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Abstract

:

Active screen plasma nitrocarburizing (ASPNC) increases the surface hardness and lifetime of austenitic stainless steel without deteriorating its corrosion resistance. Using an active screen made of carbon opens up new technological possibilities that have not been exploited to date. In this study, the effect of screen power variation without bias application on resulting concentrations of process gas species and surface modification of AISI 316L steel was studied. The concentrations of gas species (e.g., HCN, NH3, CH4, C2H2) were measured as functions of the active screen power and the feed gas composition at constant temperature using in situ infrared laser absorption spectroscopy. At constant precursor gas composition, the decrease in active screen power led to a decrease in both the concentrations of the detected molecules and the diffusion depths of nitrogen and carbon. Depending on the gas mixture, a threshold of the active screen power was found above which no changes in the expanded austenite layer thickness were measured. The use of a heating independent of the screen power offers an additional parameter for optimizing the ASPNC process in addition to changes in the feed gas composition and the bias power. In this way, an advanced process control can be established.
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1. Introduction


Surface engineering of austenitic stainless steels has become popular to improve the tribological behavior, in particular in corrosive environments [1,2]. Among the different technologies, thermochemical surface treatments, which enrich the surface layer with nitrogen and/or carbon leading to enhanced wear properties without deteriorating their excellent corrosion behavior, are of growing significance [3]. Due to the characteristic passive layer, which prevents the diffusion of elements like nitrogen and carbon, the activation of the self-passivating surface is of particular importance [4]. For austenitic stainless steels, plasma-assisted technologies like plasma nitriding (PN), plasma carburizing (PC), or plasma nitrocarburizing (PNC) have proven to be useful for both in situ sputtering of the passive layer and providing nitrogen and/or carbon for diffusion [5,6].



In order to avoid the formation of chromium nitride and carbide phases, which are detrimental to the corrosion resistance of the material, thermochemical treatments are typically performed as low temperature processes [2,7]. Thereby, a layer of metastable supersaturated solid solution, the expanded austenite or S-phase, with nitrogen concentrations up to approximately 30 at.% and carbon concentrations up to 8–10 at.%, is formed [7]. It is agreed today that both nitrogen and carbon occupy the lattice gaps at chromium atoms in a favorable energetic state [8]. In the case of PNC, a dual layer is formed consisting of a nitrogen expanded austenite (γN) layer at the surface and an inner carbon expanded austenite (γC) layer at a diffusion depth of some micrometers. This layer structure combines the high surface hardness resulting from the incorporation of nitrogen and the smooth hardness gradient of the layer/substrate interface due to the carbon diffusion [7].



To facilitate an active screen plasma nitrocarburizing (ASPNC) process, a pulsed dc glow discharge can be set-up between the grounded reactor wall and a cathodically charged metallic mesh, the active screen (AS), surrounding the components to be treated [9,10]. The ASPNC technology is also known as nitrocarburizing in the afterglow, as the workload is placed downstream to the primary discharge and is itself on a floating potential or on a weak cathodic bias [11,12]. This way, the flowing afterglow transports energetic molecules and ions from the active plasma zone to the diffusion interface. The afterglow gas consists mainly of neutral species [13]. In previous studies, the efficiency of the ASPNC treatment was much increased by substitution of the conventional steel AS by an AS made of carbon fiber-reinforced carbon (CFC) [14,15]. As the carbon is sputtered by the active discharge, it also serves as a chemical source for the process thus eliminating the requirement of carbon-containing gaseous admixtures.



By use of high-resolution infrared laser absorption spectroscopy (IRLAS), such as quantum cascade laser absorption spectroscopy (QCLAS), quantitative analysis of the gas composition can be conducted [16,17,18]. Previous studies by IRLAS have shown that the use of an AS made of CFC in an ASPNC reactor together with N2 and H2 as precursor gases results in a highly reactive process gas containing different saturated (CH4, C2H6,) and unsaturated hydrocarbons (C2H2, C2H4), radicals (CH3), ammonia (NH3), cyanides (HCN, C2N2), and carbon monoxide (CO) [19]. By the variation of the process parameters (e.g., flow rate, N2-to-H2 ratio in the precursor gas, and pressure), the concentrations of reactive species can be changed [20]. It is assumed that the formation of volatile hydrocarbons by chemical sputtering of the carbon cathode [21,22] is a key aspect in the production of increased concentrations of HCN and C2H2 in the afterglow, which are up to two orders of magnitude higher compared to the use of a steel screen with gaseous carbon admixture [23]. This is of particular interest, as unsaturated hydrocarbons like HCN and C2H2 are known to activate the surface of stainless steels [24,25,26]. Additionally, they provide carbon and nitrogen to build up nitride layers on ferrous materials. However, as established for steel AS, the cathodic biasing of the workload is still required to achieve a reasonable nitriding result [27,28].



Using IRLAS measurements in a model reactor for ASPNC processes, Puth et al. [19] showed that the production rate of reactive species can be controlled not only by the composition of the precursor gas but, in particular, also by the screen power. By monitoring the absolute concentrations of reactive species, they showed the dependence of the concentrations of reactive species on the screen power applied to a perforated CFC plate. It was reported that the concentrations of hydrocarbons (e.g., C2H2 and HCN) are monotonously increasing with the screen power, whereas the concentration of NH3 remains approximately constant. This resulted in HCN overtaking NH3 as the predominant species at high values of plasma power. The process gas generated by the pulsed dc discharge with a carbon cathode led to a reasonable nitrocarburizing result for austenitic stainless steels even without applying an additional bias plasma at the components [15].



In an industrial-scale reactor, the effect of the precursor gas composition at a constant bias power [29] and variations of the bias at a fixed gas composition [30] on AISI 316L steel have been investigated. It was found that the thickness ratios of γN to γC can be modified by the variation of the ratio of the N2–H2 feed gas composition. Conversely, the level of bias power does not strongly affect the layer properties when a carbon AS was used. Nevertheless, the influence of varying concentrations of reactive gas species on the steel case is insufficiently known yet.



In this work, the effect of a varying carbon AS power at different nitrogen-to-hydrogen ratios (N2:H2) on the unbiased ASPNC-treated austenitic stainless steel AISI 316L was investigated. The results of the nitrocarburizing treatments performed in the present work, such as the maximum concentrations and diffusion depths of nitrogen and carbon in the expanded austenite, the phase composition determined by XRD and Knoop hardness-depth profiles of the generated surface layers are correlated with the process plasma parameters and the resulting gas species composition measured by IRLAS.




2. Materials and Methods


A commercially available austenitic stainless steel AISI 316L (chemical composition in wt.%: C0.05, Cr16.98, Ni11.39, Mo1.92, Mn1.54, Si0.33, and Fe balance [29]) was used for the investigations. Specimens of 20 mm in diameter and 4.5 mm in thickness machined from a cylindrical bar were wet ground up to a 800 SiC paper grid. After machining, all samples were cleaned with ethanol.



The ASPNC experiments were performed in an industrial-scale ASPNC system (Figure 1) with a reactor volume of approximately 1 m3 [17]. An AS made of CFC 800 mm in diameter, 750 mm in height, and with a total surface area of 4.4 m2 was placed in the reactor surrounding the workload. The pulsed dc plasma at the AS was operated at 500 Hz and a 60% duty cycle using a power supply providing up to 15 kW.



The ASPNC was performed in a cold wall reactor in which the temperature at the thermocouples was the controlling element for the screen power. Glow discharge at the CFC AS generated the required energy by thermal radiation to obtain the desired treatment temperature at the substrate. However, under the same treatment conditions inside the reactor, the same treatment atmosphere or concentration of reactive species were created, respectively [31]. Changes were only present by varying the process parameters such as gas composition, flow rate, bias power or treatment temperature. In order to decouple heating and chemical reactions at the AS, an additional adjustable independent heating source was installed at the worktable (Figure 1). This heating device was based on the ohmic heating of coiled tungsten and was supplied with a set power. All samples, including the thermocouples, for which the process temperature was controlled, were heated by the additional heating device.



The treatment process started by evacuating the chamber down to 80 Pa. Next, the desired nitrogen–hydrogen feed gas mixture (varying between 1:9 and 9:1) was introduced at a total flow rate of 60 slh. Different power levels of the ohmic heater between 0 and 400 W were applied (Table 1).



The heating phase was conducted at a pressure of 160 Pa with an AS power of approximately 6 to 8 kW, depending on the power level of the ohmic heater, until the sample temperature reached 713 K. Subsequently, the pressure was set to 300 Pa and the flow rate of the feed gas mixture was set to 80 slh. Finally, the process temperature reached 733 K and the specimens were treated for 5 h at floating potential, i.e., without application of an additional bias voltage at the specimens. After the treatment, the ohmic heater and the plasma were turned off and the reactor cooled down to room temperature using pure hydrogen at 160 Pa and 20 slh. The electrical parameters of the resulting AS glow discharge (PScreen, UScreen, IScreen) recorded during all treatments are summarized in Table 1. The power control system was designed to industrial standards, to adapt and stabilize the electrical parameters to changing values of gas flow, pressure, and composition. Due to the intricate power regulation, the system does not permit the setting of voltage or current values to a specific value.



After the process, the weight loss Δm of the carbon screen was measured in order to determine the carbon consumption of the screen during the process. For the carbon consumption (ECC), according to Equation (1), the weight loss of the screen Δm, average screen power (Pscreen), and process time (tprocess), being the time of plasma discharge at the carbon screen (tprocess = tnitriding = 5 h), were considered. Additionally, the carbon consumption was determined spectroscopically by IRLAS (method described in Reference [20]).


   E  C C   =   Δ m    P  S c r e e n   ·  t  p r o c e s s      



(1)







Cross-sections of all treated samples were metallographically prepared and etched with Beraha II etchant. In order to determine the thickness and homogeneity of the generated expanded austenite layer, an optical microscope Carl Zeiss Neophot 30 equipped with a JVC TK C1381 CCD (charge-coupled device) camera and the Image C/A4i-Analysis software was used. In addition, the appearance of CrN precipitates was evaluated.



Microhardness–depth profile measurements were performed with a LECO M-400G3 equipped with a Knoop micro indenter applying a load of 10 g.



Structural analysis was conducted by X-ray diffraction (XRD) with Co-Kα radiation using a SEIFERT-FPM URD6 (SEIFERT-FPM) diffractometer. A conventional θ–2θ Bragg–Brentano symmetric configuration with a scanning angle from 20 to 150° and a scanning rate of 0.01°/min was used. The high penetration depth of the Co-Kα radiation allowed the phase analysis of the entire expanded austenite layer. Furthermore, the concentration–depth profiles of nitrogen and carbon within the expanded austenite layer were analyzed using glow discharge optical emission spectroscopy (GDOES) on a LECO SDP 750 spectrometer.



In previous studies conducted at a similar setup, CH4, C2H2, HCN, and NH3 were found to be the predominant species in an ASPNC plasma [19,29]. Accordingly, the column-averaged absolute concentrations of the four species were monitored using two spectral windows of an infrared external-cavity quantum cascade laser (EC-QCL) at approximately 1356.3 and 1387.8 cm−1. The high output power of the laser sources enabled the simultaneous recording of the measurement, reference, and etalon signals using beam splitters. Further information on the interrogated spectral line positions, line intensity, and estimated limit of detection is provided in Table 2, based on the HITRAN (High Resolution Transmission) database [32]. In turn, the absolute concentrations of CH4, C2H2, HCN, and NH3 were measured as function of plasma power at the AS for different feed gas mixing ratio of N2:H2.




3. Results


3.1. Influence of an Ohmic Heater


Based on the power dependency of the species concentrations, the electrical parameters during the experiments must be considered. Averages of all electrical parameters of the experiments are given in Table 1. Under the experimental conditions given, the screen power decreased linearly by 650 ± 60 W at 100 W additional heating power of the ohmic heater. Without using the ohmic heating element, a reference value of 6.5 kW was determined for the N2:H2 gas composition of 1:1 (Table 1). By using the ohmic heater it was possible to reduce the screen power to values up to 3.3 kW. As can be seen in Table 1, the N2–H2 feed gas mixture had a significant influence on the resulting screen power. In the case of excess nitrogen in the N2–H2 gas mixture, a lower screen power was required to maintain the process temperature of 733 K. According to a previous study, a difference in AS power resulting from the composition of the N2–H2 feed gas corresponded to a significant change in the concentration of reactive species in the resulting process gas [29].



After the process, loss of screen material resulting from the chemical sputtering at the carbon surface was measured. Figure 2 shows the carbon mass loss of the screen material as well as the calculated carbon consumption determined by the balance and by the spectroscopic data for a N2:H2 gas mixture of 1:1.



After the process, a reduction in the screen weight was observed, due to the plasma–chemical reactions and sputtering during the treatment. A dependency of the carbon erosion on the screen power can be assumed from the observations shown in Figure 2. It is evident that by changing the screen power, the carbon loss can be controlled. At a low screen power level of 3.8 kW, the total carbon loss was only 12 g after 5 h treatment process. In contrast, with increasing screen power, the total carbon loss increased up to 33 g at 6.5 kW. The calculation by normalizing the carbon loss shows that for 4.4, 5.1, and 6.5 kW, the carbon consumption was approximately 1 g·kW−1·h−1. By reducing the plasma power to 3.8 kW, the carbon consumption was reduced to 0.6 g kW−1 h−1. In situ determination of the carbon consumption by IRLAS provided significantly lower values for all screen powers from 0.5 g kW−1 h−1 at 3.8 kW, 0.6 g kW−1 h−1 at 4.4 kW, and approximately 0.7 g kW−1 h−1 at 5.1 and 6.5 kW. Considering both measurement methods, a flattening toward a borderline value was observed, indicating a saturation of the carbon consumption. However, the absolute values for the screen weight measurement were significantly higher since carbon was already eroded during the heating phase which cannot be deducted.




3.2. Spectroscopic Results


In Figure 3, the spectroscopic results using IRLAS are presented. For the species HCN, NH3, C2H2, and CH4, the mole fractions in dependence of the screen power for the gas compositions N2:H2 = 1:9, 1:3, 1:1, 3:1, and 9:1 are shown.



As already observed by Puth et al. [19] in a model reactor the four species with the highest concentrations (i.e,. HCN, NH3, C2H2, and CH4) produced at the AS showed a dependency on the screen power. Cyanide (HCN) and NH3 were the two species with the highest mole fractions for all detected gas compositions; however, the dependencies of their concentrations on the screen power were noticeably different. Whereas the mole fraction of HCN rose by increasing the screen power, NH3 decreased slightly. Therefore, for a low screen power, NH3 is the species with the highest concentration. From a certain nitrogen-dependent threshold of screen power, HCN had the highest fraction. Acetylene (C2H2) increased similar to HCN, but the absolute concentration was nearly an order of magnitude lower. For CH4, no clear trend was visible; however, by increasing the nitrogen content in the feed gas, CH4 decreased significantly since less hydrogen was available for the formation. In addition, for N2:H2 = 3:1 and 9:1, the CH4 concentration was too low and could not be determined. For all species except CH4, the highest concentrations were obtained for N2:H2 = 1:1, whereas the lowest was for N2:H2 = 1:9.




3.3. Layer Formation


The influence of the screen power variation on the resulting surface layer modification generated on 316L stainless steel is discussed using the example of an N2–H2 gas composition of 1:1 exhibiting the highest concentrations of reactive species. In Figure 4, micrographs of the resulting surface layers in dependence on the screen power are presented.



Independent of the screen power, a covering duplex expanded the austenite surface layer developed consisting of a nitrogen expanded austenite (γN) at the surface and an inner carbon expanded austenite (γC) indicated in Figure 4. From the micrographic pictures, the layer thicknesses were subsequently derived and are presented in Figure 5.



Dual layers of expanded austenite of up to 18 µm in thickness were produced. Above power values of 4.4 kW for N2:H2 = 1:1, no substantial changes in both layer thickness and ratios of γN to γC occurred. Thus, the layer thicknesses of γN and γC were comparable for all conditions. In all cases, γC was slightly thicker than γN. For 3.8 kW, a significant reduction in both the layer thickness and nitriding and carburizing potential was observed, and the standard deviation rose in particular for γN.



The concentration–depth profiles of N and C as determined by GDOES are given in Figure 6 for the gas composition N2:H2 = 1:1 at different screen powers.



The specimens revealed a power dependence for the carbon and nitrogen distributions within the expanded austenite. At 3.8 kW, the maximum content of nitrogen was up to 22 at.%, and the maximum carbon content was up to approximately 5 at.%. A major increase both in nitrogen and carbon concentrations were observed at 4.4 kW screen power, at which the incorporation of nitrogen reached up to 27 at.% and for carbon up to 8 at.%. Thus, both the nitriding and the carburizing potential increased. A further increase in screen power up to 5.1 kW did not significantly affect the carbon and nitrogen distributions (Figure 6); however, at 6.5 kW the maximum content of nitrogen increased to 34 at.%, while the maximum content of carbon increased to 9 at.%. Additionally, the diffusion depth of nitrogen (11 μm) and carbon (approximately 24 μm) enlarged.



The concentration–depth profiles indicated that the shallow surface zone was not a pure nitrogen expanded austenite but a mixture of nitrogen and carbon expanded austenite (up to 2 at.% carbon) as already reported by Dalke et al. [29]. In all cases, at least 1.5 at.% carbon was solved in the γN layer. Conversely, no nitrogen could be detected in the γC layer by means of GDOES.



Figure 7 shows the Co-Kα X-ray diffraction profiles of the untreated substrate and the ASPNC treated specimens for N2:H2 = 1:1.



The diffraction profile of the base material (AISI 316L) showed defined and sharp peaks for γ(111) at approximately 51° and γ(200) at approximately 60°. After treatment, the austenite peak positions shifted to lower angles as a result of the lattice expansion. Due to the thickness of the expanded austenite layers, the base material was not detectable. Typically, the expansion is larger for γ(200) than for γ(111) because of the crystallographic anisotropy [37]. After the ASPNC treatment at 3.8 kW, a peak splitting was detected due to the formation of the dual layer made of γN (49.3°) and γC (50.0°) with different lattice parameters. Thereby, the level of expansion turned out to be larger for γN. The layer thicknesses of γN are considerably lower compared to the penetration depth of the radiation. Thus, a distinct and shifted dual peak was detected since γC was also detected. Additionally, for all peaks shown in Figure 7, broadening occurred which can be attributed to micro-strains and the element–depth concentration profiles. An increase in the screen power to 4.4 kW increased the concentration of nitrogen and carbon inside the expanded austenite (Figure 6). As a result, atomic spacing increased and a further lattice expansion for both γN (48.8°) and γC (49.5°) occurred, resulting in a peak shift to lower angles. Furthermore, the intensity of γN increased, which can be attributed to the thicker γN layer and lower detected volume of γC. Therefore, the intensity of γC decreased correspondingly. Another increase in the screen power to 5.1 kW did not change the diffraction profile significantly. The γN(200) and γC(200) peaks showed similar behavior compared to the condition of the 4.4 kW screen power. However, the peak splitting for the (200) peak profile was significantly larger than in the case of the (111) peak profiles. At 6.5 kW, the absolute concentration of nitrogen inside the expanded austenite increased. Thus, the (111) and (200) peaks of γN were further shifted and broadened while γC(200) was not strongly affected. Additionally, CrN can be detected at 6.5 kW which is not visible in the cross-section (Figure 4).



Figure 8 shows the resulting hardness-depth profiles in dependence of the AS power.



After ASPNC, a typical smooth hardness gradient resulted. In the case of the lowest level of screen power (Pscreen = 3.8 kW), the hardness profile significantly deviated from the other profiles, as the measured hardness was lower for the full range of diffusion depth. A maximum hardness of 1150 HK0.01 was observed. Due to the higher nitrogen content inside γN, maximum hardness values of approximately 1200–1300 HK0.01 were obtained for screen power levels at and above 4.4 kW. At high screen power levels, in the range of γN, a hardness plateau was measured up to a depth of 6 µm which subsequently declines toward the base material analogously to the carbon concentration decrease (Figure 6). A reduction in hardness occurred in the transition zone between γN and γC and can be related to decreasing nitrogen contents. Although treatment at 4.4 and 5.1 kW yielded nearly identical γN hardness values as well as nitrogen and carbon distributions, higher hardness values inside γC were obtained for the 4.4 kW screen power. A further increase to 6.5 kW led to a higher maximum hardness of 1400 HK0.01, which can be attributed to higher nitrogen concentrations and the formation of CrN. Additionally, a hardness plateau like for the other powers was not visible which might be attributed to the formation of CrN at the first few micrometers. The subsequent hardness decline toward the base material was not strongly affected; however, the hardness values were slightly higher.




3.4. Influence of the Feed Gas Composition


As presented in Section 3.2., the absolute concentrations of reactive species depend both on the screen power and on the feed gas composition. Accordingly, in this section, the influence of the N2–H2 gas composition on the layer formation will be discussed. To obtain the effect of only the gas composition, experiments with similar screen powers are compared.



Figure 9 shows the concentration–depth profiles for N2:H2 = 1:9 (5.0 kW), N2:H2 = 1:1 (5.1 kW), and N2:H2 = 9:1 (4.5 kW). As described in Section 3.3., approximately 2 at.% carbon can be found inside γN, independent of the gas composition. However, both the concentrations of nitrogen and carbon inside the expanded austenite layer differed for the different feed gas compositions. For N2:H2 = 1:1, the highest amounts of nitrogen and carbon diffused inside the material. In the case of N2:H2 = 1:9 and N2:H2 = 9:1, lower masses of nitrogen and carbon were dissolved; however, the maximum nitrogen concentrations at the surface were slightly higher. The shapes of the profiles, however, are nearly identical which can be explained by the nearly identical gas compositions of the resulting process gas (Figure 3).



Figure 10 shows the X-ray diffraction profile of the specimens treated at N2:H2 = 1:9, 1:1, and 9:1.



Like in all specimens, the peaks shifted to lower angles and peak splitting occurred. For N2:H2 = 1:1, the peaks shifted to the lowest angle due to the higher amount of nitrogen solved in the expanded austenite layer. For both N2:H2 = 1:9 and 9:1, the peak shift was lower compared to N2:H2 = 1:1. The differences between the gas compositions N2:H2 = 1:9 and 9:1 are relatively small. CrN formation was evidenced for N2:H2 = 9:1; however, we cannot estimate why it only occurred for this particular case. How gas composition and screen power affect CrN formation will be the subject of a future work.



Microhardness–depth profiles measured on the cross-sections are presented in Figure 11. Analogously to the X-ray diffraction and GDOES profiles, it can be seen that the maximum hardness of approximately 1200–1300 HK0.01 was achieved for the gas composition N2:H2 = 1:1. For N2:H2 = 1:9 and 9:1, the maximum hardness was measured a few micrometers below the surface in γN and was significantly lower at 1100 HK0.01. Additionally, the hardness–depth profiles were equal within the measuring uncertainty and were consistent with the X-ray diffraction and GDOES analyses.





4. Discussion


The application of an AS made of CFC opens up new possibilities for the surface hardening of stainless steels. As a result of the interaction of the plasma-activated carbon surface of the AS with different N2–H2 feed gas mixtures, a resulting process gas consisting of several reaction products was produced. By chemical sputtering, much higher concentrations of carbon-bearing reactive species are created compared to a steel screen [23].



As already reported by Puth et al. [19] for model reactor conditions, the production rate of reactive species formed at a solid carbon source depends on both screen power and feed gas composition. The reported results are consistent with the spectroscopic results that were obtained for an industrial-scale reactor in the present study. For the selected feed gas compositions, by increasing the screen power the concentrations of carbon bearing species HCN and C2H2, except CH4, increase, while NH3 decreases. Therefore, from a certain screen power level HCN becomes the predominant species. The highest concentrations of reactive species (i.e., HCN, NH3, C2H2) were produced for a feed gas composition of N2:H2 = 1:1, whereas the lowest concentrations were obtained for excess nitrogen or excess hydrogen (N2:H2 = 1:9 and 9:1), respectively.



As reported by Lebrun [38] in a patent application, HCN and C2H2 in sufficiently high concentrations can reduce the chromium oxide passive layers on stainless steels thus enabling the intake of carbon and nitrogen. This was confirmed by the present study due to the formation of expanded austenite surface layers generated even without adjusting an additional bias plasma discharge on specimens made of austenitic stainless steel AISI 316L (Figure 4).



In order to study the effect of reactive species, the austenitic stainless steel 316L was treated under different conditions with regards to AS power and feed gas composition. Independent of the gas composition and screen power, an expanded austenite was formed that covered the surface completely. Maximum nitrogen concentrations of up to 30 at.%, and maximum carbon concentrations within the carbon expanded austenite layer of up to 8 at.% were created. Thus, a high lattice expansion and resulting beneficial layer properties of a high surface hardness and smooth hardness–depth profiles resulted. The high carburizing potential led to high carbon contents inside the expanded austenite. In all specimens, a carbon content of approximately 2 at.% within the zone of the expanded nitrogen austenite was detected.



Diffusion of both nitrogen and carbon leads to the occupation of energetically favorable octahedral trapping sites near chromium atoms and the formation of a thermodynamically driven distinctive dual layer made of an outer γN and subjacent γC [39]. However, the strong energetic bond of chromium and nitrogen explains only the presence of significantly lower nitrogen contents (Cr:N ≈ 1:1). For higher concentrations, nitrogen is present in a further, higher energetic state. The presence of carbon in lattice gaps inside γN can be explained by the diffusion from the surface through the nitrogen expanded austenite γN to the carbon expanded austenite γC below. Besides nitrogen, carbon contributes to the hardness increase of γN.



Nevertheless, the material properties and layer homogeneity varied depending on the screen power and feed gas composition. For the investigated conditions, dual layers of expanded austenite with thicknesses up to 18 µm were generated. This is assumed to be the maximum at the given time and temperature and limited by the substrate-dependent diffusion rate. Furthermore, the layer thickness of γN and γC was almost equal, which is characteristic for nitrocarburizing in an afterglow condition when using a carbon AS. The γN reached up to 8 µm, whereas γC reached up to 10 µm thickness. If the power dropped below a feed-gas depended threshold value, a significant reduction of both nitrogen and carbon contents inside the expanded austenite occurred. As a result, the total layer thickness was reduced.



By changing the screen power and feed gas composition, different hardness–depth profiles and layer hardness values were produced. Above a certain screen power, hardness plateaus inside γN up to approximately 1300 HK0.01 and 6 μm depth were generated and were supported by the graduated and softer γC. A further increase in the screen power led to higher hardness values of 1400 HK0.01; however, this was associated with the formation of undesired CrN. A declining screen power impedes the formation of hardness plateaus and reduces the hardness inside both γN and γC. Therefore, a lower threshold screen power is recommended to generate the highest possible layer thickness of expanded austenite with sufficient hardness properties.



Based on the expanded austenite formation it was evident that by increasing the screen power both the nitriding and the carburizing potential increase. Both are connected to each other. Due to the fact that only two nitrogen-bearing species in notable concentrations were available, and the NH3 concentration decreased while the nitrogen concentration inside the expanded austenite increased, it is to be expected that HCN had a main impact on nitrogen uptake. Additionally, it is assumed that HCN provides a large proportion of the carbon uptake. What impact other species like NH3 or C2H2 have on the results of nitrocarburizing cannot be conclusively assessed at this point but will be part of further investigations. However, to obtain a satisfactory material result, including a homogeneous and thick expanded austenite layer for the austenitic stainless steel AISI 316L, a minimal concentration of HCN in the process gas is recommended. The present study found that the minimal concentration of 1.5 × 1015 molecules cm−3 can produce nitrocarburized layers of sufficient quality. By reducing the HCN concentration below this value by decreasing the screen power, both thickness reduction and inhomogeneity were observed. Exceeding the plasma power required for this concentration may result in slightly improved surface layers; however, CrN formation and a higher carbon loss are the result and, thus, a lower life time of the carbon AS. Comparing different gas compositions at a fixed screen power, the highest concentration of HCN is obtained for N2:H2 = 1:1. Therefore, the highest amount of nitrogen and carbon is solved inside the surface layer compared to N2:H2 = 1:9 and 9:1. As a result, the hardest layer and highest lattice expansion is generated for N2:H2 = 1:1. To obtain a similar minimum concentration of 1.5 × 1015 molecules cm−3 the resulting screen power for other gas compositions, such as N2:H2 = 1:9 and 9:1, would have to be significantly higher.



The present results thus show that a stable process with significant stability in terms of process parameters can be set using a CFC AS. The analysis of the process gas by IRLAS helped to control the set conditions. The use of a heating independent of the screen power provided an additional parameter to optimize the process of ASPNC, in addition to changes of the feed gas composition and bias power [30]. By this way, a new system with a process control is a reasonable next step of future work.




5. Conclusions


In the present study, the effect of screen power variation during ASPNC without adjustment of an additional bias on the austenitic stainless steel AISI 316L samples was investigated. The concentrations of the gas species generated at the carbon screen, HCN, NH3, CH4, and C2H2, showed dependencies on power. By increasing the screen power, the concentrations of carbon-bearing species increased, while the concentration of NH3 decreased. The highest concentration of species (HCN, NH3 and C2H2) was generated for N2:H2 = 1:1.



It was shown that the produced reactive afterglow with high concentrations of HCN and C2H2 was able to activate the surface of stainless steels. Further, the treatment resulted in a dual layer of expanded austenite with a thickness of up to 18 µm and a maximum hardness of up to 1400 HK0.01. The thicknesses of the nitrogen-expanded austenite layer and carbon-expanded austenite layer were comparable. Based on the presented results HCN is expected to be the most important species for the nitrogen uptake.



A gas mixture dependent threshold of the power of the AS was found above which no significant changes in the layer thickness are measured. Below, the decrease in AS power led to a decrease in the diffusion depths of nitrogen and carbon. The use of an additional bias plasma is not required which opens up new possibilities for plasma-assisted bulk material treatments of austenitic stainless steels.
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Figure 1. Schematic illustration of the experimental setup of active screen plasma nitrocarburizing (ASPNC) reactor and newly introduced ohmic heater. 
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Figure 2. Carbon mass loss (Δm, black) and carbon consumption (ECC) determined after the process by the balance (ECC bal., red) and by spectroscopic data (ECC spectr., green) of the screen material in dependence of the resulting screen power for a gas composition of N2:H2 = 1:1, 5 h treatment time. 
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Figure 3. Mole fractions of (a) cyanide (HCN), (b) NH3, (c) C2H2, and (d) CH4 in dependence of the screen power for different N2–H2 gas compositions. 
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Figure 4. Resulting duplex layer formation for (a) 6.5 kW, (b) 5.1 kW, (c) 4.4 kW, and (d) 3.8 kW using a gas composition of N2:H2 = 1:1; T = 733 K; t = 5 h; etchant: Beraha II reagent. 
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Figure 5. Layer thicknesses γN and γC and total layer thickness γN+C as a function of the screen power for N2:H2 = 1:1, T = 733 K, and t = 5 h measured on cross-sections. 
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Figure 6. GDOES (glow discharge optical emission spectroscopy) concentration–depth profiles for nitrogen (left axis, black) and carbon (right axis, red) for the plasma power values at the active screen (AS) of (a) 6.5 kW, (b) 5.1 kW, (c) 4.4 kW, (d) 3.8 kW for N2:H2 = 1:1; T = 733 K; t = 5 h. 
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Figure 7. X-ray diffraction profiles as function of the screen power for N2:H2 = 1:1; T = 733 K; t = 5 h. 
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Figure 8. Microhardness–depth profiles for three different screen powers for N2:H2 = 1:1; T = 733 K; t = 5 h. The lines are a guide for the eye. 
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Figure 9. GDOES concentration–depth profiles of nitrogen (left axis, black) and carbon (right axis, red) for three feed gas compositions of (a) N2:H2 = 1:9, (b) 1:1, (c) 9:1 at a fixed screen power of approximately 5 kW, T = 733 K; t = 5 h. 






Figure 9. GDOES concentration–depth profiles of nitrogen (left axis, black) and carbon (right axis, red) for three feed gas compositions of (a) N2:H2 = 1:9, (b) 1:1, (c) 9:1 at a fixed screen power of approximately 5 kW, T = 733 K; t = 5 h.
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Figure 10. X-ray diffraction profiles for three feed gas compositions at a fixed screen power of approximately 5 kW, T = 733 K; t = 5 h. 
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Figure 11. Microhardness–depth profiles for three different gas compositions at a screen power of approximately 5 kW; T = 733 K; t = 5 h. The lines are a guide for the eye. 
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Table 1. Average electrical parameters for ASPNC experiments for material treatment and spectroscopic measurements.
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	N2:H2
	PHeater (W)
	PScreen (kW)
	UScreen (V)
	IScreen (A)





	1:9
	0
	8.0
	342
	23.2



	1:9
	100
	7.2
	335
	22.5



	1:9
	200
	6.4
	322
	19.8



	1:9
	300
	5.6
	313
	18.0



	1:9
	400
	5.0
	303
	16.3



	1:3
	0
	7.3
	328
	22.2



	1:3
	100
	6.5
	322
	20.3



	1:3
	200
	5.7
	314
	18.2



	1:3
	300
	5.0
	306
	16.3



	1:3
	400
	4.4
	298
	14.7



	1:1
	0
	6.5
	301
	21.5



	1:1
	100
	5.8
	293
	19.9



	1:1
	200
	5.1
	288
	17.6



	1:1
	300
	4.4
	281
	15.6



	1:1
	400
	3.8
	275
	13.9



	3:1
	0
	6.1
	280
	21.7



	3:1
	100
	5.4
	275
	19.6



	3:1
	200
	4.7
	269
	17.6



	3:1
	300
	4.1
	262
	15.7



	3:1
	400
	3.4
	256
	13.5



	9:1
	0
	6.0
	280
	21.2



	9:1
	100
	5.3
	274
	19.3



	9:1
	200
	4.5
	267
	16.9



	9:1
	300
	4.0
	261
	15.2



	9:1
	400
	3.3
	254
	13.1
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Table 2. Monitored species and their respective spectral positions, absorption line strengths at room temperature, and estimated limits of detection.
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	Species
	Position

(cm−1)
	Line Strength

(cm−1/(Molecule cm−2))
	Limit of Detection

(Molecule cm−3)
	Reference





	CH4
	1356.4868
	1.784 × 10−20
	2 × 1013
	[33]



	CH4
	1356.5974
	1.190 × 10−20
	2 × 1013
	[33]



	C2H2
	1356.8554
	1.301 × 10−19
	1 × 1012
	[34]



	HCN
	1356.7088
	1.307 × 10−21
	2 × 1013
	[35]



	HCN
	1388.1818
	4.621 × 10−20
	5 × 1012
	[35]



	NH3
	1388.0552
	2.726 × 10−22
	2 × 1014
	[36]
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