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Abstract 

Steel is an important component in the industrialized world with rising growth in world consumption. 

Steel has wide applications due to its high strength, durability, and cost-effectiveness. This has applications 

in the nuclear power plant. In Indonesian nuclear industry, low carbon steel is used not only for the 

fabrication of reactor components but also for the radiometallurgical facilities. However, to avoid the 

risk of premature failure and enhance the longevity of the components in the service condition, surface 

modification for the improvement of hardness has been realized. Amongst several methods, surface 

hardening by following nitrocarburizing has been found to be a successful and cost-effective method. 

Nitrocarburizing enable the formation of desirable phases of FexN (x = 2-3, 4) in the compound layer 

and also in the diffusion layers. In the present study nitrocarburizing had been followed at variable  

gas ratio and temperatures. A gas mixture of 10% C2H2, 50% argon, and 40% nitrogen had been fed 

into the reactor. The results show that there is an increase in hardness value, by addition of argon gas 

up to 50% in the nitrocarburizing process, making the sample harder. With the variation of temperature 

the enhancement of hardness could be achieved up to 7% to 10% of the initial hardness. When compared 

with previous studies, the maximum addition of argon is in the range of 10% to 30% because it provides 

a more optimal increase in hardness. 

1. Introduction  

 

 Steel is an important component in the industrialized world with 

rising growth in the world consumption Steel is an alloy of high strength, 

durability and cost-effectiveness has widespread applications in 

industrial sectors like; aircraft, railroad, automotive industries etc. [1,2]. 

In addition, steel material is also used as a construction material in the 

nuclear industry, including components for the Nuclear Power Plant 

(NPP). In Indonesian nuclear industry, steel is used in the research 

activities which involve hotcell components such as chains on conveyers, 

incell cranes and other supporting equipment that uses supporting 

equipment made up of low carbon steel as the base material. [3]. Steel 

has been the subject of research attention due to its widespread applications 

in various industrial sectors. However, its longevity in the service 

condition has been the subject of concern which leads to the surface 

modification. Hence, nitrocarburizing, a cost effective and successful 

method, has been adopted for modifying the surface in the present study. 

 The process involves the thermochemical diffusion of nitrogen 

and carbon gases at certain proportion and temperature which modifies 

the surface leading to enhancement of fatigue, wear and corrosion 

resistance. Following nitrocarburizing, a hard surface layer consisting 

of a compound and diffusion layer is formed. Nitrogen and carbon 

enriched iron crystal lattice along with the hardened layer consisting 

of ε-Fe2-3 (N, C) 1-z and γ-Fe4N1-x [4,5] is formed after nitrocarburizing. 

Previously, several studies had been carried out on nitrocarburizing by 

varying the process parameters temperature, time and gas concentration. 

Formation of these phases and the nitrogen solid solution synergistically 

improve the hardness and corrosion resistance of the steel. X-ray 

diffraction (XRD) analysis reveals the formation of γN and γC phases 

which had also been observed in the scanning electron microscope 

(SEM) analysis. 

 The present study was focused on a novel surface treatment of the 

steel which includes the variation of gas composition and the temperature. 

Previously, it was reported that by using only the argon gas in the 

process the material performance could not be achieved to the 

desirable level [21]. Hence, the addition of H2 to the Ar gas to form 

of N2 and H2 gas mixture was followed with the view to enhance 

the properties of the steel to the desirable level. This may enhance 

the property of materials used for the support facilities in the hotcell 

so that its service life can be prolonged. On the other hand, an attempt 

has also been made in this study to understand the mechanics of the 

nitrocarburizing process.
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 2.  Experimental 

 

 The material used in this study is low carbon steel with a carbon 

composition generally below 0.3% [22,23]. The composition of the 

steel is represented in the Table 1: 

 

Table 1. Chemical composition of the sample. 

 

Elements Concentration (%) 

C 0.298 

Si 0.18 

Mn 0.568 

P 0.009 

S 0.013 

Cu 0.007 

Al 0.002 

Cr 0.009 

Mo <0.002 

Ni <0.002 

V <0.002 

Ti <0.002 

Nb <0.002 

W <0.002 

 

 The low carbon steel is used for the existing facilities in the 

radiometallurgical facility, Center for Nuclear Fuel Technology, 

especially for hot cell facilities (Figure 1). Steel samples of dimension 

were cut into the area 1  1 cm2 with the thickness 5 mm. The surfaces 

were subjected to metallographic polishing by using various grades 

#80, #120, #500, #800, #1200, # 2400 and finally polished to a level of 

surface roughness to 3 µm. The polished sample was cleaned using soap 

and ultrasonic instrument before running the nitrocarburizing process. 

 

2.1  Nitrocarburizing process 

 

 The nitrocarburizing process uses a nitriding engine (Figure 2) 

made by the Center for Accelerator Science and Technology (PSTA-

BATAN) which has been used for research activities on surface 

hardening [20,24,25]. Figure 2 shows the glow discharge plasma 

nitriding system 

 In this study, the variables used were temperature and diffused gas 

content. Table 2 show the variables and parameters used in the study 

from three parameters, the gas concentration used was 50% Argon, 

10% C2H2 and 40% Nitrogen. The time used is constant for 6 h. The 

voltage is adjusted from 300 V to 400 V to obtain different temperatures 

which are 300℃ and 400℃. After carrying out the nitrocarburizing 

process, an XRD test was carried out with an angle of 20 to 80 which 

use cobalt as source (Empyrean XRD). The scan rate used as 0.02 

per second. The sample was cut to obtain a cross section image and 

then mounted for the SEM process. The sample was etched using a 

2% nital solution on to see the grain boundaries of the layer. After 

that, the microhardness testing was carried out by using load 50 g. 

      
 

Figure 1. (a) Facilities inside the hot cell, and (b) components inside of the crane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. DC-plasma glow discharge nitriding system installation at the Center for Accelerator Science and Technology (PSTA-BATAN). 
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Table 2. Variables and parameters used. 

 

Sample Time (h) Gas ratio Temperature (℃) 

Low Carbon Steel raw material (LCS 1) - - - 

Low Carbon Steel 2 (LCS 2) 6 50% Argon (Ar), 10% C2H2, 40% Nitrogen (N) 300 

Low Carbon Steel 3 (LCS 3) 6 50% Argon (Ar), 10% C2H2, 40% Nitrogen (N) 400 

 

3.  Result and discussion 

 

 From this research several test results were obtained, tests 

carried out to determine the characteristics of the material after the 

nitrocarburizing process was carried out. The following are the results 

of the tests that have been carried out: 

 

3.1  Hardness test result 

 

 Hardness test is carried out using the Vickers method. The hardness 

test results show that there is an increase in the surface hardness of 

the material. The untreated sample was LCS 1 which had a hardness 

value of 192 Hv. After the nitrocarburizing process was carried out 

for 6 h at a temperature of 300℃, the hardness value increased by 

7% to 206 HV, while using a temperature of 400℃ the hardness  

value was 233 Hv or an increase of 20% from the initial hardness value. 

When compared with previous studies [20], by using argon content 

10% to 30%, the maximum hardness was obtained with argon content 

of 10% with a maximum hardness value of 214 Hv. In this study, 

a higher hardness value was obtained due to the difference in time used 

when compared to previous studies. In certain conditions the surface 

hardness of the material is more optimal than if argon is not used 

because argon can increase the dissociation process and ion density 

on the metal surface, even the use of more than 70% argon can further 

increase the dissociation rate of ions that diffuse onto the metal surface 

[21,26]. The use of nitrogen without being associated with other gases 

will find it difficult to achieve a high dissociation rate, because nitrogen 

has a fairly high stable binding energy. In order to increase the dissociation 

rate, other gases such as argon or hydrogen can be used [27,28]. 

 Cross sectional hardness measurements had shown that the 

hardness decreases with the depth from the surface towards the bulk 

as represented in Figure 4. The farther away from the surface indicates 

a decrease in the value of hardness. At a distance of 0.1 mm away from 

the surface all the steel samples had shown a decrease in hardness. 

Hardness at a distance of 0.1 mm away from the surface was found 

to be 183.81 Hv and at 1.00 mm distance reduced to 162.05 Hv. Likewise, 

the nitrocarburizing treatment at 400℃ from 214.75 Hv to 177.96 Hv 

the diffusion process does not reach the center of the sample substrate. 

 

3.2  X-ray diffraction characterization 

 

 From the XRD data, the expanded layer was indicated by 

a diffraction pattern in some angles. Figure 5 shows the results of 

XRD testing where the most intense peak is the substrate (Fe). The 

XRD pattern of the steel not prominent to reveal the phase formed 

after nitrocarburizing at 300℃ may be because the intensity of this peak 

is suppressed by the presence of the intense peak of the substrate. 

It may due to the intensity of the substrate peak is significantly high 

or it may be stated as the volume fraction of the formed phase is very 

small [16]. 

 

Figure 3. Representation of hardness of steel before and after nitrocarburizing 

at 300℃ and 400℃. 

 

 

Figure 4. Hardness vs. depth profile of the cross section of steels after  

nitrocarburizing at various treatment conditions. 

 

 

Figure 5. XRD patterns of the steel after nitrocarburizing at 300℃ and 400℃. 
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 With the increasing temperature of the nitrocarburizing process, 

several peaks can be seen indicating the formation of a thin compound 

layer. Figure 5 shows that the XRD test results show that several new 

phases were formed, namely Fe3C and Fe3N. The reflection for the 

Fe3C phase appeared at 2θ diffraction angles 44, 46.53, 47.58, 

50.18, 53.59, and 56.75. While the Fe3N reflection phase is 

at an angle of 2 51.29 and 57.63. 

 In the results of this nitrocarburizing process, diffusion of N is 

dominant as compared to that of C. It is because of the diffusion of 

coefficient of C is more than that of N. This is because depends on 

the reaction on the surface. The C atom has a lower solubility level than 

the N atom, so that the C atom is formed earlier than the N atom. 

This can be seen in the graph between the concentration between 

the C and N atoms on the surface [4,29]. Figure 6 shows the process 

of phase formation on the surface of the material. Based on previous 

research [29,30,31] that the initial phase of the nitrocarburizing 

process is Fe3C. The iron-carbonitride ɛ-Fe2 (N, C) 1-z phase can be 

formed if it is carried out in a high nitrocarburizing process. So that 

the XRD results are dominated by Fe3C phase atoms compared to 

Fe3N and are still in the early stages of phase formation. 

 

3.3  Scanning electron microscopy (SEM) characterization 

 

 From Figure 7 and Figure 8 it can be seen that there is a thin 

expanded layer on the surface of the material both in the 300℃ and 

400℃ nitrocarburizing processes, which marked by darker colored 

layer. In the picture on the left side is a cross section microstructure 

with a magnification of 240x. In bottom part of image shows the SEM 

results with a magnification of 5000x, so it can be seen a thin ԑ layer 

on the surface. In the 300℃ nitrocarburizing process, an expanded layer 

or compound zone was obtained [32] 5.2 µm to 5.7 µm, while for the 

400℃ nitrocarburizing process, a thicker thickness was obtained, which 

is 4.45 µm to 6.2 µm, where in this part of the layer has the maximum 

hardness value. In Figure 8 it is also clearly seen the compound layer. 

In the part which marked by white box are diffusion zone, but from 

microstructure or SEM imaging the diffusion zone is not appear [32]. 

In Figure 7 and Figure 8, there are cavities and irregular surfaces on 

the surface, this is because the role of argon is not only to accelerate the 

reaction process but also to cause damage to the metal surface due 

to the collision process between ions that occurs on the surface so 

that the surface defects are increasing [33].  

 
 

Figure 6. Layers growth process of C and N [30]. 

 
 

Figure 7. SEM characterization on cross-sectional after nitrocarburizing at 300℃. 

 

 
 

Figure 8. SEM characterization on cross-sectional after nitrocarburizing at 400℃. 
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feature used from A to B (Figure 9(b) and Figure 10(b)) along 8 µm, 

it can be seen the carbon percentage from the surface is decrease at 
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nitrocarburizing process (Figure 10(b)). This phenomenon also obtained 

Compound Zone, 

dual phase

Diffusion zone

Transition zone

Core material

5.7µm 
5.2µm 

Substrate

Nitrocarburizing 

Layer

Compound Zone, 

dual phase

Diffusion zone

Transition zone

Core material

4.45µm 
5.8µm 

6.2µm 

Substrate

Nitrocarburizing 

Layer



HERMAWAN, E., et al. 

J. Met. Mater. Miner. 31(4). 2021    

30 

from previous research [34,35], the low amount of nitrogen concentration 

due to the thermodynamic stability of nitrides in relation to the 

carbide. The high solubility of nitrogen pushes carbon atoms towards 

the interior of the steel, thus forming a carbon layer at the boundary 

area between the substrate and the expanded layer [36,37]. From 

map and line feature is not clearly seen the nitrogen concentration, 

it is because to obtain nitrogen with high concentration need higher 

temperature and nitrogen gas ratio. While based on kinetic of compound 

layer growth this result categorize as first stage, where in this stage 

characterised by relatively slow layer growth kinetics [38,39].  In this 

experiment the nitrocarburizing obtained under 500℃ due to the 

old plasma nitrocarburizing tools which can not reach maximum 

temperature process and optimum hardness value, based on literature 

best temperature use for nitrocarburizing at range 525℃ to 625℃ 

and the hardness value at range 300 H to1200 H [40,41].  

 Based on quantitative analysis from EDS both specimens which 

process at 300℃ and 400℃ (Figure 11(a) and (b)) have similar 

characteristic. It can be found C, Fe, and small energy intensity of 

N atom peak.  

 In Figure 12, the C atom is higher at 300℃ nitrocarburizing process 

with total concentration of 18.1% and 17.1% at 400℃ nitrocarburizing 

process. Otherwise the N atom increase from 0.4% to 3.8% at 400℃ 

nitrocarburizing process. The N atom concentration increase because 

of different nitrocarburizing temperature. Based on previous discussion 

that the N atom concentration will also rise if used higher temperature 

process.  

 

 

 

Figure 9. (a) Element mapping analysis at 300℃ nitrocarburizing process, 

(b) C, N, and Fe concentration based on line analysis at 300℃ nitrocarburizing 

process. 

 

 

Figure 10. (a) Element mapping analysis at 400℃ nitrocarburizing process, 

(b) C, N, and Fe concentration based on line analysis at 400℃ nitrocarburizing 

process. 

 

  

 
 

Figure 11. Quantitative analysis from EDS mapping (a) at 300℃ nitrocarburizing 

process (b) at 400℃ nitrocarburizing process. 
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Figure 12. Concentrations of C, N. and Fe from mapping analysis at different 

variable nitrocarburizing process. 

 

4.  Conclusion 

 

 Based on the results of the study, the hardness value was obtained 

by performing surface hardening on the low carbon steel surface. 

The addition of argon gas up to 50% in the nitrocarburizing process 

generate the harder specimen. The hardness was obtained based on 

the difference in temperature which made an increase of 7% to 20% 

from the initial hardness value. When compared with previous studies, 

the maximum addition of argon is in the range of 10% to 30% because 

it provides a more optimal hardness value. Based on the results of 

XRD analysis, the increase in hardness is due to a new phase formed 

on the surface of the material, which are Fe3C and Fe3N phases. 

These phases form a compound layer after being observed using SEM 

and EDS analysis. 
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