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Mohammed Ali a,b,*, Oskari Seppälä a, Timo Fabritius c, Jukka Kömi a 

a Materials and Mechanical Engineering, Centre for Advanced Steel Research, University of Oulu, P.O. Box 4200, FI-90014 Oulu, Finland 
b Steel Technology Department, Central Metallurgical Research and Development Institute, Helwan 11421, Egypt 
c Process Metallurgy Research Unit, Centre for Advanced Steel Research, University of Oulu, P.O. Box 4300, FI-90014 Oulu, Finland   

A R T I C L E  I N F O   

Keywords: 
Static recrystallization 
Stress relaxation 
Thermomechanical processing 
Ultrahigh strength steels 
Grain growth 
Kinetic model 

A B S T R A C T   

The static recrystallization characteristics and microstructure evolution in hot-deformed austenite were evalu
ated for a newly developed low-carbon CrNiMnB ultrahigh-strength steel with and without molybdenum addi
tion. The time for 50% static recrystallization (t50%) over a wide range of strains and hot-deformation 
temperatures were obtained using the stress-relaxation technique on Gleeble thermomechanical simulator. 
Moreover, effect of deformation parameters on the size distribution and average size of prior austenite grains are 
investigated. A novel semi-automatic stress relaxation test reading tool with a graphical user interface was 
created and used successfully for the current study. The obtained results of straińs power and the apparent 
activation energy are within the range stated in literature for C-Mn and microalloyed steels. Addition of mo
lybdenum increase the power of strain and the apparent activation energy from − 1.9 to − 2.6 and 206 to 212 
kJ/mol, respectively. The retardation effect of molybdenum addition was shown by a new regression equation 
devised for calculating t50%. The developed equations show a good agreement with the experimental data and 
can be used in the designing of roughing during thermomechanical processing. The deformation parameters i.e., 
temperature, strain and holding time have a significant effect on the size distribution and average size of prior 
austenite grains.   

1. Introduction 

The final microstructure of thermomechanically-processed steels is 
determined by the recrystallization behavior of austenite. Dynamic, 
static, and meta-dynamic recrystallization have been postulated as the 
three most common recrystallization processes. Under various process
ing circumstances, each of these can have an impact on microstructural 
development [1]. Control of hot rolling in the recrystallization regime i. 
e., above the no-recrystallization temperature (Tnr) is beneficial for the 
refinement of austenite grain size prior to phase transformation. 
Therefore, static recrystallization (SRX) is the primary mechanism in 
most commercial hot deformation techniques [1,2] which can alter the 
grain characteristics i.e., size and distributions in metals and alloys [3]. 
In hot deformation process, SRX normally happens during the interval 
time, and it involves nucleation and growth processes of new grains, 
which require enough time to occur that could be less than one second or 

hundreds of seconds depending on the chemical composition, strain, and 
temperature. The SRX kinetics are affected by the processing factors 
such as strain rate, deformation temperature, and strain. A coarser initial 
grain size and strain induced precipitation retard the SRX process [4]. 

Extensive research has been conducted on the impact of alloying 
elements on the SRX kinetics of hot-deformed austenite. In general, as 
alloy content increases, SRX gets slower due to the segregation of 
alloying element on the dislocation and grain boundaries, however there 
are significant variances in the capabilities of different alloying elements 
[5–9]. Furthermore, the presence of a synergetic impact between the 
alloying elements results in a greater retarding effect than would be 
expected based on the sum of the separate additions [10]. At high 
temperature, the SRX kinetics are slowed by alloying due to a decrease 
in grain boundary mobility, which is related to solute drag. Generally, 
the solute drag strength is related to the atomic mismatch between 
gamma-iron and the alloying element. However, elastic modulus and 
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electronic differences might also be factors [11]. At low temperature, 
the grain boundary mobility is decreased by the strain induced pre
cipitates i.e., carbides and/or nitrides [11]. 

Pereda et al. [12] studied the effect of Mo on Nb-microalloyed steels 
with the aim of decreasing the level of Nb in the case of thin slab direct 
rolling to decrease the risk of precipitation of Nb(C,N) at the early stage 
of rolling. Addition of Mo increases the non-recrystallization tempera
ture by about 40 ◦C compared to the Mo free Nb-containing steel as well 
as increase the retardation effect of recrystallization due to its solute 
drag effect [12]. 

Stress relaxation is a well-known and widely utilized technique for 
studying recrystallization in hot deformed austenite. It offers advantages 
over traditional double-hit approaches, including the ability to obtain a 
complete recrystallization percentage vs. time curve from a single test 
and the ability to distinguish static recovery from static recrystallization. 
Several double-hit experiments are required to acquire comparable re
sults, although it is difficult to discern between static recovery and static 
recrystallization. Detailed description of the stress relaxation technique 
is given in [13]. One possible way is with the method presented by 
Karjalainen & Perttula (K&P) [14], as seen in Fig. 1. First, the 
compression and relaxation parts of the stress-time curve are separated 
from each other, and the relaxation start point is set to 0 s. Next the 
relaxation curve is studied to find an approximate time where recrys
tallization starts and ends. Two lines are fitted with Eq. (1) to represent 
the effect of recovery and grain growth, depicted by the purple and 
orange solid lines respectively in Fig. 1b). Then the recrystallized frac
tion of steel can be calculated by Eq. (2). 

σx = σi − αilogt (1)  

X =
σ1 − α1logt − σ(t)

(σ1 − σ2) − (α1 − α2)logt
(2)  

where t is time, σ is the present stress level and σ1, α1 are fitting 
constants for the recovery and σ2,α2 fitting constants for the grain 
growth stage equations. The K&P fitting line in Fig. 1c) is created with 
Eq. (2). 

This experimentally obtained K&P recrystallization curve is used in 
this study in conjunction with the Kolmogorov-Johnson-Mehl-Avrami 
(KJMA) equation, which is commonly used in literature to express the 

static recrystallized fraction (X) of steel as a function of holding time (t) 
[15–17]. The KJMA Eq. (3) is fitted to the K&P equation results. 

X = 1 − exp( − ktn) (3)  

Where t is time, k is a fitting constant and n is the Avrami (KJMA) 
exponent that represents the dependency of recrystallized fractions on 
the nucleation and growth rate of new grains [18]. The KJMA fitting 
line, the blue line, in Fig. 1c) is created with Eq. (3). 

An alternative method to study the recrystallization is the Zurob 
model, presented originally in [19] and slightly modified by Pohjonen 
et al. in [20]. Equation details are presented in the mentioned articles, 
but the basic idea is that the model is physically based and considers the 
effect of recovery as a dislocation density dissipation mechanism, 
whereas in the K&P equation recovery is just a hand-fitted line. In 
Fig. 1b), the green solid line is the fitted recovery line obtained by the 
Zurob model. Stress relaxation due to grain growth is depicted by the 
orange solid line described earlier. Fitted relaxation stress is the red solid 
line. The resulting relaxation kinetics curve is the red line in Fig. 1c). 

The following empirical relation [2,5] can be used to explain t50%: 

t50% = A εpεq́dsexp(
Qapp

RT
) (4)  

where A, p, q and s are material dependent constants, ε is strain, ε´is 
strain rate, d is initial grain size and Qapp is the apparent activation 
energy of static recrystallization. R is the universal gas constant and T is 
the absolute temperature. The recrystallized fraction may be estimated 
as a function of temperature and time using t50% in conjunction with the 
KJMA equation [21]. 

In the current study, the effect of Mo on the static recrystallization 
characteristics and microstructure evolution in hot-deformed austenite 
were evaluated using interrupted stress relaxation technique on a 
Gleeble 3800 thermomechanical simulator for low-carbon CrNiMnB 
ultrahigh-strength steel. The effect of deformation parameters i.e., strain 
and deformation temperature on the static recrystallization kinetics 
were studied. A novel semi-automatic stress relaxation test reading tool 
with a graphical user interface (GUI) was created to automate as many 
steps as possible. Moreover, it can be used to overcome the difficulties in 
determination of the onset of static recrystallization manually from the 

Fig. 1. A stress relaxation test result and several techniques for estimating SRX kinetics, a) full result of a relaxation test, b) relaxation part with fitted guidelines and 
c) calculated recrystallization kinetics. 
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stress relaxation curves, especially at high temperatures. SRX kinetics 
equations were derived for explaining static recrystallization in hot- 
deformed austenite of 0Mo and 0.25Mo steels. A comparison between 
the experimental and the predicted values using the developed SRX ki
netics equations was performed. The GUI tool and fitting details are 
presented in appendix A. The GUI tool with example files can be found at 
[22]. 

2. Materials and methods 

2.1. Materials 

The chemical compositions of the investigated ultrahigh-strength 
steels are given in Table 1. The investigated steels have similar 
composition except the content of Mo. 0Mo steel refers to the steel 
without addition of Mo (0 wt% Mo) while 0.25Mo steel refers to the steel 
with addition of 0.25 wt% of Mo. The non-recrystallization (Tnr) tem
perature and the dissolution temperature for the investigated steels are 
given in Table 1. The materials were received in the form of homoge
nized and hot-rolled 12 mm-thick plates. Several rods with dimensions 
of 12 × 12×15 mm were cut from a hot-rolled plate with an axis parallel 
to the rolling direction. The rods were homogenized at 1250 ◦C for 1 hr. 
under argon atmosphere then quenched in water. Cylindrical specimens 
of dimensions Ø10 × 12 mm were machined from the rods with axis 
along with the rolling direction. 

2.2. Thermomechanical simulation 

Gleeble 3800® (Dynamic Systems Inc., Poestenkill, NY, USA) ther
momechanical simulator was employed for interrupted stress relaxation 
testing. A graphite foil was used as a lubricant between the sample and 
the tungsten carbide anvils and tantalum foil to prevent sticking. The 
samples were heated at 10 ◦C/s to 1250 ◦C and held for 120 s for ho
mogenization and increase the grain size then cooled at 2 ◦C/s to the 
deformation temperature where samples hold for 15 s prior compression 
up to the prescribed strain as shown in Fig. 2. Using the stroke mode, the 
strain was held constant after the deformation and the compression 
force relaxed as a function of holding time, and the stress relaxation 
curve fitted with an Avrami-type (KJMA) equation and Zurob fitting 
model for determining t50%. 

The interrupted stress relaxation tests were performed using a single 
strain rate 10 s− 1 in the temperatures range 950–1250 ◦C and strain 
range 0.2–0.6 to have different deformation parameters for evaluating 
the microstructure evolutions during roughing. 

To get the starting prior austenite grain size, the samples were heated 
at 10 ◦C/s to 1250 ◦C and held for 120 s for homogenization then 
quenched in water, see Fig. 2. 

2.3. Microstructure analysis 

With the aim of studying the microstructure, the simulated samples 
were cut from the middle, mounted, grinded and polished. To reveal the 
prior austenite grains, the polished samples were left for two days before 

etching. The etchant was prepared using 4 g picric acid, 4.5 g ammo
nium chloride (NH4Cl), 1 g sodium sulfate (Na2SO4) and 1 ml wetting 
agent and completed to 100 ml using distilled water. The etchant was 
diluted to 50% using distilled water. Then the samples were etched in 
the diluted etchant at 60 ◦C for 60–75 s. Then the samples were repo
lishing using silica suspension (0.04 µm) to remove the substructure for 
30–60 s under pressure of 5–10 N. 

The prior austenite grain size and their size distributions were 
calculated semi-automatically from laser scanning confocal microscopy 
(LSCM) images by linear intercept method using a novel calculation tool 
developed by one of the authors and described in more details in [23]. In 
brief, firstly, a linear intercept interval data set is obtained using a 
self-made GUI tool, grain size calculator [23]. A novel fitting technique 
is then applied to fit a probability density function to the data set. The 
method is discussed in detail in [24], but the basic idea is that nth order 
Taylor polynomials are applied in fitting to the cumulative probability 
density formed with the linear intercept interval data set, and the 
resulting equation is derivated to obtain the probability density 
function. 

3. Results and discussion 

3.1. Initial microstructure of steels 

Fig. 3a and b show the prior austenite grains at the central area of the 
sample as well as the average PAGS of the investigated steels without 
deformation. The initial PAGS of 0Mo and 0.25Mo steels are measured to 
be 454 µm and 344 µm, respectively. These results are based on the 
analysis of a combined figure consisting of 4 micrographs of the pre
sented in Fig. 3a and b. Both steels show a wide range of size distribu
tion, see Fig. 3c and d. Compared to 0Mo steel, addition of Mo led to 
much lower frequency of very large grains due to the solute drag effect 
of Mo on the grain boundaries migrations which decrease the grain 
coarsening at high temperatures. 

Table 1 
Chemical composition of the investigated steels (in wt%), starting prior austenite grain size (PAGS), the calculated non-recrystallization (Tnr) and the dissolution 
temperatures of precipitates.  

Steel 
Design 

C Si Mn Cr Ni Mo Al B N PAGS before deformation, 
µm 

Tnr 

(◦C)a 
T (dissolution of BN) 

(◦C)b 
T (dissolution of AlN) 

(◦C)b 

0Mo  0.16  0.2  1.0  0.5  0.5 –  0.03  0.0015  0.0050  454  901  1124.07  1059.61 
0.25Mo  0.16  0.2  1.1  0.5  0.5 0.25  0.03  0.0015  0.0043  344  913  1110.16  1044.89 

a Calculated using Tnr = 887+464C+
(

6445Nb − 644
̅̅̅̅̅̅
Nb

√ )
+500V +363Al − 357Si+(400Mo − 175

̅̅̅̅̅̅̅
Mo

√
) [2] 

b Calculated using Thermo-Calc® 2022a with data base TCFE9  

Fig. 2. Schematic diagram for stress-relaxation test on Gleeble thermo
mechanical simulator. 
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3.2. Thermodynamic calculations 

Thermodynamic calculations were performed using commercial 
Thermo-Calc software version 2022a and the database TCFE9. Fig. 4 
shows the equilibrium precipitates formed in austenite in the tempera
ture range 900–1300 ◦C for 0Mo and 0.25Mo steels. In case of 0Mo steel, 
AlN and BN are formed below 1059 ◦C and 1124 ◦C (the solubility 
temperatures given in Table 1) respectively and their volume fraction 
increased by decreased temperature, see Fig. 4. Similar precipitates were 
formed for 0.25Mo steel. However, BN and AlN were formed at a lower 
temperature, 1110 ◦C and 1044 ◦C respectively compared to 0Mo steel. 
Based on the thermodynamic calculations, the selected homogenization 
temperature, 1250 ◦C is suitable for complete dissolution of all pre
cipitates and provides only austenite as starting phase. 

3.3. Flow stress and relaxation behavior 

Typical true stress-true strain curves for 0Mo and 0.25Mo steels 
reheated at 1250 ◦C for 120 s then compressed at 10 s− 1 at temperatures 
ranging from 950◦ to 1250◦C are shown in Fig. 5a. Fig. 5a show work 
hardening and dynamic recovery prior to stress relaxation at all defor
mation temperature. Thus, the static restoration (recovery and recrys
tallization) process can be characterized using the relaxation after hot 
compression [2]. The flow stress of the examined steels is, as predicted, 
highly influenced by the deformation temperature. For both steels, the 
flow stress decreases as the deformation temperature increases. This is 
due to a decrease in work hardening because of decreased dislocation 
motion resistance [25]. Compared to 0Mo steel, the addition of Mo in
creases the flow stress throughout all deformation temperatures. This is 

Fig. 3. LSCM micrographs of the studied steels after homogenization at 1250 ◦C and the corresponding probability density for (a, c) 0Mo and (b, d) 0.25Mo steels 
respectively. 

Fig. 4. Thermodynamic calculations for precipitate types formed in the investigated steels (a) 0Mo (b) 0.25Mo at high temperature.  
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mainly due to the solid solution strengthening caused by Mo addition 
[26]. 

Fig. 5b shows typical stress-relaxation curves (true stress vs. log- 
relaxation time) for 0Mo and 0.25Mo steels compressed at 10 s− 1 at 
temperatures ranging from 950◦ to 1250◦C, which display three stages 
on the logarithmic time scale. The early and end linear stages on the 
curves correspond to the occurrence of static recovery (SRV), whereas 
the intermediate fast fall in the stress level indicates the SRX or MDRX 
process [14,27]. 

Avrami exponents for 0.25Mo steel are in the ranges of 1.20 – 1.44, 
1.49 – 1.81 and 1.05 – 1.75 at strains 0.2, 0.4 and 0.6 respectively. While 
the Avrami exponents for 0Mo steel are in the ranges of 1.16 – 1.37, 
1.31– 1.57 and 1.23 – 1.90 at strains 0.2, 0.4 and 0.6 respectively. 
Avrami exponent is roughly between 1.05 and 1.90 for both steels which 
agreed with the range obtained by Perttula et al. [28] for different steel 
grades and within the reported values (0.34–2) in other studies [28–32]. 
Moreover, it shows a little dependency on the temperature as it de
creases with increasing the temperature which agreed with the results 
reported by Facusseh et al. [18]. 

Table 2 gives some values of Zurob fitting parameters including the 
activation enthalpy Ua, activation volume of recovery Va and the acti
vation energy for the diffusion of alloying elements Qd for the investi
gated steels. The obtained values also have physical meaning, so they 
can be used to estimate the quality of the fitted results and are compa
rable with results reported by other authors [20]. It must be noted that 
the values can have some error due to the nature of the relaxation test, 
which often has some noise, as well as the numerical fitting method, 
where multiple variables are simultaneously fitted. 

A comparison is made to the obtained fitting parameters values from 
0Mo steels, addition of Mo increases Ua, Va, and Qd at all deformation 

temperatures and applied strains. There is a clear effect of temperature 
and the applied strain on the Ua, Va, and Qd. The values of Ua decreased 
slightly by about 1.58% and 3.06% for 0Mo and 0.25Mo steels when the 
temperature increased from 950 ◦C to 1150 ◦C at the lowest applied 
strain, respectively. At high applied strain i.e., 0.4 and 0.6, Ua decreased 
when the temperature increased from 950 ◦C to 1150 ◦C by about 
13–16% and 24–25% for 0Mo and 0.25Mo steels, respectively. The 
values of Va are decreased significantly at all applied strains for both 
investigated steels when the temperature increased from 950 ◦C to 
1150 ◦C as illustrated in Table 2. The values of Qd decreased slightly at 
the lowest strain when the temperature increased from 950 ◦C to 
1150 ◦C by about 5% and 2% for 0Mo and 0.25Mo steels, respectively. 
At high applied strain i.e., 0.4 and 0.6, Qd decreased when the temper
ature increased from 950 ◦C to 1150 ◦C by about 9–13% and 9–10% for 
0Mo and 0.25Mo steels, respectively. The value of surface to volume 
ratio fitting parameter (Sv) is set as constant value of 80,839.75 m− 1. So, 
the product of geometrical factor fitting parameter (K) x surface to 
volume ratio fitting parameter (Sv), resulting in a comparable result with 
those obtained by Pohjonen et al.[20]. 

Fig. 6 shows the difference (in %) for fitting variables Ua, Va and Qd 
between deformation temperatures 950 and 1150 ◦C with strains 
0.2–0.6 for both investigated steel grades. Increasing temperature de
creases the parameter value in all cases, but the values vary greatly. For 
higher strains, the decrease seems to be more significant. These results 
are in line with common recrystallization theory, showing that recrys
tallization occurs more easily with increasing temperature. The results 
also show some variance, which is to be expected due to reasons 
mentioned earlier, as well as the test series having relatively few data
points per test parameter. 

Fig. 5. Typical true stress-true strain curves (a) and typical stress-relaxation curves (b) for 0Mo and 0.25Mo steels. The samples reheated at 1250 ◦C then hot- 
compressed to 0.6 strain with strain rate 10 s− 1 at the temperature range 950–1250 ◦C and recorded for 60 s after compression. 

Table 2 
Some values of the parameters obtained from Zurob fitting model for different deformation parameters.  

Steel Temperature (◦C) Strain Ua (J/mol) Change (%) Va (m3) Change (%) Qd (J/mol) Change (%) KSv (1/m) 

0Mo  950  0.2 2.91 × 105 -1.58 9.04 × 10− 28 -75.65 8.73 × 104 -4.88  965 
1150 0.2 2.87 × 105 2.20 × 10− 28 8.30 × 104  5657  
950  0.4 2.76 × 105 -16.06 2.84 × 10− 28 -99.22 8.87 × 104 -8.49  4026 
1150 0.4 2.32 × 105 2.21 × 10− 30 8.11 × 104  5507  
950  0.6 2.81 × 105 -12.68 4.03 × 10− 28 -98.09 8.83 × 104 -13.39  3642 
1150 0.6 2.45 × 105 7.72 × 10− 30 7.64 × 104  2780 

0.25Mo  950  0.2 3.11 × 105 -3.06 9.23 × 10− 28 -51.73 9.45 × 104 -2.19  2966 
1150 0.2 3.02 × 105 4.46 × 10− 28 9.24 × 104  4240  
950  0.4 3.16 × 105 -23.67 8.15 × 10− 28 -99.41 1.01 × 105 -8.53  4480 
1150 0.4 2.41 × 105 4.84 × 10− 30 9.22 × 104  9836  
950  0.6 3.08 × 105 -24.85 4.59 × 10− 28 -99.41 1.03 × 105 -9.88  1660 
1150 0.6 2.32 × 105 2.71 × 10− 30 9.31 × 104  7386  
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3.4. Effect of the deformation parameters on SRX kinetics and 
microstructure 

3.4.1. Effect of deformation temperature 
The kinetics of SRX process as a function of deformation parameters 

were determined using the analysis results of stress relaxation curves. 
The recrystallized fraction vs. time curves computed from the stress 
relaxation curves were used to calculate the t50%. In every case, com
plete softening was accomplished. 

Fig. 7 show examples of recrystallized fraction versus time curves 
fitted with Zurob type-curves of 0Mo and 0.25Mo steels compressed to a 
true strain of 0.6 with strain rate 10 s− 1 in the temperature range 
950–1250 ◦C. Fig. 7 illustrates the accelerating effect of increasing the 
deformation temperature on the kinetics of SRX. The increased defor
mation temperature intensifies atoms’ thermal vibrations, leading in 
high energy and instability at grain boundaries, contributing to the onset 
of SRX [33]. For instance, in the case of 0Mo steel, t50% decreased from 
4.09 s at 950 ◦C to 0.05 s at 1250 ◦C (see Fig. 7a). In the case of 0.25Mo 

Fig. 6. Change (%) in the activation enthalpy Ua, activation volume of recovery Va and the activation energy for the diffusion of alloying elements Qd for the 
investigated steels due to temperature increase from 950◦ to 1150◦C. 

Fig. 7. Recrystallized fraction vs. time data calculated from stress relaxation curves and fitted with Zurob-type curves for (a) 0Mo steel and (b) 0.25Mo steel after 
hot-compression to 0.6 strain at 10 s− 1 at temperature range 950–1250 ◦C. 
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steel, t50% decreased from 6.58 s at 950 ◦C to 0.06 s at 1250 ◦C (see 
Fig. 7b). Addition of Mo decreases the rate of SRX, for example at 
1050 ◦C, t50% increased from 0.39 s to 2.38 s 

Fig. 8 shows the microstructure evolution and the probability density 
of prior austenite grains for 0Mo and 0.25Mo steels after deformation 
with true strain 0.6 and strain rate 10 s− 1 at temperature range 

1050–1250 ◦C and with zero holding time. The peakshapes of grain size 
distribution vary dramatically when deformation temperature rises. It 
show that the average PAGS increased with increasing deformation 
temperature as a result of grain growth and the number of small grains 
decreased which is clearly visible from the microstructure and proba
bility density of PAGS. This is mostly owing to the fact that the larger 

Fig. 8. LSCM micrographs of the studied steels after hot-compression to true strain 0.6 with strain rate 10 s− 1 at temperature range 1050–1250 ◦C and the cor
responding probability density (a, c, e, g) and (b, d, f, h) for 0Mo and 0.25Mo steels respectively. 
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deformation-stored energy at higher temperatures increases SRX due to 
the higher atomic activities, high nucleation rate and grain boundary 
migration velocity [3,34,35]. 

Compared to 0Mo steel, 0.25Mo steel has higher probability density 
of small grains at all deformation temperatures, see Fig. 8g and h. This 
illustrates the high number of nucleations and slower rate of grain 
growth due to the solute drag effect caused by the Mo addition. 

3.4.2. Effect of applied strain 
Fig. 9 shows examples of recrystallized fraction versus time curves 

fitted with Zurob type-curves of 0Mo and 0.25Mo steels compressed 
with true strains 0.2, 0.4 and 0.6 with strain rate 10 s− 1 at 1150 ◦C. 
Fig. 9 illustrates the accelerating effect of increasing the applied true 
strain on the kinetics of SRX. For instance, in the case of 0Mo steel, t50% 
decreased from 1.59 s after applying 0.2 true strain to 0.1 s after 
applying 0.6 true strain (see Fig. 9a). In the case of 0.25Mo steel, t50% 
decreased from 1.77 s after applying 0.2 true strain to 0.16 s after 
applying 0.6 true strain. Increasing the applied strain has a significant 
effect on accelerating the SRX process because of the multiplication of 
dislocation density leading to an increase in the stored energy and 
thereby the driving force for SRX which accelerate the recrystallization 
[34,36,37]. 

Fig. 10 shows the microstructure evolution and the probability 
density of prior austenite grain for 0Mo and 0.25Mo steels after defor
mation to true strains 0.2, 0.4 and 0.6 with strain rate 10 s− 1 at 1150 ◦C 
and with zero holding time. Higher strain produces more tiny grains at 
0 s. The little grains are most likely newly nucleated recrystallized 
grains, and their growing abundance indicates that higher strains begin 
recrystallization faster. Higher strain causes additional dislocation cells 
or tangles to form on the grain boundaries, increasing the driving force 
for recrystallization. It is significant in the case of 0.25Mo steel 
compared to 0Mo steels which clearly visible from the probability 
density of PAGS, see Fig. 10g and h. Thereby, the average PAGS 
decreased in both steels with increasing the applied strain. 

3.4.3. Effect of holding time 
Fig. 11 shows the prior austenite grains as well as their probability 

density for 0Mo and 0.25Mo steels after deformation to true strain 0.2 
with strain rate 10 s− 1 at 1050 ◦C and with three holding times 0, 30 and 
60 s. Holding time has a significant influence on grain size, as illustrated 
in Fig. 11. Many tiny grains are present at 0 s in both steels, because of 
the fresh nucleating grains. However, the nucleation starts very fast in 
case of 0Mo steel compared to 0.25Mo steel. In case of 0Mo steel, small 
grains cover almost all the test piece while in the case of 0.25Mo, prior 
grain boundaries become serrated, and a few ultrafine equiaxed 

recrystallized grains develop at the original grain boundaries. Thereby, 
the average PAGS of 0Mo is smaller than that of 0.25Mo steel. For 30 and 
60 s holding time, the average PAGS increases with increasing holding 
time. This is likely since recrystallization has completed, and the test 
sample has progressed to the grain growth stage, where new nucleated 
grains continue growing. Because SRX is a thermal activation process 
connected to atomic diffusion, extending the holding time provides 
more time for atomic diffusion, increasing the SRX [34,37,38]. More
over, the dislocation density decreased with increasing the holding time 
[3]. The growth rate in case of 0.25Mo steel is much slower compared to 
the 0Mo steel subsequently, there is not much difference in the proba
bility density as well as the average PAGS of 0.25Mo steel at 30 s and 
60 s compared to 0Mo steel, see Fig. 11g and h. 

3.5. Apparent activation energy of recrystallization (Qapp) and activation 
energy of SRX (Qrex) 

The dependence of SRX kinetics of 0Mo and 0.25Mo steels on tem
perature are illustrated in Fig. 12. Based on t50% readings for the spec
imens deformed to 0.6 strain at strain rate 10 s− 1 in temperature range 
950–1250 ◦C, the apparent activation energy (Qapp) of recrystallization 
was calculated as 206 and 212 kJ/mol for 0Mo and 0.25Mo steels 
respectively, see Fig. 12. These values fall in the range of Qapp 
(177–283 kJ/mol) reported in literature for other steels [39]. The acti
vation energy of SRX (Qrex) depend on Qapp, the power of strain rate q 
and the deformation activation energy (Qdef). Qrex can be calculated 
using Eq. (5). A high Qrex value indicates that more energy or time is 
required to initiate the recrystallization process. 

Qrex = Qapp − q ∗ Qdef (5) 

For developing the regression model for the Qrex of hot deformed 
austenite, Somani et al. [21,40,41] assumed the Qdef of 340 kJ/mol for 
C-Mn steels. So by assuming the Qdef is 340 kJ/mol and q is − 0.21 [2], 
Qrex of 277 and 283 are obtained for 0Mo and 0.25Mo steels respec
tively. Qrex (in J/mol) can be calculated for C–Mn and microalloyed 
steels using Eq. (6,7) which is based on linear regression analysis [6,41]. 

Qrex = 3803CF + 109418 (6)  

Where CF is the composition factor given by.  

CF = 2Cr + 10Cu + 15Mn + 50Mo + 60Si + 70 V + 230Ti + 700 Nb (7) 

Where the elements are in wt%. The calculated values of Qrex using 
Eqs. (3,4) are 216 and 269 kJ/mol for 0Mo and 0.25Mo respectively 
which are lower than the experimentally obtained values (277 and 

Fig. 9. Recrystallized fraction vs. time data calculated from stress relaxation curves and fitted with Zurob-type curves for (a) 0Mo steel and (b) 0.25Mo steel after 
hot-compression to 0.2, 0.4 and 0.6 strain at 10 s− 1 at 1150 ◦C. 
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283 kJ/mol). This illustrates that prediction of Qrex using Eq. (6,7) is not 
accurate for the investigated steels. 

3.6. Estimation of the power of strain (p) 

The t50% times for SRX show a strong dependency on the applied true 

strain, as t50% times decrease when increasing the applied true strain. 
Increasing the applied strains led to increase in the dislocation density 
which provides the driving force for SRX [1]. Based on the plotted re
sults in Fig. 13, the strain exponent (p) was estimated from the slope of 
the line fits of the data points in the log-log plot to be about − 1.90 and 
− 2.57 in the strain range of 0.2–0.6 and 0.3–0.5 for 0Mo and 0.25Mo 

Fig. 10. LSCM micrographs of the studied steels after hot-compression at 1150 ◦C with strain rate 10 s− 1 to true strain 0.2, 0.4 and 0.6 and the corresponding 
probability density (a, c, e, g) and (b, d, f, h) for 0Mo and 0.25Mo steels respectively. 

M. Ali et al.                                                                                                                                                                                                                                      



Materials Today Communications 33 (2022) 104676

10

steels, respectively. The strain exponent has a broad range of values 
recorded in literature, see [13,14,42]. The current values are close to the 
values of p (− 2 and − 2.6) reported in literature [43–45]. Also, the 
current values of p are comparable with those values reported for C-Mn 
steels and medium carbon spring steels (− 2.5) and Nb/Nb-Ti steels 
(− 2.8) which are based on stress relaxation tests [27]. The strain 
exponent of − 2.5 was also used by Hodgson and Gibbs [46] for C-Mn, 

Ti-, and V-steels. Moreover, the values of p in the current study are 
comparable with those reported by Kaikkonen et al. [2] for microalloyed 
medium carbon bainitic steels which range from − 1.7 to − 2.7. 

3.7. Fractional softening equations for SRX 

The power of strain rate q − 0.23 was derived from a prior regression 

Fig. 11. LSCM micrographs of the studied steels after hot-compressed at 1050 ◦C with strain rate 10 s− 1 to true strain 0.2 with different holding times 0, 30 and 60 s 
and the corresponding probability density (a, c, e, g) and (b, d, f, h) for 0Mo and 0.25Mo steels respectively. 
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model that could predict the static recrystallization of various carbon 
and microalloyed steels [47]. All the reported values of q in literature 
fall within a small range − 0.11 to − 0.23 which indicates the weak 
dependency of SRX on the strain rate, irrespective of chemical 

composition [39]. Combining the above values for Qapp, p, and q in Eq. 
(1) with the power of grain size described by the relation 
s = 2.13d − 0.105 [39], the constant A for the two steels is obtained. 
Therefore, the SRX rate can be described using the following SRX 
equations: 

0Mo steel : t50% = 4.43 • 10− 12 ε− 1.9ε ´− 0.23dsexp(
206000

RT
) (9)  

0.25Mo : steel : t50% = 2.29 • 10− 12 ε− 2.57ε ´− 0.23dsexp(
212000

RT
) (10)  

3.8. Comparison between the experimental and predicted results 

A comparison between the predicted values of t50% times using 
equations (9,10) and with those obtained experimentally for the current 
investigated steels are illustrated in Fig. 14 which shows a good agree
ment although results are somewhat scattered. This suggests that the 
developed kinetic equations could provide a good estimation of SRX 
behavior for metal-forming processes. 

4. Conclusions 

To create suitable thermomechanically controlled rolling procedures 
that avoid partial recrystallization and produce fine grain during 
roughing, the static recrystallization characteristics and grain growth 
during roughing were evaluated using the interrupted stress relaxation 
test on Gleeble 3800 thermomechanical simulator over a wide range of 
temperatures (950–1250 ◦C) and strains (0.2–0.6) for newly-developed 
low-carbon CrNiMnB ultrahigh-strength steel with and without molyb
denum addition. The effect of Mo on the static recrystallization kinetics 
was investigated. A novel semi-automatic stress relaxation test reading 
tool with a graphical user interface was created to automate as many 
steps as possible which work smoothly and successfully for all results 
reported in the current study. Moreover, it overcomes the difficulties in 
determination of the onset of static recrystallization manually from the 
stress relaxation curves especially at high temperatures. The conclusions 
can be drawn as follows:  

1. During compression under all deformation parameters, strain 
hardening, and dynamic recovery occurred. The flow stress in 
case of 0.25Mo steel are higher than those of 0Mo steel.  

2. The static recrystallization kinetics were successfully revealed 
under various conditions using the interrupted stress relaxation 
method and new static recrystallization equations were estab
lished using the recorded stress relaxation data for explaining 
static recrystallization in hot-deformed austenite of 0Mo and 

Fig. 12. Estimation of Qapp of the investigated steels.  

Fig. 13. Dependence of t50% on strain for the investigated steels deformed at 
1050 ◦C. The plotted data including t50% calculated after applying KJMA and 
Zurob-type fitting. 

Fig. 14. Prediction vs. experimental t50% times: (a) 0Mo steel and (b) 0.25Mo steel.  
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0.25Mo steels. Addition of Mo retard the SRX kinetics. The 
equations expressed as: 

0Mo steel : t50% = 4.43 • 10− 12 ε− 1.9ε ´− 0.23dsexp(
206000

RT
)

0.25Mo steel : t50% = 2.29 • 10− 12 ε− 2.57ε ´− 0.23dsexp(
212000

RT
)

3. The materials correlation constant (Avrami exponent, n) is 
roughly between 1.05 and 1.90 for both 0Mo and 0.25Mo steels.  

4. The values of Zurob fitting parameters including the activation 
enthalpy Ua, activation volume of recovery Va and the activation 
energy for the diffusion of alloying elements Qd increases with the 
addition of Mo at all deformation temperatures and applied 
strains. Increasing temperature decreases the parameter value in 
all cases, but the values vary greatly. For higher strains, the 
decrease seems to be more significant.  

5. The activation energy of static recrystallization (Qrex) of 277 and 
283 kJ/mol are obtained for 0Mo and 0.25Mo steels respectively.  

6. The SRX and grain growth are highly sensitive to the deformation 
temperature, applied strain and holding time.  

7. A comparison was performed between the experimental and the 
predicted values using the developed SRX kinetic equations, 
showing a good agreement.  

8. The peakshapes of grain size distribution vary dramatically when 
deformation temperature rises, indicating that deformation 
temperature has a major impact on SRX. It shows that the average 
PAGS increased with increasing deformation temperature as a 
result of grain growth and a decrease in the number of small 
grains.  

9. Higher strain produces more newly nucleated recrystallized 
grains and their growing abundance indicates that higher strains 
accelerate recrystallization rate.  

10. Holding time has a significant influence on grain size distribution 
and average PAGS of 0Mo steel compared to 0.25Mo steel. 
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