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Abstract: The hot deformation behavior of a Fe–22Cr–25Ni–3.5W–3Cu–1.5Co 

super-austenitic stainless steel was investigated using isothermal compression tests with a 

wide range of temperatures (1173–1373 K) and strain rates (0.1–10 s−1). The results showed 

that all the flow curves gradually turned to balanced stress state without notable peak stress 

characteristics during the entire deformation, which indicated that the dynamic recovery 

behavior played a main restoration mechanism in the steel. Modeling constitutive 

equations relating to the temperature, strain rate and flow stress were proposed to 

determine the materials constants and activation energy necessary for deformation. In order 

to give the precise predicted values of the flow behavior, the influence of strain was 

identified using polynomial functions. The relationship of flow stress, temperature and 

strain rate was represented by the Zener-Hollomon parameter including the Arrhenius 

term. The predicted results validated that the developed constitutive equations can describe 

high temperature flow behavior well. Furthermore, a modified Zener-Hollomon parameter 

map of the studied steel was developed to clarify the restoration mechanism based on the 

constitutive modeling data and microstructural observation. 

OPEN ACCESS 



Metals 2015, 5 1718 

 

 

Keywords: super-austenitic stainless steel; hot deformation behavior; constitutive equation; 

deformation activation energy; Zener-Hollomon parameter map 

 

1. Introduction 

Super-austenitic stainless steels (SASSs) have unique high temperature strength, good weldability 

and superior corrosion resistance in comparison with general austenitic stainless steel grades, and such 

excellent properties mainly rely on the features of their chemical compositions. Current commercial 

SASSs are usually constituted of high alloyed addition of chromium (Cr), nickel (Ni), molybdenum 

(Mo) and other alloying elements in austenite [1–5]. Additions of these elements impart a remarkable 

improvement in oxidation resistance, microstructural stability and high temperature strength at elevated 

temperatures. Therefore, SASSs have been widely used as important structural materials for 

application in engineering fields such as chemical, petrochemical, oceanic, nuclear industries and so on 

in recent decades [1–4,6,7], it can be said that SASS applications successfully provide a bridge between 

cheap austenitic stainless steels and relatively expensive special superalloys [8]. 

For the purpose of facilitating the development of SASSs, understanding of the hot deformation 

mechanism is a very important issue because of its outstanding high temperature strength. The dynamic 

restoration processes during plastic deformation at high temperature are quite complex and strongly 

influenced by initial microstructure, deformation conditions and chemical composition. Compared to 

conventional austenitic stainless steels, SASSs have higher stacking fault energy (SFE), and the 

dynamic restoration is driven mainly by the dynamic recovery (DRV) process owing to its higher 

content of alloying elements, which leads to poorer hot plasticity and workability [9,10]. As observed 

in past studies, a significant positive correlation of Cr, Ni and Mo elements has been found with the 

SFE in austenitic grades of stainless steels (e.g., 34 mJ·m−2 of AISI 305, 78 mJ·m−2 of AISI 316,  

94 mJ·m−2 of AISI 310S and 164 mJ·m−2 of AISI 904L) [9,11]. Along with the increase in the SFE, 

steels are very susceptible to hot cracking during hot deformation, especially edge cracking due to the 

sluggishness of the dynamic recrystallization process (DRX) [7,12]. 

In earlier studies on the hot deformation behavior of some SASSs, the DRV and DRX behaviors, 

microstructural evolution and the constitutive relationship between stress, strain and deformation 

conditions have been investigated. For instance, Ebrahimi et al. [13] showed that the DRX behavior for 

the composition of a Fe–16Cr–25Ni–6Mo SASS was obviously retarded by segregation of substitutionals 

at the grain boundary. In the research results of Pu et al. [14] and Momeni et al. [15], the competition 

behavior between dynamic precipitation (including the intermetallic sigma phase and complex 

carbides) and the DRX process was verified for SASSs composed of Fe–24Cr–22Ni–7Mo and  

Fe–28Cr–33Ni–3.5Mo, respectively. Moreover, the activation energy for deformation in SASSs was 

also quite high in the range of 469–656 kJ·mol−1, this would lead to a significant delay in the dynamic 

restoration process at elevated temperatures [13,14,16]. These studies indicated distinctly that the 

diversification of hot deformation behavior is strongly influenced by the complex chemical 

compositions of high alloyed systems. However, the basic understanding of an alloy system different 

from Mo-containing Fe–Cr–Ni SASSs, especially in regard to the high temperature property, was still 
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lacking and has received little attention up to the present time [17,18]. For industrial hot deformation 

processing, optimal working parameters (such as deformation temperature, strain rate and strain) are 

the key factors for successful development of new steels. Therefore, the investigation of flow behavior 

is an essential approach for determining the process parameters and suitable hot working techniques for 

actual production procedures. Over the past few years, a large number of predictive models have been 

proposed to describe the dynamic deformation behavior of metals. They are usually classified into two 

groups: physical models and phenomenological models [19–23]. Compared with phenomenological 

models, physical models are associated with basic physical variables, grain size and dislocation density, 

which can precisely predict the microstructural evolution with deformation mechanisms of strain 

hardening, recovery, recrystallization and grain boundary mobility. However, a greater number of 

mechanisms described by physical models means more complicated physical quantities have to identify 

though large amounts of experimental results. 

In order to immediately describe the correlation between the flow behavior of steel and various 

forming process parameters, the phenomenological constitutive model involving the Arrhenius term 

first proposed by Jonas et al. [23] has been widely adopted in practice because of its simplicity and 

reliability for engineering applications. This model also has been successfully applied in various metallic 

materials (e.g., SASSs [16,18], Ni–Ti shape memory alloys [24], and in Al–Zn–Mg–Cu alloys [25]), and a 

good correlation between the predicted and experimental flow behavior was found in the data. 

Therefore, the main objective of the present paper is to characterize the influence of strain, strain rate 

and deformation temperature on the compressive flow behavior for a new ternary alloy Fe–Cr–Ni 

SASS system combined with elements of tungsten (W), cobalt (Co) and copper (Cu). After analyzing 

the characteristics of the high temperature deformation behavior, the experimental stress-strain data 

gathered from the compression tests were used to establish an appropriate mathematical model.  

The proper strain compensation was incorporated for the purpose of describing the relationships among 

the flow stress, strain rate and temperature by the hyperbolic sine-type law in the form of an 

Arrhenius-type equation. In addition, a Zener-Hollomon parameter map was generated to evaluate the 

dynamic mechanism of the studied steel in accordance with microstructural characteristics. 

2. Experimental Material and Methods 

The material used in this investigation is a Fe–22Cr–25Ni–3.5W–3Cu–1.5Co super-austenitic 

stainless steel whose chemical composition is as follows (wt. %): 0.07C, 0.19Si, 0.49Mn, 0.23N, 22.2Cr, 

24.4Ni, 3.39W, 2.9Cu, 1.47Co and Fe (balance). The thermo-mechanical simulation compression 

specimens were machined from a 20-mm-thickness, rolled, annealed steel plate. They were cylindrical 

specimens with 8 mm in diameter and 12 mm in height (Φ 8 × 12 mm). In order to ensure uniform 

deformation of steel, graphite and tantalum foils combined with nickel lubricant were used to reduce the 

friction, heat dissipation and mutual welding between the specimen and the anvil. A thermo-mechanical 

simulation compression test was carried out on a computer-controlled Gleeble-3800 thermal-mechanical 

simulator (Dynamic Systems Inc., Poestenkill, NY, USA) at three different temperatures (1173 K, 1273 K 

and 1373 K), and at three different strain rates (0.1 s−1, 1 s−1 and 10 s−1). Before the compression, the 

specimens were heated to 1473 K with a heating rate of 10 K·s−1 and held for 3 min to archive 

homogenization of both composition and microstructure. Subsequently, the specimens were cooled to 
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individual deformation temperatures with a cooling rate of 5 K·s−1 and held for 0.5 min to eliminate the 

temperature gradient. A spot-welded R-type thermocouple at the longitudinal central part of the 

specimen surface was used to measure the variation in temperature. When the specimens were 

compressed to a true strain of 0.8, they were immediately quenched to preserve the microstructure so as 

not to induce the static recrystallization (SRX) and/or post dynamic recrystallization (PDRX) after hot 

deformation [26]. In order to analyze the dynamic mechanism under different deformation conditions, 

the deformed specimens were sectioned parallel to the compression axis at the center. After standard 

metallographic procedures (mechanical grounding and polishing), the cut surfaces were then etched with 

aqua regia in pure water to reveal the microstructure characterization. 

3. Results and Discussion 

3.1. Flow Behavior 

Figure 1 shows the true stress-strain curves at various temperatures and strain rates. It can be 

observed that the flow stress is heavily dependent on the testing temperatures, strain rates and strains. 

Obviously, the flow stress level rises with decreasing temperature at the same strain rate and increases 

with increasing strain rate at the same temperature. It can be seen that almost all of the flow curves in 

this figure exhibit similar characteristics, i.e., the flow stress increases rapidly through a predominance 

of work hardening (WH), and when the strain reaches certain value, all of the curves return to a 

balanced stress state gradually without notable peak flow stresses and flow softening. 

As can be seen, the WH plays a significant role in the initial compressed stage, and the dislocation 

structure becomes entangled and impedes the dislocations movement, thereby increasing flow stress, 

which is more pronounced at higher strain rates and lower temperatures [27]. Subsequently, the flow 

stress increment becomes smaller and smaller, which is justified, considering that the thermally 

activated nature of the dynamic restoration process (i.e., DRV and DRX) becomes more and more 

predominant and then starts to offset or partially offset the effect of WH [28]. However, most of the 

flow curves still exhibit gradual increases in stress at large strains even though the restoration process 

has already taken place. Comparing these curves with one another in detail, two types of curve 

variation tendencies can be generalized as follows: the flow curve presents a slight increase in stress 

with the increasing of the strain, which is a result of the unfinished dynamic balance of the WH and 

restoration processes due to multiplication of dislocation is still in progress (i.e., 1173 K and 0.1/10 s−1, 

1273 K and 0.1–1 s−1, 1373 K and 1 s−1), and another one is giving expression to a steady stress state as 

a new dynamic equilibrium between hardening and softening (i.e., 1173 K and 1 s−1, 1273 K and 10 s−1, 

1373 K and 0.1/10 s−1). It is worth mentioning that the pseudo steady-state flow also caused subsequent 

gradual strain hardening as a result of a continuous dynamic recrystallization (CDRX) effect [29]. But in 

the present results of flow curves, it indicates that the DRV behavior should be the main restoration 

mechanism of the studied steel because the CDRX usually takes place in severe plastic deformation 

conditions above a true strain of 3 [26]. 
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Figure 1. Representative true stress-strain curves of the studied steel under different 

deformation temperatures with strain rates (a) 0.1 s−1; (b) 1 s−1; and (c) 10 s−1. 

Thus, it can be concluded that the DRX process for the studied steel under the presented 

deformation conditions is very slow and insufficient. The reason for this phenomenon may be the fact 

that the high alloying in austenite enhances the SFE, which in turn promotes softening through a  

DRV process [9,10,30]. Moreover, the dislocations become more mobile and are able to climb and 

cross-slip during steel deformation at elevated temperatures, then the annihilation and reorganization of 

the dislocations are more easily activated. Hence, the critical dislocation density for the DRX is hard to 

archive due to fact that the dislocations are difficult to entangle and accumulate at large strains.  

On the other hand, the complicated interatomic forces between the Fe, Cr, Ni, W, Co and Cu atoms in 

such a higher alloying content of SASS may be another adverse factor affecting the movement of  

the dislocations. 

3.2. Constitutive Flow Curves Equations 

Constitutive equations have been used frequently to analyze and simulate the flow behavior of 

steels and alloys. In this regard, the hyperbolic law in an Arrhenius-type equation expresses the 

relationships among flow stress, temperature and strain rate, particularly at high deformation 

temperatures [31,32], it is identified by Equation (1). 

   ε σ exp /F Q RT   (1) 

where ε  is the strain rate (s−1); σ is the flow stress (MPa) for a given strain; Q is the activation energy 

of hot deformation (kJ·mol−1); R is the gas constant (8.314 J·mol−1·K−1), T is the absolute temperature (K), 

and F(σ) is the stress function. Basically, F(σ) has three expressions according to the stress levels [32,33]: 
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  1

1F σ σ
nA  (for low stress level, ασ < 0.8) (2) 

F(σ) = A2exp(βσ) (for high stress level, ασ > 1.2) (3) 

F(σ) = A[sinh(ασ)]n (for all stress level) (4) 

in which, A1, A2, A, n1, n, α, β are the material constants.  

Equations (1)–(4) are employed first to calculate the material constants from the flow stress data 

obtained under various deformation conditions. The following are the extraction procedures of material 

constants at a specific true strain of 0.4 in this case. 

For the lower and higher stress levels, taking natural logarithms on both sides of Equation (1),  

the following two equations can give respectively: 

 1 1ln ε ln lnσ /A n Q RT    (5) 

 2ln ε ln βσ /A Q RT    (6) 

According to Equations (5) and (6), 1 ln ε / lnσn     and β lnε / σ   , the relationship between 

the flow stress and strain rate at all deformation temperatures was obtained in the lnσ lnε  and  

σ lnε  plots, and the values of n1 and β can be calculated under different temperatures using the linear 

fitting method from Figure 2a,b, respectively. It can be seen that the lines at different temperatures are 

almost parallel and that the slopes varied by the scattering of the experimental data points. This 

indicates that the correlation of the flow stress and the strain rate is affected slightly with temperature. 

Because the slope of the lines is approximately the same, the mean values of all the slope rates can be 

taken as material constants n1 and β, which were found to be 13.692 and 0.074 MPa−1, respectively. 

Then, the value of another material constant α = β/n1 = 0.005 MPa−1. 

 

Figure 2. Relationships between (a) lnσ and lnε̇  and (b) σ and ln ε  at different 

deformation temperatures. 

For all the stress levels (including low and high stress levels), Equations (1) and (4) can be written 

as the follows by taking the natural logarithms: 

   ln ε=ln + ln sinh ασ /A n Q RT    (7) 
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In this equation, for the two independent variables of given strain rate and temperature conditions, 

differentiating Equation (7) can be rewritten as: 

       
ε

ln ε / ln sinh ασ ln sinh ασ / 1/
T

Q R T            (8) 

After substituting the values of flow stress, strain rate and deformation temperature into Equation (8), 

the correlations of  ln sinh ασ ln ε   , and 1/T − ln[sinh(ασ)] can be presented, as shown in  

Figure 3a,b respectively. On this basis, the value of material constant n, which is derived from the 

average slopes in the plot of  ln sinh ασ ln ε   , is 10.066. Then, activation energy Q is 652.73 kJ·mol−1 

in the studied steel, as determined by the mean slope of the fitting lines in the 1/T − ln[sinh(ασ)] plot. 

 

Figure 3. Relationships between (a) ln[sinh(ασ)] and ln ε  at different deformation 

temperatures; (b) T−1 and ln[sinh(ασ)] at different strain rates. 

Further, the Zener-Hollomon parameter (Z) presents the combined influences of temperature and 

strain rate in an exponent-type equation. It can characterize the deformation resistance and can be 

defined as Equation (9) as follows: 

 εexp /Z Q RT  (9) 

On substituting α, n, Q and other deformation variables into hyperbolic sine modeling  

Equations (1), (4) and (9), then the value of 𝐴 at a particular strain can be estimated. The values of all 

variables at the true strain of 0.4 are listed in Table 1, and the Zener-Hollomon parameter for the 

studied steel can be represented as follows: 

       
 0.4

0.4 0.4 0.4
εexp / sinh α σ

n

Z Q RT A   
 

 (10) 

Table 1. The values of all the variables at the true strain of 0.4 for the hyperbolic sine model. 

α (MPa−1) β (MPa−1) n1 n Q (kJ·mol−1) 𝑨 

0.005 0.074 13.692 10.066 652.73 2.124 × 1026 
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3.3. Verification of the Developed Constitutive Model with Strain Compensation 

From Equation (7), it can be found that the influence of strain on the material constants is obviously 

neglected. As has been thoroughly discussed [30,34,35], the effect of strain compensation on stress 

should be taken into account in order to accurately predict the flow behavior of the studied steel, so it 

is necessary to establish the constitutive equation compensated for strain. The variable coefficients 

(including α, β, n, Q, and A) for different strain values from 0.1–0.8 with an interval of 0.05 were 

expressed in a series of constitutive equations. These values were then employed to fit the polynomial 

functions (Figure 4), and the variations could be represented as good correlations by a fifth order 

polynomial, as shown in Equations (11)–(15). Also, the polynomial fitting results are provided in Table 2. 

α = B0 +B1ε + B2ε2 + B3ε3 + B4ε4 + B5ε5 (11) 

β = C0 +C1ε + C2ε2 + C3ε3 + C4ε4 + C5ε5 (12) 

n = D0 +D1ε + D2ε2 + D3ε3 + D4ε4 + D5ε5 (13) 

Q = E0 +E1ε + E2ε2 + E3ε3 + E4ε4 + E5ε5 (14) 

lnA = F0 +F1ε + F2ε2 + F3ε3 + F4ε4 + F5ε5 (15) 

Table 2. The polynomial fitting results of constants of coefficients of α, β, 𝑛, 𝑄, and ln𝐴. 

α Value β Value n Value Q Value lnA Value 

B0 0.011 C0 0.201 D0 20.820 E0 366.971 F0 31.416 

B1 −0.056 C1 −1.573 D1 −122.340 E1 1727.233 F1 183.033 

B2 0.205 C2 6.529 D2 520.308 E2 −5021.468 F2 −538.010 

B3 −0.379 C3 −13.180 D3 −1063.531 E3 8758.577 F3 917.189 

B4 0.346 C4 12.967 D4 1062.198 E4 −6905.828 F4 −710.467 

B5 −0.124 C5 −4.975 D5 −415.579 E5 1661.322 F5 170.838 

In the results shown in Figure 4d, it is apparent that variations in the Q values were found ranging 

from 496.89 kJ·mol−1 to 745.43 kJ·mol−1 under different strain amounts. These values are much higher 

than those for self-diffusion barrier energy in γ-iron (Q   280 kJ·mol−1). Compared with other reported 

Mo-containing SASS values, such as Fe–20Cr–25Ni–4.5Mo (Qmax   443 kJ mol−1), Fe–25Cr–22Ni–7Mo 

(Qmax   469 kJ·mol−1), Fe–16Cr–25Ni–6Mo (Qmax   484 kJ·mol−1), Fe–20Cr–18Ni–6Mo  

(Qmax   577 kJ·mol−1), and Fe–25Cr–30Ni–3Mo (Qmax   656 kJ·mol−1) [13,14,16,18,36], the 

activation barrier in the steel under observation in this study is significantly high, and the hot 

deformation is rather difficult. In particular, the variations in the Q values presents a rising trend with 

increases in strain and begins to decline until the true strain is reached at 0.75. It is well known that the 

activation energy value for hot deformation is a function of alloying composition. Such characteristics 

indicate that the thermal diffusion ability of the atoms was quite weak in this kind of  

Fe–Cr–Ni–W–Cu–Co alloy system, and the dislocation movements were also very difficult. Because 

the DRX restoration process was strongly dependent on the diffusion of atoms, grain or subgrain 

boundary migration and dislocation density, these results also explained why all the flow curves 

gradually reverted to a balanced stress state without notable peak flow stresses and flow softening. 
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Figure 4. The variation of coefficients (a) α; (b) β; (c) n; (d) Q; and (e) lnA with true strain 

by polynomial fitting. 

The Zener-Hollomon parameters in a wide strain range of 0.1–0.8 are given by substituting the 

coefficients (α, β, n, Q, and A) in Equation (10). Furthermore, the flow stress can be written as a 

function of the Zener-Hollomon parameter to predict the flow behavior of the studied steel at different 

true strains (εt), and the correlation is expressed in Equation (16) as: 

         

      ε ε
1/2

1/ 2/

ε ε ε ε ε
σ 1/ α ln / / 1

t t

t t t t t

n n

Z A Z A
        

 (16) 

In order to verify the above-developed constitutive model with strain compensation, a comparison 

between the experimental curves and predicted values was carried out, the results of which are shown 

in Figure 5. The predicted flow stresses follow the experimental curves well for the entire range of strains. 
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Figure 5. The comparisons between the experimental curves (lines) and predicted values 

(circles) of the studied steel under different deformation temperatures with strain rates  

(a) 0.1 s−1; (b) 1 s−1; and (c) 10 s−1. 

To further evaluate the accuracy of the predicted values for the improved constitutive equations, 

two standard statistical parameters (average absolute relative error (AARE) and correlation coefficient 

(R)) are employed [37,38], which are defined as Equations (17) and (18) respectively: 

 
1

1
σ σ / σ

i i i

N

e p e

i

AARE
N 

   (17) 

      
21 1 12

σ σ σ σ / σ σ σ σ
i i i i

i i i

e e p p e e p p

N N N

R
  

        (18) 

where N is the number of data; σ𝑒𝑖 is the experimental value of flow curve; σ𝑝𝑖  is the predicted 

value from the constitutive model, and σ̅𝑒  and σ̅𝑝  are the average values of σ𝑒𝑖  and σ𝑝𝑖 , 

respectively. As shown in Table 3, the AARE-values for all deformation conditions were found to be 

less than 6.758%, and all of the R-values are calculated to be as least 0.912. The results of the above 

verifications reflect the good predictability for the developed constitutive equations and also offer a more 

accurate application of the metal forming simulations of the steel under consideration in this study. 
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Table 3. Standard statistical parameter (average absolute relative error (AARE) and 

correlation coefficient (R)) values corresponding to different deformation conditions. 

Strain Rate (s−1) Temperature (K) AARE (%) R 

0.1 

1173 0.865 0.999 

1273 0.699 0.998 

1373 3.236 0.999 

1 

1173 2.638 0.999 

1273 1.911 0.992 

1373 1.077 0.994 

10 

1173 6.758 0.962 

1273 1.669 0.912 

1373 3.475 0.994 

3.4. Relationship between the Dynamic Restoration Condition and the Zener-Hollomon Parameter 

For SASSs, it is quite imperative to clarify the dynamic mechanisms of hardening and softening in 

pursuit of desired processing parameters. It is known that the occurrence of a dynamic restoration 

phenomenon (recovery or recrystallization) is controlled by deformation conditions and that the 

restoration process will bring about a reduction in deformation resistance. The variations in the Q values 

clearly indicate that the deformation resistance of the studied steel was very high and that it was difficult 

to soften during deformation. However, the developed constitutive models are not enough to prove the 

restoration mechanisms directly from the flow stress curves. Hence, in order to evaluate the actual 

dynamic mechanism of the studied steel, the Zener-Hollomon (Z) parameter modified by strain 

compensation was applied and associated with microstructural observation. 

In Figure 6, the Z parameter can be measured at a true strain of 0.8 from Equation (9), depending on 

the variations in the temperatures, strain rates and activation energy values. The numbers on the contours 

in the map represent the values of the Z parameter expressed as exponents. As seen from this figure, the 

exponent-type Z parameter increases with decreasing temperatures and increasing strain rates. 

According to the results of the microstructure analysis, the two regimes for different dynamic 

mechanisms can be easily found on the map. In the specimen deformed with an exponent-type Z 

parameter higher than 72 (marked as point a in blank region), it can be seen that the pre-existing grain 

boundaries started to serrate, but there are no obvious recrystallized grains to be found, as shown in 

Figure 7a. However, other deformed specimens with exponent-type Z parameters lower than 72 (marked 

as points b and c) exhibited different recrystallized levels, as shown in Figure 7b,c. Evidently, for the 

steel studied in this research, the restoration mechanism could be clarified by the critical value of the 

exponent-type Z parameter (lnZc), i.e., the lower the lnZ is, the higher degree of recrystallization, and the 

larger the recrystallization grain size will be. However, a mixed necklace structure of partially 

recrystallized and pancake-like grains was still exhibited in the lower lnZ region (Figure 7c), which 

demonstrates directly why no notable peak flow stresses and flow softening occurred on the stress-strain 

curves because the recrystallization process in the studied steel was inhomogeneous and severely 

delayed. Therefore, the suitable hot working conditions in an actual production procedure should be 

considered at lower strain rate regions (<0.1 s−1) and/or higher temperatures (>1373 K). Meanwhile the 
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extremely high temperatures (i.e., incipient melting or solidus temperature) must be avoided carefully so 

as not to induce the detrimental phenomena (e.g., intergranular cracking and hot shortness). 

 

Figure 6. The exponent-type Zener-Hollomon parameter map under different deformation 

conditions at a true strain of 0.8. The micrographs of the designated points a, b and c are 

shown in Figure 7. 

 

Figure 7. Microstructure of a specimen deformed at (a) 1173 K, with a strain rate of 0.1 s−1 

(point marked as a in Figure 6); (b) 1273 K, with a strain rate of 10 s−1 (point marked as b 

in Figure 6) and (c) 1373 K, with a strain rate of 1 s−1 (point marked as c in Figure 6). 
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4. Conclusions 

The flow behavior and constitutive analysis of Fe–22Cr–25Ni–3.5W–3Cu–1.5Co steel were 

investigated by means of hot compression tests in the temperature ranges of 1173–1373 K and strain 

rate ranges of 0.1–10 s−1. The main conclusions can be summarized as follows: 

1. All flow stress curves gradually returned to a balanced stress state without notable peak stress 

characteristics and flow softening. Most of the flow curves presented a slight increase in stress 

with the increasing of the strain, which was a result of the unfinished dynamic balance of the 

work hardening and restoration processes. 

2. The constitutive model of the studied steel was developed on an Arrhenius-type equation to predict 

the flow behavior under specific deformation conditions. The material constants and deformation 

activation energy (including α, β, n, Q, and A) were incorporated with strain compensation with 

fifth order polynomial fitting, and the results indicated good correlation and generalization. 

3. The comparison between the experimental and predicted values exhibited a high precision and 

good reliability with regard to the constitutive equations according to the mean error. The 

absolute average relative error (AARE) values for all of the deformation conditions were below 

6.8% and all the correlation coefficient (R) values were found to be above 0.9. 

4. From the exponent-type Zener-Hollomon parameter map and corresponding observation of the 

microstructure, the critical ln𝑍 values for the occurrence of the dynamic restoration processes at 

large strains were determined. A lower ln𝑍  value could give rise to higher levels of 

recrystallization and increment of grain size. 
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