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Abstract:Steel 42CrMo4, used in the manufacturing of transmission systems (gears), poses problems in service under 

specific cyclic stress conditions of the operating mode of its bodies. The treatment of ion nitriding during 20 hours with 520°C 

applied to 42CrMo4 steel in an untreated state (quenched and tempered) led to the formation of a compound layer (mixture of 

nitrides γ' and carbonitrides ε with irregular thickness evaluated at 5µm and a diffusion layer of depth equal to 295µm). In the 

diffusion layer, the presence of inserted nitrogen leads to the increase in hardness (3 times that of basic material) and to the 

creation of a compressive residual stress field (-400MPa). This superficial hardening does not modify the tensile mechanical 

characteristics of 42CrMo4 steel but renders it more sensitive to overload in fatigue. As a result, a 0.7% total deformation 

imposed corresponding to a loading level of 850MPa, constitutes the limit of gain in fatigue obtained by the ion nitriding 

considered. 
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1. Introduction 

The experiments show that fatigue cracks, generally 

starting on the surface, are at the origin of the damage and 

the rupture of the majority of the parts subjected to cyclic 

efforts quite lower than the material elastic limit. The 

nitriding occupies a good place in the thermochemical 

treatments of superficial hardening. Its relatively low 

temperature (450-570°C) compared to a carburising 

treatment (> 900°C), limits considerably thermal 

distortions. 

The interest of this treatment in the industrial 

applications justifies the number of studies which were 

devoted to this subject [1-9]. This reveals that the in-depth 

penetration crack resistance of hardening elements (N2), of 

the hardness of these layers [4, 5, 6, 8] as well as the 

distribution of the residual stresses [7, 9, 10]. This 

beneficial effect of the treatment can be reduced or even 

reversed under the overload conditions, representative of 

the transient mode of transmission systems (gears, shafts, 

etc...) [10, 11, 13, 16, 19]. Thus the overload sensitivity of 

the nitrided parts became a significant parameter in the 

qualification in the treatment of superficial hardness. This 

sensitivity is closely related to the surface integrity of the 

nitrided parts. The aim of this study is to check the 

behaviour low cycle fatigue nitrided layers and to determine 

the fatigue gain limit of these layers. 

2. Material and Treatment 

The studied material is a low alloy of 42CrMo4 steel, used 

in the mechanical engineering industry for the manufacturing 

of transmission systems (gears) and of injection moulds (for 

plastics). Its chemical composition is defined in table 1. The 

untreated structure is of tempered martensite type. An ion 

nitriding was applied to a series of mechanical specimens, 

tension and lowcycle fatigue, under the conditions defined in 

table 2. 
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Table 1. Chemical composition of studied steel. 

Element C Mn Si S Cr P Mo Ni Al Cu Ti Fe 

Teneur (%) 0.41 0.77 0.28 0.026 1.02 0.019 0.16 0.16 0.04 0.25 0.03 bal. 

Table 2. Ion nitriding conditions. 

Steel 
Parameters 

θ (°C) t (H) Nitrogen (%) Hydrogen (%) 

42CrMo4 520 20 20 80 

 

3. Experiments 

The identification of the nature of the layers was carried 

out by X-rays diffraction analyses and metallographic tests 

under the optic microscopes and Scanning Electronic 

Microscope (SEM). The control of hardness caused by 

nitriding was carried out by microhardness tests (HV 0,05on 

transverse sections). The state of residual stresses in the 

nitrided layer was determined at the ambient temperature by 

X-rays diffraction on the surface, and by the incremental hole 

method in under layers. The modifications of the basic 

mechanical characteristics, consecutive to the nitriding 

treatment, were evaluated by conventional tensile tests on 

standardized specimens (φ 6) (fig. 1a). The damaging mode 

of the hardened layers under tension static loading was 

determined by micrographic examinations of the surfaces and 

microfractographic of the ruptured topographies under the 

Scanning Electronic Microscope (SEM). 

Low cycle fatigue tests at rates of total imposed 

deformation (0.5, 0.6, 0.7, 0.8, 0.9, 1%) were carried out on 

steel 42CrMo4 specimens in a untreated and in a nitrided 

states (fig. 1b). These tests took place with a loading ratio R 

= -1 and under a frequency ν = 1Hz. The upper and the 

surface fracture of the test-specimens broken in lowcycle 

fatigue were examined under the SEM. 

 

a) Tensile specimen 

 

b) Low cycle fatigue test specimen 

Fig. 1. Geometry of the used specimens. 

4. Results 

4.1. Characterization of the Nitrided Layer 

4.1.1. Structure and Hardening 

The ion nitriding treatment led to a hardened depth 

approximately equal to 350µm with a maximum hardness, 

slightly in under layer, almost equal to the double of that 

measured in core (fig. 2). 

 

Fig. 2. Hardness profile by the ion nitriding. 

The metallographic test of a transverse section, a structure 

with three layers (fig. 3): 

 

Fig. 3. Layer structure of the nitrided steels on a transverse section. 

* a compound layer with an irregular thickness going from 

3 µm to 5µm. On the surface, this layer presents at the SEM 

a granulous aspect and appears to be made up of spherical 

particles of sizes varying from 2 µm to 7µm (fig. 4). The X-

rays diffraction analysis shows that it is a layer made up of a 

mixture of the phases ε (Fe 2-3 CN) and γ′ (Fe 4 N) (fig. 5); 

* a diffusion layer made up of nitrogen solid solution in 

insertion with a thickness close to 340µm;it is marked by the 

carbide precipitation probably related to the carbon gradient 

diffusion in the opposite direction of nitrogen (fig. 6); 

* in core, a structure of tempered martensite resulting from 

the preliminary heat treatment. 
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Fig. 4. Morphology of the compound layer - surface Examination. 

 

Fig. 5. X-rays diffraction Identification of the compound layer components 

(ε+ γ′). 

 

Fig. 6. Structure gradient in the nitrided layer. 

4.1.2. Residual Stresses Distribution. 

The compressive residual stresses with profile width 

comparable to those of microhardness is induced by the 

structural transformations characterized by the formation of 

nitrides and carbonitrides in the compound layer and the 

micro distortions related to the nitrogen insertion in the 

diffusion layer in the two principal directions of the specimen 

(longitudinal and circumferential). The level of these 

compressive stresses decreases from the surface towards the 

core to reach in under layer, at approximately 0,5 mm of the 

surface, very low values or slightly tension (fig. 7). 

 

Fig. 7. Residual stress distribution in the nitrided layers. 

4.2. Influence of the Nitriding on the Tensile Mechanical 

Characteristics 

4.2.1. Mechanical Characteristics 

The tensile mechanical characteristics and hardness in the 

two studied states (untreated and nitrided) as well as the laws 

of monotonous consolidation are defined in table 3. It results 

a significant lowering from ductility (A(%): 16.5 to 6) 

associated to a light hardening of the material (increase in 

Rp0.2). The tension consolidation of the two states of the 

42CrMo4 steel obeys a law of Hollomon type (σ = K (εp)
n
) 

with the characteristics K and n presented in table 3. It results 

a considerable consolidation of the nitrided layer marked a 

rate hardening value (n) almost equal to twice of the 

untreated state. 

Table 3. Mechanical characteristics of tensile and hardness. 

State 

Mechanical characteristics Hardness Monoton consolidation  (σ = K (εp)
n) 

Rp0,2 (MPa) Rm (MPa) At (%) E (GPa) HV0,1 K(MPa) n 

Untreated 978 1050 16.5 201 356 1026 0.024 

Nitrided 1030 1070 6 204 1090 1062 0.049 

 

The layouts of the tensile conventional curves, starting 

from ambient tests on smooth cylindrical specimens, 

highlight in the case of the nitrided state deflections starting 

from the elastic limit associated most probably to the brutal 

rupture of the compound layer of (γ' + ε ) hard and brittle 

(fig. 8). 
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Fig. 8. Tensile Conventional curves. 

4.2.2. Rupture Mode 

The microfractographic study makes it possible to 

elucidate the influence of the conditions of nitriding on the 

resistance to cracking under tensile load of the nitrided layers 

* The SEM examination, of the upper of tensile 

specimens, highlights several helicoidally ruptures parallel to 

each other, appearing under tensile load corresponding to the 

deflections observed on the curve i.e. when the allowable 

deformation of these layers is reached (fig. 9). 

 

Fig. 9. Great sensitivity to cracking and brittle fracture by tension of the 

nitrided layer. 

* High magnification examination, reveals that these 

cracks are born starting from the porosities generated by 

nitriding treatment (fig. 10a), then grow under the effect of 

the loading (fig. 10b)and coalescent to lead to the final 

rupture (fig. 10c). 

 

 

 

Fig. 10. Mechanism of cracking of the parts nitrided under tensile loading. 

* The microfractographic analysis of the ruptured 

topography confirms the observations on the surface and 

reveals typical faces of a brittle fracture of all the treated 

layer (fig. 11). This lightly brittle behaviour of the hardened 

layer is at the origin of the premature tensile rupture of the 

nitrided state and makes it possible to explain the significant 

fall of ductility (6%) compared to the untreated state 

(16.5%). 

 

Fig. 11. Surface fractures associated with tension rupture. 

* the examination with strong enlargements of the fracture 

topography highlights three different zones (fig. 12): 

- brittle zone of fracture near the surface thickness, 

comparable with that of the nitrided layer, where one finds fine 

precipitates, generated by the nitrogen diffusion in the matter; 

- transition zone of brittle / ductile fracture at 

approximately 500µm from the surface; 

- ductile zone of rupture with cups in basic material. 
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Fig. 12. Tensile fracture topography of nitrided 42CrMo4 steel. 

4.3. Overload Fatigue Sensitivity 

The lowcycle fatigue tests highlight an accommodation of 

material in these two states subjected to a total imposed 

deformations going from 0.55 to 1.6%. One observes a 

phenomenon of softening which results in a progressive fall 

of the amplitude of the stress for a imposed deformation as a 

function of the number of cycles (fig. 13). This progressive 

fall, much more marked for the first 30 cycles, continues 

until the rupture. No phenomenon of saturation was 

highlighted for the two studied states (fig. 14). In the absence 

of the saturation phenomenon for all rates of total imposed 

deformations during low cycle fatigue tests, one refers to the 

parameters of the most stable cycle to establish the cyclic law 

of consolidation which takes the form ∆σ/ 2 = K' (∆εp / 2)
n’

 

where ∆σ/ 2represent the maximum stress amplitude reached 

during the reference cycle and ∆εt/2 the amplitude of 

imposed deformation (fig. 15). 
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a) Untreated 

 

b) Nitrided 

Fig. 13. Hysteresis loops of the two studied states (∆εt / 2 = ± 0.85 %). 

 

Fig. 14. Evolution of the applied stresses according to the cycle number. 

Nitrided state. 

 

Fig. 15. Logarithmic representation of the cyclic consolidation curves. 

The laws of cyclic consolidation of the two studied states 

are gathered in table 4. This reveals that the cyclic coefficient 

of consolidation (n’) of the nitrided state is smaller than 

monotonous coefficient, this results in a faster softening 

phenomenon as in an untreated state. 

Table 4. Laws of cyclic consolidation, Basquin and Manson-Coffin for the two studied states. 

State Cyclic consolidation law Basquin law Manson-coffin law 

Untreated ∆σ/2 = 907 (∆εp/2)0.089 ∆εe/2 = 0.587 (2Nf)
-0.05 ∆εp/2 = 4.72 (2Nf)

-0.67 

Nitrided ∆σ/2 = 999 (∆εp/2)0.114 ∆εe/2 = 0.59 (2Nf)
-0.045 ∆εp/2 = 1.25 (2Nf)

-0.2 

 

The superposition of the Morrow curves (∆εt / 2 as a 

function of 2NF) related to the two studied states highlights 

the limit of gain in low cycle fatigue brought by the ion 

nitriding (fig. 16). It results from this that a rate of critical 

imposed total deformation (∆εt / 2 = 0.7%) corresponding toa 

loading amplitude (∆σ/ 2 = 850MPa) beyond which, the 

nitriding will have no interest in term of fatigue strength, 

expressed in fatigue life (number of cycle at rupture NF). On 

the other hand for smaller rates of deformation corresponding 

to lower stress level, the improvement of the fatigue 

behaviour with the nitriding is significant in term of fatigue 

life. The number of cycles at the rupture is approximately 4 

to 10 times higher than that of the untreated state. 
 

Fig. 16. Low cycle fatigue strength of the nitrided layer. 
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4.4. Microfractographic Analysis 

The SEM examination of the upper specimens broken by 

lowcycle fatigue, illustrates a distribution of cracks near the 

rupture (fig. 17) Some of them seem to have originated from 

the growth and the coalescence of micro porosities in the 

compound layer (fig. 18) 

 

Fig. 17. Fractures ramification Nitrided state (∆εt / 2 = ±1%; NF = 54 cycles). 

 

Fig. 18. Micro porosities coalescences in the white layer of a radial fissure. Nitrided state (∆εt/ 2 = ±0,85%; NF = 67 cycles). 

The microfractographic analysis of fracture topography shows the presence oftypical surface fracture of fatigue 

characterized by a crack nucleation followed by a propagation and brutal rupture zones (fig. 19). The surface fracture 

corresponding to the nitrided state is marked by a smooth rupture zone corresponding to the treated thickness, including several 

radial cracks (fig. 20a). On the other hand, the surface fracture of the untreated state appear brittle and relatively homogeneous 

aspect characterized by fatigue scratches (fig. 20b). 

 

Fig. 19. Low cycle fatigue fracture topography aspect of the nitrided layer. Nitrided state (∆εt / 2 = ±0,5%; NF = 41150 cycles). 
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a) Nitrided state: ∆εt / 2 = ±0,65%; ∆σ/ 2 = 865MPa; NF = 858 cycles 

 

b) Untreated state: ∆εt/ 2 = ±0,65%; ∆σ/ 2 = 776MPa; NR F = 872 cycles 

Fig. 20. Low cycle fatigue fracture topography aspect. 

Table 5. Comparative State of the layers properties. 

 
untreated 

(base material) 

Nitrided 

Global properties (layers and core) Moyen properties of the treated layer 

Young modolus: E (MPa) 201000 204000 218000* 

A(%) 16.5 6.5 1.9 

Ultimate tensile (MPa) 1050 1070 > 1200 

Yield stress:Rp(0.2) (MPa) 978 1030 - 

 

5. Discussion 

5.1. Tensile Behaviour 

The small increase in the elastic limit and the tensile 

strength (2 to 5 %) of the nitrided state, compared to the 

untreated state, is the direct consequence of a superficial 

surface which modifies only the properties of a thin layer 

[10, 20, 21]. Thus, the resistance of the nitrided specimen 

remains controlled by the volume of basic material, whereas 

its ductility, slightly reduced, depends on the behaviour of the 

compound layer and the rate of superficial hardening. This 

ductility reduction is attributed to the nitrided heterogeneity 

and the introduction of a multi axial stresses state which rises 

from the difference of the Poisson's ratios when the basic 

material is plasticised, whereas the surface layers continue to 

have an elastic behaviour [11, 13, 16]. The helicoidally 

ruptures observed on the surface of the nitrided tensile 

specimens could justify the multi axial stresses state due to 

the difference in behaviour between core and layer of 

different elastic modulus. These modulus were determined 

from a simple model with two springs of different stiffness's 

assembled in parallel (fig. 21). 
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Fig. 21. Rigidities of the hardened layers [11]. 

The results, presented in table V show that even for a small 

deformation, the stress concentration induced by the ratio of 

the average Young module (E 2 / E 1= 1.07), which is 

supported by the hardened layer is important in the 

compound layer where micro fissures are created and are the 

cause of rupture phenomenon. The ductility reduction 

evaluated with 62%, after nitriding is caused by micro 

fractures without large deformation. The results of tensile test 

coupled with the micrographic examinations, confirm the 

significant brittleness of the compound layer (γ ' + ε)  which 

cracks after an acceptable total deformation slightly lower 

than 2% on a level of nominal stress about 1070MPa and a 

average stresses supported by the hardened layer well with 

the top of 1200MPa. 

5.2. Overload Resistance 

In term of the number of cycles at rupture, a nitrided layer 

of 42CrMo4 (E NR= 300µm, HV max= 1090) loses all its 

performances in fatigue when the rates of total deformation 

are equal to or higher than 0.7%. Thus, a loading amplitude 

estimated at 850MPa, can be regarded as the fatigue gain 

limits induced by the ion nitriding with respect to conditions 

described in table 2. Consequently, any overload creating a 

total deformation higher than 0.7% exposes the nitrided state 

to the brutal rupture in fatigue after a very reduced number of 

cycles (1000 cycles). 

The numbers of cycles at rupture for nitrided states are 

smaller than those obtained on the untreated specimens. This 

difference in fatigue life behaviour can be explained by the 

effect of tensile and compressive cyclic stresses. At higher 

loading level, the damage of the nitrided layer is much higher 

than the surface basic material. An imposed total deformation 

of 0.7%, corresponding to a loading level equal to 850 MPa 

for the nitrided state and 775 MPa for the untreated state, 

constitutes the fatigue gain limit of the ion nitriding. 

5.3. Residual Stresses Effect 

All the studies agree on the beneficial role of the 

compressive residual stresses induced by mechanical 

treatments [9, 13, ] or thermo chemical [10, 11, 12, 16, 19] 

on fatigue crack resistance. These results obtained in the 

present study show a partial relaxation of these residual 

stresses on the surface of a specimen, broken under a cyclic 

loading and for an amplitude rather close to the ultimate 

stress fatigue gain caused by ion nitriding, (∆σ/ 2 = 

850MPa). This relaxation under the effect of the cyclic 

loading (from - 400MPato -300MPa), could increase as fast 

as the loading amplitude is raised, which consequently 

involves a fall of fatigue crack resistance of the nitrided layer 

[12, 13, 14, 17, 19, 21]. 

5.4. Surface Quality Effect on the Fatigue Rupture 

Mechanisms 

The microfractographic examinations of the broken 

specimens show an important effect of the surface quality on 

the fatigue resistance. Indeed the crack initiation always 

takes place at the surface of the nitrided or untreated states. 

The structural hardening of the surface layers consecutive to 

the precipitation of the phases ε and γ' and the creation of a 

compressive residual stress field, proved to be effective for 

resistance to the fatigue crack initiation on the surface of 

specimen subjected to loading amplitudes that generate 

relatively smaller total deformations (∆εt / 2 ≤ 0.7%). 

At higher deformation rates, the low ductility of the 
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nitrided layers and the morphology of the compound layerare 

favourable to faster propagation of the cracks that generate 

premature fatigue ruptures. 

Consecutive softening with the tensile and compressive 

cyclic stresses of the nitrided state is faster than that of 

untreated material especially for relatively high stress levels. 

This shows a less significant cyclic consolidation of the 

nitrided layer. 

6. Conclusion 

The ion nitriding during 20 hours at 520°C, applied to the 

42CrMo4 steel at the initial state, led to a superficial 

hardening characterized by the formation of compound and 

diffusion layers with a thickness close to 350µm. The 

microstructural transformations on the level of these layers 

are at the origin of a hardening evaluated at1090HV and a 

creation of a compressive residual stress field havinga 

maximum equal to –500MPa and whose profile is 

comparable with that of the micro hardness. 

The fatigue gain, expressed in number of cycles at rupture, 

brought by the ion nitriding is limited to the rates of imposed 

total deformations lower or equal to 0.7%, corresponding to 

loading amplitudes ∆σ/ 2 ≤ 850 MPa. 

The nitrided layers are relatively sensitive to the overloads 

(∆σ/ 2 = 850MPa); they become subject to brittle fracture in 

fatigue by the appearance of several cracks in the white layer 

supported by the compressive residual stress relaxation. 
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