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Abstract 

The purpose of this study is to analyze the effect of plasma nitriding time on the 

physicochemical properties and mechanical hardness of commercially available 

martensitic stainless steels, SUS403 (JIS G4304) and SCS6 (JIS G5121). Both 

steels were chosen as the model materials because of their general applications, 

such as for pressure vessel, valve, turbine, pump, and conveyor belt in petroleum 

industry, in which high strength and good corrosion resistant materials are 

demanded. The nitriding processes were carried out by plasma process at fixed 

temperature of 450C with varied processing times of 20, 30, and 40 hours. The 

results show that the addition of nitrogen has a significant role in modifying the 

microstructure, phase balance, and hardness of both steels. Varying the processing 

time has a direct impact to the penetration depth of nitrogen into the material. 

Interestingly, despite similar martensitic properties, we found that the nitrided layer 

on SUS403 and SCS6 specimens exhibits different iron nitride layer characteristics, 

i.e., crystal structure/phase and hardness profile. It was revealed that the processing 

time of 20 hours is suitable to form an Fe4N compound layer. Longer than this 

period is just increasing the iron-nitride layer thickness. In addition, the present 

study also discussed the formation process of iron nitride compound-layer during 

plasma nitriding process. 

Keywords:  Crystal structure, Hardness, Iron nitride, Martensitic stainless steel, 

Plasma nitriding. 
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1.  Introduction 

Iron nitride materials have given tremendously attentions for researchers due to their 

excellent performance compared to iron and iron oxide, such as magnetic properties [1, 

2], corrosion resistance, catalytic performance [3], and mechanical strength [4]. The 

properties of iron nitride depend on the nitrogen component in the material [5]. 

To produce iron nitride, several technologies have been commercialized [6]:  

(i) Gas nitriding. This process is carried out usually at temperatures of 550–580C 

in a box furnace or fluidized bed in an atmosphere filled with partially 

dissociated ammonia. The major benefit from this process is that it can be done 

in a condition of the near-ideal temperature uniformity through the entire gas-

particle volume and fast heating rate. The processing condition (i.e., time, 

temperature, and gas dissociation rate) can be controlled easily to get a product 

with specific properties.  

(ii) Liquid salt nitriding. This process is conducted using the fused salt bath 

containing either cyanides or cyanates. A typical commercial bath that is 

typically used is a mixture of 60–70% of sodium salts (96.5% of NaCN, 2.5% 

of Na2CO3, and 0.5% of NaCNO) and 30–40% of potassium salts (96% of KCN, 

0.6% of K2CO3, 0.75% of KCNO, and 0.5% of KCl). The major benefit is its 

simple and rapid processing cycle (due to intense heating and high reactivity of 

the medium).  

(iii) Plasma nitriding. This process is conducted using a glow discharge 

phenomenon to introduce nitrogen to the surface of a metal via diffusion of 

nitrogen element. The major benefits include the relatively low temperature, 

short saturation time, and simple mechanical masking, as well as surface-

activation sputtering.  

(iv) Laser nitriding. This process uses a direct laser irradiation to the specimen 

that is placed in a reactive gas environment. The reactive gas, containing 

nitrogen, is fed through a nozzle into the melt pool. The process is feasible to 

be applied in industry; however, the nitriding process is limited to the laser 

irradiation area only, making it difficult to be applied into large area of metal. 

(v) Beam ion implantation. This process used an ion beam to incorporate nitrogen 

into a material surface. Although this method is prospective for industry, this 

technique requires exploration of elevated temperatures, in which the 

temperature must be done at higher than 600C. 

Among the above techniques, plasma nitriding is usually considered as the 

simplest technique to produce iron nitride structure on a steel material. This is 

because the thickness of nitrided layer on the entire specimen body can be 

controlled easily by changing the process parameters, such as nitrogen gas flow and 

composition, processing time, and temperature, as well as pressure. Indeed, plasma 

nitriding technique has been widely utilized to improve the wear resistance of steel 

component for enhancing its service life [7, 8]. Moreover, the hardened surface 

could avoid damage and failure of machine components due to external loads [9-

11]. Thus, understanding the optimum process parameters to get excellent product 

can give advantages and information for further development in the production of 

nitrided materials. 

Many papers have discussed the strategies on the production of iron nitride [1-

5, 12-18]. Some also reported the use of commercially available martensitic 
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stainless steels, such as AISI 410 [19], AISI 420 [7, 20], and AISI 440C [21]. 

However, to the best of our knowledge, report on the effect of plasma nitriding time 

on the physicochemical properties and mechanical hardness of SUS403 (JIS 

G4304) and SCS6 (JIS G5121) is very limited.  

The purpose of this study was to analyze the effect of nitriding time by plasma 

synthesis process to commercially available martensitic stainless steels SUS403 (JIS 

G4304) and SCS6 (JIS G5121). Both steels were chosen because of their wide range 

of applications, such as for pressure vessel, valve, turbine, pump, and conveyor belt 

in petroleum industry, in which high strength and good corrosion resistant materials 

are demanded. Plasma nitriding technique was selected since the process offers the 

ability in improving the surface hardness while neither sacrificing the corrosion 

resistance nor changing the major volume of the parent material.  

The present work extends the experimental results reported by Liem et al. [8] 

in order to perform an analytical study on the formed iron-nitrided layer. We 

showed that the addition of nitrogen has a significant role on the microstructure, 

phase balance, and surface hardness of the both steels. Interestingly, we found that 

both steels showed different iron nitride characteristics despite their similar 

martensitic stainless steel properties. The present study was also completed with a 

discussion on iron-nitride formation mechanism during the nitriding process. 

2.  Experimental Method 

The present study used two types of martensitic stainless steels: SUS403 (JIS 

G4303) and SCS6 (JIS G5121). According to the Japanese Industrial Standard 

(JIS), SUS403 is classified as a hot-rolled stainless steel and SCS6 is as a cast 

stainless steel, both possess a good corrosion resistance. All samples were 

manufactured by a wire-cutting machine with a specific dimension of length, width, 

and thickness of 15, 10, and 5 mm, respectively. Detailed elemental composition 

of the two types of stainless steel is described in Table 1. 

Table 1. Elemental composition of SUS403 and SCS6 [8]. 

Element 
Elemental composition (wt%) 

SUS403 SCS6 

Carbon 0.13 0.03 

Silica 0.44 0.39 

Manganese 0.44 0.36 

Phosphor 0.027 0.019 

Sulfur 0.024 0.009 

Nickel 0.20 3.81 

Chromium 11.77 13.10 

Molybdenum  0.60 

The samples of both steels were then put into a plasma nitriding apparatus, 

which was conducted at a temperature of 450C and a pressure of 800 + 200 Pa. To 

support the nitriding process, the plasma process was introduced with a reactant 

gas, consisting of 25% of nitrogen (N2) and 75% of hydrogen (H2). The processing 

time was varied for 20, 30, and 40 hours.  

To characterize the successfulness of nitriding process, the nitrided samples 

were analyzed using an X-Ray Diffraction (XRD; Multiflex, Rigaku, Japan). The 

hardness profile of the nitrided samples were measured by micro Vickers hardness 
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test (JIS 2244) on the cross sectional area over a distance of 500 μm from the 

sample surface. 

3.  Results and Discussion 

3.1. XRD analysis result 

Figure 1 shows the XRD analysis results for the SUS403 sample before and after 

the nitridation. The paneled image is the photograph of the sliced sample after the 

nitridation at processing time of 40 hours. As seen in the figure, nitrided layer is 

formed after nitriding process (dark area between brighter area and dashed (surface) 

line). The thickness of the nitrided layer is more than 100 µm. Then, the nitrided 

layer was taken and analyzed using XRD. 

The nitriding time was varied at 20, 30, and 40 hours. As standard evaluations, 

the XRD analysis was compared to the Joint Committee of the Powder Diffraction 

System (JCPDS) no 06-0696, 72-2126, 72-2125, and 86-0231, corresponding to 

Fe, Fe2N, Fe3N, and Fe4N, respectively. The result shows that the initial SUS403 

contains Fe pattern. Although SUS403 contains other components (such as nickel, 

chrome, etc.), as shown in Table 1, the peaks of these components were not 

detected. The composition of these components is too little to be identified. 

After the nitriding process, several peaks were detected. For 20 hours of the 

nitriding process, there are additional peaks to the initial Fe peaks, i.e., Fe2N, Fe3N, 

and Fe4N. After nitridation of 30 hours, Fe3N peaks disappeared, whereas Fe4N 

dominated the structure. Finally, after conducting nitridation for 40 h, XRD pattern 

contained mostly Fe4N and some Fe2N. 

Figure 2 shows the XRD analysis results for the SCS6 sample before and after 

nitriding process at 20, 30, and 40 h, compared to the JCPDS no 06-0696, 72-2126, 

72-2125, and 86-0231 for Fe, Fe2N, Fe3N, and Fe4N, respectively. The paneled 

image is the photograph of the sliced sample after the nitriding process. Different 

from the nitrided SUS403 shown in Fig. 1, the nitrided layer in SCS6 is relatively 

thinner (about 75 µm).  

As shown in Figs. 1 and 2, we found that no FeN was detected in all samples. 

This confirmed that the process can not make more penetration of nitrogen element 

into the Fe atomic structures. Also, different from our previous studies [2, 14, 17, 

18], no Fe16N2 pattern was detected in the samples, in which this is because the 

present process is not compatible to further change the crystal structure from Fe to 

form Fe16N2.  

Based on the above process, the present process is effective to produce an iron 

nitride layer (see Figs. 1 and 2) on both steels. The nitriding time of 20 hours at 

450C was found to be effective in creating the Fe4N compound. Longer than this 

period was just increasing the iron-nitride layer thickness.   

The XRD analysis results of the initial SCS6 show the detection of the Fe 

pattern only, which is similar to the SUS403 sample in Fig. 1. After the nitriding 

process, several peaks were identified. The nitriding process for 20 hours results in 

additional Fe2N, Fe3N, and Fe4N peaks. Then, after conducting nitridation for 30 

and 40 hours, Fe3N peaks disappeared, whereas Fe4N dominated the structure. 
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Fig. 1. The XRD analysis results of SUS403 nitrided with  

various processing times. The paneled image is the photograph  

of the sliced nitrided sample processed for 40 hours. 

 

Fig. 2. The XRD analysis results of SCS6 nitrided with  

various processing times. The paneled image is the photograph  

of the sliced nitrided sample for 40 hours processing time. 
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A proposal on the formation mechanism of nitrided layer in a martensitic stainless 

steel is presented in Fig. 3. In simplification of the process, viz. Fig. 3(a), the existence 

of H2 gas can hydrogenise the protection layer (as chromium does in forming oxide 

chromium (CrO2)) on the surface of stainless steel [6], while the presence of N2 gas 

is effective as the nitrogen source [1]. The hydrogenation removes the oxide 

component to form their originated metal component [14]. At the same time with the 

hydrogenation, N2 gas is converted into radical nitrogen [16]. Since the protective 

layer has been removed, radical nitrogen can move from the plasma to the material 

sub-surface. Then, this radical nitrogen penetrates into the atomic iron interstitial. 

Consequently, the atomic structure is changed from body centered tetragonal (for 

martensitic steel material) to the Fe4N structure, refer to Fig. 3(b). The penetration 

occurs on the entire surface, forming Fe4N layer. The nitrogen penetration process 

depends on the diffusion time of the material. Thus, increasing processing time results 

in the deeper formation of iron nitride layer.  

 

Fig. 3. Proposal mechanism for the formation of Fe4N material  

structure. Figure (a) is the proposal mechanism in the physical appearance, 

whereas Fig. (b) is that in the atomic structure. 

In addition to the formation of layer, there is a chemical reaction during the 

penetration of nitrogen element into Fe atomic structure. Nitrogen moves step by step 

to the Fe atomic structure to form Fe2N, Fe3N, and Fe4N. This is confirmed by the 

existence of this iron nitride XRD patterns after 20 hours of reaction (Figs. 1 and 2). 

Further additional processing time allows the nitrogen radical to go further into 

deeper position of the Fe atomic structure. The conversion of Fe2N and Fe3N into 

Fe4N structure was also found. Among these three types of iron nitrides, Fe3N is the 

weakest. Fe3N is easily changed into Fe4N. That is the main fundamental reason why 

the Fe3N is not detected after more than 30 hours of nitridation.  

3.2.  Micro Vickers hardness test result 

The results of the Vickers hardness measurements on both steels along the cross-

sectional path from the surface are given in Fig. 4 [8]. In the figure, the hardness 

profile of SUS403, Fig. 4(a) and SCS6, Fig. 4(b) samples under different 
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nitridation times are plotted and compared. The results exhibit that the hardness 

values of nitrided samples are higher than that of initial samples (prior to the 

nitriding process). Hardness values of the initial SUS403 and SCS6 are 170 and 

285 HV, respectively (horizontal dashed line in Figs. 4(a) and (b). According to 

the hardness profile, nitriding process can improve the hardness to more than 4 

times of their initial condition. Additional nitridation has a direct impact to the 

improvement of hardness, in which this is in a good agreement with previous 

studies [7, 19, 20, 22, 23]. 

The successful hardening material in changing Fe into Fe4N is due to the change 

in the atomic structure from Fe to Fe4N, confirmed by XRD analysis results in Figs. 

1 and 2. The atomic structure in iron nitride material is more pack that that in the 

Fe atomic structure only, Fig. 3(b).  

Measurement on both steels at the surface (0 µm in distance) gives almost 

equal hardness value of 1200 HV. This result agreed well with the previous 

reports that used different martensitic stainless steels and processed at different 

conditions [7, 19, 20]. Since all variations of processing time gave the same value 

of hardness at the surface, it demonstrated that plasma nitriding within 20 hours 

is sufficient to produce a SUS403 or SCS6 martensitic stainless steel with a 

surface hardness of around 1200 HV. This also confirms that differences in the 

use of SUS403 and SCS6 samples seem to have less significant impact to the 

difficult formation of Fe4N compound layer. This is quite interesting since there 

is a considerable difference in the elemental composition in both types of 

stainless steels as shown in Table 1. 

 

Fig. 4. Micro Vickers hardness test results of SUS403 (a)  

and SCS6 (b) nitrided under various processing times. 
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The deeper distance from the surface leads to the decreasing hardness values. 

The decrease in the hardness is due to the different compositions of iron nitride 

structure. The more amounts of Fe4N structure makes the harder material can be 

obtained. Indeed, the deeper distance will be in line with the less number of Fe4N. 

In addition, although Fe2N and Fe3N may give an impact to the improvement of 

hardness, their influences are not as big as Fe4N does.  

Comparing the SUS403 and the SCS6 samples, the SUS403 samples show 

deeper nitrided layer than those of the SCS6. The fundamental reason is likely due 

to the difference in the elemental composition (Table 1). The SUS403 and SCS6 

XRD patterns do not differ much in silica, manganese, phosphor, sulfur, and 

chromium elements. The major different is nickel, in which the amount of nickel 

in SCS6 is almost 20 times of that in SUS403. This nickel element might be the 

main reason that deters the nitrogen penetration. In addition, the present of nickel 

could also change the hardness for some cases in stainless steel [4]. 

Considering the processing time variations in both steels, we found that the longer 

nitrided processing time is applied, the deeper nitrided layer can be obtained. Both 

types of samples showed that the 40 hours of nitriding process is the best condition 

to gain the deepest nitrided layer. In addition, when the samples were tested at less 

than 100 µm, the hardness value is more than the original condition, vertical dot and 

dashed line in Figs. 4(a) and (b). This is in a good agreement with the micrograph 

image of the samples (paneled images in Figs. 1 and 2).  

4.  Conclusion 

Analyses onto the effect of nitriding time using the plasma process on the crystal 

structure/phase and the hardness of commercially available stainless steel SUS403 

and SCS6 has been reported. The results show that the addition of nitrogen has a 

significant role in controlling the microstructure, phase balance, and hardness 

profile of the materials. The processing time influences the nitrogen penetration 

phenomenon, which leads to the change in the thickness of nitrided layer and the 

composition of formed iron nitride. It is revealed that the processing time of 20 

hours is sufficient to form an Fe4N compound. Longer processing time will create 

a thicker Fe4N layer in the materials. The present study also found that the use of 

SUS403 and SCS6 results in different iron nitride characteristics, i.e., crystal 

structure/phase and surface hardness profile. At last, we discussed the formation 

mechanism of iron nitride compound-layer during plasma nitriding process. 
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