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Abstract 

Various contributors have been suggested so far to explain the variation of mechanical 

properties of Fe-Co-V magnetic alloys, but a comprehensive understanding is still lacking. In 

the present study, the variation of hardness, tensile yield strength (YS), and elongation at 

room temperature were determined for an 86% cold-rolled Fe-50Co-10V (wt.%) alloy after 

annealing at the temperature range of 300±1050 °C for holding times from 10 to 240 min. 

The potential contributing factors were analyzed and discussed. Detailed microstructural 

evolution and magnetic properties have been reported earlier for this alloy. The results 

showed an increase in hardness and YS but a reduction in elongation after annealing at 

temperatures between 450 and 550 °C for all holding times. The activation energy of the 

contributing process in increasing the hardness after annealing between 300±550 °C was 

132±144 kJ/mol, being a typical value for the ordering transition in ferrite in Fe-Co and Fe-

Co-2V alloys. The YS increased up to an annealing temperature of 450 °C, followed by a 

decreasing trend at higher annealing temperatures even in the ordered state, obviously due to 

i) the recovery and recrystallization of ferrite, ii) decreasing the number of (Co,Fe)3V 

precipitates and iii) increasing fraction of retained austenite. The elongation decreased to nil 



after annealing at 450±550 °C, but it was improved even in the ordered state at 600 °C and 

above due to the same factors which decreased the YS. The intergranular failure mode after 

annealing below 600 °C converted to ductile mode at 650 °C. Considering the combination of 

mechanical and magnetic properties, the annealing treatment at 650 °C for 10 min can be 

recommended for this alloy, providing high YS, a few percent elongation, and high magnetic 

hardness. 
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1. Introduction 

Iron-cobalt-vanadium alloys can be processed to exhibit excellent magnetic properties for use 

in high-performance power generation applications such as the rotors and stators of aircraft 

integrated power units [1]. For these kinds of applications, although a high level of strength is 

essential for rotors to support the centrifugal forces generated at high rotational speeds, 

appropriate ductility is also required to prevent early failure during the assembling or 

subsequent working and maintenance stage. Several metallurgical phenomena such as 

ordering transition, recovery and recrystallization, precipitation, and austenite transformation 

take place during annealing of these cold-rolled alloys, as were recently investigated in detail 

by the present authors for an Fe-50Co-10V (hereafter the concentrations are in wt.%, if not 

differently mentioned) alloy [2,3]. In principle, all the above-mentioned microstructural 

changes and phase evolutions can significantly affect the mechanical and magnetic properties 

of these alloys. Regarding the magnetic properties, a comprehensive study was conducted 

recently [4]. However, mechanical properties, particularly in alloys with a high vanadium 

content seem to have attracted less attention yet and some contradictions concerning the 

effective parameters on these properties exist in the literature. Therefore, the present study 



was focused on room temperature mechanical properties achieved by various annealing 

treatments, and their connection with the microstructure was analyzed. 

There are various studies on mechanical properties of Fe-Co and Fe-Co-V alloys with low 

vanadium contents suggesting different metallurgical factors affecting the final mechanical 

properties [5±11]. For example, effects of both long- and short-range order on mechanical 

properties of low vanadium Fe-Co based alloys have been reviewed and discussed by Sundar 

and Deevi [12] as well as by Sourmail [13]. Stoloff and Davis [11] by investigating an Fe-

Co±2V (at%) alloy reported that the strength of the alloy reaches a maximum at an 

intermediate degree of order at 710 °C, slightly below the critical order-disorder transition 

temperature (Tc). For an Fe-Co-7.15V alloy, Hasani et al. [14] related an increase in hardness 

and strength of the alloy to the disorder to order transition which was considered as the most 

effective contributor to the mechanical properties.  

Sourmail [15] by comparing the data obtained in various studies, particularly by Thornburg 

[16] and Hailer [1], concluded that the coercivity and the strength of an Fe-Co-2V after 

annealing treatment can be explained quantitatively based barely on grain size variation 

rather than by postulating variation in the extent of recrystallization or degree of order. He 

also attributed the sharp variations in magnetic and mechanical properties of the alloy around 

the Tc to significant grain growth occurring around this temperature.  Nabi et al. [8] 

determined the YS of a cold-rolled and annealed Fe-Co-2V-0.04Nb alloy based on an 

experimental Hall±Petch relationship as a function of boundary spacing of ferrite grains in 

both the ordered and disordered conditions.  

However, the main problem is that the ductility of the ordered structure is very low, but there 

are different opinions concerning the contributing factor. For an Fe-Co-2V alloy, the nil-

ductility temperature (corresponding to a YS equal to fracture stress) was found to be 



sensitive to the state of order and ferrite grain size [17]. According to Thornburg [16], the 

maximum elongation was obtained for an Fe-49Co-2V alloy at around 670 °C, where there 

were fine 10±20% recrystallized grains. However, in an Fe-49.6Co-7.15V alloy, austenite 

formation was proposed as solely responsible for increasing the ductility after annealing 

above 450 °C and below 750 °C [14].  

As can be realized from the above-mentioned studies, various factors, often a single one, 

have been suggested so far to explain the variation of mechanical properties. This is more 

acceptable in the case of Fe-Co-2V alloys where those phenomena can take place at different 

temperature ranges, but in the case of 7±10 % V alloys where microstructural changes occur 

simultaneously, the situation can be more complicated. Hence, to clarify this situation, the 

relation of mechanical properties and the microstructural evolution after various annealing 

treatments was systematically investigated for a 10 % V alloy. Finally, the optimal 

combination of mechanical and magnetic properties achievable by annealing is briefly 

considered. 

2. Experimental methodology  

 2.1. Test material and thermal cycles  

The material used in this study was prepared in a vacuum arc furnace from pure charge 

elements. The chemical composition of the produced alloy was 49.8 % Co, 40.1 % Fe, 9.96 

% V, and balance other elements, determined by the inductively coupled plasma mass 

spectrometry. The cast ingots were homogenized at 1200 °C for 10 h to modify the as-cast 

structure. Afterward, hot rolling in the temperature range of 950±850 °C following by 86% 

cold rolling to a final thickness of 0.14 mm was carried out on the sheets. Then, annealing 

treatments in the temperature range of 300±1050 °C and durations of 10±240 min were 



performed on cold-rolled thin sheets in a vacuum tube furnace with a heating and cooling rate 

of 5 and 10 °C/s, respectively.  

2-2. Mechanical properties  

Hardness was measured using a Duramin-A300 (Struers) tester under a low 10 N load owing 

to the small thickness of samples. The area of 10*10 mm of the sheet surface and an average 

of 10 measurements with a 2 mm distance between each point were adopted.   

Tensile tests were carried out using a Zwick/Roell Z100 machine at room temperature by an 

initial strain rate of 0.008 sí��. The dimensions of the sub-size tensile test specimens cut in the 

rolling direction are shown in Fig. 1. Three tensile specimens were tested for each condition 

and the average was reported as the result.  

 

Fig. 1. Dimensions of sub-size tensile test specimen used in experiments.  

 
2.3. Microstructural characterization 

Microstructural evolution in this alloy has been reported earlier [2,3], but due to its high 

importance, some essential details have been given here. After the standard metallographic 

sample preparation, microstructural features of the polished samples and fracture surface 

were analyzed using a Sigma Zeiss field-emission scanning electron microscope (FESEM) 

equipped with an electron backscatter diffraction (EBSD) unit (EDAX Apollo X). An 

accelerating voltage of 5 kV and 15 kV, as well as a working distance of 5 mm and 15 mm, 

were employed for SEM imaging and EBSD, respectively. A step size of 30 nm was used in 



EBSD runs and data analyses were performed using the EDAX-OIM analysis software 

(TSL). 

A DIL 805 A/D dilatometer was employed to study the dimensional changes related to the 

phenomena that occur during the heating and cooling of the studied material. A cylindrical 

sample with a diameter of 4 mm and a height of 10 mm was prepared for dilatometric tests. 

The peak temperature of 1000 °C, the heating and cooling rate of 10 °C/min and holding time 

of 15 min at maximum temperature were selected as the testing cycle under a continuous 

flow of argon gas. 

For accurate phase analysis, 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 utilized. In order to remove the effect of texture on X-ray reflections, 

measurements were performed using an average of seven different angles.  

TEM imaging was conducted using a 200 kV energy filtered scanning transmission electron 

microscope (JEOL JEM- 2200FS EFTEM/STEM). Thin foils for TEM analyses were 

prepared using the focused ion beam (FIB) technique. Also, imaging and elemental mapping 

were performed using bright field imaging mode in scanning TEM (STEM) mode with a 

JEOL Dry SD100GV EDS detector.   

2.4. Magnetic properties  

A vibrating sample magnetometer device (VSM, MDKB model) with a maximum field 

intensity of up to 1 tesla at room temperature was employed to assess the magnetic 

properties. A wire cut machine was used to prepare the VSM specimens with dimensions of 

5*5*0.14 mm. 

3. Results  



3.1. Microstructural evolution and phase transformations 

Comprehensive investigations of microstructural evolutions and phase transformations during 

annealing of the studied material have been carried out by the same authors and detailed 

results can be found in Refs. [2,3]. However, owing to the close dependence of mechanical 

properties on microstructural features, a brief review of those observations is presented here 

IRU�UHDGHUV¶�FRQYHQLHQFH�� 

During annealing of the cold rolled alloy, several important phenomena including ordering 

transformation, recovery and recrystallization, precipitation, and austenite formation take 

place in very close temperature intervals. Some of them are observed in the dilatometric 

curve, presented in Fig. 2(a) and comprehensively discussed in Ref. [3]. Importantly, the start 

of the ordering process in the ferrite (martensite) is seen at around 350 °C. The XRD patterns 

in special degree ranges are plotted in Fig. 2(b-d). It is reported that the superlattice 

diffraction peak due to the ordering transition in the ferrite phase is YLVLEOH� DW� �ș�  � ������

concerning the (100) planes [18]. Hence, the superlattice reflections in the XRD pattern in 

Fig. 2(b) indicate the appearance of the ordering at 500 °C during 120 min followed by its 

intensification up to 600 °C and then weakening, until vanishing at 750 °C.  

Besides, the precipitation of the HCP phase (J2�� FDXVHV� WKH� UHIOHFWLRQV� DW� �ș�  � ������ �)LJ��

��F��� DQG� �ș�  � ������ �QRW� VKRZQ� KHUH�� DSSHDUHG� E\� DQQHDOLQJ� DW� ���� �&� IRU� ���� PLQ��

intensified at 550 °C but weakened at higher annealing temperatures and finally disappeared 

at 700 °C. Reflections of the austenite phase (J) became visible after annealing at 550 °C for 

120 min and the height of (220) peak, shown in Fig. 2(c)), was amplified toward higher 

annealing temperatures until the maximum at 750 °C. Annealing at 800 °C for 120 min 

decreased the intensity of the austenite peak, and after annealing at 850 °C, no trace of 



austenite reflection remained, whereas the microstructure was fully martensitic at room 

temperature.  

Further evidences of the formation of the austenite phase were obtained by the EBSD 

technique [3]. Examples of EBSD phase analysis are shown in Fig. 3. As seen, the 

microstructure was still ferritic (martensite) in the sample annealed at 500 °C for 60 min, but 

a considerable amount of austenite with a very fine grain size was formed at 650 °C, mostly 

along the high angle grain boundaries of ferrite. Actually, EBSD analysis revealed that the 

formation of austenite initiated at 550 °C in agreement with the XRD results [3]. The 

maximum amount of austenite is achieved after annealing at 750 °C (Fig. 3(c)) and a tiny 

fraction is remained after annealing at 800 °C, in agreement with the XRD patterns.  

 



 

Fig. 2. Ranges of phase transformations and microstructural changes. Dilatation 
revealing ordering, precipitation, and formation of austenite on heating and martensite 
upon cooling in (a). XRD revealing ordering in �E���Ȗ2 precipitates in (c), and austenite 
(J) in (d) after annealing at various temperatures for 120 min.  
 

It must be noted that during the ordering, precipitation, austenite transformation, recovery, 

and static recrystallization of cold-rolled ferrite (martensite) can take place simultaneously. 

The progress of softening was investigated earlier employing various EBSD techniques [3]. It 

was found that the continuous recrystallization begins at 600 °C within 60 min through the 

conversion of low-angle grain boundaries to high-angle grain boundaries, but the kinetics of 

recrystallization in the ordered ferrite was very slow. The early stage of recrystallization can 

be seen as the presence of small grains in Fig. 3(b). At 750 °C, 83% of ferrite has 



recrystallized within 60 min, though this is difficult to see in a phase map in Fig. 3(c), for this 

requires Image Quality, Kernel Average Misorientation and Grain Orientation Spread 

techniques, employed in an early work [3]. 

 

 

Fig. 3. EBSD phase maps overlapped high-angle grain boundary maps of annealed 
samples for 60 min at various temperatures (a, b, c, and d). 
 

As can be noticed from Fig. 3, the fraction of the austenite phase increased significantly 

between 650 and 750 °C, but then it almost disappeared after annealing at 800 °C while new 

martensite formed during cooling replaced it. This is connected with the stability of the 

austenite phase depending on its vanadium content. TEM is needed to characterize tiny J2 

precipitates and the analysis of chemical compositions of the ordered ferrite and austenite 

phases requires TEM-EDS examinations. Such studies were performed in previous work [3]. 

An example of the microstructure after annealing at 650 °C for 60 min is shown in Fig. 4(a). 

Rod-shaped phase (J2), with the composition of (Co,Fe)3V and HCP crystal structure, being 



rich from vanadium and poor from iron, exists in the microstructure in addition to V-depleted 

ordered ferrite and V-enriched ordered austenite [3]. Those precipitates decreased by 

increasing the annealing temperature and entirely vanished at 750 °C, where the 

microstructure only consisted of disordered austenite and disordered ferrite, as seen in Fig. 

4(b).  

 

 
 

Fig. 4. TEM images of annealed samples for 60 min at 650 ºC (a) and 750 ºC (b) along 
with elemental maps showing the GLVWULEXWLRQ�RI�HOHPHQWV�LQ�YDULRXV�SKDVHV��Įƍ��Ȗƍ��Ȗ2��Į�
DQG�Ȗ�UHSUHVHQW�RUGHUHG�IHUULWH��RUGHUHG�DXVWHQLWH��SUHFLSLWDWHV��GLVRUGHUHG�IHUULWH, and 
disordered austenite respectively. 

3.2. Mechanical properties 

3.2.1. Hardness evolution 



The initial hardness of the cold-rolled martensitic sheet was 310 ± 15 HV. The hardness of 

the samples (at room temperature) after annealing in the temperature range of 200±1050 °C 

for various holding times is plotted in Fig. 5. As seen, the sharp increase in hardness takes 

place from 320 ± 15 HV concerning the annealing temperature of 200 °C, up to 740±808 (± 

40) HV achieved at annealing peak temperatures between 500 and 600 °C, depending on the 

annealing duration. The hardness peak is followed by a steep drop to a level of 220±228 (± 

10) HV by further increasing the annealing temperature up to 750 °C for different soaking 

times. A tiny subsidiary peak seems to appear at 800 °C. After annealing at and above 850 

°C, the hardness level is quite constant, though a small reduction owing to higher 

temperatures and longer durations. 

 

Fig. 5. Variation of hardness after various annealing conditions. (Error bars was added)  

3.2.2. Tensile properties   



Numerous tensile tests were carried out to investigate variations in mechanical properties of 

the cold-rolled alloy as a result of annealing under various conditions. For better clarification, 

the curves are presented in three figures (note the different scales on the X-axis); cold-rolled 

specimen and annealed samples until 500 °C, where the precipitation and austenite formation 

have no progress yet and only the ordering transition occurred, are shown in Fig. 6(a). Then 

samples were annealed at 550 °C and above but below Tc, where the softening of ferrite, 

austenite formation, precipitation, and ordering are taking place concurrently, given in Fig. 

6(b). Finally, the samples annealed at temperatures above Tc, i.e., in the disordered region, 

are presented in Fig. 6(c).   

Variations of the yield strength (0.2% offset stress) or fracture stress and elongation as a 

function of annealing temperature for durations of 1, 2, and 4 h are plotted in Figs. 7(a) and 

7(b), respectively. According to Fig. 7(a), the YS increases from 1.5 GPa to 2.6±2.8 GPa due 

to the increased annealing temperature from 200 °C to 450 °C, followed by a slight drop to 

2.1±2.4 GPa after annealing at 550 °C. A tiny increment is obtained by annealing at 600 °C 

but following by a continuous reduction up to 750 °C, before an almost constant YS level of 

0.9 GPa after annealing above this temperature. It must be noted that at the temperature range 

450±550 °C the fracture took place before any plastic yielding (see Fig. 6), so the data points 

are for the fracture stress instead of YS in this range, as indicated by hollow markers in Fig. 

7(a). This will be discussed later. 

The cold-UROOHG�DOOR\�H[KLELWV�KLJK�VWUHQJWK�EXW�ORZ�GXFWLOLW\��IUDFWXUH�HORQJDWLRQ�§�����GXH�

to martensitic structure and 86% cold rolling. However, with raising the annealing 

temperature, the elongation still decreased, as seen in Fig. 7(b). At annealing temperatures of 

450, 500, and 550 °C, the alloy became entirely brittle, and fracture took place before any 

plastic yielding. Further increasing the annealing temperature from 600 °C to 650±700 °C led 



to increasing the elongation. Annealing above Tc, i.e., at 750 °C, resulted in distinct 

improvement, dependent on holding time so that the maximum elongation around 27% was 

reached for the shortest holding time of 60 min. The elongation, however, decreased back 

down to 5% after annealing at 800 and 850 °C, obviously being connected with the 

martensitic structure formed from unstable austenite upon cooling.  

 

Fig. 6. Engineering stress-strain curves of samples annealed at different temperatures 
for 120 min. Cold-rolled and annealed at 300±500 °C (a), 550±700 °C (b), and 750±850 
°C (c). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

200

400

600

800

1000

1200

1400

1600

0 2 4 6 8 10 12 14 16 18 20 22 24
Engineering strain (%)

E
ng

in
ee

ri
ng

 st
re

ss
(M

Pa
) (c)

850-120

800-120

750-120

0

500

1000

1500

2000

2500

3000

0 1 2 3 4
Engineering strain (%)

E
ng

in
ee

ri
ng

 st
re

ss
(M

Pa
) (b)

550-120
600-120

650-120

700-120

0

500

1000

1500

2000

2500

3000

0 1 2 3
Engineering strain (%)

E
ng

in
ee

ri
ng

 st
re

ss
(M

Pa
) (a)

Cold rolled

400-120

300-120

500-120
450-120

- 



 

Fig. 7. Variations of yield strength and fracture stress (a) and elongation (b) of the 
samples annealed under various conditions. FS = fracture stress. (Error bars was 
added) 

 

3.2.3. Fracture modes  

To understand better the ductility variation, fracture surfaces of tensile strained samples were 

examined, and examples are shown in Fig. 8, for the cold-rolled specimen, annealed for 60 

min at 500 °C in the ordered condition (500-60; elongation §�� %), at 650 °C in the ordered 

condition (650-60; elongation § 2.5 %) and at 750 °C in the disordered condition with the 

highest elongation (750-60; elongation §�26.3 %). It is seen that the failure mode changed 



from the ductile mode in the cold-rolled condition (Fig. 8(a)) to the brittle cleavage mode 

with numerous micro-cracks, indicated by arrows in Fig. 8(b), between flattened (non-

recrystallized) grains after annealing at 500 °C. Further increasing the annealing temperature 

to 650 °C led to the fracture surface including very fine dimples as a sign of ductile failure, 

despite the existence of the ordered state at this temperature (Fig. 8(c)). The fracture surface 

of the disordered 750-60 sample comprises coarse dimples next to the cavities demonstrating 

an entirely ductile mode of failure (Fig. 8(d)).   

 

Fig. 8. SEM micrographs of fracture surface after tensile tests of a cold-rolled sample 
(a) and samples annealed at various temperatures for 60 min (b, c, and d). 
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4. Discussion 

In the following, the experimental results of mechanical properties will be related to the 

evolutions of ordering and microstructure. Also, comparisons with earlier suggestions in the 

literature are given. Finally, the optimal combination of mechanical and magnetic properties 

will be presented and the annealing treatment for obtaining these properties will be 

suggested. 

4.1. Analysis of the hardness changes 

According to Fig. 5, the hardness of the samples varies depending on annealing temperature 

and holding duration. The reasons behind the hardness change can be determined by 

analyzing the process characteristics. The kinetics of many physicochemical reactions can be 

described by the Avrami / Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation, where the 

Avrami exponent and the activation energy are two characteristics of the process. As 

explained in section 3.1, at low annealing temperatures, no changes in microstructure take 

place, so it can be assumed that the increase in the hardness observed after low annealing 

temperatures is only connected to the occurrence of the ordering transformation [3]. 

Therefore, it is possible to determine the characteristics of the ordering transformation for the 

present alloy. Recently, the long range ordering process in a Ni-Cr alloy was analyzed by 

Young et al. [19] using the microhardness data fitted with the KJMA equation.  

The hardness changes after annealing at temperatures 300±600 °C were analyzed. The data in 

Fig. 5 and Table 1 from 310 HV up to 808 HV were fitted with the KJMA equation as 

follows: 

f = (HV ± HV0) / (HVmax ± HV0)                                                                                              (1) 

f = 1 ± exp (±ktn)            (2) 



k = k0 exp (-Q/RT)                        (3) 

tf = A exp(Q/RT)                                                                                                                     (4) 

where f is the fractional change of the hardness and HV, HV0 and HVmax are hardness values 

after a certain annealing condition, initial hardness before any annealing treatment, and the 

maximum hardness achieved through this process, respectively. k (rate constant) and k0 (pre-

exponential factor) are constants, R is the universal gas constant, T and t are the annealing 

temperature (K) and time (s) respectively. Q and n are the activation energy of the process 

and Avrami exponent respectively. The time tf required for the progress of a certain fraction 

(f) is also dependent on Q and T, A being a constant, as expressed in Equation (4). 

Vickers hardness data for annealing at the temperature range 300±600 °C and the fractional 

changes according to Equation 1 are presented in Tables 1 and 2, respectively. By plotting the 

relative change of the hardness (Table 2) as a function of the soaking time at each annealing 

temperature, the times required for a certain fraction (tf) can be obtained. In order to fit the 

suitable curve on the existing data, the Avrami exponent n was estimated by linear regression 

of Log. (ln(1/(1-f))) vs. Log. (t) curves at various annealing temperatures from the slope of 

the fitted lines illustrated in Fig. 9. It is seen that the n only varies in the range of 0.30±0.36 

which value is slightly lower than the same exponent for recrystallization of the present alloy, 

determined to be 0.4 [2]. There are no values of n reported in the literature for the ordering 

process in Fe-Co or Fe-Co-V alloys. Young et al. [19] REWDLQHG�D�VRPHZKDW�KLJKHU�YDOXH��Q�§�

0.63, for a Ni-Cr alloy.  

Using these exponents, curves were fitted with the data, as demonstrated in Fig. 10. 

Afterward, the tf for fractions of 50, 60, and 80 % at four annealing temperatures of 400, 450, 

500, and 550 °C were predicted, and the values are listed in Table 3. By plotting ln(tf) as a 



function of 1/T (Fig. 11), the slope of the lines gives the value of Q/R (Equation (4)) for the 

fractions. These values and the obtained activation energy of Q are listed in Table 4. It is seen 

that the values of the activation energy Q are in the range of 132±144 kJ/mol. No values can 

be found in the literature for the 10%V alloy, but Sourmail [13] has listed Q as 154±170 

kJ/mol (only one exceptional value 255 kJ/mol) for the long-range ordering process in Fe-Co 

and Fe-Co-2V alloys, determined by XRD based on the long-range order parameter. Besides, 

values of 105 kJ/mol and 170 kJ/mol were reported by Rajkovic and Buckley [20] for the 

activation energies of discontinuous and continuous ordering transformation respectively in 

Fe-50Co alloys containing less than 1%V. Thus, the present values are consistently in the 

same ranges confirming that the ordering is the process causing the hardness increase at low 

annealing temperatures, and the V content does not affect the activation energy value 

significantly. The Q is lower than the activation energy of self-diffusion, presumably affected 

by severe cold deformation of martensite increasing the dislocation density before the 

annealing. 

Table 1. The hardness of annealed samples under various cycles 

Annealing 
time (min) 

 
Annealing temperature (°C) 

 

300 400 450 500 550 600 

10 335 411 506 584 634 747 
30 352 446 564 628 678 808 
60 365 464 608 690 751 770 

120 390 514 660 721 761 680 
240 405 564 680 740 715 545 

 

Table 2. Fractional changes of the hardness according to equation 1 

Annealing 
time (min) 

 
Annealing temperature (°C) 

 



300 400 450 500 550 600 

10 0.05 0.20 0.39 0.55 0.65 0.88 
30 0.08 0.27 0.51 0.64 0.74 1 
60 0.11 0.31 0.60 0.76 0.88 0.92 

120 0.16 0.41 0.70 0.82 0.90 0.74 
240 0.19 0.51 0.74 0.86 0.81 0.47 

 

 

Fig. 9. Variations of Log. (ln(1/(1-f))) vs. Log. (t) for the Avrami exponent n. 
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Fig. 10. Fractional changes of hardness as a function of annealing time at different 
temperatures and fitted equations.   
  

Table 3.  Required time (s) for 50%, 60%, and 80% relative hardness change predicted 
from equations in Fig. 10. 

Annealing 
temperature (K) 

Process progress time (s) 

t50 t60 t80 

673 15800 34200 164000 
723 1700 3780 18800 
773 380 960 6300 
823 150 360 2080 

 



 

Fig. 11. Variation of ln (tf) vs. inverse annealing temperature. 

 

Table 4. Calculated values of the activation energy according to equation 4 

Fraction (%) Q/R (kJ/K-1) Q (kJ/mol) 

50  17283 143691 
60  16789 139584 
80  15843 131719 

 

4.2. Hardness and microstructural evolution 

The analysis of the kinetics of the hardness changes due to low-temperature annealing 

confirmed that the ordering process can explain these changes. This is expected because 

according to microstructural characterizations reported in Refs. [2,3], only the ordering 

transition can occur at low temperatures below 550 °C. The start of the ordering was detected 

at about 350 °C by dilatometry (Fig. 2(a)).  As seen in Fig. 2(b), the superlattice reflection in 

XRD patterns indicates an intensification of the order up to 600 °C followed by weakening 

and vanishing towards higher temperatures.  
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There are very limited investigations concerning the correlation between hardness changes 

and degree of order in Fe-Co-V based alloys. Zakharov et al. [21] observed the highest 

hardness after annealing an Fe-52Co-6.85V alloy at 620 °C for 30 min which was in the 

temperature interval of ordering transformation. Consistently, Hasani et al. [14] reported an 

increase of hardness in an Fe-49.6Co-7.15V alloy after annealing at temperatures 200±550 °C 

(30 min) corresponding to the partially ordered condition. 

At annealing temperatures above 500 °C, the rate of increase in hardness decreases, and even 

prolong holding times leads to a drop of hardness, which means that other processes are 

activating. As shown in Figs. 2(c,d), Ȗ2 precipitation and austenite transformation become 

evident concurrently at 550 °C. Precipitation hardening has been reported by some authors to 

be the only contributor responsible for hardness increment in Fe-Co-X ternary alloys 

especially at 600 °C [22,23]. However, it is obvious that increasing the hardness by annealing 

until 500 °C is not concerned with the precipitation, but due to the ordering transition. The 

softening of an Fe-40Co-5V-0.005B-0.015C-0.5Mo-0.5Nb (at.%) alloy after annealing 

treatments longer than 1 h at 600 °C was simply attributed to the over-aging condition [23]. 

According to our previous work [3], low-temperature austenite formed in the present alloy 

concurrently with (Co,Fe)3V precipitates during annealing at 550 °C and above, while this 

austenite remains stable during cooling down to room temperature due to vanadium 

enrichment (Fig. 4). It seems that the role of austenite transformation has not been accounted 

in previous studies as a softening process. Further, it was demonstrated that the austenite 

grains grow and consume rod-VKDSHG�Ȗ2 precipitates or precipitates themselves coalescence 

together and convert to austenite during prolonged annealing, causing reduction of the 

precipitates fraction, which might cause softening [3]. Besides, recovery in ferrite, which 

becomes evident at 550 °C and above [2], can also result in softening. However, a separate 

assessment of the effect of each phenomenon on hardness is not possible.  



By annealing above the Tc (at 750 °C and above), the austenite formation is accelerated 

significantly (Fig. 3(c)) whereas the ordered state is vanished [11,24,25], while both of them 

lead to a steep drop in hardness values between 700 and 750 °C, evident in Fig. 5. The 

amount of austenite formed at 750 °C was doubled compared to that formed at 700 °C [3]. A 

slight increase in hardness after 4 h  annealing at 750 °C can be attributed to martensite 

transformation during cooling due to reduction of austenite stability, imposed by austenite 

grain growth [3]. After annealing at 800 °C, the amount of martensite still increases that may 

be seen as a small hardness peak at this temperature. After annealing at temperatures ൒850 

°C, the structure at room temperature is fully martensitic and the hardness remains practically 

constant with a very slight decreasing trend owing to grain growth [3].  

4.3. Yield strength and YS/HV ratio  

Variations of the YS due to the annealing of cold-rolled Fe-Co based alloys have been the 

subject of the number of studies so far [9,10,15,24,26,27], especially based on the relation 

between YS and the degree of order as well as ferrite grain size. Stoloff and Davies [9,11] 

studied the relation between the degree of order and YS in an Fe-Co-2V alloy and found that 

the YS exhibited a peak around an intermediate degree of order, slightly below the critical 

temperature Tc.  

According to the present tensile tests (Fig. 7(a)), the YS of the cold-rolled alloy increased 

almost double by annealing at temperatures 300±450�°C; slightly more with longer holding 

times; in the range in which only the ordering process is activated. However, in annealing at 

higher temperatures, even in the ordered state below 730 °C, YS decreased. A steep drop 

after annealing at 750 °C is observed, where a constant YS level of about 800 MPa has 

reached, about half of the YS of the cold-rolled sheet. 



Above annealing temperatures of 600 °C, a deep drop of YS can be attributed to various 

processes, including reduction of the degree of the order, increasing the amount of austenite 

as a soft fcc phase, decreasing the volume fraction of precipitates, and softening of ferrite 

through the recovery and recrystallization process. The distinction of the contributions of 

each mechanism on YS variations would be quite difficult. After annealing at 800 °C and 

above, the YS of the new martensite (with a small fraction of recrystallized ferrite at 800 °C) 

is recorded, so YS stays quite constant independent of annealing temperature and holding 

time. 

Hardness test is frequently employed to predict other mechanical properties including YS and 

tensile strength [28,29] due to lower cost and easier and faster performance. Many studies 

have revealed that there is a linear relationship between hardness and YS [30±32]. For 

instance, Pavlina and Van Tyne [32], compiling strength-hardness data from the literature for 

various steels having the YS ranging widely from 325 to 1700 MPa, found the YS/HV ratio 

around 2.9. The YS means the start of tensile plastic yielding whereas the hardness 

indentation measures the resistance to compressive stress after significant plastic strain, 

thereby including the strain hardening phenomenon. The physical meaning of this ratio may 

be unclear, but its changes would reflect changes in strain hardening behavior, i.e., changes in 

deformation mechanism. 

In the present results, consistently with the YS variations (Fig. 7(a)), the Vickers-hardness 

was seen to change during annealing (Fig. 5). The ratio of YS/HV after various annealing 

cycles was predicted and the values are plotted in Fig. 12. In addition to the data points, the 

variation of the arithmetic mean of the ratio at each temperature is shown by a curve. From 

the curve, it is seen that the ratio has a constant high value of about 4.5 after annealing at the 

lowest temperatures but it decreases to around 3.5 due to annealing at temperatures 500±600 



°C. Then it rises abruptly back to about 4.5 after annealing at 650±700 °C and finally drops to 

a low level of about 3.5 due to annealing at higher temperatures.  

It seems that the YS/HV ratio is distinctly higher than generally for steels, except after 

annealing in the temperature range of 500±600 °C and after annealing at the highest 

temperatures, i.e., 800 °C and above. In the narrow range of 500±600 °C, as a matter of fact, 

the fracture mode was brittle, so the ratio is the fracture stress/hardness, and the fracture 

stress is lower than what YS would be. However, without any deeper investigation, it is 

difficult to explain quantitatively the dependence of the fracture stress on annealing 

temperature (on the microstructure and ordering state). Anyhow, according to XRD results, 

the ordering continues above 450 °C reaching its maximum value at 600 °C. This 

intensifying order might be a reason for further embrittlement of the structure by reducing the 

tensile fracture stress. In hardness testing, however, compressive plastic strain takes place 

around the indent without fracture, and the flow resistance to compressive strain would be 

increased by increasing the degree of order. Thus, the low values of the ratio of fracture 

stress/hardness in this intermediate temperature range might result from this. The value is 

also dependent on holding time, decreasing with prolonged holding. 



 

Fig. 12. The YS/HV ratio as a function of annealing temperature for various holding 
times. The curve shows the mean of the ratio at each temperature.  

 

Notably, the YS/HV ratio has again a level of about 4.5 following annealing at 650±700 °C 

before it finally drops to almost a constant low level of around 3.5. If we exclude the range of 

brittle failure at 450±600 °C assuming that the ratio is there low due to fracture stress, it 

seems that the YS/HV ratio is about 4.5 after annealing at temperatures below 750 °C and 

about 3.5 after annealing at higher temperatures. This might be explained that in the ordered 

structure, inherited by annealing below about 730 °C, the work hardening is low and 

consequently HV value remains relatively low. However, for annealing temperatures at and 

above 800 °C, where the disordered state exists and the microstructure is martensitic after 

cooling, the stronger work hardening would occur, affecting the hardness value and thereby 

tending to decrease YS/HV. At 750 °C and to some extent also at 500±550 °C, the ratio is 

strongly dependent on the holding time being still high after a short holding but low after a 

long holding (120±240 min). At 600 °C, the inverse dependence exists concerning the 

increase of the ratio. The corresponding influence of the holding time is also evident in 



stress-strain behavior, revealing the distinct changes in strain hardening behavior in the 

ferritic-austenitic microstructure depending on the progress of microstructure evolution. The 

strain hardening rate curves are, however, not shown here. As seen in Fig. 6(c), in tensile 

straining, discontinuous yielding takes place and the Lüders strain without any strain 

hardening is about 4% after 120 min annealing, but Lüders strain is more than 10% after 60 

min holding (the curve not shown here). The complex details of plastic straining behavior 

related to the progress of microstructure evolution after annealing at 500±750 °C will be 

reported in a separate paper. 

 

4.4. Ductility behavior 

As clearly seen from Fig. 7(b), ductility decreased down to a zero level at low annealing 

temperatures below 600 °C for all soaking times, obviously as a result of the progress of the 

degree of order. It should be noted that a high fraction of Ȗ2 precipitates may also intensify 

the brittleness at 550 °C through the precipitation hardening effect [22,23]. However, as 

demonstrated above, the ordering process seems to be the controlling phenomenon in 

hardness increase up to an annealing temperature of 550 °C. By annealing at 600 °C, where 

the degree of order reaches its maximum (Fig. 2(b)), ductility starts to improve, which must 

be a result of austenite formation as well as initiation of recrystallization of ferrite [2,3,8,14]. 

At temperatures above 600 °C, the degree of order as well as fraction of precipitates decrease, 

so it can be concluded that their concomitant decrease, the progress of recrystallization, and 

increasing the volume fraction of retained austenite are the factors promoting the ductility.  

After annealing at the temperature of 750 °C, where the superlattice reflection is absent as a 

sign of the disordered structure (Fig. 2(b)), and the highest amounts of austenite retain at 

room temperature and also the recrystallization makes remarkable progress, the ductility 



reaches its maximum values for all soaking times. However, as can be noticed in Fig. 6(c), 

after annealing at 750 °C, the flow behavior with distinct discontinuous yielding is quite 

different from that after other annealing temperatures, which mostly concerns the amount and 

mechanical stability of the retained austenite, as will be discussed in a future publication. 

Annealing at 800 °C and above results in thermally unstable austenite that transforms to 

martensite upon cooling, decreasing the elongation, in spite of accomplishment of the 

recrystallization of ferrite and disordered state of the microstructure. To highlight and 

summarize the effects of the above-mentioned phenomena on the ductility, variations of all 

contributors, except the recrystallization, as a function of annealing temperature for 120 min 

soaking time are plotted in Fig. 13. Approximation of the degree of order was gained from 

the dilatometric run [3] as well as the XRD patterns.  

Hasani et al. [33] observed the brittle tensile fracture mode in an Fe-49.6Co-7.15V alloy 

annealed at 700 °C. They concluded that the ductile mode would only happen in the 

disordered condition. A transition from a wavy glide of dislocations in the disordered 

condition to a planar glide on the ordered state was ascertained to be responsible for the 

embrittlement. However, in a contradict observation, the ductile mode of failure was seen in 

the present samples annealed at 650 °C (Fig. 8(c)) and 700 °C (not shown here) where the 

ordered state still existed. The reason for this manner in the present alloy can be attributed to 

the formation of a considerable amount of austenite (about 23 vol.% by annealing at 650 °C 

after 1 h) with very fine grain size (below 350 µm) along the ferrite grain boundaries, as 

displayed in Fig. 3(b). This austenite can prevent the grain boundary embrittlement causing 

the intergranular failure, typical in Fe-Co alloys as well as Fe-Co-V alloys in the ordered 

state [12,25,34]. In addition to the formation of austenite grains, grain refinement by the 

progress of recrystallization of ferrite can minimize the stress concentrations at grain 

boundaries [12].  



 

Fig. 13. Variations of ductility, the volume fraction of retained austenite and 
precipitates, and the approximate amount of degree of order after annealing at various 
temperatures for 120 min.   

 

It has been already revealed that the recrystallization in the present alloy initiates after 60 min 

holding at 600 °C and proceeds with raising the annealing temperature and holding time [2]. 

Very fine recrystallized ferrite grains are formed at 650 °C (Fig. 3(b)), mostly along grain 

boundaries of initial ferrite, but no recrystallization at 500 °C yet. Therefore, both factors of 

austenite formation and progress of recrystallization which are taking place concurrently, 

prevent the grain boundary embrittlement and cleavage fracture. The annealing treatment at 

750 °C, i.e., above Tc, at which the ordered state can no longer survive and a considerable 

amount of retained austenite is gained (about 65 vol.%) as shown in Fig. 3(c), in addition to 

the significant progress in recrystallization (about 89 %) [2], results in highest elongation and 

completely ductile failure. 

4.5. Optimal annealing treatment  

The present alloy is applied as semi-hard/ hard magnets in the industries, especially in high-

speed motors, where the high coercive force (Hc) and remanence (Mr) as well as high YS and 



adequate ductility of the material are required. According to the results of vibrating sample 

magnetometer analysis (discussed in Ref. [4]), the highest Hc was obtained after 60 min 

soaking at 600 °C (sample coded by 600-60). However, as evident from Fig. 14(a), the Hc 

after annealing at 650 °C for 10 min (650-10) is very close to that of the 600-60 sample. 

Furthermore, the amount of Mr of the 650-10 sample is slightly higher than that of the 600-60 

sample which means that the magnetic properties of the alloy annealed under these two 

conditions are quite similar. On the other hand, according to Fig. 14(b), it is observed that 

although the YS of both samples is equal, the elongation of the 650-10 sample is better than 

that of the 600-60 sample. In order to identify the reasons for better elongation, the EBSD 

phase + high-angle grain boundary maps concern both conditions are presented in Figs. 14 

(c,d). As seen, the fraction of austenite and its grain size for both conditions are quite similar. 

However, the recrystallization fraction, determined by the grain orientation spread (GOS) 

analysis [2], is higher in the microstructure of 650-10 sample. This is the most important 

reason for better elongation though decreasing the degree of order at 650 °C could be 

effective as well. Therefore, considering both the mechanical and magnetic properties, 

annealing for 10 min at 650 °C can be recommended as the optimal annealing treatment for 

the present alloy.  

 



 

Fig. 14. Comparison of magnetic (a) and mechanical properties (b) and microstructures 
of the samples annealed at 600 °C for 60 min (c) and at 650 °C for 10 min (d).  
 

5. Summary and conclusions 

In this study, relationships between mechanical properties and ordering, recovery, 

recrystallization, and phase evolutions tacking place during annealing in an 86 % cold-rolled 

Fe-50Co-10V alloy were investigated. Annealing was carried out in the temperature range 

200±1050 °C with the holding times between 10 to 240 min. Extended hardness as well as 

tensile tests were carried out at room temperature to investigate the dependence between 
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microstructure and mechanical properties. Based on the results, the main conclusions can be 

summarized as follows: 

1- Hardness increased with increasing the annealing temperature and holding time due to 

annealing of the cold-rolled alloy at temperatures up to 550 °C. The peak hardness was 

obtained at 600 °C with a holding time of 30 min. At annealing temperatures above 600 °C, 

progress in recovery and recrystallization of ferrite, formation of a considerable amount of 

austenite, and reduction of the degree of order were obvious reasons for the lowering 

hardness.  

2- The analysis of the kinetics of hardness changes up to annealing at 550 °C by the JMKA 

equation indicated that the hardness increase was controlled by the ordering process. The 

Avrami-exponent was found to be in the range 0.3±0.36 and the activation energy 132±144 

kJ/mol, the latter being in good agreement with the existing data for the ordering process in 

Fe-Co and Fe-Co-2V alloys in the literature. 

3- The YS increased during annealing at low temperatures up to 450 °C, reaching the 

PD[LPXP� §� ���� *3D�� while only the ordering transition occurred. At higher annealing 

temperatures, YS decreased due to brittle fracture in the temperature range of 450±550 °C. 

Above 600 °C, the formation of austenite which retained to room temperature together with 

the restoration of ferrite led to decreasing YS. A steep drop in YS was observed after 

annealing at 750 °C owing to the disordered state, fast softening of ferrite, and the formation 

of a high amount of austenite.  After annealing at the highest temperatures of 800±1050 °C, 

the structure consisted of various fractions of recrystallized ferrite, retained austenite, and 

new martensite, with quite a constant YS of 0.9 GPa. 



4- The ratio of YS/HV was high, around 4.5, after annealing at low temperatures, where the 

ordering was the controlling process. After annealing at high temperatures of 800±1050 °C 

where the structure consisted of various fractions of recrystallized ferrite, retained austenite, 

and new martensite, the ratio was distinctly lower, around 3.5. This difference is related to 

different strain hardening and ordering/disordering states of the microstructure. 

5- Elongation decreased obviously as a result of increasing the degree of order and became 

nil after annealing in the temperature range 450±550 °C. By annealing at 600 °C and above, 

the elongation was improved owing to increasing the austenite fraction and progress of 

recovery and recrystallization. The maximum elongation was achieved by annealing at 750 

°C due to the formation of the disordered state, significant recrystallization, and a 

considerable amount of properly metastable retained austenite.  

6- Failure mode varied from ductile in the cold-rolled condition to the brittle mode after 

annealing at 500 °C. However, the ductile failure mode with fine dimples was observed after 

annealing at 650 °C, even though the ordered state still existed.   

7- Annealing at 650 °C for 10 min can be recommended as the optimal annealing treatment 

for the present alloy providing the best combination of magnetic and mechanical properties. 
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