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PROPERTIES OF OXYNITRIDE STEEL COATINGS OBTAINED THROUGH  
THREE-STAGE PROCESSES OF NITRIDING COMBINED WITH OXIDATION 
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The article discusses the effect of preliminary oxidation on the properties of 38Cr2MoAl nitrided steel.  
A three-stage process consisting of pre-oxidation, nitriding, and subsequent vapor oxidation is de-
scribed.  The advantage of three-stage processes over stepwise nitriding is demonstrated in terms of in-
creased wear resistance of the oxynitride layer given different types of lubrication.  In addition, oxyni-
trided steel is characterized by increased strength and ductility during bending tests, as well as higher 
corrosion resistance in salt spray tests as compared to non-nitrided and chrome-plated steel. 

Keywords: nitriding, oxynitriding, three-stage process, oxynitride layer, corrosion resistance, wear re-
sistance.   

Various types of thermochemical treatments are used to harden steel machine parts, including those used in 
the automotive industry.  Among these, low-temperature gas nitriding processes remain in high demand [1–3].  
Since multicomponent diffusion hardening provides qualitatively new surface properties [4], nitriding is actively 
used in combination with other types of thermochemical treatments.  The use of oxygen-containing atmospheres 
in nitriding significantly enhances the capability of this process to improve the properties of steel surfaces [5].  
Oxynitriding is successfully used to increase the hardness, wear resistance, and surface endurance of corrosion-
resistant steels of different structural classes, requiring no prior surface depassivation [6–8]. 

Although it is possible to perform nitriding in a furnace atmosphere of ammonia gas, the primary disad-
vantage of this approach is the need for processes lasting several hours to form diffusion layers of sufficient 
thickness.  In addition, as compared to the traditional process in ammonia gas, nitriding is shown to significantly 
intensify the rate of nitrogen diffusion into a steel surface, which is particularly effective for treating alloyed 
steels [9–11].  Various currently known technological methods for carrying out thermochemical treatments using 
oxygen-containing atmospheres include the use of air, water vapor, or other oxidizing agents.  The following 
process variants employing oxygen-containing media are currently used [12–15]: simultaneous supply of am-
monia and air (oxynitriding; oxycarbonitriding); gas-cycling processes alternating ammonia and air supply stag-
es; nitriding combined with pre- and/or post-oxidation. 

In staged processes of steel nitriding involving pre- and post-oxidation, the structure and hardening of the 
surface layer are significantly affected by the temperature and time parameters of oxidation stages [14].  There-
fore, the present study aims to analyze the effect of pre-oxidation parameters on the properties of oxynitride dif-
fusion coatings in a three-stage thermochemical treatment. 
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Table 1 
Treatment Regimes for 38Cr2MoAl Steel 

Regime Process t,  ℃ 
Timing of the process  

Stage 1:  
oxidation,  min 

Stage 2:  
nitriding,  h 

Stage 3:  
oxidation,  min 

1 [N] 580 – 2 – 

2 [N-O] 580 – 2 30 

3 [O-N-O] 580 7 2 30 

4 [O-N-O] 620 5 2 30 

5 [O-N-O] 620 20 2 30 

6 [O-N-O] 550 10 2 30 

Research Procedure 

Three-stage processes of nitriding in ammonia combined with pre- and post-oxidation in water vapor were 
studied using 38Cr2MoAl steel samples.  Table 1 presents the temperature and time parameters of considered 
regimes; for comparison, the following processes were performed: nitriding processes without oxidation and 
stepwise nitriding in ammonia at 510/560℃ for 10 h. 

Following the various types of treatment, the following mechanical and physicochemical properties of steel 
were studied: bending strength, contact fatigue, and corrosion resistance.  Bending tests were carried out by 
means of an Amsler machine using cylindrical specimens  (D = 10 mm,  l = 120 mm).  Wear resistance tests 
were carried out using an LTM-0001 friction machine at a maximum load of  P = 3.25 kg  under lubrication with 
M-20 motor oil and oil having a carbon-containing (graphite) additive (surface-active agent, SAA).  The evalua-
tion of wear resistance was based on increases in the width of the friction path marked by a ball during the test 
period. 

Corrosion resistance was tested in a KTK-800 environmental chamber at 26℃ in salt spray mode (in 3% 
NaCl aqueous solution).  The resistance to corrosion was evaluated by determining the number of corrosion 
spots per area unit  N  and the time period prior to the emergence of corrosion spots  τ.  An electrochemical 
method was used to analyze anodic polarization curves in 3% NaCl, as well as to determine current values and 
corrosion potential. 

Results and Discussion 

Previous studies [16] indicate that oxidation performed prior to nitriding increases the surface microhard-
ness of oxynitride layers.  However, with the increasing temperature of the three-stage process, the hardening 
effect is reduced. 

The conducted wear tests showed that the three-stage oxynitriding process increases the wear resistance of 
38Cr2MoAl steel.  The changes in the friction path width depending on the test duration and lubrication are 
shown in Fig. 1.  The graphs indicate that the considered specimens are characterized by identical behavior under  
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Fig. 1. Time dependences of friction path width in the wear tests of 38Cr2MoAl steel specimens under lubricant with M-20 and a sur-
factant additive following treatment:  [N] — stepwise nitriding at 510℃ for 10 h and at 560℃ for 10 h;  [O + N + O] — three-
stage oxynitriding at 580℃ for 7 min, at 580℃ for 2 h, and at 550℃ for 30 min. 

test conditions — i.e., with increasing test time, the path width, comprising a measure of frictional resistance, 
increases.  However, the oxynitrided specimens exhibit significantly lower path width increase dynamics (ac-
cording to Regime 3) than the nitrided specimens, both under M-20 lubrication conditions and when using lubri-
cation with an SAA additive. 

The introduction of surface carbon into the lubricant roughly doubles the resistance of nitrided specimens 
during testing.  This fact confirms available data on the use of additives to achieve a 3–10% reduction in mating 
surface wear.  The triboengineering characteristics are improved via graphite deposition on the catalytic friction-
al surface, with the graphite film acting as a solid lubricant layer that increases the actual contact area.  The pro-
cesses of plastic deformation occurring during friction and temperature increase in the friction zone are accom-
panied by metal surface activation.  The physicochemical interaction between the hardened surface having 
a graphite layer and the elements introduced into the metal leads to secondary structures that protect the friction-
al surface. 

It is also shown that oxynitride coatings exhibit more stable wear performance when tested under lubrica-
tion with M-20, which indicates a change in the energy state of the surface during pre-oxidation. 

The performed bending tests suggest that the specimens exhibit greater fracture resistance (bending 
strength) following a three-stage thermochemical treatment process than with nitriding (Fig. 2).  Furthermore, 
the greatest bending strength is observed when the process is carried out at 620 °C (Table 2). 

It can be observed from Fig. 2 that the bending curves of both the nitrided and oxynitrided specimens have 
a form characteristic of brittle materials.  Moreover, the fracture patterns presented in Fig. 3 reveal signs of duc-
tile fracture.  The deflection value characterizing plastic properties is slightly higher for the oxynitrided than for 
the nitrated steel (see Table 2).  Increased strength and ductility achieved through the three-stage process are 
attributed to the structure of the surface oxynitride layer characterized by uniform nitrogen content and a dense 
ε-phase, as well as the substantial thickness (300–350 μm) of the diffusion sublayer formed on the basis of al-
loyed ferrite. 

Nitriding processes that are preceded by oxidation provide 15–20% higher bending strength and ductility 
than the chromium electroplating of steel (see Table 2).  The greater bending strength and ductility of nitride and 
oxynitride layers can be attributed to the occurrence of compressive residual stresses as a result of thermochemi-
cal treatment processes as compared to chromium electroplates, which cause tensile stresses. 
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 (a)  (b)  

Fig. 2. Static bending curves for 38Cr2MoAl steel thermochemically treated at t = 580°C:  (a) — nitriding  ([N], Regime 1);  (b) — 
three-stage oxynitriding  ([O–N–O], Regime 3). 

Table 2 
Bending Strength and Ductility Characteristics of 38Cr2MoAl Steel  

Following Various Thermochemical Treatments 

Regime Treatment Bending strength,   
MPa  

Deflection value  f,   
μm 

1 [N] at 580℃ 545 142 

3 [O + N + O] at 580℃ 600 155 

4 [O + N + O] at 620℃ 620 160 

Chromium electroplating 540 137 

The conducted corrosion tests show that three-stage oxynitriding increases the corrosion resistance of 
38Cr2MoAl steel in a low-salt environment.  As can be seen from Fig. 4, the anodic current density of speci-
mens obtained following nitriding combined with pre-oxidation and subsequent vapor oxidation is 1.5–5 orders 
of magnitude lower, depending on the treatment regimes, than that of untreated steel, and an order of magnitude 
lower as compared to a chromium electroplate. 

Omission of the water vapor oxidation stage prior to nitriding results in the formation of nitride layers ex-
hibiting less pronounced protective properties, i.e., a higher anodic dissolution rate, than that obtained with 
chromium electroplating.  Nevertheless, the value of anodic current density is in this case 2–4 orders of magni-
tude lower as compared to the parameters of original steel (see Fig. 4, curve 4). 
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 (a)  (b)  (c) 

Fig. 3. Fracture patterns for an oxynitrided specimen obtained at 580℃ (Regime 3), × 1000: (a) — in the tension zone;  (b) — in the 
compression zone;  (c) — in the diffusion layer. 

 

Fig. 4. Potentiodynamic polarization curves for 38Cr2MoAl steel in salt spray (3% NaCl):  1 — [O–N–O] treatment at 580℃ accord-
ing to Regime 3;  2 — [O–N–O] treatment at 620℃ according to Regime 4;  3 — chromium electroplating;  4 — [N–O] treat-
ment at 580℃ according to Regime 2; 5 — without treatment. 

As can be seen from Fig. 4, the stationary corrosion potential of the original steel has a negative value.  
Conversely, the corrosion potentials of oxynitrided steel shift to the region of positive values: by 350–370 mV 
during the three-stage processes  [O–N–O]  and by 50–100 mV in the anodic direction during the two-stage pro-
cess  [N–O]  without pre-oxidation. 
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Table 3 
Corrosion Resistance Characteristics of 38Cr2MoAl Steel Following Various  

Thermochemical Treatments 

Regime Process Number of pores  
prior to the test,  cm–2 

Time to the emergence  
of corrosion spots,  days  

2 [N + O] at 580℃ 3 4 

3 [O + N + O] at 580℃ poreless 9.5 

4–5 [O + N + O] at 620℃ poreless 9–9.5 

6 [O + N + O] at 550℃ 6–15 0.5–1.5 

Higher temperature during oxynitriding positively affects the corrosion resistance of obtained coatings.   
The optimal duration of the pre-oxidation stage for increasing corrosion resistance amounts to 7–10 minutes 
and 5–20 minutes at  t = 580℃  and  t = 620℃,  respectively. 

Following the salt spray test, the oxynitrided specimens exhibit the smallest number of corrosion spots, 
whereas the untreated steel acquires a continuous film of corrosion products during the first 2 hours of exposure. 

Following this three-stage process performed at 580 and 620℃, the specimens exhibit minimal corrosion 
area (Table 3); the emerging corrosion spots remain virtually unexpanded as the test duration increases.  In-
creased corrosion spots can be observed on the surface of the specimens exposed to salt spray following other 
types of treatment.  The chrome-plated specimen exhibits a rapid growth of emerging corrosion spots. 

CONCLUSION 

Mechanical and electrochemical tests were used to establish the rational oxynitriding regimes for 
38Cr2MoAl steel in order to improve its properties.  The following three-stage process (at 580℃) provides 
a greater increase in steel wear resistance than stepwise nitriding: pre-oxidation (7 min), nitriding in ammo-
nia (2 h), and subsequent vapor oxidation (30 min).  Pre-oxidation performed at 620℃ for 5 min yields the most 
significant increase in the bending strength of nitrided steel.  At both temperatures, three-stage processes provide 
higher corrosion resistance in salt spray tests as compared to the original and nitrided steel, as well as the 
chrome-plated steel. 

The article was prepared as part of research under the project No. FSFM-2020-0011 (2019–1342); experi-
mental studies were carried out using the equipment of the MADI Research Equipment Sharing Center. 
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