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Introduction

The resistance to high temperature oxidation of chromia-forming steels depends on their chromium content as well as their structural and microstructural features which influence the diffusion of scale forming elements. The formation of a protective chromia scale can be promoted by increasing the grain boundary density in the metal before oxidation [1][2][3][4][5][6][7]. Grain boundaries located at the metal surface give rise to preferential nucleation sites of chromia.

Bulk grain boundaries enhance chromium transport, limiting iron enrichment of the oxide scale and subsequent breakaway oxidation. Indeed, breakaway oxidation results from the nucleation and fast growth of iron-rich nodules at the center of the steel grains far from the grain boundaries where the diffusional transport of Cr to the surface is enhanced [8][9][10][11][12].

Grain refinement can be obtained through recrystallization process of a cold-worked metallic substrate. The effects of mechanical surface treatments prior oxidation have been studied by several authors: polishing or grinding [13][14], shot-peening [16][17], sandblasting [14][15]18], shot blasting [19]. Oxidation behavior after plastic deformations such as cold-rolling [18], cold-swaging [20] and cold-drawing [13] has also been studied.

However, the effect of the recrystallization process on the oxidation behavior has been usually considered but not evidenced in these studies. Moreover, opposite trends as regard the effect of surface or volume deformation on the formation of a protective oxide scale have been reported in literature. This discrepancy may be related to two main factors: (i) the initial Cr content [16] and its consumption during oxidation (e.g. higher Cr consumption in wet atmosphere), and (ii) the ability of cold-worked samples to recrystallize, which depends on cold-worked amount, oxidation temperature and initial grain size of the metallic substrate.

Ostwald and Grabke [15] showed that the Cr diffusion is enhanced after surface deformation promoting formation of a protective Cr-rich scale.

Austenitic stainless steels (ASSs) are an important class of high temperature oxidation resistant metallic materials which exhibit higher mechanical strength than ferritic stainless steels. However ASSs are known to be more susceptible to breakaway oxidation than ferritic one due to the lower Cr diffusivity in γ-austenite (face-centered cubic) than in α-ferrite (bodycentered cubic) [21], which limits their operating temperature. Therefore, deformation may be a route to improve oxidation resistance of ASSs.

Among ASSs, Fe-17.5Cr-8.1Ni (AISI304L) is widely used in various sectors of industry due to its good creep properties and corrosion resistance up to 850°C [22]. Fe-17.5Cr-8.1Ni has very low stacking fault energy (SFE). During deformation, low SFE promotes homogeneous dislocation distribution due to lower dislocation mobility and the formation of deformation induced martensite [23]. In terms of recrystallization, the lower is the SFE, the larger is the stored energy during deformation and the corresponding driving force for recrystallization [23]. For metastable ASSs, such as Fe-17.5Cr-8.1Ni, using plastic deformation to induce martensitic transformation and reverting martensite to austenite through annealing has been found to be an efficient method for grain refinement [24][25][26][27].

In a former paper we have investigated the chemical and microstructural evolutions of the thermal oxide scale grown on of Fe-17.5Cr-8.1Ni during breakaway oxidation at 850°C in O2 flow [12]. After 100h, the chromium supply at the centre of the metallic sub-surface grains can't sustain the growth of a protective chromia scale. It was found that the gradual Fe enrichment of chromia layer leads to its conversion in a less protective FeCr2O4 spinel.

The purpose of this study was to improve high temperature oxidation resistance of Fe-17.5Cr-8.1Ni at 830°C, using plastic deformation at room temperature. A slightly lower temperature is chosen to discriminate any high temperature improvement. In order to clarify the effect of cold-working on high temperature oxidation, comparisons were performed with as-received samples. During oxidation of the pre-strained samples, several transformations occur in the metallic substrate: martensite reversion, recovery and recrystallization. The present study aims at providing a better understanding of the relationship between oxidation behavior and recrystallization phenomena.

Material and methods

Before oxidation a pre-straining was performed on 1 mm-thick annealed Fe-17.5Cr-8.1Ni specimens (composition reported in Table 1). Pre-straining treatment consists of a uni-axial tensile testing up to 40 % strain. 10 ×20 mm 2 coupons were cut out from the specimen central part. The coupons surfaces were ground with silicon carbide abrasive papers up to 1200 grit then cleaned in acetone and ethanol. The surface of the oxidized sample was observed and analyzed using Field Emission Gun (FEG) SEM Zeiss Ultra 55 and Raman spectroscopy (Renishaw RM1000). Cross-sections were prepared using standard metallographic procedures followed by a chemical-mechanical polishing to reveal oxide and substrate grains. Cross-sections were observed and analyzed by FEG-SEM (Zeiss Ultra 55) equipped with a SSD Bruker X-Ray detector.

Microstructural observations were achieved on as-received and pre-strained samples before and after 4 h at 830 °C in order to highlight the effect of cold-working on the metallic substrate during the early stages of the thermal treatment. The oxide scale was removed to observed the underneath substrate by grinding up to 1200 grit SiC paper and polishing up to 1 µm diamond paste. Then, the grain boundaries of the metallic substrate were revealed using an electrochemical etching in a 60 % HNO3 solution. Surface observations were performed with a numerical optical microscope (KEYENCE VHX 1000).

Results and discussion

Mass gain evolution versus time for the as-received and 40% pre-strained samples oxidized at 830 °C in O2 are shown in Figure 1a. SEM surface observations after 312 h are displayed in Figure 1 (b andc). In a former paper [START_REF] Parry | ISHOC 2018[END_REF] presenting preliminary results, it was shown that after 12 days of oxidation, the weight gain of the pre-strained samples were more than twice lower than the as-received ones. The as-received samples underwent breakaway oxidation after 6 days (Figure 1a) characterized by the formation of Fe-rich nodules (Figure 1b). Indeed, in this temperature range, the Cr content (17.5 wt. %) is not sufficient to sustain the long-term formation of a protective Cr2O3 scale [12,22]. Conversely, the weight gain of the 40% prestrained sample followed a rather parabolic shape (Figure 1a). The oxide scale surface, shown in Figure 1c, was smooth and homogeneous and no Fe-rich nodules were hardly observed.

These results show the beneficial effect of pre-straining on the oxidation resistance of Fe-17.5Cr-8.1Ni at 830 °C.

In order to study in depth, the chemical composition of the base oxide grown on the asreceived and pre-strained samples, surface Raman spectroscopy and SEM-EDS chemical analysis on cross-sections were performed (Figure 2). SEM cross sections displaying oxide scale feature and the microstructures of the base oxides and the underneath substrates are displayed in Figure 3. The thickness of the oxide scale related to the pre-strained samples (Figure 3 c andd) was 2.1 ± 0.3 µm whereas the one related to the as-received sample (Figure 3a and 3c) was slightly thicker (2.9 ± 0.4 µm). The oxide scales were duplex, according to Raman spectroscopy in Figure 2 (c andf) and EDS profiles in Figure 2 (b ande) which indicate the formation of a (Mn,Cr,Fe)3O4 spinel outer layer and a (Cr,Fe)2O3 inner layer.

According to EDS profiles, the (Mn,Cr,Fe)3O4 outer layer of the pre-strained sample is thinner than the as-received one. Fe amount in the oxide scales are similar but variation of element contents at the interfaces appeared to be sharper for the pre-strained sample. In the substrate beneath the oxide, a short depletion of Cr followed by strong increase was seen whereas a shallow increase of Cr content was observed in the as-received sample. SEM cross-section micrographs reveal formation of a thin discontinuous SiO2 layer at the steel/oxide interface (in black in Figure 3 (a and b)). As usually evidenced for austenitic stainless steels, the lattice diffusion coefficient lower than the grain boundary one results in the formation of SiO2 intrusions along the substrate grain boundaries [12,35]. The morphology of silica and the thickness of the inner (Cr,Fe)2O3 scale are alike for both samples. However (Cr,Fe)2O3 grains of the pre-strained sample appear to be finer (Figure 3d) than the as-received one (Figure 3c).

This observation is in agreement with Raman spectroscopy spectra where the contribution at 681 cm -1 , attributed to MnCr2O4 [START_REF] Farrow | [END_REF] is slightly smaller for the pre-strained sample (Figure 2).

Cooper et al. observed that sandblasting and cold-rolling decrease the relative amount of spinel for ferritic stainless steels oxidized at 800°C in air for 502 h [18]. Manganese is known to diffuse through Cr2O3 and form a Mn-rich spinel type oxide at the outer part of the oxide scale [START_REF] Young | High temperature oxidation and corrosion of metals[END_REF]. A compact (Cr,Fe)2O3 inner layer, as observed in Figure 3 (b andd), can limit the diffusion of scale-forming elements and results in the formation of a thin spinel outermost layer.

The formation of martensite right below the metal/oxide interface was observed for both samples in Figure 3 (e andf). Its thickness was around 20 to 30 µm for the as-received sample and around 10 µm for the pre-strained sample. Large intrusions of martensite along the grain boundaries were also evidenced. Martensite formation below the oxide scale in ASSs can be attributed to an increase of the martensite start temperature, Ms [START_REF] Eichelmann | [END_REF], due to the depletion of alloying elements such as Cr, Mn or Si [32][33][34][35]. The austenite to martensite transformation happens during the cooling stage. Martensite occurrence allows identifying areas where Cr depletion is significant, such as grain boundaries where the interfacial diffusion is accelerated.

The deeper Cr depletion observed on the as-received sample may be the result of a great Cr consumption related to the formation and the sustaining of a thick oxide layer with large oxide grains and a weak effective diffusion coefficient of Cr in the metal. Conversely, the low Cr depletion in pre-strained sample may be related to the fine-grained oxide structure playing the role of a diffusion barrier, moderating the long-term Cr consumption and a better effective diffusion coefficient of Cr in the metal.

Optical observations of the metal surface before oxidation and after 4 h at 830 °C in O2 were performed. The optical micrographs were thresholded and binarized using an image processing software [36]. The results are reported in Figure 4. Cold-working led to grains elongation in the tensile direction (Figure 4 a and b). After 4 h at 830 °C, the grains were equiaxed for both surface treatments (Figure 4 c andd). The as-received sample underwent a slight grain growth (Figure 4 c) whereas grain refinement was observed for the cold-worked sample (Figure 4d). Nevertheless, discrepancies in the grain size distribution were observed for the pre-strained sample oxidized for 4 h at 830 °C. Most of the grains were significantly smaller while some coarse grains remain. As the SFE of Fe-17.5Cr-8.1Ni is low, the oxidation temperature (830 °C) and the cold-worked amount (40 %) are high enough to observe recrystallization for the major part of grains [22]. Moreover, the reversion of martensite is rapid in our experimental condition [37]. Two mechanisms explaining grains size distribution of the cold-worked sample can be proposed. Firstly, uniaxial tensile testing does not allow achievement of a homogenous deformation distribution. Thus, the dislocation density is heterogeneous, which leads to different driving force for recrystallization from one grain to another. On the other hand, austenite grains partially transformed in martensite during coldworking give rise to finer grains than untransformed austenite during recrystallisation [26,38].

Indeed, numerous nucleation sites happen in martensite leading eventually to finer recrystallized grain sizes than in austenite [25,27]. Hence, oxidation thermal treatment acts as an annealing and the deformed zone transforms into numerous fine grains supplying a network of Cr fast diffusion paths. Moreover, the high density of (Cr,Fe)2O3 nucleation sites decreases the space between the oxide nuclei and then minimize the lateral growth required to form a continuous Cr-rich protective scale on the sample surface and results in a fine-grained oxide scale as shown in Figure 3b. The dense (Cr,Fe)2O3 oxide formed in the early stage of oxidation acts as a strong barrier against further oxidation. As the as-received sample is characterized by larger grains, Cr diffusion coefficient in the metallic matrix is lower. Cr does not diffuse fast enough to allow the rapid formation of a dense Cr-rich oxide and to sustain the Cr consumption for scale formation. The Cr concentration in the bulk, below the oxide scale, decreases and the (Cr,Fe)2O3 oxide scale is converted to Fe-rich oxide by the outward Fe diffusion, particularly at the metallic grain center away from the grain boundaries [10][11][12].

Finally, Fe-rich nodules appear on the as-received sample. Thus, in the early stage of oxidation, the effective diffusion of Cr to the surface is a critical factor in determining the protective feature of the oxide scale.

Conclusions

To summarize, this work aimed at studying the effect of a prior plastic deformation on the resistance to high temperature oxidation at 830°C in O2 of a Fe-17.5Cr-8.1Ni austenitic stainless steel. Thermogravimetric experiments pointed out a breakaway oxidation of the asreceived samples whereas the oxidation rate of the pre-strained samples was strongly reduced. 
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Table 1 .

 1 Chemical composition of Fe-17.5Cr-8.1Ni (AISI 304L) provided by Goodfellow in wt. % obtained using fluorescence spectroscopy analysis and optical emission spectrometry equipped with a gas analyzer.

	wt.% Fe	Ni	Cr	Mn	Si	Co	Cu	Mo	C	S
	AISI 304L	Bal.	8.143 17.462 1.724 0.319 0.203 0.355 0.262 0.021 0.002

Thermogravimetric experiments, repeated two times for each condition, were performed using in a SETARAM B24 thermobalance equipped with a CS Evolution controller. The steel coupons were oxidized for 312 h (3 samples) or 288 h (1 sample) at 830 °C in O2 flow (linear flow 0.35 cm.s -1 at room temperature). The O2 flow was maintained during the heating stage at 20°C.min -1 as well as during the natural cooling stage.

The thermal oxide scales, investigated using SEM-EDS and Raman spectroscopy, consisted of a (Mn,Cr,Fe)3O4 spinel outer layer and a (Cr,Fe)2O3 corundum inner layer. On the pre-strained samples, the (Cr,Fe)2O3 grains were finer and the spinel thickness lower. Moreover, the bulk Cr depletion profiles below the oxide scale, were shallower. These features came from a better compactness of (Cr,Fe)2O3 layer which limits the diffusion of scale-forming elements and moderates the long-term Cr consumption. Compact oxide scale formation is linked to the recrystallization process that happens in the underneath substrate during the early stage of oxidation. The deformed grains transform into numerous fine grains supplying a network of Cr fast diffusion paths allowing to sustain the protective character of the (Cr,Fe)2O3 layer.