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Low temperature plasma nitriding of 304L stainless steel is performed using a home made 
low power direct-current plasma torch. Plasma nitriding is carried out in temperature range of 300– 
550°C for 1 to 4 hours, in various N2–H2 gas mixture ratios at about 5 Torr pressure and torch 
power 300 Watts. The effect of treatment time, temperature and working gas composition on the 
microstructure and mechanical properties of plasma nitrided surface layers is investigated. The 
microstructure, phase composition and micro hardness profile of the nitrided surface layers are 
characterized by optical microscopy, scanning electron microscope (SEM), X-ray diffraction 
(XRD) and Vickers micro hardness tester. The results show that plasma treatment for 1 – 4 h over a 
temperature range of 300 – 550°C yields nitride case depth of 20 – 50 µm and the hardness of the 
nitrided layer is in the range of 700 – 1250 HV.  Plasma nitriding of stainless steel samples at about 
475°C in 70 % of nitrogen admixed with hydrogen at 5 torr shows the maximum increase of 
hardness 1220 HV which is about four times that of untreated layers. The XRD pattern confirmed 
the formation of an expanded austenite N phase, due to the nitrogen incorporation into original 
lattice and forms supersaturated face center cubic phase. In addition preliminary results for 
aluminum nitriding is also shown. 
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INTRODUCTION 
 

Plasma nitriding of metals and its alloys has emerged recently as a powerful tool for 
surface engineering technology to increase the surface hardness and corrosion resistance. 
To avoid the drop in corrosion resistance of stainless steels low-temperature techniques 
like ion implantation, plasma immersion ion implantation and low-temperature plasma 
nitriding are developed. Recently a considerable amount of research has been focused on 
different aspects of plasma nitriding of iron base alloys, since this process has 
demonstrated to be a very important technique with many industrial applications. Few 
results on the influence of current density have been reported, [1-3] mainly related to its 
influence on the hardness of the nitrided samples. The plasma nitriding process has been 
receiving a great attention due to its reduced distortion and the fact that it is an 
environment-friendly process. The surface properties of materials are often more important 
to their function and marketability compared to their bulk properties. These surface 
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properties are determined by an extremely thin layer that can be as small as a few 
micrometers. Plasma surface treatments and processing are due to the interaction of active 
species generated in the plasma working gas(es) with the material species in surface layers 
[4]. These active species are rarely available in purely chemical reactors in the 
concentrations and active states of excitation found in plasma reactors. Plasma-generated 
active species are normally produced in larger numbers and reach higher concentrations 
than the same species generated in a conventional chemical reactor [5]. Introduction of 
nitrogen to most metal alloys greatly improves its mechanical properties. Nitriding is a 
process of introducing nitrogen in metals and its alloys so as to modify the surface 
properties of the material and increasing its hardness. Wear resistance can be improved by 
surface hardening process such as plasma nitriding at low temperature. The basic 
mechanism of plasma diffusion treatment is a reaction between the plasma and the surface 
of the metal. In addition, the plasma mass transfer has an effect on the formation of nitride 
layer [6]. The plasma nitriding technique exhibits a number of advantages rather than 
conventional ammonia gas nitriding: e.g. shorter nitriding time, less consumption of gases, 
easier to control microstructure of nitrided layers [7]. However, several problems are still 
open both in nitriding mechanism and microstructure of nitrided layers [8]. Hence, in order 
to make comprehensive description of the plasma nitriding mechanism, precise studies on 
the microstructure of the plasma nitrided layer are necessary. The distribution of these 
nitride precipitates strongly depends on nitriding parameters; for example, nitriding 
temperature, duration time, gas pressure and properties of matrix alloy [9-12]. Then, it is 
very important to understand the effect of the above parameters on the nitrided 
microstructure. Plasma nitriding technique must be controlled to search for adaptive 
nitrided microstructure to the design demand in mechanical properties [10-13]. In the 
present work a d.c. plasma torch is used for nitriding of austenitic stainless steel 304L. The 
plasma nitrided behavior of stainless steel 304L is studied at temperature in the range of 
300 – 550°C under different percentages of nitrogen with hydrogen keeping all the other 
parameters constant. The microstructure of each treated specimen is observed using an 
optical and electron microscopes. The surface hardness as well as the hardness profiles on 
the cross-sections of nitrided specimens is measured using Vickers microhardness tester. 
X-ray diffraction is used to identify the phase formed in each nitrided specimen. 
 
 

EXPERIMENTAL PROCEDURE 
 

A schematic of the nitriding system used in this work is shown in Fig. (1). It consists 
of a borosilicate glass chamber of 30 cm long and 20 cm in diameter. This chamber is 
evacuated, using a diffusion pump backed by a rotary pump, to a base pressure <5×10-4 
Torr.  

Pure dry gases (N2, H2 and Ar) are allowed to flow out through the gas flow valves 
into the plasma torch so as to obtain dynamic equilibrium and to maintain the required 
constant pressure. The sample holder could be cooled by circulating water. The sample to 
be treated serves as the cathode and forms an integral part of the DC plasma system. Mass 
flow controllers are installed to assert accurate flow rate of nitrogen and other gases into 
the system. The work specimen is placed on a stainless steel holder of a stand under which 
a heater is fitted. A Thermocouple is inserted into the plate getting in touch with the 
working sample on its base side. During nitriding process the discharge may cause the 
specimen to be heated. However the heater is used when it is needed. In addition 
circulating cooling water is used with the heater to achieve the required temperature of the 
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substrate. To obtain a homogenous effect on the surface the substrate can be moved right 
and left relative to the plasma torch axis. 

 
 

 
 
Figure 1: Schematic of experimental setup.  1- grounded electrode, 2- powered electrode, 3-
diffusion pump, 4- Rotary pump, 5- gas flow controller, 6- mass flow controller, 7- vacuum 
chamber, 8- temperature sensor, 9- heater, 10- sample, 11- sample holder, 12- plasma, 13- inlet of 
cooling water, 14- water outlet. 
 
Sample Preparation:  The material used in this work is a 304L austenite stainless steel 
whose chemical composition is given in Table 1. The specimens are cut from a rolled bar 
and then machined into the form of circular discs, each of 20 mm diameter and 8 mm 
thickness. Prior to the experiments, the specimens are sanded by silicon carbide papers, 
polished to a mirror finish with diamond paste and cleaned in an ultrasonic bath of acetone, 
alcohol and distilled water in succession before being placed in the nitriding chamber. The 
finally polished samples are installed in the sample holder. 
 
Table 1: Chemical composition of stainless steel used in the experiment (mass %). 
 

Cr Ni Mn Si S P C Fe 
19.20 8.60 1.95 0.96 0.03 0.043 0.03 Balance 

 
The first processing step is to clean the nitriding chamber. The plasma nitriding 

chamber is evacuated by rotary and diffusion pumps to a base pressure, 5 x 10-4 Torr in 
order to minimize the rest oxygen partial pressure in chamber. After evacuation, pure 
nitrogen is filled into the chamber until the pressure reaches 8 Torr. The process of 
evacuation and filling is repeated 3 times to eliminate any residual gases before plasma 
treatment. The specimens that are fixed on the sample holder of the nitriding equipment are 
sputtered in an 80% Ar + 20% H2 at about 150C for 45 minutes. This sputter processes 
removes the oxide layer that may formed on the surface of the specimens [13]. The 
processes of cleaning, heating to the defined temperature and cooling of the specimens in 
all experiments are performed in the same way. The specimens are treated with nitrogen 
plasma and mixture of nitrogen and hydrogen plasma in different ratios, with various 
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process parameters. In each experiment; one of the process parameters is varied while the 
others are kept constant at fixed values. After nitriding, the specimens are slowly cooled 
down in the chamber to room temperature in the presence of nitrogen flowing gas to 
minimize surface oxidation. A wide range of processing temperatures from 300 to 550 °C 
and times ranging from 1 to 4 h is used. The power used for nitriding is 300  15 Watts in 
all experiments. After plasma treatment, the microstructure of the samples is characterized 
with X-ray diffraction analyzer (XRD) and the micro-hardness is measured using Vickers 
microhardness tester with a load of 100 g. The cross-sectional morphology is observed by 
using optical and electron microscopy.  
 

RESULTS AND DISCUSSION 
 

Microstructure Analysis:  Fig. (2)  shows the optical micrographs of a cross section of 
plasma untreated and nitrided stainless steel samples at different temperatures: (a) 
untreated sample, and the following plasma treated samples b, c and d at temperatures  T = 
400°C,  450°C and 475C respectively. The working pressure during nitriding is 5 Torr in 
all cases. The current density on the sample surface is about 2 ± 0.5 mA/cm2.  From Fig. 
(2), it is obvious that the optical morphology of the nitrided layer varied with nitriding 
temperature. The white nitrided layer is evident visible from substrate and the thickness 
increases obviously with temperature increase. However, after nitriding at temperatures 
above 480C some dark phases are observed in the nitrided layer. This dark phase is due 
the formation of CrN phase that significantly deteriorates the corrosion resistance of the 
nitrided layer [14]. 

 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure (3) shows the depth profiles of Vickers hardness  performed at 100 g load on the 
304L SS samples treated at 400, 450, 475 and 500C for nitriding time 4, 4, 2 and 2 hours, 
respectively. This figure shows that for all treated samples, the hardness close to the 
surface varies between 700 – 1250 HV which is more than 2 – 4 times the hardness of the 
untreated (bulk) sample.  

Figure 2: Optical micrographs of the SS 304L surface, magnification 500x (a) surface 
morphology of polished  untreated substrate;  (b), (c) and (d) are the surface 
morphology of nitrided substrates at process temperatures 400, 450 and 475ºC 
respectively. 
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Figure 1: Depth profiles of Vickers hardness of samples treated at different temperatures.  
 

The maximum surface hardness values are obtained at nitriding temperatures of 
475C. The microhardness is maximum (1220 HV) up to about 20 m beyond which there 
is a steep decrease to a value of about 500 HV at about 30 m, and then it decreases 
gradually to the core value 300 HV. This kind of microhardness behavior is related to the 
nitrogen diffusion layer. The hardness decreases from surface to core as the concentration 
of metal nitrides decreases towards core, as the nitrogen concentration is higher near the 
surface and decreases gradually towards the core. The microhardness is increased as 
temperature increased from 350 up to about 475C, then it is lightly decreased at 500C as 
shown in Figure 3. 

The microhardness of the nitrided layers as a function of temperature is shown in fig. 
(4a). It is observed that there is a gradual increase of microhardness in the temperature 
range 325-375°C, and then there is a steep microhardness increase until temperature 
480C. This behavior is explained with the fact that by increasing the process temperature, 
the number of reactions between steel and nitrogen atoms on the surface of nitrided 
specimen is increased. One can say that the variation of the surface hardness in plasma 
nitriding process is approximately linear with temperature within the range 350 - 480C. 
The decrease in surface hardness at higher temperature (e.g. 480°C) is reported to be 
accompanied by the formation of a significant volume of CrN [15-16]. This still need more 
research to clarify. The effect of nitriding time on the microhardness of nitrided layers is 
shown in Fig. (4b).  

The hardness values increased as nitriding time increased. This is due to the increase 
of nitrided layer thickness and high nitrogen content in the layer, which is in agreement 
with the cross-sectional morphology of the nitrided samples. The thick layer increases the 
composite hardness of the samples. 

The effect of gas composition of the plasma on surface hardness produced by plasma 
nitriding is also studied. The specimens are treated with nitrogen plasma and mixture of 
nitrogen and hydrogen plasma in different ratios. Fig. (5) shows the SEM surface 
morphology of untreated sample and nitrided samples at different gas percentage of N2. 
Fig. (5-b, c) shows nitrided layers created on 304L stainless steel substrate at different 
ratios 50% and 70% of N2.  This figure reveals that the thickness of nitrided layer on 
substrate surface depends on the gas composition.  
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Figure 4: Surface microhardness versus nitriding temperature (a) and processing time (b). 
     
 

 
The microhardness of nitrided layers as a function of N2% in the N2–H2 gas mixture 

is shown in Fig. (6). It is noticed that very low and very high percentages of nitrogen have 
a negative influence on the surface hardness and with nitrogen level in the range of 40–
50% the microhardness is almost constant. The lower surface microhardness at nitrogen 
percentage less than 20 owes to a lower number of nitrogen atoms that are involved in the 
reaction with the specimen surface. With very high nitrogen percentages, there is a high 
number of active nitrogen species, but the surface microhardness remains low. This could 
be due to the low energy of the ions deposited on the sample when low levels of H2 are 
present in the gas mixture. However, the surface hardness of the nitrited samples gradually 
increases with increasing the nitrogen partial pressure ratio and reaches to a maximum 
value for sample treated at 70% N2 + 30% H2. After that, it decreases with increasing the 
nitrogen partial pressure ratio see Fig. (6). So the experiments revealed that 30% of H2 
admixed with nitrogen at 5 Torr pressures is optimum in this system. 
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Figure 5:  SEM micrograph of (a) untreated sample and treated samples at different at different 
gas pressure ratios of N2. 
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Figure 6: Effects of gas composition on depth profile of hardness produced by plasma nitriding. 
 
XRD analysis: Fig. (7)  shows The X-ray diffraction patterns of nitrided and untreated 
samples for various nitriding temperatures. The untreated stainless steel contains its typical 
2 peaks, beside a small peak due to the material deformation as a consequence of material 
polishing. The nitriding processes of the samples are performed at constant pressure 5 torr 
and torch power 300 watts. The untreated sample is composed of a single γ-austenite phase 
with sharp peaks.  For plasma nitrided samples, all peaks are shifted towards the lower 
Bragg angles and broadened relative to that of the untreated sample. The shift is associated 
with the expanded face center cubic (fcc) phase caused by nitrogen remaining in fcc lattice. 
This phase is usually known as an expanded austenite phase N-Fe which is typical 
characteristic of low temperature nitriding of stainless steel. This shift to the lower angles 
is owing to the incorporation of nitrogen, which expands the fcc lattice structure of the 
substrate producing the nitrogen-rich phase N-Fe. The broadening of peaks results from 
inhomogeneous stress produced by the infusion of nitrogen in steel. 
 

 

Figure 7: XRD patterns of the nitrided sample at different temperatures. 
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Aluminum Nitriding: It is well known that the surface of aluminum and its alloys upon 
exposure to air is covered with a very thin layer of A12O3. Depending on the humidity and 
the temperature, the thickness of the A12O3 can reach about 1 m. This layer prevents the 
diffusion of nitrogen into the metal matrix, and has therefore to be removed by sputtering. 
The sputtering yield of A12O3 is small compared with the sputtering yield of aluminum. 
Therefore the sputtering time has to be selected very carefully. If the sputtering time is too 
long and the aluminum oxide is sputtered away completely on some parts of the surface, 
the aluminum substrate beneath is sputtered very quickly, increasing the roughness of the 
substrate significantly [17]. More set up arrangement are necessary for performing 
aluminum nitriding. However, preliminary results are conducted on aluminum alloy (Al-
Mg2-Si) nitriding where the temperature is kept at 180ºC, and the applied torch power is 
200W. After 1 h of plasma nitriding, the surface morphology has changed and uniformly 
distributed nodules have appeared which consist of aluminum nitride as shown in Fig. (8a). 
As the nitriding time increased more nodules appears and small distortions in the surface 
layer see Fig (8b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
The corresponding microhardness profile of the Al nitrided surface layer is shown in Fig. 
(9). The hardness of the nitrided surface layer of Al is increased up to 3 times of that 
untreated substrate.  
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Figure 9: Vickers microhardness profiles of Al nitrided samples at 180ºC temperature. 
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Figure 8: Surface morphologies of Al nitrided sample after (a)1 h, and (2) 2 h. 
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CONCLUSION 

 
A low temperature plasma nitriding with a DC low current plasma torch showed 

good results, when applied to improve surface properties of 304L stainless steel. The 
influence of nitriding time on the microstructure is mainly in the nitrided layer depth and 
hardness, and not in the phase compositions. The surface hardness of the plasma treated 
samples gradually increases with increasing the nitrogen partial pressure ratio and reaches 
its maximum value for sample treated at 70% N2 + 30% H2 at 5 torr pressure, then it 
decreases with increasing the nitrogen partial pressure ratio. This gives the best possible 
gas combination. The surface microhardness is enhanced 4 times by plasma nitriding at 
temperature about 475C compared to that of original material after treating for only 2 h. 
The maximum depth of the nitride layer growth is found to be in the order of 50m after 4 
hours of plasma nitriding at 400C. The XRD patterns confirm the formation of nitrogen 
infused phase (N-Fe) owing to the nitrogen incorporation into original lattice of stainless 
steel. The deformation and stresses in the lattice structure is caused by the diffusion of 
nitrogen in solid solution. 
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