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Abstract 
 
This is the second part of three-part series that investigates the rolling contact fatigue initiation 
and spall propagation characteristics of three bearing materials, namely AISI 52100, VIM-VAR 
M50, and VIM-VAR M50NiL steels. A systematic investigation of effects of rolling contact 
fatigue (RCF) on evolution of material properties and micro-structural changes resulting in spall 
propagation rate has not been conducted. As a first step toward understanding spall propagation, 
we present stress distribution in the neighborhood of a spall initiated by RCF by an indent on a 
hybrid 40mm ball bearing. Elastic and elastic-plastic subsurface stress fields are computed using 
finite element models that incorporate the full three-dimensional (3D) ball-raceway geometry. 
The stress fields predicted indicate extensive yielding around the spall edges. The spall is shown 
to widen first axially across the width of the raceway, causing the ball to unload as it enters the 
spall. Effect of potential impact on the spall trailing edge is also considered. The proposed 
scenario involves repeated application of contact stress resulting from a combination of ball 
static and impact loads results in extensive plastic deformation of the spall trailing edge, leading 
to degradation and release of material resulting in spall propagation. 
 
Keywords 
Spall propagation, Ball bearings, Contact mechanics, Fatigue analysis, Bearing steels, Gas/jet 
engines, Impact wear, Rolling-contact fatigue, Elastic-plastic stress analysis, Finite element 
analysis 
 
Introduction 

Aircraft engine and bearing manufacturers have been aggressively pursuing advanced materials 

technology systems solutions to meet main shaft-bearing needs of advanced military engines. 

Such efforts are aligned with goals for affordable high speed, high life bearings that have 

superior durability and corrosion resistance. Desirable near and long term attributes of an 

                                                 
1 Corresponding author, nagaraj@ufl.edu 
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advanced mainshaft bearing, to meet the challenging requirements of future advanced military 

engines include rolling contact fatigue life greater than five times M50 steel, core fracture 

toughness greater than M50-NiL, corrosion resistance greater than AISI 440C, tribological 

performance greater than M50 steel (increased oil out capability, lower heat generation, and 

performance under boundary lubrication conditions), and, affordable life cycle cost. These 

requirements have led to the development of hybrid bearings with silicon nitride balls and metal 

raceways made of materials such as case hardened Pyrowear 675 (P675) and M50NiL, and 

through hardened M50. The rolling contact fatigue (RCF) performance of hybrid ceramic/steel 

bearings has been shown to be much superior to steel bearings [1-5].  

 

Past bearing material programs typically used life as the primary measure of performance i.e., 

the time until initiation of the failure. However, there is also a desire to understand what happens 

after initiation, i.e., the period of time where the bearing is liberating small pieces of material 

known as spalls. It is this window where bearing issues in the field are detected, usually from the 

spalled material collected on the magnetic chip detector. The objective of the research described 

in this part II paper is to model the elastic-plastic stress field associated with loaded region 

undergoing spall propagation. In Part I, Rosado [6] showed that M50 and M50 NiL bearings had 

much longer fatigue life and longer propagation times to reach the same level of damage under 

the same Hertzian contact stress as the 52100 bearings. The part III paper by Forster et al. [7] 

examines the microstructure of the steel to gain insight into the effects of alloy content, heat 

treatment, and applied stress field affect the microstructure and ultimately the life and 

propagation rate. This three-part series of papers represents the first attempt at a systematic 



3 

investigation of spall propagation and may provide engineers guidance to decrease the spall 

propagation rate, improving safety of bearings in the field.  

 

Figure 1 shows an initiated fatigue spall and its progressive propagation under RCF in a M50 

ball bearing raceway. Data suggest that material properties, microstructure, residual compressive 

stress, and the selection of oil additives affect the rate of failure, but there has never been a 

bearing program to specifically address the material and lubrication technologies for extending 

the time from initiation until catastrophic failure occurs. Recent studies at the Air Force Research 

Labs (AFRL), Dayton, OH [6, 7] of next generation of bearing race materials indicate that both 

qualitative and quantitative observations of the spall propagation performance warrant further 

investigation into the fundamental mechanisms that control this behavior as well as an attempt to 

model the propagation behavior itself.  The observations under this program ranged from spalls 

that propagated in a more controlled manner characterized by smaller particles and flakes being 

generated and departing from the race, as typically observed in rolling contact fatigue, to spalls 

that were characterized by large pieces or even chunks being generated as the spall lengthened.  

Under some test conditions, the propagation rate of the spall reaches a point at which these large 

pieces depart from the raceway very rapidly.  The latter observations were in a race material that 

in all other aspects had performed extremely well; i.e. exhibited a resistance to surface damage 

initiation as well as tolerance of such damage, and thus had an extended fatigue life. Figure 2 

summarizes aspects of the complex interplay between maximum Hertz stress, material selection 

and spall propagation rate, as measured by bearing mass loss [6]. Tests were conducted at the 

same temperature for both 52100 and M50 NiL materials. We note that 52100 steel shows rapid 

spall propagation at 278-ksi max Hertz stress. Even at 1.724 GPa (250-ksi)-peak Hertz stress the 
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propagation rate is significant and if increased to 1.917 GPa (278 ksi) during operation the rate 

increases very quickly. In contrast, M50 NiL will not propagate a spall at 2.069 GPa (300-ksi) 

peak Hertz stress. If the stress level is increased to 2.41 GPa (350 ksi) the increase in spall 

propagate rate is more gradual than for 52100 material. Clearly there are interactions between 

stress level and as yet unknown material parameters that affect spall propagation rate, that are not 

understood. 

 

Background 

The goals of this paper are to understand the damage mechanisms that lead to propagation of an 

initiated fatigue spall, as depicted in Fig. 1, and parameters that control the rate of propagation 

(Fig. 2). However, it is beneficial to first examine the current state of understanding of damage 

evolution that leads to fatigue spall initiation. The cyclic plastic strains generated by RCF in ball 

bearings, beyond the shakedown limit, are typically 0 0.003pl  , and depend on the cyclic 

yield strength and the character of the cyclic stress-strain relations [8]. However, the cyclic 

stress-strain parameters are rarely used to characterize RCF life in rolling element bearings.  

 In a series of articles since the early 1980’s to present, Voskamp and Osterlund (9), 

Voskamp [10, 11, 12], Voskamp and Mittemeijer [13, 15], and Voskamp et al. [14] have 

described in detail the evolution of material degradation due to RCF in ball bearing inner ring 

raceways that lead to a spall. Voskamp [10, 11, 12] notes that the high level of cleanliness of 

bearing steels in current bearing technology is not the only decisive factor in minimizing the 

probability of fatigue spalls. The second very important factor is the micro-plastic deformation 

behavior of bearing steel under the action of RCF. The build up of residual stress provides an 
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indirect measure of micro-plastic deformation and can be quantified by X-ray diffraction 

methods [7, 14, 15, 16].  

 Voskamp and his co-researchers [9-15] describe the material degradation due to RCF in 

ball bearing inner rings as a three-stage process, briefly identified as follows: (I) shakedown, (II) 

steady-state elastic response, and (III) instability. During the shakedown stage a residual stress is 

induced with an increase in material strengthening and micro-yield stress, due to work hardening 

and also likely due to the transformation of part of retained austenite to martensite [12, 17]. The 

sensitivity of bearing fatigue life to slight changes in temperature has been observed in several 

investigations [6, 7, 10, 12]. Stage III is marked by a decrease in yield stress due to material 

softening, causing an increase in subsurface volume that is deformed plastically. Development of 

a radial tensile stress and texture development promotes growth of cracks parallel to rolling 

surface [13, 18]. 

 

 This description of damage evolution leading to a fatigue spall was included to highlight 

the lack of a similar level of understanding for spall propagation. Kotzalas and Harris [21] have 

looked at fatigue failure progression of ball bearings in a v-ring test and conclude that excessive 

vibration was the determining factor in component failure. Xu and Sadeghi [22] develop an 

analytical model to investigate the effects of dent on spall initiation and propagation. 

Understanding the effects of stress level on evolution of cyclic bearing material parameters and 

their effect on spall propagation rate is important. This will entail development of a 

comprehensive 3D elastic-plastic finite element model with known cyclic constitutive parameters 

for bearing steels. As a first step towards understanding spall propagation a simplified analysis of 

the 3D elastic-plastic static stress field in the neighborhood of a circular spall on the inner 
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raceway as a ball rolls over the spall is presented. Based on the nature of yielding on the spall 

edge due to rolling contact, a scenario is proposed that is quite effective in explaining certain 

qualitative aspects of spall propagation observed in testing. This part II paper, along with parts I 

and III [6, 7], represent the first attempt to systematically study spall propagation behavior in ball 

bearings. 

 Spall Propagation Characteristics 

 The test bearing is a split-inner ring 40mm hybrid with M50 NiL raceways and half-inch 

diameter silicon nitride balls. The description of the test rig and testing procedures is described in 

Part I of this three-part series of papers [6] while the metallurgical examination of the raceways 

is presented in Part III [7]. Figure 3a shows a schematic of spall on the inner raceway along with 

bearing kinematics details. For an inner ring speed of 10,000 RPM, cage RPM is 4,023 and ball 

RPM is 22,814. Inner raceway speed relative to the ball is 15.18 m/sec (49.8 ft/sec). We now 

revisit the spall propagation illustrated in Fig. 1. Figure 1a shows the as-initiated spall on the 

inner ring raceway. The peak Hertz raceway stress during testing is 2.41 GPa (350 ksi). Figure 

1b shows the typical progression of spall under continued RCF. The spall first widens almost 

across the entire width of the raceway. The depth of the spall is roughly 125 m (0.005 inch). 

Once the spall spans the axial width of the raceway propagation is seen to proceed in the 

direction away from the initial spall leading edge, in the circumferential direction. Based on 

testing, modeling and metallurgical investigation [6, 7] a three-step process is outlined below to 

explain the progressive damage evolution caused by spall propagation: 

1. Material on the edges of the spall yields due to RCF. The yield stresses induced by the 

ball rolling on the spall are higher on the diametral edges of the spall along the shaft 

axis than at the spall leading and trailing edges. This scenario will substantiated with 3D 
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FEA modeling of the stresses in the neighborhood of the spall due to rolling and via 

hardness measurements near the spall [7]. Material degradation from repeated rolling 

causes the spall to widen as shown in Fig. 1b. The spall width eventually spans the 

width of the raceway, as seen in Fig. 1c. 

2. Widening of the spall allows for the ball to descend into the spall. Since the spall depth 

(125 m, 0.005 in) is greater than the bearing radial internal clearance the ball will 

unload, illustrated in Fig. 3b. The load supported by this ball is then shared by other 

loaded balls in the bearing, leading to a change in the effective bearing stiffness. 

3. As the ball moves through the spall length, pushed along by cage interaction forces, it 

will partially impact the spall trailing edge as it climbs onto the intact raceway (Fig. 3b). 

The stresses arising from the impact along with the contact stresses results in severe 

fatigue of the spall trailing edge material, leading to propagation of the spall in the 

direction indicated in Fig. 1d and Fig. 3a. Estimation of impact stresses at the trailing 

edge will be explained in a later section. 

 

Analytical Procedure 

A 3D finite element (FE) model was built using ABAQUS 6.7 (19) to model the stress state as a 

silicon nitride ball goes over a circular raceway spall in a bearing application.  The FE model is 

an accurate representation of the full 3D ball-inner raceway contact geometry, as shown figures 4 

and 6.  The test bearing material and geometric properties are shown in Table 1.  The FE model 

created here is similar to that by Zaretsky et al. [20].  Mesh refinement tests were performed for 

both tetrahedral and hexahedral elements such that converged results for Hertz peak elliptical 

contact stress agreed to within 1% of the analytical solution.  Tetrahedral linear elements were 



8 

used because of their ability to easily mesh complex geometries, such as the edge of a spall. The 

severe stress concentrations imposed by the elliptical contact and spall geometry required a very 

refined contact mesh geometry for obtaining acceptable solutions. Also, the use of linear 

tetrahedral elements proved to be more efficient than quadratic elements, based on achieving a 

balance between solution accuracy and run time. 

 
 E= Elastic modulus,  ν = Poisson’s  ratio 
Steel raceway E = 200 GPa, ν = 0.3 
Silicon nitride  E = 310 GPa, ν = 0.3 
Raceway yield stress,  Y = 2.34 GPa 
Silicon nitride ball diameter 12.7 mm 
Inner raceway curvature, fi 0.52 
Inner ring bore  40 mm 
Bearing pitch diameter   60.24 mm 
Inner raceway radius  23.77 mm 
Table 1 Test bearing material and geometric properties 

Half symmetry modeling was used since the contact patch load and the bearing geometry was 

symmetric.  Quarter symmetry was used for the unique case when the ball is directly over the 

center of the spall.  Figure 6 illustrates this. The stress concentration created by the spall edge 

radius was found to greatly influence the severity of the stress state, as illustrated in Fig. 7.  The 

spall edge radius was chosen to be 1 mm, based on meshing and convergence considerations.  

The depth of the spall was chosen to be 125 m (0.005 inch), based on experimental 

measurements.  The spall diameter is used as a parameter in the analysis. The normal load 

applied to the ball to achieve a peak Hertz contact stress of 2.65 Mpa (385 ksi) on the inner 

raceway is 1630 N (366 lbs).   

 

Finite element simulation of the loaded ball, with a peak Hertz contact stress of 2.65 Mpa (385 

ksi) away from the spall, rolling over the spall is accomplished via a series of single static load 
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cases. Spall diameter is treated as a variable. Dynamic loading effects such as yield strength 

dependency on applied strain rate are not included.  Also, initial residual stresses from case or 

work hardening were not included.  These aspects as well as unloading effects are not studied 

here but will be considered in forthcoming studies. 

 

Linear elastic analysis of the stress field in the neighborhood of the spall, caused by ball rolling, 

indicated that stresses everywhere on the edge of the spall exceeded the ultimate tensile strength. 

This is not surprising since both nonconformal contact loading and the spall surface geometry 

represent severe stress concentrations. For a more realistic stress field computation we used 

elastic-plastic FEA. The use of the associated flow rule to calculate increments of plastic 

deformation, as implemented in ABAQUS [19], was utilized for modeling elastic-plastic 

behavior. Linear isotropic hardening was used in the models that included the plastic regime of 

the material’s stress-strain curve, shown in Fig. 5.  This is a valid since isotropic, kinematic, and 

combined isotropic and kinematic hardening laws all converge to the same stress solution for 

static monotonic loading. It is during unloading and subsequent load cycles that these laws begin 

to display different behavior.  For example, the combined isotropic and kinematic hardening rule 

can be used to simulate the evolution of shakedown and ratcheting. The effects of cyclic loading 

due on spall propagation will be explored in subsequent studies. 

 

Results and Discussion 

Three-dimensional linear-elastic and elastic-plastic finite element modeling results of the spall 

edge stresses due to rolling contact are discussed first in this section. The spall trailing edge 
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stresses due to ball impact, based on a simplified analytical approach and also an explicit finite 

element approach are presented next. 

 Spall Edge Stresses from Rolling Contact 

 Figure 4a shows a schematic of the ball elliptical contact patch moving over the circular 

spall. Figure 8 depicts the maximum subsurface von Mises stress in the neighborhood of the spall 

edge as a ball rolls over a 3 mm diameter circular spall, as indicated in Figur. 4a. The peak Hertz 

contact stress away from the spall is 2.65 Mpa (385 ksi), as indicated earlier. Results are shown 

for three different positions of the ball over the spall: at the leading edge, between the edge and 

the center, and directly over the center.  The blue line represents the static yield strength limit, 

while the red line represents the static ultimate strength limit.  The elastic stresses exceed the 

yield and even the ultimate strength for all positions of ball with respect to the spall. The von 

Mises stresses are highest when the ball is in the center of the spall and the lowest when it is at 

the edge.  It is important to note that the magnitude of von Mises stress is highest on the axial 

diametral locations, indicating that the spall widens due to RCF in the axial direction spanning 

the width of the raceway, as shown in Fig. 1b, before propagating along the raceway in the 

circumferential direction, as shown in figures 1c and 1d. On reflection, this is intuitive since 

there is less material supporting the ball when it is in the center of the spall than when it is on the 

spall’s edge.  Figure 9 displays cross sections of the von Mises stress contours for the three “ball- 

-over-spall” positions.  Figure 10 shows the effect of increase in peak Hertz stress on spall edge 

stresses, for on center loading. It also shows the volume of yielded material around the spall 

increases with increasing operating load.  This also helps to confirm that the material removal 

rate is higher for increasing operating loads since the damage accumulation is faster due to the 

higher stresses within the spall.  We note that the peak plastic stress has exceeded the ultimate 
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tensile strength. This is a consequence of the linear extrapolation used in the stress-strain curve 

with a constant plastic modulus, as shown in Figure 5. A suitable nonlinear fit for the stress-

strain curve will resolve this concern. Figure 11 shows a close up of the von Mises stress 

contours at the edge of a spall. The high stress gradients indicate that they are potential sites for 

damage initiation. Figure 12 demonstrates that the maximum von Mises stress experienced in the 

spall edge region increases with spall diameter, for both elastic and plastic analyses.    

 

 Impact Stress at the Spall Trailing Edge: Analytical Approach 

 In the spall propagation characteristics section it was proposed that the spall widens first in 

the axial direction (Fig. 1b), spanning the width of the raceway and, eventually, allowing the ball 

to descend into the spall causing the ball to unload (Fig. 3b). When the spall becomes large 

enough for a single ball to unload the ball is free to move through the cage-ball clearance. During 

impact, a portion of the cage mass likely contributes to the effective impact mass. As the spall 

propagates long enough for two or more balls to be unloaded in the spall, estimating the effective 

impact mass gets more complicated. Since this is a first investigation of spall propagation, the 

effective impact mass is assumed to be that of the ball alone. Under the test bearing conditions, 

this unloaded ball is moving at 15.2 m/s relative to the inner raceway. As the ball approaches the 

trailing edge, the lower portion of the ball will impact or partially impact (pinch) the oblique 

edge. Once the ball climbs onto the raceway it is loaded, and will establish the Hertz contact 

stress, as computed in the FE model. Hence the trailing edge of the spall is likely to experience 

stress from the ball impact loading while the trailing edge surface on the raceway will experience 

the Hertz contact stress. The repeated application of this combined loading due to RCF is thought 

to weaken the inside spall edge material leading to spall propagation along the raceway 
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circumference, as shown in Figs. 1d and 3a. A detailed analysis of a silicon nitride ball impacting 

an oblique surface, accounting for the proper raceway and cage constraints, is expectedly very 

complicated. In reality, the dynamics of ball interaction with the spall will affect the motions of 

the inner ring, outer ring, cage, ball unloading and the potential energy in the loaded contacts 

opposite of the spall in complex ways.  This complex coupled system interaction will most likely 

result in higher dynamic loads. Such interactions can only be adequately modeled in a coupled 

three-dimensional rolling-element bearing dynamics simulation [23].  However, the assumptions 

in this modeling do allow an exploration of the stresses and differences in materials. A lower 

bound estimate can be obtained by performing a simplified impact analysis of a rigid 12.7 mm 

(0.5 inch) diameter ball with a density of 2,600 kg/m3 for silicon nitride, striking a ductile 

metallic oblique surface at a 45-degree angle to horizontal, based on Johnson [24], using the 

equation shown below. 

 

  (1) 

For an impact velocity of V =15.2 m/s (50 ft/sec), the estimated peak contact stress, po, at the 

spall trailing edge during impact is ~5.2 GPa (750 ksi), using Eq. (1). Subsurface yielding is 

predicted if the maximum contact pressure reaches 1.6*Y where Y is the material yield stress 

[23]. Using a yield stress of 2.34 GPa (340 ksi), and accounting for increased value for dynamic 

yield stress [24, 25], yielding is predicted at the spall trailing edge for a peak contact pressure 

above 4.9 GPa (710 ksi). Rickerby and McMillan [25] and Hutchings et al. [26] have conducted 

investigations of oblique impact of a 9.5 mm diameter hard sphere against a ductile solid for a 

range of moderate impact velocities and angles. Based on their measurements of impact damage, 

loss of kinetic energy, induced stress, crater volume and modeling results, the yielding prediction 
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under impact presented here is likely conservative. Thus the combined effects of repeated 

applications of impact and contact stress at the spall trailing edge is thought to initiate material 

degradation and eventually spall propagation along the raceway, as shown in Fig. 1. 

 

 Impact Stress at the Spall Trailing Edge: Explicit Finite Element Approach 

 For a better estimation of the contact stresses in the vicinity of the spall, the above impact 

problem was also simulated using ABAQUS Explicit via an elastic-plastic dynamic analysis of a 

ball striking the edge of a spall as seen in Fig. 13.  For this case the ball was assumed to be 

analytically rigid and the influence of the curvature of the raceway in the circumferential 

direction was assumed to be negligible.  The same material properties used in the static analysis 

were also used here since strain rate dependent material properties are not yet readily available 

for these bearing steels.  The geometry of the spall is the same as in the static analyses. Figure 

13b shows a close-up view of the spall edge with the plastically deformed subsurface region 

shown in red, resulting from the impact. The time transient subsurface stress evolution during 

ball impact to spall edge is captured using an explicit dynamic simulation. The explicit approach 

necessitates a very small time step of 7.88x10-10 sec for numerical stability. Based on the ball 

velocity of 15.2 m/s (50 ft/sec), the total simulation time elapsed during impact is 3.5x10-5 sec, 

requiring a total of 44,416 explicit time step increments to simulate a single impact of ball with 

spall edge. 

 Figure 14 shows the evolution of contact pressure, maximum von Mises stress and 

maximum principal stress during impact.  The important conclusion from Fig. 14 is that yielding 

occurs within the edge of the spall during impact.  This agrees with the simplified analytical 

solution discussed before.  The maximum contact pressure also reaches a high value of 7.8 GPa 
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during contact. The maximum von Mises stress exceeds the ultimate tensile strength of the 

material within the spall during impact because of the extrapolated material properties used in 

the elastic-plastic stress-strain curve (Fig. 5), taken from static material tests. Since most 

materials experience an increase in material strength under dynamic loading, the dynamic 

ultimate strength defined here was allowed to exceed the static value. The residual stress states in 

the radial and hoop direction, after unloading of the ball, are of practical interest for spall 

propagation analysis and will be subject of subsequent analyses.  

 

CONCLUSIONS 

Based on results from 3D FE stress analysis in the spall neighborhood, simplified trailing edge 

impact stress analysis, dynamic finite element impact analysis of the ball with the spall edge 

using ABAQUS Explicit, and spall propagation tests [6, 7], the conclusions are as follows: 

(1) Elastic and elastic-plastic 3D FEA of the stress field in the neighborhood of a circular 

spall shows that there is extensive yielding at the spall edges due to ball rolling 

contact. The stress magnitudes are highest at the axial diametral locations of the spall. 

(2) It is hypothesized that the spall first widens in the axial direction, spanning the width 

of the inner raceway (Fig. 1b). This allows the ball to descend into the spall causing it 

to unload (Fig. 3b). 

(3) The unloaded ball then catches up to the spall trailing edge, resulting in a impact with 

the oblique edge. The impact stress, estimated via simplified analysis, was shown to 

be adequate to cause yielding of the trailing edge. A time transient finite element 

analysis of the ball impact with spall edge is performed using ABAQUS Explicit. 
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Computed results of the evolution of spall edge stresses during impact confirm 

extensive yielding of the spall edge material as a result of the impact. 

(4) The combined effects of repeated impact and contact stress at the spall trailing edge 

results in material degradation, resulting in propagation of the trailing edge in the 

circumferential direction (Fig. 1d). 

Future studies will incorporate effects of variation in impact mass, repeated ball impact of the 

spall edge, effects of cyclic plasticity, plastic shakedown, and build up of residual stresses. 
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Figures 
 

 

 
 
Figure 1: (a) Fatigue spall initiation on inner raceway, b), (c) and (d) show progressive 
propagation of the initiated spall under continued RCF 
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Figure 2 Effect of maximum inner raceway Hertz stress (ksi) and material selection on loss of 
raceway material due to spall propagation (6). Note that M50 NiL will not propagate a spall at 
2.069 GPa (300 ksi) while 52100 has a very rapid spall propagation rate at 1.917 GPa (278 ksi). 
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Figure 3  (a) Test bearing schematic showing the inner ring spall as a blue line. For ni =10,000 

RPM, cage RPM is 4,023 and ball RPM is 22,814. Inner raceway speed relative to the 
ball is 15.18 m/sec (49.8 ft/sec). 

 (b) Schematic explaining the unloading of ball in the spall and subsequent impact 
resulting in yielding at spall trailing edge. 
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Figure 4.  (a) Illustration of contact patch’s position as the ball goes over the raceway’s spall.  

Also displays the planes of symmetry used to create models:  (b) ½ symmetry and (c) 
¼ symmetry. 
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Figure 5  Linear elastic and plastic strain hardening material properties input to ABAQUS for 

raceway steel.  The stress strain curve is extrapolated past the ultimate strength in 
order to allow ABAQUS to converge to a value.  The plastic modulus remains 
constant past this point. 
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Figure 6  Three-D FEA model using quarter symmetry when the ball is positioned over the 

center of the spall;  (a) model geometry  (b) meshed FEA model 
 

 

 

 

 
 
Figure 7   Cross section of the edge of spall.  The radius of curvature of the edge of the spall 
affects the severity of the stress state. (a) “sharp” edge of spall, max elastic von Mises stress = 8 
GPa compared to converged value of (b) 4 GPa for “rounded” spall edge. 
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Figure 8.  Plot of maximum subsurface von Mises stress as a function of the ball’s 3 mm * 0.4 
mm contact patch position over the 3 mm circular spall.  Stresses are the highest when the ball is 
directly over the center of the circular spall.  Load applied to the ball is the same load that results 
in a 2.65 GPa (385 ksi) max contact pressure seen by the virgin raceway. 
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Figure 9.  Plot of von Mises stress state for three different positions of the ball over the spall: (a) 
edge, 2.433 GPa  (b) 1/4th into the spall, 2.617 GPa  (c) center, 2.763 GPa.  Note that stress 
magnitude is highest at the axial diametral locations of spall for (c). White arrows show the 
location of maximum von Mises stress.  
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Figure 10.  Graph of maximum subsurface stress located at the edge of the spall as the load on 
the ball is increased though the range of maximum contact stress seen on the virgin raceway. 
Black arrows indicate zone of yielded material. Blue line indicates the yield stress limit and red 
line the ultimate stress limit. 
 

 

 

 
 
Figure 11.  Close up of a typical von Mises stress contour at the spall edge. The plastic zone is 
indicated by the red zone.  The tensile hydrostatic stress and steep von Mises stress gradients 
indicate this is a possible damage initiation site. 
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Figure 12.  Plot of maximum subsurface von Mises stress as a function of spall diameter.   
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Figure 13 Analysis of ball impact with spall edge using ABAQUS Explicit: (a) Solid model of  
ball and raceway segment with spall edge. Ball velocity, V= 15.2 m/sec (50 ft/sec), (b) Close-up 
view of spall edge showing the zone of yielded material resulting from ball impact. 

 
 
 
 
 

Ball motion

Spall 
edge

Zone of 
yielded 
material 

Plane of 
symmetry  

Spall 
edge 

Raceway 
segment 

V 



29 

 
 

 
 
 

Figure 14 Evolution of contact pressure, maximum von Mises stress, and maximum principal 
stress, as a function of time step increment during a single impact. Time step increment,  
t=7.88x10-10 sec. Total simulation time during impact = 3.5x10-5 sec. 
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