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Abstract

This study explores the initial stages of recrystallization in interstitial-free (IF) steel subjected to an
unconventional continuous annealing process with a controlled thermal gradient. A cold-rolled steel
strip was exposed to varying annealing temperatures along its length, allowing for analysis of
microstructural evolution under different thermal conditions. The microstructure and stored energy
were evaluated at various positions along the strip using Electron Backscatter Diffraction (EBSD),
with an emphasis on the effects of local misorientation gradients. The results underscore the
significant influence of local misorientation and structural inhomogeneity on the kinetics of
recrystallization. A notable correlation was identified between the non-recrystallized fraction (NRF)
and the misorientation gradient, suggesting that even minor reductions in misorientation can
substantially modify the kinetics of recrystallization. Collectively, these findings highlight the crucial
role of stored energy distribution and texture evolution in the initial stages of recrystallization during
continuous annealing, thereby providing valuable insights for optimizing thermal processing in
interstitial-free (IF) steels.
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1. Introduction

Interstitial free (IF) steel is widely regarded within the automotive industry as the material of
choice for its excellent drawability[1]. Good deep-drawability is achieved through a homogeneous
recrystallization texture with a strong fiber texture such that the {111} crystal plane is parallel to the
rolling plane (the vy-fiber). The y-fiber is obtained through the appropriate selection of chemical
composition and meticulous control of the thermomechanical process, as is done for commercially
manufactured IF steels. The manufacturing process of IF steel sheets comprises four main stages:
steelmaking, continuous casting, cold rolling, and annealing. Regarding the annealing process, the
application of continuous annealing (CA) allows achieving higher annealing temperatures than
possible with batch annealing (BA). This results in a reduction in recovery times and an increase in
recrystallisation kinetics. The CA process exerts a profound influence on the recrystallisation texture
of IF steel. The application of elevated annealing temperatures and rapid cooling rates facilitates
homogeneous recrystallisation and grain growth, resulting in a uniform and fine microstructure. This
process optimizes the formability and mechanical properties of IF steel, which is of paramount
importance for demanding industrial applications [2,3].

Plastic deformation in crystalline metals is primarily accommodated by the movement of
dislocations, facilitating shear deformation by slip between atom planes, which is a dissipative
process whereby thermal energy is released. During the deformation process, dislocations are
created, move, interact with one another and accumulate. This accumulation is not uniform; in

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2240.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2240.v1

2 of 11

response to gradients in plastic deformation, the material must maintain internal mechanical
compatibility. This requirement leads to the formation of geometrically necessary dislocations
(GNDs). GNDs accommodate strain differences between adjacent regions of the same grain. This
redistribution generates local angular variations in crystallographic orientation, known as orientation
gradients.[4].

During plastic deformation of high stacking fault materials such as low carbon steels, due to
dynamic recovery processes, dislocations are self-organized in a cellular structure as strain increases;
the average cell size will diminish, accompanied by an increase in the misorientation between
adjacent cells [4]. This research aims to examine the variation of stored energy in IF steel during the
continuous annealing process, utilizing the local misorientation gradient as an indicative parameter,
which is known to have a positive correlation with stored energy [5-9]. To this end, the Electron
Backscattered Diffraction (EBSD) technique has been employed to obtain precise measurements of
the misorientation gradients at various stages of the recrystallization process [10-12]. The present
study has examined samples subjected to varying degrees of deformation, as well as those in different
states of recovery. This approach allows for a detailed understanding of how the internal energy of
the material is distributed among various crystal orientations and how it evolves during annealing,
providing valuable information that can be used to optimize industrial processes and improve
material properties

2. Materials and Methods

The chemical composition of the as-received samples is listed in Table 1. The samples were
commercially hot rolled to a thickness of 3.5 mm before undergoing cold rolling in the laboratory
with varying degrees of thickness reduction (75%, 80%, 85%, and 90%) through multiple passes using
a two-high rolling mill with rolls having a diameter of 350 mm. Subsequently, each cold-rolled strip,
measuring 400 mm long and 25 mm wide, was subjected to a gradient annealing treatment (Figure.
1a). The process involved the immersion of one end of the sample in a salt bath oven for a period of
120 to 200 s, whereby the temperature of 950°C was indicated by the thermocouple positioned
centrally within the salt bath. In contrast, the opposite end of the strip was secured to a solid copper
block kept at room temperature. The temperature variations along the strip were meticulously
recorded using five thermocouples (TC), strategically welded at intervals along its length (Figure. 1
b). The recorded temperatures revealed a gradient, whereby the end immersed in the oven reached
a temperature of 900°C. The end attached to the copper block registered a temperature of 60°C.

Table 1. Chemical composition of interstitial free steel.

C Mn Al N Ti
0.002 0.095 0.05 0.002 0.045
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Figure 1. (a) Representation of the behavior of the strip with a simulation of nonlinear heat transfer in a transient

solution (200 sec), the temperature in degrees Celsius (b) Heating curve at different points of the strip.

This unconventional gradient annealing approach has been selected to enable the simultaneous
examination of microstructural and mechanical transformations across a broad temperature range
within a single sample. Unlike traditional uniform annealing methods, this technique allows for
continuous observation of temperature-dependent phenomena, enhancing efficiency and reducing
experimental variability by eliminating discrepancies between batches. Additionally, it offers
valuable insights into the localized effects of thermal gradients commonly observed in industrial
practices, which can be challenging to replicate in laboratory conditions.

However, this methodology presents certain challenges, including the need for precise control
and accurate measurement of the temperature profile along the sample, as well as the complexity of
interpreting results due to the non-uniform thermal history. Despite these drawbacks, the gradient
annealing strategy provides significant advantages for studying temperature-dependent behaviors
with high spatial resolution and under more realistic thermal conditions.

The microstructural characterization at each of the points monitored by the thermocouples was
performed by electron backscatter diffraction (EBSD). EBSD measurements were conducted using an
FEI Quanta™ 450-FEG-SEM, which was equipped with a Hikari EBSD camera. Sample preparation
for EBSD analysis involved the application of conventional grinding, polishing, and electropolishing
methods. The scanning electron microscope (SEM) was operated with an acceleration voltage of 20
kV and a beam current of 2.3 nA. Each scan for microstructural analysis encompassed approximately
1,000,000 points within an area of 35 x 35 um? with a step size of 0.1 um. To analyze the
crystallographic textures, scans were conducted in an area of 385 x 1280 um? with a step size of 0.2
pm, comprising approximately 1,000,000 points. To analyze the progress of recrystallisation between
thermocouples 1 and 2, each millimeter is subjected to examination. This is achieved through a scan
of an area measuring 250 pm x 1000 um, with a step size of 0.4 um, with approximately 700,000
points. The data were subjected to post-processing using OIM™ software version 8.2. [13]

The assessment of locally stored energy due to plastic deformation, as determined through
EBSD, has been carried out using metrics based on kernels, specifically the Kernel Average
Misorientation (KAM). This metric is critically dependent on the number of nearest neighbours
considered. To mitigate this intrinsic dependence, the use of the KAM slope has been reported as a
metric for plastically stored energy. [10,12,14]. This approach consists of evaluating, for each pixel,
the misorientation gradient (AB/Ax), as it was observed that for n nearest neighbours (with n < 4),
there is a linear increase of the KAM as a function of the number of nearest neighbours. The
dimension of this slope is °/pm and corresponds to the elements of the curvature tensor described by
Nye [15]. Pantleon [16] demonstrated that this curvature tensor is positively correlated with the
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dislocation density. This approach enables a more robust estimation of the locally stored energy,
circumventing the constraints associated with selecting the number of nearest neighbors in the KAM
calculation.

In the post-processing of the data, the Kuwahara filter was employed to optimize the angular
resolution of the EBSD measurement [17-19]. The filter applies edge-preserving noise smoothing,
which is crucial for detecting short-range misorientations, as it suppresses short-range noise induced
by experimental scatter. In the study by Brough et al.[20], It was demonstrated that the utilization of
the Kuwahara filter can increase the angular resolution to less than 0.02°, which significantly
facilitates the detailed analysis of EBSD maps of the type pursued in this study, and which are
relevant to revealing subtle misorientation changes observed during recovery and recrystallization
processes. Conversely, the recrystallised microstructure was identified through the application of a
criterion based on the Grain Orientation Spread (GOS), which yielded a value of GOS < 1.5 °[21-23].

3. Results

Figure 2. a-e) shows the inverse pole Figures (IPF) of various samples subjected to deformation
by rolling to different reductions. It is evident that as the reduction percentage rises, the
fragmentation of the grains also increases, signifying notable microstructural changes. Figure 2(e-h)
depicts the gradual evolution of texture with increased deformation. Notably, as reduction increases,
the a fiber largely dominates and intensifies.

80%

— 16.300
— 14,600

®(0° — 90°)

(e) (f) (@)

Figure 2. Inverse Pole Figure (IPF) and ¢2=45° sections of the Orientation Distribution Function (ODF) for
Interstitial Free (IF) steel after cold rolling to different levels of thickness reduction: (a) and (e) 75%, (b) and (f)
80%, (c) and (g) 85%, and (d) and (h) 90%.

Figure 3 presents the frequency distribution and accumulative frequency of the misorientation
gradient across various reduction percentages. Figure 3a illustrates that the distributions significantly
shift to larger values of orientation gradients with increasing rolling reduction. Figure 3b further
underscores that with reduction ratio on the rise, the values of the misorientation gradient trend
towards larger values. This observed behavior suggests that a higher reduction percentage is
associated with an enhancement in short-range misorientation, thereby reflecting the influence of
strain amplitude on the microstructural heterogeneity induced within the material.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2240.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2240.v1

5 of 11
(@ (b)
®  75%Cold Rolling ’
@ 80% Cold Rolling
A 85%Cold Rolling 08
v 90% Cold Roling 0 “
o
8_
> @ i
20,06 Dos
3 3
g 5
£oos =04+
€
2
o ]
<L() 0,2 4 = 75% Cold Rolling
* 80% Cold Rolling
4 85% Cold Rolling
0,00 T . . . 00 i i : A 90% Co!d Rolling
0 5 10 15 20 25 30 0 5 10 15 20 25 30
AB/AX(°/um) AB/AX(°/um)

Figure 3. a) Frequency of misorientation gradient as a function of the reduction percentage during cold rolling.

b) Accumulative frequency of the misorientation gradient for the exact reduction percentages.

Figure 4 illustrates the microstructural evolution at distinct locations along a strip subjected to
continuous heat treatment under the influence of a thermal gradient. Illustrated in Figures 4a-d, grain
orientation spread (GOS) maps depict that, following annealing at temperatures of 60°C and 145°C,
the deformed microstructure is preserved, exhibiting a pronounced degree of internal grain
misorientation, as observed in Figures 4a and 4b. At a temperature of 600°C, recrystallization
commences in select regions, as evidenced in Figure 4c. By reaching 800°C, the recrystallization
process is complete, leading to minimal internal misorientation among the grains, as demonstrated
in Figure 4d. An examination of the crystallographic texture at each analyzed point is provided in
Figures 4(e) to 4(h). Notably, the intensity of the a-fiber diminishes with increasing peak temperature,
eventually vanishing altogether, while a distinct y-fiber is observed to emerge once the material

attains the fully recrystallized state.
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Figure 4. Grain Orientation Spread (GOS) maps and sections of the Orientation Distribution Function (ODF) for
Interstitial Free (IF) steel subjected to 80% reduction by cold rolling followed by continuous annealing. The GOS
maps are shown for samples annealed at four different peak temperatures: (a) 60°C, (b) 145°C, (c) 600°C, and (d)
800°C. Correspondingly, @2 = 45° sections of the ODF for these temperatures are depicted in panels (e), (f), (g),
and (h).
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As illustrated in Figure. 5, a reduction in peak temperature is accompanied by an increase in the
mean misorientation gradient and the standard deviation of said gradient. This increase in standard
deviation is indicative of greater heterogeneity in the microstructure, or variations in internal
misorientations within the grains.

50 4

404

304

20 4

Misorientation gradient (°/um)

104

(=}

60°C 350°C 600°C
Peak emperature

Figure 5. Mean misorientation gradient in different peak temperatures in continuous annealing of IF steel. .

Figure 4 illustrates that the fully recrystallized fraction is attained between thermocouple 1 and
thermocouple 2. To evaluate the recrystallization process, a rigorous analysis was performed on the
segment between these two locations utilizing Electron Backscatter Diffraction (EBSD). The findings
of this analysis are depicted in Figure 6, which demonstrates that the percentage of recrystallization
at the initial millimeter of the sample reaches 46%. In contrast, at the sixth millimeter, this percentage
has increased to 77%. This significant enhancement in recrystallization throughout the sample
substantiates the efficacy of the methodology employed to monitor the process.

600 °C 610 °C 620 °C 630 °C

Figure 6. ND-IPF and GOS maps of 80% cold-rolled IF steel exposed to a temperature gradient from 600°C to
800°C.(a)-(b) ND-IPF maps from 0-1 mm to 5-6 mm from the end with the lowest maximum temperature. (c)-(d)
GOS maps from 0-1 mm to 5-6 mm from the end with the lowest maximum temperature. (e)-(f) Recrystallisation
fraction from 0-1 mm to 5-6 mm from the end with the lowest maximum temperature. (g)-(h) non-recrystallized

fraction from 0-1 mm to 5-6 mm from the end with the lowest maximum temperature.
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Furthermore, Figure 7 illustrates the energetic evolution of the material between ~600 °C and ~
630 °C. In Figure 7a, the variation of the mean misorientation gradient is shown as a function of
distance along the sample. Notably, as the temperature increases, both the gradient value and its
standard deviation decrease, indicating an improvement in the homogeneity of the material. It is
important to emphasize that the misorientation gradient was derived exclusively from the deformed
microstructure.

Figure 7b presents the relationship between the fraction of deformed/recovered (non-
recrystallized) structure and the normalized mean misorientation gradient, expressed as a percentage
of its maximum value. The correlation observed between energy reduction and the
deformed/recovered microstructure follows a potential growth pattern.
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Figure 7. Variation in the misorientation gradient of the recovery/deformed matrix for an initial 80% reduction:
(a) average misorientation gradient across various distances and temperatures for deformed matrix grains that
are not yet recrystallized, and (b) non-recrystallized fraction (NRF) versus reduction in the average

misorientation gradient, including the fitted curve and R? value shown.

Figure 8 shows the different ODFs for the non-recrystallized grain (deformed/recovery
microstructure) (Figure. 8a) and the recrystallized grains (Figure. 8 b). The ODF reveals the
development of a strong v fiber in the early stages of recrystallization and a strong a fiber for the
non-recrystallized microstructure.
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Figure 8. ¢2=45° sections of the Orientation Distribution Function (ODF) for Interstitial Free (IF) steel after 80%
cold rolling and continuous annealing at a peak temperature between 620°C and 630°C, showing (a) non-

recrystallized fraction and (b) recrystallized fraction.
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4. Discussion

Figure 2(a-d) illustrates the evolution of microstructure, while Figure 2(e-h) depicts the texture
as a function of increasing degrees of deformation. This increase in deformation leads to greater grain
fragmentation and a more heterogeneous microstructure. Concurrently, the intensity of the alpha
component of the deformation texture exhibits a significant variation, increasing from a maximum
value of 7.8 in the {112}<110> component at 75% reduction to 16.3 at 90% reduction. The energetic
changes associated with varying degrees of reduction are presented in greater detail in Figure 3. As
the degree of reduction increases, the misorientation gradient progresses towards higher values. The
analysis conducted by Rollet et al. [24] indicates that the orientation gradients are predominantly
concentrated near the grain boundaries in Fe-a alloys, as observed in both experimental and
numerical experiments. This concentration can be attributed to the accumulation of dislocations,
which is critical for accommodating plastic deformation and is closely associated with local stress
gradients. This phenomenon, involving changes in crystallographic orientation due to the activation
of multiple slip systems, is similarly observed in shear bands, where deformation is intensified,
leading to significant variation in orientation within adjacent grains.

Both Figures 4c and 6 illustrate the initiation of primary recrystallization. The microstructural
analysis indicates that the onset of recrystallization is primarily concentrated at high-angle grain
boundaries (HAGB) and is predominantly observed in y-fiber grains exhibiting the <111> crystal
orientation parallel to the normal direction (ND). When evaluating these observations within the
framework of the deformed microstructure, it is evident that the kinetics of recovery and
recrystallization are enhanced by increasing regions of significant misorientation. During the plastic
deformation phase, dislocations interact with one another and with various defects, resulting in the
generation of internal stresses and modifications to the crystalline orientation. As the percentage
reduction increases, the significance of grain fragmentation and the accumulation of imperfections
becomes more pronounced, contributing to an enhancement of misorientation within the
microstructure [25,26].

Figure 7a demonstrates the dynamics of stored energy across different stages of recovery and
recrystallisation. It is evident that an increase in both peak temperature and the volume fraction of
recrystallisation leads to a progressive reduction in stored energy of deformed matrix grains that
have not yet been consumed by the growing recrystallized grains. Recrystallisation is characterized
as a process that diminishes energy by substituting deformed regions with defect-free grains.
Conversely, recovery serves to reduce energy without altering the microstructural configuration. The
kinetic equation governing recrystallization has been extensively modeled using an Arrhenius form
[27-31], which elucidates the exponential relationship between the recrystallization rate and
temperature, attributed to atomic diffusion. Nonetheless, uncertainties persist regarding the precise
impact of heterogeneity on deformation mechanisms and grain nucleation across different alloys, as
contemporary models fail to account for the observed variability under disparate processing
conditions fully.

The correlation between the unrecrystallized volume and the stored energy in metals subjected
to plastic deformations is governed by dislocation density. Analyzing the relationship between the
recovered microstructure and its corresponding stored energy (refer to Figure. 7. b) reveals that the
energy follows a potential model. This finding indicates that the non-recrystallized fraction (NRF)
exhibits heightened sensitivity to variations in the misorientation gradient, particularly as it decreases
more markedly from higher misorientation values during annealing. This observation emphasizes
the influence of fluctuations in strain energy accumulation on the recrystallization dynamics in
interstitial-free (IF) steel.

The present results provide insight into the role of misorientation gradients in the
recrystallization behavior of IF steels. EBSD inverse pole Figure (IPF) maps shown in Figures 6f
(recrystallized grains) and 6 h (non-recrystallized grains) reveal a distinct difference in morphology
and orientation distribution between the two populations. This microstructural contrast is further
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supported by the texture analysis in Figures 8a and 8b, where the non-recrystallized regions display
an a-fiber texture, while the recrystallized grains exhibit a pronounced y-fiber component.

These observations suggest that orientations characterized by higher initial misorientation
gradients may recrystallize preferentially. This hypothesis is consistent with the idea that
recrystallization is strongly influenced by orientation-dependent stored energy, as reflected in the
local misorientation fields. Higher stored energy associated with specific orientations can act as a
driving force for nucleation and growth during annealing.

5. Conclusions

The study of recrystallization in interstitial-free (IF) steels using a non-conventional continuous
annealing process shows that recovery and recrystallization are strongly influenced by the
misorientation gradient generated during prior deformation. Stored energy of cold deformation is a
direct function of dislocation density, promoting the nucleation of new grains during annealing.

Microstructural characterization and stored energy analysis reveal that structural heterogeneity
and local misorientation variations are key factors governing recrystallization kinetics. The non-
recrystallized fraction (NRF) exhibits a nonlinear relationship with the reduced average
misorientation gradient, following a power-law-type model with a high exponent. This indicates a
strong sensitivity of the recrystallization process to small changes in local misorientation.

EBSD texture analysis confirms that non-recrystallized regions retain an a-fiber texture, while
recrystallized grains develop a pronounced y-fiber component. This evolution suggests that
orientations with higher stored energy —associated with higher misorientation gradients—are more
prone to recrystallization. Overall, the misorientation gradient emerges as a key parameter for
predicting and evaluating the progress of recrystallization during thermal processing of IF steels.
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