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Abstract: A set of IF steel specimens, at several stages of recrystallization, were subjected to 

EBSD analysis to provide data for a study of primary recrystallization. First, a criterion was 

defined for detecting the recrystallized grains that combines multiple parameters.  The new 

approach pays particular attention to ensuring that reasonable recrystallized fractions are 

obtained in both the early and late stages of recrystallization. Using this to partition 

orientations maps into recrystallized and non-recrystallized grains, the distribution and density 

of nuclei, their correlation with EBSD parameters and stored energy, and their texture were 

determined. The evolution of the grain size distribution, microstructure and texture is then 

discussed in terms of the balance of the two main mechanisms (growth of the recrystallized 

grains into the deformed matrix and grain growth competition between already recrystallized 

grains) which occur during recrystallization. 
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1. Introduction 

Heat treatment is an important aspect of the processing of metallic materials for optimizing 

the properties of the final product. Therefore, the study of recrystallization and its effect on 

the changes in the microstructures has given rise over the decades to a substantial literature 

that considers its various stages, i.e., recovery, nucleation, growth of recrystallized grains into 

the deformed matrix, grain growth competition [1-3]. This has been done using experimental 

data as well as models for a large variety of alloys [4-6]. Thanks to its development more than 

twenty years ago, EBSD (Electron Back Scattering Diffraction) has become an important tool 

for such studies. EBSD-based orientation maps are not only useful for determining the texture 

of a material but provide also a wealth of microstructural information such as grain size, grain 

boundary character, orientation gradients, and GND (Geometrically Necessary Dislocation) 

density [7]. Finding a way to obtain some insight into microstructure is especially important 

because the several mechanisms are not sequential but mainly simultaneous. At a given time 

during a heat treatment, some areas of a sample may be already recrystallized whereas some 

other areas are still recovered or even deformed. Although the literature is abundant, there are 

only few papers, for example [8-10], that provide quantitative data based on experiments, 

regarding questions such as nuclei density or nucleation rate or relative balance of the several 

mechanisms. 

The goal of the present paper is to obtain information on primary recrystallization based on 

EBSD maps of partially recrystallized samples at several stages of recrystallization. The 

material used for this study is an interstitial-free (IF) steel. To achieve the goal, it is necessary 

to partition the maps into recrystallized and non-recrystallized grains, which is a process that 

itself has a substantial history [11-13]. Therefore, a new criterion was first developed for 

detecting the recrystallized grains that combines multiple parameters.  By considering data 

from samples with low recrystallized fraction, the conditions of nucleation and the correlation 



with stored energy are analyzed in detail. A specific misorientation parameter is defined to 

account for grain boundary mobility and analyze the various grain size distributions. Finally, 

the microstructure and texture evolution during primary recrystallization are discussed in 

terms of the balance between the main recrystallization mechanisms. 

2. Materials and methods 

The material used for this study was an IF steel whose composition is given in Table 1. The 

designation “IF” implies that the low levels of interstitials such as carbon and nitrogen are 

mostly sequestered in the form of carbo-nitrides.  

Element C Mn P S N Si Cu Ni Cr Al Ti Fe 

wt% x10-3 8 196 4 10 31 4 7 18 14 41 97 Bal. 

 

Table 1: chemical composition of the IF steel. 

The as-received material was a 2.8 mm thick sheet after industrial warm rolling. Samples 

removed from this sheet were then cold rolled up to 75 % (thickness reduction) on a 

laboratory rolling mill and were then submitted to various heat treatments to generate partially 

recrystallized samples at various stages of recrystallization. Table 2 shows some 

characteristics of the samples selected for this study, all of which were cold rolled to a 

reduction in thickness of 75 %. S_0 is the deformed state, S_1 to S_5 correspond to partially 

recrystallized state whereas S_6 is fully recrystallized (after primary recrystallization and 

significant grain growth). 

After standard metallographic preparation, EBSD measurements were made on a 6500F JEOL 

FEG SEM with an Oxford Instruments AZtec EBSD system. The post-processing of the raw 

data was done with the ATEX software [14]. 

 



Sample 

name 

Heat Treatment 

Temperature (°C) 

Heat Treatment 

Time (minutes) 

EBSD map 

area (µm2) 

Step size for EBSD 

(µm) 

S_0 -  - 66,849 0.15 

S_1 630 5 44,771 0.15 

S_2 620 15 125,829 0.40 

S_3 625 60 225,500 0.50 

S_4 630 30 29,708 0.15 

S_5 630 45 267,307 0.40 

S_6 800 300 240,500 0.50 

 

Table 2: list of samples used in this study and conditions used for EBSD maps. 

 Basic characteristics of the EBSD maps are given in Table 2. For grain detection we used a 

threshold value of 5° for the misorientation angle between two adjacent pixels.  

Figure 1 shows parts of the EBSD maps for the two extreme cases (cases with the least and 

the most recrystallized grains, i.e., samples S_1 and S_5. 



 

Figure 1: Band contrast map of samples S_1 (a) and S_5 (b) where grain boundaries (GBs) 

with a misorientation angle between 5° and 15° are in red and GBs with a misorientation over 

15° are in black. 

3. Detection of recrystallized grains 

In partially recrystallized samples, it is essential to partition the grains into those which are 

already recrystallized in order to understand how recrystallization evolves. Such a procedure 

is always somewhat subjective because there is no precise definition for a recrystallized grain. 

There have been many parameters deduced from EBSD data for the discrimination of 

recrystallized grains and quantifying the recrystallization kinetics [7]. They are generally 

based on the quality of diffraction patterns (PQ) [15, 16] and measures of internal 



misorientations such as: the Grain Orientation Spread (GOS) (see Eq. 1) [11-13, 17, 18], the 

Kernel Average Misorientation (KAM) (see Eq. 5) [19-21] and grain boundary analysis [22, 

23]. Furthermore, the size and shape (i.e., aspect ratio) of recrystallized grains were taken into 

account in several cases [24-26]. The misorientation-based methods are more efficient than 

the PQ-based method for the identification of recrystallized grains. The latter is very sensitive 

to the contamination during sample preparation and depends on the measurement parameters 

[15, 27]. 

Several papers have suggested the use of GOS to detect recrystallized grains [11-13, 17, 28, 

29].  

For a grain numbered i, its grain orientation spread, GOS(i), is defined as 

GOS�i� � 1
n�

 � ω 
g�, � g� ��
����

���
                                                             Eq. 1 

where ni is the number of pixels of the grain numbered i, j enumerates the pixels in this grain i 

and ω(gj, <gi>) is the misorientation angle between the orientation gj of a pixel and the mean 

orientation <gi> of grain i. 

For a set of N grains, a mean value, GOS, can be defined as 

GOS � 1
N � GOS�i�                                                                  Eq. 2

���

���
 

The GOS is a measure of intragranular orientation gradient for long-range orientation 

consistency. However, the KAM is a pixel property, calculated as the average misorientation 

angle between that considered individual point and its neighbors (i.e., the kernel 

neighborhood) and can be used as the criterion for short range orientation consistency. The 

KAM is not adapted for identification of the recrystallized grains and grain boundaries 

between the recrystallized and deformed grains because of the kernel neighborhood value is 



very sensitive to the step size. The GOS is considered to be the most successful tool for the 

identification of the recrystallized grains [24, 30, 31]. The reason for this can perhaps be 

found in the fundamental feature of primary recrystallization where long range boundary 

motion removes dislocation content which also removes (long range) orientation gradients. 

Detection of the recrystallized grains is made using a limit value for GOS(i). A wide range of  

GOS threshold values from 1° to 3° has been used in the literature for various materials [18, 

32] including IF steels [31, 33].   

When one applies this criterion (GOS(i) < 2.5°) to the grains of the deformed specimen 

(sample S_0) one obtains 9,322 recrystallized grains!  They represent 5.7 % of the map area 

and have a mean grain size of 0.7 µm. This is of course unacceptable for a purely deformed 

state. Even after decreasing the limit value for GOS(i), there remain small grains that are 

classified as recrystallized (for example 6,519 grains corresponding to 2.8 % of the map area 

and a mean grain size of 0.6 µm with the criterion GOS(i) < 1.5°). 

It is therefore necessary to consider possible combinations of parameters to improve the 

detection of recrystallized grains. Several papers have proposed combinations between 

internal misorientations and other morphological criteria [31, 34, 35]. Wu and Juul Jensen 

[36] and Lin et al. [35] defined a recrystallized grain using three criteria: misorientation inside 

the grain smaller than a threshold value, larger than a certain size and at least partially 

surrounded (more than a defined number of pixels along the grain boundary) by high-angle 

boundaries (HABs) to the deformed matrix.  

Kerisit et al. reported that analysis of the Kernel Average Misorientation maps coupled with 

that of the Grain Orientation Spread allows the discrimination of recrystallization and 

recovery [37]. Malta et al. [34] employed the GOS and KAM parameters combined with a 

minimum recrystallized grain size to determine the recrystallization kinetics and texture 



evolution during recrystallization of a Nb-stabilized ferritic stainless steel. Gazder et al. [38, 

39] partitioned EBSD maps into deformed, recovered and recrystallized fractions via a grain 

orientation spread threshold and an aspect ratio criterion. Furthermore, the recrystallized 

fraction was separated into newly nucleated and growing grain fractions based on a grain size 

criterion deduced from the frequency distribution of the recrystallized grain size. Using the 

GOS method and a grain size threshold for recrystallized grains discrimination, Kim et al. 

[31] reported that many small subgrains were misidentified as recrystallized because they 

have GOS values less than the limit value of 2.5°, for the deformed and the early stages of 

recrystallization; also many recrystallized grains were misidentified as deformed for the 

almost fully recrystallized state in an IF steel. In the parlance of data analytics, the rate of 

false positives and false negatives was unacceptably high. In order to reduce the 

misclassification of recrystallized grains, the authors proposed an adaptive threshold GOS that 

is adjusted according to the recrystallization stage: however, if one wants to track the early 

and the end stages of recrystallization, this method is strongly heuristic and unlikely to be 

transferable to other cases, just as they concluded. 

With the objective of identifying the most significant parameters for recognizing 

recrystallized grains, we checked several parameters which can be calculated for each 

individual grain. The quantities considered were GOS(i), the ‘normalized’ value GOS(i)/Di 

where Di is the grain diameter, Ellip(i) the ellipticity of the grain and GND(i) the mean 

Geometrically Necessary Dislocation density in the grain.  GND(j), associated to one pixel, is 

deduced from the orientation variation between this pixel and the neighbor ones [40-42]. 

GND(i) is the mean value for grain number i. It is provided as one of the output quantities 

obtained with the Atex software [14]. The ellipticity parameter, calculated for each grain, 

Ellip(i), is obtained by fitting an ellipse to each grain and calculating the quantity 1-b/a with a 

and b the length in the two main directions of the ellipse. 



Table 3 shows the mean value of these parameters for all grains with at least 4 pixels (these 

quantities are considered as not meaningful for very small grains consisting of less than 4 

pixels). In this table, the area fraction in % corresponds to the area of grains with at least 4 

pixels. 

Sample No. grains 

(≥ 4 pix.) 

Area 

fraction (%) 

<Di> 

(µm) 

<GOS(i)> 

(°) 

<GOS(i)/Di> 

(°/µm) 

<Ellip(i)> <GND(i)> 

x10-14(m-2) 

S_0 12,819 94.6 2.5 2.18 2.12 0.44 7.03 

S_1 7,170 97.8 2.8 1.53 1.23 0.36 4.12 

S_2 17,298 95.8 2.9 2.09 1.14 0.40 3.16 

S_3 12,990 97.0 4.6 1.78 0.64 0.42 1.77 

S_4 1,603 99.1 4.8 1.11 0.65 0.36 2.38 

S_5 3,938 98.9 9.2 0.65 0.21 0.36 0.74 

S_6 757 99.6 20.1 0.54 0.05 0.30 0.61 

 

Table 3: Number of grains, area fraction and mean parameters GOS, GOS/D, Ellip, GND 

density for all the grains with more than 3 pixels for the several samples.  

The mean values GOS/D, GOS and GND density appear to be quite sensitive to the 

metallurgical state as already noted by previous authors [43, 44]. Because GND density is 

known to depend on the step size in the map [42], we searched for a combination of criteria 

based on GOS and GOS/D values. From our tests it appears that the criterion GOS(i) < lim 

(2.5° for example) correctly identifies large grains which are very likely recrystallized but 

also selects many small grains that are likely not recrystallized. By contrast, the criterion 

GOS(i)/Di < lim (1°/µm for example) correctly identifies small grains that are probably 

recrystallized but also includes large grains which are not recrystallized.  So the combination 



of the two criteria appears to be a good solution for detecting the subpopulation of 

recrystallized grains. 

A satisfactory combination should give, for the recrystallized fraction, a value close to 0 % for 

the deformed state (sample S_0) and a value close to 100 % for the fully recrystallized state 

(sample S_6). Table 4 shows the results obtained with the combination GOS(i) < 2.5° and 

GOS(i)/Di < 1°/µm, ignoring grains with less than 4 pixels. <D>ReX is the mean grain size of 

the recrystallized grains and Rex-fraction is the recrystallized area fraction in %. 

Sample Number of ReX grains ReX_fraction (%) <D>ReX (µm) 

S_0 887 0.8  0.9  

S_1 3,328 8.2  1.2  

S_2 7,223 11.4  1.6   

S_3 8,373 48.2  3.8 

S_4 1,157 71.6  4.8  

S_5 3,490 88.6  9.3 

S_6 754 98.3  20.0  

 

Table 4: number of recrystallized grains, recrystallized fraction and mean grain size of the 

recrystallized grains for the several samples using the described combination of criteria. 

This combination of criteria appears to be satisfactory because it yields a very small area 

fraction of recrystallized grains (0.8 %) for the deformed state and a large one (98.3 %) for the 

fully recrystallized state. The other samples (S_1 to S_5) show correspondingly increasing 

recrystallized fractions.  



Figure 2 shows the band contrast map for all the grains and the band contrast map for the 

grains detected as recrystallized in the case of the sample S_3 (recrystallized fraction of 

48.2 %). 

 

Figure 2: Band contrast map of sample S_3: a) for all the grains, b) restricted to the 

recrystallized grains detected with the described combination of criteria. Grain boundaries 

(GBs) with a misorientation angle between 5° and 15° are in red and GBs with a 

misorientation over 15° are in black. 

This combination will be used in the following to select the recrystallized grains and discuss 

their properties.  

4. Nucleation 

When considering the samples with low recrystallized fractions (8.2 % and 11.4 % for 

samples S_1 and S_2 respectively) it is possible to deduce some information on nucleation. 

Indeed, if one makes the reasonable assumption that each grain originates from a nucleus, one 

obtains the number of nuclei, their density and one can calculate the texture of the nuclei. For 

sample S_1, 3,471 recrystallized grains correspond to 3,471 nuclei and for sample S_2 one 

finds 7,223 nuclei. These numbers correspond then to a nucleus density of 0.08 /µm2 for S_1 



and 0.11 /µm2 for S_2. This gives an estimate of the nucleus density which is useful for 

simulation or estimation of JMAK (Johnson–Mehl–Avrami–Kolmogorov) kinetics [1]. 

The spatial distribution of the nuclei is rather homogeneous. It is also possible to have a rough 

indication of the nucleation rate if one makes the crude assumption that the recrystallized 

grains grow with a constant growth speed in the deformed matrix. In this view the largest 

recrystallized grains come from the first appearing nuclei whereas the smallest recrystallized 

grains come from nuclei formed at the end of the heat treatment. Considering a grain with a 

diameter Di, its growth time, tgi, is then given by 

Di = 2 v tgi       Eq. 3 

where v is the growth speed in µm/mn. The growth speed v can be estimated by considering 

that, for the largest grain, its nucleus appears at the beginning of the heat treatment. The time 

ti at which a nucleus number i appears is then 

ti= tf –tgi = tf – Di/2v      Eq. 4 

where tf is the total time of the isothermal heat treatment. 

Figure 3 shows, for the sample S_1, heat treated at 630 °C for 5 minutes, the grain size 

distribution for the 3,477 recrystallized grains (fraction in % versus diameter) and the time at 

which the 3,477 corresponding nuclei appear (fraction of nuclei in % versus time). For this 

sample the largest recrystallized grain has a diameter of 9.2 µm; this value was used to 

determine the grain growth speed according to Eq. 3 with tgi=tf which leads to v=0.92 µm/mn. 



 

Figure 3: a) grain size distribution (fraction of grains in % versus diameter), b) fraction of 

nuclei in % versus time in minutes. 

Figure 3b shows that most of the nuclei appear during a short period of time between 4 and 

5 minutes of heat treatment. This indicates that the assumption ‘site saturated’ nucleation (i.e., 

all the nuclei appear at once), often used in modeling schemes of primary recrystallization, is 

quite acceptable. 

The assumption that each recrystallized grain originates from a single nucleus also enables 

determination of the texture of the nuclei. The ODF (Orientation Density Function) of the 

nuclei is calculated using the following conditions: each nucleus has a weight equal to 1 and 

its orientation is the mean orientation of the corresponding recrystallized grain. Figure 4 

shows, for the sample S_1, the partitioned ODF’s obtained when considering all the grains, 

only the recrystallized grains and only the nuclei. Only the section φ2=45° of the ODF where 

the main texture features appear is presented. Note that no sample symmetry is applied which 

requires the full range 0-360° for the first Euler angle φ1. 



 

Figure 4: Section φ2=45° of the ODF’s for the sample S_1: a) all the grains, b) only 

recrystallized grains and c) nuclei. 

When all the grains are taken into account (Fig. 4a), the texture is mainly a deformation 

texture with an alpha fiber and a weaker gamma fiber as the preferred orientations. When only 

recrystallized grains are included (Fig. 4b), the texture consists mainly of a gamma fiber with 

a peak around the orientation {111}<0 -1 1> , i.e. g={φ1=60°, Φ=54.7°, φ2=45°} (the 3 peaks 

are due to the cubic threefold crystal symmetry). The nuclei (Fig. 4c) exhibit a gamma fiber 



texture type with a more homogeneous distribution along the gamma fiber compared to the 

recrystallized grains (Fig. 4b). 

Globally the trend is clear for the texture. Primary recrystallization, at the early stage 

considered here, leads to disappearance of the alpha fiber and reinforcement along the gamma 

fiber because of the preferred orientation of the nuclei. This is in accordance with the trend 

classically observed in texture studies of low carbon steels [45-49].  

5. Stored energy 

The stored energy in the deformed state plays an essential role for primary recrystallization 

because differences of stored energy between grains induce a driving pressure on grain 

boundaries. This even applies at very low deformation levels in strain-induced boundary 

migration [50]. It is therefore interesting to check if some parameters obtained from the EBSD 

map of a deformed sample can give information on its distribution. The number of parameters 

possibly linked with stored energy is quite limited. For this check, we have considered the 

quantities GND density and KAM (Kernel Average Misorientation) which can be calculated 

for each pixel of an EBSD map. For a pixel numbered i, the quantity KAM(i) is defined as 

KAM�i� � 1
nv�

 � ω 
g�, g��
���"�

���
                                                        Eq. 5 

where nvi is the number of neighbor pixels of the pixel numbered i, j enumerates the neighbor 

pixels and ω(gi, gj) is the misorientation angle between the orientation gi of the pixel i and the 

orientation gj of a neighbor pixel j. If a neighbor pixel j does not belong to the same grain as 

the pixel i, it is excluded from the sum. In our case where the EBSD map is displayed on a 

regular square grid we have chosen nvi=8. 



In our view a ‘successful’ nucleus, i.e., a nucleus that continues to grow as a recrystallized 

grain, is a small domain with few defects, embedded in an area with high stored energy (to 

have a high driving pressure on its borders) and having a significant misorientation with its 

vicinity (to have some mobility of its perimeter). Areas with high KAM values, or high GND 

density values, could therefore be the right places for nuclei. Note that although their 

definition is different, both quantities (KAM and GND density) are linked with orientation 

variation and are then expected to show, at least qualitatively, the same trend. 

Both KAM and GND density have been calculated for all indexed pixels of the EBSD map of 

the deformed sample S_0. Then pixels with the highest values of KAM or GND density have 

been selected. The number of these selected pixels was fixed to correspond to the nuclei 

density (0.08 / µm2) found previously. For the EBSD map area of sample S_1 (66,849 µm2) 

one has then 5,347 pixels. The texture of these pixels were calculated and compared with the 

texture of the nuclei presented in the previous section. Figure 5 shows the section φ2=45° of 

the ODF’s of the 5,347 pixels with the highest KAM and GND density values. 

These ODF’s show similarities with the nuclei texture of Fig. 4c. To quantify the difference 

between an ODF calculated from the pixels with the highest KAM (or GND density) values 

and the ODF of the nuclei we have calculated the volume fraction of the difference function, 

V∆  (see the definition in Appendix A). One obtains V∆ = 21.5 % for KAM values and V∆ = 

29.1 % for GND values. If one makes the same calculation for the difference between the 

ODF of the nuclei and the one of the deformed state (without any filtering) one obtains a 

value V∆ = 29.0 %.  The texture obtained with KAM values is the closest with the one of 

nuclei with 78.5 % of the volume having the same orientations and 21.5 % having orientations 

which differ. Its compares also well with the texture of the pixels with the highest stored 

energy, where stored energy is calculated from a simulated deformation texture using a 



CPFEM model [49]. Moreover, when considering the texture of the pixels with the lowest 

KAM values, for example, the 5 % of the pixels with the lowest values, there is also a 

reasonable agreement with the texture of the pixels with the lowest stored energy presented in 

[49].  KAM values appear then to be an acceptable indicator for stored energy, which is 

reasonable since KAM represents the local orientation gradients which in turn are present 

because of the GND content. 

 

Figure 5: Section φ2=45° of the ODF a) of the 5,347 pixels with the highest KAM values b) of 

the 5,347 pixels with the highest GND density values. 

 

6. Grain size distributions and Grain Boundary Mobility 

The detection of recrystallized grains from the several maps allows grain size distributions to 

be computed. Figure 6 shows the grain size distribution of the recrystallized grains for the five 

partially recrystallized samples S_1 to S_5.  The most striking feature is that, in all the cases, 



there is a long tail towards large grains. There are indeed a small number of grains much 

larger than the mean grain size.  

Figure 6: Grain size distribution (number of grains fraction in % versus grain diameter) of the 

recrystallized grains for: a) sample S_1, b) sample S_2, c) sample S_3, d) sample S_4 and e) 

sample S_5. 



As emphasized previously, a nucleus must have mobile boundaries so that it can grow and 

become a recrystallized grain. We have checked some global characteristics of the grain 

boundaries of recrystallized grains, at several levels of recrystallization, to see if some 

specificities appear. In all the cases only a very small amount of CSL (Coincidence Site 

Lattice) boundaries exist which means that they do not play a significant role in the growth of 

the grains. To seek an explanation for observed grain size distributions, we calculated, for 

each grain, a grain vicinity misorientation parameter, denoted gvmp(i), defined as  

gvmp�i� � 1
L�

 � L�� ω 
g�, g��
����

���
                                                        '(. 6 

where Li is the total length of GBs of the ith grain, j numbers the grains in contact with the ith 

grain, Lij is the GB length between grain i and grain j and ω(gi,gj) is the misorientation angle 

between grains i and j. The parameter gvmp(i) is then in degrees. Note that it is a global 

parameter (i.e. one value per grain) which does not take into account the ‘state’ of the vicinity, 

i.e., whether a neighbor grain is already recrystallized or still deformed. 

Figure 7 shows the distribution of this parameter for recrystallized grains and non-

recrystallized ones for sample S_3 (48.2 % for the recrystallized fraction). There is only a 

very small shift or bias for the recrystallized grains to have larger misorientation angles. 



 

Figure 7: Fraction of grains (in %) versus the grain vicinity misorientation parameter (in 

degrees) in the case of sample S_3 for both the 8,373 recrystallized grains and the 4,617 non-

recrystallized ones. 

In Table 5 the mean value of the grain vicinity misorientation parameter is given for the three 

subpopulations (recrystallized grains, only the 20 largest recrystallized grains, and the not 

recrystallized grains) for the five partially recrystallized samples. 

 S_1 S_2 S_3 S_4 S_5 

ReX grains 28.2° 26.5° 30.8° 34.5° 36.4° 

20 largest ReX grains 37.1° 35.8° 39.7° 39.1° 35.8° 

Non-ReX grains 26.6° 24.7° 27.4° 29.5° 33.9° 

 

Table 5: mean value of the grain vicinity misorientation parameter for the three grain 

subpopulations (recrystallized grains, 20 largest recrystallized grains, non-recrystallized 

grains) for samples S_1 to S_5. 



The trend is similar for the samples S_1 to S_4. There is only a slight increase of this mean 

parameter for the recrystallized grains compared to the non-recrystallized ones. For the largest 

recrystallized grains (subpopulation made with the 20 largest recrystallized grains), however, 

the increase is significant with about 9° for the samples up to 48.2 % recrystallized. This 

difference disappears in sample S_5 (88.6 % recrystallization) where grain growth 

competition becomes an important mechanism. 

Our results demonstrate at least a correlation between size and misorientation around a 

recrystallizing grain and opens the question: do the GBs with large misorientation angles have 

somehow a higher mobility? The question of GB mobility is very complex and data regarding 

its dependence on misorientation angle, especially for medium and large angles, are quite 

limited [51]. This suggests that consideration of whether higher mobilities occur at large 

misorientation angles is a meaningful question. 

For our experiments, there are in fact several possible assumptions to explain the existence of 

a few large recrystallized grains. Indeed, these grains could be due to nuclei which appear 

very early and have then more time to grow or due to nuclei which were close to large 

deformed arrays with high stored energy or even a combination of both assumptions. This 

appears unlikely, however, because it implies that the nucleation rate is very slow in the early 

stages of recrystallization compared to later times. 

Although our result about larger grain vicinity misorientation angles for the largest 

recrystallized grains is unlikely to have occurred just by chance, it is not yet possible to draw 

a clear conclusion on a higher intrinsic mobility of these particular GB’s.  

7. Evolution of microstructure and texture during primary recrystallization 

Three processes occur simultaneously during a heat treatment after plastic deformation: 

recovery, growth of recrystallized grains into the deformed matrix and grain growth 



competition into the already recrystallized areas. Obviously the balance between these three 

processes evolves significantly along the heat treatment time. Recrystallization into the 

deformed areas and grain growth competition within clusters of recrystallized grains operate 

with quite different driving forces and have therefore different kinetics [1].  

The grain size distribution and the mean grain size at the end of the primary recrystallization 

are then the result of these processes. 

Figure 8 shows the evolution of the mean grain size of the recrystallized grains versus the 

recrystallized fraction (samples S_1 to S_5).  

 

Figure 8: Evolution of the mean grain size of recrystallized grains (in microns) versus the 

recrystallized fraction (in %). 

If one makes the assumptions that a) all the nuclei appear at once, b) that the grain growth into 

the deformed matrix has a constant speed and that c) there is no grain growth competition (2D 

model), such a curve is nearly linear except in the very beginning of the growth (between 0 % 

and 10 %).  

Figure 8 shows clearly that, after a first linear part up to a recrystallized fraction around 50 %, 

there is a significant increase of the mean grain size. This is the indication that, after about 

50 % recrystallized, grain growth competition becomes the dominant mechanism. This is also 



confirmed if one considers the density of the recrystallized grains (number of recrystallized 

grains per micron square). This density is about 0.08 / µm2 in the beginning (sample S_1 with 

8.2 % recrystallization) and only 0.013 / µm2 before the end (sample S_5 with 88.6 % 

recrystallization), which means that a large number of recrystallized grains (about 80 % of 

these grains) disappears, whereas some other (about 20 %) grow, mainly because of grain 

growth competition. 

These results show that, if one wants to predict the evolution of grain size during primary 

recrystallization, starting from data in the deformed state, it is necessary to have a model that 

accounts for at least the two mechanisms, i.e., grain growth into the deformed matrix and 

grain growth competition as well as a correct balance of their importance. 

In contrast to plastic deformation, primary recrystallization does not generate new orientations 

compared to the ones existing in the deformed matrix. Nuclei are assumed to be small ‘clean’ 

domains existing in the deformed matrix having given orientations. They define then, in the 

whole orientation space, a given orientation subspace. Along the primary recrystallization, the 

weights of the orientations in this subspace will increase or decrease according to the fact that 

some recrystallized grains develop or disappear.  

Figure 9a shows the sections φ2=45° of the ODF of the nuclei (defined above in section 3). 

The orientation subspace mentioned above is then the domain where this ODF is greater than 

0, which is mainly centered on the gamma fiber.  



 

Figure 9: section φ2=45° of the ODF for: a) the nuclei and for the recrystallized grains of 

samples: b) S_1 (8.2 % recrystallized fraction), c) S_2 (48.2 % recrystallized fraction) and d) 

S_5 (88.6 % recrystallized fraction). 



During the first stage of primary recrystallization where the main mechanism is the growth of 

the recrystallized grains into the deformed matrix, a texture with mainly a gamma fiber builds 

up. After 8 % of recrystallization the gamma fiber has preferred orientations around (111)[0-

11] (corresponding to the 3 orientations φ1={60°, 180°, 300°}, with Φ =55°, φ2=45°) and also 

a few orientations outside the gamma fiber (Fig. 9b). After 48 % of recrystallization the 

distribution along the gamma fiber is more uniform and the orientations outside the gamma 

fiber have weakened (Fig. 9c). One should note that, for these textures, the statistics are 

somewhat limited. Indeed, a small number of recrystallized grains, the largest ones, represent 

a large fraction of the recrystallized volume and thus a large part of the texture (for example, 

in the case of sample S_1 with 8 % recrystallization, the 100 largest recrystallized grains 

(over 3,328) represent 29 % of the recrystallized area). 

During the second stage of primary recrystallization, where grain growth becomes important, 

the gamma fiber strengthens with reinforcement of several ideal orientations on this fiber 

(Fig.9d). Near the end of the primary recrystallization (recrystallized fraction close to 90 %) 

the remaining deformed grains (about 420 deformed grains in sample S_5) are concentrated in 

the alpha fiber with a peak around the ideal orientation (001)[110]. 

These results show that there is no simple rule for predicting the recrystallization texture as, 

for example, grains with a specific orientation will grow preferentially. The recrystallization 

texture at the end of the primary recrystallization is the consequence of topological effects 

(distribution of stored energy, nucleation and vicinity of growing recrystallized grains) and of 

the evolving balance between the mechanisms mentioned above. 

 

 

 



8. Conclusion 

A set of IF steel samples, at several stages of recrystallization, was processed and 

characterized by using EBSD maps with the objective of analyzing and quantifying several 

aspects of primary recrystallization. 

i) Based on the need to partition orientation maps into subpopulations of 

recrystallized versus non-recrystallized grains, we show that a combination of 

three criteria (grain size larger than 3 pixels, GOS < 2.5° and GOS/D < 1°/µm) is 

an effective approach for this objective because reasonable values are obtained 

across the entire span of recrystallization. 

ii) At low fractions recrystallized, by assuming that each recrystallized grain 

originates from a single nucleus, various data on nuclei become available. The 

number of nuclei was determined and their areal density was found to be in the 

range of 0.08 – 0.11 /µm2. Moreover, with the admittedly crude assumption of a 

constant growth speed of recrystallized grains into the deformed matrix, it was 

shown that most of these nuclei appear in a very short time period. The ODF of 

nuclei showed that they have preferred orientations rather homogeneously 

distributed along the gamma fiber. This is also evidence for oriented nucleation. 

iii) KAM and GND density were calculated for all the pixels of the deformed state. By 

calculating the textures associated with the pixels having the largest values for 

these quantities and comparing them to the nuclei texture, it was shown that the 

texture calculated from KAM values is the closest to that of the nuclei. KAM 

values appear then as an acceptable indicator for the stored energy distribution. 

iv) The grain size distributions of the recrystallized grains show that, at the several 

stages of partial recrystallization, there are a few grains much larger than the mean 

grain size, i.e., the distributions are strongly right-skewed. A grain vicinity 



misorientation parameter was defined to characterize the boundaries of the 

recrystallized grains. This parameter shows that the largest recrystallized grains 

have significantly larger misorientations on their boundaries except at the end of 

the primary recrystallization. Nevertheless, because there are several possible 

explanations for the existence of a few large recrystallized grains, it was not 

possible to conclude that the intrinsic mobility of GBs with high misorientation 

angles is larger.  

v) Considering the mean grain size of recrystallized grains versus the recrystallized 

fraction showed that there are two regimes of microstructural evolution during 

recrystallization. Up to about 50 % of recrystallization, the growth of grains into 

the deformed matrix is the dominant mechanism whereas, over 50 %, grain growth 

competition becomes dominant. During this second period, many recrystallized 

grains disappear whereas the others grow quite significantly. The texture evolution 

is strongly related to the several described mechanisms. Nucleation selects an 

orientation subspace with preferred orientations along the gamma fiber, i.e., 

oriented nucleation occurs. During the first period (mainly growth into the 

deformed matrix) this gamma fiber strengthens slightly with a homogeneous 

distribution along the fiber. The grain growth competition that becomes important 

in the second period concentrates the texture on a few peaks along the gamma 

fiber.  

 

 

 

 



Appendix A: quantification of texture difference 

In order to compare two ODF’s, f1(g) and f2(g), one can build the texture difference function 

∆f(g) defined as: 

∆f(g) = f2(g) – f1(g) 

∆f(g) has then positive and negative values; its integral over the whole orientation space is 

zero. 

To characterize the ‘intensity’ of the difference with one number, one can use the volume 

fraction of the difference [52], denoted V∆, defined as: 

V∆ = 0.5 ∫g │ f2(g) – f1(g) │ dg 

(vertical bars mean absolute value; the integral is over the whole orientation space) 

V∆ is equal to 0 if the two functions f2(g) and f1(g) are identical and is equal to 1 if the two 

functions are completely different. V∆ is the volume fraction of material having different 

orientations and can be multiplied by 100 to speak in % [52]. 
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