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Abstract

A hierarchically coupled cellular automata (CA) model, crystal plasticity finite element method
(CPFEM), and thermal finite element (FE) model is developed to predict the softening kinetics of
the bulged steel tube during non-isothermal annealing. Through the developed model, the kinetics
of softening mechanisms including static recovery (SRV) and static recrystallization (SRX), as
well as the recrystallization texture are predicted. Later, the Johnson-Mehl-Avrami-Kohnogorov
(JMAK) model based on the predicted SRX data is developed to interpret the recrystallization
behavior of the material. To perform this study, diverse experimental tests including tube
hydroforming (THF), annealing, uniaxial tensile test, hardness test, as well as microstructure
observations through optical microscopy and Electron Backscatter Diffraction (EBSD) tests on
steel tube are performed. The obtained experimental data are utilized to calibrate and verify the
implemented CPFEM model for simulation of THF process, thermal FE model for prediction of
the local temperature over annealing time, and CA algorithm for modeling of the softening kinetics
and texture evolution throughout the annealing process. The study shows that the predicted
deformation characteristics, softening kinetics, recrystallization texture and temperature profile
during non-isothermal annealing are in good agreement with experimental data. During the
annealing process, a total of four stages for the kinetics of softening mechanisms is observed: No
softening; SRV only; SRV dominant; and SRX dominant. During the progress of SRX, the
behavior of recrystallization is abruptly changed, confirming that two different mechanisms are
controlling the kinetics of transformation.

Keywords: Tube Hydroforming; Crystal Plasticity Finite Element model; Cellular Automata;
Static softening; Recrystallization; texture; JIMAK.

1. Introduction

The basics of cellular automata (CA) algorithm for modeling of the recrystallization kinetics
was established by Hesselbarth and Gobel [1], where the simultaneous operation of nucleation and
grain growth phenomena was assumed to control the progress of recrystallization. Based on the
proposed CA algorithm, different CA models have been developed to model the kinetics of
recrystallization under complex deformation and annealing conditions. Davies [2] has
incorporated the actual microstructure and annealing time into the original CA model to predict
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the kinetics of static recrystallization (SRX). Goetz and Seetharaman [3] have implemented
different nucleation rules on grain boundaries of a single-phase material to accurately predict the
progress of SRX through CA modeling. In their other study [4], the kinetics of dynamic
recrystallization and dynamic recovery have been predicted using a CA model. Janssens [5] has
implemented the actual space and time coordinates of annealing specimen in a 3D CA model to
predict the microstructural changes during recrystallization. Raabe and Hantcherli [6] have
considered the effects of deformation texture and Zener pinning in a 2D CA model to describe the
kinetics of SRX in a cold-worked interstitial-free steel. In another study, the particle stimulated
nucleation model has been incorporated into a CA model to account for the effect of particle
stimulated nucleation on the progress of dynamic recrystallization [7]. Kugler and Turk [8] have
utilized the actual as-deformed microstructure as the initial state for the CA model to model the
kinetics of primary recrystallization. Raabe [9] has developed a modified 3D CA model to obtain
crystallographic features of the recrystallized microstructure. Han et al. [10] have implemented
nucleation arising from subgrain growth mechanism in a 2D CA model to predict the kinetics of
SRX.

Since thermal history and deformation characteristics play an important role in the kinetics of
recrystallization, multiple researches have been conducted to incorporate diverse thermal,
mechanical, and thermo-mechanical models into the CA model. Yazdipour et al. [11] have
developed an irregular CA model to predict the dynamic recrystallization behavior of 304
austenitic stainless steel, in which various thermo-mechanical deformation conditions have been
investigated. In another study, the kinetics of SRX in a hot deformed Ni-based superalloy under
various thermo-mechanical conditions have been modeled by Lin et al. [12]. In similar studies, the
effect of double-pass hot compression tests considering diverse thermo-mechanical conditions on
the kinetics of SRX within Al alloys have been investigated through CA simulations by Huang et
al. [13] and Zhang et al. [14]. Furthermore, Schifer et al. [15] have developed a non-isothermal
CA model considering the interactive influence of static recovery (SRV) and precipitation on SRX
to model the softening kinetics within a cold-rolled Al alloy. Seyed Salehi and Serajzadeh [16,17]
have developed a coupled finite element method (FEM) and CA model considering isothermal and
non-isothermal annealing conditions to study the effect of rolling process on the subsequent SRX
behavior. A similar algorithm has been used by Madej et al. [18] to model the kinetics of SRX
within cold-rolled low carbon steel. In addition, Majta et al. [19] have investigated the
inhomogeneity of grain topology developed during annealing of as-deformed wires through a
coupled FEM and CA model.

Recently, more advanced mechanical models, e.g., crystal plasticity (CP), has been
incorporated into CA model to predict the recrystallization kinetics within specimens experiencing
complex deformation conditions. Raabe and Becker [20] have developed a coupled crystal
plasticity finite element method (CPFEM) and CA algorithm to simulate the behavior of primary
recrystallization in a specimen with prior heterogeneous deformation. A similar modeling
algorithm has been used by Zheng et al. [21] to model the kinetics of SRX within a hot-compressed
low carbon steel. Chuan et al. [22] have implemented a coupled CPFEM and CA algorithm to



model the dynamic recrystallization kinetics of a titanium alloy during isothermal hot compression
test. In another study, Popova et al. [23] have developed a coupled CPFEM and CA model to
predict the progress of dynamic recrystallization during hot deformation of magnesium alloy. Han
et al. [24] have investigated the effect of prior deformation characteristics on the kinetics of SRX
using a coupled CPFEM and CA model, in which the subgrain growth mechanism was considered
as main nucleation model. Haase et al. [25] have developed a coupled CPFEM and CA model to
study the behavior of primary recrystallization within a cold-rolled Twinning-Induced Plasticity
steel. Li et al. [26] have developed a fully integrated CPFEM-CA model to investigate the
simultaneous interaction of heterogeneous deformation, dynamic recrystallization, and mechanical
properties within a hot-worked titanium alloys.

In this study, a coupled CA, CPFEM, and thermal FE model was developed to predict the
kinetics of the softening mechanisms during non-isothermal annealing of the bulged steel tubes.
As for the experiments, tube hydroforming (THF) tests were performed on low carbon steel tubes
using different boundary conditions, and Electron Backscatter Diffraction (EBSD) tests were
conducted on the as-received, as-bulged, and subsequently annealed tubes. A rate-independent
CPFEM model was developed based on the crystallographic texture of the as-received tube to
predict the flow characteristics of the tube under multiaxial loading. Through this modeling, the
distribution of stress within the bulged tube was calculated, which then used to estimate the
distribution of dislocation density. Furthermore, a thermal FE model was implemented to predict
the local temperature within the annealing specimen over annealing time. The grain topology and
crystallographic texture of the as-bulged material obtained through EBSD testing, the distribution
of dislocation density obtained from CPFEM results, and the distribution of local temperature as a
function of annealing time obtained through thermal FE model were collected to create the initial
state for the CA model. A CA algorithm comprised of SRV and SRX (nucleation and grain growth)
models based on the established initial state for the anneal specimen was developed to predict the
kinetics of softening throughout the annealing process. In addition, an algorithm based on the
oriented nucleation theory was implemented into the CA model, through which the texture
evolution during the progress of recrystallization was predicted. Finally, the Johnson-Mehl-
Avrami-Kohnogorov (JMAK) model was derived based on the data extracted from CA simulations
to further investigate the progress of recrystallization within the bulged steel tube.

2. Experimental Procedure

In the present study, a low carbon steel tube with the outer diameter and thickness of 38 mm
and 1.24 mm, respectively, and chemical composition of Fe - 0.13 wt. %C - 0.3 wt. %Mn - 0.02
wt. %P - 0.15 wt. %Si - 0.3 wt. %S was investigated. The as-received tubes were annealed at
900°C for 75 minutes followed by air cooling to obtain a single phase ferritic initial microstructure.
The mechanical properties of these tubes were assessed through uniaxial tensile test based on E8-
E8M-09 ASTM standard. A total of five dog-bone specimens with the gauge length and width of
32 mm and 6 mm, respectively, were cut in longitudinal direction of the tube. The uniaxial tensile
tests were performed with 3 mm/min grip speed at room temperature. The displacement data



during the tests were recorded using a 3D Digital Image Correlation (DIC) machine, and the
synchronized force and displacement data were used to generate engineering strain-stress curves.

The tube hydroforming (THF) tests were carried out with different combinations of axial feed
and internal pressure to impose multiaxial loading to the tube. Figure 1 depicts the two different
set of boundary conditions employed in this study, which were named “path A” and “path B”. The
schematic drawings corresponding to the utilized boundary conditions are shown on the right-hand
side of this figure. As illustrated in Figure 1, the axial feed was kept close to zero until 260 s and
277 s of THF process for path A and path B, respectively. Meanwhile, the internal pressure was
linearly increased up to 26 MPa for both deformation paths A and B. Beyond 260 s of deformation
path A, a compressive axial feed of 1.65 mm was gradually applied to the tube’s end, while the
internal pressure was slightly increased to 26.5 MPa until the end of THF process. In contrast,
beyond 277 s of deformation path B, a tensile axial feed of 1.33 mm and a gradual increase of
internal pressure up to 27.6 MPa was applied until the end of THF process. To perform THF tests,
the prescribed boundary conditions were precisely applied to the tube using the actuators to apply
the axial feed and the intensifier installed in the Interlaken Technology (ITC) machine to apply the
internal pressure. Note that the internal pressure was applied through a water pressurization
medium. The geometrical characteristics of the tube under hydroforming including biaxial strain
components were recorded using a DIC equipment throughout the bulging process. The details of
the procedure utilized to perform THF process were explained in the authors’ previous papers [27—
29].
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Figure 1: The utilized boundary conditions for THF process, including the internal pressure (P)

and axial feed (d), along with their corresponding schematic drawings.

Subsequently, the as-deformed tubes were annealed in a furnace preheated to the temperature
of 960 K under different heating rates. Different ambient environments inside the furnace were
designed to create diverse heating rates in the anneal samples. The temperature change within the
bulged specimen during the annealing process was recorded using a K-type thermocouple, which
was attached to the specimen through a hole drilled through the thickness of the specimen [30].



Following the annealing process, each specimen was quenched in cold water to preserve the final
microstructure. Then, the hardness measurements were performed on all specimens to assess the
changes in mechanical properties of the specimens during the annealing treatment. In order to
accommodate for the curvature of the bulged specimens, the convex surface of the specimen was
placed on the flat holder, and the concave side of the sample was penetrated by the spherical
indenter of Rockwell hardness machine [31].

The microstructural observations have been performed on the as-received, as-deformed, and
annealed specimens through optical microscope (OM) and electron backscatter diffraction
(EBSD). The deformed and annealed specimens were cut along the hoop direction at the pole of
the bulged tubes where the maximum deformation occurred. Then, all the samples were mounted
and polished up to 0.05 pm roughness. To observe the grain topology with OM, all the samples
were etched by Nital detergent containing 100 ml ethanol and 5 ml nitric acid. Furthermore, the
crystallographic ~ texture of the samples were measured by means of a
ThermoScientic™ApreoLoVacfield emission EBSD microscope equipped with EDAX Hikari XP
camera [32].

3. Modeling Methodology

3.1. Crystal Plasticity (CP) model

In this study, a rate-independent CP model is employed to simulate the THF process within
steel tubes. The present CP model was first implemented by Zamiri and Pourboghrat [33] to model
the evolution of anisotropic plasticity of a single-phase Al tube. Later on this model was adopted
to capture the plasticity of advanced multiphase materials [34-36], as well as virtual testing of
materials by constructing 3D representative volume element (RVE) for calibration of advanced
yield functions and modeling of advance manufacturing processes [36—-38]. The fundamentals of
the utilized model are briefly presented in this section.

In the present CP model [33], the yield function, f (g, q), for a single crystal is defined as
follows,

fo,9) =2in{sis exp [o (222 - 1)) (1)
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where a, N, and Tf,‘ denote the slip system, the number of slip systems, and the critical resolved
shear stress (CRSS), respectively. In addition, p is a parameter to determine the closeness to the
condition, |g: P¥| = 735, and P is the Schmid tensor describing the orientation of a slip system.
To account for the increase of the current slip resistance against shear stress (7y/) in comparison to
the initial critical resolve shear stress (7§) due to hardening effect, the following hardening
equation is employed:
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where y# is the shear slip rate and h% are denoted as the components of the hardening matrix.
The hardening matrix can be defined based on the model proposed by Hutchison [39] as follows,
h*f = hB[q + (1 — q)6%F] 3)



where q is the latent hardening ratio with values in the range of 1<¢<1.4, and h? is an
evolutionary function denoting the self-hardening rate, which can be expressed as [40],
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where hy, 7, and a, are the hardening parameters, denoting the initial hardening rate, the
saturation value of the slip resistance, and the exponent describing the shape of the function,
respectively.

In the present CP model, the Taylor type homogenizationis adopted to calculate the
homogenized stress for each integration point. In this approach, multiple grains are assigned to
each integration point in the finite element (FE) simulation, and each grain undergoes the same
deformation condition applied to the integration point. In this study, by assuming the same grain
volume (V) for all grains for the sake of simplicity, and based on the crystal stress (g.) calculated

for each grain, the homogenized stress can be determined by,

(o) = ://_;Zc Oc = #Zc O¢ (5)

where V¢ and M¢ are the total volume of grains, and the number of grains, respectively [40].

3.2. Thermal FE model

As temperature is one of the key factors controlling the kinetics of softening mechanisms,
development of an accurate thermal model to predict the variation of temperature during the
annealing process is crucial. Therefore, in the present study, a thermal model is hierarchically
coupled with the cellular automata (CA) model to account for the temperature gradient throughout
the annealing process. In this regard, a three-dimensional transient thermal FE model is developed
to determine the local temperature gradient within the bulged specimen during the annealing
process. The governing heat conduction equation in the Cartesian coordinate system can be
expressed as [16]:
5 (05) + 5 (05) + 5 (A5) = pnc; ©)
where A, p,,, and ¢ are the coefficient of heat conduction, material density, and specific heat,
respectively. In addition, the following boundary condition is applied to all the specimen surfaces

exposed to the high temperature environment [30],

oT
A (a_f)r + h(T — Tseapiizea) = 0 (M
where £ is the normal direction to every surface boundary I', and h and Tgqp1izeq are the heat
transfer coefficient and furnace stabilized temperature, respectively. In the present study, the
thermal model coefficients are defined as temperature dependent functions to improve the

accuracy of predictions. These functions for low carbon steel are listed in Table 1.



Table 1: The properties of low carbon steel required for thermal model [41].

Parameters Temperature dependent function (in K)

Material density (kg.m) 7800

Specific heat (J.kg'.K'") 284.721740.5051xT
114.6667-0.0917xT; if T<900

o a1
Thermal conductivity (W.m".K™) 33: if T> 900

3.3. Modeling of softening kinetics and texture evolution

3.3.1. Recovery

Recovery phenomenon generally occurs during annealing of deformed materials with high
stacking fault energy. To predict the softening kinetics during annealing, the simultaneous
contributions of SRV and SRX in restoration should be determined. In this regards, the kinetics of
SRV during post-deformation annealing can be estimated by the analytical approach proposed by
Verdier et al. [42]. According to this model, the relaxation of internal stresses and annihilation of
dislocations caused by thermally activated mechanisms are the main consequence of recovery.
Therefore, the relaxation of internal stress during recovery can be derived as [42],

o) B () s (52) ®

where E, t, R, Q,, T, v, w, k, and M, are Young’s modulus, annealing time, universal gas
constant, recovery activation energy, temperature, Debye frequency, recovery activation volume,
Boltzmann constant, and Taylor factor, respectively. The dislocation annihilation rate (p,) during
static recovery can be estimated by applying chain rule to Eq. (8) and employing Taylor model, as
below [17]:
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where v is Poisson’s ratio, and 4 is a constant. Using this equation, the local dislocation density
can be modified during the annealing process as a function of annealing duration and temperature
based on a step-size adjustment method. This method will be explained in the upcoming sections.

3.3.2. Grain growth

The progress of SRX is generally identified by simultaneous occurrence of nucleation
phenomenon as the formation of defect-free nuclei, followed by their growth toward the
neighboring deformed region. Both mechanisms are basically controlled by the amount of stored
internal energy during deformation as well as the temperature regime during subsequent annealing
process. In the CA model, the growth mechanism can be interpreted by the term of local velocity
of grain boundary (V), which can be defined based on the Turnbull’s rate equation [43] for the
grain boundary between recrystallized and unrecrystallized grains,
V=M.P (10)
where P is the local driving pressure, and M is the local mobility of grain boundary that can be
calculated for ferritic grain boundaries in a low carbon steel as follows [44],
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where Q,, and Qg are the activation energies for the grain boundary motion and the grain
boundary diffusion, respectively. In addition, the following relationship can be used to calculate
the local driving pressure (P) existing on a moving grain boundary,

P = AGb%*Apy + ky¢p (12)
where Apg is the change in dislocation density over the moving grain boundary, and y;p and k are
the grain boundary energy and curvature, respectively. In the present model, the kink-template
method [10] is employed to approximate the grain boundary curvature (k). Furthermore, the Read-
Shockley equation [17] is utilized to calculate the energy of grain boundary (yp) as follows,
YHaGB %(1 —In (&)) if AByp < ABhacs (13)

AOyaGB

YeB =
Yuace if AOpp = ABhacs
where Al is the grain boundary misorientation, ABy 445 1s the misorientation on a high angle
grain boundary (=15°), and yy44p 1s the energy of high angle grain boundary.
In the CA model, the actual annealing time is discretized into multiple time steps, in which the
grain growth phenomenon is assumed to occur in a stable manner. Therefore, the simulation time
step (At) is calculated using the following relationship:

At =

(14)

Vmax
where V,,, 4, 1s the maximum velocity of grain boundary obtained from Eq. (10).

3.3.3. Nucleation

The nucleation phenomenon is the formation of defect-free nucleus on the high energy spots
of the deformed context. The kinetics of nucleation phenomenon during SRX is basically
dependent on the temperature and the amount of energy reduction due to the occurrence of
nucleation. Therefore, the nucleation rate (1) is calculated as below [27],

n = coAX exp () (15)
where ¢y and Qy are a positive fitting factor and the nucleation activation energy, respectively. In
addition, AX is the magnitude of energy change during nucleation, which can be calculated through
the following relationship:

AT = AV,Gb*Apg + ¥ AcsYas (16)
where 1}, and A;p are the volume of nucleus and area of grain boundary, respectively. In this
relationship, the first term takes the energy change due to the reduction of dislocation density into
account, in which the magnitude of Ap, is defined as the difference between dislocation density
of the site and dislocation density of the annealed structure. In addition, the second term is the total
surface energy change due to nucleation, which is the summation of energy reduction due to the
removal of prior grain boundaries and energy increase due to the formation of new grain
boundaries.



Based on the nucleation rate calculated through Eq. (15), the local nucleation probability for

the time increment i is determined as follows,
7llucleation = hll3Ati (17)

In this equation, the value of At; is determined by Eq. (14). It is important to note that the fresh
crystals are assumed to be nucleated at preferred high energy spots such as triple junctions and
grain boundaries, since it is reported that heterogeneous nucleation takes place within samples with
a slight imposed strain [45]. Therefore, the probability of nucleation calculated for each preferred
nucleation site throughout the microstructure is compared to a pseudorandom number, generated
through Mersenne-Twister algorithm [46], to decide whether the transformation from deformed

site into a recrystallized fresh nucleus can occur.

3.3.4. Modeling of texture evolution

The softening mechanisms operative during the annealing process may lead to texture
evolution in metallic materials. The texture change through softening mechanisms may vary from
absolutely none to drastic evolutions. It is known that SRV could contribute to the texture
evolution through formation of subgrain structure, while SRX may cause the texture evolution by
forming fresh crystals from the strained context. Regarding the SRX phenomenon, the
combination of different nucleation parameters including the orientation of fresh nuclei, the
location of fresh grains, and the stored energy within the surrounding grains as well as the
subsequent growth rate are influential on the development of recrystallization texture [47].

Because of the mutual interaction between the softening kinetics and texture evolution
throughout the annealing process, it is important to model both phenomena interactively in the
developed CA model. In the previous section, the impact of the grain orientation was incorporated
into the nucleation and grain growth algorithms through its effect on the energy of grain boundary
(see Eq. (13)). Herein, an algorithm based on the oriented nucleation theory [48] is developed to
model the texture evolution during the annealing process. Note that the impact of the subgrain
formation through SRV on the texture evolution is neglected in the present study since not only
this impact is negligible but also the CA cell resolution is not sufficiently high to be able to account
for the subgrain structure [27]. According to the oriented nucleation theory, a specific set of
orientations may have higher chance to nucleate during recrystallization. These orientations
eventually become the dominant recrystallization orientations toward the end of the annealing
process that may define the final texture distribution and intensity [48,49]. Through this model, a
new orientation is assigned to the freshly nucleated grain, which is subsequently reproduced in the
recrystallized cells during grain growth.

Relying on the oriented nucleation theory, three different algorithms are proposed in the
present study to assign new orientations to the fresh nucleus, which may describe the
recrystallization texture evolution during annealing of low carbon steel:

1) Unchanged Orientation: in which the orientation of the fresh nucleus is kept unchanged after
transformation to the recrystallization state,



i) Average Orientation: in which the orientation of the new nucleus is defined by averaging
the orientations of the surrounding grains based on the vector addition theorem,

iii) Random Orientation: in which a random orientation is assigned to the fresh nucleus.
This algorithm may not effectively predict the severe texture evolutions during annealing of the
materials in which a new preferred orientation is developed during recrystallization phenomenon.
However, it can successfully describe the recrystallization texture in materials with either slight
changes in orientation distribution or significant texture evolutions toward the randomized
orientations during the annealing process.

3.4. Hierarchical coupling of CP, FE and CA models

It is well established that the kinetics of softening phenomena is significantly affected by the
prior deformation characteristics as well as the subsequent thermal regime during the annealing
process. Therefore, in this study, a hierarchically coupled CPFEM and CA model along with a
thermal FE model is implemented to model the softening kinetics, including SRV and SRX, as
well as the developed texture during the annealing of bulged steel tube under the non-isothermal
annealing condition. Afterwards, the JMAK model is derived based on the recrystallization data
attained through the CA model to interpret the SRX behavior throughout the annealing process. It
should be mentioned that the formation of second phase particle during annealing of steels is quite
common, which can interfere with the progress of softening phenomena that is called Zener-type
particle pinning [6]. As Raabe and Hantcherli [6] have reported, the impact of Zener-pinning on
the kinetic of recrystallization within steels with a low volume fraction of the second phase
particles is insignificant. Therefore, the Zener-pinning effect is neglected in the present study since
the volume fraction of second phase particles is negligible.

The macro-level flowchart of the developed algorithm to model the softening kinetics during
the non-isothermal annealing process is depicted in Figure 2-a. The modeling procedure in the
present study is explained below:

a) The THF process on the steel tube is performed at room temperature (section 2).

b) Experimental and numerical material characterization procedures are adopted to analyze the
state of material at the as-deformed condition. Therefore, the prior deformation characteristic is
obtained through CPFEM modeling (section 3.1), while the as-deformed microstructural data are
extracted from EBSD maps collected from the specimen (section 2) and analyzed by MATLAB
toolbox MTEX [50].

¢) The as-deformed state of the material as initial state for the CA model is constructed based
on the data from step (b), including prior deformation properties such as dislocation density and
specimen geometry, as well as the tube’s as-deformed microstructural data such as grain topology
and crystallographic texture. Then, all the information is assigned to a spatial region called cell
structure and directly used as input to the CA model.

d) The thermal FE model (section 3.2) and CA algorithm (section 3.3) based on the material’s
as-deformed geometry and CA initial-state are solved integratively. Figure 2-b shows the detailed
procedure of this solution, while the step-by-step approach is explained as follows,
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1) The CA time increment (At) is defined through Eq. (14), in which V,,,, is obtained
based on the local grain boundary velocities calculated by Eq. (10) at previous time
increment;

i) The annealing time (t = t, + At ) is updated and the local temperature gradient
within the bulged specimen is determined through the thermal FE model (section 3.2);

i) The temperature field at time ¢t is compared to the temperature field at time ¢, to
check if the temperature change during the time increment At in the solution domain
(ATnay) 1s larger than a predefined critical value (AT, = 0.5 K). In the case of large
temperature gradient over At, the solution time increment is refined as follows:

Atgy = —ler At (18)

ATmax
Therefore, the CA model time (t) is modified according to the refined time increment

(At,ew) and the temperature field is updated through linear interpolation of the obtained
thermal data;

iv) Based on the temperature field obtained for the annealing specimen, the dislocation
density assigned to each spot at cell structure is updated through the recovery model
(section 3.3.1).

v) The value of P, j0qtion fOr €ach preferred nucleation site is calculated using Eq.
(17), and the probability of grain growth (Py,yn = V /Vinax) for each cell on the boundary
of recrystallized and unrecrystallized regions is calculated using data from Eq. (10)
(sections 3.3.2 and 3.3.3).

vi) The nucleation and grain growth probability values are compared to pseudorandom
number to decide whether the transformation can take place.

vii) The cell information including recrystallization state, dislocation density, and
orientation (section 3.3.4) is updated based on the decisions made in step (vi).

e) The JIMAK model is developed based on the recrystallization data attained through CA
model throughout the annealing process to interpret the behavior of SRX at every stage of
the annealing process.
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Figure 2: a) Macro-level flowchart of the developed algorithm for modeling of softening
phenomena under non-isothermal condition, and b) a step-by-step integrative solution for
thermal FE and CA models corresponding to Box A in part (a).

4. Model Calibration
4.1. CP model calibration

To obtain the model parameters defined in crystal plasticity algorithm, the CP model is
calibrated against the experimental uniaxial tensile test data through performing tensile test
simulations in the ED direction of the as-received material. To that end, the crystallographic texture
of the as-received steel tube is obtained by means of EBSD testing. The EBSD map as well as the
pole figure (PF) of the as-received steel tube collected from the hoop cross-section is shown in
Figure 3. As seen in Figure 3-a, the initial microstructure is mainly comprised of equiaxed grains
with some grains slightly elongated toward extrusion direction (ED) because of the prior
production procedure. In addition, the PF of the as-received material shown in Figure 3-b confirms
the presence of multiple preferred texture components within the steel tube, which may
significantly affect the subsequent deformation characteristics.
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Figure 3: a) EBSD map, and b) pole figure collected from the hoop cross-section of as-received
steel tube.

The CP model parameters are obtained by performing virtual tensile test in the ED direction
of the as-received material based on CPFEM algorithm. In this regard, a representative volume
element (RVE) is created by Dream 3D software and the extracted grain orientations from EBSD
maps are assigned to its elements. It is assumed that each element within the RVE represents 50
equally sized grains with their crystal orientation information. Furthermore, it is assumed that the
12 slip systems of {110}<111> and 12 slip systems of {112}<111> out of total 48 slip systems
available in BCC crystals are activated during deformation. The created RVE for calibration of
CP model as well as the applied boundary condition is illustrated in Figure 4-a. As can be seen,
symmetry boundary conditions are applied to three adjacent surfaces of the RVE, while a
displacement boundary condition is defined on the opposite surface along ED. The dimension of
this RVE is 20 pm x20 um %20 pm and the element size is 1 pm. The comparison between the
engineering strain-stress curves obtained from CPFEM simulation after the calibration and
experimental uniaxial tensile test in ED of the tube is shown in Figure 4-b. As can be seen, the
CPFEM prediction matches the experimental data very well using the material constants and model
parameters listed in Table 2. It should be noted that among the parameters listed in Table 2, only
139, hy, and 7, are used for calibration of CP model against experimental tensile data, while the rest
of parameters are obtained from literature as material constant [36,51,52].
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Figure 4: (a) The created RVE for calibration of CP model, and (b) the experimental uniaxial
tensile behavior of as-received material along ED compared to the CPFEM prediction.

Table 2: The calibrated material constants and model parameters used for CPFEM model [36,51,52].
Type ¢11(GPa) €12 (Gpa) €44 (Gpa) @y q  Ty(Mpa) ho(Mpa) Ts(Mpa)
BCC 231 135 116 2 1.4 143 680 250

4.2. Thermal FE model calibration

In the present study, a transient thermal FE model, as explained in section 3.2, is adopted to
determine the temperature gradient within the bulged specimen during the annealing process. To
solve the thermal problem, the described thermal model is implemented through the commercial
Abaqus/Heat transfer FE code. To that end, a strip of the bulged tube’s geometry in longitudinal
direction is established in three-dimensional space (see Appendix A-AIl). The specimen is
discretized into 29600 equal sized 0.31 mm x 0.31 mm x 0.31 mm eight-node linear heat transfer
brick element with reduced integration (DC3D8R).

To examine the influence of non-isothermal annealing on the kinetics of softening phenomena
within bulged specimens, the samples are annealed under different ambient conditions. For each
ambient condition, the predicted temperature gradient is calibrated with respect to the recorded
temperature history to obtain the corresponding heat transfer coefficient (/). Figure 5 shows the
comparison between the predicted and the experimental temperature history during the annealing
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of bulged specimens at temperature of 960 K under diffident ambient conditions. A good
agreement is observed between the experimental and the predicted temperature history, in which
the heat transfer coefficient is found to vary between 20 to 125 W/m.K. As shown, increasing the
heat transfer coefficient would result in a rapid temperature rise at early stages of the annealing
process, which makes the annealing condition very close to the isothermal assumption.

1100
L h= 125 W/m.K
)
\J 900 h=98 W/m.K
=
g 200 h=20 W/m.K
<]
=9
5 500 Prediction
- — = Experimental
300 —_

0 200 400 600 800 1000 1200
Time (s)
Figure 5: The comparison between the predicted and experimentally recorded temperature
history throughout the annealing process at temperature of 960 K under different heating rates.

4.3. CA model calibration

As previously explained, numerous model parameters are defined in the CA algorithm to
properly simulate the kinetics of recovery, nucleation, and grain growth. To identify these
parameters, a set of experimental data is taken as the reference data, and multiple CA simulations
are performed to precisely calibrate the model parameters against the reference data. Thereafter,
the obtained parameters are used to model the remaining annealing experiments to validate the
accuracy of the model.

As the first step for CA simulations, the initial state of the annealing specimen should be
defined. To that end, EBSD tests on as-deformed specimen is performed to obtain the
microstructure and crystallographic texture data. Thereafter, the grain topology information as well
as the Euler angles extracted from EBSD data are mirrored to a grid structure called cell structure,
which is compatible with our in-house CA code.

The EBSD maps collected from the hoop cross-section of the as-deformed materials bulged
through deformation paths A and B are shown in Figure 6. The EBSD data are collected from a
region approximately located on the pole of the bulged tube, as schematically illustrated in Figure
6. As can be seen, the microstructure of bulged tubes deformed through path A and path B mainly
consist of fine grains, which are slightly elongated toward the extrusion direction (ED). In addition,
an inhomogeneous distribution of grain orientations within the microstructures is observed, which
results in a varying grain boundary energy throughout the microstructure leading to
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inhomogeneous nucleation and grain growth. It is reported that in materials with preferred texture,
the inhomogeneity of energy between grain boundary and inside the grain may become stronger
due to the accumulation of dislocations at grain boundaries [27,45]. Therefore, the triple junctions
and grain boundaries are defined as the preferred nucleation and growth sites in this study.
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The set of experimental data employed to calibrate the CA model parameters is shown in
Figure 7, which are obtained from specimen deformed through path B and annealed at T=960 K,
h=125 W/m.K, and different durations. The experimental microstructures obtained from the as-
bulged, partially recrystallized, and fully recrystallized samples are shown in Figures 7-a, -b, and
-c, respectively. The corresponding predicted microstructures by the calibrated CA model are
illustrated in Figures 7-d to -f, in which the grains (shown with different random colors) are
distinguished by their crystal orientation. Figure 7-d represents the as-bulged tube’s microstructure
at the pole of the tube undergone deformation path B, which is generated by mapping the grain
topology and orientation data of the EBSD map illustrated in Figure 6-b. In addition, the CA model
parameters obtained through the calibration process along with the material properties for low-
carbon steel are listed in Table 3 [27,44,53]. The comparison of the microstructures for partially
and fully recrystallized specimens shows a reasonable agreement between the experimental and
predicted results in a qualitative manner.
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Figure 7: The comparison between the experimental (a-c) and predicted (d-f) microstructures
during annealing of bulged specimen deformed under path B and annealed at T=960 K, h=125
W/m.K, and duration of (a, d) Os, (b, ¢) 120 s, and (c, f) 180 s.

Table 3: The properties of low carbon steel required for CA model [27,44,53].

YHacB G E
P
arameters A M, v b (m) (/m?) (GPa)  (GPa)
Value 0.5 3 0.3 2.48x10710 0.56 69.3 200
Omn O~ Q gb Up w
Parameters » (kJ/mole
(kJ/mole)  (kJ/mole) (kJ/mole) o ) (Hz) (m?)
Value 151.4 140.2 123 345 2x10"2 36 b’

During the calibration process, considering a quantitative approach to better understand the
accuracy of the predictions is of great importance. In this regard, the experimental and predicted
grain size distribution of the specimens throughout the annealing process are compared in this
study. To that end, the CA simulation for each annealing condition is repeated for at least five
times and the average grain size distribution along with the corresponding standard deviation is
considered as the simulation result. The reason is that the CA model is basically a probabilistic
algorithm that may cause a minor variation in simulation results among different repeats. Figure 8
depicts the comparison between the grain size distributions obtained from experimental
observations and CA simulations corresponding to the microstructures shown in Figure 7. As can
be seen, there is a tight agreement between the experimental and predicted grain size distribution
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of the partially recrystallized (Figure 8-b) and fully recrystallized (Figure 8-c) specimens with a
corresponding average root mean square error [54] of 1.5 % and 2.2 %, respectively.
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Figure 8: The comparison between predicted and experimental grain size distribution of
partially and fully recrystallized specimens deformed under path B and annealed at T=960 K,
h=125 W/m.K, and duration of (a) O s, (b) 120 s, and (c) 180 s.

5. Results and Discussion

5.1. Mechanical modeling of THF process

To model the THF process, the described polycrystal CP model with the material properties
provided in Table 2 is incorporated into the commercial Abaqus/Explicit finite element code using
the user-defined material subroutine VUMAT. In this model, a fixed mass scaling factor of 102 is
applied to reduce the computational time. For the simulation, a FE model considering 1/8" of the
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tube’s geometry with thickness of 1.24 mm and outer diameter of 38 mm is established in three-
dimensional space. To apply the prescribed boundary conditions on the tube, the time dependent
axial displacement and internal pressure profiles (Figure 1) are applied to the outer end of the tube
and the tube’s interior surface, respectively. The established FE model for mechanical simulation
of THF process can be seen in Appendix A-A2. Like the schematic drawings in Figure 1, in the
established FE model, one end of the tube is encastered along ED, while the opposite end is free
to move only in ED (one degree of freedom). In addition, symmetry boundary conditions are
applied to all the cut edges in three principal directions. Furthermore, a uniform distribution of the
internal pressure is applied to the entire internal surface of the tube.

Since the plastic strain within the bulged tube is localized at the mid cross-section (pole of the
tube), the arrangement of meshes is defined in a way that they gradually become finer from 1.1 X
0.42 x 0.31 mm? on the edge to 0.2 x 0.42 x 0.31 mm?® when getting closer to the mid cross-section
of the tube (see Appendix A-A2). This arrangement of meshes improves the accuracy of stress and
displacement field predictions throughout the bulged tube. In this study, the eight-node linear brick
element with reduced integration (C3D8R) is defined for the tube, and four elements are
considered through the thickness to precisely capture the deformation gradient in thickness
direction.

The comparison between the distribution of major logarithmic strain in the bulged tube
obtained through DIC measurement and CPFEM simulation is shown in Figure 9. As depicted, a
non-uniform distribution of logarithmic strain in the longitudinal direction is observed with the
maximum strain occurring at the pole of the tube where the bulge height is maximum. Note that
the simulation results depicted in Figures 9-b and -d correspond to the 1/8" of the tube’s geometry,
in which the pole of the bulged tube is located on the left-hand side of the figures. In addition, the
maximum major logarithmic strain for path A and path B obtained via DIC measurement is 0.142
and 0.179, and via CPFEM simulation is 0.144 and 0.171, respectively. Also, the distribution of
major strain obtained through DIC measurement and CPFEM simulation are quite similar.
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Figure 9: The comparison of the distribution of major logarithmic strain between DIC
measurement (left) and predicted CPFEM simulation (right) for deformations (a-b) path A, and
(c-d) path B.

To quantify the accuracy of CPFEM modeling results, the predicted multiaxial flow
characteristics of the bulged tubes are compared to the experimental results. To that end, an
analytical solution is derived to determine the principal strain and stress components at the pole of
the bulged tube from the displacement data measured by DIC technique. The detailed formulation
for this approach is provided in Appendix B, which can also be found in ref. [27,28]. Figure 10
compares the principal components as well as the equivalent flow curve calculated through the
analytical solution based on the DIC data and with those obtained from the CPFEM modeling. As
can be seen, a reasonable agreement between the flow curves obtained through DIC data and
predicted by the CPFEM modeling is achieved.
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Figure 10: The comparison of experimental and CPFEM predicted flow behavior of THFed
specimens deformed under (a) path A, and (b) path B.

To connect the deformation characteristics of THF process to the microstructural events
happening during subsequent annealing process, the equivalent stress at the last time increment of
THF is used to estimate the amount of dislocation density generated during deformation.

Therefore, the local dislocation density (p4) at each element is calculated through the following
relationship [42]:

pa=(ces) a9)

where M, , A, b, and G are Taylor factor, a constant, burgers vector, and shear modulus,
respectively.

5.2. Modeling of the softening kinetics within bulged steel tube

The microstructure-based CA model hierarchically coupled with CPFEM, and thermal FE
models is developed to predict the kinetics of softening mechanisms including SRV and SRX
during non-isothermal annealing of the bulged tubes. In most of the metallic materials, SRV is the
dominant softening mechanism below the recrystallization temperature, while a combination of
SRV and SRX governs the softening phenomenon beyond this temperature. For the fully-ferritic
low carbon steel, the recrystallization temperature is found to be 823 K [55]. Based on the
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temperature history during the annealing process shown in Figure 5, the reduction of dislocation
density by SRV mechanism can take place throughout the annealing process, while nucleation and
growth of fresh grains only occurs beyond 823 K. Therefore, it is important to distinguish the
contribution of SRV and SRX in total softening kinetic at every stage of the annealing process.
The progress of total softening (TS) phenomenon over the annealing time can be determined
based on the change in the average dislocation density during the annealing process, as follows:

Xbs = % f (20)

where XL is the predicted fraction of TS at annealing time ¢, and p3, p§ and pf; are the average
dislocation density of the as deformed, annealed for a duration of ¢, and fully annealed material,
respectively. During the annealing process, the average dislocation density of non-recrystallized
regions (pj’*) gradually decreases due to recovery, while the dislocation density of recrystallized
regions drops to a constant value (=10'"/m?) and stays unchanged for the remainder of annealing
time. The contribution of static recovery (X&g,) in fraction of TS (X%s) can be estimated as below,

XSRV \/\/i\/:/)? V.SFRX)

where Vizy is the volume fraction of recrystallized region. Therefore, the contribution of static

2D

recrystallization (X&) can be calculated as:

XSRX JJ: \/:/)? SRX (22)

where the transformation rule of thumb at any annealing time ¢, Xép, + Xégy = Xkg, is satisfied.

Furthermore, it is important to compare the predicted and experimental kinetics of total
softening process to confirm the accuracy of predictions. To that end, the softening fraction of the
specimens annealed under different conditions were determined based on the hardness
measurements. The experimental fraction of total softening (Xtg_ Exp) Versus annealing time 7 can
be estimated as follows,

Xt . HO_Ht
TS—Exp — HO—HS

(23)
where HO,Ht, and H” are the average hardness values for the as received, annealed for a duration
of ¢, and fully annealed materials, respectively.

Figure 11 compares the predicted and experimental kinetics of total softening throughout the
annealing process for the bulged specimen deformed under path B and annealed at T=960 K and a
heating rate of h=125 W/m.K, which corresponds to the CA simulation results presented in Figure
7. In this figure, the evolution of X1¢ as well as its constituents, Xsg,, and Xggpy, over the annealing
time is demonstrated. As can be seen, a good agreement between the predicted and experimental
Xrg 1s obtained, confirming the validity of the developed model for softening mechanisms.
Furthermore, it is clearly observed that the kinetics of softening mechanisms throughout the
annealing process could be divided into four stages:
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(1) No softening: at the beginning of the annealing process, the specimen at room temperature
is exposed to the high temperature annealing environment, resulting in a rapid temperature rise.
However, since the temperature throughout this stage is not high enough to overcome the
activation energies, no softening mechanism is operative.

(i1) SRV only: the specimen temperature is above the recovery and below the recrystallization
temperatures. Therefore, the only softening mechanism operative during this stage is SRV, even
though the kinetics of SRV is slow due to the low temperature.

(ii1) SRV dominant: both SRV and SRX mechanisms become operative since the temperature
is right above the recrystallization temperature. Since the temperature is close to the lower
temperature range in which SRX could take place, only some fresh nuclei within the deformed
structure forms. Since the volume fraction of recrystallized region is small, it cannot impact the
total softening process significantly (according to Eq. (22)). On the other hand, the temperature is
high enough to maximize the rate of SRV, that makes SRV as the major contributor for TS
progress.

(iv) SRX dominant: further increase in the temperature accelerates the progression of SRX,
that includes the formation of fresh crystals and growth toward the deformed context. At this stage,
the volume fraction of non-recrystallized region decreases, and the contribution of SRV in TS
diminishes according to Eq. (21).
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Figure 11: The experimental and numerical softening fraction throughout the annealing of bulged
specimen deformed under path B and annealed at T=960 K and heating rate of h=125 W/m.K.
The individual contributions of recovery and recrystallization in total softening are depicted with
dashed lines.

The predicted softening fraction as well as the temporal evolution of microstructure within the
bulged tube deformed through path B and undergoing annealing at T=960 K and a heating rate of
h=20 W/m.K are depicted in Figure 12. By comparing the plots of softening kinetics in this figure
to the ones with higher heating rate (h=125 W/m.K) in Figure 11, it can be concluded that the
kinetics of SRV, SRX, and TS significantly slow down by reducing the heating rate. In addition,
this figure clearly shows the progress of recrystallization that consists of the formation of the fresh
nuclei on grain boundaries followed by subsequent grain growth toward the strained region. By
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comparing the temporal microstructures to the corresponding kinetics of softening mechanism, it
can be realized that the stage (i) of annealing process, where no signs of SRV and SRX is seen,
takes the initial 360 seconds of the annealing time. Thereafter, the stage (ii) of the annealing
process begins and continues until 480 seconds, where only SRV takes place and the
microstructure remains unchanged. The time period between 480 to 630 seconds lies in the stage
(ii1) of annealing process, in which SRV is the dominant softening mechanism, although some
fresh nuclei within the deformed structure is formed. Beyond this stage, the specimen enters the
stage (iv) of annealing process, where SRX mechanisms significantly become operative and
recrystallized grains conquer the deformed region.
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Figure 12: The predicted softening fraction as well as the temporal microstructure evolution
throughout the annealing of bulged specimen deformed under path B and annealed at T=960 K
and a heating rate of h=20 W/m.K.

The final microstructure of the fully recrystallized specimens processed under various
deformation and annealing conditions are illustrated in Figure 13. In this figure, the fully
recrystallized microstructure predicted by the CA model is compared to the corresponding
experimental observations performed by optical microscopy. As can be seen, the predicted grain
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topologies are in good agreement with the experimental microstructures for all the specimens. To
quantitatively demonstrate this comparison, the corresponding grain size distribution of the
microstructures are illustrated in Figure 14. As can be seen, the CA predicted grain size
distributions are in complete agreement with the data obtained from the experimental observations.
In this regard, an average root mean square error [54] of 2.8 %, 3.5 %, 4.6 % and 4.1 % is calculated
between the predicted and experimental grain size distribution data for the fully recrystallized
specimens undergoing the deformation and annealing conditions of path B: T=960 K-h=98
W/m.K, path B: T=960 K-h=20 W/m.K, path A: T=960 K-h=125 W/m.K, and path A: T=960 K-
h=98 W/m.K, respectively.

As observed in Figures 13 and 14, the grain structure of the fully recrystallized specimens
undergoing various deformation and annealing conditions becomes significantly coarser when
compared to that of the as-deformed specimens illustrated in Figure 6. The corresponding average
equivalent grain diameter of the as-deformed and fully recrystallized specimens are tabulated in
Table 4. As can be seen, for the specimen deformed through path A, the average equivalent grain
diameter of the as-deformed specimen is 7.7 pm, which increases to 23 pm for the specimen
annealed under the heating rate of h=125 W/m.K. The significant grain coarsening during
annealing infers the faster kinetics of grain growth in comparison to the nucleation. In addition, a
further increase in the average equivalent grain diameter to 27.1 um can be seen when the heating
rate reduces to h=98 W/m.K, leading to the conclusion that the kinetics of grain growth has an
inverse relation with the heating rate. A similar trend can also be seen for the specimen deformed
through path B, in which the average equivalent grain diameter of the as-deformed specimen (6.2
um) is increased to 24.3 pm with the reduction of the heating rate to h=20 W/m.K. Note that for
the same annealing condition, the average equivalent grain diameter of the specimen deformed
through path B is lower than that of the specimen deformed through path A. This difference can be
mainly attributed to the difference in the amount of deformation as shown in Figure 10, where the
higher amount of imposed strain in the specimen deformed through path B results in a larger
number of high energy nucleation sites. This may lead to an accelerated kinetics of nucleation and
a refined final recrystallized grain structure.
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(2)

(d)

Figure 13: The comparison between the experimental and predicted microstructures of fully
recrystallized specimens deformed and annealed under conditions of: (a) path B, T=960 K, h=98
W/m.K, (b) path B, T=960 K, h=20 W/m.K, (c) path A, T=960 K, h=125 W/m.K and (d) path A,

T=960 K, h=98 W/m.K.
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Figure 14: The comparison between the experimental and predicted grain size distributions of
fully recrystallized specimens deformed and annealed under conditions of: (a) path B, T=960 K,
h=98 W/m.K, (b) path B, T=960 K, h=20 W/m.K, (c) path A, T=960 K, h=125 W/m.K and (d)
path A, T=960 K, h=98 W/m.K.

Table 4: The average equivalent grain diameter of the fully recrystallized specimens undergoing
different deformation and annealing conditions. T= 960 K for all the cases.

Path A Path B

as-deformed 7.7 pm 6.2 um
T=960 K, h=125 W/m.K 23+1.05 um 10.7£0.6 um
T=960 K, h=98 W/m.K 27.1£1.1 um 14.8+0.7 um
T=960 K, h=20 W/m.K - 24.340.9 um

5.3. Texture evolution throughout the softening process

To understand the texture evolution within the investigated low carbon steel during the
annealing process, the texture data of the as-bulged and annealed samples are compared through
collecting EBSD data. The pole figures obtained from the specimen deformed through path B and
annealed at T=960 K, h=125 W/m.K for different durations are illustrated in Figure 15. The
comparison of the pole figure obtained from the as-received tube (Figure 3-b) and the as-deformed
material through path B (Figure 15-a) shows that the material’s texture become more oriented at
ND direction on (111) plane during THF process. This texture evolution is consistent with the
nature of the performed THF tests, in which the tube is mostly strained at hoop direction as can be
seen in Figure 10. Furthermore, Figures 15-b and 15-c illustrate the pole figures of the annealed
samples at T=960 K and h=125 W/m.K for 120 second and 180 second, respectively. These pole
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figures correspond to the microstructures illustrated in Figure 7-b and -c, which are partially and
fully recrystallized, respectively. As seen, the texture evolution throughout the annealing process
1s not significant, so that the preferred texture is essentially retained while the intensity is slightly
changed.

Figure 15: The PFs collected from the hoop cross-section of bulged specimen deformed under
path B and annealed at T=960 K, h=125 W/m.K, and durations of (a) 0 s, (b) 120 s, and (c) 180 s.

In the present CA model, the recrystallization texture is predicted through an algorithm based
on the oriented nucleation theory, in which three different methods are proposed to assign new
orientations to the fresh nuclei during the progress of recrystallization. The assigned orientations
are reproduced during the subsequent grain growth phenomenon until the recrystallized grains take
over the entire microstructure. The comparison between the predicted pole figures through
different algorithms for the fully recrystallized specimen deformed under path B and annealed at
T=960 K, h=125 W/m.K, and t=180 s is shown in Figure 16. By comparing these pole figures to
the corresponding experimental pole figure shown in Figure 15-c, it can be realized that the
algorithms based on the unchanged orientation (Figure 16-a) and average orientation (Figure 16-

28



b) could successfully predict the recrystallization texture in the investigated bulged low carbon
steel. However, the algorithm based on the random orientation, as shown in Figure 16-c,
underestimates the intensity of the orientations, although the preferred orientations are detected.
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Figure 16: The predicted PFs for the bulged specimen deformed under path B and annealed at
T=960 K, h=125 W/m.K, and durations of 180 s considering the recrystallization texture
algorithms: (a) unchanged orientation, (b) average orientation, and (c¢) random orientation.

5.4. Development of IMAK model

The predictions attained by the CA model can provide important information to perform further
investigations on the SRX behavior of the investigated material. To that end, the time dependent
volume fraction of recrystallization (Vzy) data is extracted from CA simulation results to derive
the Johnson-Mehl-Avrami-Kohnogorov (JMAK) analytical model. Figure 17 shows the average
Vsrx versus annealing time for the specimens undergoing different deformation modes and
annealing conditions. As can be seen, like the results shown previously, the increase in the
deformation strain and heating rate would accelerate the rate of recrystallization, that is the Vgy —



t curves move toward the left of the plot. The Vsgpy — t curves shown in Figure 17 demonstrate a
sigmoid shape, which is compatible with JMAK model as follows [56],

Virxy = 1 — exp(—dt™) (24)
where d and n are constants related to grain shape and Avrami exponent, respectively. By taking
the logarithm of both sides of this equation, the following relationship is obtained:

ln(—ln(l — VSRX)) = In(d) + n In(t) (25)
where the value of the Avrami exponent n can be determined from the slope of ln(—ln(l — Vg X))
versus [n(t) plots. By employing the Vsgzy — t data presented in Figure 17, the representative of
the JIMAK model using Eqs. (24)-(25) is determined, which is shown in Figure 18. According to
this figure, the recrystallization phenomenon can be divided into two regions, among which an
abrupt change of the Avrami exponent is seen for all the annealing specimens. A similar behavior
has been reported for cold rolled low carbon steel [57]. In the first region, the value of n for the
specimens deformed through path A and path B are calculated to be 21.4 and 24.17 for heating rate
of 125 W/m.K, and 17.01 and 17.1 for heating rate of 98 W/m.K, respectively. These values of n
confirm the high overall rate of SRX at the beginning of recrystallization process, while the
recrystallization rate is slightly slower in the specimens annealed under heating rate of 98 W/m.K.
Considering the fact that the amount of Vgpy at the end of the first region is no more than 0.047
for every specimen, the fast kinetics of nucleation and slow GB movement may cause the high rate
of SRX while it keeps Vsgry low during this range. Moving toward the second region of
recrystallization, the value of n for the specimens deformed through path A and path B are
calculated to be 3.55 and 3.62 for heating rate of 125 W/m.K, and 3.49 and 3.53 for heating rate
of 98 W/m.K, respectively. In this region, which includes most of the recrystallization process, a
significant decrease in the rate of the nucleation and increase in the rate of the GB movement leads
to a balanced rate of SRX.

0.8
0.6
g
w
> 0.4
——path A, h=125 W/m.K
0.2 path A, h=98 W/m.K
= ——path B, h=125 W/mK
5 path B, h=98 W/m. K

0 60 120 180 240 300 360 420
Time (5)

Figure 17: The predicted volume fraction of recrystallization throughout the annealing at T=960
K for different deformation modes and heating rates.
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Figure 18: In(—In(1 — Vszy)) versus In(t) plots corresponding to the data shown in Figure 17
for derivation of JMAK model.

6. Conclusions

In this study, a hierarchically coupled cellular automata (CA) model, crystal plasticity finite
element method (CPFEM), and thermal finite element (FE) model was developed to predict the
softening kinetics of a biaxially deformed bulged steel tube during the non-isothermal annealing.
Using this model, the kinetics of softening mechanisms including static recovery (SRV) and static
recrystallization (SRX) were investigated. Furthermore, the mutual impact of the softening kinetics
and recrystallization texture was studied through an algorithm based on oriented nucleation theory.
Lastly, the JIMAK model based on the data provided by CA simulations was developed to further
investigate the SRX behavior. The main results of this study can be concluded as follows,

* The developed CPFEM model successfully predicted the flow characteristics of the bulging
tubes. In addition, the hierarchically coupled CA, CPFEM, and thermal FE model
successfully predicted the kinetics of softening phenomena during the non-isothermal
annealing process under different heating rates. The grain size distribution of the partially
and fully annealed specimens undergoing different deformation and annealing conditions
were predicted with an average root mean square error of less than 4.6%.

* The grain structure of the fully recrystallized specimens was significantly coarser in
comparison to the grain structure of the as-deformed specimen and were negatively
correlated with the heating rate.
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e The individual contributions of the SRV and SRX in the total softening phenomenon were
identified, through which the annealing process was divided into four stages: No softening;
SRV only; SRV dominant; and SRX dominant.

* The texture evolution during the progress of recrystallization was well predicted through
oriented nucleation theory, in which the preferred as-deformed texture was essentially
retained while the intensity was slightly changed.

* The developed JMAK model illustrated that the nucleation was the main operative
mechanism during the early stages of SRX while a balanced cooperation of nucleation and
grain boundary migration controlled the rest of the SRX phenomenon.
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Appendix A: The established FE model for: A1) thermal FE modeling of bulged specimen during
annealing process, and A2) CPFEM simulation of THF process.

Al)

A2)
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Appendix B: Analytical approach for calculation of principal strain and stress components at the
pole of the bulged tube during THF process.

The principal strain and stress components at the pole of the bulged tube throughout THF
process can be calculated based on the displacement data measured by DIC technique. By
assuming plastic incompressibility and neglecting elastic strains, the instantaneous thickness () at
the pole of the bulged tube can be calculated as below,

t = toexp(—(en + &4)) (B1)
where t is the initial tube thickness, and &; and g4 are the hoop and axial strain components at the
pole of bulged tube, respectively. Then, the stress components in axial and hoop directions at the

pole of the bulged tube can be determined, as follows,

(Ra=3)(Rn—3)Pi-oaRnt

Rat

where g, and gy, are axial and hoop stress components, respectively, Fy is the measured reaction
force at the end of the tube, P; is the internal pressure, and Ry, is the initial inside radius of the tube.
In addition, R, and R, are the radius of the tube in axial and hoop directions at the pole of the
bulged tube, respectively, which are determined based on the displacement data obtained from the
DIC measurement throughout the THF process. To that end, the equation of a circle is fitted to the
coordinates of multiple points on either sides of the pole using the least mean square fitting
algorithm [58]. Therefore, the equivalent stress () and equivalent strain (€) at the pole of the

bulged tube are determined based on the isotropic von-Mises function, as below,

ap =

(B3)

G =042 — a0, + 0,2 (B4)
&= \%\/(eAz + gh8p + €42) (BS)
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