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ABSTRACT
The present paper reports experimental results on sintered PIM 316L stainless steel low-temperature plasma nitriding kinetics. Nitriding treatments were carried out at temperatures of 350, 380, 410 and 440ºC and for times of 4, 8 and 12 h, using a gas mixture composed by 60% N2 + 20 % H2 + 20%Ar, at a gas flow rate of                5.00 × 10-6 Nm3s−1. The peak voltage and the pulse period of the pulsed DC power supply were kept constant at 700 V and 240 s, respectively. The treated samples were characterized by optical microscopy, X-ray diffractometry and microhardness measurements. Results indicate that low-temperature plasma nitriding is a diffusion controlled process. The calculated activation energy for nitrided layer growth was 111.4 kJmol-1. An apparently precipitation-free layer can be produced on the processing conditions employed in this study.
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INTRODUCTION
In the last few years, plasma surface treatments have been widely used in industrial applications, being extensively employee for the surface treatment of powder metallurgy components, mainly in the automotive sector 1-6. 

The porosity and the pore size have a significant effect on powder metallurgy materials properties 2,7,10. As a consequence, sintered components are more susceptible to wear, corrosion and fatigue compared to full dense parts 4,5. Aiming to minimize the detrimental effects of the pores on the properties of sintered steels, surface treatments such as nitriding are commonly used in order to seal the surface porosity of sintered parts. For this purpose, the application of plasma assisted technology has some advantages over conventional processes, such as gas or salt bath nitriding 2. In fact, the conventional process of salt bath nitriding does not fit to sintered materials, owing to the materials porosity. After salt bath treatment, a thorough cleaning of the sintered part is necessary to avoid corrosion and abrasive wear caused by the salt remaining into the pores of the material 1,2,4,5,8.  During gas nitriding treatment, the gas, favored by the presence of surface connected pores, penetrates into the material bulk causing an excessive hardening penetration, so that the sintered component becomes brittle 1,2,8. On the other side, the plasma nitriding reduces the influence of pores on the characteristic of the modified layer, producing samples which present a better control of hardness and case depth 1,2,5,9. 

From the discovery of the expanded austenite, also called as S phase, in the mid of 1980 11, nitriding of wrought and sintered austenitic stainless steels using the low temperature plasma nitriding technology, has been extensively studied and won swiftly acceptance in various industry sectors. The interest in nitrogen expanded austenite (N) is due primarily to the significant improvement in hardness and tribological properties 12, combined with excellent corrosion resistance 11. Due to this attractive combination of properties, expanded austenite has been recognized as one the most significant recent developments in stainless steels 13.
Aiming to improve the knowledge on the low-temperature plasma nitriding of sintered PIM 316L austenitic stainless steel, the effect of nitriding temperature and time on the kinetics of nitrided layer growth was investigated, being the results presented and discussed in this paper.
EXPERIMENTAL PROCEDURE
Parallelepiped sample of 10.5 × 50.0 × 3.5 mm from AISI 316L austenitic stainless steel (17% Cr, 13.5% Ni, 2.5% Mo, < 2% Mn, < 1% Si, < 0.04% C, and Fe balance, in wt.%), was obtained as pre-alloyed powders (70% water atomized powder with average particle size of 10 m, and 30% gas atomized powder with average particle size of 20 m), and mixed with a polymeric resin to enable the powder injection. After injection the samples went through two stages of binder extraction: the first held in hexane for 4 hours; and the second in which the samples were heated in an oxidizing atmosphere oven for 2 hours at 140ºC. After processing by the PIM technique, and binder extraction, green samples were subjected to a thermal cycle with an oxide reduction level at 900ºC for 0.5 hours and sintered at 1200ºC for 2 hours in d.c. glow discharge employing a atmosphere composed by H2-Ar, resulting in an average porosity of about 4%. Parallelepipeds samples of 3.0 × 5.0 × 10.0 mm were prepared (cut) from the sintered sample, being cleaned later in an alcohol ultrasonic bath and then introduced into the discharge chamber.

Aiming to remove the native oxide layer from samples surface, before nitriding, specimens were plasma sputter-cleaned in a gas mixture of 80% H2 + 20% Ar, under a pressure of 400 Pa (3 torr), at 300ºC for 0.5 h. Plasma nitriding was carried out using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, in volume. The total gas flow rate and pressure were fixed at 5.00 × 10-6 Nm3s−1 (300 sccm) and 666.61 Pa (5 torr), respectively. Samples were nitrided at 350, 380, 410 and 440ºC, for a constant treatment time of 8 h, and for times of 4, 8 and 16 h, at a constant temperature of 380ºC. The plasma apparatus consisted of a 4.16 kHz squarewave pulsed d.c. power supply and a stainless steel cylindrical vacuum chamber of 350 mm in diameter and 380 mm high, attached to steel plates sealed with silicone o-rings at both the ends. The system was pumped down to a residual pressure on the order of 1.33 Pa using a double stage mechanical vacuum pump. The gas mixture flux of N2, H2, and Ar was adjusted by three mass flow controllers of 8.33 × 10−6 Nm3s−1 (500 sccm). A detailed description of the plasma nitriding apparatus utilized in this work is presented in Allenstein et al. 14.

Samples were placed on the cathode of the discharge, which was negatively biased at 700 V. The heating of the samples was a result of ions and fast neutrals species bombardment. The mean power transferred to the plasma, and consequently the sample temperature, was adjusted by varying the switched-on time (tON) of the pulsed voltage. The temperature was measured by means of a chromel alumel thermocouple (K-type of 1.5 mm diameter) inserted 8 mm depth into the sample holder. The pressure in the vacuum chamber was measured by a capacitive manometer of 1.33 × 104 Pa in full-scale operation and adjusted by a manual valve. 

For microstructural analysis, samples were prepared by conventional metallographic procedure. After polishing, the cross-sectioned samples were etched using Aqua Regia (HNO3+3 HCl). Samples were analyzed by an Olympus BX51M optical microscope. X­ray diffractometry (XRD) technique was performed using a Shimadzu XDR 7000 X­ray diffractometer with a Cu Kα X­ray tube in the Bragg-Brentano configuration, has applied to determine the phases present in the treated layers. Surface hardness measurements were performed employing a Shimadzu Micro Hardness Tester HMV2T, applying a load of 25 gf and a peak-load contact of 15 s. The presented surface hardness values are a mean of five measurements.
RESULTS AND DISCUSSION
Effect of processing temperature on nitrided layer growth kinetics
Figure 1 (a-d) shows the cross section micrographs of the PIM 316L stainless steel plasma nitrided on temperatures of 350, 380, 410 and 440°C. The obtained nitrided layers present values of 2.9, 4.3, 6.5 and 11.2 m for samples treated at350, 380, 410 and 440ºC, respectively, being clearly visible and presenting a lighter color compared to the bulk. This result is an empirical indicative of the greater corrosion resistance from nitrided layer compared to the bulk, for the same chemical reagent, that would be conferred by the austenite nitrogen enrichment (N formation). It can also be seen from Fig. 1 that for all treatment conditions, the sensitization is not verified, suggesting the non-occurrence of chromium nitrides precipitation. This assumption is in agreement with the XRD results presented in Fig. 3. According Rolinsk 15, to austenitic stainless steels, the application of the plasma nitriding treatment at low temperatures (usually below 450°C) does not lead to chromium nitrides formation in nitrided layer. This is due the fact that at these temperatures, the chromium diffusion is low (negligible), so that the chromium nitrides formation is inhibited 16. 
[image: image1.png]



Figure 1: Cross-section micrographs of samples plasma nitrided at: (a) 350; (b) 380; (c) 410; and (d) 440ºC. Treatments carried out for 8 h, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.

Arrhenius plot of the nitrided layer thickness are show in Fig. 2. The points linearity indicates that the atomic diffusion is the predominant mass transfer mechanism during the plasma nitriding treatment of sintered PIM 316L steel, under the studied conditions, being the most important factor of the nitrided layer growth. From the Arrhenius-type behavior for the nitriding layer thickness data, the activation energy for nitrogen diffusion was calculated being found the value of 111.4 kJmol-1 (a detailed description of the activation energy determination method is presented in Scheuer et al. 24). The value found is similar to the estimated values from the data presented by Sun 25 for the AISI 316L and AISI 304L stainless steels plasma carburizing kinetics: 110.73 and 110.49 kJmol-1, respectively; and upper than the estimated value 25 to the AISI 321L plasma carburizing kinetics: 88.6 kJmol-1. Likewise, it is equivalent to presented value by Menthe and Rie 26 for the AISI 304L plasma nitriding kinetics: 107 kJmol-1. The similarity of the value presented by Menthe and Rie 26 with finding in this study, is due to the fact of constricts same family steels presenting similar chemical composition. The fact of materials being obtained by different processes (wrought and sintering) does not influence on the treatment kinetics, since the treated layer thickness is much smaller than the pores distance, and thus the pores can be disregarded in the diffusive process.
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Figure 2: Arrhenius plot of the nitrided layer thikness for samples treated at 350, 380, 410 and 440ºC. Treatments carried out for 8 h, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.

X-ray diffraction patterns of untreated and plasma nitrided samples at different temperatures are shown in Fig. 3. Comparing the obtained XRD patterns for different studied conditions, it appears that peaks of austenite phase (-Fe) exhibit a displacement to the left, i.e. towards lower angles, suggesting a lattice expansion occurring due the higher amount of nitrogen introduced in solid solution, characterizing the N phase formation. Similar results are observed by 17-21, among others, to the nitriding of wrought AISI 316L stainless steel, and by 22, in the nitriding of sintered AISI 316L stainless steel. Additionally, Borgioli 23 showed that the formation of the N phase also occurs during the AISI 316L steel sintering in a N2–H2 atmosphere. Through Fig. 3, it appears also that with increasing the nitriding temperature more pronounced is the austenite peaks offset. This result indicates that the expansion of austenite lattice parameter does not occur homogeneously, being dependent on the nitrogen gradient concentration, and more pronounced the higher the nitrogen concentration in the crystalline lattice of CFC cell, favored by treatment temperature increasing. It can be observed more clearly by enlarging apresentad in Fig 3, which to the lower nitriding temperatures (350 and 380°C), besides the expanded phase peaks N (111) and (200), the XRD analysis revealed also the phase original peaks  (111) and (200). This is possibly associated with the depth traveled by the beam of X-rays 18, since, for the treatment conditions of 350 to 380°C the nitrided layer thickness is thinner, allowing the passage of X-rays beam therethrough, revealing the substrate structure existing in the lower plane.

Figure 3 show also that the XRD technique no revealed the occurrence of chromium nitrides precipitates, for all the studied conditions, which is indicative of the material corrosion resistance maintenance. According to the literature 26, the formation of the chromium nitride phases (CrN and/ or Cr2N), occurs from temperatures at or above 425°C, because at these temperatures the nitrogen diffusion starts to become more intense with activation energy sufficient to overcome the energy barrier of attraction, causing a supersaturation of nitrogen in austenite. This saturation, according to the authors 26, allows a sufficient amount of nitrogen combine with chrome. According to Williamson et al.27 to occur the chromium nitride precipitation on AISI 316 austenitic stainless steel, to the plasma nitriding process at temperature of 350°C are required 2.5 days, and at a temperature of 450°C only 5 hours. The fact that chromium nitrides precipitation does not occur for nitriding temperature below 440ºC in the present study, may be explained by the difference in activation energy for nitrogen and chromium diffusion in austenite. At low temperature, nitrogen (interstitial) requires lower activation energy for their diffusion to occur, while chromium (substitutional) no. Thus a stable core of chromium nitride cannot be formed because require a significant chromium atoms diffusion.
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Figure 3: XRD patterns for untreated sample and samples treated at 350, 380, 410 and 440ºC. Treatments carried out for 8 h, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.

Surface hardness measurements performed on the sample top (surface exposed to the plasma) and bottom (surface non-exposed to the plasma) are shown in Fig. 4. It is found that the hardness increases with nitriding temperature increasing. Obtained values of the order of 695, 948, 1072 and 1343 HV0.025 to the temperatures of 350, 380, 410 and 440ºC, respectively. This hardness increase can be attributed both to the increase on retained nitrogen in solid solution content, as the greater treated layer thickness. In the case of treatments carried out at lower temperatures, the resulting nitrided layers have smaller thicknesses, may possibly be smaller that the indentation depth, thus indicating a lower apparent hardness. Likewise, as placed by Borgoli et al. 23, for sintered materials, the porosity also influences on hardness. The aforementioned authors claim that, generally, the apparent sintered samples hardness is about 2 to 2.5 times smaller than the real hardness to high loads. Comparing the hardness values measured on the samples botton (the non-nitriding surface) with those obtained on samples top (nitriding surface), it is verified that there was an increase of about 5.3; 6.1, 7.7 and 8.1 times for the nitriding temperatures of 350, 380, 410 and 440ºC, respectively. These values are consistent with reported measurements by other researchers 28,29. The hardness value of the non-nitrided surface is around 130 HV0.025. Similar hardness values were observed by Borgioli et al. 23, being about 2.5 times lower than the hardness of wrought  AISI 316L stainless steel.
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Figure 4. Surface microhardness for non-nitrided and plasma nitrided samples treated at 350, 380, 410 and 440ºC. Treatments carried out for 8 h, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.

Effect of processing time on nitrided layer growth kinetics
The obtained microstructures for treatments performed at a temperature of 380°C, for periods of 4, 8 and 16 hours are shown in Fig. 5 (a-c). It can be seen through these micrographs that the thickness of the nitrided layer increases with increasing treatment time. Just as in the previous series (temperature variation), in this series there is no occurrence of sensitization. The samples nitrided during periods of 4, 8 and 16 hours have nitrided layers with thicknesses of 1.8, 4.3 and 6.3 m, respectively.
The evolution of the nitrided layer thickness as a function of the square root of treatment time is presented in Fig. 5. There is observed a linear relationship between the points, which according SUN 25 constitutes a typical behavior observed for most treatments temperatures and times investigated. According to the author, this confirms the atomic diffusion domain on the nitrided layer growth. However, it is noted that the line does not intersect the point (0,0), indicating that treatment presents an initial period of incubation for the layer formation. One possible interpretation for the incubation time would be that the process of bombardment/cleaning is not efficient in removing the native oxide layer on the sample surface. Thus, in the initial periods of treatment, no nitrided layer formation/growth occurs, while the oxide layer is not removed by sputtering.
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Figure 5: Cross-section micrographs of samples plasma nitrided at: (a) 4; (b) 8; and (c) 12 h. Treatments carried out at 380ºC, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.
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Figure 6: Layer thickness as a function of the square root of the treatment time. Treatments carried out at 380ºC, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.
Fig.6 shows the XRD spectra of nitrided samples treated at different treatments times. It can be see that the diffraction patterns obtained from the treatment time serie  variation present the same pattern of the obtained in the nitriding temperature series variation. That is, the peaks of the austenite phase exhibit a displacement to the left, showing an expansion of the lattice parameter of the crystal lattice due to the addition of nitrogen in solid solution. Likewise, it appears that with increasing nitriding time, the more pronounced is the displacement of the peaks to smaller angles of austenite. For the same reason explained in the discussion of Fig. 3, the peaks have a lower width for the thicker layers.
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Figure 7: XRD patterns for untreated sample and samples treated at 4, 8 and 12 hours. Treatments carried out at 380ºC, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of         5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.

The surface and botton hardness of nitrided samples are shown in Fig. 8. It is found that the surface hardness increases with increasing nitriding time. It has been found values in order of 859.6, 948, and 991 HV0.025 to treatments times of 4, 8 and 16 hours, respectively. This hardness increase can be attributed both to nitrogen solid solution increase, and to the greater nitrided layer thickness, since, whereas their thicknesses, at lower treatments times, are smaller than the depth of indentation, and thus the microhardness measure presents apparent value.
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Figure 8: Surface microhardness for non-nitrided and plasma nitrided samples treated at 4, 8 and 12 hours. Treatments carried out at 380ºC, using a gas mixture composition of 60% N2 + 20% H2 + 20% Ar, at a flow rate of 5.00 × 10-6 Nm3 s−1, and pressure of 666.61 Pa.
Comparing the hardness values measured on the nitrided surface with those obtained on non-nitriding surface, it is verified that there was an increase of about 5.9, 6.1 and 6.7 times for the nitriding times of 4, 8 and 16 hours, respectively. Again the toughness of samples measured at the present value around 130 HV0.025, and similar hardness observed by BORGIOLI 23, and being about 2.5 times lower than the hardness of wrought AISI 316L steel.
CONCLUSIONS
Experiments were carried out aiming to determine the influence of the treatment temperature and time on the kinetics of low-temperature plasma nitriding of PIM 316L stainless steel, and the main conclusions of the work can be listed as follows:

· Low-temperature plasma nitriding can be successfully applied to improve surface hardness of PIM 316L stainless steel, which is due to the formation of an nitrided layer composed by nitrogen-expanded austenite;
· The kinetics of nitrided layer growth depends on processing temperature and time. From the presented results, it can be concluded that low-temperature nitriding is a diffusion controlled process. The calculated activation energy for nitrided layer growth is 111.4 kJmol-1; 
· Precipitation-free layers was produced under all studied conditions.
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