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Topological aspects responsible for recrystallization evolution in an IF-steel 
sheet – Investigation with cellular-automaton simulations 
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A B S T R A C T   

A cellular automaton algorithm for curvature-driven coarsening is applied to a cold-rolled interstitial-free steel’s 
microstructure - obtained through electron backscatter diffraction (EBSD). Recrystallization nucleation occurs 
naturally during the simulation, due to the highly heterogeneous and hence competitive growth among pre- 
existing (sub) grains. The spatial inhomogeneity of the subgrain growth that takes place derives from the 
large local variations of subgrain sizes and misorientations that comprise the prior deformed state. The results 
show that capillary-driven selective growth takes place to the extent that the prior elongated and deformed 
grains are replaced by equiaxed grains with no interior small-angle boundaries. Additionally, during the simu-
lation certain texture components intensify and others vanish, which indicates that preferential growth occurs in 
a fashion that relates to the crystal orientations’ topology. The study of the early stages of recrystallization (i.e. 
nucleation) shows that the pre-existing subgrains that eventually recrystallize, exhibit certain topological 
characteristics at the prior deformed state. Successful nucleation occurs mostly for pre-existing matrix subgrains 
abutting shear bands or narrow deformation bands and particularly at regions where the latter intersect.   

1. Introduction 

1.1. Motivation 

Recrystallization has been extensively studied in low carbon (LC) 
and interstitial-free (IF) steels [1–18]. Besides the experimental work, 
the topological mesoscopic computation of recrystallization related 
phenomena has also helped to understand the mechanisms responsible 
for the microstructural processes that occur [19–28]. Although the 
origin of recrystallization nuclei in such metals has been well-explained 
by the subgrain formation and growth mechanism [29–36], the early 
stages of recrystallization comprise a still unresolved matter [6]. This is 
because there are many interacting boundaries and microstructural 
features (e.g. shear bands and grain boundaries) and numerous 
concurring mechanisms related to the onset of recrystallization [5,31]. 
Hence, it has not been clarified why particular subgrains evolve into 
recrystallization nuclei and others for example do not. 

The goal of this work is to study how the local topology can 

contribute to the nucleation and growth of pre-existing subgrains. 
Investigating the early stages of recrystallization requires the simulation 
of the coarsening that occurs in all subgrains simultaneously – see for 
example the studies of Rollett and Holm [33] and Han et al. [37]. 
Therefore, we simulated recrystallization in a Ti-stabilized IF steel cold- 
rolled at 77% thickness reduction and we allowed all pre-existing sub-
grains to compete in evolving into recrystallized grains. In other words, 
nucleation in this work is not artificially imposed but evolves out of the 
discontinuous competitive subgrain coarsening process, as explained by 
Humphreys [38]. We used a close coupling to the inherited micro-
structure and thereby investigated the topological characteristics that 
facilitate recrystallization initiation and growth. 

1.2. Relationship between inhomogeneous subgrain coarsening and 
recrystallization 

At the mesoscopic scale, recrystallization in highly plastically 
strained metals is normally described as a process comprising successive 

* Corresponding author at: Department of Materials Science and Engineering, TU Delft, Mekelweg 2, Delft 2628 CD, The Netherlands. 
E-mail address: C.Traka@tudelft.nl (K. Traka).  

Contents lists available at ScienceDirect 

Computational Materials Science 

journal homepage: www.elsevier.com/locate/commatsci 

https://doi.org/10.1016/j.commatsci.2021.110643 
Received 5 December 2020; Received in revised form 3 June 2021; Accepted 4 June 2021   

https://doi.org/10.1016/j.commatsci.2021.110643
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2021.110643&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Computational Materials Science 198 (2021) 110643

2

interface phenomena referred to as nucleation and growth. However, it 
has been well-established that in materials that tend to form subgrain 
structures1, recrystallization phenomena proceed through a mostly 
heterogeneous (sub) grain growth process [5,8,9,14,29–32,36–44]. 
Some of the pre-existing subgrains grow (while others shrink), gradually 
accumulate increasing misorientation and/or size relative to their 
changing neighborhood, and finally recrystallize. 

In this view, recrystallization can be described as a phenomenon 
physically related to grain coarsening, particularly the one known as 
discontinuous/abnormal (sub) grain growth [33,38]. The restoration 
process involved in all stages of recrystallization is described by the 
reduction of (sub) boundary energy. Hence, the stored deformation 
energy is approximated from the dislocation content at the boundaries i. 
e. high angle grain boundaries (HAGBs) and geometrically necessary 
dislocations (GNDs). Although statistically stored dislocations (SSDs) 
may highly contribute to the material’s stored energy, metals charac-
terized by high stacking fault energy (SFE), such as iron and aluminum, 
form subgrain structures usually already during the plastic deformation 
process. This is due to the high mobility and cross-slip frequency of the 
dislocations 2. The predominance of subgrain structures in such metals 
has been revealed by numerous investigations [2,8,9,45–49] using 
transmission electron microscopy (TEM) after cold deformation. 

Although the description of recrystallization-related phenomena as a 
capillary competitive (sub) grain growth mechanism is an approxima-
tion, it nonetheless unifies the stages of nucleation, recrystallization 
growth and grain growth into one physics-based framework – as sug-
gested by Humphreys [38] – and thereby enables their simultaneous 
computation. The relevant terminology which we have followed in this 
paper is presented in Table 1. We adopted the terms primarily from [38] 
and additionally from [2,33,39,40,51]. 

The capillary competitive (sub) grain growth modeling approach 
suggests that the heterogeneity in the subgrains’ coarsening stems from 
the heterogeneous distribution of the orientation gradients (i.e. GNDs 
and HAGBs) [33,38]. These determine the mobility and the driving force 

whereby subgrain growth occurs [52–54]. Accumulating enough 
mobility (due to growing misorientation when absorbing the lattice spin 
from other cells) and/or higher driving forces gives an advantage to 
some subgrains and this is called nucleation [2.33.38,39,51]. Hence, 
although nucleation is not artificially imposed in this work, it evolves 
naturally out of the evolving substructure, by the mechanisms known as 
discontinuous subgrain growth [5] and HAGB bulging [32]. Both 
nucleation mechanisms are relevant to the recrystallization of cold- 
worked IF-steel in the range of 70–80% thickness reduction 
[5,25,28,31]. Other possibly relevant mechanisms such as subgrain 
coalesence [55,56], heterogeneous static subgrain formation [57,58], 
variations of particle pinning at certain HAGBs [11,52,59–62] are not 
addressed in this work. Although such processes may contribute to the 
nucleation and growth of recrystallization by providing a kinetic or size 
advantage to some subgrains, our aim is to investigate the effect and 
spatial variation of the curvature-driven motion. 

1.3. Implementation 

The algorithm is implemented in the simulation package CASIPT 
[63,64] (Cellular Automata Sharp Interface Phase Transformations) 
based on the deterministic CA method presented in [65]. We used an 
experimentally measured and highly resolved representative volume 
element (RVE), in which intergranular aspects (e.g. shear and defor-
mation bands) can be distinguished, and orientation gradients within 
grains are described. The RVE was obtained through electron back-
scatter diffraction (EBSD). 

The misorientation between adjacent pixels identified by the EBSD is 
attributed to the existence of dislocations. These incorporate the role of 
elementary units of inelastic deformation and hence they carry the 
deformation energy. At the same time, dislocations are elementary units 
of crystallographic misorientation and hence comprise boundaries 
whereby (sub) grains can grow. Therefore, the dislocation content 
identified by the EBSD determines the kinematics (mobility) and the 
stored energy (driving force) whereby recrystallization is simulated. 

It should be made clear that the EBSD measurement we used, albeit 
high in resolution – namely 0.12 μm – cannot describe all the orientation 
gradients in the substructure. Typical subgrain sizes that have been re-
ported from TEM measurements in cold-rolled IF-steels of 70–80% 
thickness reduction, are found within a range of 0.4–1 μm [1,66–68]. 
Hence most of the subgrain structure can be described with the present 
resolution, although regions of very high orientation gradients may still 
accommodate smaller subgrains. 

2. Model description 

2.1. Constitutive state variables used in the automaton grid 

In the automaton grid every cell i is assigned a crystal orientation gi. 
The algorithm considers the 1st Von-Neumann neighborhood (see 
[65,69]). Each boundary area between material volumes i and j carries 
an interfacial energy value equal to: 

Eij
[
J
]
= γ
(
gi, gj

)
⋅Aij ∀ ij : δij = 0 (1)  

where in Eq. (1):  

• Aij[m2] is the area of the boundary’s ij plane  
• γ(gi, gj)[J/m2] is the interface energy density between two unlike 

adjacent orientations gi, gj  

• δij is a Kronecker-like operator defined as: 

δij =

{
1 if θij < θmin
0 if θij >= θmin

(2)  

where in Eq. (2): 

Table 1 
Terminology used in the document.  

Term Description 

Kinetically unstable boundary A boundary which has high mobility, 
compared to most boundaries in the 
microstructure at that time e.g. in the 
current application the term applies to a 
HAGB. 

Thermodynamically unstable 
boundary 

A boundary which yields energy release 
upon an incremental migration. 

Kinetic advantage (of a subgrain or 
grain) 

A (sub)grain that continues being 
surrounded by large angle boundaries after 
initiating recrystallization. 

Thermodynamic/size/energy 
advantage (of a subgrain or grain) 

A (sub)grain that continues being larger 
from the subgrains it meets during its 
expansion after initiating recrystallization. 

Recrystallization nucleation When a subgrain is particularly competitive 
and has grown enough so that the 
recrystallized volume can be clearly 
distinguished from the surrounding 
substructure, it is considered as nucleus.  

1 Materials form subgrain structures when dislocations can undergo cross-slip 
and climb during deformation. Therefore such structures predominate in metals 
characterized by high stacking fault energy (SFE) and in sheets deformed at 
high temperatures.  

2 Even if the substructure is not fully recovered in the as-deformed state, 
static recovery will still take place (both as polygonization [34–36] and dislo-
cation annihilation) in the very early stages of annealing and thereby diminish 
the “free” dislocations’ content. 
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• θij[
◦
] is the misorientation between orientations gi and gj  

• θmin[
◦
] is the lower cut-off misorientation to consider the existence of 

a boundary between i and j 

Low angle grain boundaries (LAGBs) carry essentially an elastic en-
ergy density which is ascending to the misorientation as follows [70]: 

γ(gi, gj) =

⎧
⎪⎨

⎪⎩

γHAGB if θij⩾θHAGB

γHAGB⋅
θij

θHAGB
⋅
(

1 − ln
(

θij

θHAGB

))

if θij < θHAGB
(3)  

where in Eq. (3):  

• θHAGB[
◦
] is the lower threshold misorientation to consider a HAGB 

2.2. Incremental energy release during kinetic evolution of the CA 

2.2.1. Expression 
If the automaton cell i with orientation gi, is swept by its neighbor 

cell j, it assumes the new orientation gj. The energy change on cell’s i 
neighborhood is calculated as: 

ΔEgi→gj

[

J

]

=
∑

k
Aik⋅

(

1 − δik

)

⋅γ

(

gi, gk

)

−
∑

k

(

1 − c⋅δlkij

)

⋅Aik⋅

(

1

− δjk

)

⋅γ

(

gj, gk

)

(4)  

where in Eq. (4):  

• k are the cells with Aik ∕= 0 i.e. neighbours of cell i  
• c ∈ (0,1], is constant and it is related to the configuration of the grid 

In Eq. (4) the energy states before and after the re-orientation are 

expressed in opposite order such that energy release yields a positive 
summation is ΔEgi→gj . This convention was chosen in order to keep 
consistency with the terms used e.g. positive driving force. 

The four indices’ Kronecker-like operator δlkij and the constant c used 
in Eq. (4) are here introduced to account for the cases that two adjacent 
similarly oriented cells j and k may grow together. This assumption is 
made because long before cell j consumes cell i, a neighbour cell of the 
same orientation would have also started to grow toward its own closest 
neighbours. This is due to the high local curvature that would otherwise 
be created and “drag” the similarly oriented regions. When δlkij equals 1 
it means that a neighbour cell l, which is oriented as j, can grow together 
with j cell to transform cell k. Cell k is another neighbour of cell i, thus 
the next state’s energy reduces by c⋅γ(gj, gk)⋅Aik, since a part of cell’s k 
volume (defined as c) will have the same orientation with i, which is gj. 
Cases where δlkij = 1 are illustrated and explained in Fig. 1. The four 
indices’ Kronecker-like operator used in Eq. (4) is then defined as: 

δlkij =

{
1 if ∃ l : ji→= lk

→ Λ δjl = 1 Λ δlk = 0
0 if not

(5)  

where in Eq. (5):  

• ji
→

is the position vector of cell’s i center with respect to the center of 
cell j 

2.2.2. Energy change – Examples 
Fig. 1 shows a schematic for the two main switching scenarios that 

occur in the application. The color-coding of the cells is in accord with 
the Inverse-Pole-Figure (IPF) along the Normal Direction (ND). Bound-
ary segments are also plotted when present, such that a HAGB is colored 
black and a LAGB blue. In particular: 

Fig. 1. Cell switching scenarios in the CA. The two main cases that will occur when the algorithm is applied to a deformed microstructure discretized in a 2D 
hexagonal automaton grid are shown. The images depict the energy state before and after the re-orientation. In Figure (a) cell 15 (growing cell) belongs to a 
recrystallized volume (or large subgrain next to a HAGB) and might grow into cell 9 that belongs to a substructure. Although the migration increases the HAGB area, 
a positive driving force can still be found since the LAGB area decreases. Also, cell 15 has neighbours (i.e. cells 14 and 16) of the same orientation which can grow in 
the same direction (i.e. toward cells 8 and 10, respectively). In this case, only a part (i.e. 1 − c) of the energy concerning the boundaries 9,8 and 9, 10 is considered 
upon the calculation of the next state’s energy if cell 9 re-orients. In Figure (b) cells 27 and 21 are both surrounded by some cells similarly oriented and hence positive 
driving force will only be found if the migration leads to reduction of the HAGB area. Therefore, the migration of the boundary 27,21 will occur toward cell 21. Cell 
27 has neighbours (i.e. cells 20 and 28) which can grow in the same direction i.e. toward cells 15 and 22, respectively. Therefore, again only 1 − c of the boundaries’ 
21,15 and 21,22 energy is considered at the next state. 
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• Fig. 1a shows a typical example of primary recrystallization, where a 
strain-free grain (or large subgrain next to a HAGB) grows into the 
adjacent substructure. As is shown, although the motion is accom-
panied by an increase in the HAGB area, it reduces the LAGB area to 
the extent that it yields energy release.  

• Fig. 1b shows a typical example of normal grain growth, where a 
grain favored by the HAGB curvature grows into a smaller one. As 
expected, for such growth to occur in the CA, the HAGB energy needs 
to decrease. 

Hence, although recrystallization and grain growth are phenome-
nologically different, their physical description can be unified [38]. If 
there is sufficient difference in the dislocations’ content per unit volume 
between two adjacent dissimilar cells, one will grow into the other. 

Fig. 2 shows the two scenarios described in Fig. 1 as measured 
experimentally. Fig. 2a shows a recrystallized grain growing into a 
deformed grain. As was shown in Fig. 1a, in such cases, the HAGBs 
curvature normally does not favor the migration, yet orientation gra-
dients within the deformed matrix can lead to a positive driving force. 
Fig. 2b shows two recrystallized grains where the curvature of the HAGB 
indicates the direction of growth, as also described in Fig. 1b. 

2.3. Growth rate 

If the energy change in Eq. (4) is positive (favorable migration) the 
boundary segment ij exerts a pressure to re-orient the adjacent cell’s i 
volume Vi, which is equal to: 

ΔGgi→gj [J
/

m3] = ΔEgi→gj [J]
/

Vi[m3] (6) 

The pressure displaces the boundary ij with velocity: 

vgi→gj

[

m

/

s

]

=M

(

gi,gj

)[

m4

/

Js

]

⋅ΔGgi→gj

[

J

/

m3

]

⇒(4),(6)vgi→gj

[

m

/

s

]

=M

(

gi,gj

)

⋅

(
∑

k
Aik⋅

(

1 − δik

)

⋅γ

(

gi,gk

)

−
∑

k

(

1

− c⋅δlkij

)

⋅Aik⋅

(

1 − δjk

)

⋅γ

(

gj,gk

))/

Vi

(7) 

In Eq. (7) M(gi,gj) is the boundary mobility [71] which depends on 
the boundary’s misorientation (for LAGBs) as follows [39]: 

M
(
gi, gj

)
=

⎧
⎪⎪⎨

⎪⎪⎩

MHAGB if θij⩾θHAGB

MHAGB⋅

(

1 − exp

(

− 5⋅
(

θij

θHAGB

)4
))

if θij < θHAGB
(8)  

where in Eq. (8) MHAGB is defined as [71]: 

MHAGB

[

m4
/

Js
]

= M0⋅exp
(
− Qg

R⋅T

)

(9)  

where in Eq. (9):  

• Qg[J/mol] is the activation energy for the migration of a HAGB  
• R = 8.314 J/mol⋅K is the universal gas constant  
• T[K] is the applied temperature  
• M0[m4/Js] is the pre-exponential factor 

The pressure on the boundary ij imposes a force equal to: 

F→ij,gi→gj

[

N
]

= ΔGgi→gj ⋅Aij⋅ u→ji (10)  

where in Eq. (10):  

• u→ji is the unit vector normal to the plane ij 

Every cell k which is neighbour to cell i and is misoriented less than 
θmin from the growing orientation gj (i.e. δkj = 1) will migrate toward 
cell i perpendicularly to the boundary’s ik plane, with velocity given 
from Eq. (7) – i.e. the same as boundary’s ij. Hence, the total force for re- 
orientation of a cell i results from all migrating boundaries and their 
relative direction, such that: 

F→gi→gj

[

N

]

=
∑

k
δkj⋅ F→ik,gi→gj ⇒

‖F→gi→gj

⎡

⎣N

⎤

⎦‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑

ur=x,y,z

(
∑

k
δkj⋅

⃒
⃒
⃒
⃒
⃒
F→ik,gi→gj ⋅ u→r

⃒
⃒
⃒
⃒
⃒

)2
√
√
√
√

(11)  

where in Eq. (11):  

• u→r[m] is the unit vector for the r axis of the reference system 

After some time δt, the boundary will have traveled an average dis-

Fig. 2. EBSD observations during the annealing of the IF-steel sheet. The phenomena depicted are (a) primary recrystallization – i.e. a recrystallized grain grows into 
a substructure (b) grain growth - i.e. two recrystallized grains have impinged. 
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tance equal to ‖ v→gi→gj‖⋅δt and the force will have performed a work 
equal to the energy difference: 

‖F→gi→gj‖⋅‖ v→gi→gj‖⋅δt = ΔEgi→gj (12) 

Defining then as ḋgi→gj , the growth rate of gj in cell i, we have: 

2.4. Sharp-interface condition 

A cell i re-orients to gj with rate ḋ
t
gi→gj 

from Eq. (13) calculated at time 
t. After the incremental time δt the re-orientated fraction of cell i is: 

f t+δt
gi→gj

= ḋ
t
gi→gj

⋅δt+ f t
gi→gj

(14) 

Cell i re-orients completely into gj when f t
gi→gj 

becomes equal to (or 
exceeds) the value of 1. The description of the algorithm’s steps can be 
found in the Appendix. 

3. Application 

3.1. Input settings 

3.1.1. Grid-related settings 
The simulation is performed within a 2D automaton grid of hexag-

onal (regular hexagons) cells. Hence the parameters in the analytical 
expressions which relate to the grid are:  

• N = 6 neighbours per cell  
• u→ji ∈ { u→x, − u→x, cos(60◦)⋅ 

u→x + sin
(

60◦

)

⋅ u→y, − cos
(

60◦

)

⋅ u→x + sin
(

60◦

)

⋅ u→y, − cos
(

60◦

)

⋅ u→x

− sin
(

60◦

)

⋅ u→y, cos
(

60◦

)

⋅ u→x − sin
(

60◦

)

⋅ u→y

}

• Aij = δxCA⋅| z→CA|/
(
2⋅

̅̅̅̅̅̅̅̅̅̅
0.75

√ )
∀ Aij ∕= 0 where z→CA has direction 

perpendicular to the 2D grid and it is of arbitrary magnitude - it 
cancels out with z→CA from Vi once Eq. (6) and Eq. (4) are substituted 
in Eq. (13)  

• Vi =
(
3⋅

̅̅̅
3

√
/2
)(

δxCA/
( ̅̅̅̅̅̅̅̅̅̅

0.75
√

⋅2
) )2⋅| z→CA| ∀ i 

In the above settings, u→x and u→y are the unit vectors of the (Carte-
sian) reference system. 

3.1.2. Input material and microstructure 
The chemical composition of the IF steel is shown in Table 2. The 

material parameters used are shown in Table 3 and the applied time-
–temperature profile is shown in Fig. 3. 

The input RVE was obtained experimentally through high-resolution 
EBSD using a Sigma 500 microscope from Zeiss, coupled with OIM DC- 
software and a Hikari-Camera from EDAX. The crystal orientation at 

each cell of the automaton grid corresponded to the one measured for 
the pixel located at the same spatial coordinates. The spacing between 
adjacent hexagons δxCA is equal to 0.12 μm and the number of cells 
comprising the RVE is 5316480. 

The model’s input is shown Fig. 4a. The maps in Fig. 4 are plotted 
with the use of PYEBSD [75]. In particular, the automaton cells are 

colored in accord with the IPF//ND and are darkened in ascending order 
with respect to the maximum misorientation from their neighbours. For 
example, if a cell has maximum misorientation from its neighbours less 
than 0.3◦ the cell is colored only in accord with the IPF//ND, while for 
larger misorientations the IPF coloring is darkened. Eventually a cell 
that is surrounded by at least one HAGB (i.e. θij > 15◦) appears black. 

The substructure is shown more clearly in characteristic regions of 
the IF-steel sheet in Fig. 4b-d. In particular:  

• Fig. 4b shows the substructure in the vicinity of a HAGB for the two 
deformed grains that are separated. The subgrains in these areas are 
coarse and the intergranular boundaries are generally of small mis-
orientations – e.g. the boundaries marked by white arrows.  

• Fig. 4c shows the substructure inside a grain where deformation 
bands have formed. As indicated by the dark color of the cells, the 
deformation bands are circumscribed by mostly large-angle bound-
aries. The subgrains (e.g. regions indicated by red arrows) are almost 

Table 2 
Chemical Composition – wt % of the IF steel used in the application.  

C Mn Al N Ti S Cr 

0.002 0.095 0.05 0.002 0.045 0.006 0.02  

ḋgi→gj = 1

/

δt ⇒(4),(6),(7),(11),(12)ḋgi→gj = Mgi→gj ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑

ur=x,y,z

(
∑

k
δkj⋅

⃒
⃒
⃒
⃒
⃒
F→ik,gi→gj ⋅ u→r

⃒
⃒
⃒
⃒
⃒

)2
√
√
√
√

/

Vi (13)   

Fig. 3. The temperature-time profile applied to the sheet.  

Table 3 
Input parameters used in the simulation.  

Quantity Value Description 

Qg  140 kJ/mol  activation energy for boundary migration from [72] 
M0  0.43 mol⋅m/Js  pre-exponential factor of HAGBs mobility 
γHAGB  0.5 J/m2  the energy per unit area of a HAGB from [73,74] 

θHAGB  15◦ minimum angle to consider a HAGB 
θmin  0.3◦ minimum angle to consider the existence of a boundary 

between two neighbour CA cells 
c 0.7  parameter used in Eq. (4)  
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rectangular and separated mostly by low-angle boundaries from 
adjacent subgrains within the same deformation band.  

• Fig. 4d shows the substructure in an area where besides deformation 
bands, also shear bands can be distinguished (e.g. regions indicated 
by green arrows). Very high misorientation is found at the rims of 
shear bands where HAGBs have formed. Such bands enclose much 
smaller subgrains from the abutting matrix subgrains (e.g. see sub-
grains indicated by red arrows). 

As shown in Fig. 4, many important topological characteristics of 
cold-rolled IF-steel sheets of similar thickness reductions are identified. 
Coarse subgrains with diffuse boundaries [5,67] as well as shear bands 

and deformation bands [1,5] are distinguished in the various regions 
that comprise the deformed metal. Additionally, the heterogeneity in the 
subgrain sizes and boundaries’ misorientation is clear, throughout the 
RVE (e.g. between Fig. 4a and Fig. 4b) but also locally (e.g. the subgrains 
inside the narrow shear bands compared to their surroundings). 

3.2. Simulated microstructure evolution 

Fig. 5 shows the temporal evolution of the simulated microstructure. 
It is clear that already from the early stages of growth many CA cells 
have grown into the surrounding deformed matrix, yet in a spatially 
non-uniform fashion. For example at 45 s, some deformed grains have 

Fig. 4. Input RVE for the simulation: (a) the deformed state as imported in the CA (b) the substructure in the two opposite sides of a grain boundary (c) the 
substructure in deformation bands (d) the substructure in a region that includes shear and deformation bands. 

Fig. 5. Evolution of simulation at (a) 0 s (b) 45 s (c) 60 s (d) 80 s (e) 120 s and (f) 167 s.  
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already got partially consumed by strain-free volumes, while other less 
deformed regions (e.g. the reddish volume in Fig. 5b) have remained 
almost intact. Such deformed grains neither grow significantly nor get 
consumed by other recrystallized grains. This phenomenon has been 
confirmed by earlier experimental investigations in the evolution of 
recrystallization – e.g. in [76,77]. The resistance of low-stored energy 
deformed grains in recrystallising diminishes as grains in other regions 
nearby become eventually large enough (e.g. see the grains indicated by 
black arrows in Fig. 5d) to grow into them. Eventually, at the end of the 

simulation, all prior deformed grains have been replaced by equiaxed 
grains, within which dislocations are absent. 

3.3. Simulated and experimental relevance 

Fig. 6 shows the annealed microstructure as simulated and measured 
experimentally, both corresponding to the temperature–time profile 
shown in Fig. 3. A Bähr DIL 805 A/D dilatometer was employed to 
perform the annealing treatment that resulted in the microstructure 
shown in Fig. 6b. 

The average grain diameter was quantified after decomposing the 
orientation data into grains, using MTEX [78]. Although the average 
grain size is rather close between the simulated and the experimental 
microstructure – namely 15.7 μm and 16.8 μm, respectively, the grains’ 
shape and size distribution do not seem to follow the experimentally 
measured microstructure’s. In particular, the experimentally measured 
annealed state contains some considerably larger and pancake-shaped 
grains which are not observed in the simulated microstructure. This 
could be because the simulation was performed in 2D, whereas the (sub) 
grains’ coarsening is a 3D phenomenon. In addition, differences in 
grains’ shape and size distribution could result from variations in the 
particle pinning at HAGBs’ which may exist [11,52,59–62], yet were not 
considered in the simulation. 

Fig. 7 shows the ϕ2 = 45◦ section of the orientation distribution 
function (ODF) for the deformed and annealed states. The ODFs were 
determined with the use of MTEX [78], by employing a 7◦ halfwidth. As 
shown in Fig. 7, while the deformed sheet is characterized by a com-
bined α fiber (i.e. 〈110〉//RD) and γ fiber (i.e. 〈111〉//ND), the simula-
tion results in the diminishing of α fiber components, while γ fiber 
components intensify. This is confirmed by the experimentally annealed 
sample (Fig. 7c) which is characterized by a full γ fiber texture. Although 
there are deviations between the experimental and the simulated 
annealed state, the texture components that comprise the simulated 
recrystallized microstructure are mostly located within the γ fiber. 
Therefore, the capillary competitive subgrain growth that is simulated 
has altered the distribution of relevant texture components, in compli-
ance with the experimental findings. 

Additionally, the change in the texture components’ distribution that 
occurs upon the simulation indicates that the selective subgrain growth 

Fig. 6. Recrystallized cold-rolled IF steel; (a) the simulated microstructure (b) the experimental measurement.  

Fig. 7. ODF quantified and plotted in section ϕ2 = 45◦ for (a) the deformed 
state (b) the simulated recrystallized microstructure (c) the experimental 
measurement of the annealed sheet. 
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did not occur randomly. Instead, the topological characteristics impor-
tant for recrystallization - e.g. the relationship (size, crystal orientations 
etc.) between a subgrain and its surroundings - follow an orientation- 
dependent pattern at the prior-deformed state. 

3.4. Early stages of recrystallization 

This section reviews the onset and evolution of recrystallization in 
specific characteristic areas of the sheet during the early stages of 
annealing. 

3.4.1. Shear and deformation bands 
Fig. 8 shows the early stages of recrystallization in various regions 

where shear and deformation bands are present. In Fig. 8a the locations 
of the areas investigated are shown and in Fig. 8b the recrystallized 
volume is shown at 35 s for the corresponding regions. More specifically, 
Fig. 8b shows the crystal direction//ND at 35 s for the cells which have 
been surpassed by a boundary, while the volume that has remained 
intact is plotted white. As shown in Fig. 8b, the recrystallized areas 
arrange along the axis of the prior shear or deformation bands. This 
phenomenon indicates that subgrains from the matrix (normally lower 
in stored deformation energy and thus larger) invade and consume the 
subgrains within the prior abutting shear or deformation bands [5,7]. 

Most of the recrystallized volume nonetheless stops expanding - e.g. 
the recrystallized volume indicated by green arrows in Fig. 8b which has 
not grown much or has grown only in the perpendicular direction of the 
prior bands. This is because the recrystallized volume met either similar 
crystal orientations or larger subgrains in the matrix [2]. Only some of 
the recrystallized grains continue to satisfy the two instability criteria, e. 
g. the ones indicated by pink arrows in Fig. 8b. 

As an example, the boundaries’ temporal evolution in region 3 
(shown in Fig. 8b) is illustrated in Fig. 9. As shown in Fig. 9, recrystal-
lization initiates through HAGBs that surround deformation bands. 
However, many of the pre-existing HAGBs (e.g. B1-B4 indicated by pink 
arrows in Fig. 9) become low-angle boundaries after surpassing the 
narrow deformation band. This is understood by the color of boundaries 
B1-B4, which changes from black (see Fig. 9a) to gray (see Fig. 9c). 

3.4.2. Competitive growth at different HAGBs 
Figs. 10 and 11 show the competitive growth that takes place at 

characteristic regions of the deformed state where different types of 
HAGBs are present. Fig. 10 shows a grain characterized by low-stored 
energy (grain A) in contact with a grain within which shear and defor-
mation bands have formed (grain B). Fig. 11 shows a grain with low- 
stored energy (grain C) abutting a grain where shear/deformation 
bands have formed in two directions and thus intersect (grain D). The 
latter is identified by the consideration of both Fig. 11a and Fig. 11b. In 
particular, one group of bands incorporates orientation gradients mostly 
along the ND while in the other group these are found along the RD. 
Concerning the recrystallization evolution, the following is observed:  

• Inside grains with low deformation: Within grains A and C in Figs. 10 
and 11 there is complete absence of recrystallization. This is due to 
the lack of sufficiently high intergranular orientation gradients 
resulting in such deformed regions remaining intact.  

• Pre-existing subgrains next to conventional grain boundaries: Only a 
small portion of the deformed matrix in contact with conventional 
grain boundaries - the boundaries between grains A-B and C-D - has 
recrystallized. Although subgrains abutting conventional grain 
boundaries have a kinetic advantage and are also in general large, 

Fig. 8. Simulated results: early stages of recrystallization shown in grains where shear and deformation bands have formed (a) 0 s – the location of the areas studied 
is shown (b) 35 s - the volume which has been surpassed by a boundary (i.e. white color means that the cell has remained intact) is shown. 

Fig. 9. Simulated results: temporal evolution in the early stages of recrystallization at deformation bands (a) 0 s (b) 35 s (c) 40 s.  
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their growth does not produce large recrystallized volumes. It is then 
clear that such subgrains in general do not have a size advantage. 
This was also shown in Fig. 4, where no significant differences in the 
subgrain sizes or misorientations were observed between the two 
sides close to the grain boundary. Hence, a subgrain in the vicinity of 
a grain boundary may start bulging in the adjacent deformed matrix, 
but it is very likely that the motion will stop because larger subgrains 
will be met.  

• Inside grains with bands of one direction: Recrystallization occurs in 
grain B in a fashion similar to the evolution presented in Fig. 8. The 
pre-existing subgrains adjacent to the narrow deformation bands 
have grown at the expense of the smaller subgrains within them.  

• Inside grains with intersecting shear and deformation bands: 
Recrystallization predominates in grain D. Comparing for example 
the evolution of recrystallization in grain B to grain D, from Figs. 10 
and 11 respectively, it seems that recrystallization is favored when 
shear/deformation bands in two different directions intersect. This 
can be explained if one considers that in such a region (grain D) after 
surpassing the first shear/deformation band, the bulged volume will 
not meet the same crystal orientation. Additionally, when orienta-
tion gradients are present in two different directions, the recrystal-
lization front can grow in both and thereby provide a size advantage 
to the recrystallized volume. 

4. Conclusions 

A curvature-driven algorithm was applied to a Ti-stabilized IF steel 
cold-rolled up to 77% thickness reduction. The following remarks can be 
deduced from the recrystallization simulations:  

• Although recrystallization nucleation is not artificially imposed in 
the present modeling framework, it occurs upon the simulation due 

to the highly heterogeneous subgrain coarsening that takes place in 
the early stages of annealing. Followed by the subsequent growth of 
the recrystallized grains, the simulation yields a fully recrystallized 
microstructure.  

• In compliance with the experimental observations, the simulation 
results in the diminishing of texture components within the 〈110〉//
RD fiber while mostly texture components within the 〈111〉//ND 
fiber comprise the recrystallized state. This indicates that in the as- 
deformed state, the presence of subgrains in a favorable location to 
recrystallize – such that they have a size and kinetic advantage - is an 
orientation-dependent phenomenon.  

• Recrystallization at shear and deformation bands occurs primarily by 
the invasion of matrix subgrains in the substructure within the 
adjacent narrower bands. However, in most cases, the recrystallized 
volume stops expanding once surpassing the first shear/deformation 
band, because the boundaries are no longer high-angle.  

• Subgrains growing in regions with intersecting shear/deformation 
bands become very soon distinguished in their size compared to 
subgrains within regions where all the narrow bands are parallel.  

• A subgrain’s likelihood to recrystallize depends on its surroundings 
in the following order: subgrains next to intersecting shear bands, 
subgrains next to shear bands arranged in one direction, subgrains 
next to conventional grain boundaries. 

Data availability 

The experimental measurements and the simulated microstructures 
required to reproduce these findings are available to download from 
https://data.mendeley.com/datasets/6467hnvfpn/draft?a=7721629 
0-d309-44bd-8fdb-b0c143bda53a. The algorithm required to reproduce 
the simulations cannot be shared at this time due to legal or ethical 
reasons. 

Fig. 10. Simulated results: early stages of recrystallization shown in an area consisting of two deformed grains at (a) 0 s – IPF//ND (b) 0 s - IPF//RD (c) 35 s – the 
volume which has been surpassed by a boundary is color-coded with IPF//ND (d) 40 s - the volume which has been surpassed by a boundary is color-coded with 
IPF//ND. 

Fig. 11. Simulated results: early stages of recrystallization shown in an area consisting of two deformed grains at (a) 0 s – IPF//ND (b) 0 s – IPF//RD (c) 35 s – the 
volume which has been surpassed by a boundary is color-coded with IPF//ND (d) 40 s – the volume which has been surpassed by a boundary is color-coded with 
IPF//ND. 
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Appendix A 

A.1. Algorithm’s steps 

At the initial state, the automaton identifies the orientation of every cell as a unique property. Every interfacial cell i (cell of at least one neighbour 
differently oriented i.e. ∃ j : Aij ∕= 0 Λ δij = 0 where δij is defined in Eq. (2)) is stored at every time step. In a certain time step the algorithm 
performs the following:  

• Step 1: A loop initiates for all the cells which are defined as interfacial cells.  
• Step 2: For the i interfacial cell a loop initiates on its 1st Von-Neumann neighbours. The misorientation is calculated and stored for every pair of 

cells i and j. By using then Eq. (3) the value of γ(gi, gj) is found and γ(gi, gj)⋅Aij is added to the current state’s energy (of cell i). A second loop initiates 
for each neighbour k among the 1st Von-Neumann neighbours of i (again). This is to calculate the misorientation between j and the rest k cells 
which are neighbours of i, and it will be used later. At the end of the double loop, cell’s i energy (second term in Eq. (4)) and the misorientation 
inbetween all 1st Von-Neumann neighbour of i have been calculated.  

• Step 3: For the same i interfacial cell the 1st Von-Neumann neighbours of the cell are looped again - now as candidates to re-orient i. The direction of 
boundary migration i.e. u→ji for every j cell is stored also here for the possible re-orientation of i into gj. Inside this loop, the 1st Von-Neumann 
neighbours of i are looped once more to calculate the next state’s energy for every candidate re-orientation (with the use of the calculated mis-
orientations from step 2, and Eq. (3)) by assuming the next state’s boundaries i.e. between i and k where i is supposed to be orientated as j. If cell k is 
similarly oriented with j (i.e. δjk = 1 in Eq. (2)) then the direction of growth i.e. u→ki for the k cell is stored since k will grow together with cell j. Then 
the loop continues since a boundary between i and k will not exist if i re-orients as gj. If not, then first the cell l is considered, which is found from 

equating the position vectors ji
→

= lk
→

. Eq. (5) is then applied for the combination of cells i, j, k, l - i.e. if cell l is similarly oriented with j (which is 
growing into i) and can grow into cell k in the same direction as j will grow into i. If this l cell is found eligible to grow into k (i.e. δlkij = 1 in Eq. (5)) 
then the boundary energy between k and i, after the latter re-orients into gj is added in the next state’s energy as (1 − c)⋅γ(gj,gk)⋅Aik. If l is not eligible, 
then the boundary energy is added as γ(gj,gk)⋅Aik. This loop continues in the same way for all k cells. At the end of this loop, the next state’s energy 
for j cell growing into i is calculated and substituted in Eq. (4) together with the current state’s energy for i cell which was calculated in step 2. If the 
energy change is positive then the re-orientation rate is found (see Eq. (13)) for cell i re-orienting as j, by using Eq. (9), Eq. (8) and the (already) 
calculated Eq. (4), and u→r, u→ki ∀ k : δjk = 1 including k = j (as mentioned the position vectors u→ki were stored). If the re-orientation rate of i into 
gj is positive and larger than any other re-orientation rate for i cell then the re-orientation rate is stored together with the orientation gj for the i cell.  

• Step 4: Step 3 is done for all j cells that are candidates to re-orient cell i and at the end one (the faster) re-orientation rate ḋgi→gj for cell i (if any) is 
kept along with gj.  

• Step 5: Steps 2–4 are performed for every i interfacial cell. After all i cells are looped and their re-orientation rate is defined the maximum re- 
orientation rate ḋmax at the current time step is also found. The time step’s (i.e. incremental simulation time) value is found as δt = 1/ḋmax, 
for the particular time of the simulation.  

• Step 6: The time step δt is added to the simulation’s time and then every cell i is looped to apply the new re-orientation fraction given in Eq. (14). If a 
cell i has re-orientation fraction larger or equal to 1 it transforms (i.e. re-orients) to the favorable orientation and the re-orientation fraction is set 
back to zero. The cell i - now oriented as gj - is then stored in order to recalculate the relevant interfacial cells. 

• Step 7: The neighbours of every i cell that re-oriented at the current time step are found and added to the structure of interfacial cells. The pro-
cedure from step 1 starts again. 
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