
  
Abstract—Rolling contact fatigue (RCF) behavior of case 

carburized 20MnCr5B boron micro alloyed steel is carried out to 
judge its suitability for truck transmission gears. RCF tests were 
conducted in a nut cracker type test rig. The failure criterion is the 
formation of a single pit. Vibration based data acquisition system was 
established for specimen failure monitoring. Failure was identified by 
performing Fast Fourier Transform (FFT) analysis of the time 
domain acceleration signals from the accelerometer that indicates the 
failure of the specimen. RCF life testing was limited to a range of 
2000 to 3000 MPa contact stress. S-N curve was plotted using 
contact stress levels and the corresponding RCF lives from 
experimental results. The equation for the S-N curve was obtained as 
σ N 0.0652 = 6941, where σ is the contact stress in MPa and N is the 
number of survival cycles. 
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I. INTRODUCTION 
OLLING contact fatigue (RCF) is the principal mode of failure 
in gears, which results from the repeated contact loads that 
produce alternating shear stresses in the near-contact surface. 

RCF results in disintegration of small bits of material from the 
surface. RCF strength is the key factor that decides the suitability of 
the material for gears. Investigations on RCF behavior of case 
carburized 20MnCr5B boron micro alloyed steel are necessary as it is 
a prospective material for truck transmission gears. The present work 
is aimed at experimental evaluation of RCF life of case carburized 
20MnCr5B steel at various contact stresses, 

The theory developed by Hertz in 1881 remains the foundation for 
contact problems encountered in engineering. Hertz theory considers 
static loading in elastic bodies due to non-conforming contacts. 
Hertz’s analysis is applicable only to surface stresses caused by a 
concentrated force applied perpendicular to surface. Smith and Liu 
[1] derived the equations for the subsurface stresses for a pair of disc 
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rollers compressed together, considering both normal and tangential 
loads in the contact area.  

But machine components like gears and rolling element bearings 
experience cyclic loads due to rolling of contacting bodies. In these 
components, alternating shear stresses develop in the near-surface 
due to contact load which cause the surface to deteriorate. This kind 
of failure is termed as rolling contact fatigue failure. 

Case hardening, also known as surface-hardening technique is 
widely used to improve the strength of the contacting surfaces. Case 
hardening produces a hard, wear resistant case or surface layer on the 
top of a ductile, shock resistant interior called as core. 
The RCF failure occurs in three phases; nucleation of crack either 
from the surface or sub surface, propagation of crack and finally 
sudden removal of little quantity of material from the surface. 
Generally, there are two types of surface contact fatigue failures, 
namely, pitting and spalling [2]. 

Pitting can be of two types, corrective and destructive pitting [3]. 
Corrective pitting occurs at the beginning of operation and continues 
only until the overstressed asperities of the surface are removed. 
Destructive pitting is characterized as being progressive and leads to 
disintegration of the surface. Destructive pitting is characterized as 
being progressive and leads to disintegration of the surface. Pitting 
failure may originate from inhomogeneities and defects, which act as 
stress raisers. Examples of inhomogeneities are inclusions, pores, 
voids etc. that arise during the steel making processes, and are 
distributed throughout the material. Examples of defects are 
scratches, grinding burns, ring marks etc, which are mainly limited to 
the surface zone. 

A rolling contact fatigue crack may initiate from a surface or a 
subsurface, depending on the contact condition [4]. A subsurface 
initiated crack generally occurs for properly lubricated rolling 
contacts, whereas a surface-initiated crack generally occurs when 
elastohydrodynamic lubricant film thickness is not sufficient to 
separate the surfaces [5]. Subsurface initiated fatigue cracks usually 
propagate parallel to the surface and then abruptly to the surface, 
which end up in the formation of steep sided, flat-bottomed pits [6]. 
Researchers have studied various parameters that affect the RCF life 
of the gears. Some of the parameters, which affect RCF life, are 
elastohydrodynamic lubrication, lubricant contamination, surface 
topology, slip, residual surface stresses, material inclusions, and local 
structural changes below the contact surface. 

Micro alloyed steels or High Strength Low Alloy (HSLA) steels 
have gained considerable attention of many industries as they grant 
significant advantages in terms of mechanical properties and in terms 
of economic savings. At present day scenario, promising micro 
alloying elements are titanium, niobium, vanadium, aluminum and 
boron [7]. When compared to other chemical elements, boron shows 
a unique feature of improving hardenability of the steel. Apart from 
excellent hardenability, researchers have found improved mechanical 
properties such as tensile strength, fatigue strength, hot ductility, and 
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scaling resistance due to boron micro addition in the steel [8]-[12]. 
Also, boron steels are less susceptible to quench cracking and 
distortion during heat treatment [13]. 
 

Boron micro alloyed steels find their applications in oil pipelines, 
wear plates, punching tools, saw blades, sea platforms etc. 
Nowadays, automotive industries are keen to introduce boron micro 
alloyed steel in the automobile parts for the cost reduction purpose. 
Some automobile companies employed boron steels for bumper 
impact beams, axle shafts, gears, springs, steering knuckles, high 
strength bolts for chassis and so on [14]. 
 

II CASE CARBURIZED 20MNCR5B STEEL DATA 

Chemical composition and characteristics of case carburized 
20MnCr5B steel are given in table I. The 20MnCr5B steel is a boron 
micro alloyed steel with 17 ppm boron. 
 

TABLE I  
CHEMICAL COMPOSITION AND CHARACTERISTICS OF CASE CARBURIZED 

20MNCR5B STEEL 

 
 

III EXPERIMENTAL SET UP 
RCF tests were conducted in a nut cracker type test rig. The 

arrangement of the specimen in nut cracker type test rig is shown in 
Fig.1 
 

 
Fig. 1 Specimen arrangement in nut cracker type RCF test rig 

 
The custom made RCF testing facility consists of (a) drive unit, 

(b) roller assembly unit, (c) loading unit, (d) lubrication unit and (e) 
instrumentation unit. The drive unit consists of a 5.5 kW, 1400 rpm, 
3 phase induction motor. The motor is provided with AC frequency 
controller (0-400 Hz), which enables speed control from 100 to 
12,000 rpm. A proximity sensor is used to measure the speed of the 
drive roller shaft. The Fig. 2(a) and 2(b) shows the front and top 
views of roller assembly unit. The loading roller shaft is mounted on 

a movable housing. When the load is given, the movable housing 
slides on a guide way, which results in the contact of all the three 
rollers. The test roller is located between the standard rollers and is 
loaded at two points diametrically opposite to each other. The test 
roller makes more revolutions, as its diameter is smaller than the 
standard rollers. Drive is given to the drive roller shaft and the other 
two rollers will rotate because of the contact. 

 
Fig.2(a) 

 

 
Fig.2(b) 

Fig. 2 Roller assembly unit (a) Front view (b) Top view. 
 

Loading unit consists of a hydraulic actuator of 50 kN capacity 
which is operated by a power pack. At the end of the hydraulic 
actuator a calibrated strain gauge load cell is mounted for measuring 
the load. The lubrication system provides pressurized lubrication for 
the four support bearings of the standard rollers and two contact 
points of the rollers. Instrumentation unit houses an AC frequency 
controller to control the speed of the induction motor, a digital 
counter to display the number of rotations made by the roller 
specimen, three phase rotary main switch, and a carrier frequency 
amplifier for indicating the load. 

 
IV EXPERIMENTAL RCF STUDY 

It is generalized that spur gear profiles are approximated to rollers 
with the same radius of curvature as that of gear teeth at the instant 
contact point and the investigation is performed in a nut cracker type 
RCF test rig. Accelerometer based data acquisition unit is established 
to detect the RCF failure point. Continuously acquired time domain 
acceleration signals are converted into frequency domain signals to 
identify the failure. RCF life of case carburized 20MnCr5B steel is 
experimentally evaluated at different contact stresses ranging from 
2000 MPa to 3000 MPa. Temperature at the location of contact 
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between two rollers is measured at regular intervals to know the 
variation of temperature during RCF phenomenon. 

 
A. Data acquisition unit for RCF failure monitoring 

In this study, single pit formation is considered as failure under 
RCF. But, test roller specimen with single pit can still run with some 
noise and vibration. Many researchers have used vibration-
monitoring technique for the detection of failure [15]-[17]. A MMF 
make KD41V piezo-electric accelerometer having sensitivity 113 
mV/g and frequency range up to 15 kHz requiring 15 to 30 V DC 
power input is used for vibration measurement during RCF testing. 
Accelerometer is mounted on the backing plate of the movable 
housing in the loading direction and is isolated to avoid earthing. 
Accelerometer is wired to one of the detachable screw terminals of 
analog signals block of a National Instruments make USB-6009 data 
acquisition hardware through a shielded twisted cable. National 
Instruments LabVIEW software is used to visualize and process the 
acquired data signals. 
 
B. Experimental RCF Life Evaluation 

RCF tests are conducted at contact stresses 2049 MPa, 2295 MPa, 
2646 MPa and 3000 MPa which are corresponding to the loads of 13 
kN, 16 kN, 22 kN and 27 kN respectively. Hertz contact theory is 
used to calculate the contact stresses from the normal loads. SAE 90 
oil is used as lubricant at a flow rate of 3 lpm. All the tests are 
conducted at a constant test roller speed of 3526 rpm. Temperature at 
the location of contact between two rollers and the oil temperature 
are measured at every 30 minutes during RCF life testing. 
Temperature measurements are done using a non-contact type 
handheld pyrometer. A sudden raise in acceleration corresponding to 
the frequency of test roller is observed when a small pit is formed 
and the test is stopped at this point. The number of rotations made by 
the test roller till the failure is noted from the digital counter in the 
instrumentation unit. 
 
C. Result Analysis 

The number of cycles survived by case carburized 20MnCr5B 
steel test specimens at different contact stress levels is given in table 
II. A S-N graph is plotted from these results as shown in Fig. 3. 

 
TABLE II 

 EXPERIMENTAL RCF LIFE OF CASE CARBURIZED  
20MNCR5B STEEL AT DIFFERENT CONTACT STRESS LEVELS 

 
 

The equation for the S-N curve was obtained 

as 0.0652 6941Nσ = , where σ  is the contact stress in MPa and N 
is the number of survival cycles. We have observed from the S-N 
curve that case carburized 20MnCr5B steel survives 106 cycles at 
2820 MPa, 107 cycles at 2427 MPa and 108 cycles at 2088 MPa 
contact stresses. We have observed that the pit size and depth 
increased with contacts stresses. This may be due to larger contact 
area at higher stresses. 
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Fig. 3 S-N curve for case carburized 20MnCr5B steel 

 
1 Vibration Analysis 
Time domain acceleration signals are acquired during the RCF life 

testing of case carburized 20MnCr5B steel. Fig. 4(a) and 4(b) shows 
such signals at 2646 MPa contact stress. These signals correspond to 
the contact cycles 2.3x103 and 2.44x106 respectively. 

The sudden increase in the acceleration peaks at 2.44x106 cycles 
can be visualized from the time domain signals, which indicate the 
excessive vibration in the test rig. However, it is not clear that 
whether the acceleration peaks are due to surface deterioration of the 
test roller or some other reason like bearing failure in the test rig. 
Fast Fourier Transform (FFT) analysis is done on the time domain 
signals to extract information on the source of vibration. The 
frequency domain signals obtained from the FFT analysis are shown 
in Fig. 5. From the frequency domain signal, it is clear that the 
acceleration peaks are corresponding to the contact frequency of the 
test roller which clearly indicate the surface deterioration of the test 
roller. Roller contact frequencies are unique as none of the bearing 
frequencies coincide with the contact frequencies.                            
  

2 Temperature Analysis 
Fig. 6 shows the temperatures measured at the contact between 

loading side standard roller and test roller, contact between drive side 
standard roller and test roller and the oil temperature near the contact 
region. It is observed from the temperature plot that the contact 
temperatures increase rapidly from the room temperature during 
initial contact cycles. Later contact temperatures attain a steady state 
condition. Measured oil temperature indicates that the adjusted flow 
rate is adequate for the effective heat transfer from the contact 
region. The temperature in the test rig is well within the operating 
temperature range of support bearings.   
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                               Fig 4 (a) 2.3 x 103 cycles 
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Fig. 4(b) 2.44 x 106 cycles 

Fig. 4 (a) and 4(b) Time domain acceleration signals acquired at 
different cycles at 2646 MPa 

 

     

 
Fig. 5 Frequency spectrum of the time domain signals at different 

cycles at 2646 MPa 
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Fig. 6 Variation of oil and contact temperatures during RCF life 

testing at 2049 MPa 
 

Experimental investigations revealed that RCF life of case 
carburized 20MnCr5B steel increases from 4.56x105 cycles to 
1.63x108 cycles when the applied contact stress decreases from 3000 
MPa to 2049 MPa. The slope of the plotted S-N curve is -0.0652. 
FFT analysis of the time domain acceleration signal gives the 
information about the failure of the specimen. Contact temperature 
increases during the initial cycles of contact and then becomes stable. 

 
V CONCLUSIONS 

The established vibration based data acquisition system found to 
be effective in detecting the failure of the RCF specimen. 
Acceleration peaks increase suddenly when a pit is formed on the 
roller surface and the source of the vibration can be identified from 
the FFT analysis of the time domain acceleration signal. 
 

From the RCF test results, S-N curve for case carburized 
20MnCr5B steel has been obtained with stress-life 

relation 0.0652 6941Nσ = . Case carburized 20MnCr5B steel 
survives 106 cycles at 2820 MPa, 107 cycles at 2427 MPa and 108 
cycles at 2088 MPa contact stresses. 

 
APPENDIX 

RCF Standard Roller Dimensions 

 

 

Fig.6 RCF Standard Roller Dimensions 
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