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Saving Energy with Transmission Technology for a Motor Vehicle

HEROREE(CXS U CCORIEDRAEIFIFD D TEL, kDTt IRILF—&
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Transmission technology has been reviewed in this article from the viewpoint of global
saving energy. Importance of saving energy is firstly emphasized for sustainable world

:”S ﬂ?gk % 95 not only because of global heating but also of equilibrium situation on the earth in
Haruo HOUJOH history. And future automobiles assessment in the next 25 years is briefly introduced
BT EAS which forecast no promising system among various solutions for reducing fuel economy.
a2 T TR Secondly, required energy consumption of a motor vehicle is discussed based on
TOKYO INSTITUTE OF Newtonian mechanics to clarify the roles of both engine and transmission. It leads that
TECHNOLOGY although improvement of the engine performance is primarily essential but transmission
Precision and Intelligence : - : ; :
Lol play great role in achieving high performance with respect to better fuel consumption

and good drivability. Then some key aspects for improvement of energy consumption in
transmission are briefly reviewed. Finally, re-using of transmission units or parts is
suggested to become on of effective ways of saving energy.
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Technical Trend and Development Products of Constant Velocity Universal Joint
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Constant Velocity Universal Joint (CVJ) came to be used for drive shaft and propeller shaft of the
vehicle widely, and it has been used for approximately 100% of the domestic car. The performance of
CVJ improved greatly with the evolution of vehicle. This paper will introduce the technical trend and
the development products (development parts ) of the recent CVJ for drive shaft.
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Fixed Constant Velocity Joint with Super High Operating Angle of 54 Degrees (TUJ)
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NTN Corporation has succeeded in developing a fixed type constant velocity joint named TUJ with
the world highest maximum operating angle capability of 54 degrees for automobile drive shafts.
TUJ will allow four-wheel drive(4WD) and front-wheel drive cars a large steering angle to enable a

minimum turning radius.

This paper reports the summary of the concept ,design and characteristics of TUJ.
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Measurement of Internal Forces of Ball Fixed Constant Velocity Joint
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In recent years, precise measurement of internally acting forces in constant velocity joints (CVJ)
has become important in order to meet requirements such as lightweight, downsizing, and high
efficiency. The internally acting forces of a plunging-type CVJ have already been clarified both
theoretically and experimentally. On the other hand, with respect to a ball-fixed-type CVJ, its
internally acting forces have been analyzed by employing a dynamic numerical simulation, although
experimental verification has not yet been achieved. In this study, a new test rig is developed in order
to measure internally acting forces in a ball-fixed-type CVJ. The measured results are in good
agreement with those obtained by the dynamic numerical simulation. Additionally, we demonstrate
the influence of coefficient of friction and clearance between cage and surfaces of inner and outer

rings on the internally acting forces.
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Details of lubricants and cages used
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Technical trends and development products of axle bearing

LA & E* Kiyotake SHIBATA
5\ 2 F* Takayuki NORIMATSU
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Demands of lighter weight, more compact and lower friction for automotive parts are increasing

rapidly on purpose to improve fuel efficiency.

NTN has developed various products in order to meet these demands. This report introduces these

actions for axle bearing.
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Development of High Resolution Sensor Element MPS40S
and Dual Track Magnetic Encoder for Rotational Speed
and Position Measurement

Pascal DESBIOLLES*
Achim FRIZ*

Higher precision and resolution requirements for rotational speed
and position sensors in automotive and other applications lead SNR to
investigate in the potential of their ASB ®-Technology, where
magnetic single track encoders have been integrated in wheel
bearings and serve together with small active sensors for detecting the
speed of each individual wheel of a car. Such information is used for
ABS?, ASR®, ESC* and other car systems.

Based on this well proven technology, which is installed in over 50 million cars now, SNR has developed
two new basic components to improve the performance of such sensing systems. The magnetic sensor
ASIC % MPS40S in combination with a new dual track magnetic encoder provides high resolution speed
and incremental position signals, with direction of rotation and additionally the possibility of reference or
index signals for absolute position determination.

ASIC and Magnetic Encoder s

BEEPMOSE COEMEERVEEAT Y YCHY 2EEE - BOBEZERICHMLU, SNRTIFSNRMBEDASBOEiDEAAZEIC
BHATWS. AEffil, KA —ILBRICABENEY VIV Sy IDBRIY -5 &, BHEOSERDEEZIRNT D/\ET U
T4 TRV EHBEDE THRETHEDTHD.

SPETHAZHR DECERHSNTHRIBEREZIDASBOEfIZER—R(C, SNRTIFTOEIY « YT LADOMEEZENET 52 D05
TeFEABRZRFE U, Bty YERF MPS40SZHLWTF a7 Sy IMKIY I—F EHBEDEDTET, BHBREITEE
CENEES, EAE, ECHENOERAZRET DDA YT v IRESHREENS.

situations. The performance of the latest sensor

development is presented in this paper as well as a
The industrial developments go more and more into short overview of the technology.

electric devices and even traditional mechanical

1. Introduction:

systems become-electrlcally assisted, such as manual a— ASIC MPS40S
gearpoxes, stegrlng systemg etc..... So the !qeed fo.r Magnetic Encoder
precise and reliable sensor is continuously increasing.

At the same time the cost factor becomes more and | 1

more important. Since SNR has introduced the ASB ®
Technology for wheel speed detection in cars, which
became a world standard now, the research efforts in l

that domain have lead SNR to develop not only
magnetic encoders with better magnetic material and
higher precision, but also sensing elements in order to
implement more functionality in the Sensor Bearings.
At the SNR Mechatronics Department in Annecy,

Fig. 1 Section of high resolution sensor bearing

1) Representing "Active Sensor Bearing" named by SNR.

France, basic developments and research programs 2) "Anti-lock Brake System".

are conducted especially for magnetic sensor devices 3) "Anti Slip Regulator” or "Anti Skating Regulation system"".
as these are seen as robust and cost effective 4) "Electric Stability Control"

solutions, which can work even in harsh environment 5) "Application Specific Integrated Circuit".

*SNR Mechatronics Research & Development
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2. Sensor Components:

2.1. Magnetic Encoder

At the end of the eighties, SNR developed a first
magnetic multi-pole encoder, which was integrated in
a sensor bearing. Meanwhile such encoders are to be
found in many different sensor bearings typically in
combination with standard Hall or MR elements. This
was one of the basic components of the ASB ®
system. The qualification program for the magnetic
encoders especially for automotive wheel applications
proved the robustness of the design; none of water,
salt, mud or small metallic particles could disturb the
quality of the signal. Today SNR is introducing a new
generation of magnetic encoders with a second track
in the same space of the single track encoders. With
the second track it is possible to put one or more
reference points on the encoder, which indicate an
angular position of the encoder. The magnetisation
process has been adapted for such dual track
encoders, as the magnetic field has to be well
controlled in order to minimise the influence from the
magnetic poles of the reference track to the high
resolution track. Fig 2 shows the different types of
magnetic encoders and the corresponding magnetic
fields. Following the points (D to (6) show the variation
of the magnetic field strength, which is seen by the
sensor. Standard Hall or MR (magneto resistor)
elements cannot interpret such field configurations
and would lead to a false signal. Therefore SNR has
developed a new sensing element which shall be
described paragraph 2.2.

In Fig 3 is shown how the magnetic poles look like
on a real encoder. At the inner circle of the magnetic
encoder the poles are all the same size. On the outer
circle this is not the case; the red points indicate the
positions where the reference pulse is generated. The
poles are visualised with a special magnetic film, so
that the two tracks with the phase shift change
between the poles can been seen easily. Furthermore

Single track encoder

Dual track encoder

Fig. 2 Scheme of single and dual track encoder
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it is shown that such phase shift changes, resulting in
a reference pulse signal, can be put on every single
pole pair of a north and a south pole. The poles are
separated by a straight transition line, when a signal
shift from 1 to 0 or from 0 to 1 is implemented. On this
sample a special pattern of 65 pole pairs is
implemented. The position of the reference pulses has
been calculated according to the application
specification. Theoretically it is possible to put as
much reference pulses as pole pairs on a magnetic
encoder of this type. SNR developed a special
magnetisation process to improve the pitch error that
is very important for such a device. The phase shift of
the transitions over one pole pair in Y/Z direction is
depending on the calculated nominal airgap (X
direction) in order to get acceptable mounting
tolerances. Field simulations helped to optimise the
magnetisation tool, which is specific for different
reading diameter and airgap. The standard
magnetisation tools do not provide sufficient precision
for the dual track encoder.

2.2. Magnetic Sensing Element MPS40S

The magnetic field sensor ASIC MPS40S integrates
a first array of Hall elements for high resolution
purposes and a second array which reads the second
track of above described magnetic encoders in order
to create reference pulses. On the MPS40S block
diagram, Fig 4, some of the features are directly
shown. In order to make this device as flexible as
possible, some features have been implemented
which are patented. The MPS40S can read a wide
range of magnetic pole widths, which is new

ek

Fig. 3 Magnetic encoder with reference track
and signal status
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compared to magnetic wheel speed sensors, the pole
size can be programmed which makes the reading
even more precise. A very special interpolator block
on the die of the MPS40S allows raising the resolution
over one pole pair. The interpolation factor is also
programmable as shown in Table 1. Furthermore the
MPS40S provides the direction of rotation from 90°
phase shifted signals A and B. In parallel such
magnetic encoders, which may be integrated in a
bearing seal, have been designed by adding a second
magnetic track in the same envelope of the series

product. The second track is read by the MPS40S
simultaneously and provides angular position
information of the magnetic encoder. The
magnetisation process is done in a way that even
existing designs of magnetic encoder seals can be
magnetised with the new dual track for existing
product improvement. In this case only the sensor
head has to be adapted for integrating the MPS40S.
For a better understanding the signals are shown in
Fig 5, where the analogue signals input from both
tracks are compared to the digital signals. Reading

Fig. 4 MPS40S block diagram

Table 1 Interpolation factor programming table

Interpolation 1x 2x 4x 5x 8x 10x 16x 20x 32x 40x
Pulses V) 32 64 128 160 256 320 512 640 1024 1280
Edges 2 128 256 512 640 1024 1280 2048 2560 4096 5120
Resolution 3) 2.8° 1.4° 0.7 0.5 0.35 0.25° 0.18° 0.12° 0.08° 0.07°

1) Based on a 32 pole pair encoder

3) Resolution, when using all edges of the signals

2) Number of raising and falling edges of the signal output lines

/

N 5

s LML

Ol

N\
L~

w1

Fig. 5 MPS40S signals
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from left to right is the clockwise direction and from
right to left the counter clockwise direction of rotation,
in any case the reference pulse comes at the same
position by internal comparison of the high resolution
input and the reference input.

Features of the MPS40S combined with Dual Track

Magnetic Encoder:

® Non contact sensor concept

® Compact design, smallest reading diameter:
¢ 35mm

® Temperature range: -40°C to +125°C

o Compatible with harsh environment, dust, mud,
water, oil ...
A lot of tests have been done, when this encoder
material has been qualified for automotive
applications such as encoder for wheel bearings in
cars. All car manufacturers have released our
products for such application.

® Wide range of magnetic pole width: 1.15mm to
6mm, with a pitch of 0.02mm
Over the pole width, combined with the interpolation
factor, almost all resolutions can be achieved. The
pole width is programmable.

® Flexible design of magnetic encoders, number
of pole pairs, ...

e Automatic Airgap Adjustment, within the
detectable magnetic field (=5mT)
In case the detectable magnetic field becomes too
small, the MPS40S sets an alarm.

® Programmable Interpolation Factor: 1x to 40x
The different interpolation factors are shown in
Table 1.

® Direction of rotation information
By reading the A- and B-signal, which are 90°
phase shifted. The raising edge which comes first,
whether on A or B indicates the direction of rotation
(shown in Fig 5).

® Reference pulse information (1 or more on the
magnetic encoder)
The MPS40S compares the magnetic fields of both
tracks, shown in Fig 5. On the C-signal line a pulse
is sent, when at the Zero-crossing of the A-signal
the positive field of the RP-track is above the
threshold, as shown on the red line in Fig 5.
Obviously this can be repeated on every pole pair
on the magnetic encoder.

o Self diagnostic features integrated in the
MPS40S
As already mentioned, the MPS40S can detect
failures concerning the magnetic field out of the
detectable range, but also internal failures. In this
case the MPS40S sends a failure message via the
three output lines.

o Test bus, for application development purposes
The output of the test bus is programmable for
analogue and digital signal readings.

e AEC Q100 qualification

3. Applications and some examples:

Such a sensor concept can be used in many
industrial applications, where speed and position have
to be measured on hollow shafts or where the end of a
rotating shaft cannot be accessed. As the sensor head
is very small and the encoder can be integrated in any
rotating part, such as a bearing, applications with
reduced available space may be interesting as well.

Steering Angle Sensor, a joint development with

Continental Automotive Systems:
Sensor and encoder may be separated or
integrated, both designs are under development.
First series production developments have been
started. In Fig 6a the separated version of the
steering angle sensor is integrated lower part of the
steering system. This is the most effective design in
terms of space and cost and it can be even
improved if the magnetic encoder can be integrated
in a bearing, which is shown in Fig 7. Therefore the
bearings must have a section, which is big enough
to get the encoder, and there must be a "window" to
this section where the sensor can read the two
magnetic tracks.
For more conservative designs the angle sensor
can be packaged in a plastic housing, where airgap
is controlled by internal design, shown in Fig 6b.
The sensor is mounted with screws and the steering
shaft goes through the sensor. This takes more
space and makes replacement more complicated,
as the steering shaft has to be disassembled.
Compared to this, the separated design is more
convenient as the electronic part of the systems can
be taken out easily and the magnetic part, which is
mounted to the steering shaft, is not affected. In
each case the sensing concept is contactless and
does not add any torque to the steering system,
neither any noise. Both points are very important for
such applications as noise and torque are directly
felt by the driver.

EPS motor position sensor:

Sensor and encoder are separated; the encoder is

integrated in a ball bearing
The same sensor concept can also be used in the
rotor position sensor for electric motors and
actuators, such as EPS motors. Because of the high
resolution capability of the sensor, this application is
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Sensor with
MPS40S

Dual Track
Encoder

Fig. 6a Steering angle sensor
SNR/Continental automotive systems

Fig. 6b Steering angle sensor

Sensor with
MPS40S

Dual Track
Encoder

Fig. 7 EPS motor with sensor and encoder bearing

interesting, especially if no sensor can be placed at
the end of the motor shaft. The magnetic encoder
pattern on the second track is then designed to get
absolute position over one electrical period and
repeat this pattern for all pole pairs of the motor.
Patents have been filed for the special way of the
pattern layout for such applications. Even if the
sensor is not absolute true power on, with the
special pattern the absolute rotor position can be
determined within a small angle at power on and
from this point the sensor works like an absolute
angle sensor. The enormous advantage is again
space and weight saving compared to any resolver
technology. Furthermore if the motor design has to
be changed in terms of number of pole pairs on the
rotor, the sensor design does not change, only the
magnetic encoder gets a different magnetisation
and the programming of the chip may be adapted.
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The flexibility of the sensor with the MPS40S helps
to accelerate the development of new motors as the
programming is done through the Vdd pin. It is very
easy to test new configurations without changing
the mechanical environment.

High Resolution Sensor Bearing for Industrial
Applications

The demand for sensor bearings in Industrial
Applications is also increasing and the SNR
technology can be applied easily in the same way.
However the design should be more integrated to
ease assembly and therefore SNR created a first
sensor bearing design which uses all functions of
the ASIC and fits into ISO dimensions regarding
inner and outer diameter of a 6203 deep grove ball
bearing. This bearing is available as a prototype as
the engineering department at SNR prefers to
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develop such type of bearing as an integral part of a
complete system optimised for the final application
in terms of environmental requirements, assembly,
space and cost. Our experience shows that too
often a standard design does not perfecily fit in the
design of the application and we are forced to
modify the "standard" product. Today SNR has all
the necessary
components in
order to develop
rapidly the
product which
fulfils the
customer
requirements at
an attractive
price.

Fig. 8 Sensor bearing

Radial Sensor — Incremental High Resolution

Signals
Finally the last product developed as a standard
sensor without bearing, SNR developed the Radial
Sensor, which is also using the SNR ASIC. It
delivers incremental speed and angle measurement
signals. It is not foreseen that this encoder provides
the Reference Pulse signal output; however full
programming capabilities concerning pole width and
resolution are implemented. This sensor works
together with radial single track magnetic multi-pole
encoders, which can be found on the market. The
electrical interface is designed to work with different
supply voltages from 5 to 8-30V and the output
stages are realised as Push/Pull.

Fig. 9 Radial sensor

Photos of authors

4. Conclusions

The newly developed technology by SNR is mainly
designed for mass production systems, where the
focus is on reliability in first place and seconds the
cost. Hall Effect based sensor technology is proven in
industry since a very long time and the improvements
that SNR has integrated in the ASIC MPS40S make
full profit of that background. Furthermore the very
long experience in magnetic encoders for applications
such as automotive wheel bearings, where water,
mud, high and low temperatures are the normal
environment, is the perfect base for SNR, who
invented that technology and introduced it to the
market in 1997, to make the next step in magnetic
sensing technology. The very flexible combination of
both components by programming of the MPS40S and
adapting the magnetic encoders in terms of number of
pole pairs, size etc makes it easy to find a solution.
The engineering departments at SNR have all the
tools to develop the integration of such sensor devices
in many applications, even close to strong magnetic
fields from electric motors or other harsh environment
conditions. With all this benefits, this technology has a
very good market potential in many industrial
branches.

il
Friz

Pascal Desbiolles Achim

SNR Mechatronics
Research & Development

SNR Mechatronics
Research & Development
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Tube forming simulation in Generation 4 Hub joint
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CAE analysis is very useful for shortening the period of development and reducing the frequency of
development trial. To use CAE, accuracy of analysis is indispensable. In this report, we introduce the
improvement process of CAE accuracy in plastic forming that is NTN original method of uniting HUB

and CVJ.
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Development of In-Wheel Motor Type Axle Unit
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In order to respond to the global concern for energy-efficient and environmentally friendly electric
vehicles, NTN has developed the in-wheel motor type axle unit for forthcoming electric vehicles. This
unit consists of a high reduction cycloid reducer and a high speed axial-gap motor to achieve a
compact and lightweight design. In this paper, the prototype reducer and motor are evaluated
respectively, and the vehicle test results are introduced.
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Development of Electromechanical Brake
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The product launch of the electromechanical brake (EMB) system will be expected for further making
high performance the brake in the future. NTN has designed and been developing a new linear
actuator, which can be applied to this system. This paper reports on the configuration, the principle,

calculation method of the efficiency and experiments.
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Engine specification has been influenced by environmental and social situations. Nowadays, fuel-efficient are
demanded to reduce CO2 that makes green house worming. Especially, engine parts are needed to reduce
frictional loss and weight, affected by lifetime, to meet the standard of 2015 new fuel-efficient target. It goes
without saying all parts must have durability and reliability. This report says new engine parts product developed

by NTN about said requirement.
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Ballscrew unit for Variable Valve Event & Lift system
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The demand of fuel economy and clean exhaust emission is continuously increased. As for the technology to
contribute this demand, VTC, which makes it possible to change the timing between crankshaft and engine
valves opening, is well known. Recently, however, even though the amount of valve lift and event should be

controlled continuously for further demand for environment.

NTN has developed a new ballscrew unit, which reduces friction significantly and has good durability. The
ballscrew unit can control the electric actuator with higher efficiency and reaction time.
This article introduces the feature of the ballscrew unit.
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Development of the End-Pivot Type Mechanical Lash Adjuster
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NTN has developed the Mechanical Lash Adjuster (MLA) that can replace the conventional Hydraulic Lash
Adjuster (HLA). MLA, which applies buttress threads as the adjustment mechanism, shows excellent
performance in the fundamental functional tests on the valve-lift stability, valve-lash adjustment speed, and low-
temperature characteristic. From the durability tests, it is confirmed that MLA is capable of about 20% axially
shorter design in comparison with the conventional HLAs.
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Engine bench for functional tests
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Technology Trends and Development Products for Transmission
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[* Takahiro KANAMOTO
5% Takashi UENO
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1F #3** Masanori SATOU
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The transmission is an important functional component in which the rotation power generated by the engine is
transmitted to the drive shaft and the drive wheel. Therefore,high reliability is requested for the transmission

bearing.

In addition,the market request (low fuel cost = low friction and down sizing, lightening, and long life) increases
from the responsible concern for the environment in recent years, too. It introduces the development product of

NTN that satisfies these requests here.
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NTN rolling contact fatigue test rig for ball bearing
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x2 F#Z6206(CHITDEVEANEBRY FOEENIF LRGSR
RCF (rolling contact fatigue) -life test results of 6206 under contaminated lubrication

AL L% | L& | LioFeLL _ Lo#el
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X3 FERE206DMERME (0.05mMMRSMUEICT)
Metallurgical properties of ball bearing 6206 (0.05mm depth from surface)
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The RCF (rolling contact fatigue)-life test results of 30206 tapered roller bearing under contaminated lubrication
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Metallurgical properties of tapered roller bearing 30206 (0.05mm depth from surface)
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Dynamic Analysis for Needle Roller Bearings Under Planetary Motion
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A dynamic analysis tool for needle roller bearings guiding planet gears in planetary gear systems had been
developed. This tool is a two-dimension analysis considering three degrees of freedom of motion of both rollers
and cage and two translational degrees of freedom of motion of planet gear on their radial plane. In addition,
elastic deformation of the cage can be simulated using a Component-Mode-Synthesis method in order to

evaluate cage stress.

Numerical results on the maximum principal stress of cage using this dynamic analysis tool indicate that effect
of planet gear orbital rotation speed on the cage stress is higher than that of planet gear rotation speed and the
maximum cage stress is in nearly proportion to the square of the orbital rotation speed. The reason is that stress
on the root of cage bar increases in the unloaded zone due to supporting a roller centrifugal force induced by the
orbital motion of planet gear. In addition, relatively high stresses of the cage were observed in two follow cases;
roller just passing the load zone and accelerating due to centrifugal force collides with the front bar cage bar
contact force due to a roller in the load zone equilibrates with cage moments generated by rollers in the

unloaded zone.
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Micro HL Tapered Roller Bearing
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With the viscosity of the oil used in automobile transmissions and differentials being steadily reduced, oil film
parameter lambda is falling below 0.5 (VG10 oil used). In order to handle such increasingly severe lubrication
conditions, NTN has developed “Micro HL(high-lubrication) tapered roller bearings.”

Micro HL treatment forms finer dimples in the metal than conventional HL treatments and maintains surface
roughness equal to super-finish. Thanks to the micro oil pot effect, adequate oil films can form even under the
severe lubrication conditions of lambda 0.2 to 0.5, conditions under which it is difficult for oil film to form. This
process, therefore, maintains calculated service life by reducing lubrication limitations.
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High-speed Thrust Needle Roller Bearings
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NTN corporation(hereafter NTN) has developed a high-speed thrust
needle roller bearing to enable 1.5 million dun value to meet the high
speed requirements of high powered electric motor units for hybrid cars

and the multiple gear range of automatic transmissions.
In recent years, high-speed needle roller bearings have become
required for high powered electric motor units for hybrid cars and the multiple gear range of automatic

transmissions in the pursuit of more fuel efficiency vehicles.

NTN's design features the following:

® Improved surface finish of the cage pocket contact with the roller end, while maintaining the conventional cage

configuration which has a good oil flow.

® Special contact configuration of roller end and cage pocket which does not affect roller movement.
® Point contact of the roller end and cage pocket at the center point of the roller end with low circumferential
velocity is made possible by the configuration of roller end curvature.
These features enable to curb the wear and seizure of the cage, and improve the permissible rotational speed
from the conventional 860,000 dmn to the world's highest 1.5 million dmn. In addition, the temperature rise at
high-speed operation is reduced by 36% in comparison with conventional bearings while the lubrication reliability

is improved.
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Technology trends and development products for accessory
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In response to the demand of environmental correspondence,high performance, etc. for automobile, NTN
developed the accessory products which contribute to long-life, high performance, light weight,and compact .
In this paper,we introduce the structure, the feature, and evaluation test result of these development products.
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Grease properties
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Development of Long Life Grease ‘NA103A’ for Automotive Components

ThRBELEBIT,
BETIER UTCHABR INAT03A] JU—ADHMICOVTENT 5.

~—

I 43

Z* Takayuki KAWAMURA
L+ EE

123
Z {E* Hidenobu MIKAMI

BEEOERMHERICERATNSENDHMBE, FLAREIEL, SEERE
[CE5ENTVD. EDeth, MRICHATNDIU—RICE, tAEELR
LT, BERICELVLSEMA M EMiESEE <BEMNEREIND.

AECTIE, ERICER U1=—JMRMEEE <BEDERE COBEIRGEIC DL
ERITY—R7%Z, BEFBRAMZTTROSNDH50D1

Recently, as automotive components have become progressively more compact, ball bearings are required to
operate at higher temperature, rotational speed and load.
In such cases, grease life and brittle flaking life have become more critical in determining the bearing’s overall

life than rolling contact fatigue life.

This report presents a novel and unique method to generate brittle flaking in a short time, and also introduces
newly developed grease NA103A for automotive electrical instruments and auxiliary devices.
NA103A is greatly improved on the common greases, including enhanced endurance ability under high

temperature and anti-brittle flaking ability.

Moreover, this grease excludes hazardous materials such as sodium nitrite and barium compounds etc.
NA103A is expected to be applied to several kinds of automotive applications.
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Cross-sectional view of tested bearing
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Estimated mechanism for brittle flaking of bearing endurance test with electrical
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KEEBHS(STLE) 20064 Captain Alfred E. HuntE
5 3REHIC KDEZHMD T AHDIEHENDDERE*

Crack Propagation of Rolling Contact Fatigue
in Ball Bearing Steel Due to Tensile Strain

B £ Z2* Noriyuki TSUSHIMA

Crack propagations or failure modes in rolling element bearings, which had been difficult to explain
via conventional crack propagation mechanisms such as the orthogonal shear stress mechanism,
were discussed from the viewpoint of a tensile strain mechanism. Contact stresses are compressive
in three axes, whose values differ from each other, then strain can be tensile in one of these
directions, acting at a right angle to the direction of the maximum compressive stress. A crack is
considered to propagate by this tensile strain. When contact stress is small, a crack produced by
some cause can propagate by this elastic tensile strain. When contact stress is large, residual
tensile strain is produced by plastic deformation, which can also influence the crack propagation.
Several failure modes of rolling element bearings, which had been difficult to explain, were explained

by tensile strain.
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Sia7ZBasich SFortranlCEE UIch, ABEMEZE
BFELUTVEL., COTOIIALTIE, 1REfREE
THEUBHAICH L TBoussinesgDXZAL, R
DEUEICBIFDINAE, NVYDDHmEEICHEHETD
KOCBHD I REFHEEZSZ, TDEETDKRLD
JBHZEMAGHLEDHDTHD. BUHEHTEF, i
([CK&femAICw L TMerwin&Johnson'® DFL
[CEUTITD. DAL, MERD mZEtERE
IHEE, FEROBEICH O TULAONEBXL, 6O
DRI DE MR Z R 18, RZEILAHPrandtl-
ReussDEHENEMRICHEDOCEILTDEL, &1L
BDEZBUHRENNETDE, HERENIESEMHE
REDNDEDENKBITHS. BRERICIE, T2
PO ABEEHABIDERFIZDERERT, FSHODIE
BNz CAH D A[SE KUEABEOKEILIICER
LT, BBELTWS. LhUELS, 2070754
TlE, CORSHEADZEREILNAIFROERICELID
WOFEEEHAEORBRAICERLEL. LT,
FREHBDEREINNZEETDH. TDOFIEICKD, 5
BHRLREUCEWVD . FeZ—TRADEHR onZ
BREREIMAIL D k TR UTCBDW3Z B A o & E(CEBME
e dEL, BERERDIFEEREINICVE/
onZT’EFHEVDBEL T EZNOfc. KHEILIE
BICHNTDHIDEIEICKD, BIEFULDBEEICIFHD
aEvAo)ILERDEaREYA Z)ILDOEBTAREL[ESD
WeEHERRALE LI EWL D9,

EERZIE, CTADDABZExE (x50), 56 %EyE

(yAam|), REHEZz# (z75m) Eufe. €U,
PIZ ExyEETA S EyMD BT dEZE D . &
fERORMY R Za, BHMFRZVETD. HERE
(Fx=-2.000"5+2.00F TTHD. KDILEIE
BIMRRE AL b CTRRU CHURITTIEL CHED , KDIZE
HCF P IRZFRUT, WHDBAIREL CHRR
L. BB EZESICUic. @EDXHEIClE,
MEREFEHDECTEL, IWETERRSNTWVD
5 THD. BEAUCERHE DY REE K IN 77 (3H
1GPa (B#DESRAREAINS] k (FEREIDS FRIFR DT
ZV3TRRUTCIEICTED) THBDHDT, UTDRITRK
SNICIEIFGPag & E X TRL.

3. SIEREFEHICLDENDERS]

CCTIIEIREHCRDETNDERDEHAL LT,
ADDIHRDEFHWIBZTT . NS ro/FEDIE
BOANZALTIFSHANELWVDDTHS. mERH
R, #8, TERUEBZRTICORY.

U2 I3 A Okl & FIEk

¢ B0V VIR DREICTFHXBE RINIZSA
BWTIANDEFABZTOIHBEIE, FHEDOKRE
SICED ST, RIBEREIERBECH DN, FHIXES]
RIDNESACIAHRDEFABZITOE, FEDHN
SVEERFENICED, FEANARKEVEE(SHIBED
[CEDERRNDD. HBEEFICENAEUEU VTR
FONER=ZE N (TRT .

CNSDREDBIBEEDOSHE LT, B2 (a),
(b) [SRUTEXKRICKRDIXEINITAED S, EEHYI
SOV (B2 (a)) [FEBEEIGHDERFNE <,
KREICFEEUCENDIEREBNERAIBECTH DN, o

K1 AR CTETUTCE BREH T KD ENDERDE
Examples of crack propagation analyzed by tensile strain in this paper
Bl HEAESE (D HFERE E @FED | a/b | Pmax(GPa) [ XD | B B | AXR (X#k)
U2 (sud2) Uz (suJd2) s I
Al S 2 50mm, o 2 53mm, 16 ig U ﬁyi;ﬁ HAEE
Bl © 50R Bl | 50R : "
U~ (SuJ2) > (Sud2) 3 : :
B| % #&: 50mm, S 1% : 53mm, 1.0 5.0 L ﬁyi;ﬁ Eﬁﬁ4
B  25.0R BIHR=E © 26.5R i
c| FM=es osoE (Su2) | 55| 20 |mL|ou—z | [
HREC 28523160 —_— _— ®7
D WE (SUJ3) KEC 5 (SUJ3) 54.0 2.0 BHL | JU—=X (13)
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BHRAREVE (B2 (b)) (&, REBEMRILIDERT
DT, REABDENDIERDBITON, FEECE
DT EMNBRENTVD Y. UL UEDSHEE,
ENDOERICDOVCOEENFEHRIFRE Ch o,

Rolling direction —

10mm

- '
Prmax=3CGPaCaER LU CHEE LY \/ggit):‘!_] D
Fracture of ring specimen tested at Pmax=3GPa

E

e e arEnt sl Circumigreniagl

i ||-_|i- e dh @) . _la:q. —— el
£ #
:E'?E';(E\ﬂ-n - 30 ¥
.!'T _.'-l/';._._. a '_A:|_." o4 o8 Q8
% o Q4 T8 DN 4 I-_n'pth Sadaw murface
5 Drpil Balow fufTedE lIII & Imh‘hl
= H {memnl -d L
] Ih' =
. A - &0 \.: "':r;,-’
i ] i
B | L,
& «50 X 1) Vg
[ () {hj
B -

2 (a) Pmax=3GPa, KU (b) Pmax=4. BGPa kR,
XERRAIE UTe U > TR OB ham! D
Residual stress distributions of ring specimen measured
by X-ray

&2 TOHEBILNZESZAEWVY Y THEDRIID
([CRDEME FDINIETE
(BtB%H: Pmax=3.0GPa, rS1= 0GPa, RS2=0GPa,
a/b=1.6)
Calculated stresses under contact surface for ring
specimen not given residual stress

2/b ox oy oy, To T45 oul/3
0.01 | 252 | -2.26 | -3.18 0.14 0.33 0.48
0.1 -1.99 | -1.88 | -2.98 0.46 0.50 0.61
0.2 -1.54 | -1.54 | -2.92 0.62 0.69 0.80
0.3 -117 | -1.26 | -2.82 0.68 0.83 0.93
0.4 -0.88 | -1.02 | -2.70 0.69 0.91 1.02
0.5 -0.65 | -0.82 | -2.56 0.68 0.95 1.06
0.6 -0.48 | -0.66 | -2.41 0.66 0.96 1.07
0.7 -0.35 | -0.53 | -2.25 0.63 0.95 1.05
0.8 -0.25 | -0.42 | -2.10 0.59 0.92 1.02
0.9 -0.18 | -0.33 | -1.94 0.56 0.88 0.98
1.0 -0.12 | -0.26 | -1.80 0.52 0.84 0.93
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LIF, CNISDWVT, 5I5REHCKDERAZH ;S .

K2 E3lEPrax=3.0k (=3.0GPa) TIZAHDEfh
IHEE, RYIDEBFERICHITD UV IHE DERED
hiRER (x=0, y=0) DOx¥AE, y#AE, 85E
DISA ox, oy, 0.&, RRBRIGTT cusB KD 70,
UC=—CADIEHEINS 0,7Z2vV3 TR U BOET &R
R=ERT .

CADDEFABRTE, UV IRF (SEBDRUNE
ZEL, ZOWLWDOICIFEBORNIEE, S=EM
BICKDKRBZSRTHREL, REICS5I5RD DXEBN
NES5A e, RFEEHDIEZ U IR D177
Y. R3IE, FTHTANDAMBICSIREBIGA
RS1=0.4k (=0.4GPa), #AM@IC5IRZEINAN
RS2=0.2k (=0.2GPa) Z=5A ik D IstBER
ZNd . RS1, RS2D(BIFE2 (a), (b) DXIRAIER

RDOHELE. BBCOFARTIFEARBALL(E
a/b=1.6THDDT, 5&Fa/b=1.6TITolc. RS

z| S AREFIREE - 20 ChR U TR IT(E LTS .
RKERIZHEBINE, BURSICHBWNTr,DIE
(FE—THDH, MDLSIEIFEEDTVND. HEIL
NDOFEICERERIC (DEIFBUTH SN, KEEAE
FEEODTVND. DT, to NENDDERZAL
HTWC EFBRSNTHD.
ZTNZNPrax=3.0kBKU4.6KkTT AR DEHL
e EEDERBRNIDETE/RZRA (a), (b) [IRT.
#HHBDNME (TEDOBYER) (CKD, BEILID
BIFELEHDT, B2OXRAEEBEELLETDIZHIC,
EPEE D XIRIRAEEAD SDIL/IFEMEICIEL)

X3 TOEBLHZESZ UV IR DRIIDETRE(C
KDEME FORNEE
(Bt&=%M: Pmax=3.0GPa, RS1= 0.4GPa,
RS2=0.2GPa, a/b=1.6)
Calculated stresses under contact surface for ring specimen

given residual stress

2/b ox oy oy, To T45 oul/3
0.01 | 212 | -2.06 | -3.18 0.14 0.53 0.49
0.1 -1.59 | -1.68 | -2.98 0.46 0.69 0.62
0.2 114 | -1.34 | -2.92 0.62 0.89 0.80
0.3 -0.77 | -1.06 | -2.82 0.68 1.03 0.93
0.4 -0.48 -0.82 -2.70 0.69 1.11 1.10
0.5 -0.25 | -0.62 | -2.56 0.68 1.15 1.05
0.6 -0.08 | -0.46 | -2.41 0.66 1.16 1.06
0.7 0.05 -0.33 | -2.25 0.63 1.15 1.05
0.8 0.15 -0.22 -2.10 0.59 1.12 1.02
0.9 0.22 -0.13 | -1.94 0.56 1.08 0.98
1.0 0.28 -0.06 | -1.80 0.52 1.04 0.93




T s I S WA D T D1 DR E O OER

EE L Cy=0.5aDECHDINFERBRZRUIC. CEDDND. —7. HMUSIREHE LETDREN
RRAF T DD T30 (x7310) D¥XEEINTI, RRyFETTE) (0.30GPall L) OT, COmHM5IREHICKD,
(y/3m) DFEBIRITHD, KRTIEZNZNEIMEEAR ENDIEREHEITERAETH S . HM5 REHD
SN ETERULT, BRITIELTVS. INSDEIR, AEE, z=0.1 TmmlETIE, EMROBEICH D
BEEFE O EIAIOE UTTIRRED D WFEIA (ST <, 2L T, BIRIF-30° 1'5+30° FTEILTDHDT, &N
BOBEHZTE NI O TIREETDIETHS. TN DlE, AEZRZABDSYIFIICREAAICERT
ZNR4 (a), 4(b) DXREINAHIIE2(a), (b) DX BDEEZSND.
RAERRICIFFELULTVD ERZD. —73. REDPmax=4.6kDIHE(E, z=0.25mmfS
R5(Fy=0.5aDECBDzxE T, FRSICHITHD FECBXES REHEDAREL, [FF0.30GPaT,
SRBESIREME 1m0, BROx=-2bD0'5+20DEH(CH CDEHICKD, ENDOHERARETHS. CDHE,
[T 2HME REHE  DERAEZRY (BB UE SRS IREHDEE(F2AME (RTEOZCERY) TH

(FzE ExEDTER T DEICBIT D ESIREHTH D). D, ENDEFINICERAIC, FFDEXRE (xyE) (C
CDOFHEME SREHDERAES, BMEIONE (T80 FHTICED, PHCRBENESD. HHESIREHE LT
Bx<-1.0b, HDWVIEx>+1.00) [CHD, RHDIE, 0.56GPaT®Ha DT, CNICK>THENDIFEREA]

BIZ(£0.45+30xI%, HMHSIREHDEIEDEE)(C RECHHN, EHFOBENEERDBEEHICELT
HoTCZEDEZER, BAEHO0.45(F, x<0DLEE HDT, ENDERNDFSFNEL, ENDE, £
(FxECX U THRETEID (C+30°, x>0D R Tl (C EUTCHEES BREHE CKD, KEICHTIOERT
X UCHREIEIDIC-30BVNVCWS CL&ZKRT. 9T BDEEZSND.

([SBRNFeK DS, EHDEIFV Y ITHE=ZRUIET,

HETDIIMEICREL TS, AEEROENDER

REZ HNEPmax=3.0kDIFE, SNDOHRS G BIHEZHD ¢ 50UV IHF DI HH D EHHER
([SEDK, 2z=0.22mmEEDRSE TIIEBESIREH ([CHENT, BMBEALME, dE05EMEDa/b=1
Eral3BHTNELED (TEH 5, (FF0.02k= DHE, ENDOREMEL, TEMDHRTIEL, H

0.02GPa). EHENDDERICHEFEFRDINST R S52a/BNTCAIETHDHEVDIRERY hidsd.
IRFH A Kl FEMPavim TH DT, TDHZEEN E3(CCDtkFZmRUlc. SNDIFEEIFDOHRN S
DHERDEEFILIMEIE, 5+ = x0.0002=0.2GPa 2a/3BENTAIEICEEL, CHHDAMICKH L TIF
THO (CAKi=Aosvra), EHRDO.02GPakb [F45° ELeABICERT . SmERHDHRICEN D
REV. ED T, ENDIFEESIIREH TEHFEN EENDIE, mWEBDPRISELCER, CHHDHE

x4 TOEBILH=ZESZ U TH R Dy=0.5a KRS FTOEBINNZESA > I3 Dy=0.5alC BT DR

([CHBITDEBILNEE Erpe RO FEHE DFE
Calculated residual stresses at y=0.5a of ring specimen Calculated residual and elastic strains E'1,x, E1.x at y=0.5a on zx-plane
given residual stress of ring specimen given residual stress
(a) Pmax=3k, (b) Pmax=4.6k, (a) Pmax=3k, (b) Pmax=4.6k,
RS1=0.4k, RS2=0.2k RS1=0.4k, RS2=0.2k RS1=0.4k, RS2=0.2k RS1=0.4k, RS2=0.2k
2/b | z,mm | RRx/k|RRy/k || 2/b |z mm | RRx/k|RRy/k 2/b |z, mm | Eiz/k Exlk 2/b |z, mm | Eizalk Evx/k
0.01 |0.005| 0.40 | 0.20 0.01 |{0.008| 0.40 | 0.20 0.01]/0.005| 0.35 0x | 0.53 Ox 0.01]0.008| 0.35 0x | 0.63 Ox
0.1 |0.05 | 0.40| 0.20 0.1 |[0.08 | 0.35| 0.15 0.1 |0.05 | 0.350x | 0.42 Ox 0.1 [0.08 | 0.31 Ox | 0.43 +45x
0.2 |0.11 0.40 | 0.20 0.2 |0.17 |-0.23 |-0.25 0.2 [0.11 | 0.350x | 0.45 +30x 0.2 |0.17 | 0.120z | 0.45+36z
0.3 |0.16 | 0.30 | 0.14 0.3 |0.25 |-0.59 |-0.58 0.3 [0.16 | 0.26 Ox | 0.44 +31x 0.3 |0.25 | 0.29 0z | 0.50 27z
04 |0.22 | 0.02 -0.02 0.4 |0.33 |-0.59 |-0.59 0.4 |0.22 | 0.02 Ox | 0.33 +36x 0.4 |0.33 | 0.300z | 0.48 25z
0.5 |0.27 |-0.08 |-0.06 0.5 |0.42 |-0.65 |-0.63 0.5 [0.27 | 0.04 0z | 0.29 +36x 0.5 |0.42 | 0.320z | 0.46 24z
0.6 |0.32 |-0.05|-0.03 0.6 |0.50 |-0.63 |-0.63 0.6 [0.32 | 0.02 0z | 0.30 +29x 0.6 |0.50 | 0.31 0z | 0.42 27z
0.7 |0.38 | 0.07 | 0.03 0.7 |0.58 |-0.91|-0.68 0.7 |0.38 | 0.06 0x | 0.38 +18x 0.7 10.58 | 0.400z | 0.45+12z
0.8 |0.43 | 0.22 | 0.11 0.8 |0.66 |-0.60 |-0.46 0.8 |0.43 | 0.19 0x | 0.52 Ox 0.8 |0.66 | 0.26 0z | 0.33 22z
0.9 [0.49 | 0.35] 0.18 0.9 |0.75 |-0.34 |-0.27 0.9 |0.49 | 0.31 Ox | 0.64 Ox 0.9 [0.75 | 0.16 0z | 0.31 =42x
1.0 |0.54 | 0.40 | 0.20 1.0 10.83 |-0.35|-0.25 1.0 |0.54 | 0.350x | 0.68 0x 1.0 |10.83 | 0.14 0z | 0.29 +36x
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[SERTD. Ffc, TNDIEF, FKAICTFATICHERL,
POTHBECED. RIC, SNDOHEGEIDRRHS
2a/SBNTCMUBICRET DIEHZ S EREHFDHERD
5ERTD.

B 4(3Pmax=5.0GPa TR H Bk LT DEREIRDX
TRICKDIZXBIITAIEIER CH DN, NEBDILEEHE
WAICINS VR TDKLDIC, KERBICIE, 5I5RDDIE
BILADEELTWVS. SERVCEHEIOJSALT
&, EFREDRETORAEEIE, TDLETEEERR
THDDT (TIHEDOEMDREDEEBRAICEELES
AIEVDT), WERDEEMZER Ul BDI B EHEIN T
(LIS VAU THRETDEMEFR UEVLEREE(ICEU
BDEESRIGAIFETETERLL. FIT, CDOLDKE
KRS ERISNZTHIMA D EIC L. TORDERE
BORXE5 RN, BEITDIREBICERT DB
HNDEICHEFL, BABDMEYICL>TERLEDEE
ABNDDT (ELRZDE, RNEDEBDIXEEEL
TIDNKREVGFECDEBDERES RIDAIFAEL), T
g, z=0.156DETATENZNDYDMBICHITD
BB ZETEL, z=0.050MFT THDI DFEDE
B3 |3RI5/11E2=0. 1 5 TDXRBEMRILIEDRTS %
ZRlcbDE L.

ROB(FFEE2=0.050[CBVT, BHZEEHEIMIE
UTcDxyE DM R/ R/INEEHE 1y, EumydR
ORBRAN/BINFEEHE y, Eun@nd . RE6EDAE
BZERRINEFESDIMNLED. y=0.7a (=2a/3),
x==% 1 2o M4S BREHE DERAEND D, &
NOBCDAUBTCTRETDCENEFHCTED. IO
SHEEROBEF, RESTNDODRERIFEEDS

ST

SRR

HEROBE0)

L
H®3 MEERICHITOREENDDFRESERY
KHIFENDDIER
Crack initiation and propagation on the surface in circular
contact, arrow shows crack origin
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RTIFEL, y=2a/3DAIETHS. —7, HM5RE
HIy=0.7a, x=£1.20C, x#ICH L TH+36" &
WUL-36"BLTWS. I 0D5, ENDIEIDEH
ABEICEEICHAERICERAIRTHS. B3 TIEEN
DFRFEFCOBETERLTCVSA, 1HBIUMNER
LTULEL. ENDOOERSEIFHORF, FIX ([E#E
RADICOFEZRITHEEAOND. NEWVWIXDZ
S5x1ema, LB ETHEBR T, SND0ER
AEHEICTED CEFHEERSNTLD Y.

FILY x—5 AEZOEE R

FIE R—5 HEZNEHITEE DKL DICHEE T DT
c‘:b\“%b\ HNERFNEWVRIBEC D DD, MMEZESRT
NE, FEABITEHOEVENDHNERL TS 2.
BEROFRCEE LU TCREABICENDHNERT D
P CHD, EFCF0.6mm (z=2.50) KDOFEL,
FNUCEFO.8mm (z=3b) KODBRVD, TDXHZ
ALFARHETH oI, CORSABDENDDERZ
S55REHFDHRRNOERTSH. CDHGE, BEDRA
ELUTHBRIDDB THRE UTCKRICKDZEHHES
mplcENTLB '@,

MWimes T EDEMICHIT HEMBERLEa/0=5.5T
DD, EBHARIEPmax=2.9GPaTiT>CWL2DT,
Pmax=2.9GPaD & EDERSICH U CEHE UTcsit
SIREHEREZERTICRT. R6HH10ICBNT,
BIZFFER7TlFz=0.1bDF, x=-0.20&+0.20(IE

—r

= Ciroumifarantonl
—— Axigl
« 20

o2 o4 06 08 10

o

qh Cepth beiow surfacelmm]

:']'l..h.m
£0.8

Rasidual strass lhq‘fmm‘}
¥

@

%]

106k
B4 Pra=5.0GPa el XBRAIE LU JiEAED
S 3=)Nvabax TRy
Residual stress distribution of ring specimen
measured by X-ray after tested with Pmax=5.0GPa
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FR6 FIFEEMICHITD2z=0.050 TDxyHE_FDIERENOHEMTEDE 1y, By ETDTMAE,
E| & By IFFNEFNEANUORINDEEHZERT GTERYE: Prnax=b5.0k, a/b=1)
Residual and elastic principal strains F'y: E1xy and their directions on xy-plane at z=0.05b for
circular contact, £ and E; are maximum and minimum principal strains, respectively.

y Oa 0.3a 0.7a 1.0a
X Exylk Eoxylk Evxylk Eoxylk Exylk Eoxylk Eixylk Eoxylk
-2.00 0.14 Ox -0.18 0.31 7x -0.05 | 0.43 29x 0.19 0.14 27x -0.15
-1.8b 0.16 0x -0.22 0.34 8x -0.09 | 0.46 30x 0.16 | 0.16 29x -0.18

-1.6b 020 0x |-0.28 | 0.37 10x | -0.14 | 0.49 31x 011 | 0.18 32x | -0.21
-1.4b 023 0x |-0.36 | 0.40 11x | -0.22 | 0.52 33x 0.06 | 021 36x | -0.25
-1.2b 021 0x |-047 | 0.39 13x | -0.32 | 0.56 36x | -0.02 | 0.23 40x | -0.30
-1.0b | -0.20 Ox |-0.64 | 0.06 16x | -0.46 | 0.55 40x | -0.13 | 0.26 -45y | -0.36
.08y | -052 0x |-0.96 | -0.19 20x | -0.76 | 0.31 -42y | -0.26 | 0.26 -39y | -0.43
-06b | -0.96 0Ox |-1.17 | -0.66 25x | -0.98 | 0.20 -35y | -0.49 | 0.21 -31y | -0.50
-04b | -123 0x |-1.29 | -0.94 34x | -1.01 |-0.11 -24y | -0.68 | 0.04 -22y | -0.57
-02b | -1.36 0y |-1.37 | -1.10 -38y | -1.17 |-0.29 -12y | -0.79 | -0.17 -11y | -0.63
0b -1.38 0y | -1.42 | -1.15 8y -1.19 | -0.35 Oy -0.83 | -0.18 Oy -0.66
02b | -1.36 Oy |-1.37 | -1.09 40y | -1.18 |-0.29 12y | -0.79 | -0.17 11y | -0.63
04b | -1.23 0x |-1.29 | -0.93 -35x | -1.11 | -0.11 24y | -0.68 | 0.04 22y | -0.57
06b | -096 0x |-1.17 | -0.65 -26x | -0.98 | 0.20 35y | -049 | 0.21 31y | -0.50
0.8 | -052 0x |-096 | -0.18 -21x | -0.77 | 0.31 42y | -0.26 | 0.26 39y | -0.43
100 | -020 Ox |-0.64 | 0.6 -17x | -047 | 0.55 -40x | -0.13 | 0.26 45y | -0.36
1.2 021 0x |-0.47 | 0.40 -14x | -0.32 | 0.56 -36x | -0.02 | 0.23 -40x | -0.30
1.4b 023 0x |-0.36 | 0.40 -12x | -0.22 | 0.52 -33x | 0.06 | 0.21 -36x | -0.25
1.6b 020 0x |-0.28 | 0.37 -11x | -0.15 | 049 -31x | 0.11 | 0.18 -32x | -0.21
1.8b 0.16 0x |-022 | 0.34 -10x | -0.09 | 0.46 -30x | 0.16 | 0.16 -29x | -0.18
2.0 014 0x |-0.18 | 0.31 -9x | -0.05 | 043 -29x | 0.19 | 0.14 -27x | -0.15
Bk | Boxgdk| Bk | Boxydlk | Eugdk | Bosylk | Bk | Eoxydlk

0.01 Oy -0.03 0.15 -19y 0.13 0.39 Oy 0.26 0 45y 0
v WHBATED Erg/k BERBATEN Eng/k
Ly - » . ————— = . w .
-~ ~
“ “ / 4 | B \ 7 ” - I
0.5 ’ \
- —_ - — — - "
I ]
b

v 1 I !
-2 -1.5 Ay 0 g 0.5 j 1.5 g X7

E5 BICRUTcz=0.050 ([CH[FDxyE LDERBTEHRUEETFESEZDHE
(RIRDAAIEHEEDEREZR T . REOIR(S |5R) S ERAEE I L1/ kDD
HBBRATEDE x/k CHD BEDIR(EHE) FHERATEHE /K THD)

Residual and elastic principal strains and their directions on xy-plane at z=0.05b shown in Table 6

E6 ZI)LYR—5REMZNHORESEEEND 2
Cracking on circumferential section of alternator bearing
outer ring
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R7 FIVYZ—YFRAZNROEEHEHEDTE
(BtE % Pmax=2.9k, y=0, a/b=5.5)
Calculated principal strains and their directions for

alternator bearing outer ring

KR8 A R—TUZHNEROKREICEEFZIILNT oo
DstE GtERH  Pma=2.9k, y=0, a/b=5.5)
Calculated shear stress t acting at right angle to the
surface for alternator bearing outer ring

> X ob -0.2b -0.6b -1.0b X ob -0.2b -0.6b -1.0b -1.2b -1.6b

+0.2b +0.6b +1.0b Z +0.2b | +0.6b | +1.0b | +1.2b | +1.6b
0.1b -1.04 +0x |-1.00 +5x |-0.7 =17x 0.26 37z 0.1b =0 +0.06 | £0.21 | +0.42 | £0.08 | +0.01
0.2b -0.65 +0x |-0.61 +6x |-0.3 £20x 0.32 740z 0.2b +0 +0.11 | £0.38 | £0.55 | £0.24 | +0.05
0.3b -0.34 +0x |-0.30 +6x |-0.0 £21x 0.36 #43z 0.3b +0 +0.15 | +0.50 | +0.62 | £0.37 | +0.11
0.4b -0.09 +0x |-0.07 =7x | 0.16 +22x | 0.38 =44x 0.4b +0 +0.19 | +x0.56 | *0.66 | +0.46 | =0.17
0.5 0.09 +0x | 0.11 +7x | 0.28 +22x | 0.40 +42x 0.5 +0 +0.21 | +0.60 | +0.68 | +0.52 | +0.23
0.6b 0.22 +0x | 0.24 +7x | 0.35 +22x | 0.41 #40x 0.6b +0 +0.22 | +0.60 | +0.68 | +0.55 | +0.28
0.7b 0.31 £0x | 0.33 +7x | 0.40 +22x | 0.42 +38x 0.7b +0 +0.22 | +0.59 | £0.67 | =0.57 | +0.32
0.8b 0.38 +0x | 0.39 +7x | 043 +21x | 0.42 +36x 0.8b +0 +0.22 | +0.57 | +0.66 | +0.58 | +0.36
0.9 0.42 £0x | 0.42 +7x | 0.44 x20x | 0.42 +34x 0.9 +0 +0.21 | x0.55 | +=0.64 | +0.58 | +0.39
1.0 0.45 £0x | 0.45 +6x | 0.45 +20x | 0.42 £33x 1.0 =0 +0.20 | +0.52 | £0.61 | +0.57 | +0.41
1.2b 0.46 =£0x | 0.46 +6x | 0.45 =18x | 0.41 =30x 1.2b =0 +0.18 | +0.46 | =0.56 | +0.54 | +0.42
1.4b 0.46 +£0x | 0.45 +6x | 0.44 =17x | 0.39 +28x 1.4b +0 +0.15 | =0.40 | =0.51 | =0.50 | =0.42
1.6b 0.44 +£0x | 0.43 +5x | 0.41 =16x | 0.37 +25x 1.6b +0 +0.13 | +0.35 | +0.45 | £0.46 | +0.41
1.8b 0.41 £0x | 0.41 +5x | 0.39 =14x | 0.35 +24x 1.8b +0 +0.11 | £0.30 | £0.40 | +0.42 | +0.39
2.0b 0.38 +0x | 0.38 +5x | 0.37 =13x | 0.33 +22x 2.0b +0 +0.10 | +0.26 | +0.36 | +0.38 | +0.37
2.5b 0.32 +0x | 0.32 +4x | 0.31 =11x | 0.28 =19x 2.5b +0 +0.07 | +0.19 | x0.27 | +x0.29 | +0.31
3.00 0.27 +0x | 0.26 +3x | 0.26 +10x | 0.24 +16x 3.00 +0 +0.05 | +0.14 | £0.20 | +0.22 | +0.25
4.0b 0.19 +0x | 0.19 +3x | 0.18 +8x | 0.18 +13x 4.00 +0 +0.03 | +0.08 | #0.12 | =0.14 | =0.16
5.0b 0.14 £0x | 0.14 +2x | 0.13 =6x | 0.13 =10x 5.00 +0 +0.02 | +0.05 | £0.07 | +0.09 | =0.11

RO HECAMZANRODIEEHSEHADE
(GH&ZM : Pmax=2.0k, RS1=0.1k, y=0, a/b=54)
Calculated principal strains and their directions for

R10 HEC2MZNHROXRECEELFIIINS 1 (DFTE
(Bt8%HF  Prax=2.0k, RS1=0.1k, y=0, a/b=54)
Calculated shear stress z(, acting at right angle to the

spherical roller bearing inner ring surface for spherical roller bearing inner ring

> X ob -0.2b -0.6b -1.0b X ob -0.2b -0.6b -1.0b -1.2b -1.6b

+0.2b +0.6b +1.0b Z +0.2b | +0.60 | +1.0b | +1.2b | +1.6b
0.1 -0.73 +0x |-0.71 £5x |-0.5 #17x 0.16 *37z 0.1b =0 +0.04 | £0.14 | +0.29 | £ 0.06 | =0.01
0.2b -0.46 +0x |-0.43 +6x |-0.2 +20x 0.21 ¥40z 0.2b +0 +0.08 | £+0.26 | +0.38 | £+0.17 | £0.04
0.4b -0.06 +0x |-0.04 =7x | 0.12 +22x | 0.26 =44x 0.4b + +013 | £0.39 | +0.46 | £0.32 | £0.12
0.6b 0.17 £0x | 0.18 +7x | 0.26 =22x | 0.30 +£39x 0.6b + +015 | £042 | +0.48 | £0.39 | £0.20
0.8b 0.29 +0x | 0.30 +7x | 0.33 +21x | 0.32 +35x 0.8b + +015 | £040 | +0.46 | £0.41 | £0.26
1.00 0.35 +0x | 0.35 +6x | 0.35 +19x | 0.33 +32x 1.0 + +0.14 | £0.36 | +043 | £0.41 | £0.29
1.5b 0.38 +0x | 0.38 +5x | 0.36 =16x | 0.33 +25x 1.5b + +010 | £0.27 | £+0.35 | £0.35 | £0.31
2.00 0.36 +0x | 0.36 +4x | 0.34 =13x | 0.31 +21x 2.00 = +0.07 | £0.19 | £0.27 | £0.28 | = 0.28
2.5b 0.33 £0x | 0.33 +4x | 0.32 =11x | 0.30 +17x 2.5b + +0.05 | £0.14 | £0.20 | +0.22 | = 0.24
3.0b 0.30 +0x | 0.30 +3x | 0.29 +9x | 0.28 +14x 3.00 + +0.04 | £0.11 | £0.16 | £0.18 | £0.20
3.5 0.28 +0x | 0.28 +3x | 0.27 +8x | 0.26 +12x 3.5 + +0.03 | £0.08 | £+0.13 | £0.14 | £0.17
4.0b 0.26 +0x | 0.26 +2x | 0.26 =7x | 0.25 =11x 4.0b + +0.02 | £0.07 | £+0.10 | £0.12 | £ 0.14
5.0b 0.23 +0x | 0.23 +2x | 0.283 =£5x | 0.23 =9x 5.00 + +0.01 | £0.04 | £0.07 | £0.08 | =0.10
6.0b 0.21 =0x | 0.21 +1x | 0.21 =4x | 0.21 =7x 6.0b + +0.01 | £0.03 | +0.05 | +0.06 | =0.07
8.0 019 +0x | 0.19 £1x | 0.19 £3x | 0.19 =5x 8.0 + +0.01 | £0.02 | £+0.03 | +0.03 | £0.04
10.0b 017 +0x | 017 =£1x | 0.17 £2x | 0.17 =4x 10.0b + +0.00 | +0.01 | £0.02 | +0.02 | £0.03
12.00 0.16 £0x | 0.16 +1x | 0.16 £2x | 0.16 =3x 12.0b + +0.00 | £0.01 | £0.01 | £0.02 | £0.02
14.00 0.15 £0x | 0.15 +0x | 0.15 =1x | 0.15 £2x 14.0b + +0.00 | £0.01 | £0.01 | £0.01 | £0.02
16.00 0.14 =0x | 0.14 +0x | 0.14 =1x | 0.14 =2x 16.0b + +0.00 | £0.00 | £0.01 | £0.01 | £0.01
20.00 0.13 £0x | 0.13 +0x | 0.13 =1x | 0.13 =1x 20.00 + +0.00 | £0.00 | £0.00 | +0.01 | £0.01
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T-1.00x5xEE2TVDD, CNiFEx=-0.26CDE
FEHF-1.00kTxEHICH Ut A@IC+B BV T S
D, x=+0.20ClFEFEHF-1.00k TxEHIX UBFET S
@IC-5"HVWTWVWDTEZEZRT . FE2z=1.00
(=0.25mm) LIETIE, xA@THEHOBEREICFE TR
SIREFDNFRARTHD, TDEIFILAEICERELT
0.45k (=0.45GPa) T&H5. z=2.5b (=0.6mm)
DECATH, 0.32GPalcHAT D5 IsREHDTFE
9. KRICKDMBDHBIEICKD, TODEHDET
ENOHXERICBEAIC, IEDOERIAMICHEE - &
BIDTEIFAIRECHDD.

—7, REICEE(CE BIMNI] « DIEZRSITR
Uiz, B 1.00 (=0.25mm) HEDBIRIIG ol
x=-1.0b&x=+1.00TO.6GPaiZETH DN, T H
AICEDICONT, colF2HICEADT D . 2=2.50
(=0.6mm) TIF0.3GPall T CHd. SEEMTIZE,
TNOERICET DEIMILSIEIERILIEDIBERERE
WMETHD, COREDIMINIETCENDNFHELE-
ERTDDIEFATRETHDD. 2T, TNDIF5IE
EHCTERUCESHATOANEHTHSD.

HEC 282 AMmOEIN

HADEDIREC DMZAEIE, (FHEVILSIDTT
FERINDD, FHEVRIN0.1GPa%xBZd &,
SBRPICAWmIINDFREET D ENDD. B, (&
SHEWVILSIDING RIS ] & AL DR EREILSIDHE
BRUICKDBDEEZSNTWVD Y. R7IFEINH
HZRI . SNDEFEREEFEDz=0.05b (=0.04mm)
([CHELEL, WBIC@H D Tz=4b (=3mm) ZEFT
IVITIIERL, TORBEONEREZER UEH
5, RLISREAH@ICHEH, z=20b (=16mm) TR
BE(ICHEET LTS, S3MMETDOITFIEENDE
BROBMmMHS 16mmETDRESHEENDIERD
BHEEREASHICEINTULEWL. LURTIE, &No
ERDANZALZSIREHFDHRERNOERTD.

H7 IRECHSHZANEROBRTS . RENFEREXRT
Fracture of spherical roller bearing inner ring.
Arrow shows crack origin.
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Wi A EDEMEOBALLIE, a/b=54T&Hd.
RO LY AN E U TPmax=2.0k(=2.0GPa)
ZRET . 5I5REHEZDABMDOVTDETERR
ZRIITRT . BB, [FHEVILSIRSIELT, AR
@ (xAM[E) [£0.1k (=0.1GPa) Z#5X . HIZEF
z=0.6b (=0.45mm) KDZFEWVEH, FERHEE
95 (xhx=-10D0'5+1bICEE) (DT, 3I3ED
EHFz=4b (=3mm) FT, xBHITHLT+10° UL
hH-10° I EERMICHEOZZEAS. 2T, C
DFRTHETIF, ENDEFHLHQAZEZ CTERT D
DT, WHLTIEFIITTIBRENERTDEEZS
Nd. z=4b (=3mm) LIETIE, 51REHFDTEIEx
B ULTE10" LINTHD, ENDIFEOHRKE
ZREBUCRESAAICERT S. RI10ICRUCKRA
([CEE (B <BIMIGT old, z=4b (=3mm) LUI&(C
BHENEDINELED, TNICKDENDDERF
R THD.

BIENZ(CELNE, ENDIEENDORBDISSIEAK
REEHE A KD BRI DERFIE AKnZBR & EEITE
BOJRECH D . HANUCEZM T AKmEBMPa
VmT&®H2'D . IR GRHEE AKIGBIEA o vVra
(a ENDOFRE) THDO, TITTA o FILHEEATH
5. SEDEZE, WHIFERRORIDED SEREEF
DIFHEWVILSI0.1GPalCEND. €2 TA ¢ (FFK9
DENS0.16GPaZ5 L\ cbDEED.

INDHEREI3Mm (z=4b) B'5 16mm (z=200b)
FCTERARENERD. RKINOz=4bDEEDEHD
SBE Ul FF0.26GPaTHd. > Tz=4b
TOIRAEEA ¢ (F0.16GPa=160MPaT&o% .
z=4b (=0.003m) R [CHWNT, AKlF 160+ x0.003
=15.5MPavmC&%H b, BBFRESMPavmkDKEL).
o C, ESNDFEFTERDETHSD. BERIC,
z=20b (=0.016m) Tl&, IHH#EEIZ0.03GPa=
30MPaT®»h, AK=30vzx0016=6.7MPavm<T
Hd. COEIFEFRESMPavniDBHKREL. >
TENDERFEAICRKDDMEL EDTDRSET TERA
BECdD. LM LENS, FE0.016mmTIE, &
HEWVIRTT 6 [CKDIBDILKFREEKIE 0 v/ra=100
V7 x0016=22.4MPavm T, A RIDIZEMEE Ko
C1TMPavmEHEE'®) ([CRET D . (€ CREMHT
NEUDS.
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E 5

4. £

BEOF, INFET, DD EHFMICKIEITEH
WIBIEHY, (FHEVIESTY, HHWIE, #mINT
([CKRBDIXRBINAY DEECDOVTHREL, FIRE
0.2GPaREDLEN/INSIESIRINSIDFET D55
TH, ORI EEAILHIC KD ERRBIDS DR
UICEKD, 31805, N5 3R] — KEREET DR
UICKD, BAENOHEET S LZIRALTENR
WL LK S, AXICEELeL SIS, ZDLD
FEIRADFELUEWVEETH, SNDOHERTD
BRH'$d. TOHETH, 5IREHFZSIRLIESE
MEERDTEICKD, ENDOFEE - ERDHAD
AIREICTE S . BMILHIE S E B ICERTITD
20, SHBDEHELADFEL EVDT, LWIFnH
DHMICSIREHDFHLETD. CD5REHFDEND
ERICTORELLEDHIEDDD. CD3IREHE
BINE, NI THATEED ofc#ROBIBIRSR
DEBATES.

E#EIC R DU BOBIRIER LT, EfENAID
ERI2AMBEHTICENDIDEET D LF, N
FTLKONRESNTVS. IR, EZMEMAE
([CERSMICEMBEEZNAEE, fEINTHIEN
HD18, HDHIVEFEROKREAICAEZNTD L,
AEZRICENDHFEET D). BHICKDHIT
B /vy IEVOMEIN® BRESNTVSD. NS
DI IFRIRD X 7 = XL IFBHFE(CER SN TLR
WA, =9 hEET &K D ICENDERIFTIREHC
FHOERUTCRVLERDNS. INFT, ZB5H0
BHUNDITIET, SIREHCRIDEAENDZH
& - ERSEBEFIDEV. S, ZOBRDRERED
EFEND.

5. F&H

ek, CODDEHFDAHNZALELT, KEICTE
TTICEI <BIRL] oo, ENDDFRE - ERZET
BDINNEZZASNTEZ. U ULIEHRS, TAD0DH
ROWEBTCHENT, o CIFHRFATETEVBIRRER
hod. [IC, FHEVEITT CTORNEwRDIRRID K S
(C, ENOHRTHAICRERTDRRTHS. &
fRINAE, SEMAEEDEMILITHDHN, 3HMET
TNZNEDELDHDT, BRAREMRLIDHEBEER
AEICSBREHDFHEETD. CDFREHCKD, &
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NODERTDEEAD. EMILHHVNEWVEEF,
AISHDEHETHEEUCENDIE, COHMS(|REH
TERL, BRSO KREVEEL, BEHEEICKD
RESIREHFDFHEEL, COXRESREHFDENDD
ERICRHEZSAD.
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Logarithmic Profile of Rollers in Roller Bearing
and Optimization of the Profile

% = %= 8™ Hiroki FUJIWARA
JI| & = FK** Tatsuo KAWASE
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KANEEHILE Uz, LU, Johns-GohardIS D=V I TlE, TADFILMLIEEE, TyvIO—RHEULD. Fie,
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When a bearing roller is in contact with raceways, excessive pressure peaks occur at the ends of
the contact rectangles. They are called edge loading. Roller and/or raceway profiles are usually
crowned to prevent edge loads. Lundberg developed a logarithmic function as a crowned profile.
The profile gives an axially uniform pressure distribution. Johns-Gohar improved the function for
convenience of manufacturing. However, the Johns-Gohar profile yields edge loading when the roller
is tilted. Also, the profile allows no straight portion on the roller surface although it is desirable to
have a flat region from the viewpoint of machining. In this study, we modified the Johns-Gohar
logarithmic function to exclude edge loading even when the roller is tilted allowing a flat region.
Three parameters, K, K> and z,,, are introduced into the Johns-Gohar function. These have the
following meanings: K;: coefficient of load, K»: ratio of crowning length to effective contact length, z,, :
crown drop at edge of effective contact length zone. In addition, a mathematical optimization method
is used to efficiently determine a set of the parameters. An optimization problem is considered to
minimize the maximum contact pressure Pmax , or to maximize the rolling fatigue life Li,. A
Rosenbrock method is adopted as the optimization algorithm. The method requires no evaluation of
gradients of the objective function. Pressure distribution is calculated by making use of a multilevel
method. Some examples are demonstrated to verify the proposed method for both Pmax and L.
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Roller profile
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Logarithmic profile parameters
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Optimizing condition No. 1
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Roller tilting angle 0 rad
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Optimizing condition No. 2

Objective function Maximum pressure
Roller tilting angle 0.001 rad
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Optimizing condition No. 3

Objective function Rolling fatigue life
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