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Aluminizing of steels may result in the appearance of tensile cracks from the coating surface to the substrate due to the difference in thermal expansion coefficients. The cracks often need to be sealed to make the coatings impervious to chemical attack and to limit their mechanical degradation. In this work, dipping of the cracked aluminide coatings elaborated on IN-800HT in 0.5, 1 and 3.75 mol.L -1 concentrations of H3PO4 in acetone and increasing the dipping time are investigated. The three concentrations resulted in the formation of P-O compounds and of Al2O3. However, the 0.5 mol.L -1 allowed better wetting of the surface.

Further reduction of the concentration from 0.5 mol.L -1 to 0.2 mol.L -1 brought about the complete sealing of both large and fine cracks. The efficiency of the sealing process with 0.2 mol.L -1 and 0.5 mol.L -1 was thereafter evaluated by cyclic oxidation in air at 650°C for more than 1000 cycles. The overall microstructure and composition of the aluminide coatings remained identical after sealing and the oxidation behaviour comparable to the untreated counterparts. The oxide scale formed on the untreated samples appeared thicker compared to the sealed ones. The latter were covered by a thin layer of AlPO4 which evolved towards a thin protective alumina scale. However, for the sealed samples, some minor cracks were detected after oxidation but they appeared completely healed with Al2O3 and no propagation of them beyond the additive layer/interdiffusion zone was noticed.

INTRODUCTION

Aluminide coatings have proven their ability to reduce the oxidation rate of Fe-base alloys components in different atmospheres through the formation of an adherent, stable and protective alumina scale [1][2][3][4]. For instance, slurry aluminide coatings were reported to increase the lifetime of austenitic steels at high temperatures in different atmospheres [5,6]. However, the appearance of tensile cracks in the aluminide coatings are often observed due to the differences of thermal expansion coefficients between the AlxFey intermetallic layers and the substrate [3,4,7]. For instance, Xu et al. estimated that the thermal expansion coefficient of the IN-800 HT austenitic stainless steel is 15 ppm.°C -1 at 840°C [8] whereas the FeAl phase one is about 22-23 ppm.°C -1 [9]. This mismatch explains the formation of tensile cracks in the coating. Moreover, the greater the Al content, the harder the intermetallic phase but the more brittle they become [7,10]. Therefore, the cracks are often blunted at the interface between the additive layer (Al-rich) and the interdiffusion zone where the Al and Fe contents are equivalent or are even Fe-rich. These cracks are normal to the coating surface and become preferential paths for the environmental degradation of the coating [11]. Sealing of the cracks can either occur naturally by interdiffusion but this requires relatively thin cracks [START_REF] Pedraza | Internal report, European project[END_REF] or by oxidation [4].

The latter can occur in relatively wide cracks as demonstrated by Aguero et al. when subjecting their cracked Fe2Al5 slurry coatings on ferritic-martensitic P92 steel for very long periods in steam at 650°C and 1 bar [4].

In plant conditions where the temperatures and pressures are particularly harsh austenitic stainless steels are preferred to ferritic-martensitic steels from the mechanical standpoint [START_REF] Viswanathan | Advanced Materials and Processes[END_REF].

Also, the aluminide coatings contain a lower density of cracks than in ferritic alloys due to a smaller mismatch between the thermal expansion coefficients [7]. In this work, IN-800HT was chosen as material of study since its high Cr content (around 21 wt%) allows its use in wet atmospheres [START_REF] Gan | [END_REF]. However, G.R Holcomb anticipated that in ultrasupercritical steam conditions, some Cr evaporation could occur [15] and the Cr flow to form a protective Cr2O3 scale is too slow in austenitic steels at such moderate temperatures [16]. To overcome such problems, slurry aluminide coatings were applied on austenitic stainless steels and their resistance to steam was proven under isothermal conditions despite the presence of tensile cracks due to the formation of a protective -Al2O3 [5]. However, since the steam power plants will need to operate under cyclic conditions [17], the cracks of the coatings shall be sealed prior to operation. Chemical sealing of cracks can be employed to improve the hot corrosion resistance and the mechanical properties of porous, thick thermal barrier [18] or to enhance the anti-corrosion properties of the alumina-forming coating [19]. Sealing is commonly achieved by impregnating the coating with organic or inorganic solutions [20]. Orthophosphoric acid (H3PO4) and commercial phosphate solutions have been successfully used as sealants for porous oxide coatings [20][21][START_REF] Chraska | Thermal spray: Meeting the Challenges of the 21 th Century[END_REF] while mixed H3PO4 and acetone were employed to seal γ-TiAl [START_REF] Brou | [END_REF][24][25]. With the latter, a gel-like deposit was left over the surface and the high temperature oxidation resistance in air was greatly improved. Also, phosphate-based sealants have demonstrated their ability to penetrate into the coating and to reduce the cyclic oxidation rate at high temperatures [18,26]. However, the effect of concentration and of dipping time on the resulting surface product and properties is yet unknown on aluminide coatings.

Therefore, this work investigates first the formation of the phosphating treatment as a sealant of aluminide coatings and evaluates afterwards the efficiency of the sealing treatment on the cracked aluminide coatings subjected to cyclic oxidation in air at 650°C for more than 1000 cycles. Cracking of the aluminide coatings for different applications can occur. Therefore, air was employed instead of steam as a more general oxidizing medium. In addition, Pedraza et al.

showed that the aluminide coatings degrade faster in air than in pure steam under isothermal conditions at 650°C and 1 bar [5]. Furthermore, the oxidation tests were carried out in more accelerated cyclic conditions (1h at 650°C + 15 min cooling) than in service to verify the resistance of the sealed cracks to consecutive thermal shocks.

EXPERIMENTAL PROCEDURE

Material of Study

IN800HT coupons of 16 mm diameter and 2 mm thick were ground with SiC (180) paper then rinsed in deionized water and cleaned with ethanol under ultrasonic agitation before drying with hot air. The composition (nominal and determined by EDS analysis) of this alloy is given in table 1. The samples were then aluminized by applying the aluminum slurry containing 43wt% of Al micro-particles (4-5 μm average size, Hermillon, France) dispersed in 57wt% of binder (1/10 polyvinyl alcohol (PVA)/deionised water). After drying in ambient air for 1h at least [27], a heat treatment was conducted in argon atmosphere (3h at 400°C to evaporate water and to decompose the PVA, then a second step at 650°C for 3h in order to allow the diffusion of Al and substrate compounds and a final step at 1100°C to homogenize the coating) resulting in the formation of a B2-(Fe,Ni)Al diffusion coating coat containing tensile cracks [5] and in its preoxidation [28]. After the thermal treatment, the surface of samples was grit blasted with a 220 mesh Al2O3 to remove the residues of the slurry ("bisque").

Sealing

The phosphoric acid solution was obtained by diluting orthophosphoric acid solution (85wt% H3PO4, d =1.685 g.cm -3 ) with acetone to get different concentrations (0.2; 0.5; 1 and 3.75 mol.L - 1 ) of H3PO4. The aluminized IN800HT samples were immersed up to 5 min in the solutions at room temperature. The samples were then let dry for 1 h and overnight prior to further analysis.

Cyclic oxidation tests in air

The oxidation tests realized on aluminized and aluminized/sealed IN-800HT samples were performed in a tubular furnace. Like in the study of Aguero et al. [4], the samples were cyclically exposed for more than 1000 cycles to 650°C for 1 h and subsequent cooling for 5 min in natural air [4]. Air was employed instead of steam as it degrades faster the slurry aluminide coating under isothermal conditions [5].

Characterization

The surfaces and the cross-sections of the aluminized and aluminized/sealed samples were characterized by scanning-electron microscopy (SEM) coupled to energy-dispersive spectrometry (EDS) using a FEI Quanta 200F Field Emission Gun Scanning Electron Microscope (FEG-SEM) at 20 kV with an EDAX detector operating under low vacuum.

Moreover, X-ray maps were realized on the sealed samples in order to observe the spatial distribution of the elements in a wider area. The cross sections were mounted in resin and gently polished till colloidal silica finishing. The crystal structures of aluminized and aluminized/sealed samples were determined by X-ray Diffraction (XRD) using a Bruker AXS D8 Advance (CuKα radiation) in θ-2θ mode for the coatings after removal by grit blasting of the slurry residue left over them. Raman microspectrometry was also performed with a Horiba Jobin Yvon LabRam HR apparatus using a He-Ne laser (632.8 nm). The analyses were performed every 500 µm from the centre to the edges to map the likely evolutions in composition at local scale. Water contact angle measurements were performed by the sessile drop method using water drops of 4µL at room temperature using a SEE System.

RESULTS AND DISCUSSIONS

Slurry aluminide coatings characterization

After annealing of the slurry, the coating displayed three different sublayers (Fig. 1). The layer at the top was composed of the residues of the slurry ("bisque"), which was subsequently removed by grit blasting for the further investigation (Fig. 1b). The intermediate ("additive") layer grew by major outward diffusion of the substrate elements at high temperature while the inner ("interdiffusion") layer resulted from interdiffusion between Al and Fe [28] after previous Fe dissolution in molten Al and subsequent Al inward diffusion at intermediate temperatures [29]. The additive layer contained thin and thick cracks before and after removal of the bisque.

The cracks are believed to originate from the difference of the thermal expansion between the intermetallic phases of the coating and the austenitic substrate [3,4,7,9] and appeared blunted at the interdiffusion layer. Indeed, the additive and the interdiffusion layers were respectively 

Sealing of aluminide coatings

Fig. 2 shows the mass gains with dipping time for the 0.5, 1 and 3.75M solutions of H3PO4 and the two drying processes. It appeared that the greater the concentration of H3PO4, the greater the specific mass gain, which is indicative of a thicker phosphate layer. The increase was sharp for the first 2 minutes but drastically slowed down afterwards. The same trend was observed after natural evaporation of the solvent after the overnight dry. In spite of the long overnight drying, some blisters formed at the surface of the 3.75M sealed surfaces as shown in Fig. 3.

The formation of the blisters can be ascribed to the phosphating reaction (equation <1>) that results in aluminium phosphate and hydrogen [20]. The greater the concentration of H3PO4, the lower the pH and the faster the formation of the phosphated layer but the greater the production of hydrogen [31,32]. Depending on the phosphating rate (i.e. concentration of H3PO4), hydrogen may get entrapped in the conversion layer. The coalescence of the trapped hydrogen results in blistering and bursting as observed with the 3.75M and to a much less extent in the 1M sealing solutions, i.e. when the concentration is almost four-fold decreased.

Al (s) + H3PO4 (aq)  AlPO4 (s) + 1.5 H2 (g) <1>

Regardless of the concentration of H3PO4, the X-ray patterns of Figure 4 only displayed the major peaks of the B2-(Fe,Ni)Al phase of the aluminide coatings in addition to some very weak signal of AlOOH. No specific peak corresponding to the AlPO4 was identified even with the 3.75M concentration, which suggest that the thickness of this phosphate layer shall be thin.

Since the surface of the 3.75M samples was very inhomogeneous and the large probed area with XRD did not provide any specific compound, the 3.75 M concentration was dropped out for any further investigation. Indeed, the Raman analysis provide a very local information so that disparate results can result in the blistered surfaces of the 3.75M treated samples.

Fig. 5 shows the Raman spectra in different areas of the samples with 0.5 and 1 mol.L -1 concentrations and dipping time. Clearly, all the Raman peaks corresponded to the P-O vibration of H3PO4 [START_REF] Brou | [END_REF]24,33] while -Al2O3 was detected in the fluorescence region.

However, the latter is often characterized by a doublet [34,35] that could not be identified here anywhere at the surface. Therefore, it appears that either soaking of the surface with H3PO4 impeded the adequate resolution of the peak or that Al2O3 was insufficiently crystallized and/or contained too many defects [34]. The potential transformation of the Al oxy-hydroxide identified by XRD in Fig. 4 into an oxide due to the laser heating may also occur but we have no clear proof for this. Irrespective of this, increasing the concentration of H3PO4 from 0.5 to 1 mol.L -1 did not seem to change drastically neither the composition of the surface nor their relative amount (note that the spectra are given in normalized intensity). In contrast, the relative content of Al2O3 with respect the phosphate groups seems to increase with increasing dipping time, in particular between 2 and 5 min for both concentrations. However, the appearance of the surface was quite different under the electron microscope (Fig. 6). The greater the concentration the greater the surface coverage but also the greater the appearance of a dry-mud morphology. Similarly, the longer the immersion time, the more cracked the deposit appeared.

The surface coverage is though quite chemically even from 1 min onwards for both concentrations as demonstrated by the EDS analysis of Fig. 7. Therefore, both the concentration and time increase shall thus result in thicker phosphate layers that shrink upon drying to result in the dry-mud morphology as also demonstrated by Brou et al. on TiAl surfaces [24]. In spite of the cracked appearance of the deposits, the evolution of the wettability with time was the same (see Fig. 8). This seems to indicate that the surface roughness achieved by the grit blasting is preponderant than the surface composition as Mahadik et al. demonstrated in cracked CeO2 electrodeposited coatings [36]. However the 1 mol.L -1 concentrated sealing solutions resulted in pitting of the aluminide coating (Fig. 6). Such phenomena were also reported in the initial stages of soft chemical stripping of aluminide coatings in H3PO4 with in an organic solvent [37] and can be ascribed to the partial dissolution of alumina passive films in H3PO4 and further progress of the local attack [38]. Therefore, the 1 mol.L -1 solution was also disregarded for sealing of cracks.

In summary, the 1 and the 3.75 mol.L -1 concentrations were disregarded to avoid defects on the surface. In the oxidation tests, only 0.5 mol.L -1 concentration will be compared with 0.2 mol.L - 1 . The latter was visually less viscous and supposed to penetrate more readily in the thin cracks of the coating. However, it is assumed that the AlPO4 formed according to equation <1> since no Raman or XRD signal of the reaction products between H3PO4 and Al [20] were observed.

Indeed, dipping for 2 min in very low concentrations of H3PO4 in acetone (0.2 and 0.5 mol.L - 1 ) resulted in a very light coverage of the surface since the roughness the grit blasting performed after the aluminization to remove the "bisque" is mainly highlighted (Fig. 9). Nevertheless, the surfaces are more mat after dipping in the phosphate solutions compared to the untreated one.

According to the EDS analyses (not shown), the surfaces contained between 1.5 and 5 at% P with increasing sealant concentration. In the cross-sections, the X-ray maps of Fig. 10 clearly indicated that both the surface and the cracks (thin and thick) were rich in P and O. Therefore, it clearly appeared that a 2 minutes dipping time was enough to seal thin and thick cracks into the coating.

Cyclic oxidation tests on aluminized and aluminized/sealed samples

After more than 1000 cycles at 650°C in air, the three coatings exhibited the same microstructure (Fig. 11). Moreover, the thickness of the coatings was quite similar (about 45 µm) to the unoxidized ones. As shown in Fig. 11.a, no cracks were detected on the Al coated samples, which is indicative of a self-healing mechanism by interdiffusion and by oxidation of the cracks [4]. The sealed cracks remained unaltered and did not propagate either upon cycling (Figs. 11b and11c). The EDS profiles of Fig. 12 show that the Al concentration increased in the external 20 µm which indicates that the three coatings provided a sufficient Al supply to grow and maintain a very thin Al2O3 scale at the surface and into the cracks. The concentration of the other major elements was proportionally very alike before and after oxidation. Therefore, the B2-(Fe,Ni)Al phase remained stable over the duration of the cyclic oxidation test at 650°C.

After oxidation, the X-ray maps of Fig. 13 revealed that the thickness of the oxide scale on the untreated coatings was about 5 µm thick and seemed to have grown over the surface of the coating. In contrast, such oxide scale is much thinner (between 1 to 2 µm) in the sealed coatings is continuous to the coating. Another significant feature is that both the surface and the cracks are very O-rich with respect the rest of the coating and that P can still be somewhat detected at the surface of the 0.5M sealed coating. Indeed, spot EDS analyses at the surface and in the cracks allowed to reveal very small amounts (≈ 1-2 at%) of P, and therefore cannot be clearly distinguished in the X-ray maps. Interestingly, the X-ray patterns let appear weak peaks of α-Al2O3 and major reflections of the aluminide coating in the three coatings but not any Pcontaining compound in the sealed ones (Figure 14a). Similarly, the Raman spectra only provide the signal of α-Al2O3 whose intensity increases with sealant concentration (Fig. 14b).

This corroborates the findings of the very thin oxide scales observed in the SEM cross-sections (Fig. 13).

The oxidation of the untreated aluminide coating follows a classic mechanism in which Al diffuses outwardly while oxygen diffuses inwardly. Here, the Al-rich outermost layer of the coating enhances the cation diffusion even at such low temperatures [5]. Therefore, the alumina layer grows at the expense of the Al consumption of the coating, hence there is a marked enrichment of the Al content at the outermost part of the coating (Fig. 12).

At such low oxidation temperature one could expect -Al2O3 to form but instead, the stable -Al2O3 is identified in the X-ray patterns of Fig. 14a and in the Raman spectra of Fig. 14b. Sirota and Shokhina demonstrated by XRD that 1670 h were required to transform 50% of the amorphous layer into -Al2O3 at 600°C [39]. However, at 800°C, the time needed to obtain the same result dropped to just 0.5h. Clearly, an increase of temperature stabilises the -Al2O3.

However, -Al2O3 simultaneously transforms into other metastable aluminas or even in the -Al2O3 stable alumina phase depending on the conditions. In this work, the aluminide coatings are pre-oxidized with -Al2O3 upon the slurry aluminizing process under Ar (g) flow [F. Therefore, upon the subsequent cyclic oxidation at 650°C, the -Al2O3 can be sustained through the third element effect provided by Cr [40]. As reported by Brumm and Grabke in the oxidation of NiAl with different Cr contents the reaction of metastable θ-Al2O3 or -Al2O3 with Cr2O3 leads to formation of hexagonal (Al,Cr)2O3 crystals which can act as nuclei for the formation of hexagonal -Al2O3 [41].

Conversely, the sealed samples seem to follow a different oxidation mechanism. Upon sealing, AlPO4 and Al2O3 have been shown to form (Fig. 5). Vippola et al. demonstrated that the reaction of alumina with H3PO4 can lead to the formation of both the orthophosphate Al(PO)4

and the metaphosphate Al(PO3)3 [20]. Since their decomposition temperatures are well above 650°C, these compounds shall remain stable at our oxidation temperature of 650°C. Moreover, Brou et al. [START_REF] Brou | [END_REF][24][25] showed that the formation of metal pyrophosphates [AlxPyOz] could also occur. Depending on the temperature and time, the pyrophosphates evolve into Al2O3 and P2O5 [24]. Diffusion of P in the aluminide coating could occur but we have no experimental evidence for this. However, the transformation of the Al phosphates into α-Al2O3 is clearly demonstrated by XRD and Raman spectroscopy. However, and in agreement with the findings of Brou et al.

on TiAl but at higher temperature [START_REF] Brou | [END_REF][24][25], the phosphate layer seems to block diffusion, hence limiting oxidation while the growth of alumina would be delayed by the transformation of the aluminium phosphates. As a result, the oxide scales are much thinner than in the untreated specimens (Fig. 13) In contrast, sufficiently low concentrations (0.2 and 0.5 mol.L -1 ) covered fully the surfaces though the 0.5 mol.L -1 solutions resulted in cracked layers by drying of the phosphate layer.

CONCLUSIONS

The 0.2 and 0.5 mol.L -1 concentrations allowed also a complete sealing of thin and thick cracks of the aluminide coatings.

After more than 1000 cycles of exposure to air at 650°C, the microstructure and the composition of the sealed aluminide coatings remained similar to the untreated ones. The cracks observed were in fact sealed with -Al2O3 but no P-containing compound was detected with our analytical techniques. The oxide scales were thinner in the sealed than in the untreated ones.

This appears to result from the delayed transformation of pyrophosphates to a protective and stable alumina layer. The cracks in the untreated coatings were healed by interdiffusion. In all cases, the stable α-Al2O3 scale formed upon the coating process was maintained at 650°C over the 1000 cycles. 

  composed of the B2-(Fe,Ni)Al and -(Fe,Ni)3Al phases according to the EDS concentration profiles of Fig. 1c and the Al-Fe-Ni ternary diagram at 1050°C [30]. The B2-(Fe,Ni)Al was also probed by XRD (not shown) where all the diffracting peaks corresponded to the JCPDS pattern 01-073-8858 of the Al(Fe0.5Ni0.5) phase.

  In addition, the aluminide coatings contain up to 12 at% Cr.

  Sealing of the surface and of cracks of an aluminide coating on IN-800HT stainless steel with different concentrations of H3PO4 in acetone and different dipping times. P-O (phosphate) compounds and of the -Al2O3 layers formed. High concentrations (3.75 and 1 mol.L -1 ) resulted in, respectively, blistering by hydrogen evolution and pitting by breakdown of the passive layer.

Figure 1 .

 1 Figure 1. Back-scattered SEM cross-sections morphology of the aluminized IN-800HT sample by slurry technique before (a) and after (b) grit blasting and corresponding EDS profiles (c).

Figure 2 .

 2 Figure 2. Evolution of deposited mass of sealant with concentration and dipping time at room temperature. Drying overnight brought about evaporation of the solvent.

Figure 3 .

 3 Figure 3. Surfaces of the aluminide coatings after dipping in 0.5, 1 and 3.75 mol.L -1 H3PO4/acetone with time after 24-h drying in open air at room temperature.

Figure 4 .

 4 Figure 4. X-ray patterns of the surfaces of the aluminide coatings sealed for 5 min in 0.5, 1 and 3.75 mol.L -1 H3PO4/acetone (black, red and blue curves, respectively) and subsequently dried naturally in open air at room temperature.

Figure 5 .

 5 Figure 5. Raman spectra of the surfaces of the aluminide coatings treated with 0.5 and 1 mol.L -1 H3PO4/acetone at different dipping times and subsequently dried naturally in open air at room temperature.

Figure 6 .

 6 Figure 6. SEM images of the surfaces of the aluminide coatings treated with 0.5 and 1 mol.L -1 H3PO4/acetone at different dipping times and subsequently dried naturally in open air at room temperature.

Figure 7 .

 7 Figure 7. Al to (O+P) ratios calculated from the EDS analyses of the surfaces treated with 0.5 and 1 mol.L -1 H3PO4/acetone and different times.

Figure 8 .

 8 Figure 8. Water contact angle measurements of the surfaces treated with 0.5 and 1 mol.L -1 H3PO4/acetone and different times compared to the as-received aluminide coating surface. N.B. "GB" corresponds to "grit blasted" surface, i.e. prior to sealing.

Figure 9 .

 9 Figure 9. Aluminized IN-800HT after grit blasting and before sealing tests (a), after sealing with 0.2 mol.L -1 (b) and 0.5 mol.L -1 (c) H3PO4/acetone for 2 minutes.

Figure 10 .

 10 Figure 10. X-ray maps after sealing of the aluminide coatings of IN-800 HT with 0.2 mol.L -1 (a) and 0.5 mol.L -1 (b) H3PO4/acetone for 2 minutes.

Figure 11 .

 11 Figure 11. SEM cross-section of Al coated samples after oxidation without sealing (a) and with a 0.2 mol.L -1 (b) and 0.5 mol.L -1 (c) sealing treatment.

Figure 12 .

 12 Figure 12. EDS profiles of Al coated and oxidized IN-800HT without or with a 0.2 mol.L -1 and 0.5 mol.L -1 sealing step.

Figure 13 .

 13 Figure 13. X-ray maps realized, after oxidation, on Al coated IN-800HT samples without (a) and with 0.2 mol.L -1 (b) and 0.5 mol.L -1 (c) sealants.

Figure 14 .

 14 Figure 14. Analyses of the surfaces of Al coated samples with or without an initial sealing treatment, after 1000 cycles. (a) X-ray patterns and (b) Raman spectra.

TABLE 1 . Composition (nominal and by EDS) of IN800HT Fe Ni Cr Co Al Si Ti Mo Mn Cu

 1 

	Nominal										
	composition	Bal 30-35	19-23	-	0.25-0.6	-	0.25-0.6	-	-	0.1-0.3
	(%mass)										
	EDS (%mass)	45	29	21	< 1	< 1	1-2	< 1	< 0.5	< 1	< 0.5
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