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ABSTRACT 
 
Compressive residual stresses provide a well-known advantage to the fatigue life of bearing materials 
under rolling contact fatigue (RCF), but the stresses change under fatigue loading and may later 
contribute to failures. Previous measurements of the depth-wise distribution of residual stresses in post-
fatigue bearings with X-rays involved the time consuming process of etching to determine subsurface 
stresses and only in limited locations. By contrast, the contour method determines the 2D residual stress 
map over a full cross section. The method involves the sectioning of the part using Electrical Discharge 
Machining, measuring the out of plane displacements of the exposed cross section, and using the 
afforded field as boundary conditions on a finite element model of the component to back calculate the 
causative residual stress. For this investigation, the residual hoop stresses in the split inner rings of the 
main shaft bearing assembly of an aircraft jet engine was mapped using the contour method. Prior to 
measurement, the full-scale bearing made of hardened AISI M50 was subjected to RCF during engine 
operation. In this talk, the unique challenges of the particular measurements are discussed. The tested 
bearings showed effectively no residual stresses induced by the RCF, probably because they were 
conservatively removed from service prior to sufficient cyclic loading. More highly loaded bearing will be 
measured in future work. 
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INTRODUCTION 
 
Residual stresses play a significant role in many material failure processes like fatigue, fracture, fretting 
fatigue, and stress corrosion cracking [1-3]. Residual stresses are the stresses present in a part free from 
external load, and they are generated by virtually any manufacturing process. Because of their important 
contribution to failure and their almost universal presence, knowledge of residual stress is crucial for 
prediction of the life of any engineering structure. However, the prediction of residual stresses is a very 
complex problem. In fact, the development of residual stress generally involves nonlinear material 
behavior, phase transformation, coupled mechanical and thermal problems and also heterogeneous 
mechanical properties [4-20]. 
 
Residual Stresses and Roller Bearings 
 
In this subsection, we make the points that residual stresses in general, and the radial component of 
residual stress in particular, 1) are important in the fatigue life of roller bearings, 2) are usually ignored, 
and 3) are difficult to measure.  
 
Bearing steels are a family of ultra-high-strength structural materials subjected to the highest loading 
conditions in engineering systems throughout their life cycle. Some grades have tensile strengths 
exceeding 2.7 GPa and hardness values beyond 900 HV (~9 GPa). Industries have been aggressively 
pursuing development of new bearing steels to meet the increasingly challenging requirements for high 
power density, operation under transient adverse conditions and reliability of bearings for applications 
accumulating over 100 billion (1011) cycles in aircraft, wind turbine, high-speed railway and other systems. 
The requirement for the L10 life, defined as the number of cycles at which 90% of bearings survive under 
a rated load and speed, can be in excess of 30,000 hours, about 100 billion (1011) cycles of contacts. 
Properly installed and maintained bearings eventually fail under the influence of Rolling Contact Fatigue 



(RCF). RCF manifests as highly localized damage, accumulated under the contact surface, typically at a 
depth of 200-400 𝜇𝜇m, eventually leading to the nucleation of subsurface cracks. Carbide precipitates 
ranging from tens of nm to 1-5 𝜇𝜇m are largely responsible for material hardening.  
 
Bearing material is subjected to a radically different fatigue loading under RCF compared to conventional 
high cycle fatigue (HCF). The salient features of RCF are: 

(i) The volume of cyclically stressed subsurface material in the RCF-affected zone is only a few 
𝑚𝑚𝑚𝑚3and highly localized [21]. 

(ii) Nature of cyclic fatigue loading is triaxial and nonproportional, over a very large number of cycles 
(~1011). The ability of material to work harden is much greater under these conditions. 

(iii) Although loading is nominally elastic, heterogeneous cyclic plasticity at the scale of 
microstructure (i.e., microplasticity) is induced [22-24]. 

(iv) Material microstructure, residual stress and micro-hardness in the RCF-affected zone evolve 
continuously with cycles, with progressive fatigue damage accumulation [21,22]. Tensile residual 
stresses in the radial direction are known to develop that can drive Mode I subsurface crack 
growth parallel to the running surface.  

 
Bearing fatigue life estimation is still largely based on the seminal probabilistic life model by Lundberg and 
Palmgren (LP) [25-27], proposed in 1945. Despite many improvements to the LP model [21] current 
bearing life prediction methods are based on the ISO standard [28] and continue to rely on extensions to 
the LP model, are empirical in nature, and include variables that are obtained from extensive 
experimental testing.  They do not directly consider the subsurface residual stress evolution, details of the 
constitutive behavior of materials under contact loading or localized microplasticity. Generally, LP models 
significantly underpredict bearing life. 
 
Bearing life, based on LP models, can expressed as [25] 
 
   𝐿𝐿 ∝ 1

[𝐹𝐹𝑒𝑒]𝑝𝑝 ∝
1
𝑆𝑆𝑛𝑛

        (1) 

 
Where, 𝐿𝐿,𝐹𝐹𝑒𝑒,𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆 represent bearing fatigue life, equivalent radial load, and maximum Hertzian contact 
pressure, respectively. In Eq. 1, 𝑝𝑝 and 𝑛𝑛 are the load-life and stress-life exponents respectively. Based on 
LP models, stress-life exponent is 9 for ball bearings. The reevaluation study by Parker and Zaretsky [29] 
indicates that load-life exponent and stress-life exponent for vacuum-processed steels are 4 and 12 
respectively. However, a recent study [30] has shown that the load life exponent for ball bearings should 
be 4.1 (instead of 3 or 4), and the corresponding stress-life exponent should be 12.3. This shows that 
bearing life is highly sensitive to the small changes in the subsurface Hertzian stress due to the large 
exponent value of 12.  
 
Peak Hertzian contact stresses in aerospace bearings are typically 2.0-2.5 GPa (290-370 ksi) [21]. The 
peak orthogonal shear stress for this condition is about 600 MPa. The residual stress development is 
primarily the result of the accommodation of shape change of the small volume of RCF-induced plastic 
zone upon loading. SAE 52100 steel ball bearings (10-15% retained austenite) tested at peak Hertzian 
stress of 3.3 GPa (485 ksi) developed a maximum compressive circumferential residual stress of 900 
MPa  after 2 × 109 inner ring revolutions, ~250 𝜇𝜇m below the surface [31]. Axial compressive residual 
stresses were of similar magnitude while radial tensile residual stress of about 300 MPa persisted to 
greater depths of ~1.5 mm in the radial normal direction [31]. This indicates that the residual stresses 
developed in long-life bearings can be substantial, resulting in a perturbation of the Hertzian contact 
stress field, leading to significant variability in life prediction via Eq. (1). 
 
 
The presence of subsurface residual stresses in bearings will certainly influence life calculations from Eq. 
(1). However, residual stress measurement [32] in bearing raceways is not easy and they evolve with 
RCF cycles. The important stresses are generally localized within a few 100 micrometers of the surface, 
which makes bulk measurement methods like neutron diffraction [33] impractical. Conventional hole 
drilling [34] is not possible because the steels are too hard to drill. X-ray diffraction has been used to 



measure residual stresses in bearings [31], but requires material removal to get subsurface stresses and 
typically only measures the circumferential residual stress. Hence, residual stresses are not adequately 
accounted for in life calculations. Compressive residual stresses that exist in case hardened bearings 
from manufacturing processing are known to greatly enhance life.  
 
The influence and role of residual stress in the operation and life of RCF components being thus 
highlighted, it is understandable that such a parameter needs to be more fully understood. This paper 
presents a comprehensive method for residual stress measurement in rolling element bearings. 
 
Bearing Residual Stress Measurements with the Contour Method 
 
In this subsection, we describe how the residual radial stresses could be measured using a combination 
of the contour method with x-ray diffraction using superposition [35]. In this paper, only the results from 
the initial contour method measurements are reported. 
 
The Contour Method [36] is a relatively new technique for measuring residual stresses [37,38] but well 
proven and validated [39-48]. Figure 1 illustrates the ideas behind the technique. Step A in the figure 
represents a part containing residual normal stresses σx and σz that vary over the height of the beam. If 
the part is cut, the surface exposed will deform elastically owing to the relaxation of the residual stresses 
as shown in Step B. Notice that σx must fully relax because it is normal to the newly created free surface. 
Because the deformation was elastic, forcing the deformed face back flat would reintroduce the stresses 
back into the part. Thus, if the deformations are measured and their reverse are applied as displacements 
on the surface of an unstressed part of similar geometry (as the deformed part) , the residual stresses 
that relaxed during the initial deformation will be induced in this part as shown in Step C of the figure. In 
the contour method, a part containing residual stress is sectioned allowing the stresses to deform the 
exposed face. The out of plane displacement of this surface is then measured, for example with a 
coordinate measuring machine. In a linear elastic finite element analysis on the sectioned part, the 
opposite of the obtained contour is applied to an unstressed model of the part, and the resulting stresses 
are the stresses that changed as a result of the relaxation caused by the sectioning, i.e. C = A - B. Since 
the normal stress σx is zero in the free surface in B, this calculation gives the original (A) 2-D residual σx 
distribution on the full cross-section of the cut plane.  
 
In order to get the radial stress, a hybrid variation of the contour method [35] is of particular interest for 
the case of RCF in bearings. The most logical cut to make when applying the method to a bearing race is 
one that exposes a radial-axial cross section (see Figure 2). The residual hoop stresses act normal to that 
section and thus is the only component that can be fully obtained through the standard contour method. 
Referring back to Figure 1, we consider in particular the right side of the figure which depicts the behavior 
of the in-plane normal stress σz, which is analogous to the radial stress for our bearing measurements. 
Upon sectioning, the distribution of σz indeed changes as shown in Step B, but it is not fully relaxed. The 
amount that σz relaxed is actually quantifiable through the same operation of pushing back flat the 
deformed face as can be seen in Step C. This shows that although the contour method can only fully 
determine the stress component acting normal to the exposed surface, it can also determine the partial 
relaxation of normal stresses acting in the plane of the surface. In the case of a bearing, exposing the 
radial axial cross section allows for full determination of the residual hoop stresses and for quantifying 
how much the radial and axial components relaxed due to sectioning. Using a residual stress 
measurement technique that can measure in-plane stresses, such as X-Ray Diffraction, the unrelaxed 
portion of stress can be measured and combined with the relaxed portion to fully determine the in-plane 
normal stresses present in the bearing ring before sectioning. This is of particular interest seeing the 
residual radial stress in bearings, thought to be tensile, may play a role in Mode I crack growth. This new 
multiple-method superposition technique with the contour method [35], has been demonstrated a few 
times in the literature [49,40,50]. 
 
 
 
 



 
Figure 1 Superposition Principle Behind the Contour Method 

 
 

 
Special attention has to be paid when utilizing the Contour Method to measure hoop stresses in 
cylindrical bodies such as pipes or as in this case a bearing ring [51,49,52-54]. Assuming axisymmetry, 
the residual stresses on each cross section along the circumference of such geometries would be in force 
equilibrium, but there can be a net bending moment acting to either open up or close the part. Cutting 
through a section with a bending moment can result in a large load on the cut tip and local yielding 
[51,53,55], which clearly violates the elastic deformation assumption of the method. To reduce or 
eliminate plasticity, this bending residual stress is first relieved by cutting open the cylindrical part, and the 
contour method measurement is then made at another section on the circumference. However, the 
bending stresses relieved are of interest since they act in concert with the force equilibrium stresses to 
produce the net residual stress field, so measures are taken to calculate these stresses [51,54] as 
discussed later in the paper. 
 
 
 
 
 
 
 
  



Purpose 
 
The work reported seeks to make a novel application of the contour method to determine the distribution 
of the residual stress present in the rings of a through hardened inner bearing race. Ideal cutting 
parameters, profiling techniques, data processing steps, and finite element modeling methods are sought 
after in an attempt to uncover the contour method particulars best adapted to measurement in bearings. 
Thus insight is offered on the state of residual stress in a bearing taken out of operation and on best 
practices to enable and continue a broad study of the phenomenon in high performance bearings using 
the contour method. 
 
 
Methods 

Experimental 
 
The inner bearing rings under investigation are from the main shaft bearing assembly taken out of 
operation in an airplane jet engine. The bearing as shown in Figure 2 is of the split inner ring type, and 
has a bore diameter of about 133 mm and an outer diameter of 200 mm. The through hardened M-50 
bearing steel typically has a uniform carbon content of 0.85 wt.% throughout its depth with a carbide 
volume fraction of 20%. The primary carbides range in size from 1-5 𝜇𝜇m. This high strength bearing steel 
has a hardness of about 8 GPa (63-65 HRC) with an yield strength of 2.8 GPa. 
 
No spalls or other defects were observed on either of the rings taken from service. The stress level and 
cycles experienced by the bearing is unknown. Since this is a thrust bearing, one inner ring bears 
significantly more of the load. As such, the bearings are referred to as the thrust-loaded and unloaded 
bearings and their cross-sectional geometries are differentiable. The work described below is applicable 
to both rings. However, the contour data was processed into a residual map only for the unloaded race for 
reasons addressed in the Results and Discussion section. 
 
 
Particulars of the cut plan and reasoning.  
 
In order to determine the residual hoop stresses present, a cut in the radial-axial plane, shown in Figure 
2, into the bearing is required. Figure 3 illustrates the location of the various cuts made into the rings of 
the inner race. In general, the operations carried out on the two rings were similar. First the stress release 
cut is made, which results in the relieving of the bending moment stresses present in the ring. A strain 
gage is used at the location shown to capture the strain from the ring springing open when sectioned. The 
strain value is used in a finite element model of each ring to determine the bending residual stresses that 
were relieved. 180 degrees from the location of the stress release cut, the contour cut is performed after 
the strain gage is removed. The out of plane displacement of the newly exposed surfaces of this cut is 
later used for determining the force equilibrium residual stresses. The measured displacement data from 
both sides of the cut is aligned on a common grid before being averaged. The averaging of the data from 
both sides removes the effects of cutting artifacts and shear stresses.  
 
 



 
Figure 2 Showing basic dimensions of the bearing and the radial-axial cross section with 

the three components of residual stress 
 
 
To remove the effects of noisy data, the averaged data is fitted to a smooth 3D surface using cubic 
splines, and the best fit is evaluated on the basis of a least squares analysis. The fitted surface is then 
evaluated at coordinates corresponding to the nodes of the finite element mesh of the ring model, and the 
analysis continues as discussed in the Finite Element Modeling section below.  
 
The third and final cut is the stress-free test cut [36,56,57,52] and is made by slicing a thin wafer off of 
one of the faces exposed by the stress release cut. The stress free cut should result in a flat surface 
seeing that the normal residual stresses were already released by the stress release cut. Any 
displacement measured from this last cut can be regarded as connected to the cutting of the part, and 
they can be used to make corrections to the displacement from the contour cut. 
 
A 100 µm wire was used to perform the contour and stress free cuts using the skim cutting setting. The 
normal displacements of the contour faces were measured using a Taylor Hobson Talyscan 250 with a 
laser triangulation probe, and a grid of 50 X 50 µm was used to map the contour of the surface.  
 
Finite Element Modeling 
 
The value for the average strain obtained from the bending-moment stress release cut can be used to 
scale a model of each ring to determine the bending stresses that caused the ring to deform at this cut. 



The average strain at the location corresponding to that of the strain gage in the actual ring could then be 
calculated. The deformation being linear, the forces in the model can be scaled until the strain in the 
model matches that obtained during the stress release cut. The bending stresses thus determined can 
later be superimposed with those determined through the surface profiling of the contour cut.  

 

 
Figure 3 Various cuts made into the bearing. Cut 1 releases the geometric stresses, Cut 2 

reveals the surface whose contour will be measured, and Cut 3 serves to check the validity 
of the surface obtained in the contour cut (Cut 2). 

 
 
A 180 degree portion model with the deformations from the contour cut applied as boundary conditions is 
used to obtain the remaining residual stresses. The displacement boundary conditions are generated for 
the normal direction only. All other degree of freedoms are left unconstrained on the model, except for 
those necessary to prevent rigid body translation or rotation of the model. 

  

 



Results and Discussion 
 
Strains from the Bending Moment Release Cut 
 
During the stress release cut, a value of -42 µε was recorded by the strain gage for the thrust-loaded 
race, and -15 µε for the unloaded race. The magnitude of the bending moment stresses is estimated at 
under 7 MPa, small enough to be ignored in the remainder of the calculations. 
 
Results for the Measured Contours 
 
The raw data indicates that the residual stresses in the bearing races are quite small and that the in-
service loading did not induce any significant stresses. Figure 4 and Figure 5 show the measured 
contours for the thrust-loaded and unloaded bearing races, respectively. As is standard [36], the data is 
plotted relative to the best fit plane. The data all falls within ±10 µm, not much greater than the noise level 
of the data, indicating relatively small deformations caused by residual stress release. There are some 
high and low features in the contours that appear linear. These are all oriented in the wire direction and 
are almost certainly EDM-cutting artifacts [57]. At first glance, there appears to be a high spot near the 
surface of the curved bearing surface which might indicate some local stresses. For two reasons, further 
consideration indicates that such stresses are not evident or likely. First, the high spot appears in both the 
thrust-loaded race and the unloaded race at similar magnitudes, which would not be the case if the 
loading caused residual stresses. Second, the stress-free test cuts, Figure 6, show very similar high 
regions, further indicating that the feature is an EDM-cutting artifact. When an EDM wire cuts through a 
non-uniform cross-section, there are small deviations from a perfectly constant width cut, which show up 
as such artifacts [52]. The stress-free test cuts also show linear features, confirming that the similar 
features in Figure 4 and Figure 5 are cutting artifacts. In fact, the test cut for the thrust-loaded race, 
Figure 6a, shows larger features than the measurement data in Figure 4, which only indicates that there 
might have been some problem with the test cut. In all, the lack of significant differences between the 
measurement cuts and the stress-free test cuts indicate a lack of significant residual stresses.  
 
 

a)  b)  
Figure 4. The surface height maps for the two halves of the thrust-loaded race show 

relatively small deformations. 



a) b)  
Figure 5. Surface height maps for the two halves of the unloaded race show similar features 

to the loaded race.  

 

a) b)  
Figure 6. Surface height maps for the stress-free test cut for the a) loaded and b) unloaded 
races show similar deformation magnitudes to the measurements in Figure 5 and Figure 6.  

 
The raw data should not be taken to indicate a significant deficiency in the contour method itself. Had 
significant stresses been induced by the in-service loading of the bearing, the measurement cuts would 
have given much larger contours than those in Figure 4 and Figure 5, and would have been large 
compared to the test cuts. 
 
Because the unloaded race seemed to have the most representative stress-free test cut, that data was 
analyzed first. Following standard procedure [36,58], the measured contours, Figure 5, were interpolated 
onto a regular grid and then averaged point-by-point. The test cut, Figure 6b, was then interpolated onto 
the same grid. The test cut data was then subtracted from the averaged contour to reveal the 
deformations caused by residual stress relaxation [38,57,36,56]. The resulting contour shown in Figure 7 



shows very little evidence of residual stress. There is no significant shape near the curved bearing 
surface. Linear horizontal features, indicative of small EDM cutting artifacts, remain because they are not 
exactly duplicated in the test cut so are not corrected out. Some slightly low regions in the lower left and 
upper right regions of the figure might indicated tensile residual stress regions that are balanced by 
compressive stresses in the lower right, but the features may not be experimentally significant. 
 
 

 
Figure 7. After being averaged between the two sides then corrected for the stress-free test 
cut, the measured contours from the unloaded race show little evidence of residual stress.  

 
 
 
Residual Stresses 
As expected from the data, no significant stresses are observed in the unloaded bearing race. When the 
deformations from Figure 7 are processed into boundary conditions and applied to an unstressed model, 
the results are shown in Figure 8 are obtained. The stress uncertainty is estimated [58,59], to be at least 
±50 MPa. The stresses are not plotted within 300 µm of the edges because of inherent contour-method 
limitations getting stresses close to edges [36]. The results show some indication of subsurface tensile 
stress regions that might arise from the hardening and other thermal processing of the parts. However, 
the stresses lack significance in two ways. First, the peak stresses are barely larger than the predicted 
uncertainties, and it is difficult to account for all uncertainties so they may be lower than the actual 
uncertainties. Second, and more important, such stress magnitudes are not significant for the fatigue 
behavior of the races. 
 
Surface or case hardening often leads to very high residual stresses because of non-uniform plastic 
deformation and/or phase changes [11,60]. Because these races are through-hardened, the thermo-
mechanical history is sufficiently uniform that significant residual stresses do not seem to be induced. 
 
Based on the results of the unloaded race and the similar nature of the data on the thrust-loaded race, 
combined with the poorer data quality for the test cut, the effort was not made to process the data on the 
loaded race. Based on the data, it is clear that the same conclusion can be made: there are no significant 
residual stresses in the thrust-loaded race. 
 



 
Figure 8. The measure residual stresses in the unloaded bearing race are mostly 

insignificant. 
 
 
Upon further consideration, the lack of service-induced residual stress is less of a surprise. Subsurface 
residual stresses in bearings typically develop after a significant number of RCF cycles, from localized 
microplasticity, at elevated Hertzian stress. The small surface deformation and stress uncovered by the 
contour method thus implies that the hardened steel raceways of this bearing were not subjected to high 
Hertzian stresses or a substantially great amount of cycles. Because the bearing was conservatively 
removed from service prior to sufficient cycling loading, such stresses were not induced. 
 
Conclusions and Future Plans 
 
Contour method measurements showed no significant residual stresses in two races taken from a main-
shaft roller bearing removed from service from an aircraft jet engine. The lack of stress in the race that did 
not see a thrust load indicates no residual stresses from the bearing manufacture, which is attributed 
primarily to the races being through-hardened as compared to case hardened. The lack of stress in the 
thrust-loaded counterpart race indicates that the in-service loading did not induce any new residual 
stresses. Since the precise in-service loading history of this race in not currently known, we cannot 
compare this result to expectations based on the details of the loading. However, the bearing was 
probably conservatively removed from service prior to sufficient cycling loading to induce stresses. 
 
The data is encouraging for future measurements on races and other test parts where higher residual 
stresses are expected. The stress-free test cuts showed contours generally under ± 10 µm in amplitude, 
which should allow for reasonable resolution of stress-induced contours. Even more encouraging is that 
once the data was averaged between the two halves of a measurement cut and then corrected for the 
stress-free cut, see Figure 7, it shows even flatter data in the region near the curved bearing contact 
surface, which is the region of interest where we hope to resolve loading induced stresses in bearings 



that have seen more significant loads. We should be able to resolve localized stresses in such a region if 
they exist. 
 
This novel application of the contour method has paved the way and generated insights for future 
applications of the method on RCF components. Further investigations are anticipated using laboratory 
RCF-tested ball and rod specimens of both through and case-hardened bearing steels that have 
experienced a higher range of Hertzian stress and cycles.  
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