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Abstract: The present study aims to determine the optimum temperature regime for oxy-nitrocarburizing of AISI D2 steel in order 

to ensure high mechanical properties of both diffusion and compound zones. The examined samples are quenched and high temperature 
tempered in advance, thus having a hardness equivalent up to HRc 54-55 before saturation. The vacuum oxy-nitrocarburizing is held at 
temperatures of 500 ºС, 550 ºС and 590 ºС for 4 hours in a cycling gas flow rate. The proportion of NH3 and CO2 gases used is 90:10 
volume fractions. The results of the examination are based on the analysis of X-ray diffraction patterns, cross-section microstructures and 
measurements of micro-hardness values on the surface and in depth of the diffusion zone. The core hardness of the substrate is also 
measured after the vacuum process for the purpose of establishing a possible hardness decrease after the oxy-nitrocarburizing process. 
Conclusions have been drawn in relation to the practice. 
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1. Introduction 
 

AISI D2 is a popular high-carbon and high-chromium steels 
that is characterized by high wear resistance, compressive 
strength, hardenability with minimum amount of dimensional 
change and good tempering resistance [1]. However, the 
continuous industrial processes and corrosive environment 
trigger different negative effects leading to shortening of the 
service life of the piece. The thermochemical treatment of this 
material is an attractive alternative which allows at temperature 
below 600 °C, the hardness, wear and fatigue as well as corrosion 
resistance to be enhanced. A review of various studies of gas 
nitriding of AISI D2 steel at temperature between 525 – 540 °C 
[2], pulse-plasma nitriding at 450 - 550°C [1], salt bath 
nitrocarburizing at 480 - 580°С [3], plasma nitrocarborizing at 
550 ºC [4] of different durations shows that the result of the 
thermochemical treatment depends greatly on the process 
conditions. Under optimum conditions the introduced treatment 
of the tool steel provides high core strength with high case 
hardness and decrease in the corrosion rate values that is an 
excellent combination for applications involving severe impact or 
very high unit loading.  

The thickness and the structure of the compound layer 
considerably affects the performance of the die. Compared to 
nitriding, thick compound layers can be produced by 
nitrocarburising, with short treatment times, using carbon dioxide 
as the carbon bearing component of the mixture, thanks to the 
high oxygen potential [5]. Owing to this rapid compound layer 
development, the CO2 layers are also highly porous. The 
generated porosity causes loss in surface hardness, depleted 
flexibility and embrittlement of the surfaceas as a result. The 
porosity of the surface compound layer could be reduced when 
the ONC process is held at vacuum condition where the iron 
nitrides formation is delayed over time, while the chromium 
nitrides are thermodynamically stable [6]. The vacuum oxy-
nitrocarburizing (ONC) is a cycling gas flow process that 
combines the advantages of the conventional gas saturation 
process together with complied modern requirements for highly 
effective, environmental and safety technologies at a lower cost. 
The material behaviour, however, also depended on the particular 
substrate under investigation and the praticular process 
conditions. In order to establish the optimal processing conditions 
that promote the generation of surfaces with better hardness, the 
role of temperature during vacuum ONC of AISI D2 tool steel is 
studied in the present work. 

 

2. Materials and methods 
 

AISI D2 tool steel samples with average size Ø 20 x 10 mm 
were used as substrates for vacuum ONC. Before the ONC 
process, the AISI D2 samples were austenitized at 1050°C during 
20 minutes and subsequently quenched in oil and high 
temperature tempered at 540°C for 1.5 hours. After the heat 
treatment, the surface hardness measured by Rockwell indentor, 
load of 150 kgf, amounted up to HRc 54-55.  

Before the thermo-chemical process, the steel samples were 
polished, lapped and degreased. The vacuum process was carried 
out in industrial equipment for 4 hours at 500°C, 550°C and 
590°C in NH3 and CO2 atmosphere (ratio 90:10 vol. %, 
respectively) in a cycling gas flow rate. The pressure in the 
vacuum chamber was 8.104 Pa for the first 3 hours and 1x105 Pa 
during the last 1 hour [7]. The cooling off was carried out in the 
NH3 atmosphere till 400°C and after that in N2 in air. 

The microstructure was etched by 4%-solution of HNO3 in 
ethyl alcohol (nital reagent). Optical microscopy (Olympus 
BX41M) profiles were employed to determine the characteristics 
and thickness of the carbonitride layer and diffusion layer. X-ray 
diffractometer URD-6 using Fe Kα radiation operating at 30 kV 
and 20 mA in the angle range of 30° - 120° (2θ), 2θ step scan of 
0,05° with a counting time of 2 s and NaI detector with pulse 
discrimination was used to determine the phase composition. 
Conventional Bragg-Brentano diffraction geometry was used. 
The diffraction patterns for each compound were analyzed by 
PCPDFWIN JCPDS, v.2002. The cross-sectional microhardness 
measurements were made by PMT-3 microhardness tester under 
a load of 0.1 kg. 

 
3. Results and discussion: 
3.1. Microstructure 

 
The low-temperature treatment changes slightly the primary 

heat-resistant (Cr, Fe)7C3 and microstructural alterations due to 
carbide-nitride transformation are not observed (fig. 1 a). The 
core microstructure consists of internal tempered martensitic 
matrix and chromium carbides in it. The surface morphology of 
the sample (fig. 1 b) shows nuclei of the incomplete nascent 
compound zone with semispherical like shape. Such phenomenon 
has been reported previously by other authors [1] during plasma 
assisted nitriding of AISI D2 steel. 
 

60

SCIENTIFIC PROCEEDINGS I INTERNATIONAL SCIENTIFIC CONFERENCE "МАТЕRIAL SCIENCE. NONEQUILIBRIUM PHASE TRANSFORMATIONS" 2015 ISSN 1310-3946

YEAR XXIII, P.P. 60-63 (2015)



a) b) 

c) d) 
Fig. 1. Oxy-nitrocarburized steels’ microstructure images, etched with Nital reagent: a) 500 °C (cross section); b) 500 °C (top surface); 

c) 550 °C (cross section); d) 590 °C (cross section). 
 

In the diffusion layer of the ONC sample at 550 ºC, 
there are striped primary (Cr, Fe)7C3 carbides as well as some 
finer (Fe,Cr)3C, Fig. 1 c. The compound layer has heterogeneous 
structure composed of the ductile superficially located ε-Fe3-

2(N,C) and complex nitrides and carbonitrides that are integral 
part of the underlying sublayer. In the diffusion layer these 
complex Cr-, N- and C-containing structures show distinct 
lamella-like shapes. The transformed area that contains lamellas 
of nitrides/carbonitrides does not cover the entire heavily etched 
with nital diffusion layer but about a half of it. There is a 
tendency for the nitrides to form mainly at those grain boundaries 
that are parallel to the surface, where the compressive stress is 
lower.  

At higher temperature (590 ºC) the carbonitride phases 
of the diffusion layer are deep rooted in the substrate (fig. 1. d). 
The faster precipitation kinetics allow the the dissolution of 
carbides and formation of carbonitrides to occur deep in the 
diffusion layer where the coarse, whiter looking phases coalesce 
and become spherical. This separation of the nitride-carbonitride 
location can be associated with higher nitrogen content in the 
near-surface zone as compared with the near-core zone. The 
larger primary carbides are converted into nitrides/carbonitrides 
only near to the surface.  

The compound layer of both 550 and 590 ºC treated 
samples looks dense with barely perceptible surface porosity. By 
the increase of temperature up to 590°C, the effect on the 
thickness of compound layer is very minimum.The compound 
layer depth at 550 and 590 ºC, that is considerably shallow, is an 
indication of its controlled formation at low pressure conditions. 

 
3.2. Phase composition 

The effect of temperature on reflections´ intensity of Fe-Cr, 
ε-Fe2-3(N,C), the chromium carbides, nitrides and Fe3O4 phases 
due to variations in relative phases’ content on the surface is 
clearly seen on fig. 2. The low temperature treated sample is 
characterized by α-Fe and (Fe,Cr)7C3 phases, small quantity of  ε-
Fe2-3(N,C) and magnetite. It is well established that the 
heterogeneous nucleation of ε-Fe2-3(N,C) is stabilized by both 
higher carbon content and higher content of alloy elements in the 
steel [8, 9]. The vacuum ONC treatment promotes the occurrence 
of ε-Fe2-3(N,C), fast forming CrN and Fe3O4 for both 550 and 
590 ºC temperatures. On the surface of the steel the carlsbergite 
type (CrN) chromium nitride with fcc lattice is formed and 
according to Fe-Cr-N isothermal phase diagram, it is stable at 
550 ºC. At higher temperatures the transformation of the 
tempered martensite results in a phase separated mixtures of bcc 
carbon-nitrogen Fe-Cr and carbides/carbonitrides. In addition, the 
reflection intensity of the iron nitride phases decreases with the 
increase of the process temperature.  

Besides the nitride formation and carbide 
decomposition, the different temperature can play a role in the 
surface oxidation. The oxidizing agents in the NH3-CO2 gas 
mixture are CO2 and H2O. At temperatures 500-590 ºC, the 
relation between H2 molecule (produced by the ammonia 
dissociation) and CO2 follows the homogenous water-gas 
reaction:  

CO2 + H2 ↔ CO + H2O   (1) 
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Fig. 2. XRD pattern for ONC AISI D2 samples at 500, 550 and 590 ºC. 

 In contrast to oxygen molecule, the water steam has 
significantly lower oxygen pressure. This low gas phase 
oxidizing potential makes the formation of Fe2O3 (with higher 
percent by mass oxygen) on the surface more unlikely to occur 
[10]. At lower temperature the oxidation takes place on both of 
the Fe-Cr and ε-Fe2-3(N,C) phases. According to the Fe-O phase 
diagram, at temperature below 575 ºC the Fe3O4 is the 
thermodynamically stable state, while at t > 575 ºC the wustite 
phase Fe0,947O could be formed. If FeO phase is initiated on the 
surface at t > 575 ºC, it decomposes according to the reaction (2) 
[11]: 

4FеО → Fe3O4 + Fe   (2) 
This is the reason for which FeO is not registered on the surface 
of the ONC at 590 ºC sample.  

It is observed that the nitride oxidation is useful to 
increase the corrosion resistance of the material because it fills 
and seals the surface microporosity [12]. However, the increased 
oxidation speed at 590 ºC could explain the decreased ε-Fe2-

3(N,C) content because the oxidation process consumes the iron 
from the nitrides layer. The higher the temperature, the lower the 
thermodynamic free energy of interaction of the nitrides with 
oxygen. It follows that the nitrides are converted to oxides 
according to the reactions [13]: 

Fe3N + 4CO2 ↔ Fe3O4 + 4CO + [N]  (3) 
Fe3N + 4H2O ↔ Fe3O4 + 4H2 + [N]   (4) 
The released nitrogen atoms could participate in further 

diffusion in the sublayers with smaller nitrogen content (at slow 
cooling) or recombine to N2 that usually participates in formation 
of pores and later on channels.  

In the alloy steels the magnetite composition is 
complex (Fe,Me)3O4 [14] ((Fe,Cr)3O4 in the particular case) and 
is thought to have higher ductility and hardness than Fe2O3 and 
anti-friction properties [15] similar to those of Fe3O4. As 
chromium atoms participate in the compound layer formation, the 
oxygen diffusion will then decrease with the increase of Cr 
content and the oxidation will be displaced nearer the surface 
[16].  

 
3.3. Hardness 

 
Figure 3 shows the effect of ONC temperature on the 

hardness of the compound and diffusion layer of the AISI D2 
samples. At 500 ºC process temperature the minimal increase of 
hardness underneath the surface corresponds to the reaction front 

depth in the diffusion zone. The ONC process at 550 ºC promotes 
the highest increase of the hardness (1310HV0,1) due to the 
hindered nitrogen diffusion. For the account of the thinner case 
depth, the high chromium content allows the nitrogen to 
accumulate near to the surface where coherent chromium nitrides 
and carbonitride phases develop. Within 50-60 μm the hardness 
gradually decreases and after that slowly declines. 
Simultaneously, the core hardness is not changed. 

 

 
Fig. 3. Distributions of the microhardness values in depth after 

vacuum ONC at different temperatures. 

The case-core interference of high temperature (590 ºC) 
treated sample seems quite diffuse and the surface hardness of 
the ONC steel is significantly lower than at 550º C. The 
pronounced decrease in hardness values suggests the 
discontinuous coarsening of the structure. Further, the high-
temperature process decreases the core hardness which would not 
be desirable for the workpieces.    
 

CrN  Fe-Cr  (Fe,Cr)7C3 ε-Fe2-3(N,C) Fe3O4 
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Conclusion 

In the present work, the effect of temperature on 
surface properties of vacuum ONC AISI D2 tool steel was 
analyzed. In regards to the temperature of the vacuum ONC, the 
process held at 500 ºС for 4 hours does not result in dense 
compound layer formation due to the slow diffusion rate. The 
highest hardness values of the compound (1310 НV0.1) and 
diffusion (933-720 HV0.1) layers are obtained at 550 ºС while the 
core hardness is maintained at tempered condition. The relatively 
shallow case depths obtained reflect the retarding effect of 
increased chromium content on the penetration of nitrogen. The 
increase in temperature over 590 ºC causes diffusion layer to 
become thicker but with lower hardness. These findings indicate 
that when vacuum ONC is carried out after quenching and high 
temperature tempering of AISI D2 steel, it is not necessary to 
increase the temperature above 550 ºC to obtain higher surface 
hardness values. Under nonequilibrium thermodynamic 
conditions prevailing in the particular ONC process, an 
excessively thick and overaged compound layer does not occur. 
The evolution of the crystalline phases as a consequence of the 
process temperature shows that the ε-Fe2-3(N,C) monophase 
content decreases with the increase of temperature up to 590 ºC. 
The temperature over 550 ºC impairs the overageing of the core. 
The compound layer of both 550 and 590 ºC treated samples 
shows limited near-surface porosity effect. At 590 ºC the 
compound layer acquires duplex structure - ε-Fe2-3(N,C) 
apparently covered by compact, low-friction, single-phase 
magnetite (Fe,Cr)3O4. The wear, adhesion and corrosion 
resistance properties of the surface structures are to be examined. 
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