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Abstract

:

Coarsening of precipitates can have a profound effect on the mechanical properties of martensitic 9–12 wt.% Cr steels, which are typically used in critical parts of fossil-fuel power plants such as turbines, headers, and main steam pipes. In the present study, changes in precipitates’ size and distribution in the simulated heat-affected zone of two different 9–12 wt.% Cr steels (X20 and P91) after different aging conditions were analyzed and correlated with their creep, friction, and wear behaviors. It was shown that prior to aging, the morphology of the steel matrix (prior austenite grain size and microstructure homogeneity) governed the creep rate and the tribological performance of both steels, while after aging their response was additionally determined by the combination of the number and the size of precipitates. For the selected samples (prepared under identical conditions), number of precipitates was found to be within a narrower range for the X20 steel as compared to the P91 steel. For both steels, aging for a shorter time at the higher temperature yielded significantly higher stationary creep rate values as compared to aging for longer time at the lower temperature. The increase was more pronounced in the P91 than in the X20 steel. Both prior to and after aging, the P91 steel typically provided slightly higher creep resistance than the X20 steel, while the latter provided slightly better tribological performance. Furthermore, as a function of the increasing number of precipitates, static coefficient of friction in air atmosphere was approximately linearly decreasing, while the wear rate initially decreased.
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1. Introduction


Due to their excellent mechanical properties, corrosion resistance at elevated temperatures and good machinability, 9–12 wt.% Cr martensitic creep-resistant steels are used in critical parts of fossil-fuel power plants, such as turbines, headers, main steam pipes, etc. [1,2,3,4]. At high temperatures and under static loading conditions under which the 9–12 wt.% Cr steels are mostly used; creep is the main deteriorating mechanism. Consequently, the majority of research on 9–12 wt.% Cr steels has been focused on their creep resistance [5,6,7,8,9]. However, 9–12 wt.% Cr steels are also used for steam turbine blades [10]; therefore, understanding of their mechanical and tribological behaviors under dynamic loading conditions is very important [3]. Very little information in this regard can be found in the available literature. Nevertheless, for 9–12 wt.% Cr steels, fatigue resistance under the influence of corrosion pits [11], as well as under fretting conditions [12], was already analyzed.



The creep behavior of real and simulated welds in 9–12% Cr steels with a special emphasis on the HAZ has been a subject of extensive investigations [13,14,15,16,17,18,19,20,21]. Welding is a common technique applied for the assembly of large complex structure components of thermal power units. Due to rapid heating and cooling during welding, non-equilibrium microstructures are formed in the heat-affected zone (HAZ), a narrow zone of parent metal adjacent to the weld fusion line altered by the weld thermal cycle, leading to the degradation of its mechanical properties and weakening of the entire welded joint [22,23]. Therefore, the HAZ is often regarded as the weakest link in welded constructions.



After welding, precipitates with different size, spacing, and distribution are present in the HAZ. Various studies [6,24,25,26,27] have shown that there is a correlation between the size, spacing, and distribution of these precipitates on one hand and creep properties on the other. In addition, other microstructural features such as dislocation structure and evolution [8,28,29,30], subgrain structure [31,32,33], and the formation of secondary phase particles, such as Laves phase or Z-phase [15,34,35], play a pivotal role on the performance of these materials, especially at long-term creep conditions. In previous studies of the present authors, it was also observed that by aging, improved wear resistance is achieved due to precipitation strengthening by finely dispersed carbides and nitrides [36]. On the other hand, friction of the aged samples was higher as compared to the non-aged ones, which was true for both air and Ar atmospheres [37].



In the present study, the results of creep tests, friction, and wear of the parent metal and the simulated HAZ of two grades of 9–12 wt.% Cr steels are analyzed and compared from the viewpoint of the number, size, and spacing of precipitates, as a function of isothermal aging at 650 °C for 17,520 h and at 750 °C for 4320 h. We presume that precipitates’ size and distribution predominantly change with the chosen aging times and temperatures, and that these changes indirectly reflect the evolution of the substructure (martensite laths) and dislocations′ structure, while no significant change in prior austenite grain (PAG) size takes place.




2. Materials and Methods


2.1. Materials and Microstructures


Two grades of creep-resistant 9–12 wt.% Cr steels, X20 (DIN X20CrMoV121) and P91 (DIN X10CrMoVNb91), were used in this study. In Table 1, chemical composition of both steels obtained by optical emission spectrometry (OES) is given. For wear and friction experiments, cylindrical samples with a diameter of 13 mm were used. Samples were initially austenitized at 1050 °C for 30 min to dissolve the precipitates in austenite. Afterwards, samples were quenched in oil, resulting in a brittle and hard martensitic microstructure. Finally, standard tempering procedure at 810 °C for 30 min was performed and followed by air cooling, resulting in a tempered martensitic microstructure, which represented the basis (parent metal, α) for further heat treatment processes.



To simulate two different HAZ regions, i.e., inter-critical (α + γ) and coarse-grained (γ) microstructures, additional heat treatment procedures were performed. The α + γ microstructure was obtained by keeping the samples in the temperature range of Ac1 < T < Ac3, i.e., at 845 °C, for 60 min, where Ac1 ≈ 837 °C and Ac3 ≈ 903 °C represent the beginning and the end of α to γ transformation, respectively [16]. The γ microstructure was obtained by keeping the samples above the Ac3 temperature, i.e., at 1000 °C, for 30 min. To complete the HAZ simulation, the samples were rapidly cooled in air. The reason for keeping the samples at simulation temperatures for 30 and 60 min in comparison to the real weld HAZ, where the heating and cooling is completed in seconds, is to make sure that the target simulating temperature would be achieved throughout the whole sample of dimensions 100 × 200 × 200 mm3, from which specimens for creep and tribological tests were machined.



The γ represents the coarse-grained microstructure as it is obtained at 1000 °C (T > Ac3), being high enough for complete austenitization and grain growth. The α + γ represents the inter-critical region with fine grains because at 845 °C (Ac1 < T < Ac3), a partial austenitization takes place along the boundaries of α grains, where γ grains begin to form, resulting in a two-phase microstructure. In other words, at these conditions, a sort of balance between the ferritic (tempered martensitic) and austenitic microstructure coexists, which on cooling transforms back to martensite. As a measure of a successful HAZ simulation, qualitative evaluation of the difference in the PAG size was applied. For this purpose, samples were ground, polished, and finalized by colloidal silica emulsion polishing (OPS) for the electron backscatter diffraction (EBSD) analysis using JEOL JSM-6500F (JEOL Ltd., Tokyo, Japan) scanning electron microscope (SEM) with an HKL Nordlys II EBSD camera operated by Channel5 software (Oxford Instruments HKL, Hobro, Denmark). The instrument was operated at an accelerating voltage of 15 kV, a probe current of 1.3 nA, and a tilt angle of 70°. Detection was set to 5–7 Kikuchi bands with 4 × 4 binning. A mapping area of 310 × 251 μm2 and a step size of 0.4 μm were applied. Minimal post-processing was performed using ATEX software [38], as it was limited to interpolating the unindexed pixels and removing the so-called “wild spikes”. According to Altendorf et al. [39], a direct estimation of PAG boundaries using EBSD grain boundary disorientation maps, as shown in Figure 1, was performed by applying a grain boundary disorientation in the range of 15–50°.



After simulating the HAZ, the final part of the heat treatment process was performed to induce changes of size, distribution, and mutual spacing of carbide/nitride precipitates. It consisted of aging of α + γ and γ microstructures of both steels for 168 and 720 h (1 week and 1 month) at 650 °C and 750 °C, and additionally for 4320 h (6 months) at 750 °C and 17,520 h (2 years) at 650 °C.



After the heat treatments, samples were longitudinally cut to obtain flat surfaces for microstructure characterization, friction, and wear tests. Samples were first ground with silicon carbide paper to a sufficient depth to remove any unrepresentative surface and then polished in several steps to achieve a mirror finish (surface roughness of Ra < 0.01 μm).




2.2. Carbide and Nitride Precipitation


Changes in precipitates due to aging were evaluated via the analysis of micrographs obtained with JEOL JSM-6500F (JEOL Ltd., Japan) scanning electron microscope (SEM). In order to obtain the number, average spacing, and size values of precipitates, SEM micrographs were modified with GIMP software [40] by applying a single-colored over-painting of precipitates as shown in Figure 2. The modified SEM micrographs were then analyzed using automatic image analysis in FIJI (ImageJ) software [41], with an appropriate size filter and color threshold. The SE images chosen for the analysis were acquired at magnifications of 10–30 k, for the image analyses to be both statistically representative and, from the particles size point of view, as accurate as possible. The smallest particle that could be accurately measured this way was around 0.02 μm. From such analyses, the surface area and distribution (x and y coordinates) of each precipitate could be obtained. The mean interparticle spacing was evaluated by defining the nearest neighbor for each particle separately, calculating the respective center-to-center distance (λi) of each nearest particle couple, and finally calculating the average value (λ), as explained in [26].



SEM micrographs of the α + γ (Figure 3) and γ (Figure 4) HAZ microstructures of X20 and P91 steels for are shown for initial state, after tempering for 720 h at 650 °C, and after tempering for 720 h at 750 °C. In Figure 3 and Figure 4, in X20 steel, a higher amount of carbide particles with more uniform distribution was observed than in P91 steel, which was true for both HAZ microstructures and for both tempering temperatures. A more detailed analysis of the SEM micrographs can be found in a previous study of the authors [36].



In Figure 5 and Figure 6, the number of precipitates per μm2 and their average spacing are presented for three different microstructures in their initial state and after aging under different conditions. In Figure 5 and Figure 6, on the x-axis, aging time and/or temperature are increasing from left to right. For the α microstructure, the number and average spacing of precipitates were measured only for the initial state and after aging for 4320 h at 750 °C and for 17,520 h at 650 °C (the last two points in the diagrams in Figure 5 and Figure 6, while for α + γ and γ microstructures the measurements were also performed after aging for 168 and 720 h at 650 and 750 °C.



In Figure 5, after aging for 168 h at 650 °C, the number of precipitates for α + γ and γ microstructures of both steels increased in comparison with the initial state. However, with increasing aging time and/or temperature, the number of precipitates started to decrease due to precipitates coarsening. For both microstructures, the lowest number of precipitates was observed after aging for 4320 h at 750 °C. Since after aging for 17,520 h at 650 °C the number of precipitates was higher, it can be concluded that at lower aging temperature, the coarsening rate of precipitates was lower, resulting in a higher number of precipitates even after significantly longer aging time. However, for the P91 steel, when aging at 650 °C, an increase in the number of precipitates as compared with the initial state was observed after the longest aging time of 17,520 h (for α + γ and γ microstructures, the number of precipitates was even higher than for the initial state), indicating that possibly, during longer aging times, an additional precipitation occurs.



For both steels, the aging-induced precipitation was more pronounced for α + γ than for γ microstructure. Therefore, after aging, the number of precipitates for α + γ microstructure was typically higher as compared to the initial state, while for γ microstructure it was typically lower as compared to the initial state. For α microstructure of both steels, the number of precipitates after aging was lower than in the initial state; however, for the X20 steel the lowest number of precipitates was measured after aging for 17,520 h at 650 °C, while for the P91 steel after aging for 4320 h at 750 °C.



In Figure 5, the average spacing of precipitates is somehow inversely correlated to the number of precipitates. The Ostwald ripening, i.e., growth of larger precipitates on the account of dissolution of smaller ones was also observed. This effect was promoted with aging temperature and time. A detailed analysis of microstructural changes was already presented elsewhere [26,36,37]. Note that the error bars in Figure 6 represent the distribution of precipitates, i.e., the smaller the error bar, the more uniform the distribution of precipitates and vice versa.




2.3. Test Procedures


2.3.1. Accelerated Creep Tests


Accelerated creep tests using in-house designed creep-testing equipment with constant load and dead-weight lever arm were performed according to the ISO 204:2018 standard by applying a tensile stress of 170 MPa at the constant temperature of 580 °C lasting up to 100 h, with some exceptions where specimens ruptured earlier, depending on the microstructure. Detailed description of the accelerated creep tests can be found elsewhere [9,25,26]. In the accelerated creep tests and microstructure analyses, one sample from each tempering state was tested.




2.3.2. Friction Tests


Friction tests were performed on an oscillating tribological test rig (SRV4, Optimol Instruments Prüftechnik GmbH, Germany) with a ball-on-flat testing geometry using DIN 100Cr6 steel (AISI 52100 equivalent) balls with a diameter of 10 mm, sliding against the flat side of a half-cylinder. The balls had a hardness of 62.5 ± 2 HRC (corresponds to approximately 760 HV) and a roughness of Ra 0.02 μm. The initial hardness of the steels X20 and P91 was significantly lower than the hardness of the ball and had values of 238 HV and 228 HV, respectively.



To compare the frictional properties of the selected microstructures without and with the presence of oxides on the contacting surfaces, friction tests were performed under Ar atmosphere and in air. In air, metallic surfaces are covered with a thin layer of oxides which usually possess more favorable tribological properties than non-oxidized metallic surfaces [42]. The properties of nascent, non-oxidized metallic surfaces can be studied only in non-reactive atmospheres such as Ar, where the oxide layers cannot reform after removal (due to the high reactivity of nascent metallic surfaces, oxide layers normally form very rapidly, e.g., 10−2 s at a pressure of 10−4 Torr [43].



Before starting the friction tests, a flow of Ar gas with a gas pressure of 0.05 bar (g) at the gas-bottle outflow was directed onto the contact for 3 min to remove any adsorbed atmospheric contaminations. After 3 min of flushing with Ar gas, the friction test was started and after 2 min of sliding, Ar gas flow was stopped so that air could come into the contact. Afterwards, the test was conducted for an additional duration of 2 min. This way, around 10 cycles were performed under Ar stream flow and around 10 sliding cycles were performed in air.



Tests were performed at ambient temperature of 20 °C. The frequency of the oscillating motion was 0.125 Hz with amplitude of 2 mm resulting in a maximum sliding velocity of 1.6 mm/s (ball movement is sinusoidal). A normal load of 30 N was applied, corresponding to 0.98 GPa and 1.46 GPa of mean and maximal Hertzian contact pressures, respectively. The coefficient of friction was calculated as the ratio of the tangential force (friction force) and the normal force. The maximum coefficient of friction occurred at the beginning of each stroke, where a break-away friction was typically observed. This maximum value corresponds to the so-called static coefficient of friction and was regarded as the coefficient of friction of interest. Due to the high adhesion between the ball and the flat surface, the ball did not always return into its initial position although the ball holder did. Hence, due to the residual stresses between the ball holder and the ball, coefficient of friction was not zero, but gradually decreased to zero as the ball was slowly dragged into its initial position, which typically required 2–3 s after the end of an oscillating cycle. Therefore, after each oscillating cycle a waiting time of 12 s was applied.



Each microstructure was tested three times to ensure the repeatability of the measured friction curves.




2.3.3. Wear Tests


Wear tests were conducted immediately after the friction tests on the same oscillating tribological test rig and using the same samples. Since in an actual application, e.g., in fossil-fuel power plants, the majority of sliding wear is not expected to occur during regular operation at high temperatures but rather in special cases such as cold starts where the operating temperature is lower—for a typical cold start, the rotor surface and bore temperatures are near room temperature [44]—the wear behavior under ambient temperature was of primary interest. Therefore, the sliding wear experiments were conducted under ambient temperature conditions at 293.15 K (20 °C). The test duration was set to 15 min and the sliding frequency of 20 Hz was applied at a stroke of 2 mm, resulting in a maximal sliding velocity of 126 mm/s and a sliding distance of 72 m. Normal load of 30 N was applied, corresponding to 0.98 GPa of mean Hertzian contact pressure and 1.46 GPa of maximal Hertzian contact pressure. It should be noted that the calculated Hertzian contact is significantly higher than the yield strength of both materials and does not correspond to the actual contact pressure. Namely, the Hertzian contact pressure considers only the elastic deformation of the material; hence, when the yield strength of the material is exceeded, the actual contact pressure does not continue to increase exponentially but remains constant due to the plastic flow of the material and the related increase of the contact surface.



All tests were performed under dry sliding conditions, i.e., without any lubricant in the contact. Each experiment was repeated three times to ensure statistically relevant results.



After the wear tests, topographies of worn specimens were characterized using a white-light confocal microscope (μsurf, NanoFocus AG, Germany). From the topography data of the wear scars, wear volumes were calculated and subsequently specific wear rate coefficients were obtained by considering the Archard’s law (Equation (1)) [45]:


  k =  V  F · s   ,  



(1)




where k is the specific wear rate coefficient in mm3/Nm, V is the wear volume in mm3, F is the applied normal load in N, and s is the sliding distance in m.



The parameters applied in wear and friction tests are listed in Table 2.






3. Results


3.1. Initial State (Influence of Microstructure/Grain Size)


Primary creep strain and secondary creep rate values of three different microstructures of the X20 and P91 steels at the initial state are shown in Figure 7. In Figure 7a, primary creep values are presented. In Figure 7a in the X20 steel, the primary creep strain decreased with the grain size and was the highest for the α + γ microstructure, slightly lower for the α microstructure and the lowest for the γ microstructure with the values of 0.04, 0.02, and 0.01 for α + γ, α, and γ, respectively. In the P91 steel, the influence of grain size was not as straightforward; however, the lowest creep strain was obtained for the γ microstructure where a value of 0.003 was measured. The highest creep strain was measured for α microstructure with a value of 0.016, while in α + γ microstructure, creep strain was slightly lower with a value of 0.01. In Figure 7b, stationary (secondary) creep rate values are presented. In the X20 steel, the creep rate decreased with the grain size, similarly to the primary creep strain. The measured creep rate values were 2.2 × 10−4 h, 1.5 × 10−4 h, and 0.45 × 10−4 h for α + γ, α, and γ, respectively. In P91 steel, the creep rate was the lowest for the γ microstructure where a value of 0.04 × 10−4 h was measured, while for α + γ and α microstructures, similar values of around 0.65 × 10−4 h were obtained. In Figure 7 it can also be seen that for both primary and stationary creep, the P91 steel provided lower creep strain and creep rate values than the X20 steel.



Figure 8 shows static coefficients of friction of three different microstructures of the X20 and P91 steels at the initial state measured in Ar (Figure 8a) and air (Figure 8b) atmospheres. In Figure 8, for both steels, coefficients of friction were higher in Ar atmosphere (Figure 8a) where values between 1.9 and 2.3 were measured, while in air atmosphere (Figure 8b), values between 1.4 and 1.9 were measured. It should be pointed out for all samples, that during the first few sliding cycles in Ar atmosphere, significantly lower friction values (0.3 to 1) were measured [37]. This shows that the surfaces were initially covered with a frictionally favorable oxide layer, which was quickly removed due to sliding under high contact pressure. Thus, the high friction values in Ar atmosphere can be attributed to the absence of any reactive molecules in the contact which could prevent from a direct steel/steel contact leading to the very high metal–metal adhesion and the consequent cold-welding of the asperities of contacting bodies [46]. On the other hand, the coefficient of friction values in air atmosphere are unusually high (based on previous studies of the present authors [21,25], values of around 1 were expected), which could be attributed to the fact that (i) the surfaces were roughened during the test in Ar atmosphere which led to mechanical anchoring of the asperities and/or (ii) the nascent steel surfaces from the test in Ar atmosphere could not fully re-oxidize within the relatively short test time in air (2 min).



In Ar, the microstructures of both steels provided similar coefficient of friction values of around 2.2. The only exception was the P91 γ microstructure with around a 15% lower coefficient of friction at 1.9. In air, the lowest coefficient of friction with a value of 1.4 was measured for α microstructure of the X20 steel; it was around 20% lower than that of α + γ and γ microstructures having values of 1.8 and 1.9, respectively. For the P91 steel in air, coefficient of friction decreased with heat-treatment temperature and/or grain size: the lowest value of 1.5 was measured for γ microstructure; it was slightly higher for α microstructure with a value of 1.6 and the highest for α + γ microstructure where a value of 1.8 was measured.



In Figure 9, a steel specimen after the wear test is presented and Figure 10 shows specific wear rate coefficients of three different microstructures of the X20 and P91 steels at the initial state. In Figure 10, for the X20 steel wear rate decreased with heat-treatment temperature and/or grain size and had values of 1.6 × 10−4 mm3/Nm, 1.15 × 10−4 mm3/Nm and 5 × 10−5 mm3/Nm for α + γ, α, and γ microstructures, respectively. For the P91 steel, the wear rate was the highest for α + γ microstructure with a value of 2.2 × 10−4 mm3/Nm and the lowest for α microstructure with a value of 1.8 × 10−4 mm3/Nm. For γ microstructure, a value of 1.9 × 10−4 m3/Nm was measured and was therefore slightly higher than for α microstructure.



In Figure 10, it is also clear that at the initial state, wear rate was significantly lower for the X20 than for the P91 steel.



In Figure 7, Figure 8, and Figure 10, at the initial state, larger grain size provided a beneficial effect for creep, wear, and friction values of all tested samples. For coefficient of friction, this effect was observed only for the P91 steel—especially in air and partly in Ar atmosphere.




3.2. After Aging (Influence of Precipitates Coarsening)


In Figure 11, primary creep strain values of three different microstructures of the X20 and P91 steels after aging for 17,520 h at 650 °C (Figure 11a) and 4320 h at 750 °C (Figure 11b) are shown. In Figure 11a, after aging for 17,520 h at 650 °C, primary creep strain was always higher for the X20 steel than for the P91 steel. For the X20 steel, the creep strain of α + γ and α microstructures was 0.03, while for γ microstructure it was around 30% lower, having a value of 0.02. For the P91 steel, all microstructures provided identical creep strain of 0.01. With aging for 4320 h at 750 °C (Figure 11b), for the X20 steel, creep strain was the lowest for α, slightly higher for α + γ, and the highest for γ microstructure with values of 0.01, 0.02, and 0.03, respectively. For the P91 steel, creep strain of α + γ and α microstructures was 0.02, while for γ microstructure it was 50% lower, having a value of 0.01.



From Figure 11, it is also clear that with aging for shorter time at the higher temperature (4320 h at 750 °C, Figure 11b), α and α + γ microstructures of the X20 steel showed lower primary creep strain compared to longer aging time at the lower temperature (17,520 h at 650 °C, Figure 11a), while γ microstructure showed a higher primary creep strain. For the P91 steel, aging for shorter time at the higher temperature (4320 h at 750 °C, Figure 11b) increased the primary creep strain of α and α + γ microstructures, while it had no influence on γ microstructure.



Different creep behavior of both steels and the different influence of aging time and temperature come from the difference in chemical composition of the steels, which among other things leads to different precipitates morphology, thermodynamics, and kinetics [30]. Namely, as can be seen from Figure 5 and Figure 6, the number of precipitates was always higher for the X20 steel compared to the P91 steel, resulting in larger average spacing of precipitates in the P91 steel. This is because the X20 steel has higher Cr and C content as compared to the P91 steel, which results in faster precipitation kinetics of the major type of precipitates in both steels (Cr23C6) for the same temperature-dependent diffusion conditions [30].



Compared to the initial state (Figure 7a), after aging the X20 steel, primary creep strain of α + γ microstructure decreased, while it increased for γ microstructure (Figure 11). For α microstructure, primary creep strain increased after aging for 17,520 h at 650 °C (Figure 11a), while it decreased after aging for 4320 h at 750 °C (Figure 11b). For the P91 steel, after aging for 17,520 h at 650 °C (Figure 11a), primary creep strain decreased for α + γ and α microstructures, while it increased for γ microstructure. After aging for 4320 h at 750 °C (Figure 11b), primary creep rate of all microstructures of the P91 steel increased as compared to the initial state (Figure 7a).



In Figure 12, stationary creep rate values of three different microstructures of the X20 and P91 steels after aging for 17,520 h at 650 °C (Figure 12a) and 4320 h at 750 °C (Figure 12b) are shown. It should be noted that in Figure 12a, the scale on the y-axis is 10-times smaller compared to Figure 12b. Generally, for stationary creep rate, similar trends were observed as for primary creep strain in Figure 11. Namely, stationary creep rate was always higher for the X20 steel than for the P91 steel, which was especially pronounced after aging for 17,520 h at 650 °C (Figure 12a). After aging for 17,520 h at 650 °C, the stationary creep rate was the highest for α + γ microstructure of the X20 steel with a value of 7.5 × 10−4 h, was around 35% lower for α with a creep rate of 4.7 × 10−4 h, and was the lowest for γ microstructure with a creep rate value of 2.6 × 10−4 h. For the P91 steel, the same trend was observed as for the X20 steel, with α + γ microstructure having the highest and γ microstructure the lowest creep rate; however, compared to the X20 steel, the wear rates were around 90% lower. After aging for 4320 h at 750 °C (Figure 12b), for the X20 steel, stationary creep rate was the lowest for α having a value of 32 × 10−4 h, while it was more than 2-times higher for α + γ and γ microstructures with values of 78 × 10−4 h and 72 × 10−4 h, respectively. For the P91 steel, creep rate was the lowest for γ and the highest for α + γ microstructure, and the creep rate values were 50 to 85% lower than in the X20 steel.



As can be seen in Figure 12, the effect of aging time and temperature on stationary creep rate of both steels was similar. Namely, for both steels aging for shorter time at the higher temperature (4320 h at 750 °C, Figure 12b) yielded significantly higher stationary creep rate values as compared to aging for longer time at the lower temperature (17,520 h at 650 °C, Figure 12a). The increase was more pronounced for the P91 steel where after shorter aging time at the higher temperature, 24 to 55-times higher stationary creep rates than after longer aging time at the lower temperature were measured, while in the X20 steel the increase was 6 to 27-fold.



Compared to the initial state (Figure 7b), after aging, the stationary creep rate of both steels increased. This was especially pronounced after aging for 4320 h at 750 °C (Figure 12b) where 20 to 160-times and 16 to 260-times higher creep rates as compared to the initial state were observed for the X20 and P91 steels, respectively. Aging for 17,520 h at 650 °C (Figure 12a) increased the stationary creep rate of the X20 steel for only 2 to 5-times as compared to the initial state, while in the case of the P91 steel in α + γ and α microstructures no increase of the stationary creep rate was observed and in γ microstructure a 5-time increase as compared to the initial state was observed. For both steels after both aging conditions, the most and the least pronounced increases of the stationary creep rate as compared to the initial state were observed for γ and α microstructures, respectively.



In Figure 13, static coefficients of friction in Ar atmosphere for α + γ and γ microstructures of the X20 and P91 steels after aging for 168 h at 650 °C (Figure 13a) and 720 h at 750 °C (Figure 13b) are shown. In Figure 13, in Ar atmosphere, both microstructures of both steels provided almost identical coefficients of friction of around 2.7. Comparing to the initial state where values of around 2.2 were measured (Figure 8a), this is an increase of around 20%. It should be noted that only after aging for 720 h at 650 °C (not shown in the manuscript), γ microstructure of the P91 steel provided a slightly lower coefficient of friction of 2.5, which is in correlation with the lower coefficient of friction of this microstructure at the initial state (Figure 8a).



In Figure 14, static coefficients of friction in air atmosphere for α + γ and γ microstructures of the X20 and P91 steels after aging for 168 h at 650 °C (Figure 14a) and 720 h at 750 °C (Figure 14b) are shown. In Figure 14, coefficient of friction values in air atmosphere were only slightly lower (around 20 to 30%) as compared to Ar atmosphere (Figure 13), which was observed already for the microstructures at the initial state (Figure 8). After aging for 168 h at 650 °C (Figure 14a), α + γ microstructures of both steels provided slightly lower friction values than γ microstructures, while no significant difference between both steels was observed. After aging for 720 h at 750 °C (Figure 14b), α + γ microstructure of the P91 steel provided slightly higher friction values as compared to aging for 168 h at 650 °C, while other microstructures showed no notable differences.



In Figure 15, specific wear rate coefficients of α + γ and γ microstructures of the X20 and P91 steels after aging for 168 h at 650 °C (Figure 15a) and 720 h at 750 °C (Figure 15b) are shown. In Figure 15, at both aging conditions, the wear of the P91 steel was higher as compared to the X20 steel; the only exception being α + γ microstructure after aging for 168 h at 650 °C, where both steels provided similar wear rates. It is interesting to note that the response of α + γ and γ microstructures to aging was inversely different for both steels. Namely, for the X20 steel after aging for 168 h at 650 °C, wear of α + γ microstructure was higher as compared to the γ microstructure, while it was the opposite after aging for 720 h at 750 °C. On the other hand, for the P91 steel, exactly the opposite trend was observed: after aging for 168 h at 650 °C, wear of α + γ microstructure was lower as compared to γ microstructure, while it was the opposite after aging for 720 h at 750 °C (Figure 15b).





4. Discussion


In Figure 16, static coefficients of friction in air atmosphere (Figure 16a,b), specific wear rate coefficients (Figure 16c,d), primary creep strain (Figure 16e,f), and stationary creep rate values (Figure 16g,h) for α + γ, α, and γ microstructures of the X20 and P91 steels are presented in dependence of number of precipitates.



In Figure 16a,b, it can be observed that for both steels, static coefficients of friction in air atmosphere were slightly decreasing with increased number of precipitates. This was more pronounced in the P91 steel, where for the highest number of precipitates’ coefficient of friction was around 30% lower as compared to the lowest number of precipitates. At the same time, for the P91 steel, a much higher fluctuation in coefficient of friction values was observed compared to the X20 steel. For the P91 steel, the difference between the highest and the lowest coefficient of friction was 37%, while it was only 16% for the X20 steel. Furthermore, for the P91 steel, coefficients of friction are slightly higher than for the X20 steel.



In Figure 16c,d, for both steels, the minimum wear was reached at an approximately intermediate number of precipitates. For the X20 steel, this was at around 9 precipitates per μm2, while for the P91 steel, it was at around 6 precipitates per μm2. However, both steels showed a slightly different wear behavior in relation to the number of precipitates. For the X20 steel, at the lowest number of precipitates, relatively low wear values were measured, which were also lower compared to the wear values at the highest number of precipitates. On the other hand, for the P91 steel, at the lowest number of precipitates, the highest wear values were measured and at the highest number of precipitates, wear values were generally low, but had a high fluctuation in measured values depending on the type of the microstructure (α + γ, α, and γ). Similar as for coefficients of friction (Figure 16a,b), for the X20 steel, the wear values were slightly lower than for the P91 steel; however, the difference between the minimum and the maximum wear value was higher for the X20 steel.



In Figure 16e,f, for both steels, primary creep strain initially decreased with increasing number of precipitates and at the highest number of precipitates, it started to increase. For both steels, the lowest creep strains were obtained in the range of 7 to 11 precipitates per μm2. Generally, the P91 steel provided lower primary creep strain values compared to the X20 steel. For the X20 steel, the primary creep strain of α + γ microstructure initially increased and afterwards decreased with the number of precipitates. For α microstructure, it initially decreased and afterwards increased, while for γ microstructure it always decreased with the number of precipitates. For the P91 steel, the primary creep strain of α + γ microstructure always decreased with the number of precipitates, while for α and γ microstructures it initially decreased and afterwards increased with the number of precipitates. For both steels, for similar number of precipitates, γ microstructure generally provided lower primary creep strain values than α and α + γ microstructures. For the P91 steel, the lowest primary creep strain also was obtained in γ microstructure, while for the X20 steel the lowest primary creep strain was obtained in α microstructure.



In Figure 16g,h, for both steels, the stationary creep rate significantly decreased in the range of around 0.5 to 6 precipitates per μm2. For the X20 steel, where generally higher stationary creep rate values were obtained, for μ + γ and γ microstructures stationary creep rate decreased from over 70 × 10−4 at around 0.5 precipitates per μm2 to around 2.5 × 10−4 at around 5 precipitates per μm2 (more than a 25-fold decrease). On the other hand, for the P91 steel, where generally lower stationary creep rate values were obtained, the maximal measured stationary creep rate (α + γ microstructure) decreased from 37 × 10−4 at around 0.5 precipitates per μm2 to around 5 × 10−5 at around 4 precipitates per μm2 (more than a 70-fold decrease). For both steels, at more than 6 precipitates per μm2, no significant change in stationary creep rate value was observed. The exception was α microstructure of the X20 steel where at around 7 precipitates per μm2, a stationary creep rate of around 30 × 10−4 was measured.



In Figure 17, static coefficients of friction in air atmosphere (Figure 17a), specific wear rate coefficients (Figure 17b), and stationary creep rate values (Figure 17c) of α + γ, α, and γ microstructures of the X20 and P91 steels are presented in dependence of number of precipitates. For reference, the coefficient of friction data are fitted with a linear trendline, while specific wear rate coefficients and stationary creep rate values are fitted with a third order polynomial curve. In Figure 17, the trends due to precipitation can clearly be seen. Coefficient of friction is approximately linearly decreasing with the increased number of precipitates (Figure 17a), while wear rate shows a decrease between 4 and 8 precipitates per μm2, where the wear rate starts to increase with increasing number of precipitates (Figure 17b). For the primary creep strain, no general trend related to the number of precipitates was observed. On the other hand, in the range of around 0.5 to 6 precipitates per μm2, the stationary creep rate (Figure 17c) significantly decreased (from over 70 × 10−4 to around 5 × 10−5), while at a higher number of precipitates it remained very low (around 1 × 10−4 or lower) and no significant changes were observed.



The results from the present study correlate well with findings observed in other studies. For example, in [47] the effect of precipitated carbides on the friction coefficient and wear volume was analyzed. The results indicated that the carbides precipitated after aging treatment strongly affected the wear behavior during the fretting wear. Carbide precipitation slightly increased the friction coefficient and at the same time, the wear volume increased with increase of carbides. In [11], the influence of corrosion pits on the endurable fatigue loading in different environments and at various stress ratios was investigated for 12% Cr steam turbine blade steel. Two different batches of the same material (403/410 12% Cr martensitic steel) were used. For the material with a higher number of inclusions, a significant decrease of the stress-life (S–N) curve was observed and inclusions were often observed at the crack initiation site of smooth specimens for both materials. Authors suggested that the probability of crack initiation is enhanced with an increased number of inclusions that are acting as stress raisers.




5. Conclusions


From the present study of two 9–12 wt.% Cr martensitic alloy steels, the X20 and P91, the following conclusions can be drawn:



	
Both prior to and after aging, the P91 steel typically provided significantly higher creep resistance than the X20 steel, while the latter provided slightly better tribological performance (lower friction and wear).



	
Prior to aging, the stationary creep rate, wear, and friction of both steels decreased with the increase in grain size, i.e., the values were typically the highest for α + γ and the lowest for γ microstructure.



	
After aging for a shorter time at higher temperature, α + γ and α microstructures of the X20 steel showed lower primary creep strain compared to longer aging time at lower temperature, while for γ microstructure of the X20 steel, an opposite trend was observed. On the other hand, for the P91 steel, aging for a shorter time at the higher temperature increased the primary creep strain of α and α + γ microstructures, while it had no influence on γ microstructure.



	
For both steels, aging for a shorter time at the higher temperature yielded significantly higher stationary creep rate values as compared to aging for a longer time at the lower temperature. The increase was more pronounced in the P91 than in the X20 steel.



	
For both steels, as a function of the increasing number of precipitates, static coefficient of friction in air atmosphere was approximately linearly decreasing, while the wear rate initially decreased, showed a minimum value at around 8 precipitates per μm2, and then started to increase.



	
For the primary creep strain, no general trend related to the number of precipitates was observed; however, for both steels, a significant decrease of the stationary creep rate was observed in the range of around 0.5 to 6 precipitates per μm2, while for higher number of precipitates, the stationary creep rates remained very low and no significant changes were observed.
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Figure 1. Electron backscatter diffraction (EBSD) inverse pole figure (IPF) with black-line denoted grain disorientation maps in the range 15–50° revealing the prior austenite grain (PAG) boundaries for: (a) α + γ, (b) α, and (c) γ microstructures of the steel X20; and (d) α + γ, (e) α, and (f) γ microstructures of the steel P91. 
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Figure 2. An example of image modification using GIMP and FIJI software: (a) SEM micrograph of precipitates, (b) SEM micrograph with a single-colored over-painting of precipitates, (c) single-colored representation of precipitates without the SEM micrograph. 
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Figure 3. SEM micrographs of the inter-critical (α + γ) heat-affected zone (HAZ) microstructures of X20 and P91 steels for (a,b) initial state, (c,d) after tempering for 720 h at 650 °C, (e,f) after tempering for 720 h at 750 °C. Micrographs were previously published by the present authors in [36]. 
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Figure 4. SEM micrographs of the coarse-grained (γ) HAZ microstructures of X20 and P91 steels for (a,b) initial state, (c,d) after tempering for 720 h at 650 °C, (e,f) after tempering for 720 h at 750 °C. Micrographs were previously published by the present authors in [36]. 
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Figure 5. Number of precipitates per μm2 for α + γ, α, and γ microstructures of (a) X20 and (b) P91 steel in their initial state and after aging. 
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Figure 6. Average spacing of precipitates for α + γ, α, and γ microstructures of (a) X20 and (b) P91 steel in their initial state and after aging. 
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Figure 7. Creep performance of α + γ, α, and γ microstructures of the X20 and P91 steels at the initial state: (a) primary creep strain, (b) stationary (secondary) creep rate. 
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Figure 8. Static coefficients of friction of α + γ, α, and γ microstructures of the X20 and P91 steels at the initial state. Tests were conducted under (a) Ar and (b) air atmospheres. 
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Figure 9. Steel specimen after the wear test: (a) visual appearance (b) assessment of the wear volume. 
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Figure 10. Specific wear rate coefficients of α + γ, α, and γ microstructures of the X20 and P91 steels at the initial state. 
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Figure 11. Primary creep strain values of α + γ, α, and γ microstructures of the X20 and P91 steels after aging for (a) 17,520 h at 650 °C and (b) 4320 h at 750 °C. 
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Figure 12. Stationary creep rate values of α + γ, α, and γ microstructures of the X20 and P91 steels after aging for (a) 17,520 h at 650 °C and (b) 4320 h at 750 °C. In (a), the scale on the y-axis is 10-times smaller compared to (b). 
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Figure 13. Static coefficients of friction in Ar atmosphere of α + γ and γ microstructures of the X20 and P91 steels after aging for (a) 168 h at 650 °C and (b) 720 h at 750 °C. 
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Figure 14. Static coefficients of friction in air atmosphere of α + γ and γ microstructures of the X20 and P91 steels after aging for (a) 168 h at 650 °C and (b) 720 h at 750 °C. 
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Figure 15. Specific wear rate coefficients of α + γ and γ microstructures of the X20 and P91 steels after aging for (a) 168 h at 650 °C and (b) 720 h at 750 °C. 
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Figure 16. (a,b) Static coefficients of friction in air atmosphere, (c,d) specific wear rate coefficients, (e,f) primary creep strain, and (g,h) stationary creep rate values of α + γ, α, and γ microstructures of the X20 and P91 steels in dependence of number of precipitates. In (a–d), the scale on the x-axis is different compared to (e–h). 
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Figure 17. (a) Static coefficients of friction in air atmosphere, (b) specific wear rate coefficients, and (c) stationary creep rate values of α + γ, α, and γ microstructures of the X20 and P91 steels in dependence of number of precipitates. 
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Table 1. Chemical composition of X20 and P91 steels.






Table 1. Chemical composition of X20 and P91 steels.





	Element
	X20 (wt.%)
	P91 (wt.%)





	C
	0.20
	0.10



	Si
	0.29
	0.38



	Mn
	0.52
	0.48



	P
	0.019
	0.012



	S
	0.011
	0.002



	Cr
	11.0
	7.9



	Ni
	0.64
	0.26



	Mo
	0.94
	0.98



	V
	0.31
	0.23



	Cu
	0.059
	0.14



	Nb
	0.024
	0.11



	Al
	0.032
	0.016



	N
	0.017
	0.064
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Table 2. Parameters applied in wear and friction tests.






Table 2. Parameters applied in wear and friction tests.





	Parameter
	Wear Tests
	Friction Tests





	Normal force (N)
	30
	30



	Hertzian contact pressure (GPa)
	0.98 (mean),

1.46 (maximum)
	0.98 (mean),

1.46 (maximum)



	Oscillation frequency (Hz)
	20
	0.125



	Oscillation amplitude (mm)
	2
	2



	Maximum velocity (mm/s)
	126
	1.6



	Duration (min)
	15
	4



	Number of cycles
	18,000
	20



	Temperature (°C)
	24 (ambient temperature)
	24 (ambient temperature)



	Interfacial medium
	none (dry)
	none (dry)



	Atmosphere
	Air
	Ar (2 min), air (2 min)
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