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Abstract

:

The effects of gas nitriding temperature on the cross section morphology, element nitrogen distribution, and surface layer compositions of a cold rolled and pre-strained high manganese austenitic TWIP steel 25Mn-3Cr-3Al-0.3C-0.01N and the corresponding anti-corrosion ability have been studied. The results show that, depending on nitriding temperature, the distribution of element nitrogen and main phase compositions are significantly different in the nitriding layers. At a temperature lower than 500 °C, the main composition in the modified layer is S-phase and the nitrogen concentration linearly decreases from the surface to the center, while Fe4N forms with S-phase and a step-like distribution of nitrogen content is present at nitriding temperature of 600 °C. Caused by the increasing of modified layer thickness and the formation of S-phase and Fe4N, the surface hardness was obviously enhanced. Anodic polarization curves in 3.5 wt. % NaCl solution indicate that the nitrided processes have a tremendous modification effect on anti-corrosion ability. Moreover, the increase of (111) oriented grain, caused by the elevated nitriding temperature, has a positive effect on the corrosion resistance.
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1. Introduction


It is well known that austenitic stainless steels possess excellent corrosion resistance, but the low hardness and poor wear resistance seriously limit their applications. Thus, surface treatments have been extensively used to improve the surface quality, especially the hardness and wear resistance. As a usual method, nitriding processes containing gas and ion nitriding are widely applied to treat and modify the surface properties of ferrous materials. Unfortunately, most of the surface modification treatments fail to improve the mechanical properties without loss of corrosion resistance.



For most steels, temperature is one of the main influencing factors on the phase composition and properties of the nitrided layer. A study by Yetim et al. [1] shows that when the nitriding temperature is higher than 500 °C, caused by the formation of CrN and γ′-Fe4N, the corrosion resistance of the nitrided layer decreases. Other results [2,3] suggest that, when nitriding temperature ranges from 500 °C to 650 °C, CrN forms in the nitrided layer and increase the hardness and wear resistance of the modified layer. However, the consumption of Cr leads to chromium dilution in the matrix and results in a sharp weakening of corrosion resistance. Therefore, it has much practical significance to improve the surface hardness and wear resistance without decreasing the anti-corrosion ability during the surface nitridation treatment. Extensive studies of nitriding technology have shown that an expanded austenite metastable phase can form at a relatively low nitriding temperature (~450 °C) [4,5,6,7] and this phenomenon attracted more and more attention [8,9,10]. For conventional types of stainless steels—e.g., 316 and 304—the expanded austenite formed at 450 °C can improve the surface hardness and wear resistance without loss of corrosion resistance [6,7]. The research on this metastable phase can be traced back to 1986, first proposed as “S-phase” by Ichii et al. [11]. Marchev et al. [12,13] then identified the structure of this phase as body centered tetragonal (bct) [12] and named it “m-phase” [13]. The formation of this expanded austenite is ascribed to the presence of the nitrogen atoms in the steel surface. Rather than combining with elements in the matrix to form nitrides, the nitrogen atoms diffuse into the face-centered cubic (fcc) lattice [14,15] at lower temperatures. Thus, it is also called “N-expanded austenite” [16,17,18]. The nitrided layer with this metastable phase possesses good corrosion resistance with the hardness improved four to five times and the wear resistance enhanced by several orders of magnitude [19,20,21].



It is recognized that some specific nitriding processes could produce a nitrided layer that possess higher hardness, excellent wear, and good corrosion resistance [22,23,24]. In our previous study, we reported on a Cr-containing Fe-Mn-Al-C high manganese austenitic twinning induced plasticity (TWIP) steel showed better mechanical properties as compared with conventional stainless steels [25]. In addition, this TWIP steel possesses excellent resistance to oxidation and has potential for partially replacing austenitic stainless steels [26]. If the anti-corrosion ability of this austenitic TWIP steel is further improved, it will have wider applications. Nitriding process may lead to surface hardening so that the subsequent plastic deformation may cause surface cracking. Thus, it should be carried out as the last step in a manufacturing procedure. Hence, in this paper the effect of gas nitriding temperature on pre-strained high manganese austenitic steel Fe-25Mn-3Cr-3Al-0.3C-0.01N (in wt. pct) has been studied. The aim of this study is to research the characteristics of the nitrided layers and their effect on the anti-corrosion ability of this TWIP steel.




2. Materials and Methods


The cold-rolled steel sheets used in this study were obtained through processes same as in our previous research [26], and then annealed at 800 °C for 20 min. The chemical composition is shown in Table 1. The yield and ultimate tensile strengths of this steel sheet, measured by room-temperature uniaxial tensile test, are 313.3 MPa and 629.3 MPa, respectively, while the elongation is 44.3%. An amount of plastic deformation strained at room temperature (~20%) was exerted on the cold-rolled and annealed austenitic TWIP steel sheets prior to nitriding. As for the gas-nitriding, the chamber of the furnace containing specimens was firstly degassed and backfilled with ammonia before heating. Then it was heated up to 400–600 °C from room temperature at a rate of 6 °C/min. The nitriding experiment was conducted at 400, 500 and 600 °C for 2 h. The flow rate of the ammonia gas into the chamber of the furnace was controlled as 300 mL/min during all the nitriding processes. After that, the samples were furnace cooled to room temperature.



The cross section and surface morphology of nitrided layers was observed by a scanning electron microscopy (SEM, ZEISS Ultra 55, Zeiss, Hallbergmoos, German) equipped with electron back-scattered diffraction (EBSD). The phase composition of the nitrided layer was determined by an X-ray diffractometer (XRD, Bruker D8 Discover, Bruker, Karlsruhe, German) with Cu Kα radiation (λKα1 = 0.154056 nm and λKα2 = 0.154439 nm). The elemental distribution was analyzed by an electron probe microanalyzer (EPMA, JEOL JXA-8530F, JEOL, Tokyo, Japan) equipped with a wavelength dispersive spectrometer (WDS). Vickers hardness was measured by a universal sclerometer (KB3000BVRZ-SA, KB, Hochdorf-Assenheim, Germany) under a load of 5 kgf. The anti-corrosion ability of the steel sheets was characterized by the typical polarization curves in 3.5% NaCl solution at 25 °C through CorrTest4 electrochemical workstation (CorrTest, Wuhan, China).




3. Results and Discussion


3.1. Microstructure


The secondary electron images showing the cross section morphology of the nitrided steel sheets are provided in Figure 1. We can see from Figure 1 that when nitriding temperature is lower than 500 °C, the demarcation between the nitriding layer and the matrix is obvious. However, it is not apparent when the nitriding temperature increased to 600 °C. In addition, the thickness of the nitrided layer also depends largely on nitriding temperature. An obviously increased layer thickness was obtained with the elevated nitriding temperature. Table 2 lists the mean thicknesses of the nitriding layers of this steel sheet nitrided at various temperatures. Only a 3–4 μm nitrided layer in thickness could be obtained when nitrided at 400 °C for 2 h. While the nitriding temperature was raised to 500 °C and 600 °C, the thickness of the nitrided layers reached 10–15 μm and 40–55 μm, respectively.



Figure 2 displays the elemental composition of the steel sheets surface before and after nitriding processes. Comparison with Figure 2a,b demonstrates the diffusion of element N into the specimen surface by the variation of elemental composition when nitrided at 400–600 °C for 2 h.



Nitrogen concentration depth profiles of the nitrided specimens measured by WDX are shown in Figure 3. It is obvious that for the specimens nitrided at 400–600 °C, the concentration of nitrogen decreases in a different way from the surface to center. When the nitriding temperature is lower than 500 °C, the concentration of nitrogen in the modified layers approximately linearly decreased. When the nitriding temperature is 600 °C, a step-like distribution of nitrogen was observed. This step-like distribution was also observed in the surface modified layer of AISI 316L stainless steel plates [27,28]. In another study on plasma-sprayed AISI 316L coating [29], this step-like distribution was not found. It is because, compared with nitrogen, the solid oxides in the coating interacted with the chromium atoms more strongly. There is no oxide in the gas-nitriding modified layers of this studied steel sheet. Hence, the modified layer formed in a similar way to that of AISI 316L stainless steel plate at the nitriding temperature of 600 °C [27,28], such that chromium atoms bound to nitrogen in S-phase bring about the step-like distribution of nitrogen.



The hardness values of the nitrided sample surfaces, along with that of the as-resaved steel are listed in Table 2. After nitriding treatments, the hardness of this high-manganese austenitic TWIP steel sheet was obviously enhanced. The hardness value of the untreated steel sheet is measured as 271 HV while the after-nitriding steel sheets are 280–338 HV. Furthermore, when the nitriding temperature is 600 °C, the hardness of the modified surface is increased much more than that at temperatures lower than 500 °C.



The hardness of the modified layer depends on substrate structure, alternation of crystal lattice structure, and the phase components of the modified layers. In this study, the samples nitrided at different temperatures were received from the same steel sheet. Thus, the influence of substrate structure can be neglected. Therefore, the surface hardness depends largely on the diffusion of nitrogen atoms. It is reported that the interstitial nitrogen atoms in fcc lattice may lead to lattice distortion and form S-phase with higher hardness [30,31]. Koskinen et al. [32] reported that the broadening and shoulders around the austenite (111) peak are probably associated with the γ-N supersaturated phases. As the XRD analyses results show in Figure 4, all the three nitriding processes bring about the formation of S-phase in the nitrided layers. Moreover, when nitrided temperature was raised to 600 °C, Fe4N formed with S-phases in the nitrided layer. It is suggested that S-phase including Fe4N could be formed more frequently on a high-temperature gas-nitriding process [33]. The nitrided layer containing Fe4N + S dual phases is harder than the modified layer containing a single S-phase. The above results are associated with the increasing of surface hardness listed in Table 2.




3.2. Anti-Corrosion Properties


Figure 5 shows the typical polarization curves of the nitrided samples in 3.5 wt. % NaCl solution. As a reference, a typical polarization curve of the untreated sample is also presented under the same experimental conditions. It is obvious that with the increase of nitriding temperatures, the corrosion potentials are shifted to the positive side. The Ecorr and Icorr listed in Table 3 are obtained by using of least square method. It can be found that, after nitriding processes, the corrosion current was decreased by over two orders of magnitude from 1.9 × 10−5 A/cm2 (untreated alloy) to 5.2 × 10−7 A/cm2. This indicates that the nitriding processes enhanced the corrosion resistance of the high manganese austenitic TWIP steel. Moreover, the increase of nitriding temperatures has a positive effect on the corrosion resistance.



The grain distributions and texture orientations of the experimental steel sheets are shown in Figure 6. The EBSD observations reveal the existence of twins in both of the as-resaved and nitrited steel sheets. There is little difference in the grain size and occurrence frequency of twins in all the samples, thus the effect of grain size and twins on the corrosion resistance can be neglected. The inverse pole figure (IPF) maps indicate that a weak crystallographic texture is identified in the as-received steel sheet as shown in Figure 6a. After nitriding, the steel sheets show an obvious preferred orientation towards the {111}//ND as shown in Figure 6b–d.



Figure 7 shows the distribution of {111}//ND oriented grains that obtained by EBSD analysis and the corresponding frequency are listed in Table 3. It was reported that for the face center cubic (fcc) crystal, the (111)-oriented grain had higher energy work function [34,35] and lower surface energy [36] than other oriented grains. Through these previous works, it can be concluded that (111)-oriented grains possess higher corrosion resistance in (fcc) crystal structure. The investigation done by Song et al. [37] found that the corrosion properties of N-doped austenitic fcc structure with strong (111)-preferred orientation were superior in 3.5 wt. % NaCl. Thus, the improvement of the corrosion resistance of the nitrided steel sheets is caused by the increase of (111)-oriented grains in the surface of the studied steel.





4. Conclusions


	
The phase composition of the nitrided layers of the studied steel depends largely on the nitriding temperature. When the nitriding temperature is lower than 500 °C, the main composition of the modified layers is S-phase, while Fe4N forms with S-phase at 600 °C.



	
The anti-corrosion ability of the nitrided TWIP steel is better. Moreover, the elevated nitriding temperature has a positive effect on the anti-corrosion ability caused by the increasing of (111)-oriented grains in the surface of the nitrided steel sheets.
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Figure 1. Scanning electron microscopy (SEM) cross sectional micrograph of the high manganese TWIP steel nitrided at (a) 400 °C, (b) 500 °C, (c) 600 °C for 2 h. 
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Figure 2. Element composition in the surface of the high manganese austenitic TWIP steel sheets before being nitrided (a) and after being nitrided at different temperatures (b). 
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Figure 3. Sectional distribution of nitrogen in the high-manganese TWIP steel treated at various temperatures. 
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Figure 4. XRD pattern of the high manganese TWIP steel surface nitrided at different temperatures. 
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Figure 5. Anodic polarization curves of the high manganese TWIP steel in 3.5 wt. % NaCl solution. 
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Figure 6. Electron back-scattered diffraction (EBSD) images of (a) as-resaved and the nitrided samples: (b) 400 °C, (c) 500 °C, (d) 600 °C. 
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Figure 7. Distribution of {111}//ND oriented grains of the steel sheet (a) as-resaved and nitrided at (b) 400 °C, (c) 500 °C and (d) 600 °C. 
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Table 1. Chemical composition of the high manganese TWIP steel (in wt. %).
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Element

	
C

	
Mn

	
Cr

	
Al

	
N

	
Si

	
P

	
S

	
Fe






	
Percentage

	
0.33

	
25.9

	
2.96

	
2.83

	
0.01

	
0.27

	
0.005

	
0.008

	
Bal.
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Table 2. Dependence of the nitrided layer thickness and surface hardness on nitriding temperature.
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Sample No.

	
Nitrding Temperature (°C)

	
Modified Layer Thickness (μm)

	
Hardness (HV)






	
Untreated

	
-

	
-

	
271




	
1

	
400

	
3–4

	
280




	
2

	
500

	
10–15

	
292




	
3

	
600

	
40–55

	
338
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Table 3. Characteristic data obtained from polarization curves.
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Sample No.

	
Nitrding Temperature (°C)

	
Frequency of (111) Oriented Grains (%)

	
Ecorr (V)

	
Icorr (A/cm2)






	
0

	
-

	
38.0

	
−0.77

	
1.9 × 10−5




	
1

	
400

	
46.6

	
−0.54

	
1.8 × 10−5




	
2

	
500

	
48.7

	
−0.30

	
1.2 × 10−6




	
3

	
600

	
53.7

	
−0.21

	
5.2 × 10−7










© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).
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