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Abstract

A simulation of the rolling contact fatigue strength of a traction drive element was developed. This simulation
accounts for both the distribution of sizes of inclusions in the element material and the influence of traction
forces at the element surface. The shear strength of the matrix structure surrounding an inclusion was estimated
with an equation. The purpose of this report is verifying the estimation accuracy of this simulation by
comparing with the experimental result. The experiment was carried out by according to the 14 S-N testing
method. The material of test rollers was carburized JIS SCM420H. The hardness distribution and the Weibull
distribution of inclusion dimensions, which are necessary parameters of this simulation, were determined by
observation of an actual test specimen. The calculated rolling contact fatigue strength in failure rate of 50% at
107 cycles was 750 MPa with a standard deviation of 35.4 MPa. The rolling contact fatigue strength of 1120
MPa with a standard deviation of 50.8 MPa was obtained as a result of experiment. The failure mode was
considered to be flaking from the internal origination. The calculated standard deviation was about equal to the
experimental result. Though there was 370 MPa difference between calculated and experimental fatigue
strength. Including of the hardening of roller and the influence of compressive residual stress in the simulation
and the determination of the depth of failure initiation will decrease above error.

Keywords : Machine element, Traction drive, Rolling contact fatigue, 14 S-N testing method, Inclusion,
Tribology, Shear stress

1. Introduction

A traction drive transmits power through shear forces in the elastohydrodynamic lubrication film between pairs of
rollers. Since contact forces play an integral role in traction drives for power transmissions, high contact pressures
occur at the points of contact between rollers. For example, toroidal CVTs for automobiles are operated at maximum
Hertzian pressure exceeding 4 GPa (Machida et al., 1995). These high contact pressures cause failure through rolling
contact fatigue, which occurs in bearings and gears. The most common mode of failure is surface flaking. Therefore,
prediction of the rolling contact fatigue strength is essential during the design of a traction drive.

A number of studies have reported the fatigue strength in traction drives. Many kinds of fatigue tests have been
carried out on rollers and balls to examine the influence of failure mechanisms, operating conditions, lubrication
modes, roller materials, etc., on fatigue strength (Machida et al., 1993; Deng et al., 1999; Nakajima and Mawatari,
2005; Matsuo et al., 1991; Coy et al., 1981; Rohn et al., 1981). Murakami (2002) proposed an equation for predicting
the fatigue limit, which considers the size of microdefects or inclusions. Yamanaka et al. (2012) proposed a prediction
equation for estimating the rolling contact fatigue strength of traction drive elements by extending Murakami's method.
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It is well known that the high-strength materials employed in traction drives and gears show high scatter in fatigue
strength (Murakami et al., 1988). A large number of fatigue tests must be performed to estimate the scatter. It would be
very useful for strength design if the scatter could be estimated by simulation. The authors developed a simulation
analysis of the rolling contact fatigue strength of traction drive elements (Narita et al., 2013, 2014) by accounting for
both the distribution of sizes of inclusions in the element material and the influence of traction forces employing
Masuyama's method (2002a, 2002b). Though, the verification of estimation accuracy is untouched. In order to do this,
some experimental results of fatigue test are necessary. Although, this proposed simulation adopts Yamanaka’s equation
(2012), its evaluated stress is different from the Hertzian pressure adopted in other reports. Accordingly, the
experimental results of previous research cannot be compared with this simulation.

Therefore, in this research, the rolling contact fatigue strength and the scatter at the 107 cycles are obtained by
according to the 14 S-N rolling contact fatigue test by using two roller fatigue tester. And the result of simulation is
compared with above experimental result.

2. Criterion of rolling contact fatigue

During rolling contact fatigue, cracks propagate parallel to the rolling direction. Therefore, as in previous research,
we again concentrated on the shear stress parallel to the rolling direction, t,x. These cracks initiate from the inclusions
and defects within the material and propagate to the point of failure by this t,.. This study uses the following criteria for
the failure from a given defect in a traction drive element: rolling contact fatigue strength 1y is assumed around a
defect, and failure is assumed to occur if the shear stress t,x due to the contact force F., which is normal to the contact
point, exceeds ty. The prediction equation for 1y, defined as the rolling contact fatigue strength for 107 cycles, is given
below (Yamanaka et al., 2012):

1.56(Hv +120)

(W)V6 (1)

T, =CX

where Hv is Vickers hardness and area is the projected area of an inclusion onto a plane perpendicular to the evaluation
stress. Coefficient ¢ is assigned the value 0.97 on the basis of the rolling contact fatigue strength found in a preliminary
experiment using rollers with artificially induced defects of determined dimensions.

3. Simulation of rolling contact fatigue strength for traction drive elements

3.1 Simulation procedure

Figure 1 is a flow chart of the proposed simulation of the rolling contact fatigue strength of the traction drive
elements (Narita et al., 2014). We begin by constructing the simulated virtual roller. “Virtual roller” means a computer
model of a roller containing the same distribution of inclusions and surface hardness as an actual roller. As shown in
Fig.2, this virtual roller model is created by combining the two-dimensional layers in the axial direction. Masuyama et
al. (2002b) assumed an isotropic distribution of inclusions when evaluating the bending fatigue strength of a tooth root
of a carburized gear in a simulation, and approximated the distribution of inclusions in the tooth width direction by
combining two-dimensional virtual gear models in layers. The same method was used in this study.

First, inclusions are distributed in each layer of the virtual roller. Figure 3 is a histogram of the inclusion sizes
determined by the observation of a specimen. A test specimen was made of pre-quenched Japan Industrial Standard
(JIS) SCM420H. The bar stock, used to build the test rollers described below, was cut with a fine cutter and buffed to
create the specimen. The number of inclusions and the surface area of each inclusion on the surface of the specimen
were measured under a digital microscope (Keyence VH-8000, 2.11 megapixels). A total of 600 mm? of surface was
examined. According to the research on SUJ2 by Murakami (2000), inclusions less than Jarea =2 pm do not affect
the fatigue life of a roller; that is, such inclusions do not become the initiation sites of failure. In view of that report and
the limits of precision of the digital microscope, we decided not to measure inclusions less than the size of 1 pm?. It
should be noted that the greater the inclusion size, the lower the frequency of occurrence. This distribution of inclusion
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Fig. 1 Flow chart of simulation.

dimensions followed a composite Weibull distribution. The following equations provide the composite Weibull

distribution:
Y =1n(lnl_;(t)j=ml Inz—my Inm, (0<F(r)<d) 2)
Y, =1n(1n1_;(t)J:m2 Inz—my Inn, (6<F()<1) 3)

where F(¢) is the cumulative distribution percentage, m is the shape parameter, m is the scale parameter, and J is the
separation parameter. In this study, the Weibull random number was t =y area . As can be seen from the equations, the
plot of Y with respect to In ¢ is a linear function. We can obtain m and m from the slope of the line and the intercept,
respectively. The separation parameter 6 in Egs. (2) and (3) can be found by using intersection ¢, of the two above lines:
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Table 1 Weibull parameters.
Weibull parameter m1; 1.158
r Weibull parameter m, 0.611
i Weibull parameter 1; 2.886
Weibull parameter 1, 0.648
[ Boundary 7. 15.34
ot . el NN Density of inclusions [/mm?2] 100
1 10 100

Size of inclusions vyarea pm

Fig. 4 Weibull plot of distribution of inclusions shown
in Fig.3. Its parameters are presented in Table 1.

Figure 4 combines the Weibull plot of the measured inclusion area +area shown in Fig. 3 and the linear
approximations of these results obtained from Egs. (2) and (3). Table 1 provides the Weibull parameters obtained from
the linear approximations. To obtain the reciprocal functions of Eqgs. (2) and (3), we find:

(=l (- FO)] )

Uniform random numbers were applied in F(¢) over the semi-open interval [0,1) to numerically obtain the Weibull
random number ¢ = +Yarea . These random numbers were used to randomize the locations of the inclusions. This
process allowed us to create virtual rollers that have the distribution of inclusion dimensions and density found in the
actual material. Inclusions were placed in each layer of the virtual roller by the same method, and their locations were
recorded in terms of depth z beneath the roller surface and angular location é in the circumferential direction. It must be
noted that in a few rare cases, huge inclusions were generated. These inclusions lowered the fatigue strength. In such
cases, the maximum value areq ,,, = 51.6 pm for the inclusion area was estimated with the statistics of extremes
(Murakami, 2002) and used as the upper limit of the Jarea of generated inclusions (Narita et al., 2013).

The spacing between each layer in virtual roller is set at the mean distance between inclusions so that the model
would be equal to the inclusion density of the actual material. The determined inclusion density from the observation of
a specimen was 100/mm?. The mean distance between inclusions calculated from this density is 0.1 mm. On this basis,
the layer spacing in the virtual roller was set at 0.1 mm.

Using Eq. (1), we next calculate the rolling contact fatigue strength in the vicinity of an inclusion. For hardness Hv,
required in this equation, we applied the values observed from the actual rollers before use for the fatigue test. The
material was carburized SCM420H. Figure 5 presents the measured hardness in the depth direction. The maximum
hardness H, was 725 Hv, and it occurred at a depth of d» = 0.15 mm below the roller surface. The surface hardness H,
was 667 Hv, the core hardness H; was 430 Hv, and the effective case depth der was 0.7 mm. We applied the
approximated hardness at any depth z (Narita et al., 2013) obtained from observation of actual rollers:

Hv=(H, —H3)exp{— Alz—d, )? }+ H,y (6)
1 Hl—H3J
A=——In| ——= d<d
dy’ (Hz—Hz — (7
A=- ! 21n(550_H3] (d>d,)
(degr —dp)” \Ha—Hj
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The approximated curve of hardness Hv according to Egs. (6) and (7) is also shown in Fig.5.

Next, the shear stresses T, occurring in each layer of the virtual roller are calculated by using the commercial
boundary element method program TED/CPA (TriboLogics Corporation) (Kakoi 1991). This program can calculate the
internal stresses in the roller occurring from frictional forces at the surface. Here, the friction coefficient, p = 0.12, was
set equal to the traction coefficient found in an experiment (Yamanaka et al., 2012). Young’s modulus of the roller
material SCH420H is 207.5 GPa and Poisson’s ratio is 0.3. Particularly high stresses occur in the vicinity of the contact
point in Hertzian contact. To reduce the execution time, calculations were only carried out for the inclusions distributed
in the virtual roller within a depth of z < 2 mm below the roller surface. The calculation region for the stress
distribution was placed with its origin at the contact point in the area 0 <z < 2 mm in the depth direction and -5 <x <5
mm in the rolling direction. Rolling was in the positive x direction. The increments in the x and z directions were 0.025
mm and 0.005 mm, respectively. The coordinate system is shown in Fig. 2. Figure 6 provides an example of the
distribution of 1, at y = 0 under the contact force /. = 1800 N. The roller was the same shape as those used in the
experiment as shown in Fig. 7. The test rollers were cylindrical with a diameter of 60 mm. The drive roller had a
crowning radius 7. of 5 mm and the driven roller was flat. The vertical scale in Fig. 6 is double that of the horizontal
scale. This figure shows that 1, increases in the x > 0 region under traction force.

Finally, instead of rotating the roller, each inclusion is shifted toward the rolling direction in the stress distribution
and the rolling contact fatigue strength ty, calculated in Eq. (1), is compared with 1. Since the sign of t,x changes
about the roller contact point, |t,| is compared. Failure is assumed to occur when Ty < |1/, and the fatigue strength for
that case is recorded. When failure occurs from multiple inclusions, the inclusion with the lowest Ty, is designated as the
failure initiation site. When no failure occurs, the contact force F. is increased, the stress distribution is re-calculated,
and the comparison of the fatigue strength with |1, is repeated. Once failure occurred, it is transmitted to the
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neighboring layers, and the above procedure is repeated for all layers. The layer with the lowest F. at the time of failure
is then designated the failure initiation site in the virtual roller. This process is repeated for a given number of simulated
rollers, and histograms of the fatigue strength are output.

3.2 Results of simulation

We carried out above simulation of the rolling contact fatigue strength. For this simulation, 1000 virtual rollers
were created. The calculations were carried out while increasing the contact force F. in steps of 50 N.

Figure 8 is a histogram of the rolling contact fatigue strength t, obtained in the simulations. Here, 1, was
distributed between 650 and 840 MPa with a standard deviation ¢ = 35.4 MPa. Figure 9 is a normal probability plot of
the results. The figure shows these points in a linear curve, thus indicating that the results of the simulation
approximately obey a normal distribution. The rolling contact fatigue strength resulting in a failure rate of 50% was
calculated at 750 MPa.
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simulation and result of 14 S-N testing metod fatigue strength by simulation. Results of simulation
at 107 cycles. approximately obey normal distribution.

4. Rolling contact fatigue test of traction drive elements by two roller fatigue tester

4.1 Condition of experiment

Figure 10 shows the schematic of two roller fatigue tester employed in the experiment for obtaining S-N curve of
traction drive elements. The driven roller box mounted on the slide base can move to the radial direction of driven
roller. The loading arm pushes the rear of driven roller box, and a pair of rollers is pressurized under the given contact
force. Traction oil (ITF32, Idemitsu Kosan Co. Ltd.) is supplied to the contact point of rollers. The temperature of oil is
adjusted to 3135 K. Through the toothed belt, the three-phase induction motor under the base plate drives a drive
roller fixed on the input shaft. The rated speed of motor is 3000 min™!. The input shaft also drives the reduction gear
pair having a gear ratio of 45:46. Thus the rotational speed of driven roller become 2% slower than the drive roller. The
proximity sensor mounted beside the driven shaft counts the revolution number of driven roller. When a failure of roller
occurs, the acceleration sensor of driven roller box detects the vibration and the rotation of motor stops.

The shape of test rollers as shown in Fig. 7 and the bar stock used to build them are same as those used in the
simulation. The material was carburized SCM420H. To make the same quenching conditions, all rollers were quenched
at once. The measured hardness was shown in Fig.5. The compressive residual stress on the surface of rollers were 300
to 350 MPa. The surface roughness of rollers were Ra = 0.02 to 0.03 um. Under the condition of below experiment, the
minimum oil film thickness calculated by Hamrock-Dowson’s equation is more than 0.23 pum. Therefore the oil film
thickness is sufficiently thick for a traction drive.

According to the 14 S-N testing method (JSME, 1994), we estimate the rolling contact fatigue strength at the 107
cycles. The evaluation stress is maximum shear stress T,« max. This value is calculated by TED/CPA (Kakoi 1991) under
the given loading force. The step of Tox max is 45 MPa.
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4.2 Results of experiment

Figure 11 is the photograph of failed test roller at T,xmax = 1154 MPa and N = 5.98 X 10° cycles. We can see a kind
of flaking of several mm?. No cracks and pits was observed before this failure occurred. The upper and lower scars
surrounding this failure point were caused by the inertial rotation of motor; that is, the failure point on test roller
impacts the other roller, and the damaged point on this roller impacts the failed roller again. An equal interval scars
from 2% slip of test rollers support above fact. Figure 12 is the cross section of the failure point. A subsurface crack
propagated toward rolling direction, and a part of it flaked away. Therefore, the failure mode of this experiment was
considered to be flaking from the internal origination. The appearances of failure point on another roller were similar to
the mentioned above, and the depth of flaking was in the range of 0.1 to 0.5 mm.

Figure 13 shows the relation between maximum shear stress T, max and fatigue life N. The marker with arrow
indicate that the no failure occurred up to 107 cycles. The straight line is the regression line (JSME, 1994) derived from
experimental results:



Narita, Yamanaka, Kazama, Osafune and Masuyama,
Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.1 (2018)

& 1400

1300

1200

1100 fro-mmmmeeeeees N

108 107 108
Number of cycles to failure N

—
o
o
o

Maximum shear stress T, max M
S
[§)]

Fig.13 Obtained S-N curve according to 14 S-N testing method.
Fatigue strength in failure rate of 50% at N = 107 cycles is
1120 MPa with standard deviation of 50.8 MPa.

logN =a+BS (8)

Where S is the stress, and:

a =logN —BS 9)

(s, - 5 Jtog N, ~log M)

il (10)
> (s, -sF
i=1
1 8
log N =—> log N; (11)
8ia
-1 8
SZ—ZSi (12)
8o

Equation 8 indicates T,xmax = 1120 MPa as the fatigue strength in failure rate of 50% at N = 107 cycles. The standard
deviation of fatigue strength o is calculated by (JSME, 1994):

)

G:ﬁ\/éi(logNi—&—ﬁSi)z (13)

Using this equation, we obtain ¢ = 50.8 MPa.

4.3 Comparison with calculated result

The calculated o = 35.4 MPa was about equal to the experimental ¢ = 50.8 MPa. Though, there was 370 MPa
difference between calculated t, = 750 MPa and experimental T,x max = 1120 MPa. It is thought that the error is caused
by the following reasons.
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In the experiment, we adopted T,x max as the evaluation stress because the depth of failure initiation was not
determined. As shown in Fig.6, t,« changes with the depth z. If z is slightly away from the point of T, max, Tox shows
several hundred MPa decrease. Therefore, the determination of the depth of failure initiation will reduce the difference
from the calculated result.

Added to above, a plastic deformation of several um was observed in the early stage of each fatigue test. This value
has negligible influence on the shear stress distribution of rollers, but non-negligible effect on the hardness. Figure 5
also provide the measured hardness of test roller after the fatigue test. This result was obtained from the roller of which
failed in the condition of T, max = 1154 MPa. In this figure, we can see the increase of subsurface hardness, and
particularly, the 115 Hv increase of maximum hardness. The maximum hardness H>, the surface hardness Hi, and the
core hardness H; were 840, 750 and 450 Hv, respectively. This result indicates that the phenomenon like the work
hardening occurred under the contact force given to the rollers. Equation 1 predicts that t, is heightened as the
hardness Hv increases. Figure 8 and 9 also shows the simulation result of t,, by using the approximated hardness of
after hardening by using Egs. (6) and (7). The rolling contact fatigue strength resulting in a failure rate of 50% was
calculated at 850 MPa, and the difference between simulation and experiment was reduced to 270 MPa. Therefore,
including the hardening in the simulation will reduce the difference from the experimental result.

Furthermore, the current simulation does not consider the influence of compressive residual stress. As mentioned
above, the compressive residual stress on the surface of test rollers were 300 to 350 MPa. Taking account of
compressive residual stress into the simulation will reduce the difference from the experimental result. However, there
is a possibility that the compressive residual stress will change with the depth from surface of roller. In order to
improve the simulation, measurement of compressive residual stress in the depth direction is necessary.

5. Conclusions

The simulations of the rolling contact fatigue strength for traction drive elements was carried out, and the
estimation accuracy of it was compared with the experimental result. The experiment was carried out by according to
the 14 S-N testing method. The material of test rollers was carburized JIS SCM420H. The following results were
obtained.

(1) The calculated rolling contact fatigue strength in failure rate of 50% at N = 107 cycles was 750 MPa with standard
deviation of 35.4 MPa.

(2) The rolling contact fatigue strength of 1120 MPa with standard deviation of 50.8 MPa was obtained as a result of
experiment. The failure mode was considered to be flaking from the internal origination.

(3) The calculated standard deviation was about equal to the experimental result. Though there was 370 MPa
difference between calculated and experimental fatigue strength.

(4) Including of the hardening of roller and the influence of compressive residual stress in the simulation, and the
determination of the depth of failure initiation will decrease above error.
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