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Abstract 

Even after extensive research for decades on cold-rolled magnetic Fe-Co-V alloys, 
many aspects of ferrite recrystallization are still unclear. In order to analyse the 
progress of recrystallization in an Fe-50Co-10V (in wt.%) alloy, different thermal 
cycles were conducted for an 86% cold-rolled thin sheet (~140 µm). A 
comprehensive phase characterization and texture analysis were carried out using X-
ray diffraction and scanning electron microscopy. To investigate the ferrite 
recrystallization during concurrent ordering and austenite transformation processes, 
the utilization of several methods such as the Kernel Average Misorientation and 
Grain Orientation Spread analyses together with grain boundary misorientation and 
grain size distributions, and characterization of microstructure by electron backscatter 
diffraction were crucial. The austenite transformation, detected to start at 500–550 
°C, complicated the determination of the recrystallization kinetics; however, it was 
clarified by the present multi-parameter analyses. The ferrite recrystallization was 
found to initiate at 600 °C within 1 hour and progress by the continuous 
recrystallization mechanism. The typical gamma-fiber texture of the cold-rolled alloy 
remained almost unchanged upon annealing temperatures up to 750°C, also 
confirming the continuous recrystallization mechanism, similarly as the grain 
boundary misorientation evolution did. The recrystallization kinetics was found to 
follow the Avrami model with constant exponent in both ordered and disordered 
states. The recrystallization rate was slow, so that even after 4 hours annealing in the 
disordered state at 750°C, fragments of ferrite grains with straight sub-boundaries 
were retained.  
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1.  Introduction 



 
The magnetic alloys containing iron and 50–52% cobalt with 5–13% vanadium 

(compositions are in wt.%) were invented as hard magnetic materials more than 50 years 
ago [1]. The vanadium alloying makes these alloys suitable for applications requiring a 
high magnetic moment, such in synchronous hysteresis motors [2,3]. In order to reach 
the desired magnetic properties in manufacturing, a severely cold-rolled thin sheet must 
be subjected to a heat-treatment, where the optimal parameters depend on the chemical 
composition of the alloy. Recrystallized fraction, grain size, ordering transformation and 
boundary spacing have been suggested as variables affecting the compromise of 
magnetic and mechanical properties of a near equiatomic Fe-Co–2V alloy [4]. There are 
numerous studies on Fe-Co-2V alloys in particular, and Sourmail [5] and Sundar and 
Deevi [6] have presented comprehensive reviews about the constitution, processing, 
microstructure evolution, and mechanical and magnetic properties of Fe-Co and Fe-Co-X 
alloys. Microstructural evolution and mechanical properties of a 36.5Fe-Co-10.6V alloy 
were studied by Zel’dovich et al. [7,8] already on 1970’s, and recently Hasani et al. [9–
11] investigated numerous aspects of a 43.25Fe-Co-7.15V alloy. 

The softening of cold-rolled structures of these alloys during thermal treatment is a 
complex phenomenon consisting of several different processes such as order-disorder 
transition, austenite polymorphic transformation and recrystallization of the ferritic 
matrix, which all can take place even simultaneously but with the different kinetics 
during heating and annealing [12]. Interaction of these concurrent processes complicates 
the situation, and for instance, recrystallization can be retarded by the ordering due to 
reduction of dislocation movement and grain boundary mobility [5,13]. The distinction 
between microstructural evolution due to recrystallization and phase transformation is 
not straightforward. Therefore, still there is some lack of knowledge on the progress of 
the above processes and microstructure evolution in the Fe-Co based alloys.  

In equiatomic Fe-Co alloy the ordering rate is very fast [14]. According to Zakharov 
et al. [1], the existence of ordering was testified by neutron diffraction for the alloy 
containing 10.5% V (Vicalloy-1) by Zel’dovich et al. [7,8]. Hasani et al. [15] reported 
that in an Fe-Co-7.15V alloy the ordering occurs during annealing below 500 °C at a 
moderate rate and between 500 and 725 °C the alloy orders rapidly.  

In addition to ordering transformation, fcc-austenite phase (paramagnetic precipitates) 
can form from the bcc-ferrite during the treatment [16]. Zakharov et al. [1] claimed that 
in the alloy containing 7%V, the temperature interval of the ferrite to austenite 
transformation is located above the optimal annealing temperature (620 °С). However, 
Hasani et al. [11] reported the start of austenite transformation at 490 °C for a Fe-Co-
7.15V (at a heating rate of 10 °C/min) using the dilatometric results. Anyhow, the 
temperature intervals of the ordering and ferrite-austenite transformations overlap for Fe-
Co-10.5%V [1,7,8]. 

Many researches have investigated the recrystallization of Fe-Co alloys in order to 
increase the coercive force through the grain refinement [17–20]. However, distinct 
inconsistences exist regarding the occurrence of static recrystallization, especially in 7–



13%V alloys, where the temperature ranges of the ordering and austenite transformation 
overlap with that of recrystallization. Recrystallization is considerably retarded by 
previous ordering of the deformed matrix [5,6,21]. This effect is attributed to a reduction 
in the mobility of the interface between the growing recrystallized grain and the 
deformed matrix when both are ordered [5]. Buckley investigated the recrystallization in 
Fe-50Co-0.4Cr alloy [22] as well as Fe-Co-2.5V alloy [23]. For the former, four 
temperature ranges were determined. In the temperature range of 250 to 475 °C, 
recrystallization took place by the nucleation and growth of very fine ordered 
recrystallized grains within the disordered deformed matrix. Due to the rapid ordering at 
higher temperatures, recrystallization did not occur at all in the temperature range of 475 
to 600 °C, whereas recovery and recrystallization proceeded slowly between 600–730 
°C. Finally, at temperatures above 730 °C in the disordered state, recrystallization 
became increasingly rapid. However, for the alloy containing vanadium, recrystallization 
was not observed below the critical temperature of the ordering transformation, TC ≈ 730 
°C. The influence of the ordered state was also reported by Hasani et al. [19] and Nabi et 
al. [20], pointing out the occurrence of partial recrystallization in Fe-Co-V alloys at 
temperatures below TC. In contrast, Duckham et al. [24] reported that recrystallization 
was almost completed after 1 hour at 600 °C for a cold-rolled Fe-Co-1.8V-0.3Nb alloy 
and Mao et al. [21] showed that the recrystallization can readily take place at 
temperatures above 600 ºC in cold-worked Fe-Co. 

Thus, even though the Fe-Co-V alloys have been investigated for several decades, 
recrystallization phenomenon is one of the issues which have not been firmly established 
and understood yet. Accordingly, in the present work, the softening behavior of a heavily 
cold-rolled Fe-Co-10V alloy has been studied by comprehensive examinations of 
microstructural and texture evolution utilizing X-ray diffraction and electron backscatter 
diffraction (EBSD). In addition to that, the simultaneous ordering and austenite 
transformation processes have been investigated in detail and mechanical and magnetic 
properties have been measured, but these results will be reported separately in other 
papers. Here only the most essential results, which are related with the recrystallization, 
have been shown.  

  

2. Material and Methods 
 

The experimental raw materials were melted in an electric arc furnace to cast a high 
purity 50Co-40Fe-10V alloy. For melting, the furnace was evacuated till 10-3 mb 
followed by purging using high purity Ar gas at least for 3 times. At the last stage, Ar 
was injected into the chamber to supply 500 mb pressure and then electric arcing was 
initiated. The chemical composition, determined by the inductively coupled plasma mass 
spectrometry, is given in Table 1. For homogenization, the cast ingots were annealed at 
1200 ºC for 10 hours under high purity Ar gas atmosphere followed by quenching in 
water. After eliminating the surface layer using sand paper grinding, the homogenized 
ingots were subjected to hot rolling at 850–950 ºC to obtain sheets with the thickness of 
1 mm (~ 90% reduction) followed by air cooling to room temperature. Then, severe 86% 



cold rolling was performed to prepare strips with the thickness of 140 µm. It is known 
that the high temperature fcc-phase transforms into a bcc-phase upon air cooling in 
alloys containing 10–13% V [25]. After the cold rolling process, annealing heat 
treatments were carried out at a heating rate of 5 °C/s up to different temperatures for 
various durations. Finally, pieces of thin strips were cooled to room temperature inside 
the tube furnace at a rate of 10 °C/s via high purity argon gas.  

 
For the phase determination, a Rigaku Smart Lab 9 kW X-ray diffractometer with a 

Co rotating anode operated at 40 kV and 135 mA in the back-reflection mode and a step 
size of 0.02° was employed. 
 

Table 1. Chemical composition of the studied alloy. 

Element Co Fe V Cr Mn Zn C P S 

Amount 
(wt.%) 

49.8 40.1 9.96 0.06 0.009 0.002 0.002 0.01 0.001 

 
 

 
Sample preparation for EBSD analysis were performed through the mechanical 

polishing finalized by 0.25 µm diamond past. Deep etching for SEM imaging was done 
using a 2.5% FeCl3 solution and duration around 25 s at room temperature. 
Microstructural investigations as well as micro-texture analysis were carried out using a 
Zeiss Sigma field emission scanning electron microscope (FESEM) equipped with an 
EBSD detector. EBSD mappings were recorded using an accelerating voltage of 15 kV, a 
working distance of 15 mm, a tilt angle of 70° and step size of 30 nm. EBSD post-
processing and analyses were performed using the EDAX-OIM analysis software. 
 

3. Results and Discussion 

 

3.1 Ordering process 

XRD patterns of some cold-rolled and annealed samples are displayed in Fig. 1. For 
better clarification, only the 2θ degrees higher than 55º are presented here. Chon et al. 
[26] reported that the superlattice diffraction peaks due to the ordering in the ferrite 
phase are visible at 2θ = 36.5º and 65.7º associated with (100) and (111) planes, 
respectively. Consistently with this, the XRD patterns revealed a superlattice reflection at 
2θ ≈ 65.5º after annealing at temperatures of 500–700 ºC for 2 hours. The start of the 
ordering was also observed in dilatometric curves above 320 °C (not shown here). The 
height of the peak related to the ordered phase increased from 400 to 600 ºC and then 
decreased so that no superlattice reflection existed after annealing at 750 ºC. The results 
show that the cold-rolled bcc martensite was disordered but it became ordered above 400 
°C, and the order-disorder transformation occurs between 700 and 750 ºC. The latter 
range is identical to that of the binary 50Fe-50Co alloy [6]. Sourmail [5] refers to the 
literature where the ordering temperature of Tc = 732 °C has been reported for the 



equiatomic Fe-Co, although values as low as 710 °C have also been given. Nabi et al. 
[20] reported Tc ≈ 720 °C for an Fe-Co-2V alloy. It means that vanadium addition does 
not change the critical temperature of ordering transformation significantly. According to 
Hasani et al. [11], the ordered phase is present in the specimens annealed between 400 
and 750 °C, so that the maximum degree of order in an Fe-Co-7.15V is achieved by 
annealing at 600 °C. The ordering kinetics and mechanism have been discussed 
extensively in Sourmail’s review [5].  

 

 
Fig. 1. X-ray diffraction patterns of samples heat treated at various temperatures for 2 hours. 

 
 

3.2 Austenite transformation process 

The polymorphic austenite transformation will be described in more detail in a future 
paper. However, because it interferes with recrystallization and highly complicates the 
interpretation of experimental results concerning recrystallization kinetics, some 
observations are reported here. As seen in Fig. 1, the austenite (220) peak appear in the 
X-ray patterns in a sample heat treated at 500 °C. The intensities of the austenite peaks 
increase with increasing the annealing temperature and reach the maximum at 750 ºC. At 
800 °C, the austenite diffraction peaks are small and only the ferrite reflections remain 
after annealing at 850 °C. These XRD results (together with the dilatometry, not shown 
here) suggest that the two-phase region lies in the temperature range ≈ 500–840 ºC. 
Above that, a single-phase austenite phase exists but this austenite transforms to 
martensite during cooling. The martensite start temperature MS was 280 °C in the 
dilatometric curve (at the cooling rate of 10 °C/min). Thus, in the present instance, the 
temperature intervals of the ordering and austenite transformations overlap at 
temperatures above 500°C, as also reported by Zel’dovich et al. [7,8] for an Fe-Co alloy 
with 10.5V.  

Comparing the observed temperature range with the two-phase region ~ 935–955 ºC 
of the binary 40Fe-60Co alloy [27], and 760–900 °C for an Fe-52Co-7V alloy [1], it is 
obvious that the vanadium addition decreases drastically the start temperature of the 



allotropic transformation and extends the width of the two-phase region. This is seen 
from the plot of the phase boundaries in Fig. 2, as quoted and modified from the review 
of Sourmail (see Fig. 4 in Ref. [5]). Hasani et al. [11] reported a temperature as low as 
490 °C (heating at 10 °C/min) for the start of the contraction in a dilatometric curve and 
found an austenite XRD peak after annealing at 600 °C for an Fe-Co-7V alloy.  

 
Fig. 2. The two-phase region in V-bearing equiatomic Fe-Co alloys, as modified from Ref. [5]. The 
ordering region is highlighted in blue color. Samples annealed for 2 hours at 550 and 800 °C 
containing ferrite and austenite phases, detected using EBSD, are shown by dots. 

The formation of small particles could be detected by FESEM and EBSD phase map. 
Fig. 3 presents secondary electron micrographs of heavily etched samples after annealing 
for 2 hours at 550 °C (Fig. 3(a)) and 650 °C (Fig. 3(b)). It was seen that new tiny grains 
begin to precipitate along ferrite grain boundaries. These grains seem to occupy wider 
zones at higher temperatures and particles coalescence together.  

 

 
 
Fig. 3. New grains forming on ferrite grain boundaries in cold-rolled samples heat treated at (a) 
550 ºC for 2 hours and (b) 650 °C for 2 hours. SEM secondary images of heavily etched samples. 

The features, resembling those in Fig. 3, have been reported as recrystallization of 
ferrite in some investigations [15,24,28]. However, extensive EBSD examinations 
revealed contradictory results. According to the phase maps shown in Fig. 4, many new 
grains along ferrite grain boundaries are not ferrite but austenite. First austenite particles 
were detectable at 550 °C after 2 hours (Fig. 4(a)), and the fraction of austenite increased 
with increasing annealing temperature, depicted in Fig. 4(b) (650 °C for 2 hours). This 



austenite is thermally stable and retains during cooling to room temperature. The 
observations are consistent with the XRD analysis which showed the presence of 
austenite phase at and above 500 ºC. The austenite transformation in Fe-Co alloys is well 
reported in the literature [5–7] and some authors distinguish between low- and high-
temperature austenite [29]. Details on phase and microstructural analysis will be 
discussed in a future paper.  

 

 
 

Fig. 4. Austenite transformation in cold rolled samples annealed for 2 hours at (a) 550 ºC and (b) 
650 °C. EBSD image quality and phase maps.  
 

With increasing the annealing temperature, the fraction of austenite measured by 
EBSD at room temperature increased up to 750 ºC (63% austenite after 2 hours holding; 
see later Fig. 11(c)) but decreased then. This is because some of the austenite 
transformed back to the bcc-phase during cooling from 750 °C and above, so that only a 
fraction of austenite formed at high temperature was retained. In agreement, the XRD 
patterns in Fig. 1 showed decreased austenite reflections at 800 °C and no austenite 
peaks after cooling from 850 °C. 

 

3.3 Recrystallization process 

As mentioned earlier, there are inconsistent reports concerning the recrystallization in 
Fe-Co based alloys owing to the complex interference of different phenomena, which are 
taking place concurrently during heat treatment, as discussed by Sourmail [5]. In the 
present study, the EBSD technique was employed extensively to examine the various 
features of the recovery and recrystallization of the ferrite phase. The progress of 
recrystallization was followed by the Kernel Average Misorientation (KAM) and Grain 
Orientation Spread (GOS) techniques, and the microstructure evolution was 
characterized by image quality (IQ) and phase maps together with grain boundary 
misorientation and grain size distributions. Finally, the recrystallization mechanism was 
determined from EBSD IQ and grain boundary maps and further confirmed by the 
texture characterization. 

 

3.3.1 Recrystallization kinetics 



  
3.3.1.1 KAM analysis 

The KAM data represents the average misorientation angle of a given point with 
respect to all its neighbors. The KAM can be used to describe local dislocation density 
distribution and the recrystallization fraction [30]. In a recrystallized material it is 
expected that the KAM values can approach to zero because new grains which form 
during recrystallization are defect-free grains [31]. In this regard, the absolute 
misorientation value of 0.5º was found optimal as a criterion for distinguishing 
dislocation-free regions in the matrix, even though also the value of 1° has been used for 
that, e.g. in Ref. [30]. 

Fig. 5 displays the KAM maps of samples annealed at various temperatures for 2 
hours. The maps reveal areas with high dislocation density (KAM value ≥0.5°) as green 
region and low strain areas as blue one (KAM <0.5°). It is seen that the high-strain area 
fraction decreases significantly from 76% for a sample annealed at 500 °C to 50% while 
annealed at 600 °C. However, the high-strain KAM area fraction is still 18% even after 
annealing at 750 °C for 2 hours, which suggests that the recrystallization is not 
completed even then. In the simplest instance, the decrease of the high-strain area would 
correspond to a fraction of recrystallized ferrite, but as noted, also the austenite 
transformation takes place simultaneously with recrystallization, so that low KAM 
values also include strain-free austenite in addition to recrystallized ferrite. However, 
even more, we have to realize that the low-strain area fraction is much higher than the 
fraction of austenite and recrystallized ferrite especially after low temperature annealing. 
The treatment at 550 °C for 2 hours results to the start of austenite transformation (Fig. 
4(a)) and there is no recrystallization of ferrite yet (see Sections 3.3.1.2 and 3.3.1.3), so 
the fraction of 24% of low-strain area must correspond to some local ferrite grains 
encountered intense recovery (large blue area in Fig. 5(a) as an example). Thus, the 
KAM analysis seems to be an ineffective method to characterize the recrystallization of 
ferrite in the present alloy. 

 

 
 
Fig. 5. KAM maps for samples annealed at various temperatures showing high-strain 
(green) and low-strain (blue) areas. The fractions are given in the images. 
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3.3.1.2 GOS analysis 

The GOS analysis was also used to follow the progress of recrystallization under 
various heat treatment conditions. Principles of this method are based on a hypothesis of 
strain assisted internal rotations of micro volumes like cells or sub-grains within the 
grains. Deformation of a material leads to distortion of grains, which results in a high 
GOS value while recrystallized (deformation-free) grains possess a low GOS value close 
to zero [32]. Thus, similarly to KAM, GOS is a parameter that in principle can 
distinguish the recrystallized grains from the deformed ones. The threshold value for 
GOS varies between 1 and 2° in various studies, e.g. [33,34]. To determine the optimal 
threshold limit, the GOS value distribution obtained in some present experiments has 
been plotted in Fig. 6(a). It is seen that the change is abrupt at 1°, so the threshold limit 
of 1° was selected as a criterion for quantification of recrystallization.  

Similarly as for KAM, owing to the concurrent occurrence of recrystallization and 
austenite transformation, which both processes lead to strain-free grains, measurement of 
the exact fraction of recrystallized ferrite seems complicated. However, it is possible to 
subtract the data of the fcc-phase using the OIM software and apply the GOS analysis 
only to the bcc-phase, and this was considered as a useful approach for estimating the 
recrystallization fraction. Still a concern in this situation is whether any recrystallized 
ferrite grains transform to austenite during prolonged heating and retain to room 
temperature, consuming thereby recrystallized ferrite grains. Without knowing how this 
is, it was assumed that the preferred grains for transforming to austenite are non-
recrystallized ferrite grains, which have a higher number of nucleation sites for austenite 
nucleation. Moreover, strain energy in deformed grains reduces the nucleation energy 
barrier introduced by the formation of austenite-ferrite interfaces, as pointed out by 
Peranio et al. [35]. Hence, it was considered reasonable to subtract all austenite grains off 
and analyze the GOS of the ferrite grains only.  

 

 

Fig. 6. (a) Grain Orientation Spread distribution curves for samples annealed at various 
temperatures for 2 hours, (b) fraction of areas with GOS less than 1° for various annealing 
conditions. 

Fig. 6(b) depicts the fraction of GOS values < 1°, i.e., recrystallized ferrite grains in 
samples heat treated under various conditions. The data are also listed in Table 1. Based 



on this figure, it seems that recrystallization starts around 600 ºC within 1 hour and 
reaches the maximum fraction around 89% after 1 hour at 750 ºC. However, it is seen 
that there is a base level in the GOS values in Fig. 6(b), which obviously cannot be 
related to the recrystallized fraction. From the data in Table 2 it can be realized that the 
GOS values at 500 and 550 °C are independent of the holding time, so this amount, 
around 6%, is possibly related to the recovery. After subtracting 6% from the values in 
Table 2, it can be concluded that the recrystallization had hardly initiated at 550 °C but it 
proceeded at 600 °C.  

To make the information of the data clearer, the GOS fractions (after subtracting 6%) 
vs time curves are plotted in Fig. 7. The sigmoidal type of the curves, typical to the static 
recrystallization [36], are recognizable in spite of the scarce data. The kinetics is 
dependent on the annealing temperature (times for the predicted 50% recrystallization 
are given in Table 3) and the Avrami exponent is constant 0.4. This value is very low 
revealing a significant influence of recovery, for Huang et al. [37] reported the exponent 
of 1 for ferrite recrystallization without influence of the recovery. However, from the 
experimental data it is seen that the maximum fraction of recrystallization within 4 hours 
remains below 50% (~42%) while annealed at 700 ºC. Increasing the annealing 
temperature to 750 °C seems to lead to drastic increase in the recrystallization rate and 
the recrystallized fraction is 60% (6% subtracted) already within 10 min, which still 
increases during 1 hour up to 83%. This can be attributed to the order-disorder transition 
in this temperature interval indicating the retarding influence of the ordered state.  

 
 Table 2. Area fraction (%) of GOS<1º after various annealing conditions.  

Annealing time 
(min) 

Annealing temperature (°C) 

500 550 600 650 700 750 
10 3.2 5.6 6.0 14.5 17.6 66.1 
30 3.8 4.6 8.7 16.1 27.3 81.6 
60 4.4 5.5 8.9 20.4 32.2 88.7 
120 3.1 3.3 14.0 28.1 43.2 77.8 
240 4.8 8.1 18.7 33.6 47.5 69.3 



 

Fig. 7. Recrystallized ferrite fraction after various heat treatments based on GOS analysis (data 
in Table 1; 6% subtracted as background). 

 

Table 3. Time for 50% recrystallization based on sigmoidal equations fitted with the 
GOS data (6% subtracted). 

 
T(°C) t50 (s) 
600 500000 
650 110000 
700 28000 
750 300 

 
All the estimated recrystallized fractions from the GOS values remain much below the 

complete recrystallization. A prediction using the sigmoidal equation for the 
recrystallization fraction at 750 °C suggests that the degree of 97% recrystallization 
would be achieved within 5 hours and 99% in 10 hours. Furthermore, from the measured 
values in Table 2, it is seen that the GOS value decreases at longer durations than 1 hour 
at 750 °C (see also Fig. 6(b)). The fall can be explained as a result from the high-
temperature austenite having lower thermal stability (due to lower Co and V contents, to 
be discussed in a future paper), so that the austenite to martensite transformation has 
taken place during cooling. Owing to the shear mechanism of martensitic transformation, 
the GOS value increases with increasing dislocation-rich martensite. Therefore, the real 
recrystallized fraction of ferrite cannot be read from GOS values for these conditions 
(durations longer than 1 hour at 750 °C). 
 

 3.3.1.3 Grain boundary analysis 
 
Grain boundary misorientation distribution was determined after various heat 

treatments and these curves for ferrite are plotted in Fig. 8. The deformed and recovered 



ferrite contains high number of low angle grain boundaries (LAGBs), and their number 
is expected to decrease with increasing recrystallization fraction. As expected, the 
LAGBs (2°–15°) are dominant after low temperature annealing at 400–600 °C. However, 
with increasing the annealing temperature from 600 °C up to 800 °C, the fraction of 
LAGBs decreases obviously as a sign of the progress of ferrite recrystallization. The 
maximum at 45° corresponding to the distribution of boundaries of randomly oriented 
ferrite grains does not appear [38,39], but the misorientation is quite homogeneously 
distributed. A small peak at 30° may be an erroneous peak, as pointed out by Ryde [39]. 
After annealing at 800 °C, a peak appears at 52–59° misorientations, revealing that the 
bcc-phase is not only ferrite, but also includes martensite. Consistently, Hannula et al. 
[40] found the misorientation maxima at 52.5° and 59° corresponding to packet or/and 
block boundaries of martensite in a low carbon steel.  

 
Hasani et al. [15] investigated the misorientation distribution of grain boundaries and 

fraction of high angle grain boundaries (HAGBs) after various heat treatments in an Fe-
Co-7V alloy. They also observed the dominance of LAGBs in cold rolled and at low 
temperature annealed samples. The fraction of LAGBs decreased with increasing 
annealing temperature. A misorientation peak at 55° appeared after annealing at 850 °C, 
obviously as a result of martensitic microstructure, although the reason not pointed out in 
the work.  

 

 

Fig. 8. Grain boundary misorientation distribution for the bcc-phase in samples after 
various annealing conditions. CR= cold rolled. 

 
As recrystallized grains are surrounded by HAGBs, we can assume that the change in 

the fraction of HAGBs is a measure of progress and kinetics of recrystallization. In Fig. 
9, the fraction of HAGBs is plotted as a function of annealing temperature (Fig. 9(a)) and 
time (Fig. 9(b)). To exclude the influence of the austenite transformation, which also 
increases the number of HAGBs, both austenite and austenite/ferrite boundaries were 
subtracted from the data. From Fig. 9(a), it is obvious that the fraction of HAGBs of 
ferrite/ferrite-interfaces starts to increase in annealing at 600 ºC and the slope of the 
curves increases steeply above 700°C. In fact, this is due to the data at 750 °C, i.e. 



annealing in the disordered region. In Fig. 9(b), it is observed that the fraction of HAGBs 
increases with increasing short soaking time, especially at lower annealing temperatures, 
but soon it reaches practically a saturation level. This seems to suggest that the 
recrystallization proceeds with time at low temperatures of 600–700 °C but ceases soon. 
Further, the saturation level depends on the annealing temperature and is distinctly 
higher for 750 °C than for the lower temperatures, suggesting a microstructure difference 
in the disordered region compared to that in the ordered region. This could be related to 
the increased recrystallization rate as observed in Fig. 7. Anyhow, it is obvious that the 
fraction of HAGBs would never reach 100% at these temperatures, in qualitative 
agreement with a conclusion drawn from the GOS analysis and microstructural 
observations, to be shown in Section 1.3.1.4, that the recrystallization remained 
incomplete under the studied conditions. 

 

  

Fig. 9. Fraction of high angle grain boundaries (HAGB) calculated from EBSD data as a function 
of (a) annealing temperature and (b) annealing time. 

a) 

b) 



Unfortunately, from HAGB fractions we cannot be absolutely certain about the 
maximum recrystallized fraction of ferrite, because the unstable austenite transforms to 
bcc-martensite, containing both LAGB and HAGBs and becomes considered as ferrite. 
Also, the austenite fraction via the number of austenite/ferrite interfaces, which was 
subtracted, may affect the HAGB value. Thus, it can be concluded that the HAGBs 
fraction is not an effective measure of ferrite recrystallization in this alloy. Ferrite grains 
must be examined directly in order to detect whether non-recrystallized grains still exist 
after annealing but exclude the new martensite grains also having the bcc structure. This 
issue will be discussed in the following. 
 
 
 
 

        3.3.1.4 Microstructure characterization 
 

The EBSD technique was employed to examine the microstructure of the alloy after 
various heat treatments. Especially the start of recrystallization, the influence of the 
order-disorder transition on recrystallized microstructure and the maximum recrystallized 
fraction were of main interests. Fig. 10 depicts a phase map (ferrite gray, austenite green) 
with blue HAGBs for a sample annealed for 1 hour at 600 °C. Fig. 4(a) shown earlier 
indicated that only recovered large ferrite grains are visible with few tiny austenite grains 
after annealing at 550 °C. However, Fig. 10 reveals that at 600 °C within 1 hour, in 
addition to large ferrite grains few small ferrite grains with irregular shape (shown by 
arrows), surrounded by HABG, are also formed together with small austenite grains (fcc-
phase in green color). Thus, this confirms unambiguously that the recrystallization has 
initiated, the fraction estimated as 3% by the GOS analysis (Table 2; background 
subtracted). Without the phase distinction, it would be quite impossible to distinguish 
these small grains because of simultaneous austenite transformation. Typical to these 
grains is that they are not equiaxed, but their boundaries are very curved, as shown by the 
enlarged images in Fig. 10.  

 

 

Fig. 10. Start of recrystallization of ferrite and austenite transformation during annealing at 

600 °C for 1 hour. EBSD phase map (ferrite gray, austenite green) with HAGBs in black color. 

Some recrystallized grains are shown by arrows in enlarged images. 



 
Further progress of recrystallization and austenite transformation is seen in Fig. 11, 

where microstructures after heat treatments at 600, 700 and 750 °C for 2 hours. At 700 
°C, the recrystallization fraction is expected to be higher (37% in Table 2), but also 
austenite fraction has increased. Still the number of LAGBs (red lines) is high at 700 °C 
and even at 750 °C as a sign of the presence of recovered grains. 

 

 

 

 

Fig. 11. Recrystallization and transformation of austenite during annealing for 2 hours at (a) 

600 °C, (b) 700°C and (c) 750 °C.  EBSD grain boundary and phase maps. HAGBs are blue, 

LAGBs red, ferrite grey and austenite green.  

The microstructure after 4 hours annealing at 750 °C is displayed in Fig. 12 as a phase 
map showing HAGBs (Fig. 12(a)), and overlapped image quality (IQ)-grain boundary-
phase maps (Fig. 12(b)). Fig. 12(a) reveals that the fcc-austenite is a major phase with 
equiaxed grains containing twins (green phase) and the bcc-phase consists of irregular 
multi-corner grains (gray phase). All ferrite grains may seem recrystallized. However, a 
careful look at bcc-grains in (a) and (b) reveals that some of them are light (almost white 
in (b)), whereas some ferrite grains are darker. The difference in IQ means a higher 



density of dislocations in darker regions [39,41], so that the darker grains are martensite, 
not ferrite. From decreasing GOS values in Table 2 after annealing at 750 °C for longer 
durations, it could be concluded that some austenite grains became unstable and 
transformed to martensite upon cooling. In addition, sub-boundaries can be observed in 
some ferrite grains indicating that they are not recrystallized yet. Thus, there exist 
austenite, martensite, recrystallized ferrite and few non-equiaxed relatively large grains, 
remnant of original ferrite grains, containing sub-boundaries even after 4 hours at 750 
ºC. Consequently, it can be concluded that recrystallization of ferrite would hardly be 
completed even at temperatures higher than TC. The duration of 10 hours was estimated 
to be needed for that (Fig. 7). Zheng and Raabe [42] have discussed and modelled the 
concurrent recrystallization of ferrite and austenite transformation in low carbon steels. 
Without austenite transformation the ferrite recrystallization can be completed, but 
during annealing at the two-phase temperature region, the recrystallized ferrite fraction 
can reach a maximum and then decrease during prolonged annealing. Then, a 
considerable amount of ferrite remains non-recrystallized even after a long duration of 
annealing.  
 

 
 

 

Fig. 12. Microstructure after 4 hours annealing at 750 °C showing ferrite, martensite and 

austenite. (a) Phase map (ferrite gray, austenite green), (b) IQ + grain boundary + phase maps 

(LAGB red, HAGB blue).  

 
Based on the results, the start of ferrite recrystallization in the ordered state at 600°C, 

the slow recrystallization rate up to 700 °C, and the faster rate at 750 °C in the disordered 



state have now been established. This clarify the prior diverse observations reporting the 
absence of recrystallization below 730 °C [23], partial recrystallization below 730 °C 
[19,20] or readily occurring recrystallization at 600 °C and above [21,24]. The slow 
recrystallization kinetics observed can be suggested to result from the several reasons as 
follows: 

(1) In many instances such as in low-carbon steels, grain boundaries are sites for 
nucleation of recrystallization and austenite transformation, e.g. [37] 
Therefore, the fast austenite nucleation on grain boundaries in competition 
consumes the favorable area for recrystallization. Here, the austenite 
transformation starts even earlier (at 550 °C) than the recrystallization (Figs. 4 
and 10). However, as to be confirmed later and can be concluded from the 
location of small ferrite grains in Fig. 10, the recrystallization occurs by the 
continuous mechanism, which has no nucleation stage on an HAGB. 
However, new grains appear adjacent to HAGBs while an LAGB needs to 
transform to an HAGB only on one side. Hence, HAGBs are favored sites for 
recrystallization in the present instance, too. 

(2) The extensive nucleation of the fine austenite precipitates will stabilize the 
deformation structure and thus hinder the ferrite recrystallization [42]. At the 
moving recrystallized/non-recrystallized ferrite grain boundaries the 
recrystallization front is suffering pinning due to appearance of the fine 
austenitic particles, which may slow down the recrystallization rate slightly. 

(3) Recrystallization is slow due to the ordered structure of ferrite. For instance, 
Mao et al. [21] and Buckley [23] showed that the recrystallization kinetics is 
retarded as a result of the sluggish migration rate of grain boundaries in the 
ordered matrix.  

(4) As the fourth reason, it has been reported that paired dislocations are present 
not only at temperatures below TC but also at temperatures above TC, where 
only short-range order subsists [43]. Hence, we may assume reasonably that at 
a temperature slightly higher than TC (730 ºC), the short-range order still 
exists and slows down the recrystallization.  

 
Thus, the competition between recrystallization and phase transformation can result in 

incomplete recrystallization. Another phenomenon, a sluggish recrystallization at the 
final stage of the process, retaining non-recrystallized grains, has been reported for 
ferritic stainless steels, e.g. by Mehtonen et al. [44]. This has been explained as a result 
from heterogeneous sub-grain structure, where largest sub-grains cannot form new sub-
grains for nuclei of recrystallization. In fact, huge differences can be seen existing in sub-
grain size at 550 °C (Fig. 4(a)) and 600 °C (Fig. 11(a)). 

 

 3.3.1.5 Grain size distribution 

Fine grain size is desired for high mechanical strength and also for magnetic 
properties (coercivity), as pointed out by many authors [5,19,20,45]. Formation of fine 
grains is also an indication of the progress of recrystallization after heavy cold rolling. 
Fig. 13 shows some plots of ferrite grain size distributions based on EBSD runs. Certain 
facts can be seen from the curves. The fraction of large initial grains still existing at 550 



°C is decreasing gradually revealing that new smaller recrystallized grains have formed 
at higher annealing temperatures. The area fraction of small grains has increased 
significantly during annealing at 750 °C showing that the recrystallization was there 
much faster than at 700 °C. The highest fraction is around 1 µm which means that even 
submicron grains have formed. After annealing at 800 °C, the grain size is quite 
homogeneous, and slightly larger than at 750 °C, indicating that some grain growth tends 
to take place, but the grain size is still fine, order or 1–2 µm.  

 

Fig. 13. Grain size distribution of the ferrite after annealing at various temperatures for 2 

hours. 

According to the grain size data in Sourmail’s review [5] (Fig. 36 therein) and 
research conducted by Ren et al. [46], the recrystallized grain size varied between 4.5 
and 16 µm in an Fe-Co-2V-0.5Nb alloy after holding for different times (10 min – 20 h) 
at 820 °C. Thus, the grain size was much larger than at present. However, grain sizes 
below 1 µm have been obtained in Fe-Co-V-Ni alloys, held 2 hours at a temperature 
between 650 and 750 °C [5]. Duckham et al. [24] reported the grain size as fine as 290 
nm in an Fe-Co-2V-0.3Nb alloy after annealing at 650 °C for 1 hour. The structure was 
claimed to be ordered and completely recrystallized based on transmission electron 
microscopy. The present observations (Figs. 10, 11 and 13) indicate that recrystallization 
can lead to submicron grain sizes, but the partial recrystallization readily results in wide 
grain size distribution. The pinning effect of austenite particles on grain boundaries is an 
obvious factor reducing grain growth. 
 

3.3.2 Recrystallization mechanism 
 

 3.3.2.1 Grain structure evolution 
 

The KAM analysis in Fig. 5 showed significant reduction in the high-strain area while 
annealed at 600 °C compared to the annealing at 500 °C. However, recrystallization 
seemed to be at a very early stage at 600 °C (8% fraction estimated after 2 hours), so that 



the change must be related to the recovery process in the ferrite, i.e. formation of sub-
boundaries and annihilation of dislocations. Figs. 10 and 11 revealed LAGBs/sub-
boundaries in ferrite and also a high fraction of LAGBs was seen in grain boundary 
misorientation analysis (Fig. 8). Careful EBSD examinations of the ferrite grain structure 
showed that LAGBs inside the deformed ferrite grains tended to transform to HAGBs 
and thereby create new ferrite grains. The growth of the misorientation is evidenced in 
Fig. 14, where grain boundaries with the misorientation 2–5°, 5–15° and higher than 15° 
are shown by red, green and blue colors respectively. The presence of these LAGBs and 
HAGBs firmly show that the active mechanism is the continuous recrystallization, where 
LAGBs gradually increase their misorientation until HAGBs are formed. The continuous 
recrystallization has been reported as the recrystallization mechanism in ordered Fe-Co-
V alloys also by Mao et al. [21], but they claimed that the recrystallization in the 
disordered state was based on conventional discontinuous (nucleation and growth) 
mechanism. However, as seen in Fig. 14, similar evolution of misorientation from 2° to 
15° can be seen both at 650 °C (Fig. 14(a)) and 750 °C (Fig. 14(b)), i.e. below and above 
the TC of 730 °C. Thus, the continuous recrystallization mechanism seems plausible also 
in the disordered region. 
 

 
 

Fig. 14. Ferrite grains with grain boundaries with different misorientation degree as an evidence 

of continuous recrystallization. (a) 650°C-2h and (b) 750°C-4h.   
 

      3.3.2.2 Texture analysis 
 

In order to further confirm the recrystallization mechanism in the present alloy, micro-
texture analysis of the ferrite phase was carried out. EBSD measurements were used to 
calculate the orientation distribution functions (ODF) in the three-dimensional Euler 
space. In bcc metals like the studied material, the main texture components, in both the 
deformed and annealed condition, are found in the 	φ�= 45° section of the Euler space 
[47,48]. Fig. 15 shows such ODF maps for the cold-rolled condition and after annealing 
at different temperatures. The texture of the samples was the typical texture of a bcc 
material, when formed from deformed austenite, consisting mainly of ND//<111>, i.e. γ-
fiber, and RD//<110>, i.e. α-fiber. In addition, the ODF sections show that the texture of 
the samples is essentially the same for all the conditions almost independently of the 
annealing temperature. Further details about the texture evolution as function of 
annealing temperature is presented in Fig. 16. It is observed that the texture is more 
pronounced along to the γ- and ε-fibers, which are the most important fibers for rolled 
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samples under plain strain deformation, as well as the rotated cube component. With 
regard to Figs. 15 and 16, the maximum orientation intensity is observed near the rotated 
cube {001}〈110〉
 and transformed Goss {111}〈110〉
 components and the transformed 
brass and copper along to the ε-fiber. Of course, because of symmetry, there is an 
intensity peak at the beginning of the ε-fiber corresponding to that at the beginning of the 
α-fiber. 

 
It should be noted that in the case of the nucleation of the new grains in the course of 

the recrystallization, the texture, at least the intensity of the texture components, should 
change with respect to the fraction of recrystallization. However, such the change does 
not happen in the present instance, so the texture behavior can be considered as a reliable 
evidence for the occurrence of continuous recrystallization instead of the conventional 
discontinuous static recrystallization [5,49]. This is in agreement with suggestions of 
Mao et al. [21] on an Fe-Co alloy.  

 
Contrarily, during recrystallisation in the disordered region, the {111} rolling texture 

is replaced by a {111} recrystallisation texture according to Mao et al. [21]. However, in 
the present instance, the texture after annealing at 750 °C is equal to the texture of the 
cold rolled sheet and to those annealed at lower temperatures, which suggests that the 
recrystallization mechanism is still continuous recrystallization. The same conclusion is 
also drawn from the existence of sub-boundaries in ferrite in samples annealed at 750 °C 
(Fig. 14(b)). 



 

Fig. 15. ODF sections at φ2=45°. a) Cold-rolled, b) 500°C-2h, c) 600°C-2h, d) 700°C-2h and e) 

750°C-2h; along with the location α, γ and ε-fibers and some important components in the Euler 

space. 

 



 

Fig. 16. Micro texture details of the samples. a) �-fiber, b) -fiber, c) �-fiber for cold-rolled, 500°C-

2h, 600°C-2h, 700°C-2h and 750°C-2h samples. 

 

4. Summary and Conclusions 
 

In order to clarify the microstructural evolution occurring in a 40Fe-50Co-10V alloy, 
the progress of static recrystallization in 86% cold-rolled sheets under various heat 
treatment conditions (temperatures 450–800 °C and durations 10–240 min) were studied 
utilizing especially the EBSD method. However, because the ordering reaction and 
austenite transformation are also concurrent, some observations on them had to be done. 
The most important findings are as follows: 

1- Based on XRD patterns, the ordering process had occurred at 500 °C, being 
strongest at 600 °C after 2 hours and the intensity decreasing at higher temperatures. 
No long-range order reflection was observed after annealing at 750 °C for 2 hours. 

2- Austenite phase particles could be detected by EBSD on ferrite grain 
boundaries after annealing for 2 hours at 550 °C and above. Their presence brought 
about the detection of the evolution of ferrite recrystallization complex without the 
phase distinction. Obviously, austenite transformation retarded the recrystallization 
and prevented effectively the grain growth.  

3- The intense recovery in ferrite could be found by various techniques such as 



analyses of Kernel Average Misorientation, Grain Orientation Spread and grain 
boundary misorientation distribution in addition to detection of sub-boundaries in 
EBSD grain boundary maps. 

4- The kinetics of ferrite recrystallization was established. The start of ferrite 
recrystallization could be observed at 600 °C after 1 hour by the EBSD technique as 
small irregular-shaped ferrite grains surrounded by a high angle grain boundary and 
by analyzing the distributions of grain boundary misorientation. The determination of 
the recrystallized fraction is quite complex, however. The recrystallization kinetics 
seemed to be slow and only about 42% ferrite became recrystallized within 4 hours at 
700 °C. The kinetics was much faster in the disordered state at 750 °C, but still sub-
boundaries could be found after annealing for 4 hours in remnants of ferrite grains. It 
was estimated that the annealing duration of 10 hours would be needed for complete 
recrystallization at 750 °C. 

5- Detailed observations on the evolution of grain boundary misorientations 
evidenced that the mechanism of static recrystallization is the continuous 
recrystallization. The texture components were almost unaltered during 
recrystallization, which supports the occurrence of this mechanism even in the 
disordered state. 
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Highlights: 

• Recrystallization characteristics determined from multiple-analyses of EBSD data  

• Austenite transformation starts at a lower temperature than recrystallization 

• Ferrite recrystallization proceeds by intense recovery and continuous mechanism 

• Ferrite recrystallization follows sigmoidal kinetics but is slow even at 750 °C   
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