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Introduction

Chromia films are of great importance as the protection ensured by such films against oxidizing and aggressive atmospheres is efficient for long times at temperatures as high as 1000°C.

Indeed, for temperatures above 1000°C, vaporisation phenomena occur [START_REF] Kofstad | High Temperature Corrosion[END_REF], which is enhanced in presence of water vapor. But, at temperatures lower than 1000°C, chromia films are amongst the more efficient natural protectors. Thus, chromium is particularly added to stainless steels with the aim of developing a continuous chromia film rather than films of iron oxides whose growth is faster than the chromia film growth. For similar reasons, chromium is added to nickel-based alloys, thus coupling good mechanical properties and oxidation resistance at high temperatures. Besides, chromia films present great advantages in carburisation conditions (cokage) as the formation of a chromia scale, instead of iron or nickel oxides, induces a significant decrease of the amount of carbon deposition [START_REF] Mousseaux | [END_REF]. In nearly all these conditions, alloy base elements or alloy impurities can be incorporated in the chromia films during their growth and it is important to know the diffusion rate various elements in such protective films. This is even more important in the case of chromia films deposited by various coating processes. The lifetime of the coating will clearly depend on the diffusion rate of the various elements through the protective film.

After having determined the cationic self-diffusion [START_REF] Sabioni | [END_REF]4] and the iron diffusion in chromia [5], the objective of this work is to study the manganese diffusion in chromia since manganese is present in all the stainless steels and its amount can vary from 0.2 to 1.5% according to the steel. Moreover, it is well known that manganese oxides or MnCr 2 O 4 spinel oxide are observed at the outer surface of chromia when oxidizing stainless steels [6]. Manganese oxygen affinity is strong and close to that of chromium, and it is still unknown why manganese oxides are found at the outer surface of chromia films:

-It can be assumed that manganese atoms oxidizes at the beginning of oxidation and, afterwards the chromia film grows by anionic diffusion, leaving manganese oxide on the top of the sample. But, this assumption is not so satisfying as chromia scales are known as growing by counter-current diffusion of cation and anion, the oxygen diffusion being not far from chromium diffusion [START_REF] Sabioni | [END_REF]4].

-Another possibility consists in the fact that chromia film appears first and simultaneously manganese atoms oxidize and diffuse fastly through the chromia film, while chromia growth is going on by counter-current diffusion of chromium and oxygen through chromia. When manganese is at the outer surface as MnO, it can react with chromia in order to give the spinel oxide. This second suggestion implies that manganese diffusion is faster than chromium 

Experimental

Material

The synthetic polycrystalline chromia samples used in this work are the same that those used in previous studies for measuring Cr self-diffusion or Fe diffusion in Cr 2 O 3 [START_REF] Sabioni | [END_REF][4][5]. The Cr 2 O 3 polycrystals were prepared by hot pressing at 1450 °C, under 48 MPa, for 40 min, using highpurity powder (99.999%) supplied by Johnson Matthey Corporation. These samples have a density close to the theoretical density of Cr 2 O 3 , i.e. 5.21 g/cm 3 , and a grain size of ca. 6µm.

The manganese diffusion experiments were also performed on Cr 2 O 3 layers grown by oxidation of a Ni-30%Cr alloy provided by Imphy S.A., and containing some silicon (≈1.46 wt%). The NiCr samples were firstly annealed for 3 days in an Ar-H 2 -H 2 O atmosphere at 900°C, (pO 2 ≈ 10 -19 atm), in order to stabilize the grain size of the metallic substrate. Then, these samples were oxidized in laboratory air at 900°C for 112 hours. It was shown in [5] that the oxidation kinetics of such NiCr samples obey a parabolic law leading to protective compact chromia scales. At the end of this treatment, the chromia layer is about 2.5 µm thick, with an average grain size of ≈ 1 µm (see Fig. 1).

Sample preparation

For synthetic polycrystalline chromia, samples of 4mm x 4mm x 2mm were polished in an automatic grinder/polisher Phoenix 4000/Buehler. The polishing was performed using diamond suspensions of 15, 6, 3, 1, and 0.25 µm. For chromia films, diffusion experiments were made directly on as-oxidised samples, thus presenting a unnegligible roughness (up to 1 µm).

The samples were pre-annealed at the same oxygen pressures and temperatures to be used in the diffusion anneals. Then, an electron-beam evaporated manganese film was deposited on the polished surface using an AUTO 306 vacuum coater with a turbomolecular pumping system. High purity manganese (99.99%), supplied by Alfa Aesar (Johnson Mattey), was used in these experiments. It is worth noting that the element manganese is only composed of the isotope 55 Mn. It was verified that the 55 Mn film is about 20 nm thick, as given by the evaporating system. The manganese diffusion annealings were performed from 700 to 1100 °C under a partial pressure of oxygen of 10 Pa (10 -4 atm) obtained by using a standard mixture of Ar/100 ppm O 2 .

Diffusion experiments

The diffusion experiments were performed in a tubular furnace, with the sample placed in a Pt crucible inside a silica tube.

Depth profiling by secondary ion mass spectrometry (SIMS)

The manganese depth profiles were established by secondary ion mass spectrometry (SIMS-Cameca 4F-CNRS/Meudon/France). A 30 nm thick gold layer was deposited on the samples and a 10 keV Cs + primary ion source was used. The depth profiles were established by measuring the signals of the MnO -molecular ion as a function of time (Fig. 2a) with some polarisation of the sample support in order to filter the molecular ions except MnO -. Indeed, in such analysis conditions, it is not possible to work with Mn -ions due to the fact that electronic affinity of manganese is equal to zero. These experimental conditions were chosen as they allow obtaining the easiest charge compensation and the best signal stability.

The scanned area was ca. 150 µm x 150 µm and the analyzed zone was 33 µm in diameter. The depth of the craters formed on the surface of the samples after SIMS analysis was measured by means of a Talystep profilometer (KLA Tencor P1). This allowed the ion intensity of the SIMS signals to be plotted as a function of the depth in the oxide, as shown in figures 2b.

Determination of bulk and grain-boundary diffusion coefficients

In our experimental conditions, the iron diffusion profiles always show two distincts regions, figure 3. Near the surface, there is a fast decrease of the concentration, and, far from the surface, the concentration slowly decreases. The concentration near the surface should correspond to the contribution of the bulk diffusion, while the concentration far from the surface, i.e. the curve tail, should correspond to the grain-boundary diffusion [START_REF] Philibert | Atom Movements, Diffusion, and Mass Transport in Solids[END_REF].

(a) Bulk diffusion coefficient

From the first part of the diffusion profile, a bulk diffusion coefficient was determined using an appropriate solution of the diffusion equation. In our experimental conditions, the iron film is thick in comparison with the depth of the first part of the diffusion profile. So, the diffusion coefficient (D) was determined using a solution of the Fick's second law for diffusion from a thick film in a semi-infinite medium, given by [START_REF] Philibert | Atom Movements, Diffusion, and Mass Transport in Solids[END_REF] : 
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(b) Grain-boundary diffusion coefficient

Le Claire's model was used to determine the product αD gb δ from the tail of the profile by using the expression [START_REF] Philibert | Atom Movements, Diffusion, and Mass Transport in Solids[END_REF][START_REF] Le | [END_REF]:
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where α is a dimensionless parameter known as segregation factor [START_REF] Philibert | Atom Movements, Diffusion, and Mass Transport in Solids[END_REF]. The experimental points of the second part of the diffusion profiles must present a linear behaviour in a plot of ln C versus x 6/5 and the slope (γ) of the straight line in the plot of ln C versus x 6/5 (Fig. 4) allows the determination of the slope:
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Results

Figure 5 shows a diffusion profile of MnO -obtained in chromia polycrystal at 900°C. The profile clearly shows two different diffusion mechanisms, as also shown in figure 2 in case of Mn diffusion in a chromia film. Similarly, the first part of the profile corresponds to bulk diffusion and the second part of the profile, i.e., the curve tail, is characteristic of the diffusion along grain-boundaries, as shown by figure 6, where the slope of the straight line corresponds to the gradient ∂ln C/∂x 6/5 . Similar profiles were obtained in all cases, even for the diffusion in Cr 2 O 3 films, as shown in figures 7 and 8, whatever the temperature, the oxygen pressure or the nature of the oxide (polycrystal or film). From all these profiles, according to the procedure explained in §2.5, bulk and grain-boundary diffusion coefficients (in fact αD gb δ) were obtained. The values are summarized in Tables I andII with the characteristics of the test. III.

Discussion

Difference between manganese diffusion in polycrystals and in chromia films formed on

NiCr alloys by oxidation. Figure 9 shows that diffusion in chromia does not really differ according to the nature of chromia, i.e. in chromia as a film or as a massive polycrystalline material, as well for bulk diffusion than for grain boundary diffusion.

Concerning the bulk diffusion, bulk diffusion coefficients could depend on the microstructure if the chromia films are textured or have grown in a particular direction. It does not seem to be the case for chromia films as the grains look like equiaxed grains, as shown in figure 1.

Nevertheless, there is no particular reason that the amount of point defects in films and in bulk materials is similar, the more so as the oxide film is subjected to an oxygen pressure gradient and consequently to a point defect gradient. This pressure gradient is probably at the origin of the little difference in the bulk diffusion coefficients which are somewhat greater in films than in polycrystals. Tsaï et al. [9], in their works concerning chromium and oxygen diffusion in chromia films which were slowly cooled after their growth, found bulk diffusion coefficients similar to those obtained in massive polycrystals. But, these authors considered a modified f value in the case of films, taking into account the particular roughness of the oxide films. In our case, it is not necessary, as already shown in a study of the iron diffusion in chromia films and polycrystals [5], probably because the substrate was carefully polished before oxidation.

Concerning the grain boundary diffusion, it is important to remind that the penetration curve analyses lead to αD gb δ, i.e. to the product of the grain boundary diffusion coefficient by the boundary width (δ) and by the segregation factor α. Conventionally, δ is taken as equal to 10 -7 cm [START_REF] Philibert | Atom Movements, Diffusion, and Mass Transport in Solids[END_REF], and the segregation factor is unknown and should vary according to temperature and especially according to the impurities that are incorporated in the oxide. Particularly, in the case of films, it should depend on the substrate nature and purity. Consequently, it is rather surprising to obtain close αD gb δ values for films and polycrystals. Note, however, that it is possible that the agreement occurs only for the studied temperature range. Such close values were also obtained for iron diffusion in the same materials [5].

Nevertheless, a slight difference is obtained for the activation energy of bulk or grain boundary diffusion according to the nature of chromia. Indeed, the activation energy values are as it follows (see Table III andfigure It is clear that the diffusion activation energy values are obtained with a great uncertainty, the more so as the number of experimental values are limited, especially for polycrystals and the difference, about 50 kJ.mol -1 , between films and polycrystals is perhaps no significant. It suggests that the diffusion mechanism is similar for both materials. Nevertheless, it can be considered as surprising to obtain, in case of films, an activation energy for grain boundary diffusion (234 kJ.mol -1 ) greater than the activation energy for bulk diffusion (171 kJ.mol -1 ).

Such observations are frequent in oxides [START_REF] Sabioni | [END_REF]5,[9][10][11], probably due to segregation phenomena or impurity presence along grain boundaries.

4.2.

Comparison with Cr and Fe diffusion in polycrystalline Cr 2 O 3 .

Figure 10 allows the comparison of results obtained, in chromia polycrystals, for chromium diffusion by Tsaï [4,9,12], for iron diffusion previously studied [5] and for manganese diffusion characterized in this study. Data concerning other authors are given in Table IV.

In bulk, clearly there is no difference, the three cations diffuse at the same rate. It can be somewhat surprising as Mn 2+ ions are greater (0.080 nm) than Cr 3+ (0.062) or Fe 3+ (0.065) ions.

Along grain boundaries, in the studied temperature range, it could be considered that the differences are slight. Nevertheless, if this seems reasonable for the diffusion of chromium and manganese, though manganese diffusion looks like somewhat faster, it is not serious for iron diffusion. Indeed, it clearly appears that iron grain boundary diffusion activation energy (347 kJ.mol -1 ) is much greater than grain boundary diffusion activation energy of chromium (135 kJ.mol -1 ) and manganese (170 kJ.mol -1 ), and at lower temperatures, iron diffusion will be slower than manganese or chromium diffusion. This difference could be related to a possible diffusion of iron as Fe 2+ interstitial, as suggested sometimes in the case of iron diffusion in Fe 2 O 3 [13], as its ionic radius is then greater (0.076 nm). Nevertheless, it seems less probable in the case of Cr 2 O 3 as this oxide is not deficient in oxygen as is Fe 2 O 3 . The discussion on the reasons of the differences between the grain boundary activation energy of cation self-diffusion and iron or manganese heterodiffusion is hasardous on account of the limited temperature range studied for the various materials and the uncertainty on activation energy values already mentioned.

Note only, on the basis of results gathered in figure 10 for grain boundary diffusion, that the greater the temperature, the greater the diffusion of iron when compared to chromium or manganese diffusion, and that manganese diffusion is slightly greater than cationic selfdiffusion. The comparison of results obtained, in chromia films, for chromium diffusion by Tsaï [4,9,12], for iron diffusion previously studied [5] and for manganese diffusion characterized in this study, is given in figure 11 (see also the data concerning other authors in Table IV). In bulk, as along grain boundaries, iron diffusion is slower than cationic self-diffusion, which would suggest a diffusion of interstitial Fe 2+ [13]. Contrary, manganese is the fastest diffusing species in bulk, while the differences between cationic self-diffusion and Mn diffusion along grain boundaries is small, in the temperature range of this study.

Comparison with Cr and Fe diffusion in

Comparison with data obtained by Löbnig et al. [16] (see Table IV andfigure 11) for chromium diffusion in chromia films indicates, as already suggested in [4] that this author determined effective diffusion coefficients, taking into account part of grain boundary diffusion, rather than bulk diffusion coefficients.. Indeed the values given by these authors for bulk diffusion are greater than ours, included between our bulk and grain boundary diffusion coefficients.

All these results are important to understand the barrier effect of chromia scales and why, during oxidation of stainless steel, manganese rich mixed oxides are found on the outer surface of the chromia films. It is well-known that chromia films act as an efficient barrier for materials used at high temperatures. For instance, in coal gasification conditions [14], carbon deposition on iron-based alloys is known as particularly decreased by the presence of chromia film when compared to what occurs with nickel and iron oxide films. Two reasons were already suggested and discussed in [5] to explain the effect of chromia films, and, amongst a barrier effect and a thermodynamic one, the diffusion results suggest that the thermodynamical effect is the main parameter. Indeed, the difference between iron diffusion and chromium diffusion in chromia films is probably not sufficient to explain the spectacular differences in the carbon deposition phenomenon. Now, it is interesting to determine the mechanism by which manganese is always found on the outer surfaces of the oxide layers as mixed oxides, when oxidising stainless steels.

It is well-known that chromia films are mainly growing by grain boundary diffusion [15]. Moreover, Tsaï showed that chromia film growth is ensured by counter current diffusion of anion and cation [9,12]. Due to the fact that manganese grain boundary diffusion is of the same order of magnitude than grain boundary diffusion of chromium, it indicates that manganese oxide is formed at the beginning of oxidation at the same time than chromia particles, which agrees the fact that manganese affinity for oxygen is slightly greater than chromium affinity.

This assumption is corroborated by figure 12, which shows that the presence of manganese on the chromia film is observed at the beginning of oxidation [14]. Then, during further oxidation, manganese ions diffuses, as chromium ions, through chromia towards the outer surface of the film, but the amount of manganese oxide on the top of the film is limited by the small amount of manganese in the steel, compared to chromium. Afterwards, MnO particles can react with chromium ions to give a spinel oxide.

Conclusion

Manganese diffusion in chromia was studied in both polycrystals and oxide films formed by oxidation of Ni-30Cr alloy in the temperature range 700-1100°C at an oxygen pressure equal to 10 -4 atmosphere. Using SIMS to establish the penetration profiles, both bulk (D b ) diffusion coefficients and grain boundary diffusion (αD gb δ) parameters were determined for polycrystals and films.

Manganese diffusion does not really differ according to the elaboration process of chromia, i.e. as a polycrystal or as a thin film formed by oxidation: bulk and grain boundary diffusion coefficients in chromia films and in chromia polycrystals are of the same order of magnitude.. Activation energy of grain boundary diffusion in films is greater than activation energy determined for bulk diffusion in the same chromia films. Such results were already observed with other oxides and are probably associated to segregation phenomena along grain boundaries, as the grain boundary parameter determined by diffusion studies corresponds to α D gb , α being a segregation factor.

In polycrystalline chromia, there is no difference between manganese, iron and chromium bulk diffusion. However, along grain boundaries, even if there are no fundamental differences in the studied temperature range, it clearly appears that the activation energy of iron is greater than activation energy of manganese and chromium leading to a slower grain boundary diffusion of iron at lower temperatures (T ≤ 800°C). It seems that manganese grain boundary diffusion is slightly faster than chromium grain boundary diffusion.

In chromia films, iron diffusion is the slowest in both bulk and grain boundaries. Manganese difuses slightly faster than chromium in bulk, but along grain boundaries, the difference is not significant.

These results indicate that the barrier effect played by chromia against the diffusion of other elements when used as a protective coating for high temperature materials is not only due to a diffusion effect. Even if it acts as a diffusion barrier when compared to nickel or iron oxides, it also decreases the oxygen potential at the inner interface of the chromia film and prevents other metallic elements from oxidizing. But, for elements whose affinity for oxygen is at least equal to that of chromium, such as manganese, the results obtained here indicates that manganese 4-Penetration profile versus x 6/5 , corresponding to the grain boundary diffusion, for MnO -ion after the diffusion treatment at 766°C in a chromia film (same experiment than in figure 3).

5-Penetration profile of manganese versus x, obtained in a chromia polycrystal after diffusion at 900°C. The slope of the straight line corresponds to the theoretical diffusion profile given by eqn.1 for bulk diffusion.

6-Penetration profile of manganese versus x 6/5 , corresponding to the grain boundary diffusion, after the diffusion treatment at 900°C in a chromia polycrystal (same experiment than in figure 5). The slope of the straight line corresponds to the gradient ∂ln C/∂x 6/5 . 7-Penetration profile of manganese versus x, obtained in a chromia film after diffusion at 900°C. The slope of the straight line corresponds to the theoretical diffusion profile given by eqn.1 for bulk diffusion.

8-Penetration profile of manganese versus x 6/5 , corresponding to the grain boundary diffusion in a chromia film, after the diffusion treatment at 900°C (same experiment than in figure 7).

The slope of the straight line corresponds to the gradient ∂ln C/∂x 6/5 . 9-Arrhenius plot of the bulk and grain boundary diffusion of manganese in chromia polycrystals and films. 12-Mn XPS peaks obtained an a chromium steel during « in situ » oxidation at 600°C. Mn XPS peaks obtained an a chromium steel during « in situ » oxidation at 600°C
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  oxide. In order to check this second possibility, manganese diffusion was measured in chromia, polycrystals and thin films, by secondary ion mass spectrometry (SIMS).

  where C o is the concentration at the surface, a is the thickness of the film, and D b is the bulk diffusion coefficient. The D b values were determined by nonlinear fitting of Eqn. (1) to the profiles using the software Origin (Origin, Data analysis and Technical Graphics in Windows, version 6.0).

Figure 9

 9 Figure 9 corresponds to the Arrhenius plot of the bulk and grain boundary diffusion coefficients, in polycrystals and in films, respectively. Arrhenius equations established for these different diffusion coefficients are given in TableIII.

7 α

 7 9) : for the polycrystals D b (cm 2 /s) = 4.8 10 -7 exp [-(228 ±50) kJ/RT] and α D gb (cm 2 /s) = 3.4 10 -4 exp [-(170±20)kJ/RT], for the chromia films D b (cm 2 /s) = 8.7 10 -9 exp [-(171±40) kJ/RT] and D gb (cm 2 /s) = 0.6 exp [-(234±8) kJ/RT].
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 10 Comparison, in an Arrhenius plot, of the bulk and grain boundary diffusion of cations in chromia polycrystals. 11-Comparison, in an Arrhenius plot, of the bulk and grain boundary diffusion of cations in chromia films.
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Table I :

 I Manganese diffusion in polycrystalline Cr 2 O 3 .

	T°C	PO 2 (atm)	t (s)	D b (cm 2 s -1 )	αD gb (cm 2 s -1 )
	900	10 -4	5.79 10 4	3.55 10 -17	1.3 10 -11
	900	10 -4	5.79 10 4	3.48 10 -17	9.71 10 -12
	1000	10 -4	1.62 10 4	1.87 10 -16	1.65 10 -11
	1100	10 -4	3.9 10 3	9.76 10 -16	1.56 10 -10
	1100	10 -4	3.9 10 3	1.16 10 -15	1.38 10 -10
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Table II :

 II Manganese diffusion in Cr 2 O 3 films formed on Ni 70 Cr 30 alloy.

	T°C	PO 2 (atm)	t (s)	D b (cm 2 s -1 )	αD gb (cm 2 s -1 )
	700	10 -4	1.45 10 5	6.23 10 -18	1.53 10 -13
	700	10 -4	1.45 10 5	5.96 10 -18	2.88 10 -13
	766	10 -4	5.76 10 4	1.93 10 -17	6.55 10 -13
	766	10 -4	5.76 10 4	3.30 10 -17	1.11 10 -12
	832	10 -4	4.02 10 4	5.85 10 -17	2.90 10 -12
	832	10 -4	4.02 10 4	5.73 10 -17	3.01 10 -12
	900	10 -4	1.47 10 4	2.08 10 -16	4.71 10 -11
	900	10 -4	1.47 10 4	3.07 10 -16	2.58 10 -11

Table III :

 III Arrhenius equations for bulk and grain boundary diffusion of Mn in Cr 2 O 3 .

	Table IV Diffusion Data for Cr diffusion and iron diffusion [5]		
	Diffusion						
	Coefficients	T°C	pO 2	Chromia Polycrystals	Chromia Films
	(cm 2 s -1 )		(atm)				
				D b	αD gb	D b	αD gb
				(cm 2 s -1 )	(cm 2 s -1 )	(cm 2 s -1 )	(cm 2 s -1 )
	Cr diffusion	700	0.1	4.2 10 -19	4.4 10 -13	2.9 10 -18	5.1 10 -13
	Tsaï [4,9,12]	800	0.1	4.6 10 -18	7.7 10 -13	5.9 10 -18	1.1 10 -12
		900	0.1	2.1 10 -17	2.9 10 -12	2.0 10 -17	9.3 10 -12
	Cr diffusion Löbnig [16]	F o r 900 10 -15 740 10 -4 800 10 -4 900 7.20 10 4 F o r	3.5 10 -18 1.1 10 -17 1.3 10 -17	5.9 10 -12 8.0 10 -12 1.7 10 -12	7 10 -15 8 10 -16	2 10 -10 5 10 -11
	Fe diffusion Sabioni et al. [5]	1000 1100 720 800 900	P e e r 1 or 10 -4 1.0 10 -16 10 -4 6.6 10 -16 10 -4 P e 10 -4 10 -4 e r	4.0 10 -11 7.5 10 -10	1.2 10 -19 1.7 10 -18 1.0 10 -17	3.1 10 -14 2.5 10 -13 3.0 10 -12
				R R		
				e e		
	Chromia Polycrystal D b (cm 2 /s) = 4.8 10 -7 exp [-(228 ±50) kJ/RT] α D gb (cm 2 /s) = 3.4 10-4 exp [-(170±20)kJ/RT] α D gb (cm 2 /s) = 0.6 exp [-(234±8) kJ/RT] Chromia film D b (cm 2 /s) = 8.7 10 -9 exp [(171±40) kJ/RT] v i e v i e
						w w	
						O n l O n l
							y y
							14
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