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Abstract 

Hot compression tests were carried out on 9Cr-Nb-V heat resistant steels in the 

temperature range of 600-1200 °C and the strain rate range of 10-2-100 s-1 to study 

their deformation characteristics. The full recrystallization temperature and the 

carbon-free bainite phase transformation temperature were determined by the 

slope-change points in the curve of mean flow stress versus the inverse of temperature. 

The parameters of the constitutive equation for the experimental steels were 

calculated, including the stress exponent and the activation energy. The lower carbon 

content in steel would increase the fraction of precipitates by increasing the volume of 

dynamic strain-induced (DSIT) ferrite during deformation. The ln(εc) versus ln(Z) and 

the ln(σc) versus ln(Z) plots for both steels have similar trends. The efficiency of 

power dissipation maps with instability maps merged together show excellent 

workability from the strain of 0.05 to 0.6. The microstructure of the experimental 

steels were fully recrystallized upon deformation at low Z value owing to the dynamic 

recrystallization (DRX), and exhibited a necklace structure under the condition of 

1050 °C/0.1 s-1 due to the suppression of the secondary flow of DRX. However, there 
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were barely any DRX grains but elongated pancake grains under the condition of 

1000 °C/1 s-1 because of the suppression of the metadynamic recrystallization 

(MDRX). 

Keywords: Steel; Mechanical characterization; Martensite; Thermomechanical 

processing; Recrystallization; Phase transformation 

1. Introduction 

It is widely recognized that the recrystallization plays a significant role in softening 

and evolving the microstructure during the hot working process[1]. However, besides 

the recrystallization referring to dynamic recrystallization (DRX), metadynamic 

recrystallization (MDRX), and static recrystallization (SRX)[2], other softening 

mechanisms also exert strong effect on the deformation behavior, especially the 

dynamic strain-induced transformation (DSIT)[3]. As discussed in the previous work 

of a nitride-strengthened (NS) heat resistant steel, the DSIT took place before DRX[4]. 

However, the DRX completion temperature, which is closely associated with the 

commencement of MDRX and the SRX, was not clarified[5]. 

The combined effect of strain rate and deformation temperature on the deformation 

characteristics is often expressed using the Zener-Hollomon parameter (Z), which is 

determined by the constitutive equations as following[6]. 

    nARTQZ  sinh/exp                                      (1) 

where n is stress exponent, Q is the activation energy, α is constant for a fixed alloy, R 

is gas constant which equals 8.31 J/(molꞏK). Through this equation, all the parameters 

and the critical condition for each corresponding softening process happening before 

the peak stress can be calculated. 

The deformation stability was effectively described by the processing map in terms 

of power dissipation ratio η, which is mentioned by Momeni and Dehghani[7]. As a 

common understanding, η varies with the deformation temperature and strain rate. It 

is also generally expected that the maximum value of η implies the optimum hot 

working condition for the deformation. However, high value of η may also result from 
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wedge cracking which is a kind of flow instability. Therefore, in order to define the 

instability condition during hot deformation, a critical condition of     was 

proposed by Ziegler[8]. When the value of     is negative, the deformation is 

instable, and vice versa. The variation of     with temperature and strain rate 

yielded an instability map to characterize the safety of deformation. 

The heat resistant steels being used as steam pipes in the ultra-supercritical (USC) 

power plants not only bear extrusion at high temperature but also experience creep 

deformation under a constant stress at high temperature due to the service situation. 

However, there has been little detailed research on the deformation characteristics of 

the ferritic heat resistant steels, which are assumed to be the most competitive 

candidates for the USC application at 650 °C thanks to their high heat conductivity, 

nice thermal fatigue resistance and high stress corrosion resistance[9]. Therefore, it is 

of essential importance to study the deformation characteristics and the microstructure 

evolution of the experimental steels during hot deformation. 

The main objective of this study is to establish the temperature at which the 

recrystallization is no longer complete and the phase transformation starts for the 

experimental steels. It also provides essential information of constitutive equations, 

such as the Zener-Hollomon parameter (Z) value, the activate energy and the stress 

exponent, to predict their creep behaviors in the long-term service. Meanwhile, the 

contour maps of efficiency of power dissipation with instability regions in them at 

different strains are also drawn. In these regions, the instable deformation may cause 

failure in the processing. Finally, the microstructure evolution as a function of 

temperature and strain rate is shown to demonstrate the effect of softening 

mechanisms on the microstructure development and explain the cause of instable 

regions. 

2. Experimental 

This study was conducted on two 9Cr-Nb-V heat resistant steels. The chemical 

compositions of the experimental steels are listed in Table 1. The steels were melted 
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in a vacuum induction-melting furnace and then forged into slabs at 900-1150 °C with 

a transversal surface of 60×90 mm2. Bars for the compression test, cut from the slab 

perpendicular to the forging direction, were machined into samples of 8 mm in 

diameter and 10 mm in gauge length. 

The rod samples were homogenized in vacuum at 1200 °C for 5 min, and then 

cooled down to the deformation temperature of 600-1200 °C at a cooling rate of 10 °C 

s-1. After stabilizing holding for 1 min at the deforming temperature, the compression 

testing samples were deformed to 30% or 80% at the strain rate range of 10-2-100 s-1 

on a Gleeble-3800 thermomechanical simulator with a fully integrated hydraulic servo 

system. In order to reduce the friction effect and ensure uniform deformation, a 

tantalum foil with 0.05 mm thickness was inserted between the anvil and the 

specimen. However, to prevent melting, a layer of anti-seizing lubricant of chemically 

pure nickel and high quality graphite was painted on the specimen interface. The 

samples were quenched to room temperature as soon as the compression was finished. 

During the isothermal compression under strain control, the true stress was recorded 

automatically as a function of true strain for each deformation temperature and strain 

rate. 

Several critical parameters were obtained from the compression tests. Tnr is the 

temperature below which the full recrystallization no longer occurs. Tpt is the bainite 

phase transformation temperature. DRX occurs at a critical strain εc. εp is the peak 

strain in a stress-strain curve. 
 

Table 1 Chemical compositions of the experimental steels, wt% 

Steel C Si Mn Cr Mo W V Nb B N 

NS 0.021 0.09 1.25 9.37 - 1.42 0.15 0.06 - 0.037 

P92 0.11 0.37 0.46 8.77 0.42 1.73 0.17 0.057 0.0028 0.048 

 

The specimens were cut at approximately 1/3 diameter position from the edge, 

shown in Figure 1. The longitudinal section of the samples were polished and etched 

with Wheeler’s reagent after grinding with 2000 mesh abrasive paper as the final step. 



 

5 

The middle part of the section was observed through a LEICA MEF4A optical 

microscope. 

3. Results 

3.1 Determination of Tnr and Tpt 

The stress-strain curves used for determining Tnr, below which the full 

recrystallization no longer occurs, are shown in Figure 2. These data were gained 

from both ingot and forged steel. Since all the compression samples had to be 

homogenized at 1200 °C for 5 min, the curves, from either ingot or forged steel, 

showed no distinct difference at the same deformation temperature, as seen in Figure 

2. 

The data was processed through the equation mentioned by Sun et al.[5] as follows. 




2

1

d
1

12








                (2) 

where   is the mean flow stress. 12    is the strain of interest, 0.28-0 in this case. 

σ, ε are the stress and strain, respectively. The results obtained for the NS steel are 

presented in Figure 3 in terms of the dependence of   on the inverse of absolute 

deformation temperature. As is apparent from this diagram, the linear increase of 

mean stress firstly changed slope at a particular temperature, identified here as Tnr, 

which is indicated by an arrow in Figure 3. The temperature of 1000 °C represents a 

very good agreement with other steels corresponding to the full recrystallization 

temperature. However, unlike the microalloyed steel[5], the ferritic heat resistant steel 

exhibited a second change in slope, marked as Tpt, in the diagram around 730 °C. 

The value of Tpt (the bainite phase transformation temperature) discussed in this 

paper has been rarely mentioned in the engineering application field, because the 9Cr 

heat resistant steels were conventionally deformed above 950 °C. Therefore, the 

phenomenon was barely mentioned in the previous studies. The Tpt point discussed in 

this paper, which was intended to give an explicit explanation to the deformation 

behavior of the 9Cr heat resistant steel over a large range of deformation temperatures, 
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provided information on the precipitation behavior and could be used to help to 

modify the size and distribution of the precipitates. 

3.2 Stress-strain curves of steels deformed above Tnr 

The stress-strain curves of the P92 steel obtained from three different strain rates 

are shown in Figure 4(a)-(c). The curves show an identical characteristic with the flow 

curves of the NS steel[4] before the peak. However, with the increase of strain, some 

of the stress-strain curves of the P92 steel exhibit distinct secondary peaks as labelled 

in Figure 4(a) and (d). These peaks signify that the previously formed balance was 

broken and the hardening process took priority again beyond the strain of 0.8. 

Meanwhile, the strain corresponding to the secondary peak stress barely varies under 

different deformation conditions. The secondary stress peak is found much higher 

than the first one under most deformation conditions due to the alternately processing 

of deformation and recrystallization. The alternately processing of hardening and 

softening is prone to occur under low strain rate[10]. As shown in Figure 4, it happened 

at all temperature below the strain rate of 0.1 s-1 but only at 1100 °C at the strain rate 

of 1 s-1. The slope coefficients between the critical strain and the critical stress are 

also displayed for P92, in Figure 4(d). The cause of two slopes was explicitly 

explained in the previous research[4] of the NS steel. 

3.3 Constitutive equations 

Using the data under different deformation conditions, the constant coefficients in 

the constitutive equation were calculated through the method used by Zhang et al.[4]. 

The results, including the stress exponent, n, and the activation energy, Q, are listed in 

Table 2. 
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Table 2. Coefficient values of the experimental steels 

Steel α, MPa-1 n Q, kJ/mol 

NS 0.012 5.00±0.22 451±24 

P92 0.012 4.17±0.11 418±16 

 

In the original Arrhenius theory, the activation energy Q represented the level of an 

energy barrier to be surmounted in some atomistic mechanism[1]. In high temperature 

deformation of many metals at a constant strain rate, the activation energy was 

assumed to be equal to that for self-diffusion energy. However, when DRX was taking 

place, the activation energy was usually 20% higher than that for self-diffusion in 

pure metals[1]. Almost universally, the activation energy increased with the alloying 

contents. 

3.4 Critical conditions for DRX and their effects on Z parameter 

The existing approach to determining the onset of DRX was based mainly on 

energy considerations. Wray[11] was the first to emphasize the critical strain 

corresponding to the initiation of DRX. McQueen et al.[1] suggested that the 

slope-change point of the linear relationship between θ (=   / ), and stress, σ was 

defined to be the critical strain position. However, Poliak and Jonas[12] claimed that 

the critical amount of stored energy and the minimum of energy dissipation rate 

together were the necessary conditions for the initiation of DRX, and developed a new 

method to precisely locate the critical strain by the minimum value of –(   / ). 

Both methods were employed to determine the critical strain for DRX in this paper. 

Taking the P92 steel as an example, the DRX line is drawn on the strain hardening 

curve, in Figure 5. To obtain this figure, the stress-strain curves up to and then just 

beyond the peak were firstly fitted with an eighth order polynomial using ORIGIN 

software (the Chinese equivalent of Microsoft Excel), and then both the θ value and 

the –   /  value of the fitted curves were calculated. 

The polynomial fitting curve of ln(εc) plots shows approximate linearity at the 

beginning and then levels off at ln(Z) value beyond 37. It is clear from Figure 6 that 
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the changing trend of ln(Z) versus ln(εc) for the P92 steel is similar to the NS steel, 

which was explicitly explained by the segregation of phosphorus along the grain 

boundaries in the previous work[4]. ln(σc) exhibits two different increasing rates with 

the increase of ln(Z), as shown in Figure 7. The cause of this phenomenon was also 

explained in the previous work of the NS steel[4]. Actually, the two slope ratios of the 

linear relationships between critical strain and critical stress of the experimental steels 

gave a possible explanation to the trends of ln(σc) curves. The slope ratio of σc and εc 

increased at high Z value, which ensured the continuous growth of ln(σc) after the ln(Z) 

value of 37. 

3.5 Instability and processing maps 

The power dissipation ratio η determines the extent of power dissipation due to the 

changes of microstructure during the deformation. Higher values of η means higher 

energy cost by microstructure evolution, and, in turn, better ductility of the steel. The 

ratio is expressed as the following[7]: 

 
1

2

2/

1/
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                          (3) 

where m denotes the strain rate sensitivity and is independent of the strain rate. J 

implies the power dissipated by microstructure changes, while most part of the energy 

disappeared through heat release and plastic deformation during the deformation. 

The instability condition during hot deformation was proposed as Eq. 4: 

    
  0

ln

1/ln





 m
mm





                          (4) 

The variation of     with temperature and strain rate yields an instability map in 

which the instability regions are characterized by negative value of    . Figure 8 

shows a series of maps at the strain range of 0.05-0.60 with power dissipation contour 

lines and contour lines of instability parameter of    . 

It can be seen that the P92 steel has relatively larger instabilities in the processing 

maps comparing to the NS steel, the instabilities of which barely existed in the same 
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deformation conditions[13]. However, the P92 steel has good workability after the 

strain of 0.25 where the flow stress finishes its first peak and becomes stable. None or 

very small instability region exists before the critical strain for DRX. It appears after 

the critical strain and then is phased out at the strain of 0.3. The appearance of 

instability zone in this strain range is mainly caused by the change of microstructure. 

Thus, the optimum processing condition for the P92 steel lies in 1000-1150 °C/0.01-1 

s-1, from the strain level above 0.25. 

3.6 Microstructure 

The evolution of microstructure during hot deformation is closely related to DRV, 

DRX, MDRX and DSIT in the experimental steels. With the change of Z value, the 

steels exhibited various microstructure characteristics, as demonstrated in Figure 9. 

An analysis of the stress-strain curves suggests that DRV and DSIT took place in 

sequence before the critical strain for initiation of DRX under all investigation 

conditions for the NS steel[4]. Although the chemical composition of the P92 steel 

appears similar to the NS steel, the microstructure of the P92 steel shows different 

characteristics, with little DSIT ferrite existing, compared to the microstructure of the 

NS steel. However, the DRX performed in a similar way in refining the grains and in 

balancing the hardening and softening during the deformation procedure. When the 

steel was deformed at high temperature and low strain rate (low Z value), the 

microstructure experienced the DRX effectively, leading the very fine grains, as 

shown in Figure 9(a). With the Z value increasing, the microstructure showed 

‘necklace’ structure (Figure 9(b)) at the condition of 1050 °C/0.1 s-1, and elongated 

‘pancake’ structure at the condition of 1000 °C/1 s-1, because the nucleation of DRX 

was suppressed gradually until no apparent DRX grains, as shown in Figure 9(c). 
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4. Discussion 

4.1 Determination of Tnr and Tpt 

According to the previous work of the NS steel, the MDRX maintained mainly 

microstructure refinement when the steel was deformed below 900 °C, while the DRX 

controlled the refinement at higher temperature. The optical images of microstructure 

under different deformation conditions are in good agreement with the theory[4]. Thus, 

the microstructure evolution gives persuasive information that the first slope-change 

point in the mean stress curve above 900 °C is the complete recrystallization 

temperature Tnr. 

The additional slope-change point of the mean stress around 727 °C is determined 

to be the caused by the bainite phase transformation. According to the CCT diagram 

of the NS steel in Figure 10, it is certain that in the phase transformation tests without 

loading, the bainite phase transformation happens at about 715 °C which is a little 

lower than the slope-change temperature, Tpt, of 727 °C. Since the deformation could 

provide an extra driving force for the shear transformation, the bainite transformation 

could be forced to occur at a relatively higher temperature under deformation 

conditions. Additionally, based on the characteristic of the bainite microstructure in 

the CCT tests and deformation tests, shown in Figure 11, the carbon-free bainite was 

identified in both samples. 

4.2 Microstructure evolution 

The microstructure evolution is determined by the dynamic behaviors of hardening 

and softening. The hardening procedure is associated with the generation and 

movement of dislocations while the softening procedure, generally including DRV, 

DRX, MDRX and DSIT, regulates the distribution of dislocations[14]. The DRV, which 

is the principal mechanism of reducing flow stress σ and the strain hardening rate (θ = 

  / ), happens at all levels of strain beyond 0.1[15]. However, The MDRX usually 

happens between rolling stands and changes the grains nucleated during DRX. It is 
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also believed that MDRX would also take place under the deformation condition with 

a small strain rate[2]. 

When the steel is deformed at high temperature and low strain rate, e.g. 

1200 °C/10-3 s-1, the DRX, which commences at the critical strain, starts at a lower 

strain and proceeds faster. This is probably associated with the fact that most of the 

metallic solutes that usually retard DRX are resolved into the matrix[6]. The fact that 

fine and medium size particles which would slow down the nucleation of DRX and 

stabilize the substructure[6] diminish might also exert an important effect on the 

encouragement of DRX. The DSIT is retarded due to the increase of Nb, C, V and N 

contents[1], especially the Nb solutes which segregate at austenite boundaries and 

lower the boundary energy, thus leading to a dramatic reduction in nucleation rate of 

DSIT ferrite[16]. 

However, the nucleation of DRX was largely suppressed with the increase of Z 

value, as the critical strain for DRX increased with Z. Therefore, the initial austenite 

grains were not completely recrystallized but formed ‘necklace’ structures. The DRX 

grain layers initially nucleated on the prior grain boundaries and grew into the inner 

grains. The growth of DRX grain size was dependent on the MDRX, the kinetic of 

which had large effect from strain rate but was independent of strain. However, the 

MDRX only took place at a critical strain, which is significantly larger than the 

critical strain for DRX but smaller than the steady-state strain. Therefore, under a 

certain strain rate, the DRX grain size was constant during the steady-state strain 

regime and independent of the initial grain size. That is why the necklace grains were 

almost in the same size[15]. Unfortunately, the temperature was not high enough for 

the DRX continuously nucleating, leading to the ‘necklace’ structure in the samples 

deformed at 1050 °C/0.1 s-1. 

When the Z value continuously increased, such as the situation of 1000 °C/1 s-1, 

only the first wave of nucleation of DRX occurred, but the continuous nucleation of 

them and even the growth of them were suppressed due to the low temperature and 

high strain rate. At the same time, the precipitates formed during deformation had a 

great influence on DRX and DRV by pinning the grain boundaries and in turn 
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effected the microstructure evolution[18], although they did not directly exert an 

influence on the microstructure. They would affect the microstructure by either 

prompting the process of DRX, accelerating the growth of DRX or DSIT grains, at 

high temperature, or delaying the nucleation of DRX at low temperature[1]. Since the 

particles prefer to precipitate under low temperature and high strain rate[4], the amount 

of the particles increased tremendously with the decrease of the temperature. Thus, 

the negative effect of particle on the nucleation of DRX escalated, leading to few 

DRX grains but mainly elongated large austenite grains in the microstructure, as 

shown in Figure 9. 

5. Conclusion 

Beneath the diversity of microstructures and hot deformation processes, there are 

some fundamental characteristics of the 9Cr-Nb-V martensitic heat resistant steels as 

follows. 

(1) The full recrystallization temperature and the carbon-free bainite phase 

transformation temperature are determined by the slope change of the curve of mean 

flow stress versus the inverse of temperature. 

(2) The parameters of the constitutive equation for the experimental steels were 

calculated, including the stress exponent, the activation energy, and the constant. The 

ln(εc) versus ln(Z) and the ln(σc) versus ln(Z) plots for both steels have similar trends. 

(3) The microstructure were fully recrystallized upon deformation at low Z value 

owing to the DRX, and exhibited a necklace structure at the condition of 1050 °C/0.1 

s-1 due to the suppression of the secondary flow of DRX. However, there were barely 

any DRX grains but elongated pancake grains at the condition of 1000 °C/1 s-1. 
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