but provides the displace-
ment vector field. The deformed microstructure topology was
generated by vectorially displacing each grid point of the initial
grain structure shown in Figure 3, according to the displacement
field computed via crystal plasticity simulation. The state of the
deformed microstructure was then utilized as the basis for ini-
tializing the order parameter field required for subsequent
phase-field modeling.

It is well-established that the phase-field method inherently
introduces a finite interface width. Consequently, the microstruc-
ture needs to establish a finite width at the grain interfaces, that
is, the grain boundaries, to be used as the initial microstructure
in the nucleation process and the subsequent SRX simulation.

To minimize spurious alterations in grain area during the
construction of this diffuse interface, particularly critical for
smaller grains, a refined spatial discretization was implemented.
Specifically, the grid resolution was increased to ensure that the
characteristic length scale of the diffuse interface was signifi-
cantly smaller than the minimum grain size. This procedure
is crucial to prevent the numerical dissolution of smaller grains,
a phenomenon that arises when the interface width becomes
comparable to or exceeds the grain dimensions.

To achieve this, a custom interpolation algorithm was devel-
oped to map the discrete grain topology data along with the total
dislocation density distribution onto the refined computational
grid. Subsequently, a unique order parameter field was generated
for each grain such that the regions occupied by grains were
assigned a value of 1, while the remaining regions were set to
0. This binary field represented the initial sharp interface condi-
tion. To initiate the diffuse interface formation, a brief temporal
evolution of the order parameter field was performed according
to Equation (22). This evolution was terminated upon attainment
of a symmetric diffuse interface profile, ensuring a consistent
representation of grain boundaries throughout the microstruc-
ture. Figure 6 illustrates the processed microstructure, visualized
using order parameters and Equation (30).1”) As shown, the dif-
fuse interfaces are accurately formed throughout the simulation
domain.

g

p(r,t) =Y nt(rt) (30)

i=1

The final step in the coupling process that involves extracting
and interpolating the total dislocation density data from the
crystal plasticity results onto the new grid. Figure 7 illustrates
the distribution of total dislocation density, overlaid with the
grain boundaries. The DAMASK crystal plasticity simulation
accurately captures the heterogeneous distribution of disloca-
tion density and the accumulation of dislocations at grain
boundaries during plastic deformation. This dislocation density
distribution, coupled with the order parameters, serves
as the initial conditions for the phase-field model, enabling

Adv. Eng. Mater. 2025, 2500117 2500117 (8 of 14)
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Figure 6. Grain topology of the microstructure resulting from crystal plas-
ticity simulation showing diffuse interface development after holding time
in phase-field model.

»
Total Dislocation Density (m)

Figure 7. Distribution of total dislocation density, with overlaid grain
boundaries.

the prediction of nucleation sites within the deformed
microstructure.

As discussed previously, nucleation events are more likely to
occur at triple junctions and grain boundaries than within the
grain interiors. To identify potential nucleation sites, the gra-
dients of all order parameters at each grid point were summed
and normalized according to its maximum and minimum value.
Figure 8(bottom) presents the normalized probability of nucle-
ation at different positions within the microstructure. It is evi-
dent that triple junctions exhibit the highest nucleation
probability, followed by two-grain boundaries, with the interior
of grains having the lowest probability.

As previously discussed, in previous studies,?****¥ the den-
sity of nuclei was determined experimentally, and nuclei were
then randomly positioned in high-probability areas. In this arti-
cle, we consider dislocation density gradients in addition to
high-probability areas. Figure 8(top) shows the relative proba-
bility of nucleation, calculated by summing the high-probability
areas from Figure 8(bottom) with the normalized gradient
of the total dislocation density field at each grid point. This
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Relative Nucleation Probability

Figure 8. Normalized nucleation probability calculated from gradients of
total dislocation density (top) and order parameters (bottom).

approach not only prioritizes triple junctions but also assigns
different probabilities to two-grain boundaries. By selecting
locations with a probability exceeding 0.59 (a threshold deter-
mined by the relative position of the average within the total
dislocation density domain), the total number of nuclei and
their positions within the simulation domain can be deter-
mined, eliminating the need for experimental investigations
and random seed placement.

Once the total number of nuclei is determined, two sets of loca-
tions are selected: one based on the probabilities shown
in Figure 8(top) and the other chosen randomly from the high-
probability areas identified in Figure 8(bottom). A unique order
parameter is then assigned to each nucleus using Equation (1).
Subsequently, a nucleation holding time is implemented to allow
the microstructure to accommodate the newly formed recrystal-
lized grains. The two sets of order parameters can be compared
with each other in two separate phase-field simulations.

www.aem-journal.com

Figure 9 presents two variants of a seeded, deformed micro-
structure, each overlaid with contours of total dislocation den-
sity. To initiate the SRX process, 379 nuclei were incorporated
into the microstructure via a stochastic algorithm. In the first
configuration (Figure 9a), nuclei were deterministically posi-
tioned, while in the second (Figure 9b), their locations were
randomized. It is evident that the nuclei exhibit a preference
for sites of high dislocation density, such as triple junctions
and grain boundaries. This seeded microstructure will be
employed as the starting point for subsequent SRX phase-field
simulations.

Figure 10 presents a series of microstructural snapshots,
capturing the temporal evolution of the microstructure’s topol-
ogy. The color scale in the figure is indicative of dislocation
density, while black regions delineate the grain boundaries.
A side-by-side comparison of the two models reveals distinct
microstructural evolution behaviors. The dislocation distribu-
tion model results in a more homogeneous distribution of
recrystallized grains, with a relatively uniform growth rate.
In contrast, the constant dislocation density model, with its sto-
chastic nucleation, leads to a heterogeneous distribution of
recrystallized grains. Regions with a high density of nuclei
exhibit accelerated grain growth, while regions with fewer
nuclei experience slower growth rates. The growth kinetics
of individual grains in the constant dislocation density model
appear to be influenced by the local dislocation density
gradient.

Upon examining the final stages of recrystallization, signifi-
cant differences emerge between the two models. The dislocation
density distribution model results in a microstructure composed
of relatively uniform and equiaxed grains, consistent with typical
recrystallization behavior. In contrast, the constant dislocation
density model leads to a microstructure with elongated grains.
This disparity is likely due to the proximity of nucleation sites
in the random seeding process.

The disparity in scale between the critical radius of recrystal-
lized nuclei and the final recrystallized grain size presents a sig-
nificant computational challenge. Given that the critical radius is
substantially smaller than the final grain size, direct simulation
of nuclei growth is computationally prohibitive unless the physi-
cal dimensions of the simulation domain are severely restricted,

b . S 4
e _’

AR
T

Figure 9. The seeded microstructure considering a) random nucleation and b) normalized nucleation probability calculated from gradients of total
dislocation density. The color bar showing the total dislocation density (m~?).
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Figure 10. Simulated recrystallization microstructures at increasing times (¢t =122.7, 172.7, 222.7, 322.7 s, top to bottom). Comparison of constant
dislocation density model (left) and model with dislocation density distribution (right). The color bar showing the total dislocation density (m~?)

and the times are corrected.

which potentially compromising the representation of micro-
structural evolution at larger scales. Consequently, due to inher-
ent resolution limitations of the phase-field model, it becomes
computationally imperative to introduce recrystallization nuclei
of a size sufficient for accurate representation within the discre-
tized domain. Employing recrystallization seeds larger than the
critical nucleus size represents a necessary deviation from phys-
ical reality for computational tractability. Consequently, the sim-
ulated recrystallization process is artificially advanced in time. To
reconcile this discrepancy, a temporal correction, as described

Adv. Eng. Mater. 2025, 2500117 2500117 (10 of 14)

below, is implemented to ensure that the simulated kinetics
accurately reflect the physical processes.

To quantify the temporal duration required for a recrystalli-
zation nucleus to evolve from its critical radius to the artificially
introduced seed radius, a series of independent simulations
is conducted. Each simulation features a single recrystalliza-
tion nucleus embedded within a distinct region of the
deformed microstructure. This approach accounts for spatial
variations in microstructural features that may influence
growth kinetics. The growth velocity of the recrystallized
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nucleus is subsequently determined by averaging the temporal
evolution of the nucleus radius across these simulations. This
averaged growth velocity, in conjunction with the known criti-
cal and seed radii, allows for the determination of the time
interval required for growth from critical radius to the seed
radius, effectively establishing the appropriate initial time off-
set for subsequent simulations. This offset corrects for the arti-
ficial advancement of the recrystallization process inherent in
initializing the simulation with larger-than-critical nuclei. The
critical radius itself, a key parameter in this analysis, can be
estimated using the Bailey-Hirsch criterion,”® which exhibits
a dependence on the dimensionality of the simulation domain.

2(ngim — 1
Fon = ( dl;lcbz )ng (31)
where rgy is the critical radius of the recrystallized nuclei and
Ndim 1S the number of dimensions in the simulation domain.

It is worth noting that the two models did not converge within
the same simulation time (322.7's). Experimental observations of
the microstructure after 300 s of annealing (Figure 11) demonstrate
that recrystallization is fully completed within this timeframe.
Consequently, it can be inferred that the results obtained from
the dislocation density distribution model provide compelling evi-
dence for the validity of the proposed coupling approach.

Quantitative microstructural analysis revealed a grain count of
531, exceeding the predicted nucleation density of 379. However,
when accounting for the previously established disparity in scale
between the critical radius of recrystallized nuclei and the initial
seed radius, a revised assessment of the predicted nucleation
density demonstrates improved concordance with experimental
observations. Specifically, by neglecting the small grains, the pre-
dicted value approaches the experimentally determined value,
suggesting that the initial model, provides a reasonable approxi-
mation of the effective nucleation density contributing to the
dominant microstructural features.

A comparison of the average grain size between the simulated
(23.73 pm) and experimental microstructure (22.68 pm) reveals a
difference of ~4.62%. This relatively small discrepancy indicates
a high degree of agreement between the simulated and experi-
mental results, suggesting that the proposed coupling approach
accurately captures the essential physics of recrystallization. It is

-
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noteworthy that this level of agreement was achieved despite the
fact that all material parameters were obtained from existing lit-
erature, highlighting the robustness of the proposed modeling
framework.

Microstructural analysis of the model employing a constant
dislocation density yielded an average grain size of 24.21 pm.
While this value exhibits closer proximity to the experimentally
determined grain size compared to alternative models, it is cru-
cial to acknowledge that this value was determined at an equiva-
lent simulation time as the model incorporating a dislocation
density distribution. As previously established, recrystallization
in the constant dislocation density model was incomplete at this
time point. Extending the simulation duration until complete
recrystallization is achieved would result in further grain growth,
consequently, increasing the average grain size and exacerbating
the deviation from the experimentally observed value.

The classical Johnson-Mehl-Avrami—Kolmogorov (JMAK)
equation®*=® is a widely employed model for predicting the
overall kinetics of primary recrystallization in deformed metals.
The recrystallization fraction, X, is expressed as

X =1—exp(—kt*) (32)

where t is the annealing time and k and n are Avrami coefficient
and Avrami exponent. Based on the preceding discussion, SRX
is approximated by a site saturation nucleation condition.
Given that the SRX process simulation in this study is con-
ducted on a 2D grid, the Avrami exponent is anticipated to
be n=2.

To quantify the recrystallization kinetics, the recrystallized
fraction was determined by analyzing the area of recrystallized
grains at various time steps for both the current model and
the constant dislocation density model. These data are subse-
quently plotted in Figure 12. By fitting the JMAK equation to
the MPF results, the Avrami parameters were extracted; these
parameters are presented in Equation (33) for Model considering
the dislocation density distribution and Equation (34) for Model
with constant dislocation density. The Avrami exponent was
found to be 2.02 (R*=0.9998) for the current model and 1.95
(R*=0.9985) for the constant dislocation density model. This
indicates that the results of the proposed coupled model
are in better agreement with the expected time exponent for

Grain Size (m)

Figure 11. Microstructure of recrystallized IFN steel after 300 s annealing: a) experimental microstructure; and b) corresponding grain size distribution

(color-coded).
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Figure 12. Area fraction recrystallized as a function of time: comparison of
two simulation models and experimental results.

site-saturated nucleation and growth compared to the constant
dislocation density model, thereby, confirming the consistency
of the proposed model with SRX theory.

Furthermore, Figure 12 presents the experimentally deter-
mined fraction recrystallized, calculated from Vickers hardness
measurements of IFN-steel samples annealed at 750 °C for varying
durations. The Avrami parameters, fitted to experimental Vickers
hardness results according to the JMAK equation (Equation (9)),
are presented in Equation (35) and plotted in Figure 12.

X =1 — exp(—4.428 x 107°292) (33)
X =1 — exp(—4.566 x 107>1-%) (34)
X =1— exp(—6.678 x 1075¢194) (35)

A comparison of the JMAK curve derived from experimental
data and the curve generated from the current model reveals an
excellent agreement. This strong correlation indicates that the
proposed coupled model accurately predicts the nucleation den-
sity, nucleation site positions, and their temporal evolution dur-
ing the recrystallization process.

Figure 13 presents grain size distributions obtained from
experimental measurements and two phase-field simulations
employing different approaches: the current model that considers

12 Experimental

Frequency (%)
Frequency (%)

0 10 20 30 40 50 0 10 20
Grain Size (um)

Grain Size (um)
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the total dislocation distribution and a constant dislocation density
model. Comparison of the distributions reveals that the current
model exhibits closer agreement with the experimental data.
Both the experimental and current model distributions show
a similar unimodal shape with a peak frequency around
15-20 pm. While the experimental distribution displays a slightly
broader spread and a longer tail toward larger grain sizes, the cur-
rent model captures the general trend and central tendency rea-
sonably well. In contrast, the constant p model demonstrates a
distinct distribution, with a sharper peak shifted towards smaller
grain sizes around 10-15pm and a less pronounced tail. This
discrepancy indicates that the current model more accurately rep-
resents the underlying physical mechanisms governing grain
growth compared to the constant dislocation density model, which
underpredicts the average grain size and fails to capture the
observed distribution shape.

4, Conclusions

In this article, a comprehensive computational framework was
developed by coupling a physics-based crystal plasticity model
with a MPF model to accurately simulate 2D SRX. The integra-
tion of the crystal plasticity model significantly enhances the
representation of plastic deformation mechanisms, providing
a more precise input for the phase-field model.

A robust coupling algorithm was implemented to extract the
initial grain structure directly from optical microscopy images of
the as-received microstructure. Subsequent crystal plasticity sim-
ulations were conducted, and the resulting deformed microstruc-
ture was then utilized as the initial condition for the phase-field
model.

Leveraging the additional information provided by the crystal
plasticity model, such as dislocation density distribution and
deformed grain boundaries, the total number and positions of
nucleation sites in the deformed microstructure were accurately
determined.

To validate the proposed model, the simulation results were
compared with experimental measurements and a conventional
constant dislocation density model from the literature. The
proposed model demonstrated exceptional agreement with exper-
imental observations, significantly outperforming the conven-
tional approach.

Current Model 12 Constant p Model

Frequency (%)

h " 0
30 40 50 0 10 20 30 40 50
Grain Size (um)

Figure 13. Grain size distributions for the fully recrystallized state predicted by two phase-field models (current and constant dislocation density), com-

pared with experimental data.
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The coupled crystal plasticity-phase-field model offers a reli-
able and accurate prediction of grain size distribution and
evolution during the full SRX process in IFN steel, providing
valuable insights into microstructure development.
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