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Abstract. AISI 420 martensitic stainless steel samples were plasma carburized, nitrided and nitrocarburized at low
temperatures. Treatments were carried out in pulsed DC glow discharge applying the following process parameters:
700 V peak voltage, 400 Pa pressure, 1.66 x 10° Nm® s gas flow rate, at temperatures of 350, 400 and 450°C for a
treatment time of 8 h. Gas mixtures composed of 99.5% (80% H,+ 20% Ar) + 0.5% CH,, 70% N, + 20% H, + 10% Ar
and 71% N, + 18% H, + 10% Ar + 1% CH, were employed for the carburizing, nitriding and nitrocarburizing
treatments, respectively. The metallurgical characterization of the untreated and plasma treated sample surfaces was
performed using different techniques, aiming to compare the obtained phase constituents (XRD), microstructures
(optical microscopy) and hardness (surface microhardness and microhardness profile). Results show significant
increase of the surface hardness for all the studied samples. Precipitation-free treated layers were obtained for the
lowest studied treatment temperature. The estimated activation energy for treated layer growth presents distinct values
for the different types of treatments. Finally, for high temperature treatments, the carbide/nitride formation consumes
significant amount of carbon/nitrogen, thus reducing the concentration gradient of these elements in solid solution,
slowing down its diffusion depths in the martensite lattice.

Keywords: plasma carburizing, plasma nitriding, plasma nitrocarburizing, AISI 420 martensitic stainless steel, carbon
expanded martensite, nitrogen expanded martensite.

1. INTRODUCTION

Thermochemical treatments like plasma assisted nitriding, nitrocarburizing and carburizing have been widely used
in industrial segments aiming to improve the surface properties of low alloy steels and tool steels !'\. The great potential
of plasma assisted techniques is due to the achievement of excellent surface properties through their application in most
engineering materials. In the case of stainless steel, an excellent combination between tribological properties and
corrosion resistance can be obtained even for low temperatures or short treatment times ). When these treatments are
performed at high temperatures (usually above 450°C), chromium nitride/carbide precipitation occurs, leading to a
reduction of the material corrosion resistance ).

The research interest on low-temperature thermochemical treatments for stainless steels has been strongly increased
from the 1980s, since the nitrogen-expanded austenite phase (yy or S phase) was achieved ! . As a main result of this
goal, many plasma assisted processes have been successfully tested and applied for stainless steels, making possible to
achieve wear and corrosion resistance improvements for the treated materials ['. In addition, as previously reported by
Scheuer ef al. ', and guided by promising results, different plasma assisted techniques comprising DC plasma,
RF plasma, plasma-based low-energy ion implantation, and plasma immersion ion implantation have been also tested
for stainless steels. The great amount of works published on stainless steels’ pulsed DC plasma treatments show the true
technological potential of this technique. Considering the martensitic stainless steels, many works have been found
reporting the use of low-temperature DC plasma assisted nitriding !"*'""')  nitrocarburizing """ and
carburizing (1% 2],

It is worth to emphasize a Sun and Bell ' comparative study of low-temperature plasma nitriding, nitrocarburizing
and carburizing, which was performed in martensitic stainless steel substrates, for a single experimental condition
(450°C treatment temperature and 20 h treatment time). In that work, it was stated that plasma carburizing did not
produce significant hardening effect in treated surfaces of AISI 410 stainless steel samples. Contrarily, it was shown by
Scheuer ez al. '"**** that an adequate choice of carburizing treatment parameters can lead to interesting results for
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AISI 420 martensitic stainless steel substrates. Based on this new perspective, the aim of the present study is to compare
the effects of the low-temperature and short-time DC plasma assisted nitriding, nitrocarburizing and carburizing
treatments on the metallurgical characteristics of AISI 420 martensitic stainless steel substrates.

2. EXPERIMENTAL PROCEDURE

Cylindrical samples of 10 mm in height and 9.5 mm in diameter were cut from AISI 420 martensitic stainless steel
commercial bar. They were oil quenched from 1050°C, after 0.5 h at the austenitizing temperature. The sample hardness
in the as-quenched condition was 510 £ 10 HV;. After heat treatment, samples were ground using SiC sandpaper
ranging from 100 to 1200 grade and polished using 1 um Al,O; abrasive suspension. Finally, samples were alcohol
cleaned in ultrasonic bath and then introduced into the discharge chamber.

The plasma treatment procedure was divided in two steps: a) aiming to remove the native oxide layer from sample
surface, the specimens were sputter-cleaned by means of a 700 V peak voltage glow discharge, in a gas mixture of
80% H, +20% Ar, under a pressure of 400 Pa, at 300°C, during 0.5 h; and, after cleanness, b) the specimens were
plasma carburized, nitrided and nitrocarburized, in a gas mixture of 99.5% (80% H, + 20% Ar) + 0.5% CHy,,
70% N, +20% H, + 10% Ar and 71% N, + 18% H, + 10% Ar + 1% CH,, in volume, respectively. The total gas flow
rate and pressure were kept unaltered for 1.66 x 10° Nm® s and 400 Pa, respectively. Treatments were performed at
350, 400 and 450°C, for a single treatment time of 8 h. The plasma apparatus is constituted of a 4.16 kHz square-wave
pulsed DC 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 3 Pa using a double stage mechanical vacuum pump. The gas mixture and flow rate of H,, N,
Ar and CH,4 were adjusted by four mass flow controllers, three of 8.33 x 10° Nm’s™' and one of 8.33 x 10 Nm’s ',
respectively.

Samples were placed on the cathode of the discharge, which was negatively biased at 700 V. The samples’ heating
was a result of ions and fast neutrals species bombardment. The mean power transferred to the plasma, and
consequently the treatment temperature, was adjusted by varying the switched-on time (zoy) 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 x 10" Pa in full-scale operation and adjusted by a manual valve.

For microstructure analysis purpose, samples were prepared by conventional metallographic procedure. After
polishing, the cross-sectioned samples were etched using Marble s reagent
(4 g of CuySO,4 + 20 ml of HC1 + 20 ml of H,O). Samples were examined using an Optical Microscope (Olympus
BX51M). The identification of the phases present in the treated layers was carried out by X-ray diffractometry (XRD),
using a Shimadzu XDR 7000 X-ray diffractometer with a Cu Ko X-ray tube in the Bragg-Brentano configuration.
Microhardness profiles were performed by using a Shimadzu Micro Hardness Tester HMV-2T, applying a load of 10 gf
and a peak-load contact of 15 s. The points presented in each profile were obtained from a mean of five measurements.
The diffusion layer depth was determined via microhardness profiles, considering that it occurs up to the depth for
which the hardness becomes constant (agreeing with the hardness of the substrate bulk). It is to be noted that the bulk
hardness varies according to the treatment temperature, since the tempering of the samples was performed
simultaneously to the thermochemical treatment. Surface hardness measurements were performed employing the same
equipment, applying load of 300 gf and peak-load contact of 15 s. In this case, the presented surface hardness values are
also a mean of five measurements.

3. RESULTS AND DISCUSSION

Figure 1 shows the cross-section micrographs obtained after plasma carburizing, nitrocarburizing and nitriding
treatments. It is found for the different plasma assisted treatments that the treated layer thickness increases as the
treatment temperature increase. It can be clearly seen that the carburized layer thickness is smaller than the
nitrocarburized one, which is smaller than the nitrided one, for all studied conditions (see Table 1). It is also observed
the occurrence of sensitization for samples nitrided and nitrocarburized at 400 and 450°C, agreeing with the XRD data
presented in Figure 3. It is to be noted that the white aspect of the 350°C treated layers is strongly changed by the black
spots presence in the layers obtained at 400 and 450°C, supposedly indicating the CrN or Cr,C, formation.

Table 1. Layer thickness for different plasma treatment conditions.

Treatment Layer thickness (pm)
temperature (°C) Carburized Nitrocarburized Nitrided
350 1.5+£0.2 4.6+0.8 98+1.1
400 1.8+0.2 17.5+04 21.2+0.8
450 22+0.2 458+09 60.7+0.7
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Figure 1. Cross-section microstructure of low-temperature plasma treated AISI 420 martensitic stainless steel.
Treatments carried out for 8 h, at a flow rate of 1.67 x 10® Nm’ s™', applied voltage of 700 V, and pressure of 400 Pa.

In Figure 2 the Arrhenius plot of the layer thickness is presented. If considered that the limiting process for treated
layer growth is the nitrogen/carbon diffusion and that the layer thickness is proportional to the square root of the
treatment time and diffusion coefficient (in agreement with the Arrhenius law), by linearization one can obtain the
activation energy for diffusion of nitrogen and/or carbon during the plasma assisted process. From the Arrhenius plot, it
is found that the nitrocarburizing treatment has the highest activation energy (173 kJmol™), followed by nitriding
treatment (136 kJmol™") and the carburizing process presenting the lowest value (29 kJmol'). According to
Pinedo and Monteiro !, the activation energy for plasma nitrided AISI420 steel at 480 to 560°C, and 4h is
125.13 kJmol'. Amaral **! show that the activation energy for low temperature dc-plasma nitriding (300 to 500°C and
4 h) of as-quenched, tempered and annealed AISI 420 steel is 60.0, 92.0 and 164.0 kJmol™, respectively. Furthermore,
according to Scheuer ef al. **, the activation energy for plasma nitrocarburized AISI 420 steel at low-temperature, and
4 h treatment time is 84 kJmol ™. However, at these treatment conditions, the volume diffusion of nitrogen and/or carbon
through the modified layer is the main occurring phenomenon, without nitride/carbide precipitation, affecting
significantly the diffusion process. Comparing to the previously presented results **?%), the occurrence of nitride/carbide
precipitation under the conditions employed in this work is the reason to the highest obtained values for the activation
energy. For long-term and high-temperature plasma treatments, where nitride/carbide precipitation is ready to occur, the
nitrided/nitrocarburized layer growth is affected by the precipitation effect, affecting the value of the estimated
activation energy %%,

1267



ISSN 2176-5480

C.J. Scheuer, A. D. dos Anjos, R.P. Cardoso, V.B. Araujo, S.F. Brunatto
AISI 420 martensitic stainless steel low-temperature plasma assisted nitriding, nitrocarburizing and carburizing

Figure 2. Arrhenius plot of the layer thickness for the low-temperature plasma treated surfaces. Treatments carried out
for 8 h, at a flow rate of 1.67 x 10 * Nm® s, applied voltage of 700 V, and pressure of 400 Pa.

X-ray diffraction patterns of untreated (as-quenched) and plasma nitrided, carburized and nitrocarburized samples,
treated at different temperatures are presented in Figure 3 (a,b,c). The as-quenched sample presents a peak related to the
martensite phase (o) in accordance with Xi et al. '*"*!. For low-temperature plasma nitrided samples (350°C) the
phases are mainly &-Fe, ;N and o’y. For higher temperature nitriding conditions (400 and 450°C), CrN precipitation is
also evidenced, confirming the occurrence of sensitization, as indicated in Figure 1. Further, for the carburized samples,
it is observed the occurrence of Fe;C and o'c phases, and no precipitation of chromium carbide is evidenced (in
accordance with the micrographs shown in Figure 1). On the other hand, for nitrocarburized samples, it is visualized the
presence of nitride phases (e-Fe,3N and CrN — also confirming the sensitization shown in Figure 1), carbide phases
(Fe;C), and the nitrogen and carbon in solid solution in the martensite lattice (o’nc).

Figure 3. XRD patterns of low-temperature plasma treated AISI 420 martensitic stainless steel. Treatments carried out
for 8 h, at a flow rate of 1.67 x 10 Nm® s', applied voltage of 700 V, and pressure of 400 Pa.
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The evolution of the surface hardness of low-temperature plasma treated AISI 420 martensitic stainless steel for the
studied conditions is presented in Figure 4. Measurements were performed on the samples top (surface exposed to the
plasma) and bottom (surface non-exposed to the plasma — or substrate bulk). It can be seen that all studied treatments
promote an increase of the surface hardness when compared with the bulk hardness. A very slight hardness increase
with treatment temperature was verified to carburized samples. By this process, the hardness increases on the order of
1.2, 1.7 and 2.2 times, being that higher increase of hardness is verified for the plasma nitriding and nitrocarburizing
processes, which was on the order of 2.2, 3.4 and 3.3 times, and 1.8, 2.4 and 3.5 times, respectively, for treatments
performed at 350, 400 and 450°C. The fact that plasma carburizing, nitriding and nitrocarburizing treatments show
distinct hardness increasing rates is related to the different phases and thickness present in the treated layers.

In general, the hardness increase can be attributed to the addition of nitrogen and carbon into solid solution in
martensite lattice, allied to the presence of e-Fe, 3N and Fe;C phases, and too, due the treated layer thickness growth, in
agreement with that has been presented in Figure 2 and Figure 3. On the other hand, the hardness decrease evidenced at
450°C for the nitriding treatment would be directly related to the strong chromium nitride precipitation, which would
reduce the nitrogen content in solid solution and, consequently, the nitrogen-expanded martensite hardness. Finally, a
hardness decrease of the sample bottom was verified for all the treated samples, which is a result of the martensite
tempering effect. Confronting the sample top and bottom hardness results, it can be noticed that the plasma assisted
treatment strengthening effect overcomes the tempering softening one, evidencing the effectiveness of the AISI 420
steel low-temperature plasma assisted treatments studied here.

Figure 4. Surface hardness of low-temperature plasma treated AISI 420 martensitic stainless steel. Treatments carried
out for 8 h, at a flow rate of 1.67 x 10 ° Nm’ s, applied voltage of 700 V, and pressure of 400 Pa.

Figure 5 shows the comparison between the hardness profile (hardening depth) for the plasma carburized, nitrided
and nitrocarburized samples at temperatures of 350 (Fig. 5a), 400 (Fig. 5b), and 450°C (Fig. 5¢). By Fig. 5 (a), it can be
seen that hardness of 592, 993 and 575 HV,,; at a depth of about 2.5 to 5 pm was verified for samples carburized,
nitrided and nitrocarburized at 350°C, respectively. In addition, case depths on the order of 20, 15 and 15 um, can be
also estimated. From Fig. 5 (b), to the samples plasma treated at 400°C, hardness of 738, 1312 and 957 HV,;, and
hardening depth of about 40, 25 and 25 um was verified for carburized, nitrided and nitrocarburized samples,
respectively. Finally, Fig. 5(c) shows the comparison of the hardness profiles for samples treated at 450°C employing
the different studied techniques. For the plasma carburizing, nitriding and nitrocarburizing treatments, hardness of 872,
1002 and 1157 HV, was obtained at distances about 2 to 5 um from the sample surface, being the case depth about
60 um for all the carburized, nitrided and nitrocarburized samples.

Figure 6 (a) shows the Ra roughness measurements as a function of treatment temperature for plasma carburized,
nitrided and nitrocarburized samples. It can be verified that the untreated samples roughness (~ 0.03 pum) is increased as
the treatment temperature is also increased, for all the studied processes. It may be also noted that the roughness are
higher for the carburized samples, whereas lower values were obtained for nitrided samples. There are two possible
explanations for the fact that the roughness is higher for carburized samples, followed by the nitrocarburized and
nitrided ones: a) the higher argon content in the carburizing gas mixture, once argon intensifies the sputtering rate due
to its higher atomic weight in relation to the other gas species present in the plasma; and b) due to the higher switched-
on time (fon) applied to the system to keep the treatment temperature. Through Fig. 6(b) it can be seen that for the
treatments conducted at temperature of 400°C, the oy is greater for carburizing, followed by nitrocarburizing, and then
by nitriding (to the other treatment temperatures, this same pattern was observed). The higher the 7oy, the greater is the
effective time of plasma acting, and so the sample bombardment time by the plasma species, resulting in a greater
roughness.
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Figure 5. Microhardness profile of low-temperature plasma treated AISI 420 martensitic stainless steel. Treatments
carried out at 350, 400 and 450°C for 8 h, at a flow rate of 1.67 x 10°* Nm® s', applied voltage of 700 V, and pressure
of 400 Pa.

Figure 6. (a) Ra roughness measurements on surface of plasma treated and untreated AISI 420 martensitic stainless steel
samples, (b) Switched-on time (#oy) of the pulsed voltage for plasma carburizing, nitriding and nitrocarburizing
treatments carried out at a temperature of 400°C. Treatments carried out for 8 h, at a flow rate of 1.67 x 10 Nm® sfl,
applied voltage of 700 V, and pressure of 400 Pa.
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4. CONCLUSION

The effects of the low-temperature (350, 400 and 450°C) and short-time (8 h) DC plasma assisted nitriding,
nitrocarburizing and carburizing treatments on the metallurgical characteristics of AISI 420 martensitic stainless steel
substrates were investigated in the present work. The main conclusions obtained from the results confrontation can be
listed as follows:

= The obtained surface layers are constituted of iron nitrides (for nitriding), carbides (for carburizing), or a

mixed structure of nitrides and carbides (for plasma nitrocarburizing). In addition to these constituents,
carbon-, nitrogen- and mixed carbon/nitrogen-expanded martensite phase was produced by carburizing
(a’¢), nitriding (a’y) and nitrocarburizing (o’nc), respectively. Furthermore, it has been verified the
chromium nitride precipitation occurrence for conditions of 400 and 450°C to the nitrided and
nitrocarburized samples;

= The increase of carburizing, nitriding and nitrocarburized temperature leads to a increased layer thickness.
Likewise, higher temperatures promote the chromium nitride precipitation in the treated layer, and may
result in a surface hardness reduction. Precipitation-free treated layers were obtained to the lowest
treatment temperature for all studied conditions;

= The increase of the treatment temperature causes an increase in surface hardness, hardening depth and
roughness of the treated samples. The higher hardness is believed to be due to the C/N-expanded martensite
phase formation and the occurrence of iron carbide/nitride formation in the treated surface. The hardening
depth growing is credited to the greater diffusion coefficient as the temperature is increased. The increased
roughness with treatment temperature is explained by the higher switched-on time (#on) applied to the
system to keep the treatment temperature; and, finally,

= The kinetics of the layer growth comprising the carbon and/or nitrogen diffusion changes for the different
types of treatments. The estimated activation energy was 29, 136 and 173 kJmol" for the plasma
carburized, nitrided and nitrocarburized samples, respectively.
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