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ABSTRACT
The use of plasma assisted techniques in the field of materials thermochemical processing has increased steadily in recent years, being employed in order to improve the surface properties of different engineering materials, expanding their application field. Thus, several plasma activated thermochemical surface modification techniques have been extensively studied and tested. Among these processes, the plasma carburizing has shown good results. During this thermochemical treatment, carbon diffuses in solid solution into the steel surface, increasing its hardness and wear resistance. However, when treatment is carried out at high temperature or for excessive time, chromium carbide precipitation occurs, resulting in a depletion of chromium in solid solution and, consequently, significant reduction on the corrosion resistance of the stainless steel can be observed. Aiming to determine the effect of the treatment gas pressure on surface properties of low temperature plasma carburized AISI 420 steel, carburizing was carried out for gas pressures ranging from 200 to 800 Pa, at a temperature of 723 K, time of 8 h, in a 99.5% (80% H2 + 20% Ar )+ 0.5% CH4 gas mixture, at a flow rate of 1.67 × 10−6 Nm3 s−1. Samples were characterized by means of confocal laser scanning microscopy, X-ray diffractometry and microhardness measurements. Results indicate the presence of a hard and thin external compound layer and a carbon enriched martensite diffusion layer. It is shown that gas pressure plays an important role in the layer grown kinetics. 
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INTRODUCTION
Low temperature plasma assisted carburizing is a very promising technique to improve surface mechanical properties of stainless steels [1]. During this thermochemical treatment, carbon diffuses in solid solution into the stainless steel surface, increasing its hardness and wear resistance. However, when treatment is carried out at high temperature or for excessive time, chromium carbide precipitation occurs, resulting in a depletion of chromium in solid solution and, consequently, significant reduction on the corrosion resistance of the stainless steel can be observed. So, research has shown that when the process is realized at sufficient lowers temperatures (generally below 723 K) it provides an improvement on the surface hardness and wear resistance of stainless steels, without reducing the corrosion resistance properties [1-6].

In this context, by a literature survey can be easily found several papers published over the past decades, on the application of low temperature plasma carburizing treatment on austenitic stainless steel [1-11]. However, little has been published up till now for low temperature plasma carburizing of martensitic stainless steels. In this case, some works present non-promising results [12-14], while good and promising results are presented in [15,16].
Thus, seeing that the microstructural changes introduced during plasma carburizing have a signiﬁcant impact in the material surface properties, and considering that these changes are dependent of the operation variables, the effect of treatment parameters variation have been studied. The knowledge of its influence allows a better selection of it in order to achieve the desired surface properties.

In this work, the effect of treatment gas pressure on properties of modified produced in the AISI 420 martensitic stainless steel by low temperature plasma carburizing was investigated.

EXPERIMENTAL PROCEDURE
Cylindrical samples of 10 mm in height and 9.5 mm in diameter were cutted from AISI 420 martensitic stainless steel commercial rod. They were oil quenched from 1323 K and the austenitizing time was 0.5 h. After heat treatment, samples were ground using SiC sandpaper ranging from 100 to 1500 grade and polished using 1 μm Al2O3 abrasive suspension. Finally, samples were cleaned with alcohol in ultrasound bath and introduced into the discharge chamber, in the as-quenched condition. The hardness of the as-quenched samples was 510 HV0.3 on average. Aiming to determine the tempering effect due to plasma treatment on sample hardness, quenched samples were tempered in conventional furnace at 723 K for 1 h for comparison purpose. The hardness of the as-tempered samples was 410 HV0.3 on average.

In order to remove the native oxide layer formed on the sample surface, the specimens were sputter-cleaned by means of glow discharge using 80% H2 + 20% Ar gas mixture, 400 Pa pressure, 573 K temperature, and 0.5 h time. Plasma carburizing was carried out using gas mixture of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 in volume. The gas flow rate, and treatment temperature and time were fixed at 1.66 × 10-6 Nm3 s−1, 723 K and 8 h, respectively. Ranges of processing gas pressures between 200 to 800 Pa were studied in the present work.

As the samples are placed as a discharge cathode, the heating of samples was obtained by plasma species (ions and fast neutrals) bombardment. The plasma apparatus, presented in Fig. 1, consisted of a 3.6 kW square-wave pulsed DC power supply and a cylindrical vacuum chamber of 350 mm in diameter and 380 mm high of stainless steel, attached to steel plates sealed with silicone o-rings at both ends. The system was evacuated to a residual pressure of 1.33 Pa using a double stage mechanical pump. The gas mixture and flux of H2, Ar and CH4 was adjusted by three mass flow controllers, two of 8.33 × 10−6 Nm3s−1 (500 sccm – standard cubic centimeter per minute) and one of 8.33 × 10−8 Nm3s−1 (5 sccm), respectively. 
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Figure 1: Schematic representation of the plasma apparatus employed in this study
Samples were placed in the cathode and were negatively biased at 700 V pulsed dc. The mean power transferred to the plasma, and as a result the sample temperature, was adjusted by varying the switched-on time (tON) of the pulsed voltage. The temperature was measured by means of a chromel­alumel thermocouple (K­type of 1.5 mm diameter) inserted 8 mm depth into the sample holder. The pressure in the vacuum chamber was measured by a capacitance manometer of 1.33 × 104 Pa in full-scale operation and adjusted by a manual valve.

The preparation of the treated samples for the microstructual analysis was obtained by conventional metallographic procedure. After polishing, the cross-sectioned samples were etched using Vilella’s reagent. Samples were examined using a Confocal Laser Scanning Microscope (Olympus LEXT OLS 3000). The identification of the phases present in the treated layers was carried out by X­ray diffractometry (XRD) technique, using a Shimadzu XDR 7000 X­ray diffractometer with a Cu Kα X­ray tube in the Bragg-Brentano configuration. The presented microhardness profiles correspond to a mean of five measurements which was obtained using a Shimadzu Micro Hardness Tester HMV­2T, applying a load of 10 gf for a peak-load contact of 15 s. The same equipment was employed to perform surface hardness measurements applying a load of 300 gf for a same peak-load contact.

RESULTS AND DISCUSSION
Fig. 2(a-c) shows the cross section of samples plasma carburized at gas pressures of 200, 400 and 800 Pa, respectively. It can be seen that the carburized layer exhibits a ‘white’ appearance due to its resistance to the etchant used to reveal the microstructural features of stainless steel. This is similar to the precipitation-free structures observed on the surface of a low temperature nitrided martensitic stainless steel. The results also indicate that the outer layer thickness grows as the gas pressure is increased. It can be also observed that the diffusion of carbon into the bulk material does not apparently cause modification of the start microstructure under the outer layer, indicating that carbon is solved in solid solution at the diffusion layer.

The variation of the carburizing layer thickness, as a function of gas pressure, is shown in Fig. 3. It can be seen that the layer thickness is lower for the treatment condition of 200 Pa (1.7 m), and is thicker and approximately equal for the conditions of 400 and 800 Pa (2.2 m).
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Figure 2: Cross-section micrographs of samples treated at gas pressures of (a) 200, (b) 400 and (c) 800 Pa. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and applied peak voltage of 700 Pa.
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Figure 3: Thickness of the outer layer as a function of gas pressure. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and applied peak voltage of 700 Pa.

XRD patterns (Fig. 4) showed that the 'C peaks, viewed in the carburized samples, treated for pressures of 400 and 800 Pa, are broadened and shifted to a lower angles when compared to the ’ peaks in the untreated material. This is an indicative of martensite lattice parameter expansion, due to surface diffusion of carbon. However, the same do not occurs for the XRD peak of the treatment condition of 200 Pa, where is verified only a decrease in the intensity. This is possibly related to the depth operated by X-ray beam, since, for this condition the thickness of the carburized layer is thinner, allowing the passage of X-ray beam through it, showing structure of the substrate existing in lower plane.
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Figure 4: XRD patterns of samples treated in gas pressures of 200, 400 and 800 Pa. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and a applied peak voltage of 700 V.

Fig. 5 shows the results of the surface microhardness of treated samples as a function of the gas pressure, for measurements taken at the samples top and bottom. It was evidenced that the increase of the gas pressure from 200 to 400 Pa promotes a sensible increase of the material top surface hardness (618 ( 6 to 713 ( 20 HV0.3). The surface hardness for the conditions of 400 and 800 Pa are approximately equal (considering the standard deviation of measurements). Whereas that the gas pressure has influence on the frequency of plasma species collisions and on the mean free path of particles [17], it also influences consequently on the formation of CHi (i = 0, 1, 2, 3) reactive species from the CH4 molecule [18]. Accordingly, the treatment pressure increase will result in an increase in the plasma species collisions resulting in an increased production of carbon reactive species. Based on this reasoning, the smallest thickness of the outer layer and lower hardness of the 200 Pa treatment condition can be justified by the lower offer of carbon, since in this condition there is a reduced production of reactive species. Furthermore, the similarity of the findings for the conditions of 400 and 800 Pa is justified by the fact that possibly the higher treatment pressure, offer of carbon is greater than the capacity of the material absorbs it. The bottom surface presented a significant hardness decrease when compared to the starting hardness (untreated condition – 510 ± 11 HV0.3). The small hardness value of ~375 HV0.3 obtained are attributed, as noted earlier, to the tempering effect, that occurs simultaneously to plasma assisted treatment, on the regions of the samples that are not exposed to glow discharge.
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Figure 5: Surface microhardness of plasma carburized AISI 420 martensitic stainless steel samples for different gas pressures. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and a applied peak voltage of 700 V.

Fig. 6 show the values of the hardness measured from the top edge of the samples surface, toward their centers (first reading made at a distance of 250 m from the edge, and the other readings spaced 250 m relative to each other). These measurements were performed in order to evaluate the influence of treatment gas pressure on the edge effect, and its influence on the hardness of this sample region. Confirming which was shown by [7], the hardness in the edge region of the sample has lower values in relation to central region. Likewise, it can be observed that the edge effect present different sizes for the studied condition, showing greater values for lower gas pressures, presenting approximate values of 1.10 ( 0.3, 0.62 ( 0.1 and 0.14 ( 0.08 mm, for the treatment conditions of 200, 400 and 800 Pa, respectively (Fig. 7). As already well known, for plasma assisted treatments, the product of the pressure (P) and the cathode sheath thickness (d) is constant (P×d = constant). Thus, increasing the treatment gas pressure, consequently it will decrease the cathode sheath thickness and, so, the glow discharge will "cover" more effectively the sample. This occurs due the distortion of the electric field in proximity of the sample edges [19]. This distortion of the electric field, according [19], affects the plasma and the plasma surface interactions, such as ionization and sputtering, so, that curvature of the sample edge is prone to the so called edge effect, in DC plasma configuration. The local temperatures developed at the edges of the sample, can be much higher than in the rest of the component, causing changes in metallurgical structure and mechanical properties [19].
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Figure 6: Hardness measurements from the top edge of the carburized samples surface, toward their centers. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and a peak voltage of 700 V.
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Figure 7: Macrography showing the gas pressure influence on edge effect length in AISI 420 steel samples plasma carburized at different gas pressures. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and a applied peak voltage of 700 V.

Fig. 8 shows microhardness profiles of treated samples as a function of the gas pressure. Results indicate the occurrence of typical diffusion layers obtained below the outer layer. Next to surface, values of 643, 860.7 and 812 HV0.01 at depths on the order of 2 μm were measured for samples treated at 200, 400 and 800 Pa, respectively. In addition, hardness profile depths on the order of 30 μm, for condition of 200 Pa, and 50 μm, for the treatment conditions of 400 and 800 Pa, showing after, the tempered substrate bulk hardness of about 375 HK0.01. It is important emphasizing this result, since it indicates the diffusion characteristic of the process, and the influence of treatment gas pressure on the diffusion process. Additionally, the importance of the gas pressure as treatment parameter was evidenced by the higher hardness and thicker outer layers obtained in treated surfaces, as previously discussed. 
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Figure 8: Microhardness profiles of plasma carburized AISI 420 martensitic stainless steel samples for different gas pressures. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and applied peak voltage of 700 V.

Fig. 9 presents the quantitative determination of the sputtering effect by Ra and Rz roughness measurements, as a function of the treatment gas pressure. Results indicate that the roughness decreases as the pressure is increased from 200 to 800 Pa. The Ra and Rz values were 1.26 e 0.324 µm, 0.978 and 0.106 µm; 0.491 and 0.093 µm, for pressures of 200, 400 and 800 Pa, respectively. It can be noted that the sputtering effect tends to promote changes on the samples superficial morphology, which depend on the treatment pressure employed. This is consequence of the intense material transport mechanism verified for the metallic atoms, by the interactions in plasma-surface system, for pressure conditions which lead to large mean free path and, consequently, to decrease of the backscattered effect [20].
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Figure 9: Ra and Rz roughness measurements on surface of plasma carburized AISI 420 martensitic stainless steel samples treated at different gas pressures. Samples treated at 723 K for 8 h under a gas mixture composed by 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at flow rate of 1.67 × 10−6 Nm3 s−1 and applied peak voltage of 700 V.

CONCLUSIONS
A study of low temperature plasma carburizing was performed aiming to determine the effect of the treatment pressure on the surface properties of AISI 420 martensitic stainless steel samples. The main conclusions of the work can be listed as follows:

· Low-temperature plasma carburizing can be successfully applied to improve surface hardness of AISI 420 martensitic stainless steel samples, which is due to the formation of an outer layer probably composed of cementite and carbon expanded martensite in diffusion layer;

· It was also found that the variation in treatment gas pressure leads to changes in the surface characteristics of the treated samples. Gas pressures of 400 and 800 Pa are responsible by most promising results of the outer layer thickness and hardness. Likewise, the surface roughness, and the edge effect, decrease with increasing the gas treatment pressure.
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