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Abstract In order to protect steels from oxidation and corrosion under steam- and

fire-side exposures for the next generation of steam turbines, different protective

coatings (slurry Al, pack Al, thermal spray CoNiCrAlY, HIPIMS CrN/NbN, sol–gel

Al2O3/AlPO4) were assessed on ferritic–martensitic P92 and austenitic HR3C steels.

Cyclic oxidation in air at 650 and 700 �C was subsequently conducted for the

coatings to grow oxide scales. The thermal transport properties of both the as-

deposited and the oxidised coatings were investigated by laser flash analysis till

900 �C to ascertain whether they exhibited any potential harmful insulation to the

underlying steel substrate. The results indicated that neither the coatings nor their

oxides had any impact on the thermal diffusivity in the temperature range of

interest. The thermal diffusivity values were mostly dictated by those of the sub-

strate. It is thus expected that the influence on the thermal transport properties of the

coatings under steam conditions will be equivalent than in air.
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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 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]. However, from the

corrosion standpoints, these steels are vulnerable to oxidation attack under ultra-

supercritical conditions. For example, low chromium content alloys like P92

(\10 wt% Cr) develop a thick oxide scale composed of Fe2O3, Fe3O4 and

(Fe,Cr)3O4 under steam oxidation at 650–700 �C [3]. For high chromium content

alloys like austenitic stainless HR3C, Holcomb [4] underlined the possibility to

form chromium oxo-hydroxide scales under A-USC steam conditions due to

decomposition of the water molecule that maintains a constant level of O2(g). For

chromia-formers, this means that the formation of a non-protective oxide would

occur faster under these supercritical conditions than in steam critical conditions [5],

hence reducing the lifetime of such steels.

The formation of oxide scales has several consequences for the functional

behaviour of components. A thick oxide layer has a high tendency to spall, leading

to erosion and blockage of downstream components, and also to overheating as it

could reduce steam flow [6, 7]. Overheating can also be induced by the thermal

insulation effect of an oxide scale which could reduce the heat transfer across the

component wall. For the raw substrate, a 0.2 mm oxide scale could lead to an

increase of 50 �C in the temperature of the material, inducing a reduction in the

stress rupture life of the substrate by a factor of 40 [6].

In order to avoid the development of oxide scales in such aggressive

environments, new protective coatings were studied for P92 and HR3C within the

context of the European project ‘‘POEMA’’ so as to provide corrosion and oxidation

protection for both steam- and fire-side environments [8]. In this way, different

coatings deposited through a wide selection of well-known techniques are being

tested, i.e. HVOF, HIPIMS, slurry route, pack cementation and sol–gel. Neverthe-

less, the impacts on the thermal properties of either the coatings or the oxide scales

grown from such coatings have not been evaluated yet. Therefore, the thermo-

physical properties of the studied coatings before and after thermal ageing must be

analysed.

The determination of thermal conductivity of coatings has been widely studied

for thermal barrier applications. The calculations have been mostly made using the

laser flash analysis (LFA) because of its relative simplicity and accuracy over a wide

range of temperature [9]. Thermal conductivity is calculated following the equation:

k ¼ a � q � Cp ð1Þ

where a is the thermal diffusivity measured by the laser flash technique, q is the

bulk density of the sample and Cp is the specific heat calculated by differential

scanning calorimetry (DSC) [10]. This means that the accuracy of the calculated
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thermal conductivity is limited by the uncertainties of the different factors related to

Eq. (1). The coatings provided by the different partners of POEMA were made on

P92 substrate in order to be compared with the uncoated substrate itself. Because of

their microstructure, the coatings can be considered as multi-layer systems (see

Table 1). However, in the case of multiple layers, all thermal properties including

density, specific heat capacity and accurate thicknesses are needed for each layer in

order to calculate the thermal conductivity. The density and specific heat capacity of

each of these sublayers are unknown and cannot be calculated using traditional

methods (respectively, by dilatometric and calorimetric methods) due to the very

low thickness of such sublayers. Moreover, Taylor et al. carried out sensitivity

studies in laser flash experiments on two-layer samples for thermal barrier coatings

[9, 11]. They highlighted the importance of the input parameters in the calculated

values of thermal conductivity. For example, the determination of thermal diffu-

sivity of thin coatings could be irrelevant due to the lack of representative quantity

of the material. Consequently, with poor knowledge of the characteristics of

thicknesses, density and specific heat of all the different coatings in the study,

thermal conductivity calculations may be not accurate enough.

However, to make a comparative study of the different coatings and to evaluate

their impact on thermal insulation, it is possible to use the thermal diffusivity route.

As the thermal diffusivity represents the rate of heat propagation by conduction, it

could be used to assess the difference of thermal transport properties of the coated

substrates. In this way, the conversion of diffusivity values to conductivity values is

not of major concern, and the diffusivity, specific heat, density route are usually

more accurate than thermal conductivity determinations.

Therefore, this work focuses on the assessment of potential changes induced by

different coatings in the thermal diffusivity of a P92 ferritic–martensitic steel

substrate in the as-deposited condition and after oxidation at 650 �C. Like Agüero

et al. proposed, cyclic oxidation in air will be employed to induce potential cracking

of the scales and/or of the coatings [12] instead of steam. Further insight is provided

for the slurry aluminised austenitic HR3C steel oxidised at 700 �C as it appears as

very promising for long-term oxidation resistance in steam [13].

Experimental Procedures

Processing and Materials

Materials and Coatings

Ferritic–martensitic P92 (0.1 C, 0.5 Mn, 0.03 Si, 8.8 Cr, 0.06 Ni, 0.4 Mo, 1.8 W,

0.2 V, wt%, bal. Fe) and austenitic stainless HR3C (0.06 C, 1.2 Mn, 0.4 Si, 25.0 Cr,

20.0 Ni, 0.45 Nb, 0.2 N, wt%, bal. Fe) steels were employed as substrates (nominal

compositions are given). The dimensions of P92 and HR3C samples were

10 9 10 9 2 mm3 for laser flash measurements. The samples were coated in

different ways by the partners of the POEMA project and sent to the University of
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La Rochelle for being tested. The different coatings and their characteristics are

listed in Table 1.

Thermal Cycling

Studies conducted on slurry aluminised Inconel 800HT (stainless steel whose

composition is close to that of HR3C) showed that the degradation rate of the

aluminide coating was greater in air than in steam [13]. In order to characterise the

thermal properties of the different oxide scales, thermal cycling in air similar to the

one conducted by Agüero et al. [12] was performed to promote the growth of the

oxide scales and the potential cracking of both the scales and the coatings, i.e. to

induce defects that may affect their thermal conductivity. The thermal cycles

consisted of 1 h heating to maintain the samples at 650 or 700 �C, for P92 and

HR3C, respectively, followed by 5-min cold period at room temperature. Mass

change was recorded up to 1100 cycles.

Methods of Characterisation

The thermal diffusivity of bulk P92 and coated samples was measured using the

laser flash method [10] with a Linseis LFA 1600 apparatus. The thermal diffusivity

measurements of the samples were conducted under vacuum from room temperature

to 900 �C. For a reasonable accuracy of the measurements, three samples were

simultaneously analysed and the thermal diffusivity was calculated from the average

of the three values. Before and after thermal ageing, the coatings were characterised

by scanning electron microscopy (SEM, FEI Quanta 200F/EDAX), and the Cp of the

P92 substrate was measured by a DSC (DSC Labsys Evo TGA SETARAM).

Results and Discussion

Thermal Cycling in Air

Figure 1 depicts the evolution of the specific mass with the number of 1 h-cycle

exposed to air at 650 �C for the different coated substrates as well as the uncoated

ones. All the mass changes of the coated samples are very low except for the CrN/

NbN coating that exhibits a mass loss that corresponds to the delamination observed

on Fig. 2a described later.

Table 1 and Fig. 2 gather the coatings obtained from the different coaters and

their characteristics before and after thermal ageing. Two types of coatings could be

distinguished from their structure: overlays and diffusion coatings.

CrN/NbN and Al2O3/AlPO4 are thin overlays with thicknesses ranging from 1 to

3 lm, whereas CoNiCrAlY is a thick overlay of more than 300 lm containing

micro-porosities due to the HVOF method employed. Figure 2h shows that the

porosities in the latter have been sealed by sintering during thermal ageing and that

oxidation occurred (darker areas). Moreover, a large difference in coating thickness

is observed before and after thermal ageing. However, it should be noticed that the

Oxid Met (2017) 88:191–202 195

123



two SEM micrographs were not realised on the same sample and that the large

difference of thickness may not only be due to the shrinkage of the overlay during

thermal ageing. Concerning the Al2O3/AlPO4 coating (Fig. 1b, g), the AlPO4 used

as a sealant for the Al2O3 layer is no more observed after ageing. Nevertheless, the

Fig. 1 Evolution of the specific mass gain of uncoated and coated substrates exposed to air for 1 h-
cycles at 650 �C

Fig. 2 SEM Micrographs of cross sections of the different coatings on P92 in as-deposited condition (a,
b, c, d, e), after thermal ageing (f, g, h, i, j) and the uncoated substrate after thermal ageing (k) and with
higher contrast and magnification (l)
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coating seems to have been efficient as no oxide scale, other than the coating itself,

is observed. The CrN/NbN coating (Fig. 1a) formed a thick and brittle oxide layer

that easily spalled off during cycling. No thick oxide scale coming from the

substrate itself was detected either.

For the diffusion coatings, the slurry and the pack cementation techniques result

in two very different aluminide coatings. The slurry Al (Fig. 1d) leads to a thick

additive zone of 60 lm on top of a 75 lm inter-diffusion zone containing AlN

precipitates. The rough surface of the coating is due to the grit blasting cleaning

carried out in order to remove the empty alumina shells after the thermal treatment

of the coating formation [14]. During ageing, the additive layer loses Al by diffusion

in the substrate (Fig. 1i) as the additive layer appears brighter and thinner, and no

thick oxide scale is observed on the surface of the coating. Although the pack

aluminised substrate (Fig. 1e) presents a non-homogeneous additive layer with

cracks, no thick oxide scale is detected either on the surface after ageing (Fig. 1j)

and only a reduction of the thickness of the additive layer by inward diffusion of Al

is observed.

For the uncoated P92 substrate, only a thin oxide scale of 2 lm was observed

after ageing (Fig. 2k, l), indicating that the P92 substrate forms a protective oxide

scale under the conditions of thermal cycling [15]. The bright precipitates observed

in the substrate were associated with heavy elements segregated at the grain

boundaries.

Thermal Diffusivity Measurements

Before Thermal Cycling

Figure 3a shows the measured thermal diffusivity values of the P92 steel, uncoated

and coated in the as-deposited conditions, as a function of temperature ranging from

room temperature till 900 �C. For all measurements, the thermal diffusivity of the

coated samples follows the tendency of the substrate in spite of some deviations for

CoNiCrAlY, slurry Al and pack Al (described later with Fig. 3b). From room

temperature to 700 �C, the thermal diffusivity decreases and then increases up to

900 �C.
This phenomenon is due to a change in the magnetic properties of the substrate

which was highlighted by DSC in Fig. 4, where the specific heat capacity of the P92

is plotted against the temperature. Two exothermic peaks are detected at 760 and

875 �C that respectively correspond to the Curie’s transformation (magnetic to

paramagnetic) and to the (a-ferrite ? carbides) to c-austenite phase transformation

[16, 17]. Since the component of heat transport by electrons is an important factor in

the thermal conductivity of metallic substrates, the loss of the magnetic properties

observed by DSC logically results in a change of heat transport behaviour [18].

Figure 3b represents the difference (expressed in %) of thermal diffusivity

between the uncoated substrate and the coated substrates. For slurry Al and

CoNiCrAlY coatings, the diffusivity is 20–25% lower than that of the uncoated

substrate. This difference decreases with temperature till less than 5% beyond
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Fig. 3 Thermal diffusivity values of coated and uncoated P92 samples as a function of temperature in the
as-deposited conditions (a) and after thermal ageing (c). b and d are, respectively, the differences of
thermal diffusivity between the uncoated reference and the coated substrates in the as-deposited condition
and after thermal ageing

Fig. 4 Specific heat capacity of P92 measured by DSC as a function of the temperature
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600 �C. However, for the pack Al coating, the differences remain about 5–10%

higher than that of the substrate. For all the other coatings, the differences do not

exceed 5% between room temperature and 900 �C.
The difference of thermal diffusivity for slurry Al and CoNiCrAlY coatings

indicates that these coatings lower the thermal transport till 600 �C, but also shows
that the impact of the coating slowly decreases while temperature increases to

attain less than 5% of difference with respect the substrate. This implies that the

coatings increase the thermal resistance of the substrate at low temperatures. For

CoNiCrAlY and the Al slurry, the presence of micro-porosities in the coating can

be responsible for the lower thermal diffusivity values. These values are though

constantly higher for the pack aluminised coatings, which could be due to a

microstructural modification of the substrate upon the pack aluminising process.

Indeed, several hours at high temperature followed by a slow cooling may modify

the steel microstructure resulting in a grain growth [14]. The resulting

microstructure will cause a significant decrease of grain boundaries which are

responsible for phonon–phonon scattering that could lead to an increase in thermal

diffusivity [19].

After Thermal Cycling

Figure 3c shows the thermal diffusivity as a function of temperature between room

temperature and 900 �C of the uncoated and coated samples after thermal cycling.

Figure 3d shows the differences in thermal diffusivity (expressed in %) between the

reference substrate and the aged coatings. Ageing very clearly resulted in much

closer values to the unaged and uncoated P92 steel when compared to the unaged

coatings.

The apparent homogenisation of the values of the coated samples could be

explained by the loss of the porosities for slurry Al and CoNiCrAlY coatings upon

ageing (diffusion). Therefore, the thermal diffusivity values seem to be influenced

by the substrate rather than by the coatings themselves. This phenomenon is

probably due to the homogenisation of the substrate of the different samples as they

all underwent the same cyclic ageing. An additional proof to support this hypothesis

is that the higher thermal diffusivity values of pack Al before ageing became closer

to those of the other coated samples after thermal ageing. Indeed, B. Jeyaganesh

et al. explained that microstructural changes during thermal ageing at 550 and

650 �C in 9Cr–1Mo–0.1C (mass %) steel have an impact on the measured specific

heat capacity [16]. During thermal ageing, the relaxation of the martensite laths by

diffusion of carbides results in the gradual development of a a-ferrite strain-free

matrix and a M23C6 carbide precipitation that comes out under equilibrium

conditions at 650 �C. Carbide precipitates can be observed at the grain boundaries

(bright dots) on the micrographs of the different samples after thermal ageing

(Fig. 2l). This slow transformation of the matrix to a strain-free structure with fewer

defects could explain the change in thermal transport capacity by facilitating

phonon–phonon vibration [19].

Oxid Met (2017) 88:191–202 199

123



HR3C Substrate

Figure 5a displays the thermal diffusivity values of uncoated and slurry Al-coated

HR3C substrate. Figure 4b shows that the difference in % of thermal diffusivity

between both of them is negligible. The reasons for the greater thermal diffusivity of

the Al slurry on P92 than the Al slurry on HR3C against their respective substrates

likely arise from the coating thicknesses and microstructures. Indeed, whereas the

Al slurry on P92 is about 135 lm thick and contains micro-porosities (see Fig. 2),

the Al slurry on HR3C is thinner (about 60 lm thick) and appears more compact

(Fig. 6). This is in accordance with the previous assumption that the contribution of

the substrate predominates in the thermal diffusivity due to its greater thickness

(2 mm) against that of the coatings (maximum 300 lm for CoNiCrAlY by HVOF).

In addition, the ferritic–martensitic matrix is more sensitive to microstructural

changes upon thermal ageing than HR3C in the experimental conditions studied

here.

Conclusions

The thermal diffusivities of various coatings (slurry Al, pack Al, thermal spray

CoNiCrAlY, HIPIMS CrN/NbN, sol–gel Al2O3/AlPO4) in the as-deposited

conditions and after thermal cyclic oxidation were relatively similar to those of

the uncoated and unaged P92 and HR3C steel substrates. The major differences

were found in the as-deposited coatings and at low temperatures. As the temperature

was increased in the laser flash apparatus, the thermal diffusivity was within 5% of

difference in the P92 substrate. The oxidation in air of the coatings at 650 �C for

1100 cycles did not result in the formation of thick oxide scales and therefore, their

effect on thermal diffusivity was negligible. In HR3C, the Al slurry coatings barely

modified the thermal diffusivity even in the oxidised conditions. The differences in

the effects of the coatings in P92 and in HR3C on the thermal diffusivity appear thus

Fig. 5 a shows the thermal diffusivity values of uncoated and slurry Al-coated HR3C samples as a
function of temperature and b depicts the thermal diffusivity difference between uncoated (dash-line) and
slurry aluminised HR3C

200 Oxid Met (2017) 88:191–202

123



nil. The differences are in fact explained by changes in the microstructure of the

substrates, which can be considerable in P92 but negligible in HR3C at least in the

conditions tested here. It is thus expected that their impact will be also nil under

steam oxidising conditions. Further investigations with steam oxidised samples

would be interesting for a comparison with the coatings oxidised in air.
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