
 
 

Delft University of Technology

Predicting nucleation textures in interstitial-free steel
Combined effect of oriented nucleation theory and strain-induced boundary migration
Ochoa-Avendaño, J.; Bos, C.; Kestens, L. A.I.

DOI
10.1016/j.commatsci.2025.113821
Publication date
2025
Document Version
Final published version
Published in
Computational Materials Science

Citation (APA)
Ochoa-Avendaño, J., Bos, C., & Kestens, L. A. I. (2025). Predicting nucleation textures in interstitial-free
steel: Combined effect of oriented nucleation theory and strain-induced boundary migration. Computational
Materials Science, 253, Article 113821. https://doi.org/10.1016/j.commatsci.2025.113821

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.commatsci.2025.113821
https://doi.org/10.1016/j.commatsci.2025.113821


Computational Materials Science 253 (2025) 113821 

A
0

 

Contents lists available at ScienceDirect

Computational Materials Science

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

Full length article

Predicting nucleation textures in interstitial-free steel: Combined effect of 
oriented nucleation theory and strain-induced boundary migration
J. Ochoa-Avendaño a ,∗, C. Bos a,b, L.A.I. Kestens a,c
a Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2, Delft, 2628 CD, Zuid-Holland, Netherlands
b Tata Steel Research & Development, P.O. Box 10000, IJmuiden, 1970 CA, Noord-Holland, Netherlands
cMetal Science and Technology, Department of Electromechanical, Systems and Metal Engineering, Ghent University, Technologiepark 
46, IJmuiden, B-9052, Oost-Vlaanderen, Belgium

A R T I C L E  I N F O

Keywords:
Crystallographic texture
Nucleation
Primary recrystallisation
Strain Induced Grain Boundary Migration
IF-steel

 A B S T R A C T

The accuracy of simulated recrystallisation textures is essential for predicting the formability of steel sheets. 
In a continuum modelling approach, this texture can be effectively calculated in two stages: nucleation 
and growth. However, the precision of the final texture depends heavily on the accuracy of the nucleation 
texture simulation. This paper presents a nucleation texture model that combines the strain-induced boundary 
migration (SIBM) mechanism with a traditional oriented nucleation model. The results indicate that the SIBM 
mechanism promotes the nucleation of low-stored energy grains and enhances the nucleation texture compared 
to using the oriented nucleation model alone. The findings suggest that the accuracy of nucleation texture could 
be improved by setting a minimum stored energy threshold for grains that nucleate during the early stages of 
recrystallisation.
1. Introduction

Steel sheets show a variety of mechanical properties determined by 
their microstructural characteristics. These features result from solid-
state transformations that occur during the manufacturing process in-
volving thermomechanical treatments. In the case of Interstitial-Free 
(IF) steel for forming applications, after hot rolling, the sheets undergo 
cold rolling followed by an annealing treatment to attain the desired 
formability properties. Various technological parameters, such as chem-
ical composition, reheating temperature, hot roll finish temperature, 
cooling temperature, cold roll reduction, and subsequent annealing 
temperatures, affect the resulting microstructure of the finished sheet 
product [1,2]. The crystallographic texture is a crucial microstructural 
characteristic that needs to be controlled during thermomechanical 
processing. An appropriate recrystallisation texture resulting from the 
annealing treatment is crucial for the desired formability properties, 
assessed through the Lankford R-values [3].

During the annealing process applied on the cold rolled steel sheets, 
microstructural transformations take place. These transformations re-
sult from the rearrangement and annihilation of crystal defects, which 
reduce the plastically stored energy from the rolling process. This 
reduction in energy leads to the formation of subgrains with decreased 
dislocation density with respect to adjacent subgrains, which there-
fore may act as nuclei for the ensuing recrystallisation process. When 
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high-mobility, large-angle grain boundaries surround such nuclei, sub-
grain boundary migration will occur and the dislocation free nucleus 
will invade the surrounding deformed matrix, which is the essence 
of a phenomenon commonly known as primary recrystallisation [4]. 
Therefore, nucleation is the initial phase of primary recrystallisation, 
marked by the emergence of nuclei. The nucleation texture denotes the 
crystallographic orientation distribution of these nuclei.

Various researchers have developed models to predict recrystallisa-
tion textures based on statistical mean-field approaches. Unlike topo-
logically resolved full-field models, where the spatial character of the 
microstructural state variables are carefully accounted for, the mean-
field models consider microstructural state variables in a statistical 
manner [5,6]. In this context, the crystallographic texture of the ma-
terial is represented by the orientation distribution function (ODF), 
𝑓 (𝑔), which associates each crystallographic orientation 𝑔 with the 
volume fraction of crystals in the specimen. In a very simplified ap-
proach, according to the above mentioned description whereby the 
static recrystallisation texture is essentially considered as the result 
of sequential nucleation and growth phenomena, the recrystallisation 
texture 𝑓

𝑅
(𝑔) can be represented as follows: 

𝑓
𝑅
(𝑔) = 𝑐

1
𝑃𝐺(𝑔)(𝑐2𝑃𝑁 (𝑔)𝑓

𝐷
(𝑔)). (1)
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whereby, 𝑓
𝐷
(𝑔) is the Orientation Distribution Function (ODF) of the de-

formed material, 𝑃
𝑁
(𝑔) represents the orientation dependent nucleation 

probability distribution and 𝑃
𝐺
(𝑔) represents the orientation dependent 

growth probability distribution. The normalisation constant 𝑐
1
 is deter-

mined by the condition that ∫ 𝑓
𝑅
(𝑔)𝑑𝑔 = 1. The product 𝑐

2
𝑃
𝑁
(𝑔)𝑓

𝐷
(𝑔)

yields the nucleation texture 𝑓
𝑁
(𝑔), whereby the normalisation constant 

𝑐
2
 is determined by the condition that ∫ 𝑓

𝑁
(𝑔) = 1.

A model that implements Eq. (1) is the Kestens–Jonas (K–J) model, 
which was applied on IF steel [7], electrical steel [8] and aluminium 
alloys [9]. This model can simulate the evolution of a deformation 
texture, represented by a discrete set of orientations or a continuous 
function, either obtained through crystal plasticity models or from 
experimental observation. The approach, based on Eq. (1) is of a 
statistical nature, whereby it is assumed that nuclei orientations are 
selected among deformed orientation according to a given nucleation 
probability 𝑃

𝑁
(𝑔). Equally, the growth rate of these nuclei in the de-

formed matrix is approximated by a growth probability 𝑃
𝐺
(𝑔) operating 

on the nucleation texture 𝑓
𝑁
(𝑔). Both nucleation and growth proba-

bilities 𝑃
𝑁
(𝑔) and 𝑃

𝐺
(𝑔) are based on physical grounds, depending on 

the precise nucleation or growth mechanism under consideration [7]. 
It needs to be emphasised that in this approach only the crystal-
lographic features of recrystallisation are considered whereby other 
features such as kinetics, morphological (grain size or aspect ratio) 
and topological aspects are ignored. Despite the drastic simplification, 
the results obtained with the Kestens–Jonas model are meaningful and 
low-demanding in computational cost [10].

In the K–J model applied to IF-steel it is assumed that nucle-
ation predominantly occurs within matrix grains with high stored 
energy [7]. Nevertheless, this premise is challenged by experimental 
studies demonstrating that nuclei can also emerge in areas charac-
terised by significantly lower stored energy [11]. Research indicates 
that this phenomenon can be attributed to the activation of the Strain-
Induced Boundary Migration (SIBM) mechanism [12], a process ini-
tially identified by Beck and Sperry in high-purity aluminium [13]. 
The SIBM process involves the outward bulging of an existing grain 
boundary within deformed microstructures [14], driven by gradients 
in stored energy across the grain boundary.

The modelling of the nucleation texture 𝑓
𝑁
(𝑔) is crucial for accurate 

recrystallisation texture modelling. Therefore, improving this module in 
the Kestens–Jonas (K–J) model offers significant potential to increase 
its accuracy. This study introduces the Strain-Induced Boundary Migra-
tion (SIBM) nucleation mechanism into the K–J model to determine 
the impact of SIBM on the formation of the nucleation texture. The 
research focuses on interstitial-Free (IF) steel that has undergone 80% 
cold rolling reduction, followed by a 30 min annealing treatment at 
630 ◦ C. This treatment is designed to produce a low volume fraction 
of early recrystallised grains, which can be considered representative 
of the nucleation texture. The results of this approach are compared 
with experimental data, with a discussion focusing on the discrepancies 
between the simulated and the experimentally measured nucleation 
texture. Furthermore, the study includes an analysis of the location 
of nuclei in the orientation space and how this location is influenced 
by the deformation texture used as input for the nucleation texture 
modelling.

2. Materials and methods

2.1. Modelling methods

2.1.1. Continuum modelling of recrystallisation textures
As mentioned in the introduction, the continuum modelling of 

recrystallisation textures is based on a statistical approach whereby 
distribution functions of microstructural state variables are considered, 
implying that the topological aspects of the microstructure are either 
statistically considered or partially neglected [5,6]. The basic formula 
for this modelling approach is given in Eq.  (1).
2 
The nucleation texture 𝑓
𝑁
(𝑔) is the result from the operation of the 

nucleation probability function 𝑃
𝑁
(𝑔) on the deformation texture 𝑓

𝐷
(𝑔): 

𝑓
𝑁
(𝑔) = 𝑃

𝑁
(𝑔)𝑓

𝐷
(𝑔). (2)

𝑃
𝑁
(𝑔) is the probability of nucleation of crystal orientations in the 

deformed matrix, and 𝑓
𝐷
(𝑔) is the deformation texture representing the 

ODF of the deformed material. In a through-process continuum mod-
elling approach, 𝑓

𝐷
(𝑔) is calculated with a mean-field crystal plasticity 

model. In this research, the Advanced-Lamel model (ALAMEL) has been 
selected for modelling the deformation texture, cf. Section 2.1.2. This 
model has demonstrated the capability to predict deformation textures 
with moderate to high accuracy at a very low computational cost [15]. 
Additionally, the ALAMEL model incorporates grain interaction dur-
ing plastic deformation through a pairwise arrangement of grains, 
making it well-suited for the implementation of the SIBM nucleation 
mechanism, cf. Section 2.1.5.

2.1.2. Advanced-Lamel model
The Advanced-Lamel (ALAMEL) model by Van Houtte et al. [16] is 

a crystal plasticity mean-field model capable to predict the deformation 
texture of a polycrystal undergoing plastic deformation. The model 
operates on a discrete set of orientations by assuming a pairwise or-
ganised assembly, where each pair is randomly linked to an orientation 
vector ⃗𝑽 𝑮𝑩 representing the normal to a virtual grain boundary plane 
separating the two orientations, cf. Fig.  1. This approach allows for 
accounts for the interaction between neighbouring orientations in a 
statistically averaged manner. Further details on the ALAMEL model 
methodology are available in the work of Van Houtte et al. [16].

In this study the ALAMEL model is applied to simulate the cold-
rolling process with a reduction of 80%. The initial texture for the 
simulation was derived from a set of 5000 orientations based on the 
experimentally measured texture of the as-received material shown in 
Fig.  6(𝑎). The discrete set of orientations was obtained by applying 
the so-called STAT method by Toth and Van Houte [17]. The sim-
ulation was carried out under plane strain conditions with a strain 
amplitude (𝜀) of 1.60 and a strain rate (�̇�0) of 0.01 s−1. Twenty-four 
slip systems {110}⟨111⟩ and {112}⟨111⟩ were considered, whereby all 
slip systems are assumed to exhibit equal critical resolved shear stress. 
Ideal plasticity was assumed, i.e. strain hardening was not considered in 
the simulation. Further details on the ALAMEL rolling simulation can 
be found in [15], additionally, Appendix  A provides the deformation 
texture evolution using ALAMEL model.

2.1.3. Nucleation in Kestens–Jonas model
Assuming that 𝑓

𝐷
(𝑔) is the ODF of the deformed material and 𝑃

𝑁
(𝑔)

is the nucleation probability distribution. The normalised nucleation 
texture will be given by: 

𝑓
𝑁
(𝑔) =

𝑃
𝑁
(𝑔)𝑓

𝐷
(𝑔)

∫𝛺 𝑃
𝑁
(𝑔)𝑓

𝐷
(𝑔)d𝑔

. (3)

whereby the integral in Eq.  (3) covers the entire orientation space 𝛺.
According to Kestens and Jonas [7], the nucleation texture ap-

pearing in the initial stages of recrystallisation after cold rolling to 
reductions in the range of 70 to 90% is controlled by the so called 
high stored energy mechanism. This implies that recrystallisation nuclei 
appear in areas of the microstructures with increased levels of slip 
activity, which generally selects the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 grains (⟨111⟩ ∥ 𝑁𝐷) as 
they correspond to the higher Taylor factor grains as shown in Fig.  2, 
assuming that the Taylor factor 𝑀(𝑔) of a crystal orientation 𝑔 is a 
representative measure of its slip activity during plastic deformation. 
The model simply posits that only orientations for nucleation are 
selected of which the Taylor factor exceeds a critical threshold 𝑀

0
. 

In this approach we can assume the following explicit form for 𝑃
𝑁
(𝑔), 

which represents a logistic-type function: 
𝑃 (𝑔) = 𝐴[1 + exp (−𝑘 𝑀(𝑔) −𝑀 )]−1. (4)

𝑁 1 0
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Fig. 1. ALAMEL model description, cluster assembly for texture evolution calculation.
Fig. 2. Taylor factor distribution in Euler space according to FCT model for BCC material submitted to plain strain compression.
whereby 𝑀(𝑔) is the Taylor factor of the orientation 𝑔, and 𝑘
1
 describes 

the steepness of the function 𝑃
𝑁
(𝑔). A is the normalisation factor such 

that ∫ 𝑓
𝑁
(𝑔)𝑑𝑔 = 1. It can be shown that: 

𝐴−1 = 1
𝑘
1

[

ln
1 + exp (𝑘

1
𝑀(𝑔) −𝑀

0
)

1 + exp (−𝑘
1
𝑀(𝑔) −𝑀

0
)

]

. (5)

The nucleation texture defined in Eq.  (3) incorporating 𝑃
𝑁
(𝑔) as 

defined in Eq.  (4) will be referred to as Nucleation Rule I (NR-I) in 
this research: 

𝑓 I
𝑁
(𝑔) =

𝑃
𝑁
(𝑔)𝑓

𝐷
(𝑔)

∫𝛺 𝑃
𝑁
(𝑔)𝑓

𝐷
(𝑔)d𝑔

. (6)

2.1.4. The Taylor factor
The crystal plasticity theory allows to express the Taylor factor 𝑀

as a dimensionless measure of the plastic power dissipated [2,11]; it 
can be defined as: 

𝑀 =
∑

(𝑠)

|d𝛾 (𝑠)|𝜏
𝑐𝑟𝑟𝑠

𝜎0d𝜀𝑉𝑀

. (7)

where ∑(𝑠) |d𝛾 (𝑠)| is the total instantaneous slip increment on the slip 
system (𝑠), 𝜏

𝑐𝑟𝑟𝑠
 the critically resolved shear stress, 𝜎0 the external stress 

applied, and 𝜀
𝑉𝑀

 the von Mises equivalent strain. 𝑀 can be derived 
from crystal plasticity simulations [7]. For example, for a BCC material 
submitted to plane strain compression conditions, the Full-Constrain 
Taylor (FCT) model allows the Taylor factor 𝑀 to be determined for 
an arbitrary crystal orientation 𝑔, such that the function 𝑀(𝑔) can be 
derived, cf. Fig.  2.

The proposed nucleation probability distribution described in
Eq.  (4), will suppress nucleation for orientations with a Taylor factor 
below a specified threshold value 𝑀

0
. Correspondingly, cf. Fig.  2, 

orientations in the vicinity of the 𝜃 − 𝑓𝑖𝑏𝑟𝑒 (with ⟨001⟩ ∥ 𝑁𝐷) will 
be suppressed in this model, whereas 𝛾 − 𝑓𝑖𝑏𝑟𝑒 orientations (with 
⟨111⟩ ∥ 𝑁𝐷) will be enhanced by this nucleation operator.
3 
Fig. 3. Representation of SIBM nucleation in a pair of grains (𝑔, ℎ), Grain 𝑔 is being 
replace by Grain ℎ, since dislocation density is higher in Grain 𝑔.

2.1.5. SIBM nucleation based on ALAMEL model
The mechanism of strain-induced grain boundary migration (SIBM), 

initially documented by Beck and Perry [13], involves the formation 
of new recrystallisation nuclei by bulging out of an existing grain 
boundary [18]. This process is driven by the difference in plastically 
stored energy across the interface. As a result, the boundary moves 
into the more deformed grain, increasing the volume of the crystal 
orientation with lower stored energy, as illustrated in Fig.  3. The 
pursuit of equilibrium produces the replacement of grains with high 
dislocation content (grain 𝑔) by grains with low dislocation content 
(grain ℎ) [13]. At this point, it is important to clarify that in the context 
of continuum texture modelling, and consequently in this study, 𝑔 and ℎ
represent crystallographic orientations, which are treated as individual 
grains for the purposes of the implementation described here.

As discussed in Section 2.1.2, the ALAMEL model operates on a set 
of crystal orientations in which the velocity gradient is accommodated 
not by each single orientation as in the Full-Constrain Taylor model, 
but by a pair of grains. To this purpose the assembly of 𝑁 orientations 
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Fig. 4. 𝑃
𝑁
(𝑔, ℎ) from SIBM nucleation model, cf. (8). Nucleation probability as function 

of the difference between Taylor factor for a pair of grains ℎ and 𝑔 |𝛥𝑀
(𝑔,ℎ)

|.

is randomly grouped in 𝑁∕2 pairs (𝑁 is even). Although the ALAMEL 
model does not explicitly take into account the topology of the local 
microstructure, the pairwise approach implicitly accounts for local 
interactions between two grains. Crystal orientations are considered 
in pairs, which jointly comply with the boundary conditions of the 
externally imposed velocity field, but which can relax constraints by 
allowing an equal but opposite shear in the virtual grain boundary 
plane that separates the two orientations. Consequently, the plastically 
dissipated energy in a crystal orientation depends on the adjacent 
orientation with which it is paired. Thus, it is feasible to formulate a 
nucleation operator based on the SIBM mechanism for a pair of grains 
(𝑔, ℎ). In this study, the SIBM nucleation probability within a pair of 
grains is denoted as 𝑃

𝑁
(𝑔, ℎ).

The absolute value of the stored energy difference in a pair of 
grains (𝑔, ℎ) is expressed as |𝛥𝐸(𝑔, ℎ)|. Therefore, the nucleation prob-
ability in this pair of grains 𝑃

𝑁
(𝑔, ℎ) can be derived from the so-called 

four-parameter logistic equation (4𝑃𝐿) [19] as: 

𝑃
𝑁
(𝑔, ℎ) = 𝑎 − 𝑏

1 +
(

|𝛥𝐸(𝑔,ℎ)|
𝑐

)𝑑 + 𝑏. (8)

where:

• 𝑎 ∶ minimum probability value taken by 𝑃
𝑁
(𝑔, ℎ). For the purpose 

of this work 𝑎 = 0 indicating no SIBM nucleation probability.
• 𝑏 ∶ maximum probability value taken by 𝑃

𝑁
(𝑔, ℎ). For the purpose 

of this work 𝑏 = 1, indicating full SIBM nucleation probability.
• 𝑐 ∶ the point of inflection on the half-way of 𝑃

𝑁
(𝑔, ℎ).

• 𝑑 ∶ Slope of the curve at the point c.

The SIBM nucleation probability presented in Eq.  (8) is plotted in 
Fig.  4, with the parameters 𝑎, 𝑏, 𝑐, and 𝑑 shown.

Similarly to the nucleation operator introduced in Eq.  (4), the stored 
energy can be approximated using the Taylor factor, denoted as 𝑀(𝑔)
in Eq.  (8). Hence, for two grains pairwise deformed in the ALAMEL 
model simulation, the difference in stored energy is assumed to be 
proportional to |𝛥𝑀(𝑔, ℎ)|. In addition to the energetic conditions, 
the SIBM mechanism requires a high-angle grain boundary (HAGB) 
between the pair of grains (𝑔, ℎ), which has been reported to foster 
the grain boundary mobility [20]. Therefore, 𝑃

𝑁
(𝑔, ℎ) returns a non-

zero value only for pairs of grains that share a HAGB, i.e. 𝛥(𝑔, ℎ) ≥ 𝜃
0
, 

whereby 𝛥(𝑔, ℎ) represents the misorientation angle between the grains 
𝑔 and ℎ. Hence, Eq. (8) turns into: 

𝑃
𝑁
(𝑔, ℎ) =

⎧

⎪

⎨

⎪

−1

1+
(

|𝛥𝑀(𝑔,ℎ)|
𝑐

)𝑑 + 1 if 𝛥(𝑔, ℎ) ≥ 𝜃
0
.

0 otherwise.
(9)
⎩

4 
Table 1
Chemical composition of the IF-Steel used in this study.
 C Mn Ti N Al  
 wt.[%] 0.002 0.13 0.065 0.004 0.05 

Table 2
IF-steel samples used in this study.
 Sample name Cold rolling 

reduction (%)
Heat treatment 
Temperature 
(◦C)

Heat 
treatment 
Time (min)

 

 𝑆
0

80 – –  
 𝑆

1
80 630 30  

Fig.  3 displays the SIBM nucleation mechanism in the case where 
𝐸(𝑔) > 𝐸(ℎ), resulting in grain ℎ bulging into grain 𝑔. However, the 
reverse scenario unfolds if 𝐸(𝑔) < 𝐸(ℎ), with grain 𝑔 bulging into the 
grain ℎ. Both potential scenarios can arise when nucleation is analysed 
for an ALAMEL pair of grains: first, when grain ℎ nucleates, and second, 
when grain 𝑔 nucleates. Applying Eq. (2), the nucleation texture by 
SIBM mechanism for a set of grains organised by pairs (𝑔, ℎ) can be 
derived as follows in each respective case: 

𝑓 II
𝑁
(𝑔) = 𝑘

2
𝑃
𝑁
(𝑔, ℎ)𝑓

𝐷
(𝑔). (10)

whereby 𝑔 corresponds to the orientation with minimum Taylor factor 
of the pair, such as 𝑚𝑖𝑛(𝑀(𝑔),𝑀(ℎ)). 𝑘

2
 is a normalisation factor to 

ensure ∫ 𝑓 II
𝑁

= 1. The superscript 𝐼𝐼 , indicates a second nucleation rule 
defined in this paper, referred to hereinafter as NR-II.

2.1.6. Nucleation rules combined
The combination of the nucleation rules NR-I and NR-II, defined by 

Eqs. (6) and (10) respectively, is achieved by balancing their influence 
on the overall nucleation texture in Eq.  (11). It is important to clarify 
that this operation is feasible only when both 𝑓 I

𝑁
(𝑔) and 𝑓 II

𝑁
(𝑔) have 

been normalised separately to ensure ∫ 𝑓
𝑁
(𝑔)𝑑𝑔 = 1. 

𝑓
𝑁
(𝑔) = 𝑘

3
(𝛤𝑓 I

𝑁
(𝑔) + (1 − 𝛤 )𝑓 II

𝑁
(𝑔)). (11)

In this case, 𝛤  and (1−𝛤 ) are the weighting factors for the high stored 
energy and the SIBM nucleation mechanisms, respectively. 𝛤  varies in 
the interval [0, 1], and 𝑘

3
 again serves as normalisation factor.

2.2. Experimental methods

2.2.1. Material and thermomechanical treatments
A plate of hot-rolled IF-steel (𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 5  mm, 𝑤𝑖𝑑𝑡ℎ = 60

mm) with the chemical composition provided in Table  1 was used in 
this study. The as-received plate was cold rolled on a laboratory mill, 
achieving 80% reduction in thickness. Two samples were extracted: 
sample 𝑆

0
, representing the deformed state, and sample 𝑆

1
, which, 

underwent an annealing treatment as outlined in Table  2. The sample 
𝑆
1
 embodies the very early recrystallised state which is considered the 

nucleation state in this study.
The samples were analysed using the Electron Backscatter Diffrac-

tion (EBSD) method, with the plane of observation parallel to the 
ND-RD plane and close to the centre of the sheet. The preparation of 
these surfaces for EBSD scanning included the use of OPS solution and 
electropolishing techniques. These EBSD scans were recorded with a 
FEI Quanta 450 scanning electron microscope equipped with the EDAX-
TSL® acquisition system using the EDAX-APEXTM software. The tilt 
angle for the specimens was set at 70◦, and the areas scanned were 
rectangular with 𝑤𝑖𝑑𝑡ℎ = 500 μm and 𝑙𝑒𝑛𝑔𝑡ℎ = 200 μm, employing a 
step size of 0.7 μm on a hexagonal grid.
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2.2.2. Recrystallised fraction partitioning
The EBSD data of sample 𝑆

1
 was processed to distinguish between 

recrystallised and deformed-matrix grains. There is no universally ac-
cepted method for this differentiation, making the process subjective 
due to the lack of a clear definition of a grain [21]. Previous stud-
ies have approached this task by using criteria derived from EBSD 
data, including the Image Quality (IQ) of diffraction patterns [22,
23] or internal misorientation indicators such as Grain Orientation 
Spread (𝐺𝑂𝑆) and Kernel Average Misorientation (𝐾𝐴𝑀) [23–26]. 
Furthermore, some methods also consider morphological features of 
the microstructure, focusing on grain size (𝐺𝑆𝑍) and geometrical 
characteristics such as grain aspect ratio [27]. For a comprehensive in-
troduction on the application of EBSD metrics, readers are encouraged 
to consult the documentation provided by the MTEX software [28].

The present study employs a combination of three parameters to 
identify recrystallised grains: the grain size in terms of area 𝐺𝑆𝑍

𝐴
[μm2], the 𝐺𝑂𝑆 [◦], and a ratio of the two 𝐺𝑂𝑆∕𝐺𝑆𝑍

𝐴
. The first 

rationale behind this approach was to identify grains with low internal 
misorientation, as indicated by low 𝐺𝑂𝑆 values, a method extensively 
adopted in prior research [24,26]. However, non-recrystallised grains, 
especially smaller ones, may also present low 𝐺𝑂𝑆 values due to the 
small amount of scanned points considered in the 𝐺𝑂𝑆 calculation. 
To enhance the metric’s accuracy, an additional criterion of minimum 
𝐺𝑆𝑍

𝐴
 threshold was added to refine the low 𝐺𝑂𝑆 criterion. Despite 

the 𝐺𝑆𝑍
𝐴
 correction, some grains that are large enough and exhibit 

low internal orientation gradients can mistakenly be classified as re-
crystallised due to low 𝐺𝑂𝑆 and relatively large 𝐺𝑆𝑍

𝐴
. Therefore, 

the 𝐺𝑂𝑆∕𝐺𝑆𝑍
𝐴
 ratio is considered to exclude non-recrystallised grains 

that have low, but not minimal 𝐺𝑂𝑆 values. This ratio criterion com-
bined with 𝐺𝑂𝑆 and the 𝐺𝑆𝑍

𝐴
 criteria, cf. Eq. (12), was applied to 

partition the early recrystallised grains. 

(𝐺𝑆𝑍
𝐴
> 2.5 μm2) ∧ (𝐺𝑂𝑆 ≤ 2.50◦) ∧ (𝐺𝑂𝑆∕𝐺𝑆𝑍

𝐴
≤ 0.1◦∕μm2). (12)

The analysis of the EBSD data was conducted using MTEX soft-
ware [29]. For grain reconstruction, a grain boundary angle threshold 
of 5◦ was used. The critical values on Eq. (12) were selected by visual 
inspection of the orientation scans.

2.2.3. Macro-texture analysis
Data from EBSD scans were utilised to compute the Orientation 

Distribution Functions (ODFs) based on individual orientations defined 
by Euler angles 𝑔 = {𝜑

1
, 𝛷, 𝜑

2
}. These ODFs were derived based on 

the generalised harmonic series expansion method, as suggested by 
Bunge [30] with 𝑙𝑚𝑎𝑥 = 22. On every pixel in the EBSD scan, a 
Gaussian ODF with a 7◦ spread was centred, and the superposition of 
these Gaussian functions provided the overall ODF. The ODFs were 
calculated using MTEX software without any assumptions of sample 
symmetry [29]. The resulting ODFs are presented in the traditional 
𝜑
2

= 45◦ sections calculated in the triclinic domain, i.e. with 0◦ <
𝜑
1
< 360◦ and 0◦ < 𝛷, 𝜑

2
< 90◦. Fig.  5 illustrates the positions of the 

crystallographic components and the fibres examined in this paper.
The similarity between textures compared throughout this research 

was measured using the texture correlation index 𝐽
𝐷
. This index, fea-

tured in the ATEX software [31], varies from 0.0 to 1.0. A value of 
1.0 signifies a perfect correlation between the two compared ODFs, 
whereas a value of 0.0 indicates no correlation whatsoever. The Eq. 
(13) shows how the index 𝐽

𝐷
 is defined for two ODFs 𝑓

𝐴
(𝑔) and 𝑓

𝐵
(𝑔)

being compared. 

𝐽
𝐷
=

∫𝑔 𝑓𝐴 (𝑔)𝑓𝐵 (𝑔)d𝑔
2

√

∫ 𝑓 2 (𝑔)d𝑔2 ⋅ ∫ 𝑓 2 (𝑔)d𝑔2
. (13)
𝑔 𝐴 𝑔 𝐵

5 
3. Results

3.1. Deformation textures

Fig.  6(𝑎) presents the texture used as input for the ALAMEL rolling 
simulation. The ODF was obtained by discretising the measured ODF 
on the hot rolled IF-steel sheet in as-received condition in a sample of 
5000 discrete orientations. The texture is a typical transformation type 
texture resulting from the austenite-to-ferrite transformation after hot 
rolling. It exhibits a maximum of 2.6 on the rotated cube component 
(𝑖.𝑒.{001}⟨110⟩), whereby also the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 is present, albeit with low 
intensities.

Fig.  6(𝑏) shows the ODF of the sample 𝑆
0
 corresponding to the 

experimental deformation texture derived from EBSD experiments. This 
texture mainly displays the 𝛼 − 𝑓𝑖𝑏𝑟𝑒 and 𝛾 − 𝑓𝑖𝑏𝑟𝑒 development, as 
expected for a BCC material submitted to a medium-to-high rolling 
reduction [2]. The simulated deformation texture obtained by the 
ALAMEL model as explained in Section 2.1.2 is presented in Fig.  6(𝑐). 
Similarly to the experimental deformation texture, the 𝛼 − 𝑓𝑖𝑏𝑟𝑒 and 
𝛾 − 𝑓𝑖𝑏𝑟𝑒 are also present in the simulated texture, although with 
higher intensities. Though the ALAMEL prediction generally aligns 
well with the experimentally measured deformation texture presented 
in Fig.  6(𝑏), the latter exhibits more balanced intensity distributions 
between the 𝛼 and 𝛾 fibres than the ALAMEL simulated texture. Con-
trary to the experimental deformation texture, where the strongest 
components of 𝛼 − 𝑓𝑖𝑏𝑟𝑒 are the {001}⟨110⟩ and {112}⟨110⟩ compo-
nents, the ALAMEL simulation displays the maximum intensity at the 
{113}⟨110⟩ component. In general, the simulated texture overempha-
sises orientation rotations compared to the experimentally observed 
texture, a well-known characteristic of crystal plasticity mean-field 
texture predictions [15,18,32].

3.2. Nucleation state and experimental nucleation texture

The EBSD data of sample 𝑆
1
 was processed to isolate the recrys-

tallised grains as detailed in Section 2.2.2. Fig.  7(𝑎) shows the inverse 
pole figure (IPF) map of all the data, while Fig.  7(𝑏) displays the early 
recrystallised grains corresponding to ∼12% of recrystallised fraction, 
and for the purpose of this study, that will be considered as the grains 
that have nucleated.

Fig.  7(𝑐) presents the ODF for sample 𝑆
1
, which includes both 

recrystallised and non-recrystallised grains, representing the overall 
texture of the microstructure depicted in Fig.  7(𝑎). The texture displays 
both the 𝛼 and 𝛾 fibres, which was expected considering that ∼88% of 
the grains have not yet recrystallised. However, the presence of ∼12%
of recrystallised grains, assumed here as nuclei, appears to make the 
𝛼 and 𝛾 fibres less homogeneous when compared with the experimen-
tal deformation texture shown in 6(𝑏). Notably, components such as 
{113}⟨110⟩ and ∼{111}⟨121⟩ are observed.

Fig.  7(𝑑) shows the ODF of the recrystallisation nuclei of sample 
𝑆1, corresponding to the coloured grains depicted in Fig.  7(𝑏). This 
texture predominantly shows a significant development of the 𝛾−𝑓𝑖𝑏𝑟𝑒
with a maximum intensity of a component with Euler angles (𝜑

1
=

45◦, 𝛷 ≈ 54◦, 𝜑
2
= 45◦). Additionally, some crystallographic components 

appear in the Euler space region where 0◦ < 𝛷 < 45◦, including 
crystallographic components located on the 𝜃 − 𝑓𝑖𝑏𝑟𝑒, characteristics 
previously observed by Ayad et al. [21].

3.3. Simulation parameters selection

The two nucleation rules defined in this study, NR-I cf. Eq. (6) and 
NR-II cf. Eq. (10), along with their combined form, Eq. (11), incorporate 
parameters that need to be specified for nucleation texture simula-
tions. Multiple simulations were conducted using different parameter 
combinations, as outlined in Table  3.
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Fig. 5. Relevant fibre textures and crystallographic components for textures analysis in BCC alloys for rolling and annealing textures; 𝜑
2
= 45◦ section.

Fig. 6. (𝑎) Input texture for the ALAMEL rolling simulation corresponding to a 5000 orientations discretisation of the experimentally measured texture of the as-received material. 
(𝑏) Experimental deformation texture obtained by EBSD data from sample 𝑆

0
. (𝑐) Simulated deformation texture calculated with ALAMEL model 80% reduction.

Fig. 7. IPF-map of the sample 𝑆
1
, (𝑎) all data and (𝑏) early recrystallised grains. (𝑐) Texture of the sample 𝑆

1
 all grains (𝑑) early recrystallised grains corresponding to the 

experimental nucleation texture in this study.
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Table 3
Parameters defined to carry out nucleation texture simulations.
 Equation Parameters to be defined Values selected  
 NR-I Depends mainly on 𝑃

𝑁
(𝑔) 𝑀

0
: Threshold of Taylor factor. For 𝑀(𝑔) frequency distribution:  

 𝑀0 = [30, 40, 50, 60, 70, 80, 90]𝑡ℎ − 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 
 𝑘1: Steepness of 𝑃𝑁

(𝑔) probability function. 𝑘1 = 1.0  
 NR-II Depends mainly on 𝑃

𝑁
(𝑔, ℎ) 𝑐: Inflection point 𝑃

𝑁
(𝑔, ℎ) For 𝑀(𝑔), 𝑐 = [max(𝑀(𝑔)) −min(𝑀(𝑔))]∕2 

 𝑑: Slope of 𝑃
𝑁
(𝑔, ℎ) at point 𝑐. 𝑑 = 6.0  

 𝜃𝑜: HAGB criterion 𝜃𝑜 = 10.0◦  
 NR-I and NR-II combined 𝛤 : weighting factor for the combination of NR-I and NR-II. 𝛤 = [0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0] 
Fig. 8. 𝐽𝐷 values calculated from comparing simulated nucleation textures using parameters listed in 3 with experimentally measured nucleation texture.
The simulated nucleation textures, generated using the parameters 
listed in Table  3, were compared with the experimentally determined 
nucleation texture shown in Fig.  7(𝑑). The comparison was performed 
quantitatively using the texture correlation index 𝐽

𝐷
, as defined in 

Section 2.2.3. The resulting 𝐽
𝐷
 values are presented in Fig.  8, where 

the vertical axis represents the calculated 𝐽𝐷, with 0.0 indicating no 
correlation between the compared textures and 1.0 indicating total 
correlation. The horizontal axis represents the weighting factors for 
the combination of NR-I and NR-II, as defined in Eq.  (11). Specifically, 
𝛤 = 0.0 indicates no influence from NR-I and total influence from NR-
II, while 𝛤 = 1.0 indicates no influence from NR-II and total influence 
from NR-I.

Each curve in Fig.  8 represents a simulation batch where 𝑀
0
 is kept 

constant, while the 𝛤  parameter varies. The first notable characteristic 
in Fig.  8 is the critical role of 𝑀

0
, which serves as a metric for plastic 

stored energy in this study and directly in the performance of the NR-I 
(cf. Eq. (6)). A general trend is observed: as 𝑀

0
 increases, the simulated 

nucleation textures more closely resemble the experimental nucleation 
texture. However, the highest 𝐽

𝐷
 value is achieved at 𝑀0 = 80𝑡ℎ −

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒. Additionally, Fig.  8 shows that higher 𝛤  values, indicating a 
greater influence of NR-I, result in better texture correlation. However, 
in some simulation batches, reducing 𝛤  and thereby increasing the 
influence of NR-II on the final nucleation texture produces improved 
𝐽
𝐷
 values.
According with Fig.  8, the highest texture correlation index among 

all the simulations performed is 𝐽
𝐷

= 0.723. This value was achieved 
by the nucleation texture combining NR-I and NR-II in a ratio of 
9 ∶ 1, using 𝑀0 = 80𝑡ℎ − 𝑞𝑢𝑎𝑛𝑡𝑖𝑙𝑒 in NR-I. In this simulation, the 
individual application of NR-I resulted in 𝐽

𝐷
= 0.702, demonstrating 

good correlation with the experimental nucleation texture, while the 
7 
individual application of NR-II resulted in 𝐽
𝐷

= 0.225, indicating no 
close correlation with respect to the experimental result. These results 
were selected for further analysis in the following section.

3.4. Simulated nucleation textures comparison

The experimental nucleation texture already detailed in Section 3.2 
is brought back in Fig.  9(𝑎) for comparison with the simulated ones. 
This ODF mainly exhibits nuclei oriented in the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 region, with 
a notable peak at the {111}⟨123⟩ component. This observation is in 
agreement with previous studies, which have reported a reduction in 
the 𝛼 − 𝑓𝑖𝑏𝑟𝑒 components and an enhancement of the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 during 
early stages of primary recrystallisation [21]. In general, the presence 
of 𝛾 −𝑓𝑖𝑏𝑟𝑒 components is attributed to the preferred orientation of the 
nuclei, which is linked to their high stored energy [7,33].

Fig.  9(𝑏) illustrates the nucleation texture obtained using NR-I (K–
J model), calculated by applying Eqs. (6) and (4) with parameters 
𝑘1 = 1.0 and 𝑀0 = 80𝑡ℎ−𝑞𝑢𝑎𝑛𝑡𝑖𝑙𝑒. This texture predominantly shows nu-
cleation of crystallographic components on the 𝛾−𝑓𝑖𝑏𝑟𝑒, corresponding 
to orientations with medium-high Taylor factor values, as seen in Fig. 
2. The strongest components in this texture are the {111}⟨123⟩ and the 
{554}⟨225⟩. Furthermore, it is noted that no 𝜃 − 𝑓𝑖𝑏𝑟𝑒 components are 
forecasted, and only some low intensity components oriented near the 
𝛼 − 𝑓𝑖𝑏𝑟𝑒 appear in the simulated texture. These observations reveal a 
discrepancy between the predictions of NR-I and the experimental ODF 
shown in Fig.  9(𝑎).

The texture predicted by applying NR-II is displayed in Fig.  9(𝑐). 
This texture was obtained by applying Eqs. (9) and Eq.  (10) with 
parameters 𝑎 = 0.0; 𝑏 = 1.0; 𝑐 = [max(𝑀(𝑔)) −min(𝑀(𝑔))]∕2; 𝑑 = 6.0
and 𝜃 = 10.0◦, cf. Section 3.3. It mainly predicts nuclei with strong 
0
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Fig. 9. (𝑎) Experimentally measured nucleation texture obtained from EBSD data, cf. Section 3.2. (𝑏) Predicted by K–J model, Eq. (6). (𝑐) Predicted by SIBM nucleation model, 
Eq. (10). (𝑑) Predicted combining K–J and SIBM nucleation models, Eq. (11).
intensities of crystallographic orientations in the 𝛼 − 𝑓𝑖𝑏𝑟𝑒, especially 
the {113}⟨110⟩ component, and fewer in the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 with much 
lower intensities. The second nucleation rule NR-II stimulates the nuclei 
with low Taylor factor values, cf. Fig.  2. However, the absence of 
nuclei with high intensities in the 𝛾 − 𝑓𝑖𝑏𝑟𝑒 and the overestimation 
of 𝛼 − 𝑓𝑖𝑏𝑟𝑒 components indicate a deviation from the experimental 
nucleation texture shown in Fig.  9(𝑎).

The combined application of NR-I and NR-II, calculated with Eq. 
(11) using the parameters 𝛤 = 0.9 and (1−𝛤 ) = 0.1, is presented in Fig. 
9(𝑑). The combined approach resulted in a nucleation texture that in-
cludes 𝛼−𝑓𝑖𝑏𝑟𝑒 grains to a lesser extent, while maintaining a strong 𝛾−
𝑓𝑖𝑏𝑟𝑒, conserving the higher intensities in the components {111}⟨123⟩
and {554}⟨225⟩. Additionally, the maximum intensity observed in the 
ODF from this combined method is 𝐼

𝑚𝑎𝑥
= 19, which is lower than 

the maximum intensities achieved through the separate applications 
of each nucleation rule, which were 𝐼

𝑚𝑎𝑥
= 22 and 𝐼

𝑚𝑎𝑥
= 31 for NR-I 

and NR-II, respectively. This result is closer to the maximum intensity 
observed for experimental nucleation texture 𝐼

𝑚𝑎𝑥
= 10, although there 

is still a discrepancy of a factor 2.
Furthermore, the texture shown in Fig.  9(𝑑) includes 𝛼 − 𝑓𝑖𝑏𝑟𝑒 with 

𝛷 < 30◦, similar to those in Fig.  9(𝑐), albeit at lower intensities. 
This feature matches the experimentally measured nucleation texture. 
However, components related to the 𝜃−𝑓𝑖𝑏𝑟𝑒 and those with 𝛷 >∼ 70◦, 
as observed in Fig.  9(𝑎), are not predicted by either nucleation rule or 
their combination.

Main fibres volume fraction comparison

The simulated nucleation textures can also be compared with the 
experimentally estimated one by quantifying the volume fraction of 
the main crystallographic components. For this purpose, the four ODFs 
shown in Fig.  9 were partitioned considering the 𝛼, 𝛾 and 𝜃 fibres 
with a 15◦ tolerance from the ideal fibres. The results are shown in 
Fig.  10. In principle, it can be seen that all the nucleation textures 
contain orientations in the three crystallographic fibres, although some 
of them are not easy to visualise in the ODF plot. The 𝛾−𝑓𝑖𝑏𝑟𝑒 exhibited 
the highest volume fraction in each case, followed by the 𝛼 and the 
𝜃−𝑓𝑖𝑏𝑟𝑒𝑠, except by the texture obtained with the exclusive application 
of SIBM nucleation (i.e. NR-II) which produced a 𝜃 − 𝑓𝑖𝑏𝑟𝑒 with more 
than double the volume fraction of the 𝛾 − 𝑓𝑖𝑏𝑟𝑒. Furthermore, the 
nucleation texture resulting from the combined application of NR-I 
and NR-II displayed the closest volume fraction for the 𝛼 and 𝜃 fibres 
relative to the experimental nucleation texture.
8 
Fig. 10. Volume fraction for different crystallographic texture for the nucleation 
textures. Comparison with experimentally measured nucleation texture.

4. Discussion

Nucleation textures discrepancy

The deformation texture obtained from simulating a plane-strain 
compression deformation using the ALAMEL model was used to cal-
culate nucleation textures derived from two nucleation rules and their 
combined effect. The first rule, NR-I, targets the nucleation of orien-
tations with high stored energy, while the second rule, NR-II, selects 
orientations with low stored energy. Both rules employed the Taylor 
factor 𝑀(𝑔) to quantify the plastic energy accumulated during the 
rolling simulation. In NR-I, the nucleation probability is proportional 
to 𝑀(𝑔), whereas in NR-II, it is based on the difference in stored 
energy between paired grains (𝑖, 𝑗), denoted as 𝛥𝑀

(𝑖,𝑗)
. As detailed in 

Section 3.4, NR-I predominantly favours nucleation in the 𝛾 − 𝑓𝑖𝑏𝑟𝑒
region, associated with high stored energy, while NR-II enhances the 
nucleation in the 𝛼 − 𝑓𝑖𝑏𝑟𝑒, a region of low stored energy.

The comparison of the simulates nucleation textures with the ex-
perimentally estimated one reveals that some of the textures derived 
from the combined application of NR-I and NR-II correlate better with 
the experimental nucleation texture than the textures obtained solely 
through NR-I, as evidenced by the 𝐽  correlation values presented Fig. 
𝐷
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8. However, it is important to note that this observation does not 
apply to all simulation batches. This discrepancy may be partly due 
to the high rolling reduction of sample 𝑆

0
. It is well-documented that 

the sub-grain coalescence nucleation mechanism, associated with NR-I, 
is predominant in heavily rolled low-carbon steels [7]. Since sample 
𝑆
0
 was subjected to an 80% reduction, the experimental nucleation 

texture from sample 𝑆
1
 is expected to exhibit 𝛾 − 𝑓𝑖𝑏𝑟𝑒 orientations 

predominantly. Therefore, the contribution from the strain-induced 
boundary migration (SIBM) mechanism, activated by combining NR-I 
and NR-II, do not always improve the accuracy of the outcome when 
compared to the experimental nucleation texture.

On the other hand, Fig.  10 shows that the contribution of the 
𝜃−𝑓𝑖𝑏𝑟𝑒 orientations to the experimental nucleation texture is shallow. 
However, this result was not replicated in the texture calculated by 
combining NR-I and NR-II, where the 𝜃 − 𝑓𝑖𝑏𝑟𝑒 contribution is higher 
than in the experimental case. The discrepancy suggests that while 
𝜃 − 𝑓𝑖𝑏𝑟𝑒 orientations contribute to the nucleation texture, their pres-
ence should be minimal. This represents a challenge for modelling the 
texture of early recrystallisation stages since it indicates that low-stored 
energy orientations must be included, but their selection cannot solely 
rely on stored-energy-based rules, as was assumed in this paper. In-
stead, additional criteria must be considered to ensure the appropriate 
selection of these low-stored energy orientations.

Nuclei distribution in Euler space

As shown in Fig.  7(𝑑) the experimental nucleation texture pre-
dominantly exhibits a strong 𝛾 − 𝑓𝑖𝑏𝑟𝑒(⟨111⟩ ∥ 𝑁𝐷). However, other 
crystallographic components within the Euler space zone defined by 
0◦ < 𝜙

1
< 360◦; 0◦ < 𝛷 < 30◦;𝜙

2
= 45◦ are also present, albeit at 

lower intensities. To analyse the presence of nuclei within this zone, the 
number distribution of nuclei in the Euler space for both textures, the 
experimentally measured and the one derived from the combined appli-
cation of NR-I and NR-II are displayed in Fig.  11(𝑎) and (𝑏) respectively. 
This approach identifies the regions of Euler space occupied by the 
nuclei, independent of their volume fraction. To achieve this, the Euler 
space was segmented into a uniform grid with 5◦ intervals, referred to 
as boxes. Each nucleated orientation was allocated to the nearest box, 
with no overlapping orientations within the same box. This ensures that 
each recrystallised orientation is considered to have an equal volume 
fraction, with each counted only once in the ODF calculation. In this 
manner, the number ODF 𝑓

𝑛
(𝑔) was obtained by imposing a Gaussian 

functions with spread of 𝐺𝑆 = 3◦ to enhance the visualisation of nuclei 
distribution within Euler space.

The number orientation distribution of nuclei in Euler space for the 
experimental nucleation texture is shown in Fig.  11(𝑎). The preferred 
orientation of the nuclei in sample 𝑆

1
 is predominantly around the 

𝛾 − 𝑓𝑖𝑏𝑟𝑒, a trend that has been consistently reported in the litera-
ture [7,21,34]. Nuclei are also observed in the vicinity of the 𝜃 and 
𝛼 fibres, as well as others oriented significantly further from the ideal 
𝛾 −𝑓𝑖𝑏𝑟𝑒. Fig.  11(𝑏) displays the orientation of nuclei in Euler space for 
the texture calculated by combining NR-I and NR-II. The orientation 
of the nuclei aligns with the experimental results, showing a primary 
preference for orientations around the 𝛾 −𝑓𝑖𝑏𝑟𝑒. However, orientations 
in the 𝛼−𝑓𝑖𝑏𝑟𝑒 are also predicted by this model. Notably, the presence 
of nuclei with the rotated cube orientation, i.e., {001}⟨110⟩, is observed. 
This might be attributed to its low Taylor factor, which tends to result 
in a high absolute difference, denoted as |𝛥𝑀

𝑖𝑗
|, when paired with any 

other orientation during ALAMEL rolling simulation. As illustrated in 
Fig.  4, in NR-II, a higher |𝛥𝑀𝑖𝑗 | correlates with an increased probability 
of nucleation, provided that the high angle grain boundary (HAGB) 
criteria is met in accordance to Eq.  (9).

The significant intensity of the rotated cube component depicted in 
Fig.  11(𝑏) suggests that there may be a need to introduce a lower bound 
for stored energy in NR-II. This suggestion arises because, as demon-
strated in Fig.  2, the rotated cube has the lowest Taylor Factor and yet 
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Table 4
Chemical composition of 𝐷𝐶04 steel cold rolled at 63%.
 C Mn Ti N Al  
 wt.[%] 0.044 0.0186 0.013 0.0052 0.0426 

it does not appear in the experimentally estimated nucleation texture. 
It is important to note that the Taylor factor 𝑀 distribution in Euler 
space, shown in Fig.  2, was calculated using the Full-Constraints Taylor 
(FCT) model. In contrast, 𝑀 values used in the simulations presented 
here were calculated with the ALAMEL model. In the ALAMEL model, 
the resulting 𝑀 of each grain depends on its cluster assembly, cf. Fig.  1, 
whereas in the FCT model, the 𝑀 is determine solely by the orientation 
𝑔.

In addition, it can be noticed that the orientation of the predicted 
nuclei, Fig.  11(𝑏), exhibits less dispersion compared to the orientation of 
the experimentally calculated nuclei, Fig.  11(𝑎). This difference could 
be attributed to the ALAMEL’s omission of grain fragmentation in its 
rolling simulations. Like other mean-field crystal plasticity models, such 
as the Full-Constraint model or Visco-plastic self-consistent model, the 
ALAMEL predicts deformation textures that lack information of the 
in-grain misorientation gradients [15]. Consequently, any nucleation 
texture derived from these deformation textures might fail to account 
for the orientation dispersion of the nuclei. In the context of mean-
field modelling of recrystallisation textures, nucleation textures do not 
predict orientations absent from the deformation textures. Further-
more, grain fragmentation during deformation also contributes to the 
formation of high angle grain boundaries (HAGB) [35], which are 
essential for nucleation rules based on the SIBM mechanism, as the 
NR-II proposed in this paper.

Analysis of sample rolled at lower percentage

To evaluate the model’s performance at lower strain levels, a sheet 
of IF-steel with the chemical composition provided in Table  4 was 
also considered. It consisted of an industrially cold-rolled sheet with 
an approximately 63% reduction in thickness. Two samples were anal-
ysed: sample 𝑆

2
, representing the deformed state, and an interrupted 

annealed sample, 𝑆
3
, with approximately 11% recrystallised fraction, 

representing the nucleation state.
Similar to sample 𝑆

1
, the EBSD data for sample 𝑆

3
 was post-

processed as described in Section 2.2.2 to obtain its nucleation texture. 
Fig.  12(𝑎) presents the inverse pole figure map of the full EBSD 
dataset for sample 𝑆

3
, while Fig.  12(𝑏) highlights the nucleated grains, 

corresponding to ∼10% recrystallised fraction. Fig.  12(𝑐) and (𝑑) show 
the textures (ODFs) of the coloured grains depicted in Fig.  12(𝑐) and 
(𝑑), respectively.

The texture in Fig.  12(𝑐) exhibits the typical characteristics of a 
rolled BCC metal, specifically the presence of 𝛼 and 𝛾 fibres, due to 
the high fraction of remaining deformed grains (∼90%). In contrast, the 
texture in Fig.  12(𝑑) is primarily characterised by the dominance of the 
𝛾-fibre. However, instead of being uniformly distributed as in sample 
𝑆!1 (c.f. Fig.  9(𝑎)), it appears more dispersed across the orientation 
space. Additionally, some components traditionally associated with low 
Taylor factor values are observed above 𝛷 = 30◦ and in {110}⟨001⟩, 
both displaying significant intensities. It is also important to note that 
some 𝛼-fibre components are present, though at lower intensities.

A second nucleation texture simulation was conducted to compare 
with the experimental results from sample 𝑆

3
. The ALAMEL model was 

used to simulate plane strain compression at 𝜀 = 1.0, corresponding 
to a rolling reduction of ∼63%. Due to the unavailability of EBSD data 
for the material in its undeformed state, a random texture was used as 
the initial texture, while all other rolling simulation settings remained 
unchanged from those described in Section 2.1.2. The resulting de-
formation texture is provided in Appendix  B. The nucleation texture 
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Fig. 11. Distribution of the nuclei in Euler space. (𝑎) From calculated recrystallised fraction of sample 𝑆
1
. (𝑏) From predicted nucleation texture combining NR-I and NR-II, K–J 

nucleation and SIBM nucleation models respectively.
Fig. 12. IPF-map of the sample 𝑆
3
, (𝑎) all data and (𝑏) early recrystallised grains. (𝑐) Texture of the sample 𝑆

1
 all grains (𝑑) early recrystallised grains, it corresponds to the 

experimental nucleation texture in this study.
simulation was performed using NR-I with parameters 𝑘1 = 1.0 and 
𝑀0 = 80𝑡ℎ − 𝑞𝑢𝑎𝑛𝑡𝑖𝑙𝑒, and NR-II with parameters 𝑎 = 0.0; 𝑏 = 1.0; 
𝑐 = [max(𝑀(𝑔)) −min(𝑀(𝑔))]∕2; 𝑑 = 6.0 and 𝜃

0
= 10.0◦. The combined 

effect of the NR-I and NR-II was obtained using 𝛤 = 0.9 and (1−𝛤 ) = 0.1. 
The obtained results are presented in Appendix  B.

The orientation distribution of nuclei in Euler space for the ex-
perimental nucleation texture of sample 𝑆3, along with the results 
of the second nucleation texture simulation, are presented in Fig. 
13(𝑎) and (𝑏), respectively. The experimental results show a scattered 
distribution of nuclei along the 𝛾−fibre and its surroundings, with a 
concentration of nuclei also present along the 𝜃-fibre. In contrast, the 
simulated texture exhibits an almost uniform gamma-fibre distribution, 
along with some components in the 𝜃-fibre, primarily the rotated cube 
10 
component (i.e. {001}⟨010⟩) and a uniform 𝛼-fibre, with its highest 
intensity components located within this fibre.

An important observation is that the experimental results (cf.
Fig.  13𝑎) show nuclei concentrated between the 𝛼-fibre and 𝛼∗-fibre 
(cf. Fig.  5), while the simulated results display nuclei along the 𝛼-fibre 
(cf. Fig.  13𝑏). Both regions are characterised by low Taylor factors 
for 𝛷 < 40◦, which aligns with the objective of the SIBM nucleation 
model. However, the overestimation of components along the 𝛼-fibre 
is undesirable.

The origin of the overestimation of components on the 𝛼-fibre can 
be traced back to the simulated deformation texture generated by 
the ALAMEL model (see Appendix  B). Since these components exhibit 
low Taylor factors, they are preferentially selected as high-probability 
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Fig. 13. Distribution of the nuclei in Euler space. (𝑎) From calculated recrystallised fraction of sample 𝑆
2
. (𝑏) From predicted nucleation texture combining NR-I and NR-II is 

simulation 2.
nucleation sites. This finding reinforces the conclusion drawn from the 
simulation of sample 𝑆1: that nucleation based solely on stored energy 
criteria is insufficient for accurately predicting nucleation texture.

5. Conclusions

This paper introduces a model to predict the nucleation texture of 
interstitial-free (IF) steel within a continuum modelling framework. The 
model integrates the effects of two nucleation rules, applied simulta-
neously using input from the Advanced-LAMEL model, a mean-field 
crystal plasticity model. The first rule, NR-I, is based on the Ori-
ented Nucleation theory, which promotes the nucleation of orientations 
with high stored energy. The second rule, NR-II, is derived from the 
Strain-Induced Boundary Migration (SIBM) mechanism to favour the 
nucleation of orientations with low stored energy. The results demon-
strate that NR-II favours the nucleation of orientations with low Taylor 
factor values, which in this study serve as an indirect measure of stored 
energy, leading to an nucleation textures that includes orientations 
within the 𝛼 and 𝜃 crystallographic fibres. However, quantitative com-
parisons with the experimentally estimated from a sample at early 
recrystallisation stage reveal that the contribution of NR-II does not 
necessarily enhance the nucleation texture obtained solely through 
NR-I.

The findings of this study highlight two key points:

• NR-II may have overestimated low-stored energy orientations in 
the final nucleation texture, indicating the need to establish a 
lower-bound threshold for the Taylor factor when applying NR-II.

• Including 𝛼 and 𝜃 fibres is important for enhancing the accu-
racy of the predicted nucleation texture. However, even if some 
orientations in these fibres share similar Taylor factor values, it 
does not necessarily mean that both should be included in the 
nucleation texture.

As a final remark, while a low Taylor factor is essential for nucle-
ating low stored energy orientations, it should not be excessively low. 
Moreover, a low Taylor factor alone is insufficient for an orientation to 
be included in the nucleation texture.
11 
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Appendix A. Deformation texture evolution with ALAMEL model

ODFs of IF-steel. Initial texture (𝜀 = 0.0) and ALAMEL model simulated deformation textures in plane strain compression at 𝜀 = 0.22, 𝜀 = 0.51, 

𝜀 = 0.91, 𝜀 = 1.6 which correspond to 20%, 40%, 60% and 80% reduction respectively.
12 
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Appendix B. Results simulation 2
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