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ABSTRACT 

The article examines the structural and phase changes of surface diffusion nitride-oxide coatings 

obtained in the process of nitriding in a gas medium followed by oxidation in water vapor of 

ferrite-pearlite steels, as well as the effect of phase changes on corrosion properties. The 

combination of the process of gas nitriding in an ammonia medium followed by oxidation in 

water vapor (nitro-oxidation) consists in the fact that at the first stage of saturation, nitriding is 

carried out in a gas atmosphere, and at the second stage, the nitride layer is oxidized in 

superheated steam. 
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INTRODUCTION 

During nitriding of metals and alloys, multiphase surface diffusion coatings are formed on the 

surface of the work piece, consisting of a nitride zone and an internal nitriding zone, which 

provides a wide range of physic mechanical and physicochemical characteristics of nitrided 

materials. In order to expand the field of application of nitriding, combinations of the process 
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with other methods of surface hardening are used. At the same time, the intensification of the 

process, regulation of the structure and structure, as well as modification of the phase 

composition of the surface nitride layer with the achievement of the required property, taking 

into account the specific operating conditions of the processed product [1-4], is achieved. 

Although the combination of the nitriding process with other methods of chemical-thermal 

treatment is carried out in a parallel or sequential scheme, in all cases the formation of the 

surface nitride layer during nitriding depends on the potential of the saturating medium; 

compositions of nitriding gas and nitriding alloy. During nitriding, according to the “iron-

nitrogen” phase diagram, a nitride layer is formed on the surface of the work-piece, consisting of 

ε -phase, (ε+γ´)- phase and γ´- phase. Under the high-nitrogen ε-phase, there is a mixture, 

followed by a thin γ´-phase. The boundary advancement of the γ´-phase significantly increases 

the average nitrogen content in the zone of internal nitriding [5-6]. 

THE MAIN FINDINGS AND RESULTS 

When the nitriding process is combined, of all known saturating media, the most dynamic are 

gaseous atmospheres, which make it possible to obtain any structural sets and a different range of 

depths of diffusion layers. To ensure the diffusion of nitrogen into the material, it is necessary 

that the nitrogen potential of the saturating medium be greater than the nitrogen content in the 

metal. At the initial stage of diffusion, the nitrogen concentration corresponds to the formation of 

a high-nitrogen nitride layer (-phase) with a change in the value of the nitrogen potential in the 

atmosphere; the phase composition of the nitride layer also changes. The final structures and 

phase components of the nitride layer are obtained after cooling the nitride layer [7-9]. 

The combination of the process of gas nitriding in an ammonia medium followed by oxidation in 

water vapor (nitro-oxidation) consists in the fact that at the first stage of saturation, nitriding is 

carried out in a gas atmosphere, and at the second stage, the nitride layer is oxidized in 

superheated steam. As a result of oxidation of the nitride layer, nitride, carbo-nitride, oxy-

carbonitride layers and a zone of internal nitriding with an enriched γ´-phase are obtained, which 

are each responsible for certain corrosion or wear-resistant properties [10-12]. 

To improve the service characteristics of products made of low-carbon steels, the difference in 

the physicochemical properties of the structure - ferrite and pearlite in the steel matrix, especially 

in the surface zone, requires the need for chemical-thermal treatment to obtain diffusion coatings 

in terms of increasing their corrosion properties in atmospheric conditions and wear resistance 

under various conditions of friction. One of the ways to achieve this goal is to obtain an 

equilibrium structure of the diffusion nitride-oxide layer on low-carbon steel products. 

Carrying out the process of gas nitriding in partially dissociated ammonia at temperatures closer 

to the eutectoid temperature for the “Fe-N” system accelerates the nitriding process and reduces 

the nitrogen content in the ε-phase due to its intense migration into the depth of the layer. In this 

case, the surface hardness slightly decreases, but the physical and mechanical properties of the 

surface layer itself do not decrease. The nitrogen concentration in the ε - and γ´-phases at a given 

temperature and the phase composition of the diffusion layer are determined by the nitrogen 

potential of the atmosphere [2]. 

By changing the parameters of the atmosphere, it is possible to regulate the structure and phase 

composition of the layer, by changing the ratio of nitride phases in the nitride zone and by 
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forming an oxide film of Fe3O4 at the final stage of the process. The atmospheric potential is a 

thermodynamic quantity and indicates the possibility of forming a layer of a given phase 

composition and a certain concentration of saturating elements. When carrying out the nitro-

oxidation process in a production environment, it is very difficult to measure the partial pressure 

in the furnace. In this regard, the nitrogen potential is usually controlled by the change in the 

dissociation of ammonia in the furnace atmosphere [13-14]. 

By maintaining the nitrogen potential at the level of nitrogen solubility in one or another phase, a 

layer consisting of iron nitrides and alloying elements can be formed on the surface of metals and 

alloys, and it is also possible to form an γ'-phase (low nitride) or ɛ -phase with low nitrogen 

content. 

METHODS 

To develop a production controlled technology of the process and the theoretical foundations of 

the technology of the combined nitriding process followed by oxidation in water vapor for 

surface hardening of low-alloy steel, the dependences of the composition and structure of the 

nitrided and oxide layers on the chemical composition of steels and technological parameters of 

the process were studied. Investigated industrial steels 20, 45 and 40X after annealing with a 

ferrite - pearlite structure. 

During nitrooxidation to obtain the required effective thickness of the diffusion surface nitride 

layer, nitriding is carried out at a temperature of 500-580
0
C with an exposure of 3-5 hours. 

Metallographic analysis of the treated steel samples was carried out on transverse sections using 

a Neophot-21 light microscope. 

The qualitative phase X-ray diffraction analysis of the diffusion nitride and nitride-oxide layers 

was studied using a Dron-3 diffract meter using filtered cobalt Kα - radiation. The general 

corrosion resistance of the treated samples was investigated in a 3% NaCl solution. 

RESULTS AND DISCUSSIONS 

During nitriding followed by oxidation, a combined diffusion layer is formed, consisting of a 

surface oxide zone, a carbo-nitride and oxy-carbonitride zone, followed by a diffusion sublayer - 

an internal nitriding zone (INZ). In all cases, at the first stage of saturation, predominant nitrogen 

diffusion occurs, and the structure and phase composition of the diffusion nitride layer is 

determined by the phase diagram for the “Fe-N” system. 

Since during the interaction of ferrite and pearlite with the environment in separate phases, due 

to the difference in electrode potentials, anodic and cathodic reactions occur; which cause 

electrochemical corrosion, as well as the difference in plastic properties and hardness of the 

phases, sharply reduce the surface physical and mechanical properties during their operation. 

From a theoretical point of view, on steels the main structures of which are grains of ferrite and 

pearlite, due to the difference in the rate of diffusion processes during nitriding, the formation of 

a nitride layer over the depth of the metal occurs unevenly. Therefore, in order to obtain a 

uniform controlled nitride layer during gas nitriding in an atmosphere of dissociated ammonia, 

subsequent oxidations of the nitride layer in water vapor were carried out to obtain a thin oxide 

layer. 
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During gas nitriding in dissociated ammonia at saturation above the eutectoid temperature 

(5910C) for the “iron-nitrogen” system, the resulting diffusion nitride layer, depending on the 

cooling method, consists of a porous ξ + ε-phase, ε + γʹ-phase, γ-phase and it is followed by a 

zone of internal nitriding (Figure 1, a). The high-nitrogen ξ + ε-phase has a columnar structure 

and upon cooling it is easily oxidized by atmospheric oxygen and always forms a thin porous 

oxide film consisting of Fe2O3 on its surface. 

Oxidation of a nitride layer obtained at a higher eutectoid temperature always leads to its 

oxidation along the wall of columnar nitrides and, due to the porosity of the formed oxide layer, 

the rate of the denitro-genation process will always be higher than the rate of oxidation. When 

the nitride layer is oxidized in these temperature ranges, the total thickness of the nitride layer 

decreases due to the dissociation of the high-nitrogen nitride. 

A mixture of the ε + γʹ-phase in the nitride layer is formed during the cooling period, due to the 

difference in nitrogen concentration along the depth of the layer (Figure 1, a). The formation of 

the γ-phase is characteristic of the nitride layer obtained at a higher eutectoid temperature. 

Especially, the formation of the γ-phase occurs with a decrease in the carbon content in the steel 

matrix, since the presence of carbon in the matrix participates in the formation of a nitride layer 

of a carbo-nitride nature and upon cooling, some part of the γ-phase closer to the internal 

nitriding zone transforms into carbo-nitride or γʹ-phase in a mixture with the zone internal 

nitriding. 

In low-carbon steels, the zone of internal nitriding formed in a mixture with the γ-phase, during 

saturation, practically does not have a significant effect on any properties of the processed 

material (Figure 1, a). By choosing certain methods of cooling in the zone of internal nitriding in 

the boundary of the pearlite part, it is possible to obtain martensite, bainite, or depleted retained 

austenite in the ferritic part. 

 

Figure 1. Microstructure of steel 20 after nitriding at a temperature of 6200C (a) and 580
0
C (b) in 

a dissociated atmosphere for 3 hours. 

When nitriding below the eutectoid temperature (580
0
C), a denser structure is formed on the 

surface of steel 20 than the nitride layer obtained at a higher eutectoid temperature (Figure 1, b). 

The surface ε-phase has fewer pores, consists of a mixture of high-nitrogen nitride and carbo-

nitride phases, and carbo-nitrides are formed by the diffusion of atomic nitrogen from the 
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saturating medium and the simultaneous decarburization of the steel matrix in the zone of the 

nitride layer. 

The mixture of ε + γʹ-phases forming behind the high-nitrogen ε-phase in the nitride layer, the 

forming during the cooling period has dispersed structures due to the uneven distribution of 

carbon in the steel matrix. Since the carbon content in ferrite is 0.02% C, and in pearlite 0.8% C. 

At saturation below the eutectoid temperature for the "iron-nitrogen" system, the γ-phase is not 

formed (Figure 1, b). 

The composition of the zone of joints formed on low-carbon steels during processes of their 

saturation with nitrogen from the saturating atmosphere and carbon from the pearlite part due to 

its decarburization has a significant effect on the structure and phase composition of the nitride 

layer and on the performance characteristics of the hardened products. Determination of the 

composition of the nitride and carbonitride zones depending on the parameters of the saturating 

atmosphere in the range of certain temperatures is very difficult due to the different shapes and 

dimensions of ferrite and pearlite in the structure of the work-piece. 

In the process of subsequent oxidation in water vapor of the nitride layer obtained at a lower 

eutectoid temperature (Figure 2, a), a thin oxide layer is formed on the surface of the nitride layer 

due to denitrogenation of the nitride layer (Figure 2, a and b). 

A denser nitride layer for its further oxidation is obtained at a nitriding temperature below the 

eutectoid temperature with a stepwise change in the degree of dissociation of ammonia. Since at 

the beginning of the process it is desirable to withstand a low nitrogen potential due to the 

activity of the treated surface until the concentration of nitrogen in the diffusion layer is obtained 

within the formation of the ε-phase. 

In the diffusion layer, after reaching the nitrogen concentration corresponding to the formation of 

a high-nitrogen nitride phase in an atmosphere of constant nitrogen potential, the process of 

decarburization of the matrix is accelerated in the opposite direction to the diffused atomic 

nitrogen, as a result of which the rate of nitrogen diffusion decreases. In this case, on the surface, 

the probability of the formation of molecular nitrogen and the accumulation of carbon from the 

matrix causes micro-porosity of the formed layer. 

The subsequent increase in the nitrogen potential ensures a constant rate of nitrogen diffusion 

through the nitride layer. In this case, boundary diffusion of carbon from pearlite towards ferrite 

occurs due to the displacement of the atmosphere by nitrogen. The redistribution of nitrogen and 

carbon in the ferrite and pearlite zones favorably affects the formation of a carbonitride layer, 

both in the ferrite and pearlite parts of the formed surface nitride layer, giving them the same 

carbonitride character. As a result of such a change in the nitrogen potential of the saturating 

atmosphere during nitriding, it is possible to obtain a denser structure of a mixture of ε-phase 

nitride and εʹ-phase carbonitride in the surface layer for its further oxidation (Figure 2, a). 

After oxidation of the nitride layer in water vapor, an oxide layer forms on the surface of the 

nitride layer due to denitrogenation of the nitride layer, and at the same time diffusion of an 

oxygen atom into the interior of the nitride layer occurs. 

When nitriding is combined with subsequent oxidation in water vapor during saturation of the 

nitride layer with carbon of the steel matrix, a carbonitride εʹ-phase is formed, and then, due to 
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the diffusion of oxygen in the carbonitride phase during oxidation, an oxycarbonitride εʹʹ-phase 

is formed [9, 12]. 

During oxidation with the achievement of the required density of the oxide layer counteracting 

denitrogenation and decarburization of the matrix under the oxide layer, depending on the 

concentration of nitrogen, carbon and oxygen, upon cooling of the nitride layer, mixtures of ε-, 

εʹ- and εʹʹ-phases are formed, followed by εʹʹ + γʹ-phases ( Figure 2, b and c). 

 

         a)   х500                                  b) х500                              c)    х500 

a - nitriding at a temperature of 5800C for 3 hours; b - nitriding at a temperature of 580
0
C for 3 

hours; subsequent oxidation at a temperature of 5800C for 0.5 hour; c - nitriding at a temperature 

of 5800C for 3 hours; subsequent oxidation at a temperature of 5500C for 1.0 hour. 

Figure 2. Microstructure of steel 20 after nitriding (a) and nitrooxidation (b and c). 

The oxide film obtained on the nitride surface at a higher eutectoid temperature for the “iron-

oxygen” system (570
0
C) has a micro-porous structure, and wustite (FeO) is also detected on X-

ray diffraction patterns upon rapid cooling (Figure 3, a). With slow cooling, wustite is not 

detected on X-ray diffraction patterns, because when the processed sample is slowly cooled, 

most likely wustite decomposes according to the formula: FeO → Fe3O4 + Feα. 

The nitride layer located under the oxide layer has a heterogeneous structure due to a mixture of 

carbonitride and oxycarbonitride phases, due to the microporosity of the oxide layer. Since the 

denitrogenation process in a microporous oxide film remains long and with an increase in the 

thickness of the oxide film, the activity of carbon during decarburization will be greater than the 

diffusion of oxygen through the barreous oxide layer. 

In order to avoid the formation of wustite and the formation of equiphase structures of nitride 

and magnetite monoxide (Fe3O4), the oxidation process must be carried out at a lower eutectoid 

temperature for the “iron-oxygen” system, in particular in the temperature range 500-550
0
C 

(Figure 2, c). In this case, the resulting oxide layer has a dense structure and consists of one 

oxide Fe3O4, and the resulting oxide layer acts as a barre layer preventing denitrogenation, since 

due to the dissociation of the high-nitrogen ε-phase, a more uniform distribution of nitrogen, 

carbon and oxygen in the nitrided layer with uniform and constant the formation of the 

oxycarbonitride layer of the εʹʹ-phase at different durations of the oxidation process (Figure 2, b). 
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The study of the microstructure and X-ray diffraction analyzes of the nitrooxidation process on 

steels 45 and 40X also confirms the formation of a uniform oxide layer consisting of Fe3O4 

monoxide and a mixture of a surface oxide film of a nitride layer in a mixture of an 

oxycarbonitride εʹʹ-phase and γʹ-nitride, it is possible to obtain a uniform nitride layer on the 

surface of ferrite and pearlite on annealed steels (Figure 3, a and b). 

For surface hardening of parts operating in a corrosive environment, for wear at low contact 

loads, a nitroxide layer is used; consisting of a developed nitride zone and a thin surface oxide 

zone, which provides better wearing-in of rubbing surfaces and corrosion resistance. Low-nitride 

layer consisting of - , - - and -phases, therefore, for the formation of a carbonitride layer on 

the ferrite surface, it is necessary to set the oxidation time of the nitride layer based on the 

diffusion of carbon from the pearlite part to the ferrite part; to obtain a uniform carbonitride or 

oxycarbonitride layer under the oxide layer. 

 

                           а)  х500 

 

           b)  х500 

a - nitriding at a temperature of 580
0
C in an ammonia atmosphere with a degree of dissociation 

of ammonia α = 45-60% and followed by oxidation at a temperature of 550
0
C for 0.5 hours. b - 

nitriding at a temperature of 580
0
C in a mixture of 0.75% NH3 + 0.25% H2 for 3 hours and 

followed by oxidation at a temperature of 550
0
C for 0.5 hours. 

Figure 1. Microstructure of steel 45 (a) and 40X (i) after nitrooxidation. 

In the process of nitrooxidation, the formation and uniformity of the surface diffusion nitride 

layer is significantly influenced by the presence of carbon in the steel matrix. In this case, carbon 

is in a free form in the matrix during the decarburization of pearlite and directly affects the 

development of the nitride layer by the formation of carbonitride phases during the nitriding 

process and oxycarbonitride phases during the oxidation of the nitride and carbonitride layers. 

For parts operating under fatigue conditions at elevated temperatures, a nitride layer is used - an 

oxide layer with a developed diffusion sublayer of the internal nitriding zone, and for tools 

operating under dynamic wear and shock loads on the surface, an internal nitriding zone is 

formed without a brittle surface nitride layer. 

It is known that nitrides have a high affinity for oxygen and the thermodynamic assessment of 

the interaction of iron and its nitrides with oxygen proved that iron nitrides interact more actively 

with oxygen than iron. 

The dependences of the time of appearance of the first foci of corrosion in a 3% aqueous solution 

of NaCl for samples with a nitride – oxide coating were studied. With an increase in the amount 
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of -phase in the nitride zone, the time until the first corrosion centers appear, reaching up to 

450 hours. A further increase in the amount of -phase is accompanied by a decrease in 

corrosion resistance. The presence of an oxide layer has a positive effect on the corrosion 

properties of the layer. It should be noted that in the experiments carried out, the thickness of the 

oxide zone was 1-5 microns. 

Subsequent oxidation of the 13-phase in water vapor at a temperature of 540-550 ° C for 0.5-1 

hour on the surface can obtain a uniform oxide layer with a thickness of 1-3 microns. The 

obtained nitroxide layer possesses the best corrosion properties, the time of appearance of the 

first centers of corrosion on which is 1056 hours. 

The most corrosive properties are possessed by a nitride layer consisting of a mixture of -,- 

and --phases with a surface oxide layer consisting of Fe3O4. This asserts that during the 

oxidation of the nitride layer, it is important to grow the nitride sublayer with the formation of 

lower nitride -, - and -phases due to the high-nitrogen 16-phase obtained during nitriding at 

the first nitriding stage. 

CONCLUSION 

The research results show that: 

- The required structure and phase composition of the nitride-oxide layer is achieved under 

optimal processing conditions, with the production of low-nitrogen -, - and -phases and a 

surface layer of Fe3O4 oxide with a thickness of 1-5 microns. 

- nitrooxidation of annealed steels with a ferrite - pearlite structure, it is possible to obtain a 

uniform surface diffusion layer with the required ratios of nitrogenous phases in the nitride layer; 

- corrosion resistance depends on the ratio of nitride phases, the oxide layer consisting of Fe3O4 

has the best adhesion strength. 

Each obtained phase or phase mixtures are responsible for certain conditions of the physico-

mechanical and physicochemical properties of the processed products, therefore, taking into 

account the operating conditions of the parts and setting the technological parameters of nitro-

oxidation, it is possible to increase their reliability and durability. 
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