
Production Processes and Systems, vol. 6. (2013) No. 1. pp. 57-66. 

 
TRENDS OF NITRIDING PROCESSES 

 
Andrea Szilágyiné Biró  

assistant lecturer, University of Miskolc, Department of Mechanical Technologies 
H-3515 Miskolc, Miskolc-Egyetemváros, e-mail: biro.andrea@uni-miskolc.hu  

 

Abstract: 

Nitriding is one of the mostly applied thermochemical heat treatments. The conventional 
nitriding processes are: gaseous, plasma (which are discussed in this work) and salt bath 
nitriding. However, the development of materials and various expectations against the 
component brought some development in technologies, such as postoxidising, active screen 
plasma nitriding, and complex surface treatments. This is a comprehensive essay about the 
past, present and future of nitriding processes. 
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1. Introduction 

Nitriding is a ferritic thermochemical method of diffusing nascent nitrogen into the surface 
of steels and cast irons. Applying this thermochemical heat treatment we can produce a 
very hard surface layer on steels. But like materials and standard technologies have been 
developed and studied in the last few decades, new methods of nitriding improved. This 
essay will describe the new technologies after a short description of conventional methods. 

Along with the derivative nitrocarburizing process, nitriding is often used in 
manufacturing aircrafts, bearings, automotive components, textile machinery, and turbine 
generation systems. The most important advantage of the nitriding (in comparison with 
carburising) is that it does not require a phase transformation from ferrite to austenite, nor 
does it require a further change from austenite to martensite. In other words, the steel 
remains in the ferrite phase (or cementite, depending on alloy composition) during the 
complete procedure. Furthermore, due to the a low rate of cooling, (compared with 
quenching), no subsequent transformation from austenite to martensite occurs. In addition 
to, there are no molecular size changes and, more importantly, no dimensional changes, 
only slight growth due to the volumetric change of the steel surface caused by the nitrogen 
diffusion. What can (and does) produce distortion are the induced surface stresses being 
released by the heat of the process, causing movement in the form of twisting and bending 
[1]. 

2. Conventional gas and plasma nitriding technologies  

Before the discussion of nitriding technologies it is important to discuss the structure of the 
nitrided surface layer. 
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2.1. Structure of nitrided layer 

The nitrided layer consists of two parts: the compound layer and diffusion zone (Figure 1). 

 

Figure 1: Structure of nitrided layer [1] 

The compound zone is more commonly known as the white layer, simply because when 
the nitrided sample is sectioned through the case, then polished and etched with a standard 
solution of nital (2 to 5% nitric acid and alcohol), the immediate surface etches out white in 
appearance above the nitrided case. The zone is called “compound” due to the presence of 
more than one phase. Two phases generally are present in the compound zone: the epsilon 
(ε) phase, which has a chemical formula of Fe2-3N, and the gamma prime (γ′) phase, which 
has a chemical formula of Fe4N. 

The diffusion zone is the area right below the compound layer. This region is made up 
of stable nitrides formed by the reaction of the nitrogen with the nitride-forming elements, 
such as chromium, vanadium, molybdenum, tungsten, and aluminium. The fatigue and 
load-bearing strengths are determined from this region. The thickness of both regions is 
time- and temperature-dependent.  

The area below the diffusion zone is the core of the steel and is unaffected by the 
surface nitriding activity. The core hardness is considered to be the hardness achieved by 
the pre-hardening and tempering operations. 

2.2. Gas nitriding 

Gaseous nitriding processes are applied to produce nitrided layer on the surface of 
components. The source of nitrogen is ammonia (NH3) supplied to the steel surface in 
gaseous form. The gas decomposes to its component parts of nitrogen and hydrogen during 
heating. When heat is applied to the gas, it will begin to. During the cooling period of the 
heat treatment process, the gas recompose to its original form. At the process temperature 
this reversible reaction - given by Eq. (1) - takes place at the surface of the steel. 

 NH N H   . (1) 

The atomic nitrogen and hydrogen components are unstable and will unite with other 
atoms to form molecules. Nitriding atmospheres are in non-equilibrium while at the process 
temperature, which means that at the steel surface a high degree of nitrogen activity occurs 
from the ammonia. The ammonia that does not dissociate is known as “undissociated” 
ammonia. The undissociated ammonia is used to measure the nitriding activity taking place 
within the process container. The degree of decomposition can be expressed as shown in 
Eq. (2) 
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The decomposition rate of ammonia gas is usually kept between 10% and 35%, 
depending on the steel being treated and the gas exchange rate. 

The results of the process is evaulated by performing hardness measurements. However, 
hardness is relevant to the materials application and its mechanical requirements. Nitriding 
is often applied to low-alloyed steels to “harden” the steel and to improve corrosion 
resistance. In addition to conventional gas nitriding, the following processes have been 
developed [1]: 

 Ferritic nitrocarburizing (a controlled process using nitrogen and carbon to 
enhance surface characteristics of low-alloyed steels), 

 Oxynitride process, during which a controlled postoxidation treatment is carried 
out to further enhance the surface corrosion resistance, 

 Derivatives of the two previous processes. 

2.3. Plasma nitriding 

Plasma nitriding (Direct Current plasma nitriding - DCPN)  is based on the creation of 
gaseous plasma under vacuum conditions. The process gases can be selected in whatever 
ratio suits the required surface metallurgy. In other words, the formation of the compound 
layer can be single phase, dual phase, or diffusion zone only. The surface metallurgy can be 
manipulated to suit both the application and the steel. Ion nitriding has opened the door to 
many applications that were not possible with conventional nitriding techniques [1]. 

The plasma technique is based on this natural phenomenon, and the nitriding process 
that utilizes it is known as plasma nitriding. Plasma nitriding is also called: 

 Ion nitriding 
 Glow discharge nitriding 
 Plasma ion nitriding 

Metallurgical-grade nitrogen and high-purity hydrogen are the gases primarily used for 
ion nitriding. Argon can be used, but only to assist in component cleaning (known as 
sputter cleaning) before the nitriding sequence. Accurate control of the gas delivery into the 
process retort ensures accurate control of the nitriding metallurgy. Precise metering of each 
gas is accomplished by mass flow controllers. 

Plasma can be used for other surface treatments such as diffusion and deposition 
techniques: nitrocarburizing, carburizing, carbonitriding. 

The first industrial applications of plasma nitriding took place at the beginning of the 
seventies, but the process is stagnated due to handling and process problems. 
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Figure 2: Number of installations in the largest European countries (1970-1995) [3] 

There are two methods of plasma generation: continuous DC and pulsed DC. 
Continuous dc means that plasma is generated with a particular DC current based on a 
given work surface area. The voltage requirement will vary with the pressure. With this 
type of system, the process heat generation normally is derived from the kinetic energy 
created by ionic bombardment. This means that the furnace does not have heating elements 
as are often seen in conventional furnaces. 

In case of pulsed DC the peak voltage from the power source is constant, but the 
duration of the power is variable. Pulsed DC power supplies have the ability to switch the 
power on and off as required by component geometry. The pulsed DC peak voltage can be 
varied according to the part and chamber configuration. 

 

2.3.1. Problems	
The technology of plasma nitriding could not really develop because of the numerous 
problems encountered due to the direct plasma applied to the parts to be nitrided. These 
were especially [1][2]: 

 corner/edge effect 
 arcing 
 hollow cathode effect 
 sputtering 
 non temperature homogeneity of the work load 

The corner effect is a phenomenon that can occur in any type of diffusion heat treatment 
process, including plasma nitriding, gas nitriding, and carburizing. Because nitrogen is 
diffusing from all angles of the corner, a normal reaction of nitrogen saturation occurs at 
the corner (particularly on gear teeth). If allowed to proceed unchecked, a supersaturated 
solution of nitrogen can form at the corners, leading to nitride networking throughout the 
corner region. The net result is that the corner can become very brittle and prematurely fail 
by chipping or spalling. If the nitrogen is controlled to reduce the nitriding potential to suit 
the part application, then the risk of nitride networking is considerably reduced or nearly 
eliminated [1]. 
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Figure 3. Corner effect [1] 

Arcing, which is caused, for example, by organic degassing in a localized area of a 
component's surface, can produce extremely high local temperatures. This can cause 
localized melting and/or sputtering away of material from this point on the surface. The 
occurrence of severe arcing on a component may mean it must be scrapped. A part that has 
suffered even slight arcing could also require time-consuming and expensive finishing 
operations. Arcing can also occur due to the presence of non-metallic inclusion stringers in 
the work piece material. 

Hollow cathode effect when plasma nitriding complex-shaped objects with deep holes, 
especially blind holes which prevent gas movement through them. This can lead to over-
ionization inside the hole where gas is entrapped, and can lead to uncontrolled heating. The 
temperatures reached are not usually high enough for melting but they can cause localized 
structure and/or property alterations that affect the performance of a part in service. Thus, 
hollow cathode effects raise major reproducibility questions and are of major concern in 
industrial treatment. The size of the hole, the processing gas pressure and the plasma 
current density all influence the occurrence of a hollow cathode. 

An increase in the nitriding voltage resulted in a decrease in case depth. This reduction 
in case depth may seem anomalous since an increase in voltage results in a higher velocity 
of the arriving ions. This however leads also to a high sputtering rate which effectively 
reduces the amount of nitrogen diffusing into the surface. 

In standard plasma nitriding furnaces, the plasma surrounding the parts is used to heat 
them up directly. However, in a large commercial furnace, particularly when fully loaded, it 
is almost impossible to ensure that the temperature is the same at the outside of the load as 
in the centre. Such a situation is a problem for industry, in that accurate treatment 
temperature control is a must to ensure reliability and repeatability of treatments. In order to 
reduce this effect many furnaces with auxiliary heat sources were developed and are used 
now on a regular basis. 

2.4. Ferritic nitrocarburizing 

Ferritic nitrocarburizing accomplishes surface treatment of a part in the ferrite region of the 
iron-carbon equilibrium diagram. As the process takes place in the ferrite region, both 
nitrogen and carbon diffuse into the steel surface. The process is categorized as a 
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thermochemical treatment and is carried out at temperatures between 525°C and 650 °C, 
the typical process temperature is approximately 565 °C. 

Ferritic nitrocarburizing improves the surface characteristics of plain carbon steels, low-
alloy steels, cast irons, and sintered ferrous alloys: resistance to wear, fatigue, and corrosion 
are improved with the introduction of nitrogen and carbon. 

Treatment time of gaseous ferritic nitrocarburizing is generally between 1 to 4 h. 
Although there are a number of proprietary gas mixtures, most contain ammonia (NH3) and 
an endothermic gas. As in gas nitriding, the cracked nascent ammonia gas will dissociate at 
the steel surface and react with the hydrocarbon gas to form both nascent nitrogen and free 
carbon. The gases will allow carbon dioxide to be generated in relation to the classical 
water gas reaction (Eq. (3)). 

 2 2 2CO H CO H O    (3) 

The carbonmonoxide is not stable, and form carbondioxide as shown in Eq. (4) 

 2CO CO CO C    (4) 

The nascent carbon will diffuse to the surface. The primary objective of the ferritic 
nitrocarburizing process is to form nitrides and, most importantly, surface carbon, which 
will encourage the ε-nitride phase in the surface of the steel. The metallurgical results of the 
process are very similar to the classical nitriding process, with the exception that now there 
is carbon in the layer. 

3. Developments 

3.1. Oxinitriding/Postoxidising 

The purpose of the oxinitriding process is to form a controlled oxide layer on the surface of 
the treated steel. Once the oxide barrier has been formed, there is a resistance to corrosion. 
The degree of corrosion resistance will be determined by the thickness of the oxide layer, 
which in turn is determined by both time and temperature. The oxinitriding process can be 
performed in gas, salt, or plasma. 

The procedure is done on completion of the nitride cycle, when the control program 
moves into the cooling phase. It is during the cool down procedure that oxygen is fed into 
the process chamber.  

The process gases used for the controlled oxinitriding procedure are environmentally 
friendly and pose no threat to the ecology or the immediate environment. The surface finish 
of the steel after the procedure is dark blue, almost matte black. The oxidation layer is 
usually around 1 μm thick, but can be varied according to the cooling time and the time 
held at an elevated temperature (around 480°C). Generally the procedure is to go into 
cooling  immediately after nitriding and commence the controlled oxidation treatment. It is 
a simple, effective procedure that adds no significant time to the overall process. 

Oxinitriding produces an attractive appearance and ensures a high degree of surface 
protection against corrosion. The procedure can be applied to items such as boring bars, 
cutting tool holders, broaches, drill bits, and cutting tools. In fact, oxinitriding can be 
applied to any workpiece subject to corrosive conditions and is not restricted to cutting tool 
applications [1][3]. 
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3.2. Active screen plasma nitriding (ASPN) 

It has been determined that applying direct plasma to the parts to be nitrided was not really 
necessary. It is sufficient to generate plasma somewhere in the vacuum chamber and create 
a gentle flow to bring the ions or excited neutrons over the workload. In active screen 
plasma nitriding process, the plasma glow discharge is moved from the components to be 
treated onto the metal screen (active screen) surrounding the entire workload. The 
worktable and the parts are placed in a floating potential or subject to a relatively low 
negative voltage. 

 

Figure 4. Schematic model of active screen plasma nitriding [3] 

This screen operates as a cathode and on the other hand, the furnace wall serves as an 
anode. Under these conditions, the plasma is produced on the screen. The active screen with 
the glowing plasma on the one hand produces a mixture of active species required for the 
nitriding process; on the other hand it serves as a hot wall, which transfers the heat 
produced by the plasma discharge to the workload resulting in a uniform temperature 
distribution over the parts even with highly different geometry. Due to replacement of the 
glow discharge from the components surface many possible damages caused by hollow-
cathode and edge effects, arcing and non-uniform nitriding results owing to unequal 
temperature distribution can be avoided [4]. 

Uniform nitriding response was achieved on an industrial ASPN set-up only when 
additional energetic activation in terms of cathodic bias power to the component parts to be 
treated was applied. The amount of bias power was tuned to the value of 10-15% of the 
actual active screen power. The nitriding efficiency for component parts set under floating 
potential is strongly reduced with increasing distance from the active screen. Therefore, the 
application of bias activation in industrial scale furnaces provides successful nitriding 
results offering more active nitrogen species at the component’s surfaces. For a uniform 
nitriding a sufficient bias activation is necessary. The latter depends on the size of furnace 
and on the process pressure. The application of the bias power above 15% did not show any 
significant improvement of nitriding results, based on the data of edge hardness tests and 
nitriding depth profiles [4]. 
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3.3. Duplex treatments 

In the case of very strong attack by wear and corrosion nitrided cases do not show sufficient 
resistance. By an additional protective layer, such as a hard-coating, the load bearing 
capacity can be further improved. The sensitivity of nitrided parts towards tribological, 
chemical and electrochemical attack is controlled mainly by the structure of the compound 
layer, whereas their behaviour under cyclic, mechanical and thermal loads depends 
predominantly on the structure of the precipitation layer. The low fracture toughness of the 
porous compound layers is an important disadvantage especially under dynamic load and 
for the support of a hard-coating. The hard-coating, for instance TiN, after nitriding 
provides a very hard, wear, heat and chemical resistant outer layer. Thus properties 
obtained by the combination of nitriding with hard-coating allow function sharing between 
the core material, the hardened case and the surface [5]. The nitriding before the deposition 
of the hard coating increases the load bearing capacity of the coating-substrate system 
(Figure 5). 

 

Figure 5. Hardness nitrided, PVD and complex treated layer [6] 

Pre-nitriding of tool steel substrates can provide substantial improvements in coating 
adhesion if white layer formation is avoided. The white layer formation can be detrimental 
to coating adhesion and is normally difficult to eliminate in conventional diode plasma 
nitriding without drastically reducing case thickness (and thus fatigue resistance), even after 
extended treatment (more than 60 h) [7]. In case of gaseous nitriding, using Floe process 
we can produce nitrided layer without white layer [1]. If we don’t want or can’t apply the 
two stage process, we can remove the white layer mechanically [8]. The high hardness and 
internal compressive stresses of the case formed by nitriding lead to a high resistance to 
volume and rolling contact fatigue. The good tempering resistance of the nitrided case 
allows deposition up to nitriding temperature [5]. 

Smolik et al. examined the influence of the ‘nitrided layer/PVD coating’ composite on 
the durability of steel (35CrMoV5) for hot plastic working. The nitriding process was 
executed with the use of the regulated gas nitriding method, whereas the PVD coating was 
executed by means of the arc-vacuum method. Four structures of the composite differing in 
the PVD coating material were investigated. They were: TiN, CrN, (Ti,Cr)N and Ti(C,N). 
Mechanical surface treatment aimed at removing the superficial zone of -Fe2–3N and '-
Fe4N iron nitrides was carried between the two main stages of the ‘duplex’treatment. The 
results of the maintenance tests showing the number of forgings made by respective sets of 
tools are presented in Figure 6. It was proved that best durability was achieved for tools 
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covered with the composite ‘nitrided layer/CrN coating’, for which the increase in 
durability was almost 90%. The smallest durability was noted for tools covered with the 
composite ‘nitrided layer/TiN coating’. The results obtained proved that a proper choice of 
the composite ‘nitrided layer/PVD coating’ structure may increase the durability of tools 
considerably for hot plastic working [8]. 

 

Figure 6: Results of maintenance investigations[8] 

4. Summary 

Nitriding is an important surface modification technology, and it has a lot of different 
methods. This work discusses the conventional and newest methods of gaseous and plasma 
nitriding. 

Postoxidizing after nitriding give the surface enhanced corrosion resistance. Using the 
ASPN technology contains all advantages of the classic and conventional plasma nitriding 
without their disadvantages. The ASPN treatment is often applied to steel, but it could also 
be realized on other materials. Duplex treatments – applying surface modification and 
coating technology on the same component – produce a very hard and thin surface layer 
(good wear resistance), and beneath this layer a hard diffusion zone (enhanced fatigue 
properties). 
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