International Journal of Fatigue 75 (2015) 135-144

Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.elsevier.com/locate/ijfatigue tas

Effect of retained austenite - Compressive residual stresses on rolling
contact fatigue life of carburized AISI 8620 steel

@ CrossMark

Yi Shen?, Sina Mobasher Moghadam ?, Farshid Sadeghi ®*, Kristin Paulson”, Rodney W. Trice”

2School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA
b School of Materials Engineering, Purdue University, West Lafayette, IN 47907, USA

ARTICLE INFO ABSTRACT

Article history:

Received 11 September 2014

Received in revised form 10 February 2015
Accepted 22 February 2015

Available online 4 March 2015

In this study the rolling contact fatigue (RCF) of case carburized AISI 8620 steel was numerically and
experimentally investigated. For the numerical study, a two dimensional finite element (FE) RCF model
based on the continuum damage mechanics (CDM) was developed to investigate the fatigue damage
accumulation, crack propagation and final fatigue life of carburized AISI 8620 steel under various operat-
ing conditions. A randomly generated Voronoi tessellation was used to model the effects of material
microstructure topology. The boundaries of the Voronoi elements were assumed to be the weak planes
where damage accumulates, cracks initiate and propagate to simulate inter-granular cracks. A series of
torsional fatigue tests were conducted on carburized AISI 8620 steel specimens containing 0% and 35%
retained austenite (RA) to determine fatigue load (S) vs. life (N) of the material. The S-N results were then
used to determine the material parameters necessary for the rolling contact fatigue model. The torsional
fatigue test results indicate that the carburized AISI 8620 specimens with higher RA demonstrate higher
life than the specimens with lower RA. The RCF model also indicates that the material with higher level of
compressive residual stresses (RS) and retained austenite demonstrates higher RCF life. In order to
corroborate the results of RCF model, a three-ball-on-rod rolling contact fatigue test rig was used to
determine the RCF lives of carburized AISI 8620 steels with different amounts of RA. The fatigue life
and cracks evolution pattern from the numerical and experimental results were corroborated. The results
indicate that they are in good agreement.
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1. Introduction

Heavily loaded non-conformal machine components such as
bearings and gears are commonly subject to rolling contact fatigue.
RCF manifests through a variety of failure modes [1] but the most
widely observed phenomena are surface or subsurface originated
spalling, as shown in Figs. 1 and 2. The former is due to the surface
irregularities (such as dent) on the mating bodies where cracks
initiate and then propagate downward into the material. The final
formation of shallow craters is referred to as surface pits. In the
latter case, cracks are initiated below the contacting bodies and
propagate upwards to create spalls on the surface. Modern
machinery commonly use high-quality bearings which have super-
ior surface finishes and operate in the presence of clean lubricants;
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under these circumstances, subsurface originated spalling mecha-
nism is dominant [2].

Contrary to the classical fatigue (bending, torsion, etc.) which is
dominated either by normal or shear stress, rolling contact fatigue
is a multi-axial fatigue problem. Fig. 3 depicts the stresses history
at the depth of 0.5b (b is the half contact width) below the surface
in a plane strain RCF case. The only alternating stress observed is
shear stress and thus rolling contact fatigue is considered as a
shear driven phenomenon, as postulated by Lundberg and
Palmgren [3].

Rolling contact fatigue has been the subject of significant
investigation since the early 1940s [4,5]. In order to improve RCF
behavior, heat treatments have been commonly used to induce
compressive residual stresses within the material. A number of
investigators have studied the effects of compressive residual
stresses on rolling contact fatigue. These studies as expected
demonstrated that fatigue lives can be improved when the bearing
material contains some level of compressive residual stresses.
Cretu and Benchea [6] used 6308 deep-groove ball bearings to con-
duct rolling contact fatigue experiment and his results revealed
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Fig. 1. Surface originated pitting.

Fig. 2. Subsurface originated spalling.

Fig. 3. Rolling contact fatigue stresses history under plane strain condition.

that compressive residual stresses increased the fatigue life. Chen
et al. [7] used fracture mechanics to investigate mode II failure in
rolling element bearings (REB) and found that residual stresses
reduced the value of AKj in high cycle fatigue, thus lowering the
crack propagation rate. Guo [8] proposed that residual stress pro-
files improve the condition of near-surface initiated rolling contact
fatigue. Typically, RCF models account for either the crack initia-
tion or propagation phase but rarely both. Liu and Choi [9-11]
developed a fracture mechanics based model including both crack
initiation and propagation lives to investigate the effects of resid-
ual stresses scatter on rolling contact fatigue. The model confirmed
the positive effects of compressive residual stresses on RCF behav-
ior of AISI 1053 steel. The idea that compressive residual stresses
might benefit fatigue behavior of material was applied by Prevey
and Jayaraman [12] in his design methodology for gas turbine
engine components.

Retained austenite is the austenite that does not transform to
martensite upon quenching. The presence of retained austenite

in material has a direct influence on the fatigue behavior of rolling
element bearings. A number of investigators have studied the
effect of retained austenite on rolling contact fatigue. Zhu et al.
[13] carried out RCF experiments on 18Cr2Ni4WA steel with
different amounts of retained austenite. He found that the contact
fatigue resistance increases with larger amount of retained austen-
ite. Dommarco et al. [14] investigated the influence of retained
austenite on the RCF behavior of SAE 52100 steel and found that
under the same distribution of residual stresses, specimen with
larger volumetric fraction of retained austenite shows a superior
fatigue resistance. Zheng et al. [15] studied RCF of carbide-free bai-
nitic steel and determined that the specimens with higher levels of
RA possessed better RCF performance.

Silva et al. [16] conducted four point bending fatigue and wear
tests on carburized SAE 8620 steels with different levels of retained
austenite. His results showed that specimen with higher amount of
RA exhibited longer fatigue life. Prado and Arques [17] designed a
similar bending test and found an optimum austenite content that
would result in the highest fatigue endurance is about 20-30%. A
series of S-N results for transformation induced plasticity (TRIP)
steels with different amounts of RA (0-11.5%) were presented by
Abareshi and Emadoddin [18]. The results illustrated that the high-
est level of retained austenite (11.5%) exhibits the longest life.
However, Hu et al. [19] pointed out that austenite would accelerate
fatigue propagation due to the strain-induced martensitic trans-
formation. Herring [20] indicates that in order to avoid significant
volume change of the components that the level of RA should be
less than 10%.

The aim of this study is to numerically and experimentally
investigate the effects of retained austenite and residual stresses
on rolling contact fatigue. The material used in this investigation
is case carburized AISI 8620 steel, which is commonly used for
non-conformal contacts such as bearings, cam and followers. A
two dimensional FE RCF model was developed to investigate the
fatigue behavior of the material. The damage law was modified
based on the Goodman equation to incorporate the effects of RS
in the material. A randomly generated Voronoi tessellation was
used to model the effects of material microstructure topology.
The boundaries of the Voronoi elements were assumed to be the
weak planes where damage accumulates, cracks initiate and
propagate. Torsional fatigue tests were conducted to obtain mate-
rial parameters for the RCF model. The results demonstrate that
higher level of RA is beneficial in increasing fatigue life. Three-
ball-on-rod RCF tests on carburized AISI 8620 steels with different
amounts of retained austenite were conducted to verify the results
from RCF model. The fatigue life and cracks evolution pattern in
both numerical and experimental investigations were corrobo-
rated, and the results show that they are in good agreement.

2. Modeling approach
2.1. FEM model

ABAQUS finite element software was used to develop a plane
strain RCF model based on the continuum damage mechanics.
The model was used to investigate the effect of compressive resid-
ual stresses on RCF phenomenon. Fig. 4 schematically illustrates
the set-up of the FEM model. In non-conformal Hertzian contact,
the half contact width is only a few hundred microns and most
of the subsurface cracks are originated within this region.
Therefore, the Hertzian semi-infinite domain with dimensions
10b x 7b (b =100 pm, the half contact width) in the rolling (x)
and transverse (y) directions, respectively was selected as the sim-
ulation domain. A Hertzian pressure described by Eq. (1) is moved
over the top of the domain in 21 discrete steps. The application of
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Fig. 4. The rolling contact fatigue simulation model.

the Hertzian pressure, which is in the form of surface traction is
achieved through the user defined subroutine UTRACLOAD.

X 2
P = Paac\/ 1 () (M
where pmayx is the maximum Hertzian pressure.

During the simulation, the entire domain is subject to damage
however; predominately cracks only initiate and propagate in the
area near the center of the contact domain where the reversal
shear stress is the largest. In this specific region, or representative
volume element (RVE), Voronoi cells [21] were implemented, as
shown in Fig. 5. In the Voronoi tessellation, the space is divided
into many regions such that all points in each region are closer
to the seed point of that region compared to the seed points of
other Voronoi regions. Each Voronoi cell represents a material
grain with random shape and orientation. The average size of the
Voronoi element is set equal to the grain size observed in bearing
steels, which is around 10 pm. As shown in Fig. 5, the microstruc-
ture of bearing steel exhibits a granular pattern with a high-degree
of randomness. Therefore, the Voronoi tessellation was used to
simulate the microstructure of steel materials as described by
[2,21-26]. To represent different microstructures of carburized
AISI 8620 steel, 33 domains were created with randomly generated
Voronoi mesh in the RVE region. For the rest of the domain, a
triangular constant strain element (CSE) was applied.

2.2. Damage mechanics incorporating effects of residual stresses and
retained austenite

In the past few decades, damage mechanics has been exten-
sively applied to fatigue problems [22-32]. In damage mechanics,
the material is degraded by accumulation of damage. Eventually
the material is completely damaged, resulting in a loss of effective

2b

area (in 2D) or volume (in 3D) that resists the load. Kachanov [33]
defined the damage variable as:

A-A

D="7%

@)

where D is the damage variable, ranging from 0 to 1. When D=0
material is undamaged and when D = 1, material is fully damaged.
A and A* are the pristine undamaged and damaged areas,
respectively.
The damage evolution as a function of cycle is given by Xiao
et al. [34]:
Oq

v~ (i)

where N is the number of cycles, g, is the critical alternating stress
component causing fatigue damage, o, and m are material
parameters.

In order to determine the fatigue life Ny, Eq. (3) is integrated,
resulting in:

3)
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—-m
N=| T
! (nr+1r%al

(4)

Now considering Basquin’s law [35] given by:

G4 = C(Ny) (5)

where B is a material related parameter and C is a function of mean
stress caused by the existence of residual stresses.

Modifying the Basquin’s law based on Goodman equation
[36,37] to include the effect of mean stress we obtain;
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Fig. 5. Voronoi mesh in RVE area and granular feature of steel microstructure.
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Rearranging Eq. (6) we obtain;

-B

Np= (7)

Co(1-5)
where S, is the ultimate stress and Cy is the constant in the
Basquin’s law determined by testing at zero mean stress.
Equating Eqs. (4) and (7), rearranging and simplifying we
obtain:
-B
Oq Oq

(m+1)-%al B Co(1-¢n) ®

Comparing terms on the left and right sides of Eq. (8), we will
obtain,

m=B8B
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Now the damage law equation can be written as:

m
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where in this equation, 7,9, S, and m are material dependent
parameters. Once the S-N results for a particular steel is obtained
from torsion fatigue test, the damage evolution rate of the steel is
determined through Eq. (10).

The stress component responsible for fatigue failure is case
dependent. As described previously, both the torsion and rolling
contact fatigue are shear driven phenomenon. Therefore, the alter-
nating stress component in the damage evolution rate is chosen as
the shear stress reversal At and thus Eq. (10) is modified to:

m

‘LD: At
AN \to(1-g2)1-D)

where 7,9 is the material parameter and ¢, represents the mean
stress due to the presence of residual stresses.

(11)

2.3. Integration of FEM model and damage mechanics

ABAQUS FE software was used to develop the continuum dam-
age mechanics RCF model in this investigation. In order to corrobo-
rate the experimental and numerical results, the semi-infinite
domain was subject to a uniform compressive residual stresses
state given by residual stresses measurement. The model was also
used to investigate the effect of a larger compressive residual stress
[9] on fatigue.

At the beginning of the simulation, the value of damage in every
element is set to zero, representing undamaged state of the pris-
tine domain. Then a “jump-in-cycles” (JIC) algorithm [38] was
applied. The principle of this method is to assume the damage is
kept a constant value over a cycle increment AN and damage will
only be updated at the end of each increment. A detailed introduc-
tion to this algorithm was given by Weinzapfel and Sadeghi [2] and
this method was also applied in [21-26]. Once the value of damage

reaches one, the element will be fully damaged and crack forms
along the element boundary. The final failure occurs when the
crack reaches the surface of the domain, forming spall as depicted
by Fig. 2. The final life and spall pattern are recorded to compare
with experimental results from three-ball-on-rod test.

2.4. Torsion fatigue tests

The torsion fatigue test rig was used to determine the stress vs
cycle (S-N) of torsion specimens with different levels of RA. The
results from this test were used to obtain the material parameters
used in the numerical model. In this investigation a standard MTS
torsion fatigue test rig (Fig. 6) was used to obtain S-N results for
carburized AISI 8620 steels with low (~0%) and high (~35%) RA.
Fig. 7 illustrates the custom made grips used to hold the specimen.
The MTS hydraulic rotary actuator applies angular displacement
and the resultant torque is monitored by an in-line MTS torque
cell. The custom grips [22] were developed to guarantee that the
specimen is gripped properly without slip and no bending moment
is generated in the specimen [23].

2.4.1. Torsion fatigue test specimen

The specimens for torsion fatigue tests are made of carburized
AISI 8620 steel following ISO 1352 standard [39]. Fig. 8 illustrates
a schematic of the specimen. All specimens were heat treated in
one single carburizing cycle to target high retained austenite. This
was achieved by high carbon potential in the furnace along with
lowest possible tempering temperature to ensure all specimens
end up with high retained austenite. After the carburizing cycle,
the parts were divided into two batches, with one half of the parts
going directly to final tempering and the other half going through
deep freeze operation to convert retained austenite into martensite.
The deep frozen parts were then tempered in the same fashion as the
first half. Microstructurally, the specimens exhibit distinct case and
core microstructures with total case depths (depth of dark etched
area that differentiates case from core) were about 550 microns
depth. Samples of the low and high RA carburized AISI 8620 materi-
als were evaluated to determine the S-N for each material.

2.4.2. Torsion fatigue test procedure

Before conducting fatigue experiments, three static tests were
carried out to determine the ultimate shear stress of each material.
The maximum torque applied in the static tests was averaged and
the mean value was used to obtain S,; according to:

Sus _ Tmaxrmin (12)
J

where S,; is the ultimate strength in shear, Ty, iS the maximum

torque, r'mi, is the minimum cross section radius of the specimen

and ] is the polar moment of inertia.

For fatigue testing, the applied torque was varied between
0.3Tnax and 0.9T,.x. Tables 1 and 2 contain the torques applied
in the static and fatigue tests for low and high RA cases respec-
tively. The stress amplitude 7, in fatigue tests is calculated from

Y Bearing St§el Torsion
Specimen

Rotary

Actuator Torque. cell

Custom grips

Fig. 6. MTS torsion fatigue test rig.
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Fig. 7. Cutaway of the gripper and assembly.
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Fig. 8. Torsion specimen.

Table 1
Torques and corresponding shear stress levels of static and fatigue tests for carburized AISI 8620 steel (low retained austenite level).
Static Fatigue
T, (in-1bf) 577.6 519.8 462.0 404.3 3754 346.5 317.6 288.8 259.9 231.0 173.2
T4 (GPa) 1.54 1.38 1.23 1.08 1.00 0.92 0.85 0.77 0.69 0.62 0.46
TafSus 1.00 0.90 0.80 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.30
Table 2
Torques and corresponding shear stress levels of static and fatigue tests for carburized AISI 8620 steel (high retained austenite level).
Static Fatigue
T, (in-1bf) 672.5 605.3 538.0 470.6 437.1 403.5 369.9 336.3 302.6 269.0 201.8
T4 (GPa) 1.79 1.61 1.43 1.25 1.16 1.07 0.99 0.90 1.81 0.72 0.54
TafSus 1.00 0.90 0.80 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.30

Eq. (12) by replacing T.x and S,s with fatigue test torque and
corresponding stress amplitude respectively. To obtain a reliable
S-N curve for each level of retained austenite, three tests at each
stress level were conducted. All tests were conducted under room
temperature. To detect the failure condition, the angular displace-
ment of the specimen is recorded and when the displacement
surpasses a threshold limit due to the fracture of the bar, the test
is stopped and final life is recorded. The fatigue test results (not
including static test results) were curve fitted using the power
law equation and least squares method. The material parameters
were calculated using the power law equation obtained and then
applied in the RCF model.

3. Experimental investigation

A three-ball-on-rod RCF test rig was used in this investigation to
experimentally assess the effects of retained austenite and residual
stresses on RCF. The levels of RA and RS are measured using X-ray
diffraction (XRD) technique. The three-ball-on-rod RCF test rig was
used to determine the probability of failure for specimens with low
or high levels of RA.

3.1. Three-ball-on-rod rolling contact fatigue tests

A three-ball-on-rod rolling contact fatigue test rig was used to
evaluate the RCF behavior of carburized AISI 8620 steels with dif-
ferent levels of RA. Fig. 9 illustrates a test head, vibration
table/monitoring system and running time recorder of the 3-ball-
on-rod rolling contact fatigue rig employed in this investigation.
The test head is used to hold, load and rotate test specimen. The
rotating speed is 3600 rpm. Turbine oil (MIL-PRF-23699-STD) is
used under room temperature (25 °C) to lubricate the contact.
The accelerometer placed on the vibration table is used to detect
the excessive vibration (0.5 RMS above the initial setting) and stop
the test when the rod has formed a spall.

3.1.1. RCF test specimen

Fig. 10 illustrates the specimen, assembly and loading config-
uration. The test specimen is a 76.2 mm (3 inches) long, 9.5 mm
(3/8 inch) diameter cylindrical rod made of case carburized AISI
8620 steel. All specimens came from the same heat treat batch
with the same heat treatment as torsion fatigue specimens.
Three M50 12.7 mm (1/2 in) diameter roughened steel balls,
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system and time recorder.

&

(b)

Fig. 9. Various parts of the 3-ball on rod rolling contact fatigue test rig. (a) Test head (one of four) with accelerometer, (b) loading mechanism and (c) vibration monitor

000025 |
00005 ]

-37650 Litess
(a)

separated by a retainer, are radially loaded against the test speci-
men between two tapered cups thrust-loaded by three compres-
sion springs. The contact between the balls and rod configures a
Hertzian contact. The test is conducted according to Glover [40].

3.2. Retained austenite and residual stresses measurement

X-ray diffraction was used to measure the levels of retained
austenite and residual stresses in the torsion and rolling contact
fatigue test specimens. The measurement was conducted using
Bruker GADDS (General Area Detector Diffraction System).

The measurement of the volume fraction of retained austenite
V, is according to ASTM E975-03 [41]:

1ty /(1) | (15
q = R"V] p i—1 Ra(i q j=1 RW

where I, and I, represent the measured integrated intensities of fer-
rite and austenite, respectively. R, and R, are structure-related
parameters for ferrite and austenite, respectively. Their values are
givenin [41]. p and q are the numbers of ferrite and austenite peaks,
respectively. In this study, p=q =3.

The residual stresses measurement follows ASTM E2860-12
[42]. The details of measurement procedure can be found in
[43].

- (13)

v,

4. Modeling results
4.1. Torsion fatigue tests result

As described in Section 2.4, torsion fatigue tests were carried
out on carburized AISI 8620 steels with low and high RA content.

- N
]
je—————— 3%, 05 *-l

(b)

Fig. 10. Three-ball-on-rod RCF test specimen and loading configuration. (a) Dimensions of RCF rod (unit: inch) [21] and (b) loading schematic.

For each RA level three tests were conducted at different stress
levels to obtain the S-N result, ultimate shear strength and endur-
ance limit. Fig. 11 depicts the test results and the power law fit for
both low and high RA cases. Using the procedure described in the
previous section, the material parameters (i.e. m and t,9) for dam-
age law were obtained and are given in Table 3.

Fig. 11 illustrates that the fatigue behavior of carburized AISI
8620 steel is significantly influenced by the level of RA. The mate-
rial with high level of RA (~35%) exhibited a 40% increase in endur-
ance limit as compared with the material having low level RA. The
results demonstrate that retained austenite has a positive effect on
the fatigue strength of carburized AISI 8620 steel. This is consistent
with the experimental results of Zhu et al. [13] and Dommarco
et al. [14].

2 T ; :
¢ 8620-Low RA
1.8+ — Trendline for Low RA 1
* 8620-High RA
1.6} —Trendline for High RA 1
~ Infinite Life Criterion
—_ i ]
£ 1.4 AT=4.14QN)09
© 12} |
IS
a
5 17 AT=3.46(N) 1
0.8 1
0.6 Lo 1
0.4 : : L
10° 10° 10* 10° 10°
Life (cycles)

Fig. 11. S-N curves for carburized AISI 8620 steels (data point with arrow indicates
run-out point).
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Table 3
Material dependent parameters for carburized AISI 8620 steels with low and high
retained austenite.

Parameters Sus (GPa) m T,0 (GPa)
Low RA 1.730 13.7 4.210
High RA 2.069 13.7 5.034

4.2. Effect of residual stresses on damage evolution

The internal residual stresses measurement showed that the
field is compressive and nearly constant with a magnitude of
150 MPa, which is common in steels [44]. It is to be noted that
the stress reversal At is not affected by residual stresses, however,
the residual stresses influence the damage evolution rate by affect-
ing the mean component of stress ¢, in the denominator of Eq.
(11). In the case with compressive residual stresses (g, <0), the
value of denominator is increased, thus 4 is reduced, resulting in
a slower damage accumulation and higher rolling contact fatigue
life. This analysis agrees with the conclusion proposed by other
researchers [6-12] that compressive residual stresses will elongate
the fatigue life.

4.3. Simulation result

The ABAQUS FE damage mechanics based RCF model was used
to investigate crack propagation pattern and final fatigue life of
case carburized AISI 8620 steel with different levels of RA and
RS. Figs. 12 and 13 illustrate the RCF life of carburized AISI 8620
steels with low and high retained austenite under 2.0 and
2.5 GPa loading, respectively. In order to obtain the probability of
failure results of carburized AISI 8620 steels, the FE RCF model
was used to simulate 33 different randomly generated Voronoi
domains. Table 4 contains the slopes of the Weibull results shown
in Figs. 12 and 13. The values of the Weibull slopes for this
investigation are similar to those obtained by Jalalahmadi and
Sadeghi [21]. Tables 5 and 6 list the fatigue life data extracted from
Figs. 12 and 13. In both low and high RA cases, the fatigue lives of
the material are increased by compressive residual stresses. It is to
be noted that 150 MPa RS increases the fatigue life by about 16%
while in 0.8 GPa RS case, the life increases by more than 50%. The
Lso life of the low and high RA cases under the 2.0 GPa loading
are in order of 10® and 10° cycles, respectively. The Lsq life of the

retained austenite and compressive residual stresses, the fatigue
life of carburized AISI 8620 steel will be improved.

Fig. 14 depicts the final fatigue spall shape and the correspond-
ing damage evolution for the conditions without and with residual
stresses. The cracks are located in RVE, forming a spall near the
surface. The general spall shapes of both cases without and with
residual stresses are similar, although little reduction in crack

Weibull Probability Plot

0.99 0.8GPa-RS |.
888 without-RS
0.75| * 0.8GPa-RS |.

-+ without-RS AR H
0.50 | © 0.15GPa-RS |- O ]
0.25

0.10
0.05 -

0.02
0.01

Probability of Failure

0.003 |-
10 10° 10
Cycles

Fig. 13. Weibull plots for final fatigue lives of carburized AISI 8620 high retained
austenite steel under 2.0 and 2.5 GPa Hertzian pressure.

Table 4
Weibull slopes for carburized AISI 8620 steel (low and high retained austenite cases).

Loading RS type Slopes of low RA case Slopes of high RA case
2.0GPa Without RS 7.4 8.7
0.15 GPa RS 6.5 7.6
0.8 GPa RS 5.1 6.8
2.5GPa Without RS 8.8 8.2
0.15 GPa RS 8.5 7.2
0.8 GPa RS 6.3 5.9
Table 5

Average life extension for carburized AISI 8620 steel (low and high retained austenite
cases).

RA type Loading RS type Absolute extension Relative extension
high RA simulation is almost one order of magnitude larger than of life* (10°) of life” (%)
that of the low RA case. A similar trend is observed for the loading LowRA 20GPa 0.15GPaRS 11.3 15.6
condition of 2.5 GPa. The results show that with higher level of 08GPaRS 395 54.3
25GPa  0.15GPaRS 1.6 16.5
0.8 GPa RS 23 54.6
Weibull Probability Plot HighRA 20GPa 0.15GPaRS 110 12.1
0.99 oserars T T 0.8GPaRS 440 48.7
888 |~ witoutrs |- 25GPa 0.15GPaRS 4.9 11.7
075 | * 08GPaRS |. 08GPaRS 200 47.6
o + without-RS
3 0.50 | © 0.156Pa-RS 3 Absolute extension of life = average life (with RS) — average life (without RS).
u“z 0.25 b Relative extension of life = [average life (with RS) — average life (without RS)]/
s ’ average life (without RS).
2> 0.10
S 0.05
8 Table 6
g 0.02 Ls life for carburized AISI 8620 steel (low and high retained austenite cases).
0.01
Loading RS type Low RA Lsg (10°) High RA Lso (10°)
0.003 2.0 GPa Without RS 76 900
6 7 8 0.15 GPa RS 85 1000
10 10 10 0.8 GPa RS 103 1050
Cycles 2.5 GPa Without RS 39 42
- . . . . . 0.15 GPa RS 4.2 48
Fig. 12. Weibull plots for final fat 1 f carb d AISI 8620 | t d
ig. eibull plots for final fatigue lives of carburize ow retaine 0.5 GPa RS 58 64

austenite steel under 2.0 and 2.5 GPa Hertzian pressure.
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Fig. 14. Spall shapes and damage conditions of cases without and with RS. (a) Spall shape (without RS), (b) spall shape (with 0.8 GPa RS), (¢) damage condition (without RS),

(d) damage condition (with 0.8 GPa RS)

branches due to residual stresses is observed. The fatigue damage
conditions in the two cases are also similar. However, the fatigue
life of the case with 0.8 GPa residual stresses is extended by about
50% compared to the case without residual stresses. The results
demonstrate that the compressive residual stresses delay the
damage evolution but have little influence on the final shape of
spall configuration. This idea is also supported by Webster [45],
who suggested that compressive residual stresses decelerate the
initiation and growth phases of the fatigue process.

5. Experimental results & verification

The three-ball-on-rod RCF tests were conducted to determine
the probability of failure of case carburized AISI 8620 steel with
different levels of RA and corroborate with the numerical results.
Internal material flaws exist in bearing steels due to improper
bonding between inclusions and base material matrix [31]. To bet-
ter understand and corroborate the simulation and experimental
results, flaws were modeled as broken interfaces between adjoin-
ing elements. In this investigation, similar to the work of Raje
et al. [31], five random initial flaws were introduced in each
domain. Fig. 15 illustrates the RCF experimental results for the
low and high RA carburized AISI 8620 steels as well as the
corresponding simulation results (with flaws) under 2.0 GPa
Hertzian loading. The Weibull slopes of both numerical (marked
as ey) and test results (marked as er) are also shown in Fig. 15.
The slopes of the experimental results are 1.70 and 1.68 for low
and high RA cases, respectively, which are both within the range
0.51-5.7 as discussed by Harris and Barnsby [46]. Table 7 contains
the results of fatigue lives shown in Fig. 15. For both the low and
high RA cases, the Lo, Lsg and Lgg lives of simulation results
compare well with the three-ball-on-rod experimental result.
Compared to the experimental Lsg life for low RA specimens which
is about 40 million cycles, the life of specimens with high RA con-
tent is almost three times larger, indicating again that higher level
of retained austenite results in higher RCF life of carburized AISI
8620 steel. Similar phenomenon is observed for L;g and Lgg life.
Table 8 shows the Lsg life of simulation results in this study and
the experimental result obtained from Hanejko et al. [47] under

Weibull Probability Plot
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g
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‘s 0.25
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g 0.10
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0.02 + simulation (8620 low RA) |1
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0.01 R R N
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Fig. 15. Experimental and numerical Weibull plots for fatigue lives of carburized
AISI 8620 low and high RA steels.

Table 7
Fatigue lives of carburized AISI 8620 low and high retained austenite steel under
2.0 GPa loading (experiment and simulation).

RA type Cases Lo (10%) Lso (10°) Loo (106)
Low RA Experiment 16 42 85
Simulation 12 36 73
High RA Experiment 50 170 340
Simulation 40 150 330
Table 8

Lso life of carburized AISI 8620 steel under 2.5 GPa loading (experiment and
simulation).

Cases Lso (10°)
Experiment [47] 4.2
Simulation (with 0.15 GPa RS) 4.2

2.5 GPa loading. The simulation and experimental results match
well. Overall, the fatigue lives obtained from the RCF model well
reflect the experimental results.
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Fig. 16. Numerical and experimental spalling patterns of carburized AISI 8620 steel. (a) Simulated spalling patterns of carburized AISI 8620 steel (unit: pm) and (b)
subsurface spalling pattern observed in carburized AISI 8620 steel [47].

Fig. 16a depicts the simulated spall for several domains. Besides that higher amounts of retained austenite results in a higher RCF
the general spall shapes which is similar to Fig. 14, there are sev- life of carburized AISI 8620 steel. Corroboration of experimental
eral crack extensions below the spall due to the presence of initial and numerical results indicates that the developed RCF model suc-
flaws. This phenomenon correlates well with the experimental RCF cessfully predicts the rolling contact fatigue life of carburized AISI
results of Hanjeko et al. [47], which is illustrated in Fig. 16b. The 8620 steel with different levels of retained austenite and residual
experimental observation also demonstrates several extended stresses.
cracks connected with the general spall.
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