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Abstract: In this work dynamic recrystallization behavior of AISI 403 martensitic stainless steel 
was studied using hot compression tests over temperature range of 900°C -1200°C and strain rate 
range of 0.001 s-1-1 s-1. The obtained flow curves showed that the hot compression behavior of the 
alloy is controlled by dynamic recrystallization. The flow stress and strain corresponding to the 
critical, peak and onset of steady state region were related to the Zener-Hollomon parameter using 
simple power equations. The variation of dynamic recrystallization fraction with strain showed 
that restoration kinetics is enhanced with increasing the temperature and decreasing the strain rate. 
The development of DRX was modeled using Avrami Kinetics equation. The equations proposed 
by Baragar and Cingara-McQueen were used to develop a new model capable of predicting the 
flow curves up to the onset of steady state flow region. This softening work is mainly controlled 
by the phenomenon of dynamic recrystallization.          
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1. Introduction 

Dynamic recrystallization (DRX) is very crucial to the microstructural evolution during hot deformation 

of alloys with low and medium stacking fault energy (SFE) [1-4]. This phenomenon changes the 

microstructure substantially through nucleation and growth of new strain-free grains at the expense of pre-

existing work hardened ones. In the low and medium SFE materials, the nucleation mechanism mainly 

comprises grain boundary bulging which is often referred to as strain induced grain boundary migration 

(SIBM). Different dislocation densities at the two sides of a grain boundary provide the required driving 

force for SIBM [5]. The bulged boundaries then sweep away the dislocations evolving initial structure into 

the new dislocation free, or the low dislocation density one. Based on the mentioned underlying 

phenomena, DRX is of critical importance from the industrial viewpoint because it reduces the stored 

strain energy and the corresponding softening effect decreases the required force to shape a work piece. 

Taking the advantage of DRX to decrease the required energy for shaping a product as well as avoiding 

plastic instabilities or premature fracture is quite a practical way in different industrial processes, e.g. hot 

forging [6]. In addition to this, DRX often contributes to improving microstructure, thereby refining the 

grain structure and improving the mechanical properties of the industrial parts. 

The practical and scientific importance of DRX signifies the extensive investigations done in the past 

decades to predict its condition and kinetics in different alloys [7-11]. It has been well-known that the 

required conditions for the initiation and completion of dynamic recrystallization depend on the materials 

parameters such as chemical composition and the processing variables, temperature and strain rate. 
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Therefore, for a careful design of hot working operation, having an in-depth knowledge about the dynamic 

recrystallization behavior of the material is very essential. The influence of chemical composition is also 

crucial in view of the precipitation of second phases and its interaction with DRX. In a recent work done 

on 403 and 403Nb alloys, it has been confirmed that DRX simply comes into operation in the former alloy 

unlike to the latter one [12]. The inhibition of DRX can be attributed to the pinning effect of Niobium 

carbides on the grain boundaries. 
The physical simulation technique using hot compression tests is a common way of assessing the 

DRX behavior of a material at various deformation conditions. Moreover, it is possible to investigate hot 
deformation behavior over a variety of conditions using mathematical equations based on Zener-Holloman 
parameter [13]. Mathematical equations can also be applied to calculate the changes in recrystallized 
fraction during hot deformation [14]. The experimental techniques have been widely used for different 
types of stainless steels, in order to develop useful experimental equations [15]. These equations are 
applicable to generalize the laboratory results to the industrial hot working operations. Despite the 
extensive works done on the hot deformation behavior of stainless steels, the martensitic grades have 
received less attention. Hence, the current work was conducted to investigate the hot deformation behavior 
of AISI 403 that is one of the most applicable martensitic stainless steels. 
 

2. Experimental Procedures 

The chemical composition of AISI 403 martensitic stainless steel used in this study is given in Table 1. 
Cylindrical specimens with 10 mm in diameter and 12 mm in height were prepared from an as-received 
hot forged bar according to the ASTM E209 standard. To get a homogeneous austenitic structure before 
testing, all samples were reheated at 1200 ・C for 15 min. Figure 1 shows optical micrograph of the 
annealed sample before testing with an average prior austenite grain size of about 80 μm. 

Table 1. Chemical composition of AISI 403 martensitic stainless steel used in present investigation. 

Element C Cr Ni Mn Si S P Fe 

Wt.% 0.11 12.64 0.86 0.86 0.37 0.01 0.04 Bal. 

 

  
Fig. 1. Starting microstructure of AISI 403 martensitic stainless steel used in this research after reheating. 

After austenitizing, samples were cooled down to deformation temperatures over range of 900 ・C -1200 
・C (in steps of 100 ・C) held for 3 minutes and then subjected to hot compression at four various strain 
rates (0.001 s-1, 0.01 s-1, 0.1 s-1 and 1 s-1) up to true strain of 0.8. Deformed specimens were immediately 
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quenched (in less than 3 s) in cold water to freeze the microstructure of hot deformation. A Zwick/Roell 
testing machine was used to perform hot compression tests.  The thermomechanical treatment performed 
on specimens is drawn schematically in Fig. 2. The quenched specimens were subsequently cut in 
longitudinal direction, ground and polished according to the standard ASTM E3-11 and finally etched in 
ammonium persulfate and chloridric acid etchant to reveal the prior austenite grain boundaries. Optical 
microscopy observations were performed using an Olympus X51 microscope. The grain size 
measurements of the deformed samples were carried out according to ASTM E112-13 standard. 

 
Fig. 2. Schematic representation of thermomechanical treatment performed on specimens in this study. 

 
3. Results and Discussion 

3.1. Analyzing flow curves 
Figure 3 shows the representative true stress-true strain curve of the studied material at 1000 ・C and at a 
strain rate of 0.01 s-1. The curve is clearly typical of DRX with a single peak after which flow softening 
reduces the flow stress down to the steady state condition. To study the mechanism of microstructural 
evolution, the same test was repeated with four consecutive strains of 0.2, 0.4, 0.6 and 0.8 and the 
deformed samples were immediately quenched after testing. The strains were chosen in a way to help 
analyze the microstructure at different regions of the flow curve as well below the peak (point A), around 
the peak (point B), flow softening (point C) and the steady state condition (point D). The microstructures 
corresponding to the points denoted by letters A, B, C and D on the flow curve are presented in Fig. 4. It is 
obvious from Fig. 4(a) that at strains well below the peak (e.g. point A) work hardening is dominant and 
the initial grains are deformed and elongated along the compression axes. In the strain region between 
points A (ε=0.2) and B (ε=0.4) which is beyond the peak, primary DRX grains are formed and work 
hardening descends. Figure 4(b) shows the presence of fine grains produced by recrystallization in the 
vicinity of the initial grain boundaries of work hardened grains. It is worth mentioning that the new grains 
are mostly observed around the grain boundaries where strain is more concentrated. Figure 4(c) and 4(d) 
illustrates that by increasing strain to 0.6 and further to 0.8, recrystallization develops to a fully equiaxed 
recrystallized grain structure at the onset of the steady state region.  

The results of hot compression tests under different deformation conditions are shown in Fig. 5. It is 
clear that over the whole studied temperature and strain rate that ranges the hot deformation behavior of 
the material is controlled by work hardening and DRX. It is inferred that the hot deformation behavior is 
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remarkably affected by the deformation parameters. As expected, the flow stress level increases as the 
deformation temperature declines or strain rate rises. At high temperatures the increase in the rate of flow 
softening is associated with increasing the mobility of dislocations and grain boundaries. This, in turn, 
increases the nucleation and growth rates of DRX. The decrease in strain rate has a positive effect on the 
flow softening because it extends the deformation time and favors more development of DRX. 

 
Fig. 3. Typical true stress-strain curve of 403 stainless Steel at 1000 °C and at a strain rate of 0.01 s-1. 

 
 

     
 

      
 

Fig. 4. Micrographs of hot deformed samples at 1000 °C and strain rate of 0.01 s-1 to  
different strains of (a) 0.2, (b) 0.4, (c) 0.6 and (d) 0.8. 
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Fig. 5. True stress-strain curves under different hot deformation conditions,  

(a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C. 
 
As indicated by Figs. 3 and 4, DRX becomes completed at the onset of the steady state region. As in 

this region, the work hardening and softening rates equal establishing this condition requires the 
completion of DRX and hence it is not well recognized at low deformation temperature and high strain 
rates. 
 
3.2. Hot deformation characteristic points 
It is well known that the peak of flow curve is a reliable measure of the starting point of DRX. However, 
in reality, DRX actually initiates at a critical strain well below the peak. It has been reported that the 
critical strain can be readily derived from the variation of work hardening rate versus the flow stress [10, 
11, 13]. Figure 6 shows the plot of work hardening rate (θ=dσ/dε) against the true stress under different 
deformation conditions, according to the method that was originally proposed by Poliak and Jonas [10]. 
The inflection point on the work hardening plots vs. true stress corresponds to the initiation of DRX that is 
termed as the critical point and its strain and stress are known as the critical strain (εc) and stress (σc), 
respectively. As seen, increasing temperature and decreasing strain rate shifts the inflection (critical) point 
of the curve to the lower positions in terms of stress and strain.  

For industrial applications, it is very useful to relate the characteristic points of the flow curves to the 
deformation conditions using simple equations. In similar researches simple power equations have been 
used to correlate the characteristic strains and stresses with the deformation variables of temperature and 
strain rate [16]. In such equations, the effects of temperature and strain rate are often incorporated in the 
Zener-Holloman parameter, as follows: 

)
RT

Q
exp(εZ 

                                                                                                                                              
(1) 
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where, Z denotes the Zener-Holloman parameter, ε  is the strain rate (s-1), T is the absolute deformation 
temperature (K), R is the gas constant (8.314 J mol-1 K-1) and Q is the activation energy of deformation (kJ 
mol-1). The value of activation energy at the peak point for a type of steel similar to that of the present 
study has been reported to be 448 kJ mol-1  [17]. In a work performed by Ren et al. [18], Q was determined 
as a function of strain and its value around the peak of flow curves was close to the value taken here. The 
dependence of characteristic points on the deformation condition can be established using the Zener-
Hollomon parameter, as presented in Fig. 7. It is evident that the decrease in Z (i.e. increasing temperature 
or decreasing strain rate) shifts all the characteristic points to lower stresses and strains. This stems from 
the fact that increasing temperature and decreasing strain rate facilitate the condition for the occurrence of 
DRX. The following relationships between the Zener-Holloman parameter and the characteristic points 
can be derived from the results presented in Fig. 7:  

267.549.032Ln(Z)σP                                                                                                                             (2) 

0.59)0.0259Ln(ZεP                                                                                                                                (3) 

236.867.94Ln(Z)σC                                                                                                                               (4) 

0.28)0.0125Ln(ZεC                                                                                                                               (5) 

200.147.022Ln(Z)σS                                                                                                                             (6) 

1.12)0.0456Ln(ZεS                                                                                                                                (7) 

where, subscripts "C", "P" and "S" refer to critical, peak and steady state, respectively. In this work the 
ratio of σc/σp during hot deformation was found to be nearly constant as 0.84. This value is in good 
agreement with other reports in the literature [14, 15].  

 
Fig. 6. Work hardening rates versus true stress at different hot deformation conditions,  

(a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C. 
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3.3. Dynamic recrystallization kinetics  
Dynamic recrystallization proceeds with strain and its kinetics depends on strain rate and 

temperature.  
Optical micrographs of the samples deformed at strain rate of 0.001 s-1 and temperatures of 900 °C, 

1000 °C, 1100 °C and 1200 °C are presented in Fig. 8. The micrograph obtained at 900 °C (Fig. 8(a)) shows 
that the DRX new grains have formed almost along the prior grain boundaries and have occupied more 
than 50 % of the deformed matrix. As the temperature increases to 1000 °C (Fig. 8(b)), the DRX fraction 
grows and only sparse regions of deformed grains remain. At high temperatures, i.e. 1100 ・C and 1200 
・C, the microstructure is fully recrystallized reflecting accelerating DRX with increasing temperatures. It 
is also notable that increasing deformation temperature has sharply increased the tendency for grain 
growth, so that the average grain size of the DRX grains that was about 15 micron at 900・C increases to 
25, 45 and 55 micron at 1000 ・C, 1100 ・C and 1200 ・C, respectively. 

 

 
Fig. 7. Characteristic stress and strain of (a) peak point, (b) critical point and (c) steady 

 state point as functions of Zener-Holloman parameter. 
 

The variation of fraction recrystallized with increasing strain is observed in Fig. 9. It can be seen that 
DRX fraction increases with increasing temperature and decreasing strain rate. For instance, the DRX 
fraction in Fig. 9(a) (900 °C) is lower at all studied strain rates comparing to higher temperatures. Rather, 
it is observed that at low temperatures, e.g. 900 °C, DRX is completed at strains well beyond the total 
strain of 0.8 applied in the current tests. On the other hand, at high temperatures and low strain rates, e.g. 
1200 °C and 0.001 s-1, DRX becomes completed at lower strains. 
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Fig. 8.  Optical micrographs of samples deformed at strain rate of 0.001 s-1 and temperatures 

 of (a) 900 °C, (b) 1000 °C, (c) 1100 °C, and (d) 1200 °C. 

 

 
Fig. 9. Variation of dynamic recrystallization fraction with strain at different deformation  

conditions, (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C. 
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The relationship between the volume fraction of DRX and strain during hot deformation can be 
readily described by different experimental or physics-based equations [5, 14, 19, 20]. The Avrami 
kinetics equation is often used to describe the fraction recrystallized (XDRX) as a function of deformation 
time, given by: 

)ktexp(1X n
DRX

                                                                                                                                  (8) 

where, k and n are the material constants. As DRX progresses with strain, the above equation can be 
rewritten as follows [16].  

))
ε

εε
0.693(exp(1X 2

50%

C
DRX




                                                                                                                

(9) 

where, ε is instant true strain, εc is the critical strain and ε50% is the strain required for 50 percent 
recrystallization. The values of ε50%, ε10% (10% recrystallization) and ε90% (90% recrystallization) 
determined from the curves of Fig. 9 have been drawn in Fig. 10 as functions of Z at different deformation 
conditions. It is clearly observed that increasing Z results in shifting ε10%, ε50% and ε90% to higher values. 
The linear regression of the data points gives the following applied equations:  

0.46)0.0215Ln(Zε %10                                                                                                                           (10) 

0.78)0.0355Ln(Zε %50                                                                                                                           (11) 

1.07)0.0511Ln(Zε %90                                                                                                                           (12) 

In a similar approach Zeng et al. [21] reported that the Avrami kinetics equation can be used for case of 
DRX in AISI 403Nb alloy. They reported a value of 2.3 for the Avrami exponent (n) and represented 
power-law equations for the dependence of peak and critical strains on Z. 

 
Fig. 10. Variation of the strains required for 10%, 50% and 90% dynamic recrystallization  

(ε10%, ε50% and ε90% ) fraction with the Zener-Hollomon parameter. 
 

3.4. Modeling flow curves  
Many attempts have been devoted to develop a formalism for σ(ε). Different approaches of empirical, 

semi-empirical and physical-based have been used in the literature to predict flow stress at the early stages 
of DRX [22-24]. The flow stress up to the completion of DRX at the steady state region is very crucial 
particularly from the industrial point of view. This is because the steady state flow stress (σs) is constant at 
a given deformation condition and can be simply predicted by a power-law equation as proposed in Eq. 6. 
Due to the complexity of physical-based equations, more simple experimental descriptions of σ(ε) are 
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solicited for industrial applications. In this way, Baragar [25] proposed a power equation for plain carbon 
and low alloy steels as follows: 

1.20.80.4 eεdεcεbσ                                                                                                                         (13) 

where, b, c, d and e are constants. Although this equation has been successfully used for plain carbon and 
low alloy steels, the four constants seems to be dependent on the deformation condition and the powers 
may vary for different alloys. In order to modify Eq. 13, it is possible to use another experimental equation 
proposed by Cingara and McQueen [26] as follows: 

C
pp

p

)]ε/ε-)exp(1 /ε[(ε
σ

σ


                                                                                                                        

(14) 

where, C is a material constant and σP and εp denotes the stress and strain of the peak point. Using the 

Tylor series for the exponential function (exp (x) = 1+x+x2/2!+…) and doing some algebraic operations, 

Eq. 14 can be simplified as follows: 

C3
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(15) 

By developing the right-hand side of above equation and neglecting some terms for simplicity, Eq. (15) 
can be simplified to take the form of Baragar's equation as follows: 
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(16) 

This equation is more applicable than Eq. (13) because the coefficients are constant and σP and εP 
determine the dependence on deformation temperature and strain rate as in Eqs. (2) and (3). The value of 
C can be determined by plotting the experimental data in a logarithmic scale. Hence, half of experimental 
data at 900°C and 1200°C were used to determine the average value of C as 0.7 in Fig. 11 and the rest of 
flow curves at 1000°C and 1100°C were used to verify the model. Fig. 12 shows that Eq. (16) successfully 
predicts the flow curves of the material up to the steady state region with a good precision. Therefore, Eqs. 
(2), (3), (6), (7) and (16) can be combined to completely draw flow curves of the material at various 
deformation conditions. 

 
Fig. 11. Variation of normalized flow stress with normalized flow strain at different strain rates and temperatures of 

(a) 900 °C, (b) 1200 °C. Savg is the average slope of the curves and corresponds to C in Eqs. (15) and (16). 
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Fig. 12. Comparison of the experimental data with the modeling curves predicted by Eq. (16) at various 

 strain rates and temperatures of (a) 1000 °C and (b) 1100 °C. 
 

4. Conclusion 

In this work, the dynamic recrystallization behavior of AISI 403 martensitic stainless steel was 
investigated using hot compression tests conducted at temperature range of 900°C -1200 °C and at strain 
rate range of 0.001s-1-1 s-1. The major results can be summarized as follows: 
(1) All of the flow curves represented the occurrence of dynamic recrystallization with the typical single 
peak behavior.  
(2) The stress and strain corresponding to the critical, peak and steady state region were related to the 
Zener-Hollomon parameter using simple power equations. 
(3) The variation of dynamic recrystallization fraction with strain was depicted according to the Avrami 
kinetics equation. It was predicted that dynamic recrystallization was partial at all strain rates at 950 ・C. 
However, at 1200 ・C, partial dynamic recrystallization was obtained at 0.1 and 1 s-1.  
(4) In order to model all parts of a typical flow curve, the equation proposed by Cingara-McQueen was 
modified by the Baragar’s equation. The modified equation in form of  

      ] ε/ε0.5 ε/ε2 ε/ε2.5[σσ 2.1
p

1.4
p

7.0
pP 

 

could predict the flow curves up to the onset of steady state 
flow region.  
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