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Abstract 
 It has been recognized that the fatigue properties of metals are greatly affected by the 

surface condition. In steel parts a marked improvement in fatigue performance can result from 

the formation of hard layer on the surface. The processes commonly used for surface 

hardening are nitridig and carburizing.  

 The reason for such improvement is attributed to the formation of compressive 

residual stresses in the hardened layer. Nitriding processes produce higher hardness, hence 

induces higher compressive residual stresses., which effectively increase fatigue performance. 

 In this work, a mixture of (NH3 –H2 )) gas was used for nitriding fatigue specimens of 

En41 A steel. The effect of nitriding condition such as, temperature, ammonia content., 

nitriding time, hardness, microstructure and the depth of nitrided layer was investigated. The 

results from fatigue tests were discussed and related with the hardness and the nature of 

microstructure of nitrided layer. It was found that higher hardness without the formation of 

Iron-nitride layer ( white layer) gives better fatigue properties. 

 

 ملخص
حالة السطح،  وبالسسطبة لزاط ا  من المعروف أن خواص الكلل للمعادن تتأثر بشكل كبير تبعاً ل 

المصطططسومة مطططن الصطططلا  تططط ن ملاومتلطططا  ل شطططل الكلطططل تتحسطططن مسطططد تكطططوين حبلطططة صطططلد  ملططط  السطططح،  
وتسططتخدط حططرل مثططل الستططر  والكربسططة ل يططاد  صطط د  السططح، بلططدف ملاومططة البلطط  وتحسططين ملاومططة الكلططل  

ل  أتضل ممطا سحصطل مليطن مسطد اسطخداط والسترد   ت  هذا الحلة تحلل ص د  أمل  وتحسن ملاومة الكل
 حريلة الكربسة 

يعلططل سططبا تحسططن خططواص الكلططل الطط  تكططون االططاداا ضططةح داخليططة تطط  الحبلططة المصططلد  مططن السططح،  
والت  تعمل مل  تخ يف االاداا الشد الت  تتولد مسد السطح، أثسطا  تعطرل اللحطام المعدسيطة االطاداا 

 ريلة السترد   تولد االاداا شد أمل  مما تولده حريلة الكربسة وقد واد أن ح ترددية ب عل قو  خاراية 
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وذلط   En41Aت  هذا البحث  امتمدا حريلة السترد  الةا ية لإصط د سطح،  صطلا مطن سطوم  
مختل طة مطن دراطاا الحطرار   و مطن الستطرد  باستخداط م يج من غا  الأموسيا والليدرواين  وتحا ظطروف 

وسسططبة غططا  الأموسيططا تطط  المطط يج  تططط دراسططة تططأثير  تةييططر هططذه الظططروف  ملطط  الصطط د  والبسيططة المالريططة 
 وممل الحبلة المسترد   ومل  ضو  ذل  تما مساقشة ستائج تحص الكلل 

الحديططد ملطط  السططح، وقطد واططد أن الظططروف التط  تطط دلا أملطط  صطط د  وبطدون تكططون حبلططة تسريطد  
 والمعروتة باسط الحبلة البيضا   سوف تعح  أتضل الخواص لملاومة الكلل 
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1. Introduction 
  

 Early investigations showed that the endurance properties of nitrided 

steel under an alternating stress were greatly enhanced (1, 2). The major benefit 

becoming more apparent in specimens having stress raisers, such as notches, 

bores or rough machined surfaces, implying that nitrided steel parts have 

higher notch resistance. This is important since fatigue properties are highly 

sensitive towards notches and surface finish. However, regarding the effect of 

nitriding on the direct stress fatigue behavior there have been some conflicting 

reports. Sutton (3), Bardgett (4). Cazaud (5) and Tauscher et al. (6), all reported 

that nitrideing has little effect on the direct stress fatigue limit, whereas 

investigations by Jones and Martin (7), carried out on En41B indicate that 

nitriding does significantly improve the direct stress fatigue limit. It has been 

shown however that the fatigue limit increase with increasing case  / core area 

ratio, and the increase in fatigue limit was reduced with increasing nitrideing 

time. Jack and Winnik (8) investigated En19 steel using Rolls-Royee type 

rotating-bending fatigue specimen. It was concluded that fatigue resistance 

depends on residual stress in the case, and not on the microstructure of the case 

or the presence of surface iron nitrides.  

 

2. Material and Experimental Methods 

  
 The material used for this work was En41A steel whose composition is 

given in Table (1) specimens were machined from material which had been oil 

quenched from 900C  ْ  then tempered at 600C for 1h...All specimens were 

smoothly hand polished then electro polished to remove the fine scratches from 

the surface. The tests were carried out using Rolls-Royee type rotating-bending 

fatigue specimens, and it was performed on a Wohler rotary bending machine 

at a speed of 2800r.p.m. The fatigue specimen dimensions are shown in Fig. 1. 

 Five sets of specimens were tested; three sets were nitrided at different 

conditions for different times. The aim being to achieve the same case depth in 

the three nitriding conditions, but with different hardness profiles, and with or 

without surface iron nitride. Table (2) summarizes the data from each nitriding 

condition. 

 The other two sets of specimens were tested in the quenched and 

tempered condition; one set was first tempered at 600 C for1h then aged at 
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570C for 48h to simulate the core condition of the specimens nitrided at 570C 

for 48h. 

 The fracture surfaces were examined by both optical and electron 

microscopy. 

 

2. Hardness and Depth of the Nitrided Case 

  
 The micro hardness profiles obtained for the different nitriding 

conditions are given in Fig. 2. At 520 C a steep profile and a maximum harness 

of 1100 VHN was achieved in 80% NH3. in 30% NH3 for 48h the profile is 

less steep with a greater hardening depth, but the maximum hardness remains 

tha same. However nitriding at 570 C in 10% NH3 for 48h produced a shallow 

hardness profile and a maximum hardness of ~ 900VHN. 

 The difference in core hardness between specimens nitrided at 570 C 

and those nitrided at 520 C is small (approximately 30 VHN), see table 2. 

 The specimens nitrided at 570 C in 10% NH3 and 520C in 30% NH3, 

are both free of white layer (surface iron nitride), and the specimens nitrided at 

520 C in 80% HN3 contain white layer of thickness approximately 25 um. 

Formation of the white layer can be controlled by changing NH3 concentration 

in the NH3:H2 gas mixture. 

 

3. Fatigue test and S-N curves 

  
 The fatigue properties of a given material can be conventionally 

expressed in the from of S-N curves, where S is the amplitude of stress to 

produce fatigue failure after N cycles. The rotating bending fatigue test 

(Wholer test) is a common method used for cylindrical specimens. 

 The S-N curves were obtained from tests using a minimum of 8 

specimens for each condition (plain and nitrided). Owing to the statistical 

nature of the fatigue process and the consequent scatter of results, the number 

of the tests carried out in the present investigation was considered small, and as 

a result some deviation from an average curve in each condition is to be 

expected. However, S-N curves really represent some kind of average for the 

specimens tested. 
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4. Fatigue Test Results  
  

 The result from the fatigue testing program are shown in Fig. 3 for the 

non-nitrieded and nitrided specimens. For the nitrided specimens, it is apparent 

that the improvement of the fatigue properties are very much dependent on the 

nitriding conditions. Nitriding at 520 C in 30% and 80% NH3 improves both 

fatigue life and fatigue limit. The fatigue life at 900 MPa increased from 40000 

to between 60000 – 600000 and he fatigue limit was raised from 625 MPa to 

between 800-850 MPa, approximately a 25% increase. Also the fatigue 

strength was improved by an average of 30%, a value which is close to that 

previously reported in larger cross section specimens (9). 

 The fatigue properties of specimens nitrided in 30% NH3 for 48h are 

slightly better than those nitrided in 80% NH3 for 24h, the specimens in both 

cases have the same maximum surface hardness and the same core hardness 

with similar hardness profiles, but the hardening depth is grater in the former 

condition by about 20%, and this could be the reason for the small 

improvement in the fatigue performance, because the extent and the magnitude 

of the compressive stress would be better in this case. 

 On the other hand, the fatigue properties of the specimen nitrided at 

570C in10% NH3 are inferior to those produced by nitriding at 520C in 30% or 

80% NH3, if compared with the performance of the as-tempered specimens, 

the fatigue limit where nitriding at 570C in 10% NH3, is unchanged, but the 

endurance limit is very much lower specially at high stresses (see fig.3) 

 The nitriding temperature appears to be major influencing factor on the 

fatigue properties. Nitriding at 570C in 10% NH3 for a long period is assumed 

to produce modest compressive stress at the surface and reduce core strength. 

To confirm the effect of nitriding temperature and time on the fatigue 

properties, a fatigue test was carried out using specimens that were first 

tempered at 600C for 1h, and then retempered at 570C for 48h., the latter 

treatment was used to simulate the nitriding temperature and time of the 

specimens nitrided in 10% NH3 . The S-N curves for the above treatment and 

the standard tempering treatment are shown in Fig 4. there is no apparent effect 

on the fatigue limit, but the endurance limit decreased significantly. Comparing 

the fatigue curves of 570C nitrided specimens with the non-nitrided specimens, 

the nitrided ones have a lower endurance limit.  

 The inferior fatigue behavior due to nitriding at a high temperature in a 

low NH3 concentration is attributed to the increase in the residual tensile stress 
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of the core to counterbalance the residual compressive stress in the case. This 

would adversely affect the fatigue performance, especially at high stress levels. 

Whereas nitriding at 520 C does not soften the core and produces very high 

residual compressive stresses at the surface, a combination which is favourable 

in terms of improving fatigue properties. 

 

5. Fractography of the Fatigue Specimens 

  
 Figure (4). Illustrates typical optical micrographs of the fracture 

surfaces taken from representive non-nitrided and nitrided samples. There are 

clear differences in the features of the fatigue fracture between the tempered 

and the nitrided specimens.  

 The fracture surface of the as – tempered specimens always indicated 

that crack initiation occurred at the surface and in some specimens occurred at 

more than one place at the surface. Fig4a, shows at least two origins, at the 

bottom and left hand side of the cross-section. Final failure has occurred due to 

micro void coalescence.  

 No sub-surface cracks were observed in any fatigue fracture of the 

tempered specimens. 

 Unlike tempered material, the fracture surface topography of the 

nitrided samples was always flat and perpendicular to the longitudinal axis of 

the specimens.. The macrostructure shows the presence of three distinct 

regions. The outer ring corresponds to the brittle fracture of the nitrided case 

that failed by fatigue. The annulus corresponds to part of the core that failed by 

fatigue, and the central circular region corresponds to the final failure of the 

core. 

 The nitrided case fracture of specimens nitrided at 520 C, both in 80% 

and 30% HN3, showed a pure transgranular fracture at all stress levels.Fig.5 is 

a scanning electron micrograph taken from the case area showing trasgranular 

cracking with characteristic tearing. In all specimens the outermost region of 

the nitrided case is smoother than the interior indicating that the fractures were 

initiated at the surface.  

 In specimens that were nitrided at 570C in10% HN3, the case fracture 

is different to that observed in specimens nitrided at 520C. A combination of 

both transgranular and intergranular fracture mode occurs, which is clearly 

illustrated in fig.6, again there is no apparent effect on the appearance of the 

fracture surfaces as a function of applied stress. 
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 The depth of the brittle case fracture is constant at all stress levels, and 

in each nitriding condition the brittle fracture is approximately equal to the 
nitrided depth revealed by etching, and not the hardening depth. Table (3) lists 

the average depth revealed by micro hardness readings and by etching in 

oberhoffer's reagent compared with the depth of brittle fracture under each 

nitriding condition. 

 The typical microstructure of the final failure region of the core, in 

which the fracture occurred by microvoid coalescence, is in all cases similar to 

that shown in fig. 7. The area of the final fracture decreases with decreasing 

applied stress whilst the annular area increases. In many cases the position of 

this area is not located in the centre of the fracture. If the area is shifted to one 

side, it implies that crack propagation has started from the opposite side near to 

the sub-surface crack. Once the surface crack reaches the sub-surface crack 

initiated by intermedtalic inclusion, and then crack propagation jumps into the 

core, whereas at the other regions of the surface the crack has not yet reached 

the case/ core interface. In fracture surfaces that contain sub-surface cracks, the 

final failure area was always shifted from the centre to the side opposite to the 

sub-surface crack. This means that the later aided crack propagation within the 

core area. 

 The sub-surface cracks that are initiated by inclusion immediately 

below the nitrided case region were only observed in specimens nitrided at 520 

in 30% or 80% HN3, such cracks were not observed in any specimen nitrided 

at 570C in 10% HN3, the position of the inclusions that initiated the crack, are 

always a similar distance from the surface in specimens that are nitrided under 

the same conditions irrespective of the applied stress. The measured figures are 

approximately ~ 0.6 mm for test pieces nitrided at 520 C in 80% NH3 for 24h. 

the figures are slightly greater than the limit of hardening depth in both 

conditions  ( see table 3). And in this region the tensile stress is maximum, and 

it appears to be high enough to promote sub-surface crack (S.S.C) at 

intermetalic inclusions in which the latter act as stress raisers. 

 It appears that the fatigue life may be affected by the size of the sub-

service crack as an example, in table 4, by comparing specimen (2) which has 

longer fatigue life at 1010 MPa than specimen (3) with shorter fatigue life at 

950 MPa, the sub-service crack diameter in the latter specimen is 0.73 mm, 

which is much larger than that of the former specimen with diameter of 0.49 

mm. the same thing occurs with specimens (3) and (4) in table (5). However, it 

is well know that non-metallic inclusions impair the fatigue strength of steel. 

The reduction in strength arises from the stress concentration introduced by 
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inclusion. The influence of inclusions on the fatigue strength depends primarily 

on their size, shape and their resistance to deformation and on their orientation 

to the stress acting on the metal. The influence of inclusions in reducing the 

fatigue strength is more significant in high strength steel (10), than in low 

strength steel (11). 

 The presence of sub-surface fatigue racks in nitrided material has been 

reported previously by several authors (4, 7, 12, 13). Bardgett (4) reported that 

fatigue life of the nitrided steel was found to be shorter in materials containing 

a high inclusion count. Jones and Martin (7) found that failure of nitrided 

EN41B steel, in the region of fatigue limit can be controlled by cracks 

propagating from non-metallic sub-surface, inclusion, when subjected to direct 

stress. 

 

6. Conclusions 
 

The fatigue behavior of the nitrided En41A depends on the quality of the 

nitrided case in terms of hardness, depth and microstructure. 

1. Nitriding at 520C improves fatigue properties due to the high residual 

stress level of his nitrided layer. 

2. The inferior fatigue properties at 570 C are due to the low residual 

stress level and due to the embitterment effect.  

3. The sub-surface cracks initiated by inclusions can reduce the fatigue 

life of the nitriaded. 
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Figure (1) Schematic drawing of Rolls Royce Type Fatigue Specimen. 

 

 

 

Table (1) Chemical Composition of En41Asteel 

 

 

 

 

 

 

  

Element  C Cr Al Mo Ni Si Mn 

Wt.% 0.33 0.65 1.04 0.2 0.39 0.3 0.59 
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Figure (2) Hardness profiles of the Nitrided Fatigue Specimens for the 

 Conditions Shown Above. 
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Table (2) Data for Nitrided En41A Fatigue Specimens. 

 

 

 

Table (3) Showing the Nitrided Case Depth Revealed by Fatigue Fracture 

 is Similar to that Revealed by Etching. 

 

  

 

 

 

 

 

  

 

 

 

 

  

 

 

 

Nitriding conditions Case 

depth mm 

White 

layer depth 

mm 

Maximum 

hardness VHN 

Core 

hardness 

VHN 

520 C, 80% 

HN3,24h. 
0.425 25 11.30 300 

520 C, 30% 

NH3,48h. 
0.550 - 11.00 290 

570 C  10% HN3 

48h 
0.450 - 920 270 

Nitriding conditions  Hardness 

depth 

mm 

Etching 

depth mm  

Fatigue 

depth mm 

520 C, 80% HN3, 24h 0.425 0.35 0.32 

520 C, 30% HN3, 48h 0.55 0.45 0.45 

570 C, 80% HN3, 24h 0.45 0.63 0.66 
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Table (4) Fatigue Data and Sub-Surface Fatigue Crack 

Dimensions for Specimens Nitrided at 520 C in 30% HN3 

For 48h 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (5) Fatigue Data and Sub-Surface Fatigue Crack Diameter for 

Specimens Nitrided at 520 C in 80% HN3 For 24h 

 

No. S  MPa N cycles  S.S.C diameter mm 

1.  1100 216.000 0.43 

2.  1010 647.400 0.49 

3.  950 425.900 0.73 

4.  950 602.100 0.60 

5.  885 3.503.500 0.67 

No. S  MPa N cycles  S.S.C diameter mm 

1.  1100 124.100 0.41 

2.  1025 191.300 0.63 

3.  950 314.000 0.47 

4.  900 271.000 0.77 

5.  850 1.569.100 0.69 
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Figure (3):  S-N curves for the Nitrided and as – Tempered Specimens. 
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Figure (4): Optical Micrographs Showing Characteristics Fracture 

Surfaces of the Fatigue Specimens. 

 

 



Fatigue Behavior of Nitrided En41A Nitralloy Steel              Dr.Abbas Al-Taee 
 

134 

 
                                                                     10 

                                                                 

Figure (5): Scanning Electron Micrograph of Fatigue Fracture of a 

Nitrided En41A Showing Transgranular Tearing of the Nitrided Layer 
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Figure (6): Scanning Electron Micrograph of En41A Nitried at 570
o
C in 

10% NH3 for 48h, showing a combination of transgranular tearing and 

Intergranular Taceting. 
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Figure (7): Scanning Electron Micrograph for the Final Fatigue 

Fracture Area Showing Micro Voids Coalescence 

50 


