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Austenitic HR3C and ferritic-martensitic P92 steels are the materials of interest from a mechanical standpoint for the manufacturing of thermal exchangers of the next generation of steam power plants. In order to evaluate their capacity to transfer heat, thermal conductivity calculations have been conducted through the measurements of thermal diffusivity, specific heat capacity and density. The results for both steels did not exhibit significant differences between thermal conductivities at the intended temperature of service.

Introduction

An increase in efficiency and a reduction in greenhouse gas emissions in power generation can be achieved through advanced ultra-supercritical (A-USC) steam turbines operating at up to 760°C and 340 bars [1]. From a mechanical standpoint, two different steels have already been selected for their high creep strength at the temperature of interest. Ferritic-martensitic P92 was chosen for applications at up to 650°C and austenitic HR3C for higher temperatures [2]. As these steels are considered for heat exchangers, a good knowledge of their thermo-physical properties appears as critical. However, while there are few data in the literature on the thermophysical properties of HR3C [START_REF]HR3C material data sheet[END_REF], those on P92 are scarce and do not cover the temperature of interest for heat exchangers [4]. A recent study showed that microstructural changes generated by different coating processes on P92 and HR3C steels could cause remarkable modifications of the thermal properties, especially for P92 steel which structure is prone to metallurgical transformations with temperature [START_REF] Boissonnet | [END_REF]. Thus, the determination of thermophysical properties of both steels (especially thermal conductivity) is crucial for heat exchange applications.

The thermal conductivity of the metallic materials at high temperature can be obtained through the measurement of thermal diffusivity by the laser flash technique [6]. Then, the thermal conductivity λ can be calculated following equation (1):

λ(T) = α(T) × ρ(T) × Cp(T) (1)
where α is the thermal diffusivity measured by the laser flash technique, ρ is the bulk density of the sample and Cp is the specific heat capacity [START_REF] Astm E | Standard test method for Thermal Diffusivity by the Flash Method[END_REF]. In this study, calculations of the thermal conductivity have been performed using the values of Cp and ρ that have been calculated through Differential Scanning Calorimetry (DSC) for the specific heat capacity and Archimede's method combined with linear dilatometry for the density. The thermophysical data are thus reported for both steels and compared with available data.

Processing and Materials

Ferritic-martensitic P92 (0.1 C, 0. samples were 10x10x2 mm 3 for laser flash measurements.

The specific heat capacity of both steels was measured thanks to a Differential Scanning Calorimeter (DSC Labsys Evo TGA SETARAM) using a continuous measurement mode by heating at 10°C/min from room temperature to 1000°C. The density at room temperature was measured using the Archimede's method and its evolution with temperature was calculated using the results of ΔL/L0 measured via linear push-rod dilatometry by heating at 5°C/min in air. The same measurements performed under Ar revealed no difference with the results obtained under air, proving that the impact of the oxidation of the samples during analyses was negligible. Then, thermal diffusivity of the materials was measured using the laser flash method [START_REF] Astm E | Standard test method for Thermal Diffusivity by the Flash Method[END_REF] with a Linseis LFA 1600 apparatus. The thermal diffusivity measurements of the samples were conducted under vacuum from room temperature to 1000°C. For a reasonable accuracy of the measurements, three samples were simultaneously analyzed, and the thermal diffusivity was calculated from the average of the three values.

Results and Discussion

The evolution of the specific heat capacity of both steels with temperature is presented on Figure 1 and compared with data from the literature [9,[START_REF]Technical report, INL, Developing and Evaluating Candidate Materials for Generation IV Supercritical Water Reactors[END_REF]. The specific heat capacity of P92 (Figure 1-a) presents values similar till 550°C to that of the 9Cr-1Mo martensitic steel [9] but with a slight shift for the two peaks observed. The first peak corresponds to the transition from ferromagnetic to paramagnetic at Curie's temperature. For steels of the same kind, this magnetic transition has already been observed by DSC around 745°C [START_REF] Peitscha | [END_REF][9][10]. The second peak stands for the transformation from α-phases (ferrite and martensite) to austenite (γ). Figure 2 shows the P92 substrate before and after the Laser-Flash measurement till 900°C. It is observed that the martensite phase rate (dark grey) and the ferrite phase (light grey) slightly decreased and that austenite grains (uncolored) were formed. This indicates that phase transformations occurred during the measurements. Due to these transformations it is difficult to correctly define the heat capacity of ferritic-martensitic steels above 700°C by using this DSC technique. Thus, considering these variations, the conductivity values calculated beyond this point must be considered carefully. 

(b) (a)

For HR3C steel, the trend of the Cp evolution with temperature (Figure 1-b) is similar to that of the other stainless steels. The sharp increase observed at low temperature is generally attributed to a problem of temperature stability of the DSC signal during the early stages of the measurement but does not affect the values of Cp above 100°C [10]. Figure 3 shows the microstructure of the HR3C steel before and after the Laser-Flash measurement till 900°C. The size of the austenite grains and the number of crystal twinning were not significantly impacted by the high-temperature measurement but, oxidation of the grain boundaries occurred. Table 1 gathers the density and CTE values from room temperature to 1000°C of P92 and HR3C that have been calculated with the help of the values of density at room temperature and dilatometry measurements of both steels. P92 and HR3C show a similar behavior from room temperature to 800°C.

However, a small change can be observed for the P92 after the loss of its paramagnetic properties that results in a slight increase of its density. This change may also be associated with phase transformations while α-phases starts to transform into γ above 840°C for P92 [START_REF] Peitscha | [END_REF][START_REF] Sklenička | [END_REF]. The CTE values of P92 steel were compared with those of a P91 steel [4] as no values for P92 could be found in the literature. The difference between CTE of P91 and P92 shows that a slight change in composition can result in a very different thermal expansion behavior. On the other hand, the HR3C steel exhibits a classic behavior where the density continuously decreases with increasing temperature, the values from the literature being very similar to those calculated in this study. temperature. This result is in accordance with the fact that the heat conductivity of metals mainly depends on the electronic contribution of thermal conductivity, which is also proportional to the product of temperature and electrical conductivity. As temperature rises, the electron mobility increases, leading to greater heat transport rates. However, the P92 steel shows an interesting heat transport behavior with temperature. The thermal diffusivity decreases from room temperature to 700°C and then suddenly increases above 700°C. This behavior could not be linked to phase transformation as the microstructure of the steel was not strongly modified by the high-temperature measurement (see Figure 2). It is more likely due to the transition from ferromagnetic to paramagnetic property occurring at the Curie's temperature of the steel. It is believed that under the magnetic field, the electrons are not free to transfer heat through the metals and that the heat transport is mainly controlled by phonon conduction, which agrees with a decreasing tendency. Once the magnetic properties are lost, the electronic contribution of thermal conductivity becomes predominant again, thus explaining the rise in thermal diffusivity. Such thermal behavior of ferro-martensitic steel has already been reported in a previous study [START_REF] Boissonnet | [END_REF].

Using the measured values of thermal diffusivity, density and specific heat as a function of temperature, thermal conductivity calculations have been performed and are presented in Figure 4-b. In agreement with the data provided by the manufacturer of HR3C, the thermal conductivity for HR3C steel continuously increases with temperature [START_REF]HR3C material data sheet[END_REF]. In contrast, the thermal conductivity of P92 steel at room temperature is lower than the ones provided for P92 at 200°C and 400°C and for a similar ferriticmartensitic P91 steel [4]. This demonstrates the sensitivity of thermal conductivity to the chemical composition and metallurgical state of this metal substrate [START_REF] Peitscha | [END_REF][START_REF] Sklenička | [END_REF]. Between 25°C and 700°C, the thermal conductivity of P92 appears relatively constant before it increases. This clearly indicates that the decrease in thermal diffusivity in the same temperature range is balanced by the increase of density and Cp. Although the values of thermal conductivity of P92 above 700°C may be uncertain, they are well above the values of HR3C, for which the thermal diffusivity, density and Cp follow the same trend with temperature.

Figure 4 -a) measured thermal diffusivity and b) calculated thermal conductivity of P92 and HR3C steels as a function of the temperature and comparison with literature [START_REF]HR3C material data sheet[END_REF]4,[START_REF]Steel Grades, P92 material data sheet[END_REF].

Conclusion

In this study, the thermal conductivities of the ferritic-martensitic P92 steel and of the austenitic HR3C steel were calculated as a function of temperature using the measured values of thermal diffusivity, density and specific heat. The results indicated that the evolution of the thermal properties with the temperature were fundamentally different for these two steels due to their chemical compositions and structures. While the values of thermal diffusivity, density and heat capacity of HR3C linearly increase with temperature, the properties of P92 exhibited major changes around the temperature of its ferromagnetic transition around 700°C. Despite these clear differences in thermal behavior, both P92 and HR3C steels present similar thermal conductivities on the range of temperature of interest for application in steam turbines.

Figure 2 -

 2 Figure 2 -Optical micrographs of the ferritic-martensitic P92 steel for (a) the initial substrate and (b) the substrate after the Laser-Flash analysis conducted till 900°C. Etching was performed using Kalling's reagent.

Figure 1 -

 1 Figure 1 -Specific heat capacity (Cp) measured via DSC for (a) P92 and (b) HR3C steels as a function of the temperature compared with literature data [9, 11].

Figure 3 -

 3 Figure 3 -Optical micrographs of the austenitic HR3C steel for (a) the initial substrate and (b) the substrate after the Laser-Flash analysis conducted till 900°C. Etching was performed using Kalling's reagent.

Figure 4 -

 4 Figure 4-a gives the thermal diffusivity values of P92 and HR3C steels as a function of the temperature. The HR3C austenitic steel presents a continuous increase of the thermal diffusivity with

Table 1 -

 1 Calculated density for P92 and HR3C as a function of the temperature.
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