F Pedraza 
  
M Reffass 
  
J Balmain 
  
G Bonnet 
  
J F Dinhut 
email: jfdinhut@univ-lr.fr
  
HIGH TEMPERATURE BEHAVIOUR OF LOW ENERGY HIGH FLUX NITRIDED Ni AND Ni20Cr SUBSTRATES

Keywords: nitridation, implantation, high temperature oxidation, nickel, Ni20Cr. 1

Nitridation at low energy-high flux implantation-diffusion has been performed on pure Ni

and Ni20Cr substrates in order to study their high temperature oxidation behaviour at 700 and 800° C in synthetic air. The nitridation treatment has led to significant sputtering on pure Ni, but no implanted nitrogen has been detected. On the contrary, the Ni20Cr substrates are able to incorporate nitrogen, with less sputtered surfaces. Porosity is anyhow found on both substrates after the nitridation treatment. No particular difference is found to occur on the oxidation kinetics of Ni specimens but on their scales morphology. On the contrary, in Ni20Cr specimens, oxidation is enhanced mainly upon the first exposure times owing to trapping of chromium by the implanted nitrogen. Furthermore, the expanded austenite γ N layer formed on the nitrided Ni20Cr samples is stable up to 700°C for 24 h, after which evolution towards the nitride precipitation occurs.

1.-Introduction

A great variety of nitridation treatments mainly on tool and stainless steels [1][2][3][4][5][6][7] are well known aiming to improve their surface hardness and wear resistance. Improvements in aqueous corrosion resistance have also been reported for the AISI 304 stainless steel nitrided by low energy -high flux implantation at 400° C [8]. As a result of the nitriding treatment, an "expanded austenite" γ N layer is formed in materials with a face centred cubic structure (fcc) or M x N y phases appear in tool steels (M = metal with strong affinity for nitrogen).

Nitridation studies on Ni base alloys mainly concern the internal degradation after failure of the outer protective oxide scale under high temperature environments [9]. After ingress of nitrogen in the metal from a gaseous atmosphere, net volume increase attending precipitation occurs, generating stresses [10], which even lead to deformation processes such as creep [11].

Controlled internal nitridation in oxygen-free atmospheres has also been studied [12][13][14][15], the major findings indicate that the highest chromium concentrations seem to increase the solubility and diffusion of nitrogen in the Ni-base alloys. After nitridation, nickel protrusions are typically found at the outer surface.

On the other hand, nitridation treatments to enhance the wear resistance of Ni base alloys have also been documented. For instance, plasma nitriding studies have been carried out on Inconel 718 (Ni-20 wt% Cr base alloy) resulting in an increase of Knoop hardness [16] and in wear resistance [17] although this is a matter of controversy, i.e. the absence of the CrN phase in the same alloy has been claimed not to improve erosive wear [18]. More detailed studies on the plasma nitrogen diffusion have been conducted on Inconel 690 (Ni-30wt% Cr base alloy) [19,20]. In the current literature, only two works on the nitridation of Ni-base alloys by low energy-high flux nitrogen implantation have been reported using different experimental conditions [21,22]. Regardless of this fact, both studies agree in the formation of a thinner and less nitrogen-rich layer compared to that typically formed in steels.

However, to the best of our knowledge, no study has been presented concerning the effects of the nitridation treatment on the high temperature behaviour of Ni and Ni20Cr substrates.

These represent the metal matrix and model alloy (in terms of chromium content), respectively, of many Ni-base superalloys. Besides, the only study reported on the high temperature stability of the nitrided layer was conducted in argon at 450° C up to 50 h to retransform the stress-induced martensite formed upon plasma nitriding of AISI 304L stainless steel [23]. Therefore, in the present work we intend to report on the derived consequences of a low energy high flux nitridation treatment on the high temperature response of the above-mentioned substrates.

2.-Experimental Procedure

Pure Ni (99.95 % purity) and Ni20Cr (Ni-20Cr-1.5Si, wt%) (Goodfellow) polished down to 1 μm diamond paste were implanted at low energy-high flux under 1.2 keV and 1 mA.cm -2 for 1 h conditions, delivering an estimated dose of 3.5 x 10 19 ions.cm -2 . The temperature of the samples achieved 450 and 475 °C for Ni20Cr and Ni, respectively. Isothermal oxidation runs were carried out in a Setaram TGA92 thermobalance (accuracy of ± 1 μg) at 700 and 800°C. A constant heating rate of 10°C.min -1 was set under pure Ar (g) before achieving the test temperatures. After 24 h of exposure, the samples were cooled at the rate of 10°C.min -1 under the same flow of synthetic air (0.6 l.min -1 ).

Characterisation of the implanted specimens was undertaken in a Bruker AXS D-5005 diffractometer in the θ-2θ configuration, using the Cu K α1 (λ = 0.15106 nm) and scanning electron microscopy (SEM) coupled to energy-dispersive spectrometry (EDS) in a JEOL JSM-4510 LV.

3.-Results

3.1.-Nitrogen implantation

The surface morphology of Ni and Ni20Cr after nitridation is shown in Figure 1 (a) and (b), respectively. It can be readily observed that the nitridation treatment has led to more sputtering in pure Ni than in Ni20Cr. Furthermore, the distribution of such sputtering is unequal throughout the surface and twinning occurs within some of the grains. Porosity is also a common feature for both materials after nitridation. Measurements of the mean roughness by atomic force microscopy (AFM) actually revealed values ranging from 175 and 275 Å in Ni depending on the grains, whereas on Ni20Cr specimens, the Ra values only attained about 80 Å [24]. Differences between both specimens also refer to their chemical composition since a nil nitrogen amount is obtained by EDS microanalyses on the Ni samples compared to a maximum amount of nitrogen (with Cr/N ratios of about 1) at the external nitrided layer of the Ni20Cr samples [24].

According to the XRD scans, the formation of a γ N solid solution is absent on the Ni substrates. All these facts may imply that no nitrogen is actually incorporated to the metal matrix or if it is, its amount is under the detection limit of the techniques employed. On the contrary, the Ni20Cr is able to incorporate nitrogen into its matrix as shown by the appearance of the γ N expanded austenite on the left of the austenite peaks of the matrix (Figure 2). A shift of the latter peaks towards higher diffraction angles is also observed. The calculations of the lattice constants for each plane indicate that preferential solid solution of nitrogen occurs at the (200) planes. The SEM cross sections had shown that a progressive decrease of the nitrogen concentration providing an overall nitrided layer of about 3.5 μm [24].

3.2.-High temperature oxidation behaviour

Even though no nitrogen seems to have been retained in the Ni substrates, the implantation treatment may alter its high temperature behaviour. Figure 3 (a) shows the mass gain curves as a function of time for both untreated and nitrided Ni specimens. No significant difference is observed at both temperatures, especially at 800° C, where a perfect match of both curves is readily seen. Assuming parabolic behaviour, the oxidation constants have been calculated by the (ΔM/S) 2 vs. time method [Figure 3 (b)], giving rise to values of 4x10 -12 and 2.5x10 -11 g 2 .cm -4 .s -1 for 700 and 800° C, respectively.

As expected after oxidation, the θ-2θ XRD patterns have revealed the formation of NiO oxides in both untreated and nitrided, together with some weak peaks of the substrate, indicating a relatively thick oxide layer at both temperatures (Figure 4). Besides, the texture of the as-received material, i.e. the {111} planes preferentially parallel to the surface, disappears after the nitridation treatment. Thus, after oxidation, no apparent preferential growth of the oxides should be expected. Figure 7 shows the mass gain as a function of time for the Ni20Cr substrates oxidised at 700° and 800°C for 24 h. It can be observed that nitridation involves an increase in oxidation kinetics at both studied temperatures. Assuming parabolic behaviour, the parabolic constants have been calculated and they are presented in Table 1.

The parabolic rate constants of the untreated material reflect the effects of increasing temperature. Indeed, the k p values are one order of magnitude higher at 800°C than at 700°C at the end of the experiments. The most significant distinction corresponds to the appearance of a transition stage at 700° C in which oxide development may be governed by the development of more than one oxide phase.

In the nitrided specimens, the complexity of oxide growth processes hinders any accurate linear fit from 0 to 10 h of exposure in the (ΔM/S) 2 vs. time plots. However, for the longest exposures, a difference of more than one order of magnitude of the k p values is obtained between the untreated and the nitrided specimens. Overall, direct comparison between the untreated and nitrided samples at the different temperatures and for the final times clearly indicates that oxidation is somewhat enhanced after implantation.

The oxide species developed on Ni20Cr are the same for both the untreated and nitrided specimens at either temperature and these include NiO, NiCr 2 O 4 and Cr 2 O 3 , as assessed by XRD. The differences on intensity of these oxide species are in agreement with the temperatures employed, i.e. at the highest temperatures, more contribution of Cr 2 O 3 oxide is found to occur. However, the substrate/oxide intensity ratios are always higher at any temperature than in the nickel substrates, which is in agreement with the TGA experiments [compare Figures 3 and7]. This means that a thinner oxide layer is obtained in the Ni20Cr samples after 24 h of isothermal oxidation.

The most interesting feature highlighted by XRD is the presence of the expanded austenite phase (γ N ) after oxidation at 700°C, which had been formed after nitridation (see Figure 2).

Typically, the insertion of nitrogen in a face centred cubic structure (fcc) leads to a doublet of the original γ peak [e.g. 21]. A shift to lower angles corresponds to the lattice expanded by the interstitial nitrogen, whereas a shift to higher angles indicates the "contracted" remaining austenitic lattice. The higher the nitrogen content, the higher the shift to lower angles of the γ N phase and vice-versa. After implantation, nitrogen preferentially concentrates at the (200) planes (bigger 2θγ-2θ γ N difference). After oxidation at 700°C for 24 h, the γ N and γ peaks shift towards the original γ phase (2θ = 44.28°) giving rise to the observed doublet. This clearly imply redistribution of nitrogen in the matrix but no nitride phase can be derived from the XRD results.

However, according to the surface compositions obtained by EDS, diffusion of the main species composing the oxide layer remains unchanged (see Figure 8) at 700°C. Only outward Ni diffusion seems to be promoted at 800°C on the nitrided samples.

The surface sputtering created on the surfaces upon the implantation process changes nevertheless the oxide morphologies, as assessed by SEM. The untreated Ni20Cr specimens develop a homogeneous and relatively dense oxide layer composed of tiny crystals at both oxidising temperatures after 24 h, as those shown in Figure 9 (a). On the contrary, the nitrided samples show preferential oxidation depending on the grain orientation and grain and/or twin boundary induced upon implantation. The evolution of such oxide films grown on nitrided specimens at 700 and 800°C is shown in Figures 9 (b) to (e). At the lowest temperatures, the samples are distinctively covered of oxides, which are more developed at 800°C. At this temperature, the appearance of platelet oxides is clearly observed which seem to follow different crystallographic orientations within the grains [Figure 9 (e)].

The cross sections of the untreated samples do not reveal any special feature after oxidation, with scales growing continuously from the substrate surface and a certain internal growth. This is a common feature with the nitrided materials but in the latter, a more wavy scale/substrate interface has developed owing to the surface roughness after implantation.

Generally, the scale thicknesses are larger in the nitrided materials. No particular morphology is observed after 700°C (which contains some nitrogen beneath the oxide scale/matrix interface) in contrast to the 800°C samples, in which a band of precipitates of about 8 μm extends inwardly from the scale/substrate interface [see Figure 10 (a)]. The EDS microanalyses of these precipitates zone reveal decreasing nitrogen contents towards the substrate matrix [Figure 10 (b)].

4.-Discussion

4.1.-Nitrogen implantation

The XRD patterns and the EDS microanalyses have shown the absence of implanted nitrogen using the present experimental conditions in nickel substrates. Indeed, it is well known that nitrogen solubility in nickel is extremely low [START_REF] Hansen | Constitution of Binary Alloys[END_REF]. Further, saturation of nitrogen concentration in nickel has been recently shown by Auger electron spectroscopy (AES) to occur using either hydrazoic acid or ion implantation. A decrease in nitrogen is, in any case, obtained at temperatures above 375° C owing to the loss of this element from the transition metal nitrides [START_REF] Han | [END_REF]. Besides, the implanted dose (3.5x10 19 at.cm -2 ) of the present study exceeds the atomic concentration Ni may incorporate in solid solution (2.5x10 19 at.cm -2 , as calculated from its lattice parameter). According to these arguments, some porosity occurs, as revealed in Figure 1, which thus results from a combination of two main parameters: (a) nickel does not dissolve important amounts of nitrogen, which then recombines inside the substrate in the form of bubbles so as to minimise the nitrogen/nickel interfacial energy, and (b) upon implantation, surface sputtering occurs, thus the real surface retracts. Owing to the initially textured nickel, sputtering occurs preferentially in some of the grains, peeling off both the substrate and the occluded porosity.

On the contrary, nitrogen has been observed to remain in the Ni20Cr substrates, which leads to the appearance of a γ N phase on the XRD patterns. This peak is more shifted to lower angles in the case of the (200) reflections compared to the (111), which is in agreement with most of the investigations undertaken on homologous ∼ 20 wt% Cr-containing stainless steels, as the AISI 304 family [4,7,21,23] or the AISI 316 [27].

According to the mechanism suggested by Möller et al. [28], in which chromium atoms trap and de-trap the implanted nitrogen, more nitrogen should have been found in this case, i.e. similar amounts of chromium and nitrogen at any location. However, the effect of radiation also has to be considered at temperatures above 350° C at which vacancies are mobile [29] and thus both nickel and chromium are transported outward. A counter-current effect is thus played by nickel rejecting nitrogen and chromium trapping it. In any likely mechanism, porosity is also found on the surface of the Ni20Cr substrates, as explained above for the nickel specimens.

4.2.-High temperature oxidation behaviour a) Ni samples

Owing to the likely absence of implanted nitrogen in the nickel specimens, no chemical contribution has been expected to occur but a mechanical one. It has been shown however, that oxidation takes place in a similar manner on both untreated and treated samples in what oxidation kinetics are concerned. The calculated parabolic rate constants are 5x10 -12 and 2.5x10 -11 g 2 .cm -4 .s -1 with final oxide thickness of about 5 and 10 μm at 700 and 800° C, respectively. This implies that at 700° C, the oxide layers grown on 1 μm polished nickel have double values than those assessed by impedance spectroscopy on 1200 ground specimens after 20 h of oxidation at 700° C [30,31]. However, this is in contradiction with the findings of Huntz et al. [32] on the oxidation of pure nickel at 800° C, in which the greater the substrate surface roughness, the greater the oxidation rate owing to the enhancement of nickel injection in the oxide films.

The parabolic constant values agree well to those recently published by Peraldi et al. [33] for the same fixed oxide layer thickness. The slight differences can be explained in terms of the different oxidising atmospheres (synthetic air in our study vs. pure oxygen in their study) and also the method of k p evaluation since they employed a more precise and complete expression. In any case, deviations from linearity of the ΔM vs. t 1/2 plots have been observed to occur for the first oxidation times. On the other hand, our experimental k p value at 700° C is one order of magnitude lower than the one reported by R. Haugsrud [34] which was found to be independent of the oxygen partial pressure but is similar for the 800° C temperature.

However, this author claimed that the rate constants at 700° C were more of a qualitative matter owing to the different behaviour actually encountered between the first and the latter oxidation times.

The microstructure of the NiO scales developed on untreated nickel samples have shown the formation of cellular oxides at either 700 and 800° C. Nonetheless, more apparent coverage on certain grains of this untreated substrate is observed especially at 700° C as a direct result of the relatively textured initial structure of the as-received nickel, but oxide growth anisotropy is anyhow a well known feature of NiO oxides [35][36][37][38]. However, at 800° C some isolated areas contained platelets growing outwardly from the cellular oxide scale. The development of such platelets is clearly enhanced after oxidation of the implanted specimens.

In fact some of the grains are fully covered of these oxides [cf. Figure 5(c)] even at 700°C. The extent of the platelets is afterwards increased at 800° C (not shown). According to the microstructure maps established for nickel oxidised at different temperatures and times [39], at 700° and 800°C and 24 h of oxidation, intersection between the cellular and platelet morphologies fields should occur, which agrees to a certain extent with our observations. Peraldi et al. [39] consider that the origin and growth of the platelets seem to be inherent to the scale growth process with no dependence on specific defects in the substrate or the scale/metal interface. However, in our experimental work, no nitrogen has been found on the surfaces of nickel but strong sputtering has preferentially occurred in certain grains which have led to the development of the platelet-like oxides. These may grow by preferential outward cation diffusion owing to their location at the outermost cellular scale surface.

The double configuration typically reported on NiO scales with an outer columnar structure above a fine equiaxed layer [e.g. 34,40] is quite difficult to appreciate in the SEM polished cross sections but it seems to be better developed on the treated samples after oxidation at 800° C indicating a predominant cation flux at the first oxidation times.

b) Ni20Cr samples

Two distinct oxidation behaviours have been observed at 700 and 800° C on the untreated materials. For the shortest times, oxidation proceeds faster than for the latter. Although parabolic behaviour has been assumed, it is known that this is only encountered at the very early stages. From then on, a complete law should be considered [33]. Our experimental values of 1x10 -15 and 2.3x10 -14 g 2 .cm -4 .s -1 at 700 and 800°C, respectively, agree well with those obtained by Calvarin and co-workers [41,42] on 200 μm thick Ni20Cr thin strips. The slight differences can be mainly explained in terms of the presence of 1.5 wt% Si compared to 0.085 wt% Si of their studies. Even if, overall, Si has been reported to promote scale adherence and decrease of oxide kinetics, the presence of this element enhances heterogeneous nucleation of the subsequently growing oxide layers at short oxidation times [43].

On nitrided samples, no accurate linear fit could be performed on the (ΔM/S) 2 plots indicating the complexity of the oxidation mechanisms owing to the implantation treatment. For instance, Giggings and Pettit [44] already studied the effect of alloy grain size and surface deformation on Ni-Cr alloys at higher temperatures than ours and concluded that deformation produced more grain boundaries along which chromium could be selectively oxidised. After the non parabolic behaviour of the first stages, the k p values have been calculated for the final oxidation times (10-24 h) giving values about one order of magnitude higher both at 700 and 800° C than the corresponding untreated materials. This, in fact is related to such enhanced oxidation observed during the first times. Indeed, direct comparison of each set of (ΔM/S) curves for a given temperature reveal that at the latter stages, the untreated and treated curves are parallel and so, oxidation might proceed similarly.

In any case, the oxide species developed on both untreated and nitrided substrates are the same : NiO, NiCr 2 O 4 and Cr 2 O 3 , the intensity of each varying with oxidation temperature and treatment. For instance, chromia is better developed at 800 than at 700° C, in agreement with G. Calvarin [41], irrespective of the untreated or nitrided nature of the sample. However, nickel outward transport seems to be promoted at 800° C on the nitrided specimens, as it has been assessed by EDS microanalyses and the SEM observations, with platelet-like oxides growing at the outermost scale surface normal to it. Studies on internal nitridation of nickel base alloys have shown outward diffusion of nickel, which have been explained by the volume increase induced by nitride formation and subsequent internal compressive stresses [e.g. 10]. This feature is similar to the results obtained for the nitrided nickel specimens and is in common agreement with the observations of Peraldi et al. [39].

The typical sandwich structure (outer NiO/central NiCr 2 O 4 /inner Cr 2 O 3 ) [45][START_REF]High Temperature Corrosion of Advanced Materials and Protective Coatings[END_REF][START_REF] Amano | High Temperature Corrosion of Advanced Materials and Protective Coatings[END_REF][START_REF] Calvarin-Amiri | [END_REF] has been difficult to assess owing to the thin nature of the layers developed but oxidation is observed to be enhanced through grain and twin boundaries (bigger density after nitridation) upon oxidation, as well as within certain grains (volume diffusion). However, the difference in chromia contents of the untreated and nitrided scales obeys to the presence of nitrogen.

Whereas at 700° C, nitrogen might have diffused inwardly thus reducing its concentration at the most external substrate layer, i.e. γ N shift towards higher angles avoiding coarse precipitation, at 800° C such precipitates have been found to occur through a relatively thick band. Thus, even if initial deformation may enhance chromium diffusion as previously suggested [44], this element is relatively trapped probably forming nanoprecipitates already at 700°C and TEM studies should be conducted to confirm this possibility. Anyhow, since the retained amounts of nitrogen which harden the surface [24] are not of significant importance, enough flux of chromium from the matrix occur, decreasing the overall oxidation kinetics at the longest exposures. The presence of nitrogen on Ni20Cr samples does influence the kinetics by increasing one order of magnitude their oxidation. This is mainly found to be a result of chromium trapping owing to chromium nitride precipitation at 800°C. At lower temperatures, no precipitation has 
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 5 Figure 5 (a) shows the development of a porous net of NiO oxides developed on the untreated

  of nitrogen has been shown to introduce stronger sputtering on Ni than on Ni20Cr. The remaining porosity explained in terms of excess of dose and rejection of nitrogen from nickel at the implanting temperatures. No nitrogen is thus incorporated in the pure nickel substrates while some amounts of nitrogen remain implanted in the Ni20Cr specimens. The high temperature behaviour of nickel does not basically change after implantation in what oxidation kinetics are concerned. However, a change of oxide scale morphology is observed with more density of NiO external platelets growing normal to the cellular morphology.
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 12345678910 Figure 1.-SEM surface morphologies of the nitrided (a) Ni and (b) Ni20Cr substrates.

Table 1 .-Parabolic rate constants (k p ) of the untreated and nitrided Ni20Cr after their oxidation at 700° and 800°C for 24 h under synthetic air.
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	T, °C	time span, h	k p , g 2 .cm -4 .s -1
		0-16	5.3 x 10 -14
	700	16-20	transition
	untreated	16-24	1.0 x 10 -15
		0-13	6.2 x 10 -14
	800		
		13-24	2.3 x10 -14
		0-10	no linear fit
	700		
		10-24	8.3 x10 -15
	nitrided		
		0-10	no linear fit
	800		
		10-24	2.3 x 10 -13