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A B S T R A C T

This work investigates the formation of the recrystallisation microstructure and texture of various single-phase
ferrite low-carbon steels that were rolled at different temperatures and of which the deformation microstructure
was characterized by high resolution electron backscatter diffraction (EBSD). Three cases are considered: (i)
cold-rolled interstitial-free (IF) steel, warm-rolled IF steel at 550 °C and warm rolled Fe-Si steel at 900 °C
(below the austenitization temperature due to Si). It is well-known that the deformation texture after flat
rolling of single-ferrite low carbon steels exhibits the characteristic 𝛼/𝛾-fiber texture, i.e. < 110 >//Rolling
Direction (RD) and < 111 >//Normal Direction (ND), irrespective of the rolling temperature, as long as there
is no concurrent phase transformation. However, different recrystallisation textures appear as a function of
the rolling temperature. Generally speaking, the 𝛾-fiber recrystallisation texture is obtained after cold rolling,
whereas the 𝜃-fiber components ( < 100 >//ND) intensify at the expense of the 𝛾-fiber orientations with
increasing rolling temperature. Although these phenomena are well-known, the reasons for this behavior
in terms of preferential orientation selection remain as yet unclear. In the present paper, recrystallisation
microstructures and textures are simulated with a full-field cellular-automaton (CA) description, whereby
recrystallisation from its incipient stage is considered as a process of sub-grain coarsening controlled by the
well-known physical laws of driving force and kinetics. The simulations integrate in one single model the
various conditions that give rise to the observed temperature dependence of the evolving static recrystallisation
texture and microstructure. The different rolling temperatures will give rise to different initial microstructures
at the onset of recrystallisation with noticeable variations in short-range orientation gradients in 𝛾 and 𝜃-fiber
orientations, respectively. The mere application of local grain-boundary migration laws on the topology of the
deformation structure, without imposing any specific nucleation selection criterion, will properly balance the
dominance of 𝛾-fiber grains after cold-rolling and 𝜃-fiber orientations after warm rolling. Finally, the well-
known nucleation of Goss orientations ({110} < 001 >) in shear bands occurring in 𝛾-fiber grains is also
simulated in this single conceptual framework.
1. Introduction

As a phenomenon of high impact to the material properties (e.g.
mechanical [1], or electro-magnetic [2]), but also as a strong tool to
interpret the physical processes taking place, crystallographic texture
formation is an integral part of our knowledge regarding recrystalli-
sation (see for example reviews [3–14]). In ferritic low-carbon steels,
recrystallisation typically enhances the so-called 𝛾-fiber orientations,
i.e. ⟨111⟩ ∕∕ Normal Direction (ND) [15,16], whereas in some cases
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(e.g. at low strain rate or high rolling temperature), 𝜃-fiber orientations
(i.e. ⟨100⟩ ∕∕ ND) appear or even dominate [9,17–21]. Owing to the
orientation dependency of the stored deformation energy [22–27],
these textures are commonly referred to as high stored-energy (𝛾-fiber)
or low stored-energy (𝜃-fiber) recrystallisation textures.

From an industrial perspective, the occurrence of such different
textures is beneficial, as it broadens the applicability, for example from
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Computational Materials Science 246 (2025) 113425 
deep drawing (high stored-energy texture) to electromagnetic applica-
tions (low stored-energy texture). At the same time, the co-existence of
these two different recrystallisation textures is very important because
it reveals a contradiction, just as explained by Kestens and Pirgazi
[13]: (a) 𝛾-fiber orientations recrystallise because they constitute de-
ormed grains of high orientation gradients and thus the subgrains
ave sufficient mobility and driving force to grow/nucleate and re-
rystallise [15], and (b) 𝜃-fiber orientations recrystallise for the exact
pposite reason, i.e. they are typically located at the least deformed
rains, and can only grow or nucleate at the expense of the former.

While this contradiction has long been recognized, the physical pro-
esses leading to different recrystallisation behaviors remain unknown.
sing interstitial free (IF) steel as example, in our own recent contribu-

ion [25] we showed that warm rolling leads to significant reductions
n the short-range orientation gradients within 𝛾-fiber grains, compared
o cold rolling, while both the cold-rolled (CR) and the warm-rolled
WR) material exhibits the same trends in the distribution of stored
nergy. In the present work, we examine the impact of such different
ubstructures on the subsequent recrystallisation behavior. Here, we
se three different examples, i.e. (a) a cold-rolled (CR) interstitial free
IF) steel, (b) an IF steel warm-rolled at 550 °C (WR550), and (c) an

Fe-Si steel warm-rolled at 900 °C (WR900). The addition of Si in the
latter case is due to it acting as a ferrite stabilizer; it is not expected
to have impact on the recrystallisation evolution in terms of texture
formation.

The goal, here, is to address the reasons associated with the forma-
tion of low and high stored-energy recrystallisation textures, as well
as identifying specific orientation components, by means of modeling,
i.e. by investigating the simulated substructural and microstructural
evolution. For this reason, we performed the simulations using a full-
field model for (sub-)grain growth [28,29] in which no nucleation
criterion is imposed. This means that a topological or kinetic advantage
of certain subgrains does not only pertain to their initial status in
comparison to the surrounding microstructure, as is the case when
nucleation criteria are used [30–32], but it naturally occurs by the
simulated evolving substructure, starting from the deformed state, as
was for example done in [28,33]. The fact that we use a single and uni-
fied description for all recrystallisation-related phenomena (i.e. without
adapting the model), which includes also the competitive subgrain
growth leading to the so-called nucleation of subgrains, is what allows
different types of annealing textures to be predicted.

The rise of different types of recrystallisation textures is then ex-
plained depending on the topological differences (misorientation, size)
of the starting, and evolving, substructure. Specifically, using a one-
to-one tracing and comparison of the continuously changing state
variables, we obtain insight into the nucleation origin of well-known
recrystallisation texture components.

2. Materials and methods

2.1. Materials and microstructures

2.1.1. Materials
The investigated materials are Ti-stabilized IF steel (cold-rolled and

warm-rolled) and Fe-1.23 wt.%Si steel (warm-rolled). The addition of
Si is not expected to have impact on the formation of the deformation
substructure and the ensuing recrystallisation texture, but it allows for
a relatively high rolling temperature without entailing the presence of
austenite, as Si is a strong ferrite stabilizer.

Table 1 shows the material and processing parameters for the three
different materials and Table 2 the characteristics of each scan obtained
by electron backscatter diffraction (EBSD), serving as representative

volume element (RVE) in this study.

2 
Table 1
Materials used in the study.

Treatment code Material Rolling temperature Thickness reduction

CR IF steel 25 °C 80%
WR550 IF steel 550 °C 80%
WR900 Fe-Si 900 °C 80%

Table 2
Starting microstructures, obtained by EBSD, that are used in the simulations.

RVE name Step/Mesh size 𝛿x Scanned area RD × ND (per sample)

CR - sample 1 0.1 μm 50 μm × 50 μm
CR - sample 2 0.1 μm 50 μm × 50 μm
WR550 - sample 1 0.1 μm 100 μm × 50 μm
WR550 - sample 2 0.06 μm 50 μm × 100 μm
WR900 0.5 μm 1500 μm × 380 μm

2.1.2. Starting microstructures
The starting microstructures are obtained by EBSD and are imported

in the modeling system (after filtering — namely by Grain CI standard-
ization, Neighbor CI correlation, and Kuwahara [34,35] operations)
in a one-to-one fashion, i.e. every model cell 𝑖 assumes the crystal
orientation of the EBSD pixel located at the same spatial coordinate.
All microstructures and simulations are resolved in a hexagonal grid.

The starting microstructures are not decomposed into grains or
subgrains prior to the simulation. Instead, the only state variable that
plays a role in the simulation is the crystal orientation of each model
cell 𝑖, and hence each model cell 𝑖 is either a part of a subgrain or it
is a subgrain in itself. Therefore, the plastic stored deformation energy
accumulated in the material elements is not a state variable assigned
in the interior of each model cell 𝑖, but it is reflected by the subgrain
boundaries surrounding it.

Figs. 1 to 3 show the starting microstructures. The substructure
at important areas for recrystallisation (e.g. grain boundaries, triple
junctions, strong in-grain orientation gradients over short distances) is
also shown — see selected areas in Figs. 1 to 3 on the left which are
extracted and magnified (corresponding to the white boxes) from the
RVE.

It is noteworthy that while the two CR samples (Fig. 1) are char-
acterized by similar microstructural features (e.g. deformation bands,
higher in-grain boundary density of some 𝛾-fiber grains, etc.), the
WR550 material exhibits differences between the two samples (see
Fig. 2). For example, the first sample seems to have smaller orientation
gradients in the 𝛾-fiber grains (lower density of dark/black boundaries
in the bluish grains of Fig. 2(a) compared to Fig. 2(b)), while the
first sample has also regions that underwent dynamic or post-dynamic
recrystallisation (see magnified area in Fig. 2(a)). This implies that
there is deformation heterogeneity across the sheet, the origin of which
is, however, not within the scope of this study. Therefore, each sample
will be presented and discussed separately regarding the simulated
recrystallisation evolution, considering its own prior deformed state.

As for the WR900 sample, from Fig. 3 it is clear that the in-
grain color variations, and thus in-grain orientation gradients, are mild.
Essentially, only deformed-grain boundaries appear as black (i.e. high
misorientation).

2.1.3. Statistical relevance
Fig. 4 shows the 𝜙2 = 45° section of the orientation distribution

function (ODF) for all materials used in this study. The left images (i.e.
Fig. 4(a),(c),(e),(g),(i)) correspond to the whole RVE. Regarding the
RVEs used, although the statistics are insufficient to discuss the macro-
texture, the dominant deformation texture components, i.e. belonging
to 𝛼- and 𝛾-fiber, are present in all materials.

The right images (i.e. Fig. 4(b),(d),(f),(h),(j)) correspond to the

pixels constituting the deformed grains of lower in-grain orientation
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Fig. 1. Starting microstructure of the cold-rolled material shown for (a) sample 1 and
(b) sample 2. The right images show the RVEs and the left images show the magnified
regions (substructure) of the areas circumscribed on the right.

Fig. 2. Starting microstructure of the material warm-rolled at 550 °C (i.e. WR550)
shown for: (a) sample 1 and (b) sample 2. The right images show the RVEs and the
left images show the magnified regions (substructure) of the areas circumscribed on
the right.
3 
Fig. 3. Starting microstructure of the warm-rolled material at 900 °C (i.e. WR900).
The right image shows the RVE and the left images show the magnified regions
(substructure) of the areas circumscribed on the right.

scatter, quantified by the grain orientation spread (GOS1 - the detailed
quantification and the texture of the high GOS grains is shown in the
supplementary material, also per sample). These ODFs are constructed
from deformed grains with a GOS that is lower than the average GOS of
the RVE. As is shown, the prior deformed grains characterized by lower
stored energy, except for the WR550-sample 1, exhibit a soft Taylor
texture, i.e. 𝜃-fiber and (upper part) 𝛼-fiber. Therefore, the recrystalli-
sation texture related to deformation trends are statistically captured.
As for the WR550-sample shown in Fig. 4(e)(f), the low stored-energy
ODF is very similar to the whole RVE’s ODF, thus revealing a more
homogeneous stored energy in terms of crystal orientation. However,
even in this case, the low stored energy ODF comprises a slightly
stronger rotated cube texture than the ODF of the whole RVE.

Also, it is noteworthy that the average GOS is 7.7−7.8°, 6.7−6.9°, 5.2°,
in the CR, WR550, and WR900 samples, respectively, thus confirming
the expected sequence of the stored-energy levels in the investigated
materials.

Altogether, the statistics in relation to the orientation dependency
of the stored deformation energy, as well as of the stored deformation
energy levels inherent to the deformation processing parameters, are
generally relevant to expected trends. Systematic analysis on the tex-
ture and plastic deformation of these materials can be found in [21,
25].

2.2. Model

2.2.1. Brief description
We use the model developed in [28,29], which is a full-field de-

scription of grain/subgrain growth, based on the deterministic cellular-
automaton (CA) method [36,37]. The model is implemented in OMi-
croN (optimizing microstructures numerically), which is an open source
program for full field microstructure simulations [28,38] and in CASIPT
(cellular automata model for phase transformations) which is a full-
field cellular automata model [28,38–41].

Essentially, it is a model applicable for grain growth and
recrystallisation-related phenomena (nucleation, primary and
secondary recrystallisation), as it is unbiased toward them. This means
that all these phenomena occur naturally depending on the local
substructure/microstructure without adapting the computational rules.
An alternative mean field framework, though physically similar, can be
found in [42,43].

1 The GOS refers to the orientation spread considering all elements that
belong to the same grain. Therefore, for the deformed state the decomposition
of the microstructure in grains refers to large regions surrounded by high-angle
grain boundaries (HAGBs), i.e. deformed grains, and it is used as a measure
of the stored deformation energy of the main orientations constituting each
grain.
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Fig. 4. 𝜙2 = 45° section of the ODF of the deformed state for all samples (a, c, e, g,
i) and for the subset of grains with GOS lower than the average in the RVE (b, d, f,
h, j).

For example, if the microstructure comprises grains that are
equiaxed, uniform, and without interior orientation gradients, the
naturally simulated outcome is normal grain growth. Oppositely, in
highly-resolved deformed microstructures, the accumulated plastic de-
formation is realized by in-grain orientation gradients and hetero-
geneities, i.e. subgrains misorientation and hence also size (since no
misorientation between adjacent pixels means that they belong to the
same subgrain). In this case, the competitive subgrain growth results
in a simulated outcome that relates to recrystallisation phenomena.
The recrystallised grains at any stage of the simulation are essentially
the (sub)grains that were large and (more) mobile in comparison to
their initial and changing neighborhood, i.e. they had an energy and
4 
kinetic advantage that led to their recrystallisation, just as explained
in [28,44–48].

Any such pre-existing subgrain is in fact what we call ‘‘nucleus’’.
Therefore, the model captures nucleation mechanisms inherent to the
orientation gradients, i.e. stored energy related driving force and mo-
bility, leading to: discontinuous subgrain growth and grain boundary
bulging.

Regarding the computation time, this depends on the degree of
accumulated plastic deformation of each sample, since the higher the
orientation gradients, the more pixels are mobile and thereby are
iterated for their possible re-orientation in each simulation step. In the
present applications, the simulation time varies from 10 min to 2 h, in
a 10-core computer with a 4.8 GHz Intel Core i7 processor with a 16 GB
3200 MHz memory. Since the model follows a deterministic framework,
i.e. the results are repetitive, each application was computed once.

2.2.2. Computational rules
Regarding the modeling framework, the considered state variable

of every element 𝑖 is its crystal orientation 𝑔𝑖. Every pair of cells
is considered to be separated by a boundary if the misorientation
between them is larger than 𝜃min, which is equal to 0.4°, i.e. smaller
misorientations are assumed to be noise. Specifically, a neighbor cell 𝑗
can grow into cell 𝑖 if the current energy of 𝑖 (realized by the boundaries
surrounding 𝑖), i.e. 𝐸𝑖(𝑔𝑖), is larger than the result if 𝑗 grows into 𝑖,
i.e. 𝐸𝑖(𝑔𝑗 ). In that case 𝑖 transforms with a specific rate ̇𝑓𝑔𝑖→𝑔𝑗 to its
neighbor’s orientation 𝑔𝑗 .

The re-orientation rate of cell 𝑖 to 𝑔𝑗 comes from all 𝑘 neighbors
that can grow into 𝑖, i.e. with orientation 𝑔𝑘 which is similar (with
misorientation smaller than a threshold 𝜃min) to that of cell 𝑗. It is equal
to:

̇𝑓𝑔𝑖→𝑔𝑗 = 𝛽 ⋅𝑀𝑔𝑖→𝑔𝑗 ⋅
√

√

√

√

√

∑

𝑟=𝑥,𝑦,𝑧

(

∑

𝑘
𝛿𝑘𝑗 ⋅

|

|

|

𝛥𝐸𝑔𝑖→𝑔𝑗 ⋅ (𝐴𝑖𝑘∕𝑉𝑖) ⋅ 𝑢𝑖𝑘 ⋅ 𝑢𝑟
|

|

|

)2

∕𝑉𝑖
(1)

and the associated energy release is:

𝛥𝐸𝑔𝑖→𝑔𝑗 =
∑

𝑘
𝐴𝑖𝑘 ⋅ (1 − 𝛿𝑖𝑘) ⋅ 𝛾(𝑔𝑖, 𝑔𝑘)−

∑

𝑘
(1 − 𝑐 ⋅ 𝛿𝑙𝑘𝑖𝑗 ) ⋅ 𝐴𝑖𝑘 ⋅ (1 − 𝛿𝑗𝑘) ⋅ 𝛾(𝑔𝑗 , 𝑔𝑘)

(2)

where in Eqs. (1) and (2):

• 𝑘 is an index meaning that cell 𝑘 is neighbor of cell 𝑖.
• 𝐴𝑖𝑘 is the boundary area between elements 𝑖 and 𝑘, and 𝑉𝑖 the

volume of 𝑖.
• 𝛾(𝑔𝑖, 𝑔𝑘) is the energy density of the boundary between 𝑖 and 𝑘,

with value 𝛾HAGB for high angle grain boundaries (HAGB). For low
angle grain boundaries (LAGBs) it depends on the misorientation
based on Read and Shockley [49].

• 𝛿𝑖𝑘 is a Kronecker-like operator taking the value 0 if the misori-
entation between 𝑖 and 𝑘 is more than the lower threshold 𝜃min,
and 1 otherwise.

• 𝑐 is a grid-related parameter (here equal to 0.7), that is activated
based on a Kronecker-like operator 𝛿𝑙𝑘𝑖𝑗 which takes values of 1
if the misorientation between 𝑙 and 𝑗 is less than 𝜃min.

• 𝑢𝑟 is the unit vector for the 𝑟 axis of the reference system — here
𝑟 = {𝑥, 𝑦, 𝑧} is such that for all samples 𝑥 is the rolling direction
(RD) and 𝑦 is the normal direction (ND).

• 𝑢𝑘𝑖 is the unit vector normal to the boundary 𝑖𝑘 (in the CA grid).
• 𝛽 is a grid-related constant (0.48 for this grid [29]), such that

the CA kinetics match the theoretical thermally activated atomic
jumps toward the planar boundary (short-range self-diffusion)
explained by Turnbull [50], regardless of the mesh size and
temperature.



K. Traka et al. Computational Materials Science 246 (2025) 113425 
Table 3
Input parameters.

Parameter Value Reference

𝛾HAGB 0.5 J∕m2 [52]
𝑀0,HAGB 0.8 mol m/(J s) [28,29]
𝑄𝑔,HAGB 140 kJ∕mol [53]
𝑐 0.7 [28,29]
𝛽 0.48 [29]

The mobility 𝑀𝑔𝑖→𝑔𝑗 for HAGBs is equal to:

𝑀𝐻𝐴𝐺𝐵 = 𝑀0 ⋅ exp
(

−𝑄𝑔∕𝑅 ⋅ 𝑇
)

(3)

where 𝑀0 is the pre-exponential factor and 𝑄𝑔 the activation energy for
interface motion, 𝑅 is the universal gas constant and 𝑇 the temperature.

For LAGBs the mobility decreases with decreasing misorientation,
based on [51]. More details on the derivation and meaning of each
expression and term can be found in [29].

Table 3 shows the input parameters used in all applications in the
present study.

Combining Eqs. (1) and (2) it becomes clear that:

• the heterogeneity in the growth rate comes from the misorien-
tation throughout the substructure and microstructure. This is
because it is related to the subgrains motion and hence pref-
erential growth. In terms of the kinetic advantage the higher
misorientation brings higher mobility, and in terms of energy/size
advantage the energy density decreases for smaller misorientation
up to the point that no misorientation means that pixels belong
to the same subgrain (and thus size differences are also captured
based on misorientation differences).

• the re-orientation rate increases quadratically with 𝐴𝑖𝑘∕𝑉𝑖
(Eqs. (1) and (2)), which means (a) that we have a constant
area reduction rate, complying with the theory of curvature-
driven grain coarsening explained by Mullins [54] and Von
Neumann [55], and (b) that the kinetic outcome is not dependent
on the grid spacing since (𝐴𝑖𝑘∕𝑉𝑖)2 is inversely proportional to the
square of the grid spacing.

2.2.3. Theoretical validation
Particularly for the aforementioned kinetic outcome and its rele-

vance to the analytical theory, also for changing the mesh size, Fig. 5
shows the simulated outcome of an idealized RVE (i.e. a circular grain
embedded in single larger grain) for four grid spacings 𝛿𝑥 and for the
two different temperatures. The results are plotted together with the
corresponding analytical theory by Smith [56] and Burke and Turnbull
[57] for the same input parameters, i.e. the grain diameter evolution
is 𝑑 = 𝑑0 − 8 ⋅𝑀 ⋅ 𝛾. As is shown, the modeled evolution matches well
with the ideal circular shrinkage for both considered temperatures (and
hence mobilities). Most importantly, the simulated data fit well with
the theoretical expression of grain growth which confirms that indeed
the grain’s area reduces at a constant rate [54–64]. As for the grid
spacing dependency, this is minor (considering the expected resolution
dependency of grain growth in CA descriptions [64]), and only related
to the resolution.

3. Results and discussion

3.1. Microstructure maps

Figs. 6 to 9 show the simulated temporal evolution of the mi-
crostructure for the different materials studied. The left images in
Figs. 6 to 8 show the whole microstructure and the right images
the simulated recrystallised regions, for the CR and WR550 samples,
respectively. Similarly, for the WR900 sample, Fig. 9(a)(b)(c) show the
whole microstructure and Fig. 9(d)(e) the recrystallised regions. The re-
crystallised grains are distinguished from the evolving substructure by
5 
Fig. 5. Simulated outcome in comparison with analytical theory. The graph shows the
simulated evolution of the shrinkage for a circular grain embedded in a single larger
grain, at 800 °C and 900 °C, respectively.

separating the pixels belonging to very low GOS grains. Although there
is no universal formula for such separation, as shown in Figs. 6 to 9 the
distinction of recrystallised grains is rather straightforward, meaning
that the recrystallised grains are the ones that do not have in-grain color
variations (i.e. are without in-grain orientation gradients).

Regarding the simulated recrystallisation evolution in the CR ma-
terial, Fig. 6 shows that bluish grains (i.e. 𝛾-fiber grains) dominate.
For the cold-rolled material both samples exhibit similar simulated
outcomes, which is why only one sample is shown here. Specifically, as
the bluish grains are the fastest to recrystallise, the remaining unrecrys-
tallised material (e.g. the regions that appear as white in the right im-
ages in Fig. 6) is mostly reddish (i.e. 𝜃-fiber). This is a well known phe-
nomenon regarding recrystallisation of CR low-carbon ferritic steels,
which has been confirmed by many experimental observations, e.g. [27,
65].

For the WR550 samples, the simulated recrystallisation shown in
Figs. 7 and 8 takes place differently. While the first WR550 sample
(Fig. 7) recrystallises with mostly reddish grains (i.e. 𝜃-fiber), the
second WR550 sample (Fig. 8) is dominated by blueish recrystallised
grains. This is in line with the deformed states, which as discussed ear-
lier showed important differences between the two samples; especially
only the second WR550 sample had strong orientation gradients within,
at least some, of the deformed 𝛾-fiber grains. This means that in-grain
𝛾-fiber recrystallisation only takes place in the second WR550 sample.

Regarding the WR900 sample shown in Fig. 9, the largest recrys-
tallised grains are reddish/pinkish, i.e. 𝜃-fiber and/or close to 𝛼-fiber. It
is noteworthy that while in the CR and WR550 samples each deformed
grain becomes replaced by many distinct recrystallised grains, in the
WR900 there are only a few recrystallised grains that can be distin-
guished whereas there are many prior deformed grains. For example, in
Fig. 9(c) the size of the very few grains that can be easily distinguished
as recrystallised is almost equal to the size of the prior deformed grains.

3.2. Texture change during recrystallisation

Fig. 10 shows the 𝜙2 = 45° section of the orientation distribu-
tion function (ODF) for all microstructures, from the deformed to the
recrystallised stage.

The simulated recrystallised orientations seem to have very dif-
ferent characteristics, and particularly feature: (a) primarily orienta-
tions around the 𝛾-fiber in the CR material, (b) primarily orientations
around the 𝜃-fiber in the WR550 – sample 1, whereas WR550 – sample
2 contains 𝛾-fiber orientations, combined with strong rotated cube
({100}⟨011⟩) and Goss ({110}⟨001⟩) components, (c) primarily 𝜃-fiber
orientations in the WR900 material.
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Fig. 6. Simulated recrystallisation structure at 800°C in the CR material (sample 2).

Fig. 7. Simulated recrystallisation structure at 800° in the WR550 (sample 1).
6 
Fig. 8. Simulated recrystallisation structure at 800° in the WR550 (sample 2).

The CR and the WR900 simulated recrystallisation textures consti-
tute clear trends of high and low stored-energy texture developments.
As for the WR550 material, the macro-texture formation is unclear,
due to (a) the already strong(er) cube texture in the deformed state,
in comparison to the other two materials, and (b) the large statistical
scatter, caused by the differences in the deformed state of the two
samples.

Despite the scatter and the limited statistics that do not allow for a
discussion at the level of the full sheet texture, the simulated results do
agree with the experimentally observed texture formation trends [9,
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Fig. 9. Simulated recrystallisation structure at 900° in the WR900 material.

13,15–21]. Specifically, it is expected that from the cold-rolled re-
crystallisation texture characterized by 𝛾-fiber texture, increasing the
deformation temperature leads to a weakening of the 𝛾-fiber texture.
This trend was confirmed by the simulations, since only the CR material
is dominated exclusively by 𝛾-fiber components in the recrystallised
state, while the WR550 material is characterized by mixed 𝛾-fiber and
𝜃-fiber, and the WR900 by mostly 𝜃-fiber orientations.

3.3. Competitive subgrain growth and associated nucleation mechanisms

This section investigates the evolution and mesoscale competition
of the dominant simulated nucleation mechanisms, i.e. the competition
between in-grain nucleation (discontinuous subgrain growth and shear
band nucleation) and grain boundary bulging.

Figs. 11, 12, and 13 show the simulated recrystallisation at the
early stages for the CR, WR550, and WR900 material, respectively.
Re-oriented pixels are plotted with crystal direction parallel to ND
(i.e. IPF//ND) while cells that have not changed their initial orientation
by more than 10° are plotted as white.

In the cold-rolled material (Fig. 11) both grain boundary bulging
and discontinuous subgrain growth occur. Re-oriented pixels appearing
along the prior deformed grain boundaries are indicative of the bulging
of subgrains (see e.g. black arrows in Fig. 11). Fig. 11(b)(e) show the
orientations after annealing for the cells which have been re-oriented.
Fig. 11(c)(f) show the initial orientation of the cells which have been
re-oriented. It is clear that here grain boundary bulging mostly favors
the 𝜃-fiber recrystallisation, i.e. prior bluish elements (𝛾-fiber) along the
grain boundary are replaced by reddish colored grains (𝜃-fiber).

At the same time, the in-grain recrystallisation in the cold-rolled
material is much more pronounced, e.g. see the circumscribed 𝛾-fiber
grains in Fig. 11. Here, the initially blueish elements recrystallise
into other blueish elements, thus revealing the discontinuous subgrain
growth taking place between 𝛾-fiber components of high misorienta-
tion. Eventually, it is obvious that the simultaneous discontinuous sub-
grain growth (i.e. in-grain recrystallisation of primarily 𝛾-fiber grains)
7 
Fig. 10. Section 𝜙2 = 45° of the ODF quantified for all materials. The left images
correspond to the deformed state and the right images to the recrystallised state. For
the latter cases the ODFs are quantified only for the simulated recrystallised areas.

prevails over the above-mentioned grain boundary bulging. As already
shown in [28], this explains the associated 𝛾-fiber recrystallisation
texture formation.

In the WR550 material (Fig. 12) the nucleation stage takes place
somewhat differently between the two samples. The second sample
shows a combined grain boundary bulging of 𝜃-fiber (see in Fig. 12(d)–
(f) the black arrows pointing at the reddish elements that consume
the initially blueish ones) and discontinuous subgrain growth (see the
blueish grains circumscribed in Fig. 12(d)–(f)). In contrast, in the first
sample discontinuous subgrain growth is almost entirely absent, and
it is clear that most subgrains recrystallise by bulging, and primarily
belong to the 𝜃-fiber. This also explains the difference observed earlier
in the simulated textures (i.e. Fig. 10(f) versus Fig. 10(h)).
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Fig. 11. Simulated nucleation in the cold-rolled material. The cells that have changed
their initial orientation by more than 10° are color-coded with IPF//ND whereas the
cells with orientation close to (i.e. less than 10° from) their initial orientation are
plotted as white.

Fig. 12. Simulated nucleation in the WR550 material. The cells that have been
surpassed at least once by a boundary more than 10° are color-coded with IPF//ND
whereas the cells with orientation close to (i.e. less than 10° from) their initial
orientation are plotted as white.

In the WR900 material (Fig. 13) the only nucleation mechanism
taking place is grain boundary bulging. This is due to the absence
of strong in-grain orientation gradients, which makes only deformed-
grain boundaries mobile. Here, the subgrains bulge through almost all
available grain boundaries, i.e. red-to-purple, purple-to-red, purple-to-
blue, blue-to-purple, as pointed out by the black arrows in Fig. 13.
Consequently, it is expected that the recrystallisation texture formation
in the WR900 material takes place at the incipient stages.

3.4. Subgrains/nuclei responsible for the dominant fiber formation

This section reviews the origin of recrystallised grains in the CR
and WR900 materials, used as two extreme examples of low and high
stored-energy texture. Figs. 14 and 15 show the surrounding substruc-
ture and exact location of prior subgrains that become recrystallised
grains.
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Fig. 13. Simulated nucleation in the WR900 material. The cells that have been
surpassed at least once by a boundary more than 10° are color-coded with IPF//ND
whereas the cells with orientation close to (i.e. less than 10° from) their initial
orientation are plotted as white.

Fig. 14. Simulated recrystallisation in the CR material and its origin (i.e. prior
subgrain), (a) shows a recrystallised grain selected, and (b) shows its origin: the left
image shows the location within the RVE and the right the magnified region of the
relevant substructure. The arrow in the points at the exact subgrain that becomes the
recrystallised grain A.

3.4.1. Discontinuous subgrain growth - 𝛾-fiber
In Fig. 14, a typical example of 𝛾-fiber recrystallisation texture

is shown where a grain, indicated as grain A, recrystallises via dis-
continuous subgrain growth. The crystal orientation is close to the
nominal {111}⟨112⟩ component. As is shown, this grain originates from
a subgrain surrounded by high-angle boundaries (at least partially) and
small subgrains. These two give a kinetic and energy advantage to the
subgrains that grow “competitively” and thus nucleate and recrystallise.

3.4.2. Grain boundary/triple junction nucleation - 𝜃-fiber
Fig. 15 shows the origin of four recrystallised grains — all among

the largest. The crystal orientations are (close to the nominal): rotated
cube, i.e. {001}⟨110⟩ (grains A and D), {113}⟨110⟩ (grain B), and cube
{001}⟨100⟩ (grain C). Out of these four, only grain D nucleates via
bulging of a relatively flat boundary. In fact, grains A, B, and C nucleate
via the bulging of the A,B, C subgrains at triple junctions.

3.5. Subgrains/nuclei responsible for specific orientation components

3.5.1. Goss orientation - {110}⟨001⟩
In Fig. 16, the subgrain origin of three recrystallised grains in the

WR550 material is shown - Fig. 16(a) corresponds to the first sample
and Fig. 16(b) to the second. Here, we choose only grains close to the
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Fig. 15. Simulated recrystallisation in the WR900 material and its origin (prior
subgrain), (a) shows the recrystallised grains selected, and (b) shows their origin: the
top row shows the location within the RVE and the bottom row the magnified regions
of the relevant substructure. The arrows in the bottom row show the exact subgrains
that become recrystallised grains (A, B, C, D)

nominal Goss component, i.e. {110}⟨001⟩, since its nucleation, and the
mechanism leading to it, was confirmed in both samples. Specifically,
it is clear from Fig. 16 that Goss-oriented subgrains recrystallise from
shear bands within the 𝛾-fiber grains, and it is shown that these
subgrains are surrounded by HAGBs at the rims of the shear band
where they meet 𝛾-fiber components, as well as within the shear
bands where strong orientation gradients have developed. Although the
shear band nucleation of Goss orientations has already been explained
much earlier by Ushioda and Hutchinson [66], the simulated outcome
confirms also the theoretical basis of Goss recrystallisation in view of its
kinetic advantage, and later size advantage due to its continuous rapid
expansion, when constituting shear bands.

In contrast to the CR material, in this warm-rolled material, the
𝛾-fiber discontinuous subgrain growth competes also with shear band
nucleation (Goss orientations), which forms an additional reason for
the 𝛾-fiber weakening of the annealing texture.

3.5.2. Crystal orientations {311}⟨136⟩ − {411}⟨148⟩
Regarding the recrystallisation of {311}⟨136⟩ − {411}⟨148⟩ grains,

the statistics are not optimal, i.e. the simulated recrystallised state
comprises only a few grains for each RVE, out of which only one or
two belong to the {311}⟨136⟩ − {411}⟨148⟩ component. Nevertheless,
for these four recrystallised {311}⟨136⟩ − {411}⟨148⟩ grains (see pink-
colored grains in Fig. 17) it becomes clear that none of these grains
originates from a conventional nucleation mechanism.

In the two samples of the WR550 material (grains B, C, D in Fig. 17)
the prior subgrains that nucleate are all located in the substructure
separating the 𝛾-fiber and the 𝜃-fiber orientations. In all these cases the
substructure is characterized by a high orientation spread, where the
{311}⟨136⟩− {411}⟨148⟩ subgrains are surrounded by HAGBs and have
a distinct size advantage.

In the CR material (Fig. 17(a) and (d)), the {311}⟨136⟩− {411}⟨148⟩
subgrain that recrystallises is located within the 𝛼-fiber grain. The sub-
structure surrounding it, nonetheless, exhibits high orientation spread.
9 
Fig. 16. Simulated recrystallisation in the WR550 material and its origin (prior
subgrains), (a) shows the recrystallised grains selected, and (b) shows their origin:
the top row shows the location within the RVEs and the bottom row the magnified
regions of the relevant substructure. The arrows in the bottom row show the exact
subgrains that become recrystallised grains (A, B, C).

Within a few micrometers distance the pink growing subgrain encoun-
ters highly misoriented subgrains of 𝛼-fiber and Goss. Additionally, the
exact location of the subgrain is next to a shear band (indicated by blue
arrow in Fig. 17(b)) within the 𝛼-fiber grain.

It can be concluded that all four {311}⟨136⟩ − {411}⟨148⟩ grains
that recrystallise originate from highly fragmented regions, in the
grain interior or close to the grain boundary of otherwise soft Taylor
grains. Following up on the debate between stored-energy driven and
selective growth explained in [13], the {311}⟨136⟩ recrystallisation can
be explained by its fast growth inside {211}⟨110⟩ [67] due to the
26.5°⟨110⟩ Ibe and Lücke [68] orientation relationship. Nevertheless,
since here the latter phenomenon is not considered, substantiating the
observations of Gobernado et al. [69], the {311}⟨136⟩ − {411}⟨148⟩
recrystallisation is associated with the highly deformed substructure of
otherwise low stored-energy grains.

4. Conclusions

In this work, we investigated the recrystallisation evolution in fer-
ritic low carbon steel, by simulating and tracing the competitive sub-
grain growth taking place. Nucleation is not imposed in the simulation
(i.e. the simulations are done using a (sub)grain growth model) and
hence the recrystallised grains originate from subgrains that have a
kinetic and energy advantage. We emphasized the texture evolution
(dominant fibers and specific components) in relation to the nucleation
mechanism.
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Fig. 17. Simulated partially recrystallised state in all materials, showing the recrys-
tallisation of {311}⟨136⟩− {411}⟨148⟩ grains; (a),(b),(c) show the selected recrystallised
grains for the CR, WR550 -sample 1, and WR550-sample 2, and (d),(e),(f) show their
origin for the CR, WR550 -sample 1, and WR550-sample 2. In (d),(e),(f) the top row
shows the location within the RVEs and the bottom row the magnified regions of the
relevant substructure. The arrows in the bottom row show the exact subgrains that
become recrystallised grains (A, B, C, D).

We used differently deformed materials (starting from cold rolled up
to deformation at very high temperature) in order to compare the re-
crystallisation texture in close coupling with the different deformation
features inherent to the rolling. The main findings are:

• The model can simulate the recrystallisation evolution in the
various deformed materials of very different substructures, and
results in very different texture-formation trends, in accordance
with the experimental evidence.

• Our model simulates and captures well-known texture phenom-
ena, including the recrystallisation of high stored-energy compo-
nents (i.e. 𝛾-fiber), low stored-energy components (i.e. 𝜃-fiber),
the Goss orientation, and the {311}⟨136⟩− {411}⟨148⟩ component.
Hence, all these texture formation phenomena can be explained
under a single physics-based description.

• In the cold-rolled material recrystallisation takes place via discon-
tinuous subgrain growth and grain boundary bulging. The discon-
tinuous subgrain growth is dominant over the other mechanisms,
and thus gives rise to a distinct 𝛾-fiber texture.

• In the material rolled at 550 °C recrystallisation takes place via
discontinuous subgrain growth, grain boundary bulging, and
shear band nucleation. Here, the competition is more in balance,
thus giving rise to 𝛾-fiber (discontinuous subgrain growth), ro-
tated cube (grain boundary bulging), and Goss orientations (shear
band nucleation).

• In the material rolled at 900 °C recrystallisation takes place only
via grain boundary bulging, particularly at triple junctions. The
associated crystal orientations belong to the 𝜃-fiber and soft 𝛼-
fiber components.
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