LOW TEMPERATURE PLASMA ASSISTED CARBURIZING OF AISI 420 MARTENSITIC STAINLESS STEEL: INFLUENCE OF TREATMENT TEMPERATURE
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ABSTRACT
Industrial applications of plasma assisted thermochemical treatments have shown considerable growth in recent years. This is due to the excellent results obtained in surface modification of engineering materials. In the case of stainless steels, significant improvement of surface mechanical properties can be achieved keeping its good corrosion resistance when treatments are performed at low temperatures, usually lower than 723 K. Among the plasma assisted techniques, carburizing has shown good results when applied on stainless steels. In this treatment, carbon diffuses into the iron crystal lattice, leading to an increase the steel hardness and wear resistance. The mechanical and metallurgical characteristics of the carburized layer are dependent on the applied process parameters. Considering that the treatment temperature is key parameter, aiming to determine the effect of this parameter on surface properties of low temperature plasma carburized AISI 420 steel samples, carburizing was carried out for treatment temperatures from 623 to 773 K, for a 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. Results indicate that both the thickness and hardness of the carburized layers increase with the carburizing temperature. In addition, the hardness increase of treated surfaces has been attributed to the formation of cementite and carbon expanded martensite along the obtained compound and diffusion layers.
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INTRODUCTION
Plasma assisted carburizing is an attractive treatment for improve the surface proprieties of engineering materials [1,2]. Since the ﬁrst practical applications of this technology in the 1970s, how reporter by Edenhofer [3], it is well recognized that plasma carburizing application is generally efficient for numerous materials types. In case of used in stainless steels surface modification, an excellent combination between mechanical and corrosion proprieties can be obtained when the treatments are performed at low temperatures [2,4-10]. This is achieved by introducing carbon into the steel surface through thermal diffusion at sufficiently low temperatures, such that the precipitation of thermodynamically stable chromium carbides does not occur and thus a carburized layer containing a single phase supersaturated with carbon is produced [1,2,4-12]. 
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 [1,2,4-10]. 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 [13-15], while good and promising results are presented in [11,12].
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 extensively 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 temperature on growth kinetics of the compound layer 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, pressure and treatment time were fixed at 1.66 × 10-6 Nm3 s−1, 400 Pa and 8 h, respectively. Ranges of processing temperatures between 623 to 773 K 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. 

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.
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Figure 1: Schematic representation of the plasma apparatus employed in this study
RESULTS AND DISCUSSION
Figure 2 (a, b, c, d) shows the cross-section micrographs of samples carburized at temperatures of 623, 673, 723 and 773 K, respectively. These morphological examinations revealed that a carbon-enriched layer (which was termed compound layer in the present work) can indeed be produced on the investigated martensitic stainless steels after plasma carburized at low temperatures. It can also be observed on the Fig. 2(a, b, c) there is no evidence of sensitization in the diffusion layer, since chromium carbide precipitation was not also evidenced. This result is crucial for technological purposes as it indicates that depletion of martensitic stainless steel corrosion resistance do not occur at temperatures ranging from 623 to 723 K. However, precipitation can be sharply observed on the surface on carburized layer which is evidenced by the presence of a dark phase showed in Fig 2(d), indicating that a carburizing treatment temperature of 773 K, possibly the material corrosion resistance properties is damaged. 
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Figure 2: Cross-section micrographs of samples treated at temperatures of: (a) 623, (b) 673, (c) 723 and (d) 773 K. Treatment carried out for 8 h, using a gas mixture composition of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at a flow rate of 1.67 × 10−6 Nm3s−1.

Figure 3 (a) shows the evolution of the compound layer thickness (d) as a function of the treatment temperatures. It may be noted that, in accordance with diffusion-controlled mechanisms, the layer thickness increases exponentially with carburizing temperature. The obtained thicknesses were of 1.5, 1.8, 2.4 and 3.0 m for samples treated at 623, 673, 723 and 773 K, respectively. Fig. 3 (b) shows the logarithm of layer thickness (ln (d)) plotted against the reciprocal of absolute processing temperature. Here a linear relationship is observed below certain critical temperature. Above this critical temperature, the data points gradually deviate from the linear dependence. The linearity in the low temperature range of Fig. 3 (b) indicates that atomic diffusion is indeed the main mass transfer mechanism during the low temperature carburizing process. However, with increased processing temperature, other reactions, in addition to atomic diffusion, can also occur in the carburized layer. Microstructural analysis present in Fig. 2 (a, b, c) revealed that the carburized layers produced below the critical temperature (on this case, temperatures below 723 K) are precipitation-free and contain a supersaturated martensite phase. On the other hand, the layers produced above the critical temperature (on this case, temperature of 773 K) exhibit a mixed phase structure. From the well know tempering studies [16] is possible to suppose that is an important precipitation of alloy carbides at this level of temperature. Fig. 2 (d) shows that some ‘dark’ phases have formed in the region of the compound layer, which is associated with the precipitation of chromium carbides [17], which will be show to be in agreement with the XRD spectra. The results presents in Fig. 3 (b) also show that carbide precipitation leads to the deviation of ln(d) from linear dependence on the reciprocal of temperature. This may be associated with the fact that the formation of carbides consumes a significant amount of carbon and thus reduces the carbon content in martensite lattice. Similar results were obtained by Sun [6] on the low temperature plasma carburizing of austenitics stainless steels. 
From the carburizing depth data present on Fig. 3 (b), the activation energy to carbon diffusion on AISI 420 steel, can be calculated using linear regression considering Arrhenius-type behavior:
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where d is the layer thickness in micrometer (m), [image: image9.png]Qs



 is the diffusion activation energy (J mol-1), [image: image11.png]


 is the universal gases constant (8.31 J mol-1K-1), and [image: image13.png]
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 value for the low temperature carburizing of AISI 420 steel was 28.38 kJ mol-1. According to Kim [18], the activation energy for plasma nitriding of the AISI 420 steel, at temperatures ranging from 623 to 773 K at 4 h, was 33.43 kJ mol-1. Pinedo [19] demonstrate that to the same steel, for nitriding treatment carried out at temperatures ranging from 753 to 833 K at 4 h, the activation energy obtained was 125.13 kJ mol-1. Comparing the results presents by Kim [18] with the obtained for the AISI 420 steel carburizing, it can be noted that the values are similar. However, confronting with the value obtained by Pinedo [19] it can be noted that the activation energy of the AISI 420 steel carburizing is much lower. This can be explained by the fact that on high temperature nitriding, where nitrides precipitation occurs, the growth of the nitrided case is affected by the precipitation reactions at the moving interfaces, affecting the value of the calculated activation energy. In this case, it is verified that the nitrides precipitation delays the process and increase the activation energy [20]. This justification can be used to explain the non-linearity of the point referred to temperature of 773 K in Fig. 3 (b).
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Figure 3: (a) Variation of layer thickness with processing temperature and (b) plots of ln (d) against 1/T. Treatment carried out for 8 h, using a gas mixture composition of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at a flow rate of 1.67 × 10−6 Nm3s−1.

X­ray diffraction patterns of as­quenched (non­plasma treated) and plasma treated surfaces at different temperatures are shown in Fig. 4. The as quenched sample presents three peaks all attributed to the martensite phase (’) in accordance with Pinedo [21]. After treatments some significant changes can be observed. First, to the 773 K treatment temperatures, occurs an intense precipitation of chromium and iron carbides. For this same condition, we also observed that ’ (43.8 °) diffraction peak disappeared and gave way to -Fe (110). It is believed that in this case, the carbon present in the body-centered tetragonal cell has reacted with the Cr and Fe in the steel to form precipitates during the 773 K carburizing temperature, resulting in the aforementioned face-centered cubic cell. For the other conditions (623, 673 and 723 K), may be noted that the martensite peaks were broadened and slightly shift to lower angles, indicating lattice parameter expansion and residual stress formation. From peak shift, it can be also expected that during the treatment, the carbon diffusion into the martensite phase tends to result in the enhancement of the carbon content of the super-saturated solid solution. A similar result by introducing nitrogen in martensite phase was shown in [18, 22, 23], which leads to the so-called nitrogen expanded martensite (’N phase). Here, in analogy, the low-temperature carbon alloyed martensite phase was called carbon expanded martensite ('C phase). Otherwise, peaks occurring at 39.8º, 45.9º, 71.3 º and 86.1 are in consonance with [24-26], which correspond to cementite (Fe3C). Finally, the non-existence of chromium carbides peaks gives support to the assumption for which the corrosion resistance of the studied martensitic stainless steel would not be depleted by the treatment performed at temperatures of 623, 673 and 723 K. Even though some chromium could be present in the M3C carbide, there is no evidence of depletion on the corrosion resistance of the treated AISI 420 on the cross-section micrography present on Fig. 2 (a, b, c), which was etched with Vilella’s reagent.
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Figure 4: XRD patterns for as-quenched (untreated) sample and for samples treated at temperatures of 623, 673, 723 and 773 K. Treatment carried out for 8 h, using a gas mixture composition of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at a flow rate of 1.67 × 10−6 Nm3s−1.

Figure 5 shows the results of the surface effective microhardness measurements of the treated samples as a function of the treatment temperature. Measurements were made on the top (surface exposed to the plasma) and on the bottom (non-exposed to plasma) of samples. It was evidenced that the increase on the treatment temperature on the intervals of 623 to 773 K causes an increase of the surface hardness from 550 to 1050 HV0.3. In other hand, this incensement in the treatment temperature leads to an important decrease in the bottom hardness, from 455 to 355 HV0.3. This decrease hardness is a result of the tempering effect, which occurs during plasma carburizing. After confrontation between microhardness values measured at the top with those measured on samples bottom, the hardening effect of low temperature plasma carburizing of AISI 420 stainless steel becomes more significant, because it overcomes the tempering effect. Considering that the treatments were carried out at different temperatures, it is expected that the tempering effect should be greater for higher treatments temperatures and, consequently, hardness should be lowest. Similar results were obtained to microhardness profiles values present in the Fig. 6.
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Figure 5: Surface effective microhardness of plasma carburized AISI 420 martensitic stainless steel samples treated at temperatures of 623, 673, 723 and 773 K. Treatment carried out for 8 h, using a gas mixture composition of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at a flow rate of 1.67 × 10−6 Nm3s−1.

Figure 6 presents microhardness profiles obtained for treated samples. Hardness of 1170, 872, 739 and 592 HV0.01 at the depth of about 2.5 m was verified for treatment conditions of 623, 673, 723 e 773 K, respectively. From Fig. 6, it can be inferred that the whole hardening depth was on the order of abou 20, 30, 50 and 60 m, and demonstrate a smooth hardness decrease from the surface up to the substrate bulk. It is well known that the martensite hardness is very dependent on its carbon content. So, the hardness decrease in the samples profiles could be an additional indicative that carbon diffuses into the martensite phase, indicating the occurrence of a carbon concentration gradient below surface, being also in agreement with the XRD results and the micrography analysis. It is worth to point out that the carburized layer develops at a higher depth than the compound layer, and it is constituted of compound plus diffusion layers. The bulk hardness was of about 455, 415, 390, 355 HV0.01, for 623, 673, 723 e 773 K carburizing temperatures, as shown by Fig. 6.
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Figure 6: Microhardness profiles of plasma carburized AISI 420 martensitic stainless steel samples treated at temperatures of 623, 673, 723 and 773 K. Treatment carried out for 8 h, using a gas mixture composition of 99.5% (80% H2 + 20% Ar) + 0.5% CH4 at a flow rate of 1.67 × 10−6 Nm3s−1.

CONCLUSIONS
A study was carried out aiming to determine the influence of the treatment temperature on the kinetics of low temperature plasma carburizing of AISI 420 martensitic stainless steel, and 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;

· The increase of the surface hardness is due to the formation of carbon expanded martensite in carburized layers and cementite ;

· The kinetics of layer growth depends on processing temperature. From the results, it can be concluded that diffusion is the dominant mass transfer mechanism governing the development of the carburized layer at low temperatures. The calculated activation energy for carbon diffusion presents the value of 28.38 kJmol-1;
· The increasing of carburizing temperature increases the thickness of the carburized layer and also tends to induce the precipitation of carbides in the layer. Only when the processing temperature is sufficiently low can a precipitation-free layer be produced;

· Sensitization effect was observed on the metallographic examination of the specimen plasma carburized during 8 h at 773 K. XRD dates confirmed the presence of chromium carbides precipitates on this treatment condition. The non-existence of chromium carbides peaks on the other availed conditions gives support to the assumption for which the corrosion resistance of the martensitic stainless steel would not be depleted.
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