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A B S T R A C T   

Gaseous carbonitriding of AISI 52100 steel was investigated under various processing conditions. The process 
parameters studied involve ammonia content (2.5–7.5 vol%), carbon potential (0.8–1.2%), and temperature 
(780–880 ◦C). The carbon/nitrogen concentration-depth profiles that developed during carbonitriding were 
determined by light element analysis. The microstructural and residual stress evolution, and the thermal- 
mechanical/dimensional stability, associated with the dissolving of carbon and nitrogen, were studied by re-
flected light microscopy, X-ray diffraction, hardness indentation and dimensional analysis, respectively. The 
resulting carbon/nitrogen concentration depth-profiles and microstructure of the carbonitrided layer vary with 
the combination of parameters applied, associated with the carbonitriding thermodynamics. The content of 
retained austenite and the state and distribution of residual stresses in the carbonitrided specimen depend 
strongly on the total content (distribution) of carbon and nitrogen dissolved in the carbonitrided surface layer. 
Carbonitriding leads to exceptional tempering resistance over conventional treatment (austenitization and 
quenching), but results in inferior dimensional stability due to the higher content of retained austenite.   

1. Introduction 

Enhancing the performance of steels for rolling bearings has long 
been a research focus due to the increasing industrial demand for steel 
bearings that sustain high speed, severe static/cyclic loads and high 
torque in difficult environments [1]. Over the past decades, extensive 
research has been carried out to mitigate the important bearing failures, 
involving (i) production of bearing-steels with improved internal 
cleanliness [2,3]; (ii) heat treatment for microstructure optimization, e. 
g. bainitic, duplex hardening [4–6]; (iii) (micro) alloying to improve 
hardenability or suppress grain coarsening [7–9]; and (iv) advanced 
surface modification [10,11]. 

Thermochemical treatment, e.g. nitriding, carburizing or carbon-
itriding, is a widely used technology to improve wear and fatigue 
properties of bearing steels by changing the chemical composition in the 
surface region and thereby provide a higher hardness (and yield 
strength), introduce compressive residual stresses and, possibly, a 
desirable residual austenite content [5,6,12–16]. In contrast to classical 
nitriding where a long processing duration is necessary to achieve an 
acceptable case depth at relatively low temperature, dissolving carbon 
(or carbon and nitrogen) by carburizing/carbonitriding to a depth 

extending several hundred microns (up to millimeter-scale) is more 
accessible. Typically, carbonitriding is implemented at a lower tem-
perature and for a shorter time than carburizing. The additionally dis-
solved atomic nitrogen further stabilizes austenite to lower 
temperatures, and in particular, increases the tempering resistance and 
hardenability of the components [17–20]. Carbonitriding has therefore 
been employed to alter the surface properties of components manufac-
tured from low and unalloyed bearing steels, which would not form a 
hard enough surface upon hardening and tempering [17–22]. 

In contrast, carbonitriding of high carbon chromium bearing steel 
has hardly ever been adopted into industrial practice, presumably 
because carbonitriding is typically followed by martensitic hardening, 
and dissolution of more carbon tends to lead to very brittle martensite 
[1]. Type 52,100 steel is an extremely popular high carbon chromium 
bearing steel and possesses an excellent combination of hardenability 
and strength as compared to low alloyed steels due to the higher con-
centrations of alloying elements. Typical heat treatment for 52,100 is 
quenching from partial austenitization, followed by low-temperature 
tempering, producing a microstructure composed of tempered 
martensite and undissolved cementite of about 3–4% in weight. This 
implies that the martensitic transformation occurs in carbon-depleted 
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austenite, which has relatively low hardenability. This allows small 
bearings to become martensitic throughout, but for large bearings that 
are subjected to heavy-duty/load applications, the hardenability and 
toughness achieved following the conventional hardening heat- 
treatment are not adequate [9]. In this regard, carbonitriding is ex-
pected to be a promising alternative to achieve sufficient hardenability 
at the surface and improved bearing life. Previous research importantly 
demonstrated that carbonitriding contributes significantly to the 
endurance life of 52,100 bearing steel, but the effect of carbonitriding on 
the microstructure was only briefly addressed [13]. Similar approaches 
were reported in Ref. [23], where more attention was paid to the role of 
nitrogen, since carbonitriding of highly alloyed bearing steel was in 
general performed at a carbon potential almost identical to the bulk 
carbon-concentration [6,13,22–24]. 

During carbonitriding, the carbon and nitrogen activities are crucial 
parameters, which not only affect the diffusion/distribution of carbon 
and nitrogen, but also determine the retained austenite content and 
residual stress build-up in the surface zone [18]. Retained austenite 
content and residual stress-depth profiles are necessary considerations 
to evaluate the fatigue properties of bearing steels. On the other hand, 
either thermo-induced softening or stress-induced martensitic trans-
formation during bearing operation will cause dimensional changes, 
which may compromise the functionality of bearings [23]. The dimen-
sional stability of bearings strongly depends on the stability of the 
retained austenite [14]. For 52,100 bearing steel, the influence of 
different carbon/nitrogen profiles on the residual stress and hardness 
distributions (after treatment and after tempering), have not been sys-
tematically investigated. 

The present study addresses the response of a 52,100 bearing steel 
towards gaseous carbonitriding under various processing conditions, 
and the correlations between composition, microstructure and stability 
of the carbonitrided cases. 

2. Experimental 

The composition of the investigated bearing steel 52,100 is given in 
Table 1. The material was received as steel rod (Ø 52 mm × 12 mm) in 
spheroidized condition; a hardness of ~200 HV0.3 was measured for this 
treatment condition. 

Carbonitriding was carried out in a type VKE(G)s 5/2 Aichelin 
furnace (chamber size: 1.5 m × 0.9 m × 0.85 m) equipped with an ox-
ygen probe for measurement of carbon potential. The temperature was 
controlled to within ±5 ◦C with an iBoo TM-109 K temperature recorder 
via a thermocouple. The furnace atmosphere was simulated endo-
thermic gas [17] and consisted of 40% N2, 40% H2, and 20% CO. The 
total gas flow rate is about 5.814 m3/h. During carbonitriding, small 
amounts of propane (C3H8) and/or ammonia (NH3) were added to the 
gas mixture as a percentage of the endothermic gas flow rate to modify 
carburizing and nitriding potentials. The addition of propane was 
adjusted during the process cycle to maintain a desired carbon potential 
(as registered by the oxygen probe); the addition of ammonia was kept 
stable during the entire cycle. Carbonitriding was performed at 

atmospheric pressure using several combinations of ammonia content, 
carbon potential, and temperature. The ammonia content was varied in 
the range 2.5–7.5 vol%, the carbon potential was varied in the range 
0.8–1.2 wt% and temperature was varied in the range 780–880 ◦C. The 
specific combinations of carbonitriding parameters discussed in this 
work are collected in Table 2. Immediately after carbonitriding, the 
specimens were transferred to a nitrogen-filled cooling chamber, where 
they were quenched in oil at 60 ◦C. Tempering was performed at 175 ◦C 
for 2 h only on the specimens to be analyzed with hardness depth 
profiling and stress measurements. Prediction of the phase composi-
tions/fractions and gas composition for the applied carbonitriding 
conditions was achieved using Thermo-Calc 2017b with the TCFE 
steels/Fe-Alloys v6.2 database. Carbon/Nitrogen concentration profiles 
were simulated with DICTRA using the thermodynamic database TCFE 
steels/Fe-Alloys v6.2 database and the Alloys Mobility database v1.3. 

Phase identification on the surface of the as‑carbonitrided specimens 
was performed on a Poly-functional X-Ray Diffractometer (3 kW/ Bruker 
D8 ADVANCE DaVinci) with Cr Kα radiation. The diffractograms were 
recorded with a step size of 0.03◦2θ and step time of 4 s. The X-ray stress 
analyzer XSTRESS-3000-G3+ (Stresstech Oy) was utilized for estimation 
of fraction of the retained austenite at the surface and determination of 
residual stress depth-profiles. Chromium radiation, Cr Kα, with wave-
length 2.290 Å, was used at an operating voltage of 25 kV and target 
current of 6 mA. Estimation of the retained austenite content was carried 
out using the direct comparison method [25,26], considering the 
diffraction peaks of 200 and 211 reflections of α', and of 200 and 220 
reflections of γ. Cementite and carbonitrides that form during carbon-
itriding were not included in the estimation of the austenite phase 
fraction. Residual stresses were measured in the radial direction (σr) and 
211α′ was chosen for stress analysis using the sin2ψ X-ray methodology 
[27]. Thin layers were successively removed by chemical etching using a 
saturated sodium chloride solution to achieve measurements of retained 
austenite content and residual stress at different depths. 

After grinding and diamond polishing, cross sections of the carbon-
itrided specimens were etched in 5% Nital to reveal the microstructure. 
In order to further highlight the carbides/carbonitrides, the carbon-
itrided specimens were etched for ~3 min at 55 ◦C in Murakamiʼs re-
agent, consisting of 10 g K3Fe(CN)6 and 10 g KOH per 100 mL water. The 
cross sections were investigated with Zeiss Observer A1m microscope. 
Eltra ONH-2000 and LECO CS 230 analyzers were used to determine the 
average nitrogen/carbon concentrations in the powders that were ob-
tained by removing a layer of ~20 μm with precision lathing. The car-
bon/nitrogen concentration depth distribution was achieved by 
repeated removal of 20 μm thick layers. Prior to the measurements, a 
contaminated layer of ~10 μm thickness, as affected by oil quenching, 
was mechanically removed. 

Microhardness indentation measurements were performed on a 
Buehler microhardness tester applying a load of 300 g and a dwelling 
time of 10 s. 

After austenitization/carbonitriding and tempering, additional 
tempering at 150 ◦C for 12 h and tempering at 150–250 ◦C for 1 h were 
performed to evaluate the tempering resistance of the specimens. The 

Table 1 
Chemical compositions of AISI 52100 steel in weight percent (wt%).  

Material C Si Mn Cr Ni Mo P S 

AISI 52100 0.98 0.21 0.31 1.58 0.13 0.015 0.011 0.0050  

Table 2 
The parameters of carbonitriding applied in this work.  

Series Temperature◦C NH3 addition vol% Carbon potential wt% Time min Pressure atm 

CN-N1/N2/N3 840 2.5/5.0/7.5 1.2 240 1.0 
CN-C1/C2/C3 840 3.5 0.8/1.0/1.2 240 
CN-T1/T2/T3 780/830/880 3.5 1.2 240  
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transformation ratios of retained austenite at different depths of the 
carbonitrided layers after 12 h tempering were identified. Moreover, the 
changes of the content of retained austenite and surface hardness were 
measured after 1 h tempering at different temperatures. The hardness 
was measured on the surface of the tempered specimen using TH 320 
Rockwell hardness tester at a load of 150 kg with 5 s dwelling time. 
Assessment of the dimensional stability was achieved by measuring the 
dimensional changes on a selection of specimens that were aged at 
25–150 ◦C for 1–1440 h. Dimensional measurements are performed 
using specific cylindrical specimens with size Ø5 × 10.005 mm on a 
Dantsin-Trimos LABC500 horizontal measuring instrument. The speci-
mens were placed on an adjustable holder between two cursors (one 
mobile and the other immobile) connected to an inductive displacement 
sensor (accuracy: 1 μm). The presented values of hardness and di-
mensions are the average values of three independent measurements. 

3. Results 

3.1. Concentration-depth profiles: Carbon vs. nitrogen 

The influences of the carbonitriding parameters on carbon/nitrogen 
concentration-depth profiles in the carbonitrided 52,100 steels are 
presented in Fig. 1. Evidently, carbonitriding leads to the dissolution of 
carbon/nitrogen into the steel surface for most treatment conditions. For 
a high ammonia addition or a relatively low carbon potential, no addi-
tional carbon was incorporated (Fig. 1a) or decarburization occurred 
(Fig. 1b). Based on the quantitative analysis, for most processing con-
ditions, the absorbed carbon is probed in a depth range of about 500 μm, 
while the augmented nitrogen contents are observed to a depth > 500 
μm. 

At a carbonitriding temperature of 840 ◦C and a carbon potential of 
1.2%, increasing the ammonia content from 2.5 to 7.5 vol% results in a 
steady increase in the nitrogen concentration. The in-depth distributions 
of carbon have similar profiles for 2.5 and 5.0 vol% NH3, but appear 
constant from the surface to the core for the 7.5 vol% NH3 addition 
(Fig. 1a). The surface carbon concentrations for the various ammonia 
additions (Fig. 1d) suggest that the carbon potentials can be indepen-
dently adjusted at low ammonia additions, but get out of control for a 
relatively high ammonia addition. Despite invariable supply of 
ammonia (3.5 vol%) during carbonitriding, a change in the carbon po-
tential considerably affects the dissolved nitrogen content (Fig. 1b). 
Evidently, there is a synergistic effect between carbon and nitrogen 
dissolution in austenite during carbonitriding, because an increase in 
carbon potential leads to uptake of both carbon and more nitrogen. 
Thus, independent adjustment of the carbon potential can result in a 
noticeable change in the effective nitriding potential (Fig. 1d). The 
carbon/nitrogen concentration-depth profiles in Fig. 1c indicate a strong 
dependence of carbon/nitrogen concentrations and diffusion kinetics on 
the carbonitriding temperature. At a constant carbon potential of 1.2% 
and an ammonia addition of 3.5 vol%, the as-measured surface carbon 
concentrations for 880 ◦C and 830 ◦C are consistent with the applied 
carbon potential, while a substantially higher value (~1.87 wt%) is 
obtained for 780 ◦C. Similarly, carbonitriding at 780 ◦C yields a surface 
nitrogen concentration of approximately 1.12 (Fig. 1d), which is 
markedly higher than for the other elevated temperatures applied. 

3.2. Microstructure 

Fig. 2 shows the X-ray diffractograms of AISI 52100 steels in both 
austenitized and carbonitrided conditions, which were obtained in the 

Fig. 1. Carbon and nitrogen concentration-depth profiles in carbonitrided AISI 52100 steel for various (a) ammonia additions at 840 ◦C and a carbon potential of 
1.2%, (b) carbon potentials at 840 ◦C and an ammonia content of 3.5 vol% and (c) temperatures for an ammonia content of 3.5 vol% and a carbon potential of 1.2%. 
(d) Carbon/nitrogen concentration adjacent to the surface of each carbonitrided specimen. Horizontal dashed lines in (a)–(c) indicate the carbon/nitrogen con-
centrations in the core of the carbonitrided steel. 
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core and surface zone of the carbonitrided specimens, respectively. The 
X-ray diffractograms in Fig. 2a show that austenitization at 780–880 ◦C 
with subsequent oil-quenching yields a microstructure consisting pre-
dominantly of martensite, as well as a small amount of retained 
austenite and cementite. A simple comparison of intensities of the 
diffraction peaks among different temperatures indicates that with 
decreasing austenitization temperature, the volume fraction of undis-
solved cementite increases, while the content of the retained austenite 
decreases. 

In carbonitrided cases, the diffractograms in Fig. 2b-d present 
different carbonitriding responses regarding the phase contents, and 
confirm the presence of additional phases in the surface-adjacent zones, 
i.e. CrN. The diffractograms in Fig. 2b for different ammonia additions 

show that the diffraction peaks of nitrides become more intense on 
changing the ammonia content from 2.5 to 5.0 vol%, but disappear for 
an ammonia content of 7.5 vol%, while the intensity of diffraction peaks 
of retained austenite increase on adding more ammonia. The diffracto-
grams for different carbon potentials reveal that increasing the carbon 
potential promotes the formation of both cementite and nitrides, as 
shown in Fig. 2c. As the X-ray diffractograms in Fig. 2d show, carbon-
itriding responses at 780 ◦C and 830 ◦C are similar in terms of the formed 
crystalline phases but the reflections of cementite/nitrides are more 
pronounced at 780 ◦C. As can be inferred, at a relatively high temper-
ature of 880 ◦C, more carbon dissolves in austenite, and the relatively 
low content of nitrogen is also in solid solution (cf. Fig. 1c). 

Fig. 3 presents the reflected light micrographs of cross-sections of the 

Fig. 2. X-ray diffractograms in the core regions (a) and in the surface of AISI 52100 steel after carbonitriding under various ammonia contents (b), carbon potentials 
(c) and temperatures (d). A close-up of a two-theta range 65–70◦ is inserted in (c) and (d) to show one of the diffraction peaks of CrN. 

Fig. 3. Representative micrographs showing the microstructure in the surface zone (a) and the core region (b) of the CN-C3 specimen.  
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Nital etched CN-C3 specimen, which confirms, in both surface-adjacent 
zone (Fig. 3a) and core (Fig. 3b), the presence of fine plate (lenticular) 
martensite, retained austenite and spherical cementite (appearing 
white). Particles of relatively large size and with an irregular shape 
formed in the carbonitrided case (Fig. 3a). In order to discern the car-
bonitrided microstructure for the various parameters, as well as to 
differentiate between carbonitrides, nitrides, and carbides, micrographs 
of all carbonitrided specimens were etched with Murakamiʼs reagent 
(after repolishing) and presented in Fig. 4. 

Compared to the Nital-etched microstructures where both cementite 
and additionally formed carbides appear bright, the Murakami-etched 
specimens show staining of the carbides and carbonitrides. Untrans-
formed spherical cementite that pre-existed in the substrate remains 
dark, while the newly developed particles or cementite that has partly 
converted under the influence of nitrogen uptake appears orange-red. 
This indicates the formation of carbonitrides, in agreement with the 
previous findings where the irregular-shaped particles are stated to be 
carbonitrides [6], or, iron cyanide [23]. At constant temperature and 
carbon potential, increasing the ammonia content impeded the devel-
opment of carbides/carbonitrides during carbonitriding (Fig. 4a-c). For 
an ammonia content of 7.5% a carbide-denuded surface zone appears 
(Fig. 4c), consistent with decarburization observed in Fig. 1b. A similar 
case of a carbide-denuded zone appears in Fig. 4d for the relatively low 
carbon potential, reflecting the lack of carbon uptake during carbon-
itriding (cf. Fig. 1a). It has been pointed out in previous research [6] that 
the ammonia addition of 3.5% led to the pronounced development of 
carbonitrides over other ammonia additions in the range of 2.5–8.5%. It 
is clearly shown in Fig. 4d-f that increasing the carbon potential facili-
tates the formation of carbonitrides, and particularly, additional 
irregular-shaped particles of larger size form at a carbon potential of 
1.2% (Fig. 4f). As for the specimen carbonitrided at 780 ◦C (Fig. 4g), 
considerable development of carbonitrides is observed in the outermost 
zone. According to the carbon/nitrogen concentration profiles in Fig. 1c, 
the accumulation of carbonitrides at the surface zone should be attrib-
uted to the colossal amount of carbon/nitrogen, achieved at such rela-
tively low temperature. Moreover, compared to a moderate temperature 
condition (Fig. 4h), slightly coarsened carbonitrides, as well as 
cementite, developed at a relatively high temperature of 880 ◦C (Fig. 4i). 

The influence of the carbonitriding parameters on the depth distri-
bution of the retained austenite content is presented in Fig. 5. Most 
carbonitrided specimens show the same trend that more retained 
austenite is present in the surface adjacent zone (~100 μm). Initially, the 
content of retained austenite increases slightly with depth, followed by a 
smooth decrease until a constant value, the core level, is reached 
(Fig. 5). Generally, the core level starts at a depth of at least 500 μm and 
the corresponding value depends only on temperature (Fig. 5c). 
Evidently, the contents of the retained austenite after carbonitriding at 
the same temperatures increase with the total dissolved interstitial (C +
N) content, as anticipated, because carbon and nitrogen are both 
effective austenite-stabilizing interstitials [28,29]. Based on the 
concentration-depth profiles, the total interstitial content in the surface 
of the carbonitrided specimen is lower for the 7.5% ammonia addition 
(N3 in Fig. 1a) than for the 1.2% carbon potential (C3 in Fig. 1b). 
Nevertheless, within experimental accuracy, no difference was detected 
in the retained austenite contents in the surface-adjacent zone between 
these two cases. The slight increase in nitrogen concentration from 0.63 
to 0.72 wt% in the N3 specimen is sufficient to compensate for the 
decrease in retained austenite content induced by the carbon drop of 
~0.26 wt%, which demonstrates that nitrogen is a stronger austenite 
stabilizer than carbon [28]. The difference in the contents of the 
retained austenite for different temperatures in Fig. 5c is a combined 
consequence of uptake of carbon/nitrogen and the dissolution of 
cementite during carbonitriding at different temperatures. At a rela-
tively high temperature, more dissolved cementite results in more car-
bon in austenite and leads to a higher retained austenite content. 

3.3. Residual stress 

The measured residual stress-depth profiles of the AISI 52100 spec-
imens after austenitization/carbonitriding and tempering at 175 ◦C for 
2 h are given in Fig. 6. For the austenitized and tempered (as-hardened) 
specimen, a tensile stress of ~170 MPa has developed in the ~100 μm 
thick surface zone and changes into a slight compressive stress of ~50 
MPa at a depth of 200 μm (Fig. 6a). After a minor oscillation towards 
tension, the negative stress values level off with increasing depth. The 
achieved residual stress distribution shows good agreement with that of 
high-alloyed parts in quenched and tempered condition, i.e. the so- 
called quench stress, where phase transformation stresses introduced 
on martensite formation are more dominant than thermal stresses, 
leading to a tensile-stressed surface [30]. 

As illustrated in Fig. 6b-d, the residual stresses resulting from car-
bonitriding differ considerably from those without a near-surface con-
centration gradient of interstitial alloying elements. Clearly, in most 
carbonitrided specimens, compressive residual stresses develop in the 
carbon/nitrogen-rich surface, with a sub-surface maximum value, 
compensated by tensile stress in the core region. The residual stress 
distributions depend as follows on the various carbonitriding parame-
ters. At a constant temperature and carbon potential, the compressive 
residual stress layer reaches deeper for a higher ammonia addition, as 
shown in Fig. 6b. The maximum compressive stress value (~520 MPa) 
was observed for the intermediate ammonia addition. Obviously, the 
applied carbon potential of the atmosphere has a measureable influence 
on the state of stress in the specimen after carbonitriding and tempering. 
For a constant ammonia addition, a low carbon potential and associated 
decarburization lead to tensile residual stress, whereas the opposite 
occurs when the carbon potential is identical to, or higher than, the 
original carbon percentage (Fig. 6c). Notably, positive stress in 
martensite reappears at a depth of ~300 μm for the low carbon potential 
of 0.8%. A similar stress distribution is observed in martensite in the 
specimen carbonitrided at 780 ◦C (Fig. 6d). In contrast, compressive 
residual stress in martensite develops from the surface to a depth beyond 
~600 μm for higher temperatures, and the location of peak stress shifts 
deeper into the case with increasing the carbonitriding temperature. 

3.4. Hardness 

The hardness-depth profiles resulting from the carbonitriding in 
Fig. 7a-c confirm the formation of hardened cases in carbonitrided 
52,100 steels. In particular, the presence of typical S-shape hardness 
profiles in some of the carbonitrided specimens allow for tolerances in a 
subsequent polishing/grinding process [31]. The hardness increases in 
the case are only modest as compared to the core. The reason for this is 
that the core already has a high interstitial content in martensite. 
Additional dissolution of interstitials at high temperature leads to harder 
martensite, transformation of pre-existing carbides into carbonitrides 
and more retained austenite (Fig. 5). The conversion of carbides into 
carbonitrides has a limited effect on the overall hardness, while the 
stabilization of austenite causes to softening. Hence, despite an increase 
in interstitial content in martensite, the net increase in hardness upon 
carbonitriding is modest. 

Due to the relatively high amount of carbides/nitrides, the hardness 
close to the surface (~100 μm) is highest for a medium ammonia 
addition of 5.0 vol%, while for deeper regions a higher ammonia addi-
tion contributes more effectively to a higher hardness (distribution). 
Similar to the trend shown in the concentration profiles in Fig. 1b, the 
hardness increases with increasing the carbon potentials. The hardness- 
depth profile for 0.8% carbon potential in Fig. 7b shows clearly that the 
dissolution of nitrogen is sufficient to compensate for the hardness 
sacrifice caused by decarburization at the surface. It is seen that the 
achieved hardness is slightly higher in the outermost zone than in the 
core and the maximum hardness appears at a depth of ~100 μm 
(Fig. 7b). Clearly, at a constant temperature, the change in hardness 
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distribution is associated with the achieved different concentration 
profiles for the interstitials and carbides/nitrides contents as a conse-
quence of the various carbon potential/ammonia addition. The rela-
tionship between temperature and hardness is clearly observed in the 
obtained hardness-depth profiles in Fig. 7c. The specimen carbonitrided 
at 780 ◦C shows the maximum surface hardness of about 825 HV0.3 and 
the lowest bulk hardness, while at 880 ◦C, the hardening effect on the 
surface is minimum despite the highest hardness of the matrix. The 
hardness as measured on the surface of the carbonitrided specimens 
reflects the hardness of the layer, but is also influenced by the bulk 
hardness that was achieved upon quenching from different temperatures 
and subsequent tempering. A carbonitriding temperature of 830 ◦C ap-
pears most desirable with respect to a gradual hardness distribution over 
the case. 

3.5. Dimensional stability 

On tempering martensite in 52,100 in the low temperature regime, i. 
e. <200 ◦C, martensite loses (part of) its tetragonality, mainly by the 
precipitation of transition carbides (and nitrides) in martensite and 
possibly by transfer of interstitials to austenite [32,33]. As a conse-
quence, the compressive residual stress experienced by retained 
austenite is reduced and some additional transformation of retained 
austenite into martensite can occur. The reduction in tetragonality and 
transition carbide precipitation is a volume reduction, but after cooling 
the additional transformation of retained austenite into martensite 
causes a volume expansion. In order to investigate the effect of 
tempering time on austenite content, additional tempering at 150 ◦C for 
12 h was performed on the specimens of the CN-N series (different 

ammonia additions). The transformation ratio of retained austenite, αγ, 
was calculated using the following equation: 

αγ =
V0 − Vu

V0  

with V0 and Vu the volume fractions of retained austenite before and 
after additional tempering, respectively. For the three investigated 
depths, carbonitriding always leads to a lower transformation ratio of 
retained austenite as compared to the as-hardened case (Fig. 8), indi-
cating that retained austenite after carbonitriding is more stable. This 
effect was anticipated and is in agreement with higher total interstitial 
contents of C/N in austenite before additional tempering. Deeper in the 
case, the additional stability against transformation into martensite is 
less pronounced, consistent with a declining interstitial content with 
depth. 

Further data obtained from 1 h tempering at different temperatures 
in the range 150–250 ◦C are presented in Fig. 9, which shows the effect 
of the tempering temperature on the content of retained austenite and 
the surface hardness. Obviously, for both conditions, tempering at a 
temperature below 175 ◦C only slightly influences the content of 
retained austenite, while tempering at a higher temperature leads to a 
dramatic reduction in the content of retained austenite. Moreover, the 
higher the ammonia addition, the steeper is the reduction in retained 
austenite content. This indicates that the transformation of retained 
austenite, either by transformation into martensite or by decomposition 
(at higher temperature), is susceptible to the tempering temperature. 
Tempering also results in a decrease in the surface hardness, as reflected 
by Rockwell hardness measured at the surface in Fig. 9b. After 250 ◦C 
tempering for 1 h, when retained austenite is largely transformed by 

Fig. 4. Micrographs of the Murakami etched 52,100 steel specimens for different (a-c) ammonia additions, (d-f) carbon potentials and (g-i) temperatures.  
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decomposition, the surface hardness of the carbonitrided specimens 
remains >62 HRC. 

As demonstrated in Fig. 10a-c, for both conditions (as-hardened and 
carbonitrided), either increasing the tempering temperature or extend-
ing the duration of tempering can lead to more dimensional change. 

Clearly, the dimensional change occurring during aging is significantly 
larger in the carbonitrided specimens than in the austenitized speci-
mens. This dimensional change is likely caused by fresh martensite 
formation from retained austenite on cooling after tempering [33]. 
Fig. 10d shows the dimensional changes per percent of retained 

Fig. 5. In-depth distribution of retained austenite content for different (a) ammonia additions, (b) carbon potentials and (c) carbonitriding temperatures.  

Fig. 6. Residual stress-depth distributions in (a) as-hardened 52,100 steel and carbonitrided 52,100 steel for various (b) ammonia additions, (c) carbon potentials 
and (d) temperatures. 
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austenite after 1440 h aging at different temperatures. Similar trends as 
in Fig. 10a-c are observed, but the difference in dimensional changes for 
different temperatures does not vary as much as in a-c; also, for each 
aging temperature the variations are closer to each other. 

4. Discussion 

4.1. Thermodynamics of carbonitriding 

The carbonitriding response of 52,100 depends on ammonia addition, 
carburizing potential and temperature, which all are interrelated with the 
thermodynamics of carbonitriding. The chemical reactions in the gas 

phase and at the gas-metal interface, that control the chemical potentials 
of carbon and nitrogen imposed by the gas, were discussed in Refs. 
[12,14,17,18,34–36]. For the currently applied carbonitriding gases, the 
main chemical reactions in the gas and at the surface are listed in Table 3. 

The carburizing and nitriding potentials imposed at the specimen 
surface by the carbonitriding gas are related to the chemical potentials 
of carbon and nitrogen, and thus their activities. Accordingly, they 
govern shifts in chemical equilibrium under the various applied condi-
tions. It has been demonstrated that carburizing according to Reaction 
(ii) proceeds a few hundred times faster than other carburizing reactions 
(e.g. Reactions (i), (viii) and (ix)) [12,37]. In addition, the occurrence of 
the water-gas shift reaction, i.e. Reaction (iii), does not directly 
contribute to carburizing, but does change the partial pressures of the 
gases involved in carburizing. On the other hand, for equilibrium at 
atmospheric pressure and at the applied carbonitriding temperatures the 
equilibrium constant of ammonia decomposition (Reaction (i)) is so 
large, that ammonia is almost completely decomposed (>99.98%) into 
nitrogen and hydrogen gas. Then, presuming thermodynamic equilib-
rium, no nitriding of a workpiece would be expected (the nitriding effect 
of N2 at these temperatures is limited). To mitigate at least part of the 
dissociation of ammonia in the gas phase, a sufficiently high flowrate in 
the furnace can be applied [38]. This enables effective nitriding at the 
applied carbonitriding temperatures, and particularly, allows control of 
the nitrogen content in the workpiece by adjusting the ammonia pres-
sure in the gas mixture. Assuming equilibrium between the gas phase 
and the solid solution of C/N in austenite, it follows that the activities of 
carbon and nitrogen, aC

[ii] and aN
[v], respectively, are given by 

a[ii]
C = K[ii]

pCOpH2

pH2O

1
p0

(1)  

a[v]
N = K[v]

pNH3

p3/2
H2

p1/2
0 (2)  

where K[n] is the equilibrium constant of equilibrium [n] in Table 3, and 
pj denotes the partial pressure of gas component j; p0 is the pressure in 

Fig. 7. Hardness-depth profiles in AISI 52100 steel for various (a) ammonia additions, (b) carbon potentials and (c) temperatures.  

Fig. 8. Transformation ratio of retained austenite after tempering at 150 ◦C for 
12 h, as measured at three depths of specimens carbonitrided at the various 
ammonia additions. The zero addition of ammonia stands for the as-hardened 
(not carbonitrided) condition. 
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the reference state, which is chosen to be 1 atm graphite and 1 atm N2 
gas, respectively. Consequently, the carburizing potential,1 rC, and 
nitriding potential, rN, are here defined as: 

rC =
pCOpH2

pH20
(3)  

rN =
pNH3

p3/2
H2

(4) 

According to carbonitriding practice of low-alloyed steels [35], at 
constant temperature, an increase in ammonia addition increases the 
content of residual ammonia. It is noted that the degree of ammonia 
dissociation changes slightly on changing the ammonia addition in the 
range of 2–8 vol%, from 93 to ~95% at 840 ◦C. Furthermore, the degree 
of decomposition according to Reaction (iv) that occurs on the furnace 
walls is temperature-dependent, and can be estimated applying the 
decomposition rate model [17] in relation to the specific combination of 
furnace area and gas flow (see Experimental), as shown in Fig. 11. 
Accordingly, the added ammonia in the stationary gas that actually 
reacted with the steel surface can be obtained as a function of temper-
ature. Assuming that Reaction (iii) is at equilibrium, the partial pres-
sures of the gas components as a function of the amount of added 
ammonia, the amount of added propane and the temperature, are 

Fig. 9. Changes in the retained austenite content (a) and the surface hardness (b) in as-hardened and carbonitried 52,100 steel during tempering.  

Fig. 10. Dimensional changes in 52,100 cylindrical specimens after aging at (a) 25 ◦C, (b) 100 ◦C and (c) 150 ◦C for 1– 1440 h, and (d) the dimensional changes in 
per percent of retained austenite after 1440 h aging at different temperatures. Note that different scales apply for (a)–(c). 

1 Note that the carburizing potential introduced here only relates to the spe-
cies involved in the carburizing reaction and is not identical to the carbon po-
tential, xC

eq, used in commercial practice and used hitherto in this manuscript. 
The carbon potential is the carbon solubility in pure iron for equilibrium with 
the carburizing gas and relates to the carburizing potential as follows xC

eq = rC ⋅ 
Kiv/γC, with Kiv the equilibrium constant of Reaction (iv) in Table 3 and γC the 
activity coefficient of C in iron. The reason for introducing a carburizing po-
tential is to accomplish equivalent definitions for carburizing and nitriding 
reactions. 
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predicted from the applied inlet gas composition (Fig. 12a through c). 
The activities of C and N, with respect to Reactions (ii) and (v), 
respectively, as imposed by the stationary gas compositions at the steel 
surface, are included in the diagrams. The C/N activities obtained under 
all applied conditions are collected in Fig. 12d and Table 4. The pre-
dicted stationary gas mixture compositions in the furnace are specified 
in Table 4 for the various parameter combinations. In addition, the C/N 
contents in equilibrium with the imposed C/N activities at the gas/solid 
interface are used in the predictions of the surface concentrations 
(Fig. 13). 

Obviously, mixing propane and/or ammonia in the carrier gas 
(ref. CN-0 in Table 4) leads to fluctuations in the stationary gas 
composition (i.e. the partial pressures of the gases), and thereby regu-
lates the C/N activities. Not surprisingly, for the CN-N series, an increase 
of the ammonia content causes an important increase in N activity. The 
C activity is only slightly affected. Despite a discrepancy between 

predicted C/N content and experimentally determined C/N content, 
prediction and experiments show the same trend both for C and for N 
(Fig. 13a). A reduction of the dissolved C content on adding ammonia is 
associated with the following two aspects: (i) Since nitrogen enhances 
the carbon activity in the solid (austenite) [20,39], a lower carbon 
content is necessary to achieve a particular carbon activity in the solid. 
Considering the slight increase in C activity with increasing the 
ammonia content, a higher N content dissolved in the solid leads to a 
reduction in carbon content. (ii) Dissociation of ammonia upon entering 
the hot furnace causes a dilution effect of the atmosphere, which results 
in a lower “carbon activity” determined by the oxygen probe regulation 
by an extent factor (Fd) [17,35]. 

For a propane content in the range of 0–5.0 vol%, the predictions 
show that adding propane causes a slight reduction of the C activity in 
the gas (Fig. 12d). The corresponding C content increases, consistent 
with the experimental results (Fig. 13b). In contrast, the predicted N 
content shows the opposite trend as the experimentally determined N 
content. 

Despite the same inlet gas composition in the CN-T series, the partial 
pressure of each gas component in the gas mixture changes with car-
bonitriding temperature, which is more pronounced at temperatures 
below ~800 ◦C (Fig. 12c). For the applied temperature range, the C 
activity increases slightly and the N activity decreases strongly with 
increasing temperature (Fig. 12d and Table 4). A good agreement is 
achieved between predicted N content and experimentally measured N 
content, while for C content a major discrepancy was found at 780 ◦C 
(Fig. 13c). 

To compare the predicted C/N activity with the actual C/N content 
for the different carbonitriding conditions, the C/N activity coefficients 
(γC/γN), which describe the proportionality between activity and 
composition, need to be taken into consideration. As demonstrated 
previously [40,41], the activity coefficient of C/N strongly depends on 
carbonitriding temperature and is affected by dissolved C and/or N, 
implying that the activity coefficient is composition dependent and does 
not obey Henrian behavior. In addition, the estimation in Fig. 12 was not 
able to reflect the actual remaining ammonia amount during carbon-
itriding. These two aspects are the principal cause for discrepancies 
between predictions and experimental results. It is worth mentioning 
that the self-regulation of the C potential was achieved by a discontin-
uous propane supply, which may result in an unexpected response to the 
N content (Fig. 13b). Upon carbonitriding at lower temperatures (e.g. 
780 ◦C), the equilibrium in [v] will shift to the left, which leads to an 
increase in N activity and N content (Fig. 13c). Also, at lower temper-
atures, the reactions proceed slower at surfaces inside the furnace, and 
equilibria that were forced by imposing relatively high gas flow rates, 
would deviate more from the ideal state. In that case, both C and N 
activity could be dramatically augmented, resulting in abnormally high 
contents (Fig. 13c). The major discrepancy in carbon content at the 
surface for 780 ◦C, is explained as follows. The high nitrogen content 
leads to a higher local carbon activity. In principle this higher carbon 
activity would limit further C-uptake from the gas mixture or even 
release of carbon, provided that an appropriate surface reaction is 
available. Also, a high carbon activity will establish a larger driving 
force for inward diffusion of carbon and for carbide precipitation. 
Evidently, the conditions were such that carbides did develop. 

4.2. Diffusion paths in the Fe-C-N system 

The experimentally determined combinations of C and N contents 
are presented in a calculated isothermal section of the Fe-C-N system in 
Fig. 14. The calculated percentages of phases close to the surface under 
equilibrium conditions are listed in Table 5. In accordance with the XRD 
results (Fig. 2), the expected compounds in the surface region are Fe3C 
and CrN; the predicted amounts of Si3N4 under some conditions are very 
low (Table 5) and certainly below the detection limit of XRD. For the CN- 
N series (Fig. 14a), the C and N contents determined in the entire 

Table 3 
Chemical reactions during carbonitriding.  

Carbonitriding agent  No. Reaction 

Endothermic carrier gas 
(simulated) 

Carburizing reactions 

[i] 
2CO ⇄ [C] +
CO2 

[ii] 
CO + H2 ⇄ [C] 
+ H2O 

[iii] 
CO + H2O ⇄ 
CO2 + H2 

Nitriding reactions 

[iv] 

NH3 ⇄ 
1
2
N2 +

3
2
H2 

[v] 
NH3 ⇄ [N] +
3
2
H2 

Carbonitriding reactions 

[vi] 
CO + NH3 ⇄ 
HCN + H2O 

[vii] 
HCN ⇄ [C] +

[N] +
1
2
H2 

[viii] 
C3H8 ⇄ [C] +
2CH4 

[ix] CH4 ⇄ [C] + 2H2 

Additional propane 
Carburizing/ 
Carbonitriding reactions 

[x] 
CH4 + NH3 ⇄ 
HCN + 3H2 

[xi] CH4 + CO2 ⇄ 
2CO + 2H2 

[xii] 
CH4 + H2O ⇄ 
CO + 3H2  

Fig. 11. Degree of dissociation of ammonia as a function of temperature, as 
estimated in relation to the specific combination of furnace area and applied 
gas flow. 
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carbonitrided case are within the γ + Fe3C + CrN three-phase region for 
both 2.5 and 5.0 vol% ammonia additions, while the predicted compo-
sition for a 7.5 vol% ammonia addition falls in the three-phase γ + CrN 
+ Si3N4 region, where Fe3C carbide no longer is stable. Nevertheless, in 
contrast with the calculated equilibrium data, both diffractogram and 
the micrograph for the 7.5 vol% ammonia addition confirm the presence 
of the Fe3C carbide close to the surface. In this respect it is mentioned 
that the compositional analysis is averaged over a depth range of ~20 
μm (see Experimental) that starts ~10 μm below the surface. On the 
other hand the dissolution of Cr-stabilized Fe3C may proceed relatively 
slowly. A similar explanation may apply for the CN-C series (Fig. 14b), 
where the experimentally obtained information on Fe3C for a medium 
carbon potential (Fig. 2c and 4e), does not agree with the calculated data 

(Table 4). For the CN-T series (Fig. 14c and d), the observations parallel 
the calculated results. Despite a strong uptake of both carbon and ni-
trogen at 780 ◦C, in particular a large increase in cementite content is 
observed rather than CrN, as demonstrated by both experimental and 
calculated data (Fig. 2d and Table 4). 

The driving forces for diffusion in a Fe-C-N system are the gradients 
in the chemical potentials (activities) of the components (C and N) in the 
reaction zone. In the present case, this translated to the notion that the 
diffusion of each alloying element in the steel depends on its concen-
tration gradient as well as concentrations and associated gradients of the 
other component. The C and N activities in austenite can be calculated 
from the experimentally obtained C and N contents at the surface, such 
that the diffusion of C and N in the austenite phase can be simulated with 

Fig. 12. Partial pressures for selected gas components in a carbonitriding atmosphere vs. (a) the amount of added ammonia, (b) the amount of added propane, and 
(c) the carbonitriding temperature. The aC

[ii] and aN
[v] imposed by the atmosphere on the steel surface relative to graphite and gaseous nitrogen, respectively, at 1 bar 

and at the temperature applied, is given on the right-hand scale in a–c, and the values of aC
[ii] and aN

[v] corresponding to the applied treatment conditions are 
collected in (d). 

Table 4 
Stationary composition (in Volume Percent) of main gas components in a carbonitriding atmosphere, predicted from the ingoing gas composition at concerned 
temperatures. The corresponding values for aC

[ii] and aN
[v] are listed.   

Inlet composition Stationary composition (predicted) Activity 

N2 H2 CO C3H8 NH3 N2 H2 CO NH3 H2O aC
[ii] aN

[v] 

CN-0a  40  40  20  0  0  40.53  38.98  19.18  0.005  0.59  0.97  0.69 
CN-N1  37.21  37.21  18.60  4.65  2.33  33.43  49.68  15.28  0.14  0.56  1.034  13.41 
CN-N2  36.36  36.36  18.18  4.55  4.55  33.06  50.60  14.68  0.26  0.54  1.053  24.00 
CN-N3  35.56  35.56  17.78  4.44  6.67  32.75  51.39  14.15  0.36  0.52  1.070  32.91 
CN-C1  38.65  38.65  19.32  0  3.38  39.53  41.05  17.99  0.20  0.57  1.066  20.70 
CN-C2  37.74  37.74  18.87  2.36  3.30  36.12  45.96  16.38  0.19  0.55  1.052  17.87 
CN-C3  36.87  36.87  18.43  4.61  3.23  33.27  50.07  15.03  0.19  0.55  1.042  15.87 
CN-T1  36.87  36.87  18.43  4.61  3.23  33.67  48.82  14.16  0.53  1.18  1.036  37.41 
CN-T2  36.87  36.87  18.43  4.61  3.23  33.32  49.87  14.94  0.26  0.63  1.041  23.92 
CN-T3  36.87  36.87  18.43  4.61  3.23  33.13  50.50  15.30  0.12  0.34  1.043  13.44  

a CN-0 represents the processing condition applying only endothermic carrier gas. 
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DICTRA (see Fig. 15). 
For all processing conditions, C is observed to penetrate deeper than 

N, consistent with faster diffusion of carbon in austenite than nitrogen at 
the temperatures typical for carbonitriding [18,42]. Moreover, the 
dissolution of nitrogen, especially at lower concentrations, promotes the 
driving force for diffusion of carbon in austenite [20,39], due to the 
augmented carbon activity by the presence of nitrogen. Upon carbon-
itriding at 840 ◦C, no significant difference in C/N activity in austenite is 
expected for different combinations of carbon potential and ammonia 
addition, as in all carbon-uptake cases the equilibrium C/N content 
achieved at the surface exceeds the solubility in austenite, so carboni-
trides/nitrides develop. It is therefore expected that similar diffusion 
depths of C/N apply for different carbonitriding conditions (Fig. 15a and 
b). For CN-C2 processing condition, where decarburization occurred, 
the thickness of the decarburized layer is comparable to that of the C 
penetration depth for the other processing conditions (Fig. 15d). For 
increasing carbonitriding temperature, the diffusion of C and N proceeds 
faster, so both interstitials penetrate deeper with increasing temperature 
(Fig. 15c and d). 

4.3. Control of retained austenite content 

Essentially, the consequences of the concentration gradients of car-
bon/nitrogen developing during carbonitriding is a stabilization of 
austenite and a depth dependence of the martensite start/finish (Ms/Mf) 
temperature. As a result, the amount of retained austenite is higher in a 
carbonitrided case than in the substrate, and generally reaches the 
highest content near the steel surface. The effect of a higher retained 
austenite content on the performance of steel bearings is controversial 
[21,43,44]. Retained austenite has a low hardness and causes a volume 

expansion upon transformation. It is therefore undesirable in many ap-
plications. For example, for components of tight-fitting assemblies 
transformation of retained austenite into martensite at ambient tem-
perature during operation might cause rotating parts to bind. Never-
theless, it has been demonstrated that a content of retained austenite less 
than 10 vol% should be prevented in all cases, and 20–30 vol% retained 
austenite appears advantageous for rolling/sliding contact-fatigue 
durability. 

Minimization of the content of retained austenite is achieved by 
adjustment of the carbonitriding parameters, so that the total interstitial 
content is sufficiently low to allow transformation of all austenite into 
martensite. The characteristic distribution of retained austenite content 
(maximum close to the surface, as shown in Fig. 5), post treatment by 
mechanical/chemical surface removal is an option to achieve the 
desired retained austenite contents. 

The tempering response in Fig. 9 clearly shows that tempering of 
carbonitrided specimens at a temperature above the usual operation 
temperature of bearings, leads to a significant reduction in retained 
austenite content without compromising the hardness. Evidently, for 
carbonitrided cases, an appropriate tempering treatment after carbon-
itriding enables control of the retained austenite content, and thereby 
the dimensional stability and contact fatigue performance. 

4.4. Residual stress evolution 

Since both Ms and Mf temperatures decrease with increasing total 
interstitial content of carbon and nitrogen, martensitic transformation in 
the carbonitrided case is not uniformly distributed over the case depth 
and, for uniform cooling over the entire depth, would be expected to 
occur first in the core and last at the surface. Obviously, cooling is not 

Fig. 13. Comparison of the predicted C/N content, as calculated with DICTRA, and the experimentally determined C/N content at the surface of the carbonitrided 
specimens for various (a) ammonia additions, (b) carbon potentials and (c) temperatures. 
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uniform, and the surface region cools faster than the core, because here 
heat is transferred to the quenching medium. These antagonistic effects 
determine evolution of the residual stress distribution upon oil- 
quenching. Analogous to carburizing and carbonitriding of low- 
alloyed steel, the distribution of residual stress over the case depth de-
pends on the distributions of interstitials and retained austenite [45]. (i) 
Upon initial oil-quenching, as a result of the prior cooling at the surface, 
the austenite in the carbonitrided surface layer shrinks faster than in the 
core, which results in tensile stress at the surface and compression in the 
core. (ii) on continued cooling, martensite formation occurrs first at 
some depth in the carbonitrided case and in the core, along with the 
depth distribution in Ms temperature, which is highest in the core and 
lowest at the surface. The volume expansion associated with martensite 
formation causes superposition of compressive stresses on the thermal 
stress profile. Also, stress relaxation can occur along with the trans-
formation and plastic accommodation of the volume misfit. (iii) on 
prolonged cooling of an austenite martensite assembly, austenite shrinks 

more than martensite due to the larger thermal expansion coefficient, 
leading to higher tensile stress close to the surface. As martensite for-
mation approaches the surface from deeper in the material, the 
compressive stresses close to the surface can be lower than those deeper 
in the carbonitrided case (as observed in Fig. 6). In addition, the ach-
ieved compressive stress level depends on the amount of martensite that 
has formed on cooling. The lower Ms, the higher is the content of un-
transformed (retained) austenite. Considering the relatively low tem-
perature in the surface-adjacent zone, the stress relaxation can be ruled 
out. Tensile stress was observed for two cases, i.e. carbonitriding at 0.8% 
potential and carbonitriding at 780 ◦C and is attributed to the decar-
burisation. As a result, on cooling, the martensite forms earlier at the 
surface than deeper in the material (similar to cooling of the as-hardened 
specimen) and consequently martensite former deeper in the case af-
terwards imposes a tensile stress to the surface region. In practice, the 
carbides developing during carbonitriding and the non-uniformity of 
thermal conductivity associated with the gradient carbon/nitrogen 

Fig. 14. Comparison of experimental nitrogen and carbon contents with the calculated isothermal section of the Fe-C-N system showing the diffusion path in the 
carbonitrided case. The path for CN-T2 is not given because the applied temperatures for CN-T2 and CN-C3 are close to each other and all other parameters are 
identical (see Table 2). 

Table 5 
Mole percentage of each phase under equilibrium conditions with the carbonitriding gas.  

Series Core CN-N CN-C CN-T 

Phase 840 2.5 5.0 7.5 0.8 1.0  1.2  780  830 880 
Fe3C 3.7 4.3 2.8 – – –  3.2  19.9  3.7 1.8 
CrN – 1.6 2.6 2.7 2.3 2.8  2.7  2.9  2.8 2.3 
Si3N4 – – – 0.4 – –  0.3  0.8  0.4 – 
γ-Fe 96.3 94.1 94.6 96.9 97.7 97.2  93.8  76.4  93.2 95.9  
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concentration profiles contribute to the residual stress distribution. 
Generally, the presence of surface compressive residual stress is an 

advantage for applications where a maximum tensile stresses is imposed 
in the surface region of components, e.g. bending or torsional loading. 
Moreover, the maximum compressive stress in the subsurface region has 
a favorable influence on the resistance to heavy-load wear or contact 
fatigue, because the maximum imposed Hertzian pressure occurs sub- 
surface and thus the initiation of cracks upon such failure is most 
likely to occur sub-surface [45,46]. Although the high carburizing po-
tential/ammonia additions lead to higher surface compressive residual 
stress, too high compressive residual stresses can lead to premature 
surface spallation. Therefore, design of the optimal residual stress dis-
tribution and the carbonitriding treatment to achieve this depends on 
the application. 

5. Conclusion 

AISI 52100 high carbon chromium bearing steel was carbonitrided 
under various conditions of ammonia addition (2.5–7.5 vol%), carbon 
potential (0.8–1.2%), and temperature (780–880 ◦C) for 4 h. It is 
demonstrated that the carbon and nitrogen activities, as imposed by the 
composition of the gas mixture associated with the applied combination 
of cabonitriding parameters, have a decisive influence on the micro-
structural and compositional evolution as well as on the carbon/nitro-
gen diffusion kinetics. The dependence of carbon/nitrogen 
concentration as well as distribution on various parameters was iden-
tified, and the associated microstructural evolution can be summarized 
as follows.  

• At constant temperature and carbon potential, adding ammonia with 
a relatively low volume fraction (≤5.0%) leads to the formation of 
carbides and carbonitrides, while higher ammonia additions result in 
decarburization. 

• With the constant supply of ammonia (3.5 vol%) during carbon-
itriding, carbon potential in the applied range 0.8–1.2 wt% can be 
independently controlled, and increasing the carbon potential pro-
motes the formation of cementite and nitrides. 

• Carbonitriding at a lower temperature 780 ◦C results in the forma-
tion of a dense compound layer, while the carbonitrided layer for 
higher temperature of 880 ◦C contains coarsened particles. A tem-
perature range of 830–840 ◦C is appropriate for a practical carbon-
itriding case in terms of comprehensive performance.  

• The contents of the retained austenite after carbonitriding increase 
with the total dissolved interstitial (carbon and nitrogen) content. 

The dissolution of carbon and nitrogen, in general, introduces 
compressive residual stress in the surface-adjacent zone, with a sub- 
surface maximum value. The residual stress evolution on cooling 
mainly relates to the non-uniform formation of martensite at different 
depths, as caused by gradient carbon/nitrogen profile in addition to non- 
uniform cooling. 

Carbonitrided specimens are sensitive to dimensional changes dur-
ing aging due to a higher content of austenite retained. Additional 
tempering enables the reduction of retained austenite contents without 
significantly compromising the hardness. 

Fig. 15. (a-c) Carbon/nitrogen concentration profile in austenite simulated by DICTRA in carbonitrided 52,100 steel. (d) Carbon/nitrogen penetration depths for the 
various carbonitriding conditions (Reference state: N–1 atm N2 gas; C–graphite at 1 atm). 
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