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A B S T R A C T

Low-alloyed steels with body-centered cubic crystal structure are a material class that is widely used for sheet
metal forming applications. When having an adequate crystallographic texture and grain morphology, their
mechanical behavior is characterized by an isotropic in-plane flow behavior in combination with a low yield
strength. The decisive processing steps for obtaining these beneficial mechanical properties are cold rolling and
subsequent annealing. While for the former the number of passes, the deformation rates, and the total thickness
reduction are the main processing parameters, the latter is described mainly by the heating rate and the holding
temperature and time. Primary static recrystallization during annealing subsequent to the cold rolling process
alters mainly two aspects of the material state: It firstly replaces the elongated and heavily deformed grains of
the cold rolled microstructure by small, globular grains with low dislocation density and secondly it changes the
crystallographic texture insofar as it typically diminishes the α- and strengthens the γ-fiber texture components.
In the present work, the recrystallization behavior of a commercial non-alloyed low carbon steel is studied. A
quasi in situ setup that enables site-specific characterization is employed to gain a local picture of the nucle-
ation and recrystallization process. From the Kernel Average Misorientation (KAM) values of the deformation
structure, the tendency to be consumed by new grains can be predicted. Crystallographic analysis shows that
the most deformed regions have either a γ-fiber orientation or belong to heavily fragmented shear band regions.
New grains nucleate especially in such highly deformed regions and inherit often the orientation from the defor-
mation microstructure.

1. Introduction

Low-alloyed steels with body-centered cubic crystal structure (bcc,
ferrite) are a material class that is widely used in automotive sheet
metal forming applications. When having an adequate crystallographic
texture and grain morphology, their mechanical behavior is character-
ized by an isotropic in-plane flow behavior—i.e. a high r value and
a low Δr value⁠1—in combination with a low yield strength [13]. The
decisive industrial processing steps for obtaining these beneficial me-
chanical properties are cold rolling and subsequent annealing. While for
the former the number of passes, the deformation rates, and the total
thickness reduction are the main processing parameters, the latter is de

scribed mainly by the heating rate and the holding temperature and
time.

As a topic of high industrial relevance, the evolution of microstruc-
ture and crystallographic texture resulting from primary static recrys-
tallization [7] during the annealing step has been extensively stud-
ied, e.g. by Hölscher et al. [13], Raabe and Lücke [32,33], Inagaki
[20], Hutchinson [19], Samajdar et al. [36,37], Barnett [3], and Barnett
Kestens [5]. From these previous studies⁠2 it is known that a compre-
hensive understanding of recrystallization requires to consider the full
thermo–chemo–mechanical history of the material, starting at least with
its state after hot rolling.

Some features already present in the hot rolled state remain mostly
unchanged during cold rolling and can, therefore, influence the re-
crystallization behavior. These features include chemical inhomogeneity
and—with the exception of changes due to internal fracture—precipi
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tate size and distribution. Moreover, despite the severe texture forma-
tion during cold rolling, even certain recovery texture components from
the hot rolling texture can be passed down to the deformation texture
[32,31,2].

During cold rolling the grains accumulate high defect densities, i.e.
mainly dislocations, and form crystallographic textures which are char-
acteristic for the imposed near-plane strain deformation. In most low
carbon steels the cold rolling texture is characterized by the gradual
build up of a pronounced α-fiber ( Rolling Direction, RD) and
γ-fiber ( Normal Direction, ND) texture [17]. Typically, the
α-fiber texture accumulates lower dislocation densities and weaker lo-
cal orientation gradients compared to most texture components on the
γ-fiber.⁠3

Primary static recrystallization during annealing subsequent to the
cold rolling process alters mainly two aspects of the material state: It
firstly replaces the elongated and heavily deformed grains of the cold
rolled microstructure by small, globular grains with low dislocation den-
sity and secondly it changes the crystallographic texture insofar as it of-
ten diminishes the prevalent α- and strengthens the γ-fiber texture com-
ponents [36,37]. The recrystallization tendency correlates strongly with
the crystallographic orientation as the latter determines the degree of
plastic deformation and, hence, the stored energy. Recovery in regions
with low recrystallization tendency can further amplify the differences
in stored energy, even to such an extent that only partial recrystalliza-
tion occurs. Other factors retarding or hampering recrystallization in-
clude grain boundary pinning due to second phase particles [10,25], im-
purity drag due to solute decoration of the grain boundaries and the lim-
ited mobility of grain boundary junctions [11].

For beneficial mechanical properties, i.e. good formability, a fully re-
crystallized microstructure that consists of small globular grains and a
pronounced γ-fiber is desirable [27]. Such a microstructure can only be
obtained when sufficient preceding deformation provides a high enough
driving force for recrystallization, the heating rate is fast enough to sup-
press extensive recovery, and the annealing lasts for a sufficient amount
of time to allow for newly formed crystals to sweep the adjacent defor-
mation microstructure. For low carbon steels, a thickness reduction by
at least 60% during cold rolling, heating rates higher than several Ks⁠−1,
and a annealing time of 1 min or longer at temperatures above 600 °C
should result in a fully recrystallized microstructure [4].

In the present work, the recrystallization behavior of a commer-
cial non-alloyed low carbon steel (DC04 grade) is studied. A quasi in
situ setup [23,26,41,40] that enables site-specific characterization is
employed to gain a local picture of the nucleation and recrystalliza-
tion process. This approach, which is based on scanning electron mi-
croscopy/electron backscatter diffraction imaging (SEM/EBSD) allows
to link nucleation and growth directly to microstructural features such
as grain shape, crystallographic orientation, and deformation level. For
an investigation on the effects of second phase particles the material
is characterized additionally by secondary electron (SE) imaging. More
specifically, the influence of Fe⁠3C carbides at the grain boundaries and
dispersed manganese sulphide (MnS) precipitates is investigated. Fi-
nally, the combination of multiple measurement series allows to com-
plement the observed behavior at the microstructure scale with global
texture evolution data.

The study is structured as follows: First, in Section 2, the material is
specified and the two employed experimental setups are presented. The

1 r and Δr denote the Lankford coefficient and the planar anisotropy, respectively [6].
2 see also the older overview articles by Hutchinson [18] and Ray et al. [34] and the

concise, recent one by Kestens Pirgazi [22].
3 Note that an orientation can belong at the same time to the α-fiber and the γ-fiber.

results are presented in Section 3 which form the basis for the following
discussion (Section 4).

2. Experimental investigation

2.1. Material

The material used in this study is a DC04 mild steel. Its chemical
composition, measured with infrared absorption after combustion (con-
tent of C and S) and Inductively Coupled Plasma and Optical Emission
Spectrometry (ICP-EOS, remaining elements), is given in Table 1. It can
be seen that the carbon content is only slightly above half of the maxi-
mum of 0.08 wt% permissible for the investigated grade.

The material was industrially cold rolled to approximately 65%
thickness reduction. Fig. 1 shows optical micrographs of the hot rolled
and subsequently cold rolled material. The hot rolled microstructure
(Fig. 1a) consists of globular grains and two different kinds of precipi-
tates: small globular MnS precipitates are randomly distributed within
the grains and larger carbides (Fe3C) are located along the grain bound-
aries. As a consequence of cold rolling, the initially globular grains be-
came elongated and some of the carbides broke up into smaller pieces
(Fig. 1b).

2.2. Quasi in situ recrystallization observation approach

The employed quasi in situ characterization approach, presented in
similar form e.g. by Zhang et al. [41] and Zeng et al. [40], is based on
interrupted annealing heat treatments. Interrupting the heat treatment
is necessary to perform site-specific EBSD imaging which has an acqui-
sition time much longer than the time required for full recrystallization
in the investigated material in cold rolled state. Two challenges are as-
sociated with this approach: Firstly, a high quality of the sample sur-
face for the EBSD measurements needs to be preserved, i.e. deteriora-
tion due to oxidation needs to be avoided. Secondly, recovery processes
during heating up and cooling down for the measurements should be
minimized. It should be noted that, while several studies reveal that the
free surface only has a minor influence on the recrystallization behav-
ior [15,14,16], nucleation events in the subsurface material cannot be
tracked with this approach.

In the following, the two setups used in this study to perform the
measurements are presented. In both setups, a polished sample (surface
∥ ND) was first characterized by means of EBSD and SE and then heat
treated and characterized with EBSD several times.

2.2.1. Setup A
The first setup consists of a Gleeble 3150 integrated digital closed

loop control thermal and mechanical testing system and a Zeiss SUPRA
40VP scanning electron microscope with TSL Orientation Imaging Mi-
croscopy for EBSD.

In order to minimize oxidation, the evacuated test chamber was
twice flushed with Argon before the experiment. Then, the heat treat-
ment was performed in a low-pressure Argon atmosphere. At the be-
ginning of each cycle, the sample was heated up by resistance heat-
ing to 600 °C within 5 s using a two step procedure in order to prevent
an overshoot of the temperature. To rapidly cool down the sample for
the EBSD characterization, the heat discharge of the cooled jaws was
enhanced by exposing the sample to an Argon stream. By this, a cool-
ing rate of − 40 Ks⁠−1 until 300 °C was reached. The measured time–tem-
perature diagram of one experiment is shown in Fig. 2a. Since after
several heat treatment cycles the quality of the polished surface was
not sufficient for EBSD characterization any more, for total annealing
times longer than 20 s the sample was slightly re-polished after the heat
treatment steps. Scans were taken with a step width of 0.5 µm. After
the last heat treatment step, the specimen was etched with 3% nitric

2
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Table 1
Chemical composition of the investigate material in wt%. Balance is Fe.

C Mn Cr Cu Mo N Ni P S Si Al Ti

0.044 0.185 0.0186 0.0225 0.0017 0.0052 0.0105 0.0066 0.0121 0.0060 0.0426 0.0013

Fig. 1. Light microscopy images of the DC04 microstructure. The material in cold rolled condition was used in this study. The view is parallel to ND, RD is horizontal.

Fig. 2. Measured temperature-time profile.

acid in ethanol and investigated by SE and energy-dispersive X-ray spec-
troscopy (EDX).

2.2.2. Setup B
For the heat treatment in this setup, a Bähr DIL 805A/D dilatome-

ter was employed. To prevent corrosion, the chamber of the dilatometer
was evacuated and flushed with Argon three times before each heating

cycle. The experiment itself was conducted in a low-pressure Argon at-
mosphere. Via inductive heating the sample was heated up from room
temperature to 600 °C in 4 s (average heating rate of 145 Ks⁠−1). Flushing
with Nitrogen enabled cooling rates of approx. − 150 Ks⁠−1 until 100 °C
was reached, see Fig. 2b). As in setup A, the overshooting of the temper-
ature owing to the limited response time of the control system at high
heating rates was minimized by decreasing the heating rate before ap-
proaching the target temperature. However, despite decreasing the heat-
ing rate at 530 °C, overshooting could not be completely prevented (see
Fig. 3). A JEOL JSM 6500F FEG-SEM microscope with an EDAX/TSL de-
tector was used for EBSD and SE characterization. EBSD measurements
have been performed at a step width of 0.25 µm, a small safety margin
ensured that an overlapping area for each sample was characterized.

2.3. Post processing

The orientation data has been processed and analyzed with the TSL
OIM software in version 5.3 and 7.3, respectively. Filtering operations
include Neighbor Orientation Correlation, Neighbor CI (Confidence In-
dex) Correlation, Grain CI Standardization, and Dilation. Additional
analysis, such as calculating the orientation distribution functions (ODF)
to plot pole figures, has been performed with the MTEX toolbox for
MATLAB [1].

3. Results

Altogether, results of six specimens are presented. Two specimens
have been heat treated using setup A for a total nominal time of
400 s (sample 1, five steps) and 360 s (sample 2, six steps), respec-
tively. After cropping all scans to the same area, they have a size
of 146 µm × 170 µm (sample 1) and 142 × 161 µm (sample 2). Setup
B has been used to subject three samples (sample 3, sample 4, and
sample 5) to a three-step heat treatment with a nominal time of

and one (sample 6) to a single step one (i.e. 5 s).
Sample 4, sample 5, and sample 6 encompass an area of approx.
100 × 300 µm while sample 3 has a size of approx. 600 × 600 µm. The
measured area of all samples is parallel to ND, sample 3 was addition-
ally characterized in the Transverse Direction (TD) plane after the final
heating step.

3
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Fig. 3. Comparison of the heating and cooling processes between sample 1 using setup A
(blue, heated 5 times) and sample 5 using setup B (red, 3 cycles). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article)

In the following, different aspects are discussed on selected samples
only. The raw and processed data is available as supplementary mater-
ial to facilitate further analysis (see “Data availability statement” at the
end of this article).

3.1. Time–temperature profile

The measured temperature evolution over time is shown in Fig. 2
and selected details (end of heating/start of cooling) are given in Fig.
3. Here and in the following figures, blue lines denote setup A and red
lines setup B. Fig. 3a shows that setup A allows heating from 560 °C to
600 °C within only 0.5 s compared to 2 s in the case of setup B where a
slower heating rate is employed in an attempt to minimize overshooting.
On the other hand, cooling from 600 °C to 560 °C takes almost 1 s with
setup A compared to less than 0.3 s in setup B (Fig. 3b). In summary,
the samples heat treated with setup B are approximately 2 s longer in
the critical temperature region 560–600 °C than prescribed while for the
ones treated with setup A the actual heating duration is only 1 s longer
than the nominal one.

3.2. Recrystallized volume fraction

By selecting measurement points belonging to regions with low
Grain Orientation Spread (GOS), recrystallized grains are identified and
the recrystallized volume fraction v is determined. The resulting evolu

tion of v over the nominal heat treatment duration is shown in Fig. 4. A
consistent trend among the different setups and samples is seen in this
figure. However, small unsystematic variations between the five sam-
ples can be observed:

• after 5 s , between 4 vol% (sample 3) and 36 vol% (sample 6) recrys-
tallized volume fraction is observed.

• sample 1 has 14 vol% of remaining non-recrystallized grains after
400 s while sample 2 is essentially fully recrystallized after
360 s (3 vol% are not recrystallized).

3.3. Macro-texture

To investigate the evolution of the overall crystallographic texture in
the early stage of recrystallization (up to 20 s), pole figure contour plots
from the combined data of samples 3–5 are plotted. The initial texture
is given in Fig. 5a and the texture after annealing for 20 s at 600 °C in
Fig. 5b. In the as-received condition the typical plane strain compression
texture of a material with bcc crystal structure is visible, i.e. the pro-
nounced α- and γ-fibers are present. The α-fiber, defined as an alignment
of the directions with RD, corresponds to the maxima visible at
the top and bottom of the pole figure. The γ-fiber ( direc-
tions parallel to ND) is best visible as the central maximum in the
pole figure. After the final heat treatment, Fig. 5b, the texture is weaker
but qualitatively similar. To investigate the texture of the volume show-
ing fast respectively slow recrystallization kinetics separate, pole figures
from the combined data of samples 3–5 are shown for non-recrystal-
lized and recrystallized regions after 20 s in Fig. 6. From this figures
it becomes of obvious that the recrystallization texture differs from the
deformation texture. More precisely, the directions are aligned
to RD instead of ND, see pole figures, while the γ-fiber remains
clearly visible (rightmost plots in Fig. 6).

The findings from setup B, focusing on the initial stage of recrystal-
lization, are complemented by results from setup A which give the tex-
ture evolution until almost full recrystallization. The ODFs of the com-
bined data from samples 1 and 2 in cold rolled condition and after the
heat treatment are given in Fig. 7 in terms of pole figures. Fig. 7a shows
the initial condition. A good agreement between Fig. 5a and Fig. 7a can
be seen, indicating that—despite a significantly smaller number of mea-
surement points (approx. 110,000 in comparison to 9 Mio from setup
B)—also the results from setup A are statistically representative for this
purpose. Fig. 7b shows the texture of the after the recrystallized grains
after the last heat treatment step. Also this texture is in good agreement
to the results fromsetup B, revealing no substantial trend reversal dur-
ing the later stage of recrystallization.

3.4. Texture components and individual orientations

For a more detailed analysis of the texture evolution, characteristic
fiber components and individual orientations have been independently
studied. All measured points that deviate by up to 10°from the nominal
fiber direction or orientation, respectively, have been considered for the
following analysis.

Fig. 8 shows the evolution of α-, γ-, and ζ-fiber components in sam-
ple 3–5 for all points (Fig. 8a) and separately for the non-recrystallized
(Fig. 8b) and recrystallized (Fig. 8c) volume. The ζ-fiber, ND,
contains orientations totally absent in the deformation texture and ap-
pear during recrystallization, see pole figure in Fig. 6. Moreover,
it contains the so-called Goss orientation ({1 1 0} )⁠4, which is of

4 In this notation commonly used in discussing rolling textures, the {1 1 0} planes are
parallel to ND and the directions are aligned with RD.
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Fig. 4. Comparison of the evolution of the recrystallized volume fraction of all samples
presented in this study.

Fig. 5. Samples 3–5: Texture evolution represented by pole figures from the orientation
distribution function (ODF). RD is vertical, TD horizontal.

special importance for silicon steels [8]. In terms of volume fraction,
the ζ-fiber is essentially absent in the deformation microstructure and
increases with increasing volume fraction while the fractions of α- and
γ-fibers decrease. The initially already slightly weaker γ-fiber decreases
marginally faster than the α-fiber (Fig. 8a). The separate consideration
of the non-recrystallized (Fig. 8b) and the recrystallized (Fig. 8c) vol-
ume allows to investigate the reasons for this observation: while the
growth-rates are similar, see Fig. 8c, recrystallized grains preferentially
consume orientations belonging to the γ-fiber (Fig. 8b).

The analysis of individual orientations reveals that neither the “ro-
tated cube” orientation, {0 0 1} , (maximum of 5% volume frac-
tion in the deformed state) nor the Goss orientation (maximum of
1% after recrystallization) exist with a significant volume fraction in
any sample at any state. Other typical rolling texture components are
{1 1 1} , {1 1 2} , and {1 1 1} become less pro-
nounced with increasing recrystallized volume fraction, but the still lim-
ited probed area prohibits any substantiated statements.

Fig. 6. Samples 3–5: Texture after 20 s annealing at 600 °C represented by pole figures
from the orientation distribution function (ODF). RD is vertical, TD horizontal.

Fig. 7. Samples 1 and 2: Texture evolution represented by pole figures from the orienta-
tion distribution function (ODF). RD is vertical, TD horizontal.

3.5. Dislocation density

To determine the stored energy, the density of Geometrically Neces-
sary Dislocations (GNDs) can be estimated with an approach described
in Field et al. [9]. It should be noted that 1) the technique gives only a
lower bound, and 2) Statistically Stored Dislocations (SSDs) might also
contribute significantly to the total dislocation density, i.e. the stored
energy. Therefore, interpretation is limited to a relative comparison.
Fig. 9 shows the GND evolution in the deformation and recrystallized
microstructure of sample 3–04. As expected, the GND density is much
lower in the recrystallized microstructure. Moreover, it can be seen

5
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Fig. 8. Evolution of the texture fibers of samples 3–5. The misorientation range is 10°.

Fig. 9. Sample 3–5: Evolution of GND density during the annealing in the recrystallized
and deformed microstructure.

that during annealing the GND density in the deformation microstruc-
ture and in the recrystallized microstructure decreases significantly.

3.6. Microstructure

The microstructure of sample 1 colored according to the inverse pole
figure (IPF) parallel to ND is shown in Fig. 10 in the initial condition
and after the first (20 s), second (45 s), and fifth (400 s) annealing step.
The alignment of the grains stretched during cold rolling with RD (hor-
izontal) is clearly visible in the initial condition (Fig. 10a). The initial
microstructure consists mainly of regions with the and the

parallel to ND, colored in red and blue, respectively. The inho-
mogeneous deformation in the grains can be seen from the color gra-
dients, their varying wavelengths reveal that some grains are continu-
ously bent while others have an alternating in-grain orientation spread.
Within the first 20 s of annealing, approximately 100 new grains (rec-
ognizable by the absence of in-grain orientation scatter) appeared at the
surface. These new grains either nucleated at the surface or nucleated
in the subsurface microstructure and grew to the surface. As seen from
Fig. 10b, the grain size of these new grains varies significantly. More-
over, many of the grains have orientations that are only seen as small
fragments in highly deformed region in the initial microstructure, e.g.
an alignment of the direction with ND (green). After another
annealing of 25 s , Fig. 10c, further grains nucleated and the previously
nucleated grains grew further. Finally, Fig. 10d shows the microstruc-
ture after 400 s , i.e. after five annealing steps. Most of the microstruc-
ture is replaced with newly formed grains with a average apparent di-
ameter below 50 µm. The randomization of the texture observed in the
pole figure plots (Section 3.3) manifests itself in a very colorful IPF map.
Still, 14% of the scanned volume is not recrystallized after this time.
This fraction forms few relatively large areas, from which the former
grain shapes are still visible to some extent. As the remaining deforma-
tion microstructure has reddish colors, their direction is aligned
with ND.

After the heat treatment, sample 1 and sample 3 were etched and
investigated by SEM in order to study the influence of local microstruc-
tural features on the recrystallization behavior. Both types of second
phase particles present in the material, i.e. manganese sulphides (MnS)
and cementite (Fe3C) were detected by SEM and EDX⁠. While the first are
randomly dispersed globular particles with apparent diameters between
0.1 µm and 0.5 µm, the latter are larger elongated precipitates that are
preferably located along the prior grain boundaries. Complementary in-
vestigations of hot rolled DC04 sheet showed that Fe⁠3C is formed dur-
ing hot processing at the boundaries of the globular grains, cf. Fig. 1a.
During cold rolling, the grains are strongly elongated, such that the ce-
mentite breaks into smaller pieces and gets detached. As Fig. 11a and
Fig. 11b show, MnS precipitates are often observed at boundaries/triple
points. This is observed at boundaries between two recrystallized grains
as well as between a recrystallized and a deformed grain. Occasionally,
MnS particles are observed at triple points of the two-dimensional sec-
tion, see Fig. 11b. On the contrary, Fe⁠3C is rarely directly observed af-
ter the heat treatment. This, however, could be an artifact of the exper-
imental investigations as the repeated heating, cooling, and polishing
might have removed some of the incoherent precipitates leaving only
small pits in the matrix. Still, after annealing, some of the grain bound-
aries occupied with cementite are still present as can be seen in Fig. 11c
but such prior boundaries are also found inside recrystallized grains, see
Fig. 11d.

Similar as for sample 1 in Fig. 10, the IPF maps of sample 5 are
shown in Fig. 12. Despite minimal cleaning efforts using the TSL OIM
software, less apparently wrong index points are observed in Fig. 12b
in comparison to Fig. 10a. Grains belonging to the α-fiber appear in
green color in Fig. 12a and the ones belonging to the γ-fiber appear in
blue color in Fig. 12b to e. Since only some grains in the deformed mi

6
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Fig. 10. Sample 1: IPF map along ND at different annealing states. View along ND, RD is horizontal. The recrystallized fraction is denoted by v. The colormap is given in Fig. 15. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)

Fig. 11. High magnification secondary electron (SE) and backscatter electron (BSE) images of particle–recrystallization interaction events.

Fig. 12. Sample 5: IPF map along ND and TD, respectively, at different annealing states. View along ND, RD is horizontal. The recrystallized fraction is denoted by v. The colormap is
given in Fig. 15.

crostructure appear as green color in Fig. 12a and at the same time
in red color in Fig. 12b, the observation of a low fraction of rotated
cube grains is confirmed (v = 0.5% in this sample). As already appar-
ent from Fig. 4, recrystallization happens comparably fast in this sam-
ple, i.e. after 10 s the recrystallized volume fraction is already at 49% in

sample 5 while after 20 s only a value of 34% is reported from sample
1. Still, qualitatively the same observations can be made: Regions with
the orientation parallel to ND show the lowest recrystallization
tendency and grains with γ-fiber texture are preferentially consumed.
This means that new grains appear in regions where the highest defor
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mation has been accumulated: A comparison between the initial mi-
crostructure (Fig. 12b) and the microstructure after the first heat treat-
ment with duration of nominally 5 s (Fig. 12c) shows that a significant
portion of the recrystallization microstructure is located in regions in
which the orientation is varying at a high frequency in the deformed
state.

Fig. 13 shows the initial microstructure of the larger sample 3 from
SE imaging, light optical microscopy imaging, and EBSD together with
EBSD maps of the recrystallization process. The grain boundaries are
clearly visible from the light optical microscopy image (Fig. 13a); the
SE image (Fig. 13b) reveals that most of them are decorated with ce-
mentite. Besides the prevalent ND and ∥ ND regions
already seen in the IPF maps of sample 1 and sample 5, regions hav-
ing are also occasionally observed in Fig. 13c. The EBSD maps
showing the recrystallization process (Fig. 13d to f) are composed from
the Kernel Average Misorientation⁠5 in the deformed microstructure and
the IPF parallel to ND in the recrystallization microstructure. From these
images it can be seen that sample 3 shows a comparably slow recrys-
tallization rate and only after 10 s the recrystallization microstructure
is obvious. As an addition to the finding from Section 3.4 that a signif-
icant portion of the recrystallization texture belongs to the ζ-fiber, the
microstructure maps reveal that these new grains are preferentially lo-
cated in highly deformed regions, i.e. at grain boundaries. These highly
deformed regions often show a large variability in their orientation and,
hence, high orientation gradients. Sample 3 was cut along TD after the
third heating cycle, i.e. nominally 20 s at 600 °C and characterized with
a coarse resolution to measure an area of approx 200 × 800 µm. Fig. 14
reveals two important aspects: First, the grain shape of the deformed
grains can be described as “wavy”, indicating that the grains size calcu-
lations from ND sections give too small values. Second, the variability
in the recrystallized volume fraction is relatively high, i.e. there are re-
gions of 200 × 200 µm (approximately 1/5 of the whole area) with less
than 20% recrystallized volume fraction and regions of the same size
with more than 60% .

4. Discussion

In the following, the employed approach is critically discussed and
the findings with respect to the physics of nucleation and recrystalliza-
tion are discussed.

4.1. Spatial correlation

The presented EBSD images show that the employed approach en-
ables the site specific tracking of the microstructure evolution in highly
deformed materials with high spatial resolution. By comparing the
non-recrystallized regions before and after the polishing, it can be seen
that no significant error is introduced due to the slight polishing that is
required in between some heating cycles.

However, it was not possible to overlay the measurement points
from subsequent measurement steps in a one to one fashion. This is
due to two inaccuracies: First, the manual mounting in the EBSD sys-
tem always results in a slight misalignment. This misalignment can be
corrected by linear deformation-like operation, which, however, will
not make it possible to track individual pixels. Second, the slight tem-
perature fluctuations in the electron microscope during one measure-
ment cycle introduce nonlinear distortions. These distortions would re-
quire an elaborated post processing. While similar approaches exist for
general image processing, the routines used to align slices in 3D EBSD
[39,24] seem to be a promising approach. However, it is not clear how

5 Kernel Average Misorientation (KAM) including the 3 nearest neighbors with a cutoff
of 12°.

they could cope with the abrupt changes in microstructure caused by
the formation of new grains.

Another limitation of surface measurements is the missing in-depth
information. This especially means that the nucleation environment can-
not be investigated as any grain appearing at the surface might have
been nucleated below.

4.2. Annealing conditions

The interrupted annealing aims at simulating continuous annealing
at 600 °C. The heating and cooling required for the SEM measurements
therefore disturbs the desired heat treatment and might cause recov-
ery and, hence, either retard recrystallization by reducing the stored en-
ergy or lead to the formation of nuclei via subgrain formation. As site
specific recovery dislocation density estimates are influenced by polish-
ing, only the global quantities presented in Section 3.5 are discussed
here. The results clearly show that on average also the non-recrystal-
lized points show a noticeable deformation energy reduction, which can
be explained with various ways:

1. The points that are preferentially consumed are the ones with higher
dislocation density, and therefore the overall GND density is de-
creased.

2. The points that are not consumed by a new grain have a decreased
GND density due to recovery.

Since higher dislocation density promotes recovery and recrystalliza-
tion, subtle differences in deformation microstructure and heating con-
ditions determine where recovery takes place [21]. It is obvious from
the spatially resolved analysis (Section 3.6) that grains with higher dis-
location density are consumed first, hence it can be assumed that the
first effect dominates under the heating conditions investigated here.
Moreover, the different time intervals used between setup A and setup
B do not lead to a significantly different recrystallization behavior as
it would be the case if recovery between the nominal annealing cycles
played an important role.

An additional source of inaccuracy is the overshooting of the temper-
ature during heating which is especially pronounced in setup B. Retro-
spectively, it would have been better to reduce the initial heating rate to
decrease the kink angle when reducing the heat rate before reaching the
nominal temperature. Still, the consistency of the results obtained from
both setups shows that their temperature control is sufficiently precise.

4.3. Statistical relevance

The recrystallization rates of the different samples are in good agree-
ment if one takes into account the highly non-linear kinetics of recrystal-
lization. The observed scatter seems to be caused by the limited size of
the individual specimen which are individually not fully representative
for the material. This observation is also supported by the results from
sample 3, which clearly show that the microstructure variability leads
to locally very different recrystallization rates even within one sample.
In contrast, the texture evolution is consistent among the samples and
can be predicted with good reliability even from the individual samples.
This observation is affirmed by the fact that the observed texture evo-
lution is not in contradiction with known results from similar materials
[29,12].

4.4. Nucleation sites and orientation

The results show that the local tendency of the deformed microstruc-
ture to be consumed by new grains can be approximately predicted
from the deformation state in cold rolled condition. More pre
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Fig. 13. Sample 3: Initial microstructure and combined IPF/KAM maps. The colormap for the IPF is given in Fig. 15, for the grey scale KAM values white indicates 0°and black 12°. The
size is 600 × 600 µm. View along ND, RD is horizontal. The recrystallized fraction is denoted by v.

cisely, the KAM or GND values in the deformation microstructure al-
low to envision which regions are consumed first. This directly relates
to crystallographic orientation, i.e. grains with a higher Taylor factor

(typically γ-fiber) are among the ones that are consumed first. This
finding is in agreement with previous studies [29]. Moreover, the re-
gions of high grain fragmentation are the ones where new grains nucle

9
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Fig. 14. Sample 3: The size is 600 × 600 µm. View along TD, RD is horizontal. The colormap is given in Fig. 15.

Fig. 15. Color coding for the inverse pole figure maps in Fig. 10 and 12 to 14.

ate first. While in silicon steels typically Goss-oriented grains nucleate
in the highly fragmented shear band regions [8], in interstitial free (IF)
steels they are the nucleation sites for γ-fiber grains [3]. In this study,
it is also found that only a few Goss grains nucleate but a substantial
fraction of the ζ-fiber—which contains the Goss orientation—is found.
Despite the appearance of “new” orientations, the spatial maps (Figs. 10
and 13) show—in agreement with pole figure plots (Fig. 6 and 7)—that
the orientation of many recrystallized grains can be related to the ori-
entations found in the vicinity of their appearance. However, a direct
one-to-one observation of this behavior is difficult to obtain as nucle-
ation also occurs in sub-surface regions which are not accessible to the
employed surface characterization approach. In addition, a further in-
creased spatial resolution would be required to resolve all sub-grain
structures found in the heavily deformed grains with γ orientation to
characterize all crystallographic orientation present at the surface in the
vicinity of a nucleation event.

4.5. Recrystallization kinetics

The Johnson–Mehl–Avrami–Kolmogorov (JMAK) equation is
often used to describe recrystallization or other phase transformation
phenomena at constant temperature [30,35]. This equation gives the
volume fraction of the recrystallized grains v in dependence of two pa-
rameters, β and n, and the time t as

(1)

When assuming spherical grains, spatially random nucleation sites and
constant growth rate, analytic expressions have been derived for the
two cases of site-saturated nucleation and constant nucleation rate. For
the former case the exponent takes the value n = 3 and in the latter
n = 4 holds. Rios and Villa [35] and Villa and Rios [38] provided ana

lytic solutions for non-random nucleation site distributions and showed
that clustered distributions significantly delay the recrystallization ki-
netics. These results can partly explain inability to fit the measured
curves to the classical solutions (n = 3 and n = 4) of Eq. (1). The re-
sults of this study also show that the spatially varying dislocation den-
sity has a large impact on the recrystallization behavior, such that the
assumption of a constant velocity is not justified. Altogether, it can be
concluded that the variety of microstructural details present in the in-
vestigated material prohibit the assumptions required to use analytic ex-
pressions based on the JMAK equation to predict the recrystallization
kinetics.

4.6. Influence of precipitates

Precipitates can pin moving grain boundaries, e.g. by Zener pinning
[7]. While at some places the motion of the recrystallization front is re-
tarded due to the presence of cementite and MnS precipitates, cf. Fig.
11, precipitates are also found in the interior of newly formed grains.
According to the Zener equation [28], the pinning force of such parti-
cles is proportional to the particle volume fraction and inversely pro-
portional to the mean particle size. As seen in Fig. 1a, the MnS precipi-
tates are randomly distributed in the microstructure and the individual
precipitates are small (diameters below 0.5 µm) and of globular shape.
Hence, Zener pinning can explain the jagged shape of the grain bound-
aries.

The cementite precipitates are bigger, of elongated shape and are
very heterogeneously distributed, predominantly along prior grain
boundaries of the hot rolled microstructure. In the cold rolled mi-
crostructure, the broken precipitates are still limited only to the grain
boundaries. Therefore, they can only effectively pin new grain bound-
aries when they cross the grain boundaries of the cold rolled microstruc-
ture. Although cementite precipitates can locally delay recrystallization,
cf. Fig. 11c, it can be assumed that the inhomogeneous distribution and
large particle size prevents effective grain boundary pinning.

5. Summary

Quasi in situ experiments have been performed using two different
setups which allow to track microstructure evolution with high resolu-
tion in time and space. Consistent results among various samples have
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been collected which grounds the present study on a statistically rele-
vant basis.

The influence of crystallographic orientation on the recrystallization
behavior from previous mean-field investigations is confirmed [29,12]:
from the Kernel Average Misorientation (KAM) values of the deforma-
tion structure, the consumption tendency can be predicted. Crystallo-
graphic analysis shows that the most deformed regions have either a
γ-fiber orientation or belong to heavily fragmented shear band regions.
New grains nucleate especially in such highly deformed regions and
inherit often the orientation from the deformation microstructure [3].
This leads to an increase of the ζ-fiber via nucleation from highly de-
formed region and an initial decrease of the γ-fiber which is preferen-
tially consumed due to its high stored energy. As α-fiber and γ-fiber are
present with the same volume fraction in recrystallized grains, the fully
recrystallized microstructure has roughly the same volume fraction of
both components. While from an industrial perspective a higher volume
fraction of γ-fiber would be beneficial, for the height reduction level of
65%, such behavior is not surprising [29]. The overall weakening of
the texture can be explained by the preferred nucleation in regions with
very high grain fragmentation.

The large differences in the stored energy due to dislocations is deci-
sive for the tendency to recrystallize and dominates over effects of pre-
cipitates.
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