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Abstract

:

Focusing on the serious volatilization of MoO3 in super austenitic stainless steel with a high Mo content, the influence of B on the formation of oxide film and the distribution of Cr and Mo was investigated at 900 °C and 1000 °C. Without the addition of B, Mo tends to diffuse to the surface, forming porous Cr/Mo-rich oxides, causing the volatilization of Mo. The addition of B can inhibit the diffusion of Mo to the surface, facilitate the diffusion of Cr to the surface and combines with O, providing conditions for the nucleation of Cr2O3. A large amount of Cr2O3 accumulated on the surface to form a dense passive film, which inhibited the diffusion of Mo to the surface, reduced the loss of Mo, and formed Mo/Cr-rich precipitates at grain boundaries that are close to the surface. However, it was difficult to form Mo-rich precipitates at the grain boundaries of a sample without B, which aggravated the volatilization of Mo from grain boundary to surface. Therefore, the addition of B can improve the oxidation resistance of 254SMO and inhibit the volatilization of Mo.
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1. Introduction


Super austenitic stainless steels (SASSs) have excellent corrosion resistance and mechanical properties due to their high Cr and Mo content, and are widely used in flue gas desulfurization, petrochemicals, and other corrosive fields [1,2,3]. However, SASSs with high Mo contents are prone to segregation and promote precipitation during hot working [4,5,6], which will reduce the hot workability of steel. In addition, in the previous production practice, alloys with a high Mo content suffered from serious oxidation during high–temperature heat treatment, with severe segregation and precipitation leading to more serious catastrophic oxidation due to the formation of volatile MoO3 when the temperature exceeds 800 °C [7,8]. There are three types of SASSs: 904L, 254SMO and 654SMO.



In order to improve the oxidation resistance of 254SMO, it is important to optimize the composition of SASSs. Based on the well-known “reactive element effect”, some rare earth elements (such as Ce, La and Y) are generally regarded as elements that can improve the oxidation resistance of stainless steel [9,10]. Zhang et al. [11] investigated the Y-containing 654SMO at 1200 °C in air, noting that the presence of Y can promote the selective oxidation of Cr and inhibit the outward diffusion of Mo. It has been studied that a small amount of boron (B) is beneficial to improving the mechanical properties and oxidation resistance of the alloys [12]. This improvement in oxidation resistance is attributed to the influence of B on the composition of oxide scales [13,14]. The addition of B in 254SMO has been proven to improve corrosion resistance and prevent precipitation of sigma phase [15,16].



For 254SMO, with its high Cr/Mo content, the sigma phase is the main precipitate after long-term high temperature treatment (650–1100 °C) [17]. The nucleation and growth of the sigma phase will affect the diffusion of the Cr and Mo elements, thus changing the growth and destruction mechanism of the oxide scales [18]. However, while research on the influence of B on the formation of oxide scales in the oxidation process of 254SMO is still limited, it is likely to show some beneficial antioxidant properties. Therefore, it is important to study the effect of B addition on the oxidation behavior of 254SMO.



In this work, the effect of B addition on the oxide scales formed on 254SMO at 900 °C and 1000 °C in air was systematically studied. Combining characterization of microstructure with first-principles calculations, the influence mechanism of B elements on oxide morphology, oxide layer thickness and composition in the oxide and Cr, Mo distribution were deeply clarified. Some interesting oxidation phenomena were observed, and the corresponding mechanisms were proposed.




2. Experimental Procedure


2.1. Material Preparation


The SASSs with 0.004% B, according to the ASTM A312 standard, were smelted in a vacuum induction furnace by Taiyuan Iron and Steel Group Co., Ltd. (TISCO, Taiyuan, China). The main chemical composition is shown in Table 1. The sample without B was labeled 254SMO–0B, and the sample with 0.004% B content was labeled 254SMO–40B. Hot rolling of the ingots was conducted at 1250 °C until a thickness of 12 mm was obtained. Then, from those plates, samples were cut to 15 × 15 × 3 mm using a wire-cutting machine. Samples were quenched after homogenization at 1220 °C for 2 h. The solution-annealed sample was wet-ground and polished with metallographic sand paper, then cleaned with alcohol and blow-dried. The oxidation treatment process was performed at 900 °C for 3 min/6 min/9 min /30 min and at 1000 °C for 1.5 min/3 min.



Scanning electron microscopy (SEM JEOL SM-7900F) (JEOL, Tokyo, Japan) was used to analyze the microstructure and surface morphology of the oxide layer. Energy dispersive spectroscopy (EDS, JEOL SM-7900F) (JEOL, Tokyo, Japan) was used to analyze the distribution of elements in the oxide layers. The crystalline phases developed during oxidation processes of the samples were identified by X-ray diffraction (XRD, Malvern Panalytical Aeris) (Malvern Panalytical, Malvern, UK) using a Cu Kα radiation (λ = 0.15418 nm),with Bragg–Brentano geometry (θ–2θ) at 40 kV and 30 mA, with an angular 2θ range from 20° to 80° and a step size of 0.002°.




2.2. Calculation Method


According to the experimental phenomenon, the micro-mechanism of surface oxidation of 254SMO was analyzed. The first-principles calculations were performed by employing the Vienna Ab–initio Simulation Package (VASP) software (version 5.4.1, University of Vienna, Vienna, Austria) [19,20,21]. The exchange correlation effects were described, employing the generalized gradient approximation of Perdew–Burke–Ernzerhof functional (GGA–PBE) [22,23,24]. All calculations were carried out spin-polarized with a plane wave cutoff energy of 400 eV.



Two types of face–centered cubic (FCC) Fe surfaces were considered. The first type of surface was Fe (111), with a Σ3(112) grain boundary (GB) representing the austenitic surface [25]. The slabs contained 80 Fe atoms, 16 Cr atoms, 16 Mo atoms and 1 B atom, arranged in seven layers and a 10 Å-thick vacuum region stacked. The second type of surface was Fe (100), with a Σ5(210) GB representing the austenitic surface. The slabs contained 72 Fe atoms, 8 Cr atoms, 8 Mo atoms and 1 B atom, arranged in eleven layers and a 10 Å-thick vacuum region stacked. During geometry optimization, a 4 × 1 × 1 Monkhorst–Pack mesh was used for the Brillouin zone integration. The atomic force and total energy tolerance were 0.02 eV/Å and 1.0 × 10−5 eV [26], respectively.





3. Results and Discussion


3.1. Analysis of Initial Oxidation Process


Figure 1 shows the SEM morphologies of 254SMO–0B and 254SMO–40B samples aged at 1000 °C for 30 min. The SEM micrograph indicates that the sample consisted of austenitic phase and precipitates. It can be seen that there are a large number of precipitates (sigma phase) at the GBs of the 254SMO–0B sample (Figure 1a). There are many sigma phases at the GBs, and some of them are connected into a network, there is also a distribution of sigma phases in the grain interior. However, in the 254SMO–40B sample (Figure 1b), the sigma phases at the GBs were significantly reduced compared to the 254SMO–0B, and there were no obvious sigma phases in the grain interior. In addition, the sigma phases at the GBs were significantly reduced, and the sigma phase particles were less and intermittent. This conclusion is consistent with our previous research results [27].



Figure 2 shows the surface morphology of the 254SMO–0B and 254SMO–40B samples after oxidation at 900 °C for different times. The oxidation degree on the surface of the 254SMO–0B sample is inhomogeneous, while the overall oxidation degree on the surface of the 254SMO–40B sample is relatively uniform. In 254SMO–0B, tiny spot-like particles appeared in the local area from 3 min. With the extension of time, the size and quantity of particles increased. By 30 min, a large number of oxide particles formed on the entire surface, indicating that the surface oxidation rate is faster. However, the oxidation degree of the twinning plane in the 254SMO–0B sample is obviously different from that of other areas, even after 30 min of oxidation. It can also be seen that the twinning plane is obviously smoother than other surfaces, and there is almost no distribution of oxide particles. For the 254SMO–40B sample, the oxidation degrees of the twinning plane and general plane are consistent, and the surface is still smooth at 30 min of oxidation; that is, the addition of B can provide more uniform oxidation on the surface of the sample and slow down the oxidation rate of the sample surface.



In order to further analyze the composition of oxide particles on the surface in Figure 2, Figure 3 shows the EDS element maps on the surfaces of the 254SMO–0B and 254SMO–40B samples after oxidation at 900 °C for 30 min. According to the EDS, the granular oxides in Figure 2 are Cr-rich oxides, and the small-sized oxides are Cr-rich oxides and Mo-rich oxides. The 254SMO–40B sample showed only a few small-sized Mo-rich oxide particles at the GBs. The small granular material in the 254SMO–0B sample for 3 min should be oxides-rich in Cr or Mo. The number of granular oxides increased over time, while the number of oxide particles in the 254SMO–40B sample was small and barely grew. The addition of B can improve the oxidation resistance and provide more uniform surface oxidation.



Figure 4 shows the surface morphologies of the 254SMO–0B and 254SMO–40B samples after oxidation at 1000 °C for 1.5 min and 3 min, respectively. As can be seen from the figure, the oxidation degree of the two samples at 1000 °C is higher than that at 900 °C, and the oxidation degree of 254SMO–0B sample is higher than that of the 254SMO–40B sample. The surface oxidation degree of the 254SMO–0B sample at 1000 °C for 3 min is higher than that at 900 °C for 30 min, which indicates that temperature has a greater influence on the surface oxidation process of the sample. The oxidation degree of the 254SMO–40B sample at 1000 °C for 3 min is similar to that at 900 °C for 30 min, and the oxide layers on both surfaces are denser oxides rich in Cr. The surface of the 254SMO–0B sample had some large granular oxides when it was oxidized for 3 min, while the surface of the 254SMO–40B sample had better oxidation resistance than that of the 254SMO–0B sample, and the oxidation occurred uniformly after 3 min. In addition, there are many Mo-rich strip oxides (indicated by the white arrow in Figure 4b) and some large, granular Fe-rich oxides (indicated by the yellow arrow in Figure 4b) on the surface and GBs of the 254SMO–0B sample, while the surface of the 254SMO–40B sample is more uniform, without clear evidence of granular oxides, which is similar to the results in Figure 2. For the 254SMO–0B sample, the content of Mo on the surface is high, and its distribution is uneven in Figure 3, without clear evidence of Mo enrichment even at 900 °C for 30 min, indicating that Mo is more easily distributed on the surface at 1000 °C for 3 min. The GBs of the 254SMO–40B sample sag downward (indicated by the white arrow in Figure 4d), indicating that the oxidation at the GBs is slower than the surface. The oxidation resistance of the GBs is higher than that of the surface. Compared with the 254SMO–0B sample, the two samples were highly oxidized at 1000 °C for 3 min (Figure 4b,d), but the surface of the 254SMO–0B sample showed a large number of oxide particles, and the degree of oxidation on the surface of the 254SMO–40B sample was more uniform and complete, and no obvious oxide particles were produced. The addition of B can affect the distribution of Mo on the surface, thus improving the overall oxidation resistance of the 254SMO surface.



In order to further analyze the composition of oxide films on the surface in Figure 4, Figure 5 shows the surface morphology and element distribution of the 254SMO–0B and 254SMO–40B samples oxidized for 1.5 min at 1000 °C. As can be seen from the figure, the oxidation rate of the two samples at 1000 °C is faster than that at 900 °C (Figure 2 and Figure 3) and the elemental enrichment was even more pronounced on the surface. For the 254SMO–0B sample, the content of Cr at the GBs in 254SMO–0B is obviously higher than that in other areas, and Mo has a tendency of enrichment at the GBs and the local surface in the 254SMO–0B sample; in other words, the distribution of Mo is obviously uneven. For the 254SMO–40B sample, the whole surface is rich in Cr, and the content of Cr at the GBs is higher than in other areas. However, the content of Mo on the surface is obviously lower than the 254SMO–0B sample, and only a small amount of dispersed Mo is distributed on the surface. The addition of B can effectively promote the segregation of Cr towards the surface and inhibit the segregation of Mo towards the surface, thus forming a dense Cr-rich oxide layer on the surface of 254SMO–40B.



Figure 6 shows the X-ray analysis results of 254SMO–0B and 254SMO–40B after oxidation at 900 °C for 30 min. It can be seen that there are diffraction peaks in the matrix γ phase and various oxides phases in the 254SMO with and without B. The strongest peak of 254SMO–0B is Fe2O3, and the peak of the matrix γ phase is weak, while the strongest peak of 254SMO–40B is the matrix γ phase, indicating that the oxidation degree of 254SMO–0B is higher than 254SMO–40B. In terms of oxide layer composition, the oxide layer of 254SMO–0B is rich in Fe2O3, followed by Cr2O3 and FeCr2O4, Fe3O4 and MoO3. The obvious peak of MoO3 indicates that there are many Mo-rich oxides. For the 254SMO–40B sample, the peak of the matrix γ phase is the strongest, being rich in Cr2O3 and FeCr2O4 oxides, while the peak of MoO3 is obviously weakened. Combined with the results of Figure 3, there are many Mo-rich oxide particles in the 254SMO–0B sample, so there are many oxide peaks in diffraction peaks, but the Mo oxide-rich particles in the 254SMO–40B sample are few and small in size, so the oxide diffraction peaks are few. In order to further analyze the structure of the oxide layer, the element distributions of the cross-section of 254SMO–0B and 254SMO–40B after oxidation at 900 °C for 30 min were analyzed.




3.2. Analysis of Oxidation Cross-Section


As shown in Figure 7, the oxide layer thickness of the 254SMO–0B sample (14 μm) was significantly larger than the 254SMO–40B sample (6 μm). The oxide layer of the 254SMO–0B sample was porous, while the 254SMO–40B sample was mainly composed of dense Cr-rich oxides. According to the distribution of elements in the cross-section, the oxide layer of 254SMO–0B was divided into four layers from top to bottom: an Fe-rich oxide layer (about 5 μm, which is relatively porous), Mo-rich oxide layer (about 2 μm) on the subsurface, a Cr/Mo-rich oxide layer (about 6 μm) and a Mo-rich oxide layer (about 1 μm) adjacent substrate. Mo is enriched under the porous Fe-rich oxide layer on the surface, which is likely to cause the volatilization of the Mo. It can be seen in Figure 4 that after oxidation at 1000 °C for 3 min, Mo-rich compounds appear on the surface, and Zhang et al. proposed that the composition of the high-temperature oxide layer under the Fe-rich oxides of 654SMO also comprises Mo-rich oxides on the outer layer and Cr-rich oxides on the inner layer [11,28], which is consistent with our results. For 254SMO–40B sample, it is divided into three layers: an outer layer, a subsurface layer and an adjacent substrate. The outer layer is about 2 μm, and the main oxide layer is made of Fe-rich oxides. The oxides enriched by Fe, Cr and Ni were distributed in the subsurface layer, about 2 μm. On the adjacent substrate, forming a dense oxide dominated by Cr, about 1 μm, while the distribution of Mo-rich oxides almost disappears in the oxide layer. Compared with the 254SMO–0B sample, the Fe-rich oxide layer is thinner and the Cr-rich oxide layer is denser. The volatilization of Mo is inhibited because of the barrier of the dense Cr oxide, indicating that the addition of B is conducive to the diffusion of Cr towards the surface to form a dense oxide layer, which is similar to the effect of Y on Cr and Mo in 654SMO–0B SASSs [11]. According to the microstructure of 254SMO–0B and 254SMO–40B aged at 1000 °C for 30 min in Figure 1, the sigma phases are distributed at the GBs. In Figure 7b, the Cr and Mo in the substrate of 254SMO–40B sample are enriched at the GBs, indicating that Mo does not volatilize to the surface along the GB during the oxidation process. In contrast, after aging the 254SMO–0B sample for 30 min, there are more sigma phases at the GBs in Figure 1. From Figure 7a, it is difficult to observe the enrichment of Cr and Mo at the GBs at the substrate side of 254SMO–0B oxide/substrate interface. However, Mo is enriched in the oxide layer, forming three Mo-rich oxide layers. In Figure 3 and Figure 5, according to the EDS of oxidation surface at 900 °C and 1000 °C, there is an aggregation of Mo on the oxidation surface of 254SMO–0B and Mo volatilization occurs during the oxidation process, so it is difficult to observe the enrichment of Cr and Mo at the GBs at the substrate side of the oxide/substrate interface. The addition of B changes the structure of the oxide layer, and the formation of dense Cr-rich oxide layer hinders the migration and diffusion of Mo to the surface. The results of Figure 4b show that Mo-rich oxides appear on the surface of the 254SMO–0B sample, while the GBs of the 254SMO–40B sample are rich in Cr (Figure 4d). The addition of B is beneficial to inhibit the volatilization of Mo. However, the effect of B on the diffusion mechanism of Cr and Mo at the atomic level is unclear. In the present study, first-principle calculations were performed to investigate the influence of B on the diffusion behavior of Cr and Mo.




3.3. Diffusion Mechanism Analysis


The above results show that B has a significant inhibitory effect on Mo volatilization, the GB and surface are the most important diffusion channels. As is well known, austenitic stainless steel is a face-centered cubic crystal structure with Σ3, Σ5, Σ7, Σ9, Σ11 and other GBs [29]. Among them, Σ3 and Σ5 GBs are symmetrically inclined GBs with a unique interface structure, which are considered as representative structures of twins and general GBs. Therefore, in this work, FCC–FeCrMo(–B)(111) with a Σ3(112) GBs and FCC–FeCrMo(–B)(100) with a Σ5(210) GBs, which are not only the most representative but also account for a large proportion in austenitic steels, were selected [30,31,32], the influence of single B atom doping in two GBs on the occupancy and segregation behavior of Cr and Mo in the microstructure model were analyzed.



According to the distribution of Cr and Mo on the surface and oxide layers in Figure 5 and Figure 7, the addition of B has an obvious influence on the distribution of Cr and Mo in the surface layer and can promote the enrichment of Cr on the surface. In order to analyze the effect of B on the distribution of Cr and Mo on the twinning surface, FCC–FeCrMo(–B)(111) with a Σ3(112) GB was constructed, as shown in Figure 8. After replacing the Fe atoms on the surface and sub-surface with 16 Mo and 16 Cr atoms, the figure shows the analysis of the segregation tendency of Cr towards the surface with or without B doping. The results show that in this model, without B doping, there is a slight segregation tendency of Cr towards the surface. However, when B is inserted at the GB, B will promote the enrichment of Cr towards the surface of the GB firstly, and then towards the adjacent surface. The above calculation results show that the addition of B is indeed beneficial to the enrichment of Cr towards the surface, so the surface layer is more likely to form a dense Cr-rich oxide layer during the oxidation process of 254SMO with B doping.



Similar to Figure 8, in order to analyze the effect of B on the distribution of Cr and Mo on the general surface, FCC–FeCrMo(–B)(100) with a Σ5(210) GB was constructed, as shown in Figure 9. For this model, without B doping, Cr has no tendency to segregate towards the surface, while Mo tends to segregate towards the surface. However, when B is inserted at the GB, B promotes the enrichment of Cr to the surface, preferentially enriching towards the surface of the GB, and then enriching towards its adjacent surface. The effect of B on the Cr segregation tendency in Σ5(210) GB is greater than Σ3(112) GB. The above calculation results show that the addition of B is indeed beneficial to the enrichment of Cr towards the surface, so the surface layer is more likely to form a dense, Cr-rich oxide layer during the oxidation process of 254SMO with B doping. The results in Figure 8 and Figure 9 show that the addition of B can promote the diffusion of Cr from most GBs to the surface and enrich on the surface to form a uniform, Cr-rich oxide layer, which is also consistent with the above experimental results.



In Figure 10, further combined with the oxidation process, a layer of oxygen atoms is adsorbed on the surface of the two original structural models, analyzing the diffusion trend of Cr or Mo from the interior of the matrix to the GB, the surface of the GB and the surface with or without B doping. Similarly, B is inserted at the GB. Differently, a single Mo or Cr atom occupies 1 to 6 sites, respectively. The segregation energy at each position was calculated. The results show that, without B doping, the segregation energy of Cr to the surface is negative, indicating that it is more likely to segregate to the surface and combine with O to form Cr-rich oxides. The segregation energy of Mo to the surface is positive, indicating that Mo is not easy to segregate to the surface. In addition, with B doping, the segregation energy of Cr near B will be more negative, indicating that the addition of B will promote the segregation of Cr to the surface, while the segregation energy of Mo near B will be more positive, indicating that the addition of B will further inhibit the segregation of Mo to the surface. The above calculation results show that the addition of B can promote the enrichment of Cr on the surface, while inhibiting the enrichment of Mo to the surface, so the surface layer is more likely to form a dense, Cr-rich oxide layer during the oxidation process of 254SMO with B doping, which can inhibit the volatilization of Mo.





4. Conclusions


The present study, based on the combinations of first–principles calculations, as well as microstructural characterization, investigated the initial stages of oxidation tests of 254SMO with and without B. The main conclusions are stated in the following paragraphs.



For the 254SMO–0B sample, the oxidation of the surface is uneven, with the Mo-rich oxides on the surface causing the serious volatilization of Mo. The oxide layer is divided into four layers from top to bottom: an Fe-rich oxide layer (which is relatively porous), a Mo-rich oxide layer, a Cr/Mo-rich oxide layer and a Mo-rich oxide layer. Porous Cr/Mo-rich oxide layer can hardly prevent Mo volatilization. The Mo-rich precipitates are difficult to form at the grain boundaries of the surface, and the Mo enriched at the grain boundaries aggravates the volatilization of Mo from the surface through the Cr/Mo-rich oxide layer.



For the 254SMO–40B sample, the oxidation of the surface is uniform. The oxide layer is divided into three layers: Fe-rich oxides, Fe/Cr-rich oxides and Cr-rich oxides (which is dense). Mo is distributed at the substrate side of the oxide/substrate interface. The addition of B facilitates the diffusion of Cr to the surface and combines with O, providing conditions for the nucleation of Cr2O3. A large amount of Cr2O3 accumulates on the surface to form a dense passive film, which inhibits the diffusion of the Mo to the surface. Although Cr/Mo-rich precipitates formed at grain boundaries that are close to the surface, there is no clear evidence of distribution of Mo-rich oxides in the oxide layer. The addition of B is conducive to improving the oxidation resistance and inhibiting the volatilization of Mo.
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Figure 1. SEM morphologies of 254SMO–0B (a) and 254SMO–40B (b) samples aged at 1000 °C for 30 min. 
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Figure 2. The SEM surface morphologies of the 254SMO–0B (a–d) and 254SMO–40B (e–h) samples after oxidation at 900 °C for 3 min, 6 min, 9 min, 30 min. 
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Figure 3. The SEM surface morphologies and EDS analysis results of the 254SMO–0B (a) and 254SMO–40B (b) samples after oxidation at 900 °C for 30 min. 
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Figure 4. SEM surface morphologies of the 254SMO–0B (a,b) and 254SMO–40B (c,d) samples after oxidation at 1000 °C for 1.5 min, 3 min. (a′–d′ is the local amplification plot of the a–d). 
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Figure 5. SEM surface morphologies and EDS analysis results of 254SMO–0B (a) and 254SMO–40B (b) samples after oxidation at 1000 °C for 1.5 min. 
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Figure 6. The XRD patterns of the 254SMO–0B and 254SMO–40B samples after oxidation at 900 °C for 30 min. 
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Figure 7. SEM cross-section morphologies and EDS analysis results of 254SMO–0B (a) and 254SMO–40B (b) after oxidation at 900 °C for 30 min. 
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Figure 8. Microstructural models of FCC–FeCrMo(–B)(111) with a Σ3(112) GB and the segregation energy of Cr diffusion to the surface. 
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Figure 9. Microstructural models of FCC–FeCrMo(–B)(100) with a Σ5(210) GB and the segregation energy of Cr diffusion to the surface. 
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Figure 10. Microstructural models: the segregation energy of Cr and Mo diffusion to the surface in FCC–FeCrMo(–O–B)(111) with a Σ3(112) GB and FCC–FeCrMo(–O–B)(100) with a Σ5(210) GB. 
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Table 1. Chemical composition of 254SMO SASSs (wt.%).
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	Sample
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Cu
	N
	B
	Fe





	254SMO–0B
	0.010
	0.61
	0.43
	0.024
	0.001
	20.18
	18.00
	6.00
	0.69
	0.193
	–
	Bal.



	254SMO–40B
	0.014
	0.62
	0.94
	0.014
	0.006
	20.15
	18.11
	6.12
	0.72
	0.200
	0.004
	Bal.
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