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EN31 steel is a high-carbon alloy steel used for several industrial applications like drilling & 
power tools. The novelty of this study lies in the optimization of liquid nitriding duration for 
the EN31 steel, which enhances the surface properties and a prolonged service life in 
tribological applications.  In order to overcome the limitations, this study has aimed to 
investigate the impact of liquid nitriding at 570°C for 30, 60, and 90 minutes to study the 
hardness, corrosion and wear properties of EN31 steel. As a thermochemical surface 
treatment for EN31 steel, the study explores the application of liquid nitriding. Compared to 
traditional methods like gas nitriding, carburizing, hard chrome plating and hardening, the 
liquid nitriding provides uniform compound layer formation, enhanced surface hardness, and 
faster processing with less distortion. Performance of the modified EN31 steel post nitriding 
process was evaluated through various tests, like the pin-on-disk method to assess wear 
resistance and neutral salt spray testing as per ASTM B117 to measure corrosion resistance. 
Noticeable improvements in the steels tribological and anti-corrosive properties after 
nitriding were demonstrated through the test results. Upon analysing the microstructure, a 
uniform, defect-free nitride layer was revealed. The study evaluated that the 90-minute 
nitriding cycle resulted in the best performance related to corrosion resistance, wear 
resistance and surface hardness. A maximum hardness of 31.7 HRC would be achieved during 
the 90 minute cycle. Interestingly, this cycle also produced the deepest effective case depth 
thereby enhancing durability of steel under intense load bearing conditions. In addition, the 
outstanding corrosion resistance of steel was confirmed during 24-hour salt spray testing as 
no red rust was detected on the nitride samples. The test findings are validated the liquid 
nitriding as an economical surface treatment process for improving performance as well as 
durability and also reducing maintenance needs of EN31 steel for applications like drilling 
tools and for enhancing its reliability in abrasive and corrosive environments. 
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1. Introduction  
 

The materials science engineering field has played a 
key role in advancing the high-performance alloys along 
with improved corrosion protection and wear resistance. 
Among these materials, EN31 steel is a high-carbon alloy 
steel and it is mostly utilized in industrial applications 
due to its excellent mechanical properties [1,2]. It is also 
exhibiting superior hardness and durability when it is 
exposed to extreme conditions like high friction and 
corrosive environments [3,4] and often leads to 

deterioration on surface over time. To address above said 
challenges, surface modification techniques like nitriding 
have been explored to improve the performance of AISI 
5140 steel in critical applications, including drilling tools 
and machine components [5]. Tribology is particularly 
focus on friction, wear, and lubrication and it is essential 
for understanding material behaviour under operating 
loads. Wear and corrosion are two primary factors that 
influence the service life of components in industrial 
applications. Wear happened due to mechanical 
interactions between contacting surfaces and leading to 
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material loss whereas corrosion arises from chemical 
reactions with environmental elements and it is causing 
the structural damage. By selecting the effective surface 
treatments can significantly improve the performance 
and durability of engineering components by limiting 
these degradation mechanisms. Liquid nitriding is a 
process of thermochemical surface treatment that 
diffuses nitrogen into the surface of ferrous materials 
and forming a hardened nitride layer which enhances the 
wear resistance fatigue strength and corrosion 
resistance [6-8]. By comparing with traditional heat 
treatment methods [9,10], liquid nitriding is performed 
at relatively lower temperatures which minimizing 
distortion while ensuring uniform nitrogen diffusion. 
This makes it particularly beneficial for materials like 
EN31 steel, where getting an optimal balance between 
surface hardness and core toughness is important for 
excellent performance [11]. There is limited research on 
the wear and corrosion behaviour of liquid nitride EN31 
steel and with most studies focusing on other steel 
grades [12,13]. Existing research mainly examines wear 
or corrosion separately and lacking a combined analysis 
of both properties in EN31 steel. The nitriding 
parameters influence on its performance is not well 
explored and comparative study is not there between 
liquid nitriding and other nitriding techniques. 
Additionally, the relationship between microstructural 
changes and performance remains unclear and practical 
applications are underexplored in industrial 
environments [14,15]. This study main aim is to bridge 
these gaps by providing a comprehensive evaluation of 
liquid nitride EN31 steel. 

This study aims to examine the effects of liquid 
nitriding process in EN31 steel by observing the wear 
and corrosion resistance. The novelty of this study lies in 

the optimization of liquid nitriding duration for the EN31 

steel, which enhances the surface properties and a prolonged 

service life in tribological applications. The investigation 
involves subjecting EN31 steel samples to nitride at a 
controlled temperature of 570°C for different durations 
(30, 60, and 90 minutes) to analyse the impact of process 
parameters on material characteristics [16]. Wear 
behaviour is studied by using a pin-on-disk tribometer to 
simulate high-friction conditions typical in drilling 
operations. Corrosion resistance is studied through 
neutral salt spray testing and replicating exposed to 
aggressive environments [17-19]. Additionally, surface 
hardness, case depth, and microstructural features are 
analysed to establish a relationship between the 
improvements in material properties and the nitriding 
process. 

This research mainly focuses to optimize the liquid 
nitriding process for EN31 steel and highlighting its 
potential to enhance the service life and reliability of 
components used in demanding industrial applications. 
By systematically investigating the influence of nitriding 
cycle duration, the study provides valuable insights into 
selecting optimal process parameters for achieving 
desired performance improvements. The findings 
contribute to the field of materials engineering by 
presenting an economical and effective solution for 
enhancing the tribological and corrosion resistance 
properties of high-performance steels. 

2. Method 
 

2.1. Surface Preparation 
 

The preparations of EN31 steel specimens were 
essential to ensure consistent and accurate results. The 
process mainly consists of cleaning, machining and 
polishing to remove contaminants and to achieve the 
uniform dimensions. It is also useful to create a smooth 
surface suitable for nitriding. The first step was cleaning 
and in this process the steel bars were thoroughly 
washed using chemical agents and degreasers to 
eliminate dirt, oil, grease and other impurities. This step 
was very important as a clean surface improves nitrogen 
diffusion and making the nitriding process very effective. 
After cleaning activity, the specimens were machined 
into cylindrical shapes with a diameter of 10 mm and a 
length of 30 mm using precision cutting machines as 
shown in Figure 1. This ensured uniformity among all 
specimens to reducing variability in testing. The final 
step was polishing and its involved grinding with 
different abrasives to achieve a smooth and reflective 
surface. A well-polished surface increases wear testing 
accuracy by ensuring consistent frictional contact. 
Following this systematic preparation process helped to 
remove contaminants, maintain uniformity and 
optimizes the specimens for reliable testing. EN31 steel 
specimen was tested in lab for its chemical composition 
and results shown in Table 1. Figure 2 shows the EN36 
material prepared for disc.  

 

  
Figure 1. EN31 Steel Material prepared for Testing 

 

 
Figure 2. Disk specimen 

 

Table 1. EN31 Steel compositions 

Elements % weight 

C 0.963 

Si 0.246 

Mn 0.351 

P 0.013 

Cr 1.44 

S 0.006 
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2.2. Liquid Nitriding Process 
 

Liquid nitriding is a widely used surface treatment 
method and it is significantly increasing the mechanical 
properties of steel by improving surface hardness, 
corrosion and wear resistance. This study mainly focus 
on the liquid nitriding of EN31 steel to find out the 
improvements in surface characteristics and involving 
the immersion of steel samples in a molten salt bath 
containing nitrogen-releasing compounds and in this 
process it’s allowing nitrogen atoms to diffuse into the 
surface and form a hardened nitride layer. The main key 
factors included in this process are salt bath composition, 
nitriding duration, treatment temperature, cooling and 
post-treatment procedures and these were carefully 
controlled to get the optimal results. The composition of 
the molten salt bath played an important role in nitrogen 
diffusion with Sodium Cyanide (NaCN) acting as the 
primary nitrogen donor, Sodium Carbonate (Na2CO3) 
maintaining bath stability and Potassium Carbonate 
(K2CO3) improving nitrogen solubility to ensure a 
uniform and hardened surface. Treatment temperature 
and duration were also crucial with steel specimens 
treated at 570°C to facilitate nitrogen absorption while 
maintaining toughness [20].  

For an EN31 steel, extending the nitriding duration 
beyond 90 minutes may often leads to excessive 
compound layer thickness, which could result in 
cracking, brittleness on the surface, and also reduces the 
fatigue strength. Based on the hardness-depth and 
microstructural stability, 90 minutes is the optimal 
maximum, and 30 minutes is the minimum for the 
effective surface hardening. The higher durations of 
nitriding may risk the tribological properties. In this 
process, three nitriding durations were studied: first one 
30 minutes and it is provided a moderate increase in 
hardness but limited nitrogen penetration, second one 
60 minutes and it is improved nitrogen diffusion hence 
leading to better hardness and wear resistance and the 
third one 90 minutes which achieved the most extensive 
nitrogen diffusion and it is enhancing surface properties 
as shown in Figure 3. After nitriding, the specimens were 
naturally cooled in air to prevent thermal shock and 
avoid cracks or defects and finally cleaning process to be 
provided to remove any remaining salt deposits, 
ensuring a contaminant-free and durable surface. 

 

 
Figure 3. Liquid Nitride EN31 steel samples 

 

2.3. Wear Testing 
 

In this testing Pin-on-Disk Tribometer was used for 
testing the nitride EN31 steel samples to know the wear 
resistance under controlled conditions [21,22] as shown 
in Figure 4. This method preciously measured material 
loss and frictional behaviour during wear. Before testing, 
the tribometer was calibrated for accuracy [23]. 

The setup included a rotating hardened steel disc 
EN26 and a nitride EN31 steel pin pressed against the 
disk under a constant load. A 3 kg load was applied to the 

pin, with a sliding velocity of 2 m/s and a total sliding 
distance of 200 meters. Three different sample (30-
minute, 60-minute and 90-minute) were tested for 12 
minutes to evaluate wear characteristics. During the test, 
frictional force and wear depth were recorded in real-
time and finally the wear track on the disk was analysed 
to measure material removal. The wear rate is calculated 
after all the experiments were conducted by using the 
equation 1 & 2. 

Wear Volume, V= 𝑤1 − 𝑤2/𝜌                        1 
Where w1-w2 is the mass loss and ρ is the density of the 
pin material 

Wear Rate = 𝑉/𝐹𝑑                                                   2 
Where F is the load in N, d is the sliding distance  
 

 
Figure 4. Pin-on-Disk Test setup 

 

2.4. Corrosion Testing 
 

The liquid nitride EN31 steel samples were further 
tested using a Salt Spray Test following the ASTM 
standards [24] to know the corrosion resistance. Harsh 
condition was simulated in this test to know the samples' 
ability to resist corrosion. In this test, the samples were 
placed in a controlled salt mist chamber at a temperature 
between 34.5°C and 35.5°C and positioned at an angle of 
15-30 degrees for uniform exposure. A salt solution 
containing 4.8-5.3% sodium chloride (NaCl) was used 
with a pH level maintained between 6.65 and 6.85. The 
samples will be kept in the chamber for 24 hours to 
observe corrosion effects. Periodic inspections were 
carried out to detect discoloration or surface damage and 
rust. This result helped to know how different nitriding 
durations affected corrosion resistance and confirming 
the effectiveness of liquid nitriding in protecting EN31 
steel in harsh environments. 

 

2.5. Case Depth and Hardness Measurement 
 

The Liquid nitriding on EN31 steel creates a hard 
surface layer called as surface hardening, with a specific 
penetration called as case depth. This supports the 
hardened surface under various load, better wear 
resistance and fatigue life. The Optimal balance ensures 
the performance and durability, which is crucial in 
demanding applications. Also, by studying the case depth 
and surface hardening provides an optimal solution for 
the factors maximizing the service life and reliability 
[25].  

The case depth and surface hardness of the nitride 
EN31 steel samples were measured to know the 
effectiveness of the nitriding treatment [26]. Case depth 

Pin on disc 
setup 

30 Minutes 60 Minutes 90 Minutes 
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measurement involved to know the hardness profile at 
various depths from the surface ranging from 0.1 mm to 
1.0 mm. A Vickers hardness tester was used for this 
purpose to know the precise hardness readings at 
different depths. This analysis provided very crucial data 
on the extent of nitrogen diffusion into the steel and the 
depth at which the nitride layer retained its enhanced 
hardness. Along with case depth measurement, surface 
hardness measurements were also conducted using the 
Rockwell hardness test to determine the overall 
hardness improvement achieved through liquid nitriding 
[27,28]. Hardness values were recorded for samples 
treated for different durations like 30 minutes, 60 
minutes, and 90 minutes to know the impact of varying 
nitriding time. The results were compared to analyse 
how nitriding duration influenced not only surface 
hardness but also wear resistance, corrosion resistance 
and overall mechanical performance of EN31 steel. These 
findings played an important role in determining the 
effectiveness of liquid nitriding as a surface treatment 
method for enhancing the durability and reliability of 
steel in demanding industrial applications. 

 

3. Results and discussions 
 

3.1. Wear Test Results 
 

A pin-on-disk test was conducted to evaluate the 
effect of liquid nitriding on the wear resistance of EN31 
steel by replicating real-world friction conditions found 
in industrial machinery. Figure 5 shows the pin and disc 
before and after the tribological investigation. Three 
steel samples were nitride for 30, 60, and 90 minutes 
before testing to measure material loss and analyse the 
impact of nitriding duration on wear resistance [29-31]. 
The results showed that longer nitriding durations leads 
to lower wear rates, with the 90-minute nitride sample 
exhibiting the least material loss due to the formation of 
a deeper and more uniform nitride layer by reducing 
friction and minimizing material degradation. In 
contrast, the 30-minute nitride sample had the highest 
wear rate due to an underdeveloped nitride layer by 
making it more prone to wear.  

The By comparison of the three samples and found 
that the 30-minute sample had the highest wear rate of 
3.12 mm³/Nm, followed by the 60-minute sample with 
2.45 mm³/Nm and while the 90-minute sample showed 
the lowest wear rate of 1.97 mm³/Nm. These findings 
showed that increasing nitriding duration enhances wear 
resistance and making EN31 steel more durable under 
frictional conditions. The key findings from this 
investigation are a material loss for 30 minute is 0.011 
grams, 60 minute is 0.0093 grams and 90 minute is 
0.0061 grams as shown in Figure 6. A prolonged nitriding 
process leads to thicker and uniform nitriding layer 
resulted in less material loss. The tribological 
performance was enhanced because of larger diffusion of 
nitrogen in the surface of EN31 material. Based on the 
depth of diffusion depth, the 90 minute nitriding process 
enhanced the load bearing capacity.    

 

 

 
Figure 5:  Pin & Disk a) Before test b) After test 

 

 
Figure 6. Wear loss in the Liquid Nitride Sample 

 

Figure 7 illustrates the Coefficient of Friction 
observed during the nitriding process. The experimental 
results demonstrate a direct correlation between the 
friction reduction and duration of nitriding.  As the 
duration of nitriding increases, the CoF decreases, 
indicating improved tribological performance. 
Specifically, CoF values diminish from 0.01024 to 0.0038, 
and further to 0.0026 at 30, 60, and 90 minutes, 
respectively. This reduction helps in enhancing the 
tribological properties logically to the formation of iron 
nitrides on the surface of samples. Results revealed a 
more uniform and controlled diffusion of nitrogen layers 
has formed into the steel surface, which has promoted 
the formation of a consistent and high-quality iron 
nitride layer. Iron nitrides is well known for wear 
resistance and high hardness, form a robust surface 
layer. The longer nitriding durations helps in promoting 
the formation of a thicker and more robust iron nitride 
layer. This thicker layer minimizes the direct contact 
between the sliding surfaces, which logically reduces the 
friction and wear by providing a more effective and 
durable interface. 



Turkish Journal of Engineering – 2025, 9(4), 591-599 

 

625 
 

 
Figure 7. Coefficient of friction (CoF) in the Liquid 

Nitride Sample 
 

3.2. Salt Spray Test Results 
 

The liquid nitride EN31 steel samples were further 
tested using a Salt Spray Test following the ASTM 
standards to know the corrosion resistance. Harsh 
condition was simulated in this test to know the samples' 
ability to resist corrosion. Steel samples were placed in a 
controlled chamber and exposed to a fine mist of 
saltwater for 24 hours to examine their resistance to rust 
formation and corrosion [12]. The results evaluated that 
nitride samples exhibited excellent corrosion resistance 
along with no red rust observed and indicating that the 
nitride layer effectively protected the steel by acting as a 
barrier against moisture and salt, the main causes of rust 
Longer nitriding durations provided even better 
corrosion resistance due to the formation of a denser and 
more uniform protective layer, making nitride EN31 steel 
suitable for applications exposed to moisture, chemicals 
or humid conditions. Industries such as automotive, 
aerospace and marine engineering can benefit from its 
enhanced durability, confirming that liquid nitriding is 
an effective treatment for improving both corrosion 
resistance and overall performance in demanding 
environments. 

 

3.3. Case Depth Measurement 
 

The effect of liquid nitriding on the hardness of EN31 
steel was evaluated by analyzing the case depth of three 
samples treated for different durations to understand 
how nitriding time influences the hardened layer. Since 
nitriding enhances wear resistance by hardening the 
surface and determining the extent of hardness 
penetration is essential for optimizing performance 
[32,33]. The Vickers Hardness (HV) test was conducted 
at various depths and results converted to Rockwell 
Hardness (HRC) for better comparison. Three samples 
like 30 minutes, 60 minutes and 90 minutes samples 
were tested by showing a clear correlation between 
nitriding duration, case depth, and hardness retention. 
All samples had high surface hardness, gradually 
decreasing with depth due to the diffusion-based nature 
of nitriding. The results observed has shown in Figure 8. 
The 30 minutes sample had a surface hardness of 35.9 
HRC at 0.10 mm but dropped to 15.2 HRC at 0.70 mm, 
indicating limited hardness penetration. 60 minutes 

sample exhibited slightly lower surface hardness at 32.8 
HRC at 0.10 mm but maintained 15.2 HRC up to 1.0 mm. 
90 minutes sample showed the most significant 
improvement, with a surface hardness of 38.4 HRC at 
0.10 mm and retaining 17.6 HRC at 1.0 mm by indicating 
the deepest and most effective hardened layer. These 
findings confirm that longer nitriding durations increase 
surface hardness and case depth, improving wear 
resistance and durability. While all samples underwent 
successful case hardening and 90 minutes sample had 
the highest surface hardness and deepest case depth, 
making it the most resistant to wear and mechanical 
stress.  

 

 
Figure 8. Case Depth of each Samples 

 

3.4. Surface Hardness Analysis 
 

Surface hardness is critical for determining a 
material’s resistance to friction, wear and mechanical 
stress and it especially in high-friction environments like 
gears, bearings, and cutting tools [17]. This study 
examined the effect of liquid nitriding duration on the 
surface hardness of EN31 steel by analysing three 
samples as shown Figure 9 and the hardness measured 
along the surface is shown in Figure 10.The results 
evaluated a direct correlation between nitriding time and 
surface hardness with 30 minutes sample exhibiting the 
lowest hardness 29.3 HRC due to limited nitrogen 
diffusion, 60 minutes sample showing moderate 
improvement 29.77 HRC) with increased wear resistance 
and whereas 90 minutes sample achieving the highest 
hardness 30.03 HRC due to deeper nitrogen penetration. 
The progressive increase in hardness from 30 minutes 
sample to 90 minutes sample confirms that longer 
nitriding durations increases surface hardening, 
improving performance and durability. Despite slight 
variations, all samples displayed uniform hardness, 
ensuring even wear and minimizing the risk of localized 
soft spots. Among them, 90 minutes sample was the most 
suitable for high-wear applications due to its superior 
hardness, while 60 minutes sample provided a balanced 
improvement and 30 minutes sample was better suited 
for moderate wear conditions. This study highlights that 
prolonged nitriding improves surface hardness and 
making it a reliable method for enhancing the mechanical 
properties of EN31 steel. 
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Figure 9. Hardness Measured on the Surfaces 

 

 
Figure 10. Hardness Measured on the Surfaces 

 

3.5. Microstructural Analysis 
 

To evaluate the effectiveness of the hardened layer, 
quality and uniformity developed during the liquid 
nitriding process, the microstructural analysis of nitrided 
EN31 steel samples was performed [34,35]. It is essential 
for optimizing the nitriding process for understanding 
the diffusion of nitrogen into the material and the impact 
on mechanical properties, such as wear resistance, 
hardness, and corrosion resistance. To examine the 
nitride layer in detail, a high-magnification imaging at  
20 µm was employed as shown in the Figure 11, which 
focuses on potential defects, consistency, and the 
influence of different nitriding durations on the steel’s 
microstructure. 

The microstructural characteristics varied depending 
on the nitriding duration. During 30-minute nitriding 
duration the analysis revealed the presence of a distinct 
diffusion layer near the surface. The nitriding surface 
appeared very smooth, but in the localized areas fine 
nitrides were observed. During 60-minute nitriding 
duration a diffusion layer was evident, also accompanied 
by the formation of a precipitation zone beneath the 
surface. Fine nitrides were also observed a few places, 
though their distribution was not uniform. In the 90-
minute nitriding duration the microstructure exhibited a 
more homogenous distribution of nitrides throughout 
the treated zone and a well-defined diffusion layer were 
observed. In general, a high-magnification imaging at  
20 µm revealed a well-developed and consistent nitride 
layer in all the samples, which suggests even wear 

resistance across the surface. This uniformity is very 
essential for the industrial applications where 
components experience constant mechanical stress and 
well as tribological issues. No structural defects, such as 
porosity, cracks or any other surface irregularities were 
detected, this confirms the successful execution of the 
nitriding process without introducing material 
weaknesses. The absence of defects ensures that the 
EN31 steel which maintains its strength while benefiting 
from enhanced surface properties. 

 

 
 

 
 

 

Figure 11. Micro Structure for Samples a) 30 minute, b) 
60 minute, c) 90 minute 

 

The figure 11 a) indicates the ferritic matrix with the 
dispersed dark region, the dark region represents 
carbide presence and light region represents ferrite. 
From figure 11 b) revealed a fine dispersion of dark 

20 µm 

20 µm 
 

20 µm 
 

Diffusion Layer 

Smooth Nitrided Surface 

Diffusion Layer 

Diffusion Layer 

Precipitation 
Zone 

Homogenous 
Nitride 

Distribution 

Fine Nitrides 

Fine nitrides 

a) 

b) 
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phases with light ferritic matrix, which suggests pearlitic. 
In figure 11 c) displays a fine ferrite matrix with dark 
rounded and elongated particles. The pattern revealed an 
annealed EN31 steel, better hardness.  

A key observation during the observation was the 
refinement of the grain structure during nitriding 
process. The 90-minute nitriding sample showing the 
most refined and densely packed nitride layer. This finer 
microstructure revealed a deeper nitrogen diffusion, 
which is potentially leading to a superior wear resistance 
and higher hardness. The progression from localized fine 
nitrides at 30 minutes to a homogenous nitride 
distribution at 90 minutes suggests a time-dependent 
diffusion process. The findings confirm that longer 
nitriding durations improve the nitrided layer’s quality, 
resulting in a potentially more durable and harder 
surface.  

The study results confirm that liquid nitriding 
significantly improves the mechanical properties of 
EN31 steel particularly in wear resistance, corrosion 
resistance, surface hardness and case depth. In all the 
samples 90 minutes sample confirmed the lowest wear 
rate and demonstrating that longer nitriding durations 
improves wear resistance and also making it ideal for 
high-friction applications like drilling tools and machine 
components. Corrosion resistance also enhanced with 
increased nitriding times due to the formation of a 
thicker nitride layer that protected the surface from 
oxidation and degradation. Subsequently increased 
nitriding time resulted in a deeper hardened layer and 
higher surface hardness by improving the material’s 
load-bearing capacity and durability under mechanical 
loads. Microstructural analysis confirmed the uniformity 
of the nitride layers, with no defects such as cracks or 
porosity by ensuring reliability and an extended service 
life. These findings highlight liquid nitriding as an 
effective surface treatment for improving the 
performance of EN31 steel in industrial applications. 

This study results are highly relevant to industries 
like manufacturing where drilling tools and wear 
resistant components require improved mechanical 
properties. The 90 minute nitriding process provides a 
cost-effective way to improve performance, durability 
and extend the service life of crucial components. For 
applications with cost limitations the 60-minute 
nitriding process offers a balanced solution by delivering 
good performance at a lower cost and making it suitable 
when maximum wear resistance is not essential. 

 

4. Conclusion 
 

For enhancing the tribological properties of EN31 steel, 
the liquid nitriding was used as a surface treatment for 
evaluating the effectiveness. The experimental analysis 
yielded the following key findings: 
 The wear resistance of EN31 steel was improved 

significantly by increasing the nitriding duration. 
The 90-minute sample attributed to a deeper 
nitrided layer which exhibited the lowest wear rate 
of 1.97 mm³/Nm. But the 30-minute sample showed 
a higher wear rate of 3.12 mm³/Nm, which is likely 
due to the underdeveloped nitrided layer. 

 Superior corrosion resistance was observed for the 
Nitrided EN31 steel, with no red rust observed after 
24 hours in a salt spray test. The longer nitriding 
durations helps in forming a denser protective layer 
which enhances the corrosion resistance. 

 The extended nitriding duration increased both the 
surface hardness and case depth of the EN31 steel. 
The 90-minute sample achieved the deepest case 
depth and the highest hardness of 38.4 HRC. This 
indicates an improved durability and wear 
resistance while compared to 30-minute nitriding 
durations. 

 The longer nitriding duration led for a better surface 
hardness. The 90-minute sample attained the 
highest hardness of 31.7 HRC, which results from a 
deeper nitrogen diffusion and confirming improved 
wear resistance and durability for high-friction 
applications. 

 The most refined and uniform nitrided layer, 
contributing to better hardness, wear resistance, and 
a defect-free surface quality, thereby enhancing 
overall tribological performance. 

The future research will focus on optimizing the liquid 
nitriding process for industrial applications requiring 
high wear resistance. Further the optimization of 
nitriding process, includes the adjustments to treatment 
parameters and bath composition, this could yield even 
greater improvements in surface properties for specific 
real-time applications  
 

Author contributions 
 

Mathew Alphonse: Conceptualization, Methodology, 
Writing-Original draft preparation. Padala Murali 
Krishna: Data curation, Writing-Original draft 
preparation. Murugu Nachippan Nachippan: 
Validation, Writing-Reviewing and Editing. Jeya lal 
Prince: Investigation. Visualization.  
 

Conflicts of interest 
 

The authors declare no conflicts of interest. 
 

References  
 

1. Chaanthini, M. K. (2019). Improving Surface 
Hardness of EN31 Steel by Surface Hardening 
and Cryogenic Treatment. Journal of the 
Institution of Engineers (India): Series D, 100, 
37-42.  

2. Bhaskar Chandra Kandpal., Gupta, D. K., Ashok 
Kumar., Ashish Kumar Jaisal., Atul Kumar 
Ranjan., Ankit Srivastava., & Prashant 
Chaudhary. (2020). Effect of heat treatment on 
properties and microstructure of steels. 
Materials Today: Proceedings, 44 (1), 199-205. 

3. Sudhakar, I., Jagadeesh, N., Ravi Kumar, N., & 
Venkata Ramana, V. S. N. (2018). Hot workability 
and corrosion behavior of EN31 grade steel. 
Materials Today: Proceedings, 5(2), 6855–6861.  

4. Sugözü, İ., & Güdük, M. (2019). Experimental 
Investigation of a Novel Friction Modifier in 
Composite Materials. Turkish Journal of 
Engineering, 3(4), 197-200.  



Turkish Journal of Engineering – 2025, 9(4), 591-599 

 

628 
 

5. Akgun Alsaran., Hikmet Altun., Mehmet 
Karakan., & Ayhan Celik. (2004). Effect of post-
oxidizing on tribological and corrosion 
behaviour of plasma nitrided AISI 5140 steel. 
Surface and Coatings Technology,  176(3), 344-
348.  

6. Fayzulla Norkhujayev., & Azad Mukhamedov. 
(2024). Influence of Liquid Nitriding Modes on 
the Mechanical Properties of High-Speed Steels. 
International Journal of Mechatronics and 
Applied Mechanics, 17, 147-152. 

7. Alejandro González-Pociño., Florentino Alvarez-
Antolin., & Luis Borja Peral-Martinez. (2024). 
Effects of Nitriding and Thermal Processing on 
Wear and Corrosion Resistance of Vanadis 8 
Steel. Coatings, 14(8), 1066. 

8. Casteletti Neto., & Totten. (2014). Nitriding of 
Stainless Steels. Metallography, Microstructure, 
and Analysis, 3(6), pp 477–508.  

9. Şimşek, T., İzciler, M., Ozcan, Ş., & Akkurt, A. 
(2019). Laser Cladding of Hot Work Tool Steel 
(H13) With Tic Nanoparticles. Turkish Journal of 
Engineering, 3(1), 25-31.  

10. Ramesh, R., & Gnanamoorthy. (2006). Effect of 
Post Oxidation on the Fretting Wear Behavior of 
Liquid Nitrided EN 24 Steel. Surface & Coatings 
Technology, 200, 3926–3932.  

11. Gül, S., Yağmur, A., & Önel, E. E. (2023). 
Improving die life under hot forging conditions. 
Advanced Engineering Science, 3, 72-77 

12. Alphonse, M., Murali, A. P., Salunkhe, S., Gawade, 
S. R., Naveen Kumar, B. V. S. G., Nasr, E. A., & 
Kamrani, A. (2023). Analysis of Wear Using the 
Taguchi Method in TiSiNOS-Coated and 
Uncoated H13 Tool Steel. Coatings, 13(10), 
1781.  

13. Mridha, S. (2008). The effects of process 
variables on the hardness of nitrided 3% 
chromium steel. Journal of Materials Processing 
Technology, 201(1–3),  325-330. 

14. Juraev, D. A., Shokri, A., Agarwal, P., Elsayed, E. E., 
& Nurhidayat, I. (2023). Approximate solutions 
of the Helmholtz equation on the plane. 
Engineering Applications, 2(3), 291–303. 

15. Juraev, D. A., Agarwal, P., Elsayed, E. E., & Targyn, 
N. (2024). Helmholtz equations and their 
applications in solving physical problems. 
Advanced Engineering Science, 4, 54–64. 

16. Shoemaker., & Wood. (1975). Improvement in 
Wear and Fatigue Properties of Structural 
Metals through Liquid Nitriding. Journal of 
Spacecraft and Rockets, 12(1), 51–53.  

17. Arun Prasad Murali., Mathew Alphonse., 
Dharmalingam Ganesan., Sachin Salunkhe., & 
Hussein. (2023). Sliding wear behaviour of salt 
bath nitrided 316LN austenitic stainless steel. 
Applied Surface Science Advances, 15, 100401.  

18. Senthilkumar, N., Deepanraj, B., Shaik, F., & 
Nadanakumar, V. (2025). Wear Studies on Nano 
Silicon Carbide Particle Strengthened AZ31 
Magnesium Nano Surface Composites 
Developed via Friction Stir Processing. Turkish 
Journal of Engineering, 9(3), 425-432.  

19. Juraev, D. A. (2023). Fundamental solution for 
the Helmholtz equation. Engineering 
Applications, 2(2), 164–175. 

20. Sathyaraj, S., Venkatesan, S., Kumaran, P., & Selva 
Babu, B. (2025). Optimization of Wear 
Behaviour of Al6061 Metal Matrix Composites 
Using Taguchi Approach. Turkish Journal of 
Engineering, 9(1), 56-63. 

21. Kato, H., Eyre, T. S., & Ralph, B. (1994). Sliding 
Wear Characteristics of Nitrided Steels. Surface 
Engineering.  10(1), 65-74.  

22. Cagan, S.  C., & Buldum, B.  B. (2021). Influence of 
the effect of the ball burnishing process applied 
to Al 7075-T6 alloy in different nano-aluminum 
powder-added grease environment on surface 
quality. Advanced Engineering Science, 1, 20-25. 

23. Yashaswini, M., Naga, R., Sai Hari., Deepika, P., 
Shubhangi, J., Saranya, S., & Srikanth Ram 
Subbiah. (2023). Assessment of liquid nitriding 
process on AISI 304 stainless steel under dry 
sliding conditions. AIP Conf. Proc., 2754, 
030002.  

24. Senthilkumar, D., (2022). Corrosion behaviour 
of Cryogenically Treated EN 31 Steel. Advances 
in Materials and Processing Technologies,  8(4), 
4297-4305. 

25. Harizaj, M., & Bisha, I. (2023). A proposed power 
control solution for industrial application in 
decentralized energy production. Engineering 
Applications, 2(1), 16-25. 

26. Çimen, Ö., & Keskin, S. N. (2024). Investigation of 
the effect of Isparta pumice on the unconfined 
compressive strength and swelling pressure of 
clay. Advanced Engineering Science, 4, 113-119. 

27. Chaanthini, M. K., & Arul Sanjivi. (2019). 
Improving Surface Hardness of EN31 Steel by 
Surface Hardening and Cryogenic Treatment. J. 
Inst. Eng. India Ser. D., 100, 37–42. 

28. Karaca, E. O., Tanyildizi, M., & Bozkurt, N. (2022). 
Investigation of seismic base isolation systems 
and their properties. Engineering Applications, 
1(1), 63-71. 

29. Shivani Koppula., Aakula Rajkumar., Siram Hari 
Krishna., Reddi Sai Prudhvi., Aparna, S., & Ram 
Subbiah. Improving the Mechanical Properties 
of AISI 2205 Duplex Stainless Steel by Cryogenic 
Treatment Process. E3S Web of Conferences, 
184, 01019. 

30. Manne Vamshi., Animesh Bain., Sreekanth, M., & 
Ram Subbiah. Wear Characteristics of AISI 310 
Grade Stainless Steel Material with 
Carbonitriding Process. E3S Web of 
Conferences, 184, 01024. 

31. Mamatha Gandhi, M., Animesh Bain., Lakshmi 
Prasanna, G., Vamshi, M., Saranya, J., Dhruthi, N., 
Sateesh, N., & Ram Subbiah. Examination on dry 
sliding wear behavior of AISI 304 stainless steel 
treated with salt bath nitriding process. 
Materials Today: Proceedings, 44 (1), 1412-
1417. 

32. Palaniradja, K., Natarajan, A., & Soundararajan, 
V. (2010). Hardness and Case Depth Analysis 
through Optimization Techniques in Surface 

https://www.sciencedirect.com/journal/surface-and-coatings-technology
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology/vol/201/issue/1
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://www.tandfonline.com/author/Senthilkumar%2C+D
https://www.tandfonline.com/journals/tmpt20
https://www.tandfonline.com/journals/tmpt20


Turkish Journal of Engineering – 2025, 9(4), 591-599 

 

629 
 

Hardening Processes. The open Materials 
Science Journal, 4(3), 38-43. 

33. Soydan, Z., Şahin, F. İ., & Acaralı, N. (2024). 

Advancements in polymeric matrix composite 

production: a review on methods and approaches. 

Turkish Journal of Engineering, 8(4), 677-686. 

https://doi.org/10.31127/tuje.1468998 
34. Balikci, E., & Yaman, O. (2011). Investigation on 

Liquid Bath Nitriding of Selected Steel. Surface 
Engineering, 27(8), 609-615.  

35. Leite Figueroa., Gallo Rovani., Basso Mei., & 
Sinatora (2010). Wear mechanisms and 
microstructure of pulsed plasma nitrided AISI 
H13 tool steel. Wear, 269(5-6), 466–472.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
© Author(s) 2025. This work is distributed under https://creativecommons.org/licenses/by-sa/4.0/ 

 

https://creativecommons.org/licenses/by-sa/4.0/

