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Abstract 

Ferritic-martensitic P91 grade steel is widely used for manufacture pipes and boilers of thermal and nuclear 

power plants due to its high strength and creep behaviour at high temperatures and the advantage of small 

thermal stress in cyclic operations. During long-term operation of power plant components under elevated 

temperatures and steam pressure the changes of steels structure occur, on which those mechanical features 

and remnant service life depend. Due to diffusion processes at elevated temperatures, alloying elements 

replace iron within carbides, leading to precipitate and coarsening of more thermodynamically favoured alloy 

carbides as well as lattices parameters of those changing. Thermal ageing effect on the crystal structure 

parameters changes of M23C6 carbide during long term thermal exposure at 600, 650 and 700 °C 

temperatures have been performed. The identification of alloy carbides and calculation of their lattice 

parameters have been accomplished by XRD analysis using the Powder Cell program based on the Le Bail 

pattern-decomposition method. X-ray diffraction revealed that carbide M23C6 crystal lattice parameter 

changes as a function of time at high temperature exposure in laboratory conditions. Johnson-Mehl-Avrami 

(JMA) law was applied for the calculation changes of carbides activation energy E, lattice transformation rate 

constant k, lattice parameter a and transformation constant n. 
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1.  INTRODUCTION 

In the 1970s the P91 steel was developed for manufacturing of pipes and vessels in new Japanese and 

European power plants [1]. Better creep strength at high temperatures and pressure due to the addition of 

carbonitride forming elements such as niobium and vanadium to the base plain 9Cr-1Mo (P9) composition 

was derived [2]. Also this steel has high strength and low thermal expansion coefficient, so that the thickness 

of pipe can be reduced by comparison with the behaviour of other steels and these characteristic causes 

P91 to have significant advantages compared to other high temperature resistant steels [3]. Structural 

stability of heat resistant steel after long term service is one of the most important factors to the safety and 

reliability of engineering components. In order to achieve comprehensive information on the steel structural 

stability, experimental and theoretical methods are often combined. Latest computer software was used for 

creep-life, fatigue-life, and creep/fatigue-life calculations. Microstructure characterization methods together 

with thermodynamic and kinetic modelling provided comprehensive information about long-term 

microstructure stability of the ferritic-martensitic steels [4]. Thermo-kinetic simulation of precipitate evolution 

during operation of heat-resistant power plant steels (P91 and P92) was carried out using MatCalc software, 

Gibbs energy database and a mobility database for steels. MX and M23C6 were predicted to remain as major 

precipitates during long-term thermal exposure in these steels [5]. 

Due to diffusion processes at high working temperature microstructural changes takes place leading to 

deterioration in strength which mainly depend on the coarsening of M23C6 precipitates. It was determined that 

the diameter of M23C6 carbides increased from 100 nm in the as received steel to about 250 nm after 

exposure at 600 °C for 60000 h [6,7]. Chemical composition of the M23C6 phase during steel operation has 
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changed and alloying element prevails in the lattice of carbide [8] so more thermodynamically stable 

carbides precipitate. Previously authors of this manuscript has shown that the lattice parameter a of carbide 

M23C6 in low alloy steel 12X1MФ continuously increases during steel service time. It was suggested that this 

structural parameter could be useful indicator of real service exposure of 12X1MФ steel [9]. 

In this study with the purpose to obtain more detailed information about microstructural evolution of high alloy 

steel, the effect of thermal aging on the structural changes of carbide precipitates of steel P91 was 

investigated after long-term thermal exposure at 600, 650 and 700 °C temperatures. In order to obtain 

necessary data for evaluation of steel operation state the identification of carbides and calculation of their 

lattice parameter changes have been performed using XRD analysis and structural parameters refining 

programs. The evolution of the transformed carbides M23C6 was described by using the Johnson-Mehl-

Avrami (JMA) law, which is the most commonly used model for characterization of transformations kinetics. 

This research may find application for evaluation of steel condition and remnant life assessment. 

2. EXPERIMENTAL 

Heat and creep resistant ferritic-martensitic P91 steel [10] samples (20x10x10 mm) were used for thermal 

ageing at 600, 650 and 700 °C temperatures. Samples of P91 steel were aged in the electric furnace SNOL 

7.2/1300, in which temperature is automatically was maintained with an accuracy  1 °C. Chemical 

composition of the investigated steel is presented in Table 1. 

Table 1 Chemical composition of the investigated P91 steel (wt.%) 

Cr V Mo Ni Mn Al N C Si Nb P S 

8.78 0.18 0.96 0.16 0.35 0.01 0.035 0.09 0.38 0.08 0.006 <0.0005 

              

Fig. 1 The optical microscopy (left) and scanning electron microscopy SEM (right) images of P91 steel 

Microstructures of samples surface were analyzed by an optical also a scanning electron microscope. In order to 

highlight the steel microstructure, the polished surface was etched by Vilella’s reagent. Plates of martensite, 

together with a large number of carbides, are observed in the SEM image of P91 steel (Fig. 1). The carbides 

are located along austenite grain boundaries. 

Electrochemical extraction method was used to extract carbides from the steel. Samples were etched in 5 % 

hydrochloric acid solution at 130 –150 mA/cm2 current densities for  8 – 10 hours. Carbides powder 

extracted from the steel were collected on the bottom of the flask, several times washed with warm water 

and dried during 24 h at 80 °C temperature. The XRD analysis of carbides from the as received and from the 

thermally treated steel samples was performed on the Bruker D8 Advance diffractometer, operating at the 

20 µm 
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tube voltage of 40 kV and tube current of 40 mA. The X-ray beam was filtered with Ni 0.02 mm filter to select 

the CuKα wavelength. Diffraction patterns were recorded in a Bragg-Brentano geometry using a fast counting 

detector Bruker LynxEye based on silicon strip technology. The specimens of carbides were scanned over 

the range 2θ = 25–100° at a scanning speed of 1.7° min-1 using a coupled two theta/theta scan type. Silicon 

powder standard prepared from single crystal was added for zero shift of X-ray line determination. The data 

were fitted with the Powder Cell [11] programs based on the Le Bail pattern-decomposition [12] method. The 

XRD data on transformation kinetics of P91 steel M23C6 carbide lattice parameter a was analyzed using 

classical Johnson-Mehl-Avrami (JMA) equation for isothermal conditions [13]: 

x(t) = 1 – exp[-(kt)n],                                                                                                                     (1) 

where x(t) is the change of lattice parameter a at time t , k is the lattice transformation rate constant, t is the 

time, and n is transformation constant.  

In this paper the JMA equation describes how solids transform from one phase to another at constant 

temperature. It can specifically describe the kinetics of crystallization, but can also be applied generally to 

other phase changes of materials, like chemical reactions. Equation (1) can be transformed as follows [14]:  

ln[-ln(1-x(t))] = nlnk + nlnt                                                                                                                              (2) 

k and n can be found from intercept and slope of the line plotted in the form of ln[-ln(1-x(t))] vs lnt 

respectively (the intercept is equal to lnk). The plot of lnk versus 1 / T gives an activation energy E. 

3. RESULTS AND DISCUSSION 

The example of phase identification of XRD powder pattern of electrochemically extracted carbides from P91 

steel is presented in Figure 2. The XRD analysis revealed the presence of Cr-rich carbide M23C6 as a main 

phase and also V-rich and Nb-rich M(C, N) carbo-nitrides– as minor phases in the initial as well as in the 

aged at elevated temperatures P91 steel. The Le Bail whole X-ray diffraction pattern profile fitting have been 

performed for purpose to measure precise lattice parameter a of carbide M23C6.   
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Fig. 2 Phase identification of XRD powder pattern and carbide M23C6 lattice parameter calculation using 

Powder Cell program and Le Bail structureless whole X-ray diffraction pattern profile fitting. Silicon powder 

standard prepared from single crystal was added for zero shift of X-ray line determination (Miller indices are 

shown only for M23C6 phase) 
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The example of carbide M23C6 Bragg peak (511) shift to lower diffraction angles after ageing P91 steel at 

elevated temperatures is shown in Figure 3. The inset of the expanded view between 43.8 and 44.8o of 2q 

illustrates that the lattice parameter a value of cubic (space group Fm-3m) carbide M23C6 depends on 

magnitude of ageing temperature. 
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Fig. 3 X-ray diffraction patterns of P91 steel carbides. Curves: 1 – reference, 2 – thermal treated for 42 days 

at 600 °C, 3 – 650 °C and 4 – 700 °C 

The results of carbide M23C6 lattice parameters measurements are summarised in Figure 4, which indicates 

that the value of parameter a increases with increasing of temperature as well as with increasing of ageing 

time duration (Fig. 4, curves 1-3). The M23C6 parameter a value changes from 10.635 Å in reference steel to 

10.653 Å in steel thermally aged at 700 °C for 42 days due to diffusion of alloying elements in the lattice of carbide 

[15]. During this process Fe atoms in carbide lattice were partly changed by Cr and Mo, but as diffusion coefficient 

of Cr is higher than Mo, consequently Cr atoms dominate in the M23C6 lattice [16]. 
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Fig. 4 The changes of lattice parameter a of P91 steel carbide M23C6 depending on ageing time at a 

temperature: 1 – 600 °C, 2 – 650 °C and 3 – 700  °C 
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The function of ln[-ln(a0/at)] was evaluated as a function of lnt (Fig. 5). Plots of ln[-ln(a0/at)] vs ln t, as shown in 

Figure 5, yield the values of n and k for the changes of lattice parameter a of M23C6 carbide at three 

temperatures. At all the temperatures, the plots exhibited linear dependences (Fig. 5, curves 1-3) hence the 

transformation conforms Johnson-Mehl-Avrami equation. 
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Fig.5  A plot between ln [-ln(a0/at)] versus lnt following the JMA equation in the isothermal temperature:1 – 

600 °C, 2 – 650 °C, 3 – 700 °C 

The obtained equations from the linear regression adjustment are: 

y600 = 0.47lnt - 153.08, R2 = 0.99 

y650 = 0.47lnt – 14.07, R2 = 0.99 

y700 = 0.48lnt – 13.39, R2 = 0.99 

were y = ln[-ln(a0/at)]. 

The linear equations (Fig. 5, curves 1 – 3) give values of carbide M23C6 lattice parameters transformation rate 

constant k and the transformation constant n = 0.470.48 (Table 2) for all experimental temperatures have been 

obtained from the slope of those lines.  

Table 2 Kinetic parameters of carbide M23C6 cubic lattice 

T, °C n lnk k E, kJ/mol 

600 0.47 -31.74 1.64·10-14  

263.5 650 0.47 -29.70 1.27·10-13 

700 0.48 -27.92 7.49·10-13 

It appears that n can be considered practically to be independent of temperature because characterize the 

same, i.e. diffusion process in solid media. The increment of transformation rate constant with temperature 

was established (Table 2). Activation energy of 263.5 kJ/mol presumably associated with diffusion of alloying 

elements in lattice of M23C6 carbide in the temperature range of 600-700 °C was calculated. 

CONCLUSIONS 

Electrochemically extracted carbides from P91 steel in as-received as well as in the exposed at 600, 650 and 

700o C conditions were characterized by quantitative XRD analysis. M23C6 carbide rich in Cr as a main 

phase and carbonitrides M(C, N) rich in V and Nb as a minor phase were identified in P91 steel precipitates. 
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Using Si standard and Le Bail structureless whole X-ray diffraction pattern profile fitting a regularly increase 

of crystal lattice parameter a of M23C6 carbide depending on the aging time and temperature was 

determined. It was found that linear relationship exists between natural logarithm of aging time of steel in 

high temperature and the natural logarithm of crystal lattice parameter a of M23C6 carbide. This relationship 

enabled to apply Johnson-Mehl-Avrami equation for calculation of carbide M23C6 transformation kinetics 

parameters. Calculated transformation constant n = 0.47~0.48 and activation energy E = 263.5 kJ/mol indicates 

about diffusion character of transformation mechanism. 

Obtained results could be useful for evaluation of steel P91 actual operation time and remnant life prediction. 
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