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 The article reports on the workability of two P92 steels having a chromium content of 8.29 and 9.48 
wt%. Constitutive equations were used to calculate material parameters describing the hot deformation 
flow stress. Hot deformation tests were conducted using the Gleeble® 3500 thermomechanical facility. 
Test conditions were: temperature of 850-1000°C and strain rate of 0.1-10s-1 to a strain of 0.5. The 
flow stress curve results show that dynamic recovery was the only softening mechanism. A 
comparative study of the two steels revealed that Cr content had a marginal significance on the flow 
stress behaviour. Constitutive analysis results of the material parameters were: a stress exponent of 9.0 
(P92-A), and 11.0 (P92-B), while the activation energy was 369 kJmol-1 (P92-A), and 472 kJmol-1 
(P92-B). A brief explanation of the material parameter results is in this article. A flow stress model 
was developed to predict the flow stress behaviour of the two P92 steels investigated. The results show 
that the model accurately predicts the flow stress at all the deformation conditions applied. The 
statistical parameters showed a good correlation between the predicted and the experimental data. 
Therefore, this model can be used to develop metal forming schedules for industrial applications.   

© 2023 Growing Science Ltd.  All rights reserved. 
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1. Introduction 

        
      The study of metal forming such as forging and rolling plays an important role in understanding the shaping process and 
microstructure evolution of the finished components (Lin et al., 2009). Thorough understanding of metal flow patterns and 
phase transformation during forming provides a better description of metal flow properties (Lin et al., 2008). Hence, providing 
information on the design of these forming processes. Constitutive equations usually describe the effects of deformation 
condition flow stress. These equations act as an input into a computer program code for macroscale simulation of the metal 
forming process (Lin et al., 2008, 2009; Yan et al., 2013). The constitutive models for predicting flow stress fall under three 
models: empirical, neural networks and physical models (He et al., 2015). These models have their advantages and 
disadvantages. However, the models are used to describe forming behaviour of metal during forming. Studies have used 
empirical models (e.g. Arrhenius-type equation) widely to study how deformation conditions affect flow stress (He et al., 
2013, 2015; Liu et al., 2013; Mirzadeh, 2015; Mirzadeh et al., 2011; Qian et al., 2015). Several researchers have used the 
Arrhenius type model to characterise the flow stress behaviour of a variety of materials such as modified 9Cr-1Mo steel 
(Samantaray et al., 2010), P92 steel (Alsagabi, 2016; Liu et al., 2011; Obiko et al., 2019; Sun et al., 2010), 35CrMo steel 
(Huang et al., 2017), 20CrMo alloy steel (He et al., 2013), Nickel-based superalloy (Zhang et al., 2016), N08028 corrosion-
resistant alloy (Wang et al., 2013), aluminium alloys (Lin et al., 2010; Mostafaei & Kazeminezhad, 2012) and magnesium 
alloys (Luan et al., 2014) and titanium alloys (Jha et al., 2017). The flow stress behaviour is predicted by fitting experimental 
data into the constitutive equations to determine material constants. These constitutive equations act as input codes for 
modelling metal forming (Lin et al., 2010).  
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     P92 steel has become popular in manufacturing power plant components, which operate at high temperatures and pressure. 
These conditions result in higher efficiency and reduced carbon dioxide (CO2) emissions (David et al., 2013). For the structural 
plant components to withstand the working conditions, the structural materials should have high strength and creep resistance 
(Ohgami et al., 1997). The development of ferritic steels that can withstand power plant conditions has received attention. 
Concerted studies have resulted in the development of P92 steel (Francis et al., 2006). P92 steel is a variant of P91 steel by 
adding 1.8-2.0 wt% tungsten and 0.5 molybdenum (Výrostková et al., 2008). This steel has wide application in modern ultra-
supercritical power plant structural components (Tabuchi et al., 2001).  
 
     This steel exhibit superior properties such as corrosion resistance, high strength, high creep resistance and ease of 
fabrication for long term power plant applications (Alsagabi, 2016; Liu et al., 2011; Shi & Liu, 2011). Compared to the other 
9-12%Cr steels such as P91, E911 and P122 (Czyrska-filemonowicz et al., 2006), P92 steels exhibit long creep life and a 
higher strength-to-weight ratio for the production of boiler pipes and turbines sections. P92 steel has high strength of about 
30% higher than P91 steel for prolonged power plant in-service applications (Ohgami et al., 1997). Hence, it has become a 
promising material for the new generation ultra-supercritical power plant structural components. The reason is that P92 can 
operate at higher temperatures (up to 650°C) compared to earlier steels such as P91 steel (593℃) (Ennis & Czyrska-
Filemonowicz, 2003). Tungsten and molybdenum elements in P92 steel improve the creep resistance enhancing the solid 
solution strengthening (Czyrska-filemonowicz et al., 2006). Ohgami et al.(1997) showed that the allowable stress of P92 steel 
is 1.3 times that of P91 steel during service at 600 °C. Also, a pipe wall thickness of only 98.4 mm, is needed for P92 steel 
compared to 141.2 mm for P91 steel operating at 610 °C and 27.5 MPa. These additions reduced the production cost of P92 
pipes. The reduction in wall thickness reduces thermal stress during shut down and start-up of the boiler, thus improving the 
structural integrity during long-term creep conditions.  
 
     Creep properties of P92 steel have been reported widely in the literature (Sakthivel et al., 2016; Samuel et al., 2013; Yatomi 
et al., 2010). There is scarce data in the literature about forming behaviour of this steel during production. This information 
is vital should the need to reuse the steel arise after it is exhausted by creep under service conditions. The study of the flow 
behaviour of P92 steel as affected by alloying elements is also missing in the literature. Alloying elements play a role in the 
microstructure evolution during deformation. Hence, the elemental content on the flow pattern can be analysed using the 
constitutive equations that describe the flow stress of a given material (Wahabi et al., 2003). 
 
     The study investigated the hot deformation behaviour of two A335 P92 steels having different chromium content. The 
variation in Cr content was within the steel composition standard specification. Chromium is the prime alloying element in 
P92 ferritic-martensitic steel at 8-9 wt% Cr and enhances creep strength by precipitation of Cr-rich M23C6 carbides during 
tempering. These carbides result in the solution strengthening the microstructure by increasing the pinning dislocation motion 
(Czyrska-filemonowicz et al., 2006). A high Cr (up to 20 wt%) content improves the corrosion resistance under service 
conditions (Masuyama, 2001). The 9 wt% Cr content in P92 steel is insufficient to provide oxidation resistance at 650°C in 
power plants, as reported by Masuyama (2001). More than 13% Cr results in delta-ferrite formation, which harms the 
mechanical properties of steel (Masuyama, 2001). The structural integrity of components parts such as header, boiler pipes 
and tubes depends on the production process parameters, which affect microstructure evolution and hence, the mechanical 
properties (Samantaray et al., 2010). The mechanical properties, especially the deformation behaviour of metals and alloys, 
are best studied using flow stress curves. These curves provide information on deformation mechanisms occurring during 
forming, whether cold, warm or hot. For example, creep resistance steel will exhibit flow stress curves showing a dynamic 
softening (DRV or DRX) during forming. These curves show an increase in flow stress to the peak stress and then reach or 
fall to a steady-state condition. The flow curves show the microstructure evolution occurring during forming. Hence, analyses 
of the flow behaviour are necessary for defining the workability of metals and alloys. The flow behaviour of the two A335 
P92 steels was analysed using Arrhenius equations. The equations for describing the metal flow pattern for the two A335 P92 
steels were derived. A comparative analysis of the constitutive parameters and the effect of Cr on flow stress behaviour for 
the two steels is explained in detail. The validity of the developed models was also investigated and reported in this paper.  
 
2. Experimental procedure 
 
     P92 steel samples of 8 mm diameter and 12 mm length were machined for uniaxial compression in the Gleeble® 3500 
machine. The test samples were machined parallel to the direction of forging of as-received test samples. The chemical 
composition for the two steels used for the tests is as shown in Table 1. The chromel-alumel K-type thermocouples were 
welded midspan to measure test temperature and monitor the preset temperature during testing. The specimen and the anvil 
ends were sprayed with nickel paste and graphite foil in between them to reduce friction. Test temperatures were: 850, 900, 
950 and 1000°C, and strain rates of 0.1, 1 and 10 s-1. These temperatures are typical for forging in the single-phase austenite 
range of P92 steel for good workability (Kishor et al., 2016). The deformation schedule is given systematically in  Fig. 1. The 
specimen samples were deformed to a true strain of 0.5. Austenitisation temperature of 1100 °C was chosen, as it is above the 
dissolution temperature of M23C6 carbide (Kumar et al., 2017). At this temperature (1100 °C), these carbides will dissolve 
during the austenitisation stage.  
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Table 1. Chemical composition of the two P92 tested steels 
Sample C Mn Si Cr Mo Ni Cu Al V Nb W Co 
P92-A 0.10 0.39 0.20 8.29 0.65 0.19 0.08 0.012 0.16 0.093 2.07 0.015 
P92-B 0.11 0.32 0.25 9.48 0.61 0.17 - 0.023 0.20 0.076 2.34 0.024 

 

 
Fig. 1. Uniaxial compression test profile 

3. Results and Discussion 
 
    This study did not consider the effect of temperature rise due to adiabatic heating during forming since the procedure, as 
detailed by Samantaray et al. (2011), for measuring adiabatic heating during compression tests was not followed. However, 
the difference between the pre-set temperature and measured surface temperature in all deformation conditions was 
approximately below 20°C. This temperature variation did not cause variation in terms of flow stress. The uniaxial 
compression test data of flow stress-strain curves deviate from the actual values due to interfacial friction between the 
workpiece and dies. Therefore, to determine the actual values, many researchers have used analytical equations to eliminate 
the effect of interfacial friction from the flow stress curves. For more details on these equations, readers can refer to articles 
available in the literature to avoid repetition (Evans & Scharning, 2001; Wan et al., 2018). The flow stress values reported in 
this study were friction corrected. 

3.1 Effect of deformation conditions on flow behaviour 
 
    Fig. 2 (P92-A)Fig. 3 (P92-B) show the flow stress-strain curve of the two steels obtained during hot deformation. The flow 
stress curves show the material response to the deformation conditions (Wang et al., 2014). Generally, the two steels 
investigated exhibited a similar flow stress behaviour: the flow stress increased rapidly as the strain increased until steady-
state flow stress, referred to as saturation flow stress (Laasraoui & Jonas, 1991). At strain 0.3 and below, the flow stress 
increased rapidly, showing a work hardening stage. With an increase in deformation, the flow stress attained a steady-state 
condition caused by dynamic softening (work hardening + DRV) (Laasraoui & Jonas, 1991). For the two steels, the flow 
stress−strain curves exhibited work hardening at strains < 0.3, followed by dynamic recovery as the softening mechanism at 
a higher deformation (greater than 0.3). 
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c) d) 

Fig. 2. Flow stress-strain curves for P92-A 
 
     The stress-strain curves show that the flow stress depends on the loading conditions. The variation in flow stress behaviour 
at different deformation conditions depends on the atom diffusion and dislocation movement, which is affected by deformation 
conditions (Zhu et al., 2018). The flow stress increased as the strain rate increased at a constant temperature. Generally, higher 
deformation temperature and lower strain rate result in lower flow stress. Flow stress decreases due to dynamic softening, 
especially DRV for P92 steel, availability of atomic vacancies, and dislocation diffusion. Higher deformation temperatures 
cause carbide dissolution, thus reducing precipitation hardening. In the absence of carbides, enhanced dislocation mobility 
occurs, lowering flow stress (Carsí et al., 2011). These conditions: higher temperature and lower strain rate, are favourable 
for metalworking. 
 

    At low deformation temperature and higher strain rate, higher flow stresses are experienced due to increased dislocation 
density, as deformation is too rapid for softening to occur. For example, the flow stress for P92-A steel increased by 44.7 % 
with an increase in strain rate from 0.1-10s-1 at 850°C as shown in Fig. 2d. Under similar conditions, the flow stress of P92-
B by 32.8% Fig. 3d. However, at the highest deformation temperature of 1000°C and strain rate increase of 0.1 to 10 s-1, the 
flow stress increase was much higher: 44.7% (P92-A) and 47.4% (P92-B). This result shows that the flow stress behaviour is 
very sensitive to the deformation conditions.  
 

 

  
a) b) 

  
c) d) 

Fig. 3. Flow stress-strain curves for P92-B 
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      Fig. 4 shows flow stress vs. temperature confirming that metal flow behaviour is sensitive to deformation conditions as 
mentioned earlier. The flow stress results indicate clearly that dynamic softening occurs at higher temperature deformation 
resulting in lower flow stress. A dynamic softening mechanism is a thermally activated process. This process accelerates at 
high deformation temperature. During metal forming, grain refinement occurs, resulting in improving material strength. An 
increase in the forming temperature may cause an increase in the average grain size at a given strain rate. Higher forming 
temperatures may cause the grain to grow, resulting in the formation of fine-equiaxed grains along the grain boundaries. These 
changes in the microstructure suggest that DRX partially occurred (Li et al., 2019). Lower deformation temperatures cause 
large plastic deformation force and stress resulting in uniform grain refinement (Yanushkevich et al., 2016). This condition 
ensures uniform fine-grain distribution across the deformed sample, thus improving mechanical properties such as creep 
strength. However, the temperature at which this behaviour occurs has to be determined. 
  

 

Fig. 4. Relationship between maximum flow stress, strain rate and temperature for hot deformation a) P92-A, and b) P92-B 
steel 
 
       Forming conditions such as lower deformation temperature and high strain rate, defects may occur, resulting in poor 
mechanical properties. Flow deformation defects likely to occur at lower deformation temperatures include: wedging cracking, 
shear bands, and flow localisation. These defects are detrimental to the mechanical performance of the final product (Lin et 
al., 2013). For the production of high-quality products, optimisation of deformation temperature is paramount. Microstructure 
evolution during forming is directly affected by the deformation conditions. The mechanical properties of the final product 
depend on its microstructure. Therefore, forming parameters such as deformation temperature for industrial processes needs 
to be optimised.  
 
     The stress values for the two steels investigated show a minor difference under all tested conditions. Table 2 summarises 
the measured stress values from the study. The results show that P92-B had the highest stress values for the conditions tested. 
These high flow stress values result from higher solute content in P92-B steel, especially chromium. The chromium content 
enhances carbide formation, which causes solution strengthening, hindering dislocation. (Czyrska-filemonowicz et al., 2006). 
Chromium contributes to the formation of M23C6 carbides. The presence of M23C6 carbides may cause variation in the flow 
stress. Carsí et al. (2011) reported that a small amount of M23C6 carbides hinders dislocation motion, increasing the stress 
exponent, hence higher flow stress. Forging below upper transformation temperature (Ae3), higher deformation resistance is 
expected since the martensite phase is stronger than the austenite phase, resulting in higher flow stress. Therefore, forging at 
austenitic field temperatures is advised. The absence of carbides in the austenite field makes the material less resistant to 
deformation (Carsí et al., 2011). In the current study, the selected deformation temperatures were above Ae3, hence occurred 
at the austenite field. M23C6 carbides had dissolved at these deformation temperatures resulting in higher ductility in the 
austenitic phase field. Lower flow stresses were obtained at a deformation temperature of 1000°C compared to 850-950°C for 
the two steels.  
 
      The flow stress-strain curves (Fig. 2-Fig. 3) indicate that the flow stress is strongly strain rate sensitive.  Zhu, He and 
Zhang (2018) reported that at a higher deformation rate, deformation occurs quickly and there is limited time for the 
dislocation and rearrangement to counteract, resulting in higher flow stress. Contrary, at a lower deformation rate, deformation 
is slow enabling dislocation motion to occur, hence lower flow stress. The impact of strain rate on flow stress behaviour can 
be due to the deformation mechanisms which control the metal flow pattern (Rastegari et al., 2015).  

3.2 Constitutive modelling analysis 
 

     According to Sellars and McTegart (1966), the flow stress behaviour can be characterised using Eq. (1) over a wide range 
of flow stresses: 𝜀ሶ = 𝐴 ሾ𝑠𝑖𝑛ℎ (𝛼𝜎)ሿ௡ 𝑒𝑥𝑝 ൬−𝑄𝑅𝑇൰ (1) 
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     In Eq. (1),  A, α, and n σ and Q are material constants. The material constants are calculated using peak or steady-state 
stress in the constitutive equation (McQueen & Ryan, 2002). In this study, the flow stress-strain curves, as shown in Figs. 2-
3, did not exhibit distinct characteristic points such as peak or steady-state stress. Alternatively, the saturation flow stress 
obtained from the flow stress-strain curves assists in analysing flow behaviour using the constitutive equation (Laasraoui & 
Jonas, 1991; Oudin, Barnett and Hodgson, 2004). Therefore, the hyperbolic sine-law equation is:  
 𝑍 = 𝜀ሶ𝑒𝑥𝑝 ቀ ொோ்ቁ = 𝐴  ሾ𝑠𝑖𝑛ℎ (𝛼𝜎௦௔௧)ሿ௡      (2) 
 

     To avoid repetition, the constitutive equations for determining material constants is summarised herein. 𝑛ᇱ = డ௟௡ఌሶడ௟௡ఙೞೌ೟ (low flow stress)    (3) 𝛽 = డ௟௡ఌሶడఙೞೌ೟  (higher flow stress)    (4) and α = β⁄n'        (5) 

     Under constant temperature:  
 1𝑛 = 𝜕𝑙𝑛ሾ𝑠𝑖𝑛ℎ (𝛼𝜎௦௔௧)ሿ𝜕𝑙𝑛𝜀ሶ  

   (6) 

 
     Under constant strain rate 𝜺ሶ : 

 𝑄 = 𝑅𝑛 డ௟௡ሾ௦௜௡௛ (ఈఙೞೌ೟)ሿడభ೅      (7) 
 

       The constitutive constants: α, β, n’, n and Q in Eqs. (3-7) were obtained using the linear regression method for the two 
steels investigated. The calculated values are as tabulated in Table 3. The linear regression models built to calculate α, β, n’, 
n and Q for the two steels are, as shown in Figs. 5-8. The Q-values for the two steels at a strain of 0.5 were: P92-A (369 
kJmol-1) and P92-B (472 kJmol-1). These Q-values are within range from those reported in literature of 437 kJ.mol-1 (Shi & 
Liu, 2011), 498.9 kJ.mol-1 (Liu et al., 2011), 390 kJ.mol-1 (Carsí et al., 2011), and 565 kJ.mol-1 (Sun et al., 2010). However, 
the Q values obtained were higher than those for self-diffusion ɣ-Fe in austenite of 270 kJ.mol-1 (Cabrera et al., 1997). The Q 
value indicates the material resistance to deformation (Yang et al., 2015). Table The Q-values variation for P92 steel can be 
due to alloying elements, especially chromium. The chromium content increases the stacking fault energy of the steel. A 
higher stacking fault energy affects the dissociation of dislocations, thus affecting the ability of dislocation cross-slip (Medina 
& Hernandez, 1996; Nkhoma, 2014). 
 
Table 2. The flow stress data for the two P92 steels.  

 

 
     The stress data from this study for the two steels (Table 2) had different stress values at the same deformation conditions. 
P92-B had the highest value of flow stress in all the deformation conditions causing high activation energy. Higher Cr content 
in this steel (P92-B) than in P92-A steel caused higher activation energy. Funakawa and Ujiro (2010) reported that a 1.0 
mass% Cr addition causes an increase of yield stress by 5.6 MPa in low carbon steel. The strength increases due to the effect 
of Cr in solution strengthening, which directly influences the activation energy. The actual contribution of Cr on metal forming 
behaviour has attracted mixed reactions from different researchers. Mehtonen, Karjalainen and Porter (2014) reported that 
higher Cr content results in dynamic softening causing low activation energy Q during deformation. However, they 
investigated stainless steel, which is quite different from the steel studied currently, even though the deformation conditions 
were relatively the same. A study by Zhu et al. (2021), reported that higher Cr content causes the formation of chromium 
carbide Cr23C6 of chromium nitride (CrN), which affects the material toughness. Carbides or nitrides formation causes a 
softening effect due to the removal of N and C from the matrix resulting in a reduction in solid solution hardening. However, 
this is not the case in the present study because higher Cr content caused an increase in flow stress and apparent activation 
energy. There is a need for further study to establish the role of Cr in softening of steels during deformation. To this end, Cr 
content in steel influences the flow behaviour, thus affecting activation energy. Q-value is a function of alloying elements. 
Activation energy increases with an increase of alloying elements (Yang et al., 2017). Therefore, the differences in the 
activation energy (Table 3) of the steels investigated can be due to their differences in Cr content. An increase in Cr content 

Steel  𝜺ሶ  (s-1) 850°C 900°C 950°C 1000°C 
P92-A 0.1 199.91 182.53 162.07 137.49 

1 245.04 222.48 189.73 168.22 
10 288.06 263.48 234.77 198.95 

P92-B 0.1 226.06 191.45 172.29 141.25 
1 265.50 222.48 199.84 173.51 
10 300.22 253.61 236.82 208.14 
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(P92-B) results in either solid solution strengthening or precipitation hardening by controlling the formation of carbides 
pinning dislocation at the grain boundary. Both solid-solution and precipitation strengthening processes may affect the 
workability of a material. 

 
Table 3. Material constants calculated using the constutive equations.  

Steel n Q ln A n′ β′   α 
P92-A 9 369 35.43 12.46 0.062 0.0049 
P92-B 11 472 45.68 14.70 0.069 0.0047 

 

  
Fig. 5. P92-A: a) Plot of ln (𝜀ሶ) vs. ln σsat gives n′, and b) ln (𝜀ሶ) vs. σsat gives β. 

  
Fig. 6. P92-A: a) Plot of ln (𝜺ሶ ) vs. ln (sinh (ασsat) gives n, and b) ln (sinh (ασsat)) vs. 1000/T gives Q 

  
Fig. 7. P92-A: a) Plot of ln (𝜺ሶ ) vs. ln σsat gives n′, and b) ln (𝜺ሶ ) vs. σsat gives β 
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Fig. 8. P92-B: a) Plot of ln (𝜺ሶ ) vs. ln(sinh (α σsat)) gives n, and b) ln(sinh (α σsat)) vs. 1000/T gives Q 

 

      From the above analysis, the flow stress of the two steels studied can be described by:  

P92-A:  𝜀ሶ = 2.44 × 10ଵହ sinh (0.0049𝜎௦௔௧)ଽexp ቂିଷ଺ଽ଴଴଴ோ் ቃ               
 

(8) 

P92-B:   𝜀ሶ = 6.90 × 10ଵଽ sinh (0.0045𝜎௦௔௧)ଵଵexp ቂିସ଻ଵ଼଺଴ோ் ቃ              (9) 
 

      Further solving Eq. (1) derives the following Zener-Hollomon equation: 
 𝜎௦௔௧ = ଵఈ ln ቊቀ௓஺ቁଵ/௡ + ൤ቀ௓஺ቁଶ/௡ + 1൨ଵ/ଶቋ         

(10) 

 

      Using Eq. (10), the flow stress can be determined using the Zener-Hollomon equation. The equation for the two steels can 
be written as: 
 

P92-A:  𝜎௦௔௧ = ଵ଴.଴଴ସଽ ln ቎ቀ ௓ଶ.ସସ×ଵ଴భఱቁభవ + ቆቀ ௓ଶ.ସସ×ଵ଴భఱቁమవ + 1ቇభమ቏   
                        𝑍 = 𝜀ሶ𝑒𝑥𝑝 ቂଷ଺ଽ଴଴଴ோ் ቃ = 2.44 × 10ଵହ(sinh (0.0049𝜎௦௔௧)ଽ 
     

(11) 

P92-B: 𝜎௦௔௧ = ଵ଴.଴଴ସହ ln ቎ቀ ௓଺.ଽ଴×ଵ଴భవቁ భభభ + ቆቀ ௓଺.ଽ଴×ଵ଴భవቁ మభభ + 1ቇభమ቏           

𝑍 = 𝜀ሶ𝑒𝑥𝑝 ൤472000𝑅𝑇 ൨ = 6.90 × 10ଵଽ (sinh (0.0045𝜎௦௔௧)ଵଵ 

(12) 

 

      The effect of deformation temperature and the strain rate can be represented by the Zener Hollomon parameter Z as given 
in Eq. (2). Eq. (2) gives the relationship between ln Z and ln (sinh (ασsat)), as shown in Fig. 9. The intercept of the linear 
regression line gives the value of ln A. The parameter A and linear correlation coefficient values are in Table 4. 

  
a)  b)  

Fig. 9. Plot of ln Z vs.ln (sinh (ασsat)) a) P92-A, and b) P92-B 
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Table 4. Calculated material constant A and linear correlation coefficient R2  
Steel ln A R2 A 
P92-A 35.43 0.99 2.56 × 1015 
P92-B 45.68 0.99 6.94 × 1019 

 

3.3 Effect of composition on constitutive parameters and flow stress prediction 
 
     Fig. 10 is an SEM micrograph of the two-steel studied exhibiting distinct grain and lath boundaries and martensite 
microstructure. The bright carbides are seen along the prior grain austenite and lath boundaries. The visible precipitates using 
a scanning electron microscope are mainly M23C6 (M = Fe, Mo, W, Cr) carbides (Czyrska-filemonowicz et al., 2006; Sakthivel 
et al., 2015). These precipitates enhance strengthening by pinning dislocation motion during forming, thus improving 
mechanical properties (Milović et al., 2013). The SEM images in Fig. 10 show that the carbides precipitated at the grain 
boundary, and the strengthening effect should be similar. Then, their contribution to resistance during deformation may be of 
equal strength. The constitutive analysis shows that the differences in the deformation constant were significant in stress 
exponent values (9.0 for P92-A and 11.0 for P92-B), and the structure factor of P92-B was two-order of magnitude than P92-
A, while the activation energies were: 369 kJmol-1 (P92-A), and 472 kJmol-1 (P92-B). These constants indicate a slight 
difference in the flow behaviour of the two steels. However, further analysis in using either of the developed constitutive 
models of the two steels to predict flow stress behaviour gave no difference in flow stress value, as shown in Fig. 11. Then, 
the question is, what is causing the differences in their flow stress values? Could the difference emanate from the contribution 
of other minor alloying elements? The conclusion can be that minor alloying elements caused the differences since 
deformation conditions were the same. 

 

 
a) 

 
b) 

Fig. 10. As-received SEM micrographs a) P92-A, and b) P92-B steel 
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Fig. 11. Comparison of predicted and experimental flow stress of P92-A using constitutive equation of P92-B 

 
      From the flow stress results, it is not easy to say the effect of alloying elements on metal forming. A higher amount of 
alloying elements contributes to the formation of different phases that affect dislocation movement and grain boundary 
mobility (Nkhoma, 2014). The flow stress-strain curves show that P92-B had the highest stress values at all deformation 
conditions. Hence, it is logical that the calculated constitutive parameters (n, A and Q) will be different for the two steels. The 
differences can be due to the varied chemical composition of the two steels. For example, Yang et al. (2017) have shown that 
alloying elements affect activation energy. The addition of alloying elements results in high Q values for steel (Fedoseeva et 
al., 2016; McQueen & Ryan, 2002; Menapace et al., 2018), thus affecting the diffusivity of Fe in austenite and retardation of 
dynamic recrystallisation DRX (Carsí et al., 2011). Solute atoms such as Cr increase the number of precipitates resulting in 
solution strengthening. The presence of precipitates hinders dislocation motion, causing high activation energy (Ashby, 1972; 
Zhang et al., 2017). 
 
      Medina and Hernandez (1996) and  Suikkanen et al. (2012) reported that boron (B) and carbon (C) reduce Q values by 
enhancing diffusion. Other alloying elements in steel have the opposite effect. Ferrite and austenite formers have either a 
negative or positive influence on the δ-ferrite formation, which affect the deformation process. The presence of δ-ferrite 
creates a large α-γ interfacial area for micro-void nucleation (Nkhoma, 2014). To this end, the higher Cr content contributed 
to solid solution strengthening, hence causing high flow stress, resulting in the differences in constitutive parameters reported 
in this study for the two steels. High-stress exponent values also increase the activation energy. The stress exponent n is 
affected significantly by flow stress. When the flow stress increases, the activation energy increases. The differences in 
higher n values for the two steels may be due to the interaction between the precipitates, thus hindering the forming of the 
material (Ennis et al., 1997). During deformation, different phases coexist in equilibrium at different deformation 
temperatures. These phases hinder dislocation resulting in higher stress exponent, as stress exponent values depend on the 
deformation temperature. The stress exponent also depends on the material chemistry and deformation conditions, thus 
affecting the flow stress. The effect of deformation conditions behaviour was seen in the log-log plots of strain rate versus 
hyperbolic sine (sinh (ασ)) flow stress, that the lines were not parallel to each other (Fig. 6a and Fig. 8a). 
 
      Structure factor A was: 2.44×1015 (P92-A) and 6.90×1019 (P92-B). The structure factor A-value depends on activation 
energy Q, which is affected by the deformation parameters and chemical composition (Shi & Liu, 2011). In this study, a 
high Q-value indicates a high A-value, and studies suggest the structure factor is proportional to activation energy (Nkhoma, 
2014). The study reports that structure factor A depends on the activation energy, stress exponent and strain rate, as shown in 
Fig. 6a and Fig. 8a). The current study findings are also available in the literature.  

3.4 Statistical error analysis  
 
       
Fig. 12 shows the comparison of experimental and predicted data for the two steels investigated. The model was verified 
using statistical tools: average absolute relative error (AARE) and correlation coefficient (R). These tools verified the accuracy 
of the developed equation. The results show that the correlation coefficients (R) were: 0.995 (P92-A) and 0.995 (P92-B). 
These values were close to 1.0, which indicates a perfect correlation. However, this relationship only gives an approximation 
of the data. A good correlation between variables cannot depend on the correlation coefficient, as this parameter does not 
show effect or cause. Thus the predicting model may be biased towards the extremes values giving a higher correlation 
coefficient R (Wang et al., 2017). Therefore, statistical AARE analysis was used. This parameter determines the relative error 
step by step, thus giving the accuracy of the parameters measured. The smaller the AARE values, the higher the accuracy of 

150 200 250 300

150

200

250

300

Pr
ed

ic
te

d 
flo

w
 s

tre
ss

 (M
Pa

)

Exeprimental flow stress (MPa)

Equation y = a + b*x
Plot A
Weight No Weightin
Intercept 0 ± 0
Slope 1 ± 0
Residual Sum of Square 0
Pearson's r 1
R-Square (COD) 1
Adj. R-Square 1



J.O. Obiko et al. / Engineering Solid Mechanics 11 (2023) 
 

321

the variable (constitutive equation) predicting flow stress (Srinivasulu & Jain, 2006). The percentage error was P92-A: 1.84% 
and P92-B: 1.70%. The low AARE values show a higher accuracy of the constitutive model in predicting the flow stress (Li 
et al., 2018). The results analysed showed that the developed model has high accuracy in describing flow stress behaviour for 
the two steels tested.   

  
a) P92-A b) P92-B 

 
Fig. 12. Plot the experimental vs. predicted stress data 

4. Conclusion 
 
      The hot deformation behaviour of two ASTM A335 P92 steel was studied in the thermal-mechanical equipment. Test 
conditions were: temperature (850-1000°C) and strain rate of 0.1-10s-1 for a strain of 0.5. Arrhenius constitutive equation 
constants were obtained by substituting the flow stress data and developing constitutive equations. 
 
 In conclusion:  

1. The flow curves showed that work-hardening and dynamic softening (DRV) controlled the deformation process. The 
flow stress increased with a decrease in temperature and vice versa. 

2. The hot deformation parameters were: stress exponent P92-A (9.0) and P92-B (11), and activation energy: P92-A 
(369 kJmol-1) and P92-B (472 kJmol-1). A hyperbolic-sine Arrhenius type constitutive equation developed for two 
P92 steel were as follows:  

P92-A:  𝜺ሶ = 𝟐.𝟒𝟒 × 𝟏𝟎𝟏𝟓 𝐬𝐢𝐧𝐡 (𝟎.𝟎𝟎𝟒𝟗𝝈𝒔𝒂𝒕)𝟗𝐞𝐱𝐩 ቂି𝟑𝟔𝟗𝟎𝟎𝟎𝑹𝑻 ቃ 
P92-B: 𝜺ሶ = 𝟔.𝟗𝟎 × 𝟏𝟎𝟏𝟗 𝐬𝐢𝐧𝐡 (𝟎.𝟎𝟎𝟒𝟓𝝈𝒔𝒂𝒕)𝟏𝟏𝐞𝐱𝐩 ቂି𝟒𝟕𝟏𝟖𝟔𝟎𝑹𝑻 ቃ 

3. The metal forming can be can be analysed by the Zener-Hollomon parameter Z. For the two steels, the relationship 
between Z-parameter and flow stress had a linear correlation coefficient of 99%. The flow stress for the two steels 
can be determined by: 

P92-A:  𝝈𝒔𝒂𝒕 = 𝟏𝟎.𝟎𝟎𝟒𝟗 𝐥𝐧 ቎ቀ 𝒁𝟐.𝟒𝟒×𝟏𝟎𝟏𝟓ቁ𝟏𝟗 + ቆቀ 𝒁𝟐.𝟒𝟒×𝟏𝟎𝟏𝟓ቁ𝟐𝟗 + 𝟏ቇ𝟏𝟐቏ 
 𝑍 = 𝜀ሶ ቂଷ଺ଽ଴଴଴ோ் ቃ = 2.44 × 10ଵହ(sinh (0.0049𝜎௦௔௧)ଽ 

P92-B: 𝝈𝒔𝒂𝒕 = 𝟏𝟎.𝟎𝟎𝟒𝟓 𝐥𝐧 ቎ቀ 𝒁𝟔.𝟗𝟎×𝟏𝟎𝟏𝟗ቁ 𝟏𝟏𝟏 + ቆቀ 𝒁𝟔.𝟗𝟎×𝟏𝟎𝟏𝟗ቁ 𝟐𝟏𝟏 + 𝟏ቇ𝟏𝟐቏ 
                                  𝒁 = 𝜺ሶ ቂ𝟒𝟕𝟐𝟎𝟎𝟎𝑹𝑻 ቃ = 𝟔.𝟗𝟎 × 𝟏𝟎𝟏𝟗 (𝐬𝐢𝐧𝐡 (𝟎.𝟎𝟎𝟒𝟓𝝈𝒔𝒂𝒕)𝟏𝟏 

4. The differences in the material constants: Q, n and structure factor A may have been due to the differences in the 
chemical composition of the two steels. Study findings show that Cr content had a marginal effect on the flow stress 
behaviour. Apart from Cr, other alloying elements might have also caused the differences in material constants.  

5. The constitutive model was verified using R and AARE parameters. These parameters showed a good relationship 
between the predicted and the experimental data. The study found out that either of the equations developed can 
accurately predict the flow stress behaviour of the other steel. Therefore, the derived equation is applicable in 
predicting the flow stress behaviour of P92 steel of similar or close chemical composition. 
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