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Highly Efficient and Responsive Motor Drive Technologies
Enable Robotics Evolve Automobile into Autonomous Service Robots
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Electric motor-driven automobiles(EV) are getting great deal of attention over conventional internal combustion engine-
powered automobiles since EV is seen as a potential solution to the environmental pollution and energy crisis possible in
the not too distant future. Electric motors, power source of EV, are responsive in controlling the torque and it makes
precise control of regenerative brake and vehicle body dynamics possible. Making use of the advantage of electric motor,
by incorporating the vehicle navigation system, imaging, and radar technologies, which are now affordable to wide range of
automobiles, automobiles are being transformed from a means just to transport to a machine of robotics for even safer,
more efficient, and more comfortable mobility. To make this happen, smaller-sized and highly efficient motors and
inverters, and others like batteries with greater capacity and extended longevity are in great demand. This paper presents
newest or most recent technologies essential for developing those building blocks in the automobile evolution including
motor control technologies, application technologies of inverter and converter, sensorless control technologies, how to deal
with the problem caused from the current leakage, and others which are existing and/or waiting for extended study.
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Electrification of the Automobile and Module Products of NTN
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About 250 years ago, the very first “auto-mobile” started to run in the world, and now, full-scale developments
of “autonomous” car are started. On the other hand, the world is facing a serious problem of global warming
caused by greenhouse gases mainly COz2, and each region and country began to move regulation of severe CO2
emissions, what we call, strict fuel economy regulation to the automobile.

Automobile manufacturers are developing downsized engines as next-generation vehicle and electrification
devices for low fuel consumption. This paper introduces modular products by NTN contributing to upgrade of

vehicle electrification in various places.
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Two Motor On-board Drive System
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Two motor type electric vehicle has improved driving performances because the left and right wheels are driven
by independent motors in accordance with driving conditions of the vehicle. NTN has focused on the two motor on-
board type and developed “Two motor on-board drive system" that consists of motor drive units with an inverter.

This paper introduces overviews of this system and effects of independent left/right wheel drive.
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Appearance of the vehicle equipped with the system
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Results of driving test with sine-wave steering angle input

11 IEORRAEEI TR

Driving test with sine-wave steering angle input
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Split friction road driving test
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Rear-wheel Independent Steering System
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Yasuhiro MATSUNAGA
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Rear-wheel steering in automobiles is a function to assist vehicle stability at midium to high speed driving as well
as improve cornering at low speed driving and is already installed in some luxury-class models. NTN announced the
“Rear-wheel Independent Steering System” that utilizes steer-by-wire technology for electronically-controlled steering
in 2013, and has made further enhancements for even better response and a more compact, lighter weight design.

This report introduces the “Rear-wheel Independent Steering System” that is capable of toe angle control with a

one body combined-type steering system.
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MCU (Mechanical Clutch Unit) for Next Generation Steering

it Ll B F@*  Naotsugu KITAYAMA
A Il 18XBEB* sShintaro ISHIKAWA

BENEEILY RS A /\—DEFBEHDcD, EiZEEEE LR TT7Y Y
TYRT LDBRAENDDHD. —7, YATLDEIHKMEDFELE LIIBEIC

(&, BEMEZRREE T DI\ U7 Y THIBEDUNETHD.
NTNTCIF, SHMEEMCTHDIANZAIISyFI1Zy b (MCU) DN\ ISy oINS, BESNENEEICE
B T DRI RT 7 UV IV RT LAAAZAILI Sy F1Zy NERFE L.

The next generation steering system which controls steering with electric signal starts to be adopted for the
purpose of automated cruise or alleviating driver’s fatigue. On the other hand, the system must be obtained
something mechanical back up function in case of emergency condition such as electric failure.

By using the NTN’s own MCU (Mechanical Clutch Unit) technology, NTN has developed “smaller” backlush type
new MCU for the next generation steering system. And it has very useful feature which makes a quickly locking
when the electric power is shut off, it is our unique technology.
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Clutch for Seat Lifter
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NTN has been developing torque diode for seat lifter that adjusts the height of a seat cushion with manual action.
Market deployment has been begun since 2002. For safety improvement of seat, high brake capacity and

reliability are required for torque diode.

In this paper, we will introduce the structure and our product line-up.
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Next-generation Driveshaft “ADS Module”
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Recently, low-fuel consumption and weight reduction are important problems worldwide in the automotive
industry. And, development speed-up and development man-hour reduction according to standardization of a car
component are also important problems. Responding to these problems, NTN proposes to worldwide automobile
manufacturers the ADS module (Advanced Drive Shaft module) which modularized the constant velocity joint (CVJ)
and hub-bearing (H/B) for drivetrain with a new concept and high manufacturing technology.
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Technology Trends and Products of Accessory Drive Belt System
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As a superior car in the mileage, strong and mild HEVs are increasing and the accessory drive belt system is
diversifying. On the other hand, requests for the accessory drive belt system are changing rapidly under the
influence of ISG (Integrated Starter Generator) and engine downsizing.

This paper introduces the technology trends and products of NTN for the accessory drive belt system

corresponding to the change of the engine.
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Auto Tensioner with the Variable Damper Mechanism for ISG-Equipped Engine
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It is necessary to set the belt tension rather higher than usual to prevent the belt from slipping at the time of the
engine restarting when we applied a conventional auto tensioner to the accessary drive belt of the engine
equipping with ISG and it causes harm for millage improvement.

This paper introduces the new developed variable damper auto tensioner which contributes to the mileage

improvement of the ISG-equipped car.
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Products Introduction of Composite Material for Automotive

B BR* Kayo SAKAI B ;2 Z—Ef* Eiichirou SHIMAZU
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NTN group produces sliding bearings, sliding parts and magnetic components, which are manufactured from the
composite materials. They are blended powder metal or resin with additives to impart various functions according
to our own formula. This article introduces various products made of such composite material used in automotive

applications for high mileage and light-weighting.
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Modeling of Retained Austenite Transformation in Bearing Steels

Christine SIDOROFF*
Pierre DIERICKX*
Pr. Michel PEREZ**

Bearing steels are heat treated to obtain martensitic microstructures providing
high hardness necessary for good rolling contact fatigue performance. If specific
actions are not taken, austenite is generally retained after heat treatment in the
final component with a more or less important content. Depending on the

requirements of each application, retained austenite can be desired because of beneficial effects such as
improvement of rolling contact fatigue performance, mostly in contaminated lubricating conditions, or can be
avoided if dimensional stability is needed for example in cases of bearings operating for long durations at high
temperatures. This paper discusses the modeling of retained austenite transformation and its dimensional
consequences in SUJ2, taking into account all the phase evolutions occurring during tempering and in service.
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1. Introduction

To attain long service lives, bearing ring materials are
selected to provide a minimum hardness of 58 HRC for
rolling contact fatigue (RCF) resistance (in conjunction
with the appropriate inclusion cleanliness), and a good
wear resistance by choosing the appropriate steel
grade, steelmaking process, and heat treatment.

If no specific requirements such as structural fatigue
or impact resistance are expressed, through-hardened
steels are used, such as SUJ2 steel in the case of
standard temperature conditions (hereafter mentioned
as standard bearing steels).

Another important feature that bearing steels must
retain in service through the life of the mechanical
component is the initial internal clearance of the
bearing, and its interference with the surrounding
parts. Therefore, the dimensional change must be
limited at the service temperature for standard bearing
steels by selecting the appropriate heat treatment.

Steels such as SUJ2 are easily hardened to the
required level, by austenitizing at temperatures above
ACj1, quenching and tempering. The metallurgical
structures obtained after hardening are not stable and
will evolve in service towards more stable states,
resulting in size changes or dimensional instability.

The main non-stable phase often associated to
these evolutions is retained austenite, remaining in
high-carbon alloyed steels’ microstructure after
quench.

These phenomena have been extensively described
in existing publications, but the purpose of this paper
is to explain the complex metallurgical mechanisms
behind the dimensional instability, and to present work
realized in NTN-SNR to estimate the relative
contributions of the different individual phenomena in
order to build a model to predict dimensional
variations occurring during service.

*NTN-SNR Roulements, Technology and Innovation Department
**|nstitut National des Sciences Appliquées de Lyon, MATEIS Laboratory
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2. Metallurgical phenomena and their
dimensional consequences

2.1 Metallurgical phenomena

After austenitizing and quenching, the
microstructure of SUJ2 is mainly martensitic, and
composed of the following constituents:

» Martensite, with a high carbon concentration above
the equilibrium carbon content in ferrite;

* Retained austenite, not transformed at room
temperature after quench because of the alloying
elements and carbon concentration,

* Undissolved carbides, not fully dissolved during
austenitizing.

These two first constituents, martensite and
retained austenite, are metastable and evolve in
service towards a more stable state.

Martensite tempering is often described using the
following stages associated with temperature ranges
in which they are likely to take place 1- 2. These
phenomena can happen at lower temperatures,
provided time is left for these transformations to occur.

Stage 0 (T<100°C)
Carbon atoms segregate to dislocations (it can
represent up to 0.2 wt.%C).

Stage 1 (100<T<200°C) o’ > o’ + ¢
Carbon leaves the oversaturated martensite
(’—0a’’), and creates metastable e¢-carbides
(Fe24C).

Stage 2 (200<T<300°C) yr — a + FesC
Retained austenite ( yR), also a metastable phase,
decomposes into a mix of ferrite (o) and cementite
(FesC).

Stage 3 (250<T<350°C) o’ +¢& — a + FesC
Carbon leaves the impoverished martensite (o’ —a)
to form cementite carbides (FesC) to the detriment
of e-carbides.

Stage 4 (T>350°C)
Carbides coarsen and spheroidize. The structure is
subjected to recovery, and then recrystallization.

To summarize, two different phenomena occur
during the first stages of tempering: precipitation of
carbides from martensite (stage 0 + stage 1 + stage 3),
and transformation of retained austenite (stage 2).

2.2 Dimensional consequences

These phase evolutions and transformations
produce macroscopic dimensional variations 3:4).
Precipitation from martensite

Martensite has a tetragonal lattice, and its
parameters are dependent on carbon concentration ).
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When carbon is rejected from martensite and
carbides precipitate, two opposite effects take place:
— Contraction of the martensite because of lattice size

reduction (tetragonal loss and volume reduction of

lattice cell);

— Slight expansion because of carbide formation, not
high enough to compensate for the contraction
previously mentioned.

These two effects result in a continuous contraction,
as long as carbon precipitates into ¢-carbides, and
FesC carbides.

Transformation of austenite

Austenite has a face-centered cubic (fcc) structure,
which is the densest existing structure. When it
transforms into ferrite and cementite, the volume
increases.

Fourth stage
Carbide coarsening and spheroidizing, recovery and

recrystallization result in a macroscopic contraction,
rarely referred to in technical publications.

For as-quenched martensitic microstructures, during
thermal aging, the dimensional evolution shows a
succession of contraction (carbon rejection and ¢-
carbide precipitation), expansion (austenite
decomposition) partially compensated by cementite
precipitation, contraction (end of cementite
precipitation), and again contraction with a slight
change in slope (structure evolutions during the fourth
stage). This succession of events is represented in
Fig. 1 for an anisothermal aging of SUJ2 steel
obtained by differential dilatometry with a heating
speed of 5°C/min. The same succession can be
observed for isothermal aging, if tested times are long
enough.

Retained austenite (expansion)

0.0000

Stage 2

) Yr—0 + FesC
< -0.0005
]
=
©
= -0.0010
®
>
& 00015
o
2

-0.0020
[
£ <~
=l 0.0025 Martensite (contraction)

Stage 0 Stage 1 Stage 3 Stage 4

a — a’+te = a+FesC

-0.0030

200 300 400
Temperature (°C)

500 600

Fig. 1 Anisothermal aging of as quenched SUJ2
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3. Analysis and modeling of the
dimensional evolutions during
isothermal aging of SUJ2

An original approach to the study of dimensional
stability of SUJ2 has been conducted by NTN-SNR 6-8)
using Thermoelectric Power (TEP) measurements.
The aim of the study was to predict the macroscopic
dimensional variations as a function of a thermal
aging, based on calculations of each microstructural
contribution. This work comprises two stages:

— Quantification of volume fraction and carbon content
of each microstructural constituents through TEP
measurements as a function of aging time and
temperature,

— Use of these data as input for calculations of
dimensional variations of each contribution, and an
average calculation to obtain the macroscopic
dimensional variation.

3.1 Thermal treatments studied

The study was conducted on samples heat treated
according to the cycles of Table 1. A standard as-
quenched martensitic heat treatment (referred to as H)
was studied as well as a similar state followed by a
subzero treatment (referred to as HF) to destabilize a
part of the retained austenite (F as ‘freeze’ was added
to the name of the sample).

X-Ray Diffraction (XRD) was used to determine the
initial retained austenite contents, on cylinder-shaped
samples (according to Fig. 2).

Table 1 Thermal treatments performed on SUJ2

Martensitic thermal treatment

H HF

Austenitizing 850°C / 15min 850°C / 15min
Quench / . .
isothermal holding Oil ail
Water rinsing 60°C / 5min 60°C / 5min
Subzero treatment - -80°C/ 1h
Initial retained

austenite content 10.3 4.7
(vol.%)

®20 50
6
5

X-ray diffraction

4

Dimensional measurement

60

TEP 1

Fig. 2 Samples used for X-Ray diffraction,
TEP and Dimensional measurements

3. 2 Use of TEP to the study of phase evolutions
during aging of SUJ2

Thermoelectric power measurements have been
used to follow the kinetics of carbon precipitation from
martensite. The principle of TEP is to apply to the
studied steel specimen a temperature gradient
between its two extremities by contact with two pure
copper blocks, and to measure the resulting voltage
induced by the Seebeck effect between the two
junctions. TEP is sensitive to the crystal defects
influencing electron diffusion and phonon propagation,
such as atoms in solid solution, and is therefore an
interesting tool to characterize and quantify
precipitation of carbides from oversaturated martensite
during thermal aging.

Samples of rectangular shape according to Fig. 2
treated according to Table 1 were aged at different
temperatures from 110°C to 505°C to durations up to
300h. Aging was interrupted at logarithmic increasing
time steps to obtain the TEP evolution for each
sample at room temperature, expressed as the TEP
variation A S between the initial state (as quenched)
and aged at considered time (Fig. 3).

A S increases in two consecutive sigmoidal steps,
identified in Fig. 3 as A and B, associated to the
precipitation of carbon from oversaturated martensite,
into metastable ¢-carbides, and FesC (to the detriment
of e-carbides), respectively. These stages occur
sooner when temperature increases, based on the
time-temperature equivalence presented later. At high
temperature and times, A S continues to increase
linearly, in step C, and is assumed to be caused by
the phenomena occurring during the fourth stage of
tempering: recovery of the dislocation structure,

-=+H110

-+H140
-+H170
L1 --H200
=-H240
-+-H330
-+H505
T-HF110
©-HF140
&-HF170
-O-HF200
T HF240

1.E+00 1E+01 1.E+02 1.E+03 1E+04
Time (min)

Fig. 3 TEP evolution of the martensitic heat treatment as
a function of time at different aging temperatures, with
(HF) and without (H) subzero treatment — H110 stands

for H treatment 6-8)
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recrystallization, and the coarsening of carbides.
Subzero treated HF samples, with a lower initial

retained austenite content compared to H samples,

present during stage B a slightly lower AS . This
difference is assumed to be linked to the
decomposition of retained austenite that seems to
occur simultaneously to the precipitation of FesC
carbides.

As increasing temperature seems to shift the curves
towards shorter times, the results were treated with a
time-temperature equivalence according to an
Arrhenius law 7, to transfer measurements of all
times and temperatures to equivalent times at 110°C,
the lower aging temperature investigated, using
activation energies of 120 kJ/mol for temperatures
between 110 and 240°C, and 190 KJ/mol for higher
temperatures (close respectively to the values for
carbon precipitation during tempering of martensite,
and for recovery in o-iron).

These master curves (given for H samples in Fig. 4)
were then used to estimate the evolution of volume
fraction and carbon content of the different
constituents of the microstructure, through their
individual contribution to TEP evolution, according to
the following scenario:

— Stage A: e-carbides are precipitated from the carbon
rejected from the oversaturated martensite.

— Stage B: FesC carbides precipitate using the carbon
segregated on dislocations, the carbon remaining in
solid solution in martensite, and released from the
decomposition of ¢-carbides that dissolve because
they are less stable than FesC. Simultaneously,

AS pv/K
n
o

1.E+00 1.E+03 1.E+06 1.E+09 A= LE+15

Equivalent time at 110°C (min)

Fig. 4 Experimental (dots) and modeled (curves) TEP
evolution for martensitic heat treatment H: macroscopic
TEP evolution (A Sy) and individual contributions to TEP

evolution (ASs, ASs, ASyr, ASr) as a function of
equivalent time at 110°C 6-8) — H110 stands for H
treatment aged at 110°C, ¢ for ¢-carbides, 6 for

cementite, yr for retained austenite, R for Recovery
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retained austenite decomposes into a mix of ferrite

and cementite.

— Stage C: Recovery of dislocation structure and
coarsening of martensite laths occur.

Based on these assumptions and scenarios, an
analytical approach was built, using Johnson-Mehl-
Avrami-Kolmogorov 7) (JMAK) empirical formulae for
the kinetics of the precipitation of ¢-carbides and
FesC, and for the recovery of dislocations and lath
coarsening.

The macroscopic TEP is considered to be the
volume average of the two individual contributions to
TEP of the martensitic phase (the variation of carbon
in solid solution in the martensite, and the recovery),
and of the retained austenite. The TEP master curves
of H and HF heat treatments as a function of
equivalent time at 110°C were then used to adjust a
number of parameters while others were measured or
gathered from publications 7). The interpolated
parameters were all confronted to values available in
the literature and found to be in agreement with them
7), and the interpolated TEP curves fit quite well with
the experimental data (Fig. 4).

3. 3 Estimation of macroscopic dimensional
variations

The macroscopic dimensional variations can be
calculated from the individual contributions of each
phase, as far as the microstructure of SUJ2 can be
understood as a composite material. This can be
achieved either through the use of simple models,
where the minimal and maximal value of dimensional
variations were estimated by averaging the stresses
(uniform strain — Voigt) or the strains (uniform stress —
Reuss) in the volume, either with more complex
approaches such as self-consistent model or Ponte
Castaneda-Willis (also called homogenization
techniques), that take into account the morphology
and relative layout of the phases, and their mechanical
interactions.

For a given time and temperature, it was then
possible to estimate the macroscopic dimensional
variation limits (here using Voigt and Reuss models for
ease of understanding). Carbon concentrations in the
different phases and the fraction of decomposed
retained austenite are the main input parameters of
this model (for detailed expressions, see 7-8)). The
experimental measurements, realized on long
cylinder-shaped samples (according to Fig. 2), are in
good agreement with the estimations (Fig. 5).
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Fig. 5 Experimental (dots) and modeled (curves for Voigt
and Reuss estimations) dimensional variations of
martensitic H heat treatment at experimental
temperatures 6.7)

As example of use, the estimation of dimensional
variations for equivalent time at 110°C are represented
in Fig. 6 for H and HF martensitic heat treatments,
with two different initial retained austenite contents 7-8).
It is possible to compare the influence of retained
austenite content for similar austenitizing temperature
and quench.

It is interesting to compare the relative order of
magnitude of the different phenomena, displayed in
Fig. 6. The contraction of the martensite lattice is large
and is the only contraction contribution; it is largely

0.002

0.001

-0.001

-0.002

-0.003

Dimensional evolution AL/L %

-0.004 |

-0.005 = “anss
1.E+00 1E+04 1.E+08 1E+12 1E+16

Equivalent time at 110°C (min)
(a)

compensated by the expansion associated to the
carbides formation (¢ and FesC), so that the overall
contraction of the evolution of the martensitic phase is
not so high. The expansion induced by retained
austenite decomposition is of the same order of
magnitude to that of FesC precipitation (superimposed
curves in Fig 6.b), but is enough to lead in total to a
macroscopic expansion.

4. Industrial practice

4.1 Selection of tempering

In industrial practice, hardened bearing steels are
never used as quenched, but tempered, in order to
reduce the inherent brittleness of quenched high
carbon steels.

Tempering after quenching is the beginning of the
aging process described in § 2 and § 3 and
characterized in § 3, and will be more or less advanced
depending on the tempering conditions. Depending on
the extent of the tempering i.e. temperature and
duration, stage A and possibly stage B described in § 3
occur during tempering.

In service, the material will undergo an additional
thermal aging, similar to tempering, during which the
phase transformations initiated during tempering
continue.

Depending on tempering conditions, the component
will present an expansion in service if only stage A
occurred during tempering, or a contraction if stages A
and B (total decomposition of retained austenite)
occurred. It is to be reminded that dimensional
evolutions can occur even at low temperatures given
that enough time has passed.

0.002

0.001

-0.001

-0.002

-0.003

Dimensional evolution AL/L %

-0.004

-0.005 s
1.E+00 1.E+04 1.E+08 1.E+12 1.E+16
Equivalent time at 110°C (min)

(b)

Fig. 6 Estimated macroscopic dimensional variations (Voigt, Reuss) and individual contributions of phases to macroscopic
dimensional variations (¢, 6, ’, yr) for equivalent times at 110°C - (a) H martensitic treatment with 10.7 vol.% retained
austenite, (b) HF martensitic heat treatment with 4.7 vol.% retained austenite 7-8) - ¢ stands for ¢-carbides, 6 for
cementite, yr for retained austenite, R for Recovery
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Finally, in the case of SUJ2, depending on the
application, different temperings are used, resulting in
different properties and advantages/shortcomings:

— ‘Low temperature’ or standard tempering (only stage
A occurs during tempering, 1 to 2h at 170-180°C):
the hardness obtained is high for good RCF
performance and no dimensional stability is
guaranteed.

— ‘Higher temperature’ tempering or stabilizing
temperings (stages A and B occur during tempering,
for example 2h at 230°C): the hardness obtained is
lower than that of standard temperings, but a higher
dimensional stability is obtained, as no expansion
due to retained austenite decomposition will occur,
but contraction at long operating times, or high
temperatures, or combinations thereof. These
temperings are used for bearings subjected to
higher temperatures.

The actual temperature/times of NTN-SNR existing
standard tempering (D treatment), and stabilizing
tempering (S) were used to calculate the equivalent
times of aging at 110°C for a SUJ2 steel, so that the
time corresponding to the beginning of service for D
and S temperings are reported in Fig. 6.

4. 2 Influence of heat treatment conditions on
retained austenite

In the previous paragraph, it is shown that it is
possible to obtain different hardness/dimensional
stability compromises depending on heat treatment
parameters.

It is also important to add that heat treatment
solutions are in practice also selected for other
considerations, for example to minimize distortions, to
avoid quench cracking or depending on furnace
technology available, and that many criteria are
accounted for to design the heat treatment.

Many studies have been carried out on the
influence of heat treatment conditions of classical
bearing steel on the amount of retained austenite 9-12),
and its thermal stability, through its practical
consequences on dimensional stability.

Pearson 9 has illustrated for a variability of industrial
heat treatment conditions and facilities, the dispersion
of size change that can be found for standard treated
SUJ2: for an aging of 3000h at 150°C, the size
expansion can vary from 7x104 to 11x104, illustrating
the influence of the different heat treatment conditions
used depending on the bearing manufacturer and
facilities.

Franklin 12 performed an extensive study in the
1970s on the effect of all these parameters on
retained austenite content (without measuring its
resultant dimensional size change). His main
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conclusions and the ones also obtained by other

authors are summarized in the following:

* An increase of austenitizing temperature and time
increases the amount of retained austenite after
quench;

* A quicker cooling rate produces lower retained
austenite contents;

* Interrupted quenching (martempering or
marquenching), commonly used for SUJ2 to reduce
heat treatment distortions and quench cracking
likelihood, increases the amount of retained
austenite;

« Higher tempering temperature and times will lead to
lower retained austenite contents, even if
temperatures lower than 200°C will not lead to
significant lowering of retained austenite content in
SuJ2.

4. 3 Reducing retained austenite content by
heat treatment

Different methods can be used to reduce retained

austenite content:

® Subzero treatment consists in an additional
subzero quenching after the standard quenching to
room temperature, but small amounts of retained
austenite are always retained. It generally consists
in an isothermal holding between -100 and -70°C.

® \Water rinsing consists in submitting the
components to a soaking in a water tank at 15-
20°C, after oil quench usually realized between 40
and 60°C. It has been shown that this step can
reduce a portion of the retained austenite, and
resultant dimensional variations.

® Tempering (stabilizing heat treatment) is to date the
most effective way to suppress retained austenite.
For SUJ2 and other low alloyed steels, tempering
must be performed at temperatures higher than
200°C for a significant reduction of retained
austenite content, and at least 230°C for efficient
removal of retained austenite 9.
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. 4)
5. Conclusions

The issue of dimensional stability cannot be 5

simplified to the content of retained austenite present
in the bearing ring, and complex microstructural
evolution mechanisms modelled in this paper are 6)
responsible for the observed macroscopic dimensional
variations.
The model presented here takes into account one
initial heat treatment. Other NTN-SNR studies on the 7)
evolution of this model enable the evaluation of
dimensional variations for other heat treatment
conditions.
Nevertheless, the only efficient way to improve
dimensional stability in service when needed (if 8)
service time and temperatures are high enough to
create dimensional changes modifying the internal
clearance or loss of fit with mating components) is to
select the tempering with an appropriate temperature
that will bring the microstructure closer to equilibrium
and remove the remaining retained austenite. 9
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Evaluation of Rolling Contact Fatigue by X-ray Diffraction Ring
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In this report, a novel approach for evaluating the progression of rolling contact fatigue (RCF) is introduced.
The progression of RCF is evaluated based on tri-axial stress state and the degree of martensite grain
orientation which are characterized by two parameters: geq and S/So, respectively.

From the behavior of the geq and S/So during RCF, it is found that the progression of RCF can be divided into
three stages as follows. First, geq approaches the yield stress of SUJ2 in the early loading stage; about 103
cycles. The S/So does not change in this stage. After drastically increasing the ageq up to 108 cycles, the S/So
increases. This shows that the martensite grain orientation on the RCF surface begins to be formed after the 103
cycles. Finally, geq gradually decreased while developing peeling on the raceway although the orientation of

texture continues to progress.

This is a new finding obtained by applying the Debye ring analyzer to the evaluation of RCF. The evaluation of
RCF by Debye ring is a promising method, not only to investigate mechanism of RCF, but also to allow for

quantitative estimation of the progression of RCF.
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xR1 “HEEBREG
Two-cylinder type test conditions
No Load | Pmax | Curvature in the axial direction Rg pm A
‘| kN [GPa| Driving Driven | Driving | Driven
1 1392|277 0.022 | 0.987 | 0.3
2 1 t © 60 0.025 | 0.010 | 10
3 196|220 0.030 | 0.945 | 0.3
4 1392|277 60 0 0.985 | 0.029 | 0.3
| Driving specimen |
1D s

[T
i

Driven specimen

v
| Lubrication felt

Motor__
B4 —HEEEREOBER

Schematic drawing of two-cylinder type test

HBLF, Pma)D'2.77GPa, MR/ (S X—5 (LUF,
MDO.BDRFEBRE THS. No. 2l FRAHE
BRHE(A>I) EED KD (CEE - B DM ER A 7Z 5
Eff EFEUTZ. No.3([ENo. 1&£E U < ERENAIICERE
T ET, EBAICHEITE ETOREBRFZRVLTVS
1, PmaxD'2.20GPaCNo. 1 KD IEEFEDFEHF TH S .
HERRFERNS —EZMISO VG32)ZRdHAE
7 )V MOy RzaBgF ICERMEE D & THIE
Ule. BREpIERRA OEEmRE(E500min! & Ufe.

3. 2 XERAIESRM
XEREITRDMEEE LT, u-X360(LRT v
UIEMASHR)ZEA L. AKEIL, BifXiRe
ZRITCTRETDDTT I\ AUV TDDMHMTAS.
XERAIESRGZR2(CR T . BEICHIZ D TIERSIC
NI EIERZED , ILHETICIF2E(CE LT EA R
—EREZERAVC. XERORHNELHEEp2THD, &
BREREDOHECNHIERCHAORMER(2.96
mm)&k DNSWes, Eh D EAED I DFHED T
=D.

XERDM R DOABBIC A DAL RS XERIBEARE)
& ®RATEA5NB'2.
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& XIRAESRMT
X-ray measurement condition

Characteristic X-ray Cr-Kqg
Diffraction (hkl) a-Fe (211)
Tube condition 30kV, 1mA
X-ray irradiated area @2

Incident angle o rad (deg) 0, 0.524 (0, 30)

Exposure time s 72

$=90 deg

Contact line — 7,

E5 AEROFERAICNT DEEREIPEDABERR
Relationship between coordinating system in measuring
object and location of IP

€0s21 coS% o+ COS Yo SiN2y SiN wo COS a
(1+cos2n ) cos o+ sin2y sinyq CoS a

1
a—ﬁ' 9)

ZCT,
T, 0 DAIBICHIFDEITHEDEAES
w1 8D Cr-Ko 81T T B IR RS 'S
(889.76cm™")
N(19)ZHWVDE, AHAE y EFERAREDE
RIFEBD KL DICIED . A TIEXERDAFNAZOrad
(0")&0.524rad (30°) & Ufefzsh, XIEDTFHRAHE
TEFFENZENBAum, 46umEiEd. LichioT,
g 2 XERAIEEREFHBRARED SKI5 umE TD
RN EDIBHRZ TR I DD THD.

[}

=

3

< —

& B

© \

S \

g 4 ~

5 N

&

o \

o 3

) \

u

9]

= 2

< 0 10 20 30 40 50 60
Wo deg

H6 XBRAFEEFHRANRSDER
Relationship between X-ray incident angle and average
penetration depth
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3. 3 FHmER

TmENE A OFHOERE LT, HIARND(E—EXN
N) o BRUEREEICERT DT /I\A UV TDE
tZE81LT DR TER UL/ (S X—55/S72 L)
5. SlE, TINAUV T DHDAEICHT D EHTRED
RERECHD, SolFFEBRRIDSDIETHS. E7(a)
DX [CAF—IFEEDMZE DT/ AUV T T,
alCHTBHE—TBERIE7bO)DLIICED, ZD
BEREIAERD S THRENS. —7. 0eqFT(20)
TRIND.

Oeq 2\/;

(O'x—G'y)2 + (O'y—O'z)2 + (0'z—O'x)2
+6 (‘[2><y+‘l.'zyz+‘tz)(z)

(a) FI\A U TDE|
Example of Debye ring

Intensity a.u.
Intensity a.u

0 60 120 180 240 300 360
a deg

(b) HDAICHT dE—IREEZTDIERERE
Intensities at diffraction peak for central angle
and its standard deviation

®7 I(SX—FSDERE
Definition of parameter S

4. ERBLUER

4.1 JHRI\SA—5DEE

E8ICNo.1&ENo.2DEREIAIFHER A ICHIT D EaTFE
HE o DRERZETRT . HERBHEBRLETH D
NO.2D g [FEBFEHNARELLE > THIFEAEE
{EUIEWVD, BFRBEBRGEDNO. 1D geq |FERENTIH
DEPETERAEKED, SUJ2OBERIEAICITNT 134
MPaZxTCTLERUE. ZD%, E—UYIDFREZ M
WIEDYS 0« [FFRZISEAD UTc. ROIFEERIE THRD
HEEDR T CHd. CDE—U >V TFEADERFE
(B 12X 104E)H 5T TICHEINTLC.

10ICEHBRIDRBH CESNICT I\ UV T
Znd. No 1 TRAERRICAE—BETI\AUYITH
B\=RINz. ®11(CNo. 1 &ENo.2DO & B & S/S
DREFRETRT . No.2DS/SolFERIR T F TEIL LK
hofch', No 1 ClIFaEEHMDIEMICEDEDT
S/SonMEN LTz, NS, RFREBRGDEREIRHFD
NILT YA MERRDEEQZF DIRRCHE EZ
mLTWLD.

1400
® No.1
1200 ONo0.2
O
© ()
o 1000
s ® [ ]
o
o 800
8
W L5o O O O
400 I I I I L1 I I Ll L1 I I Il I I I I Il I L1 I
0 10 20 30 40 50

Number of cycle x104

E8 No.1, No.2DO&fEEHICKT D oeq DEAL
Relationship between von Mises stress deqand the number of
cycles for driving specimens of No.1 and No.2 tests

B9 No.1DEMTA8X 10 EDE#ICEB SN
EEREERFOE—D >V JEE
Peeling for driving specimens of No.1 test after RCF of
48x10%cycles
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(a) ExEhAl (b) No.1 (C)No.2
Before RCF I— After RCF —I
E10 mstEANo. 1, 20 EEAERF TE 5 Ne
FIAUVY

Debye rings for before and after RCF tests of No.1 and
No.2 tests at 48x10* cycles

10
® No.1
8 HONo.2
o
6
5 o ([ J
< 4 0@
2
(l)OO @) @) @)
Oo“wl‘o”“z‘ow“ejo”“4‘0‘”‘50
Number of cycle x104
E11 No.1, No.2D&RELO#KICHT DT /N1 TD

AY—ES/SoDZEAE
Relationship between S/So and the number of cycles for
driving specimens of No.1 and No.2 tests

4.2 FEDFE
12(CN0.TENO.BDBFEHICH T D geq &
S/SODZEALZTRY . 0eq £S/SoDZEEIE, No.1ENo.3
ETAENLRL, E=UVIBIFEEIFHBICRE UK.
FENELDICHEDS T, gqDER, fERED
DEEBIOE—U VI DRERHICENED O ICR
HlE, FEMESORCEMOBEE(CEE CENED
DICIcHTH S . REMESDRICEMODBIEE ZRd
EENBDRAQ'Y (FNo.1ENo. 3DREENAIFE Ttk
BICO.175 rad(10°)ZBATWVD . TNUITERDH
ZMRAq(0.017~0.070rad)& D [FDH I KELE
ECHD. RAQDOREVKEDIGCEMERCE U D
EDE, VWIFNOEERGTHSUIHDIZZ 5N
DIRFBEZBA S EHASIND. Lo T, [IED
ENEBNEERENCTEEZSA T, EEEH
HEDIENICDOHEEZSZ D ENXRICKDDM
THROOSNIZ. IND, 0 DR, fEREQDE
ECRENFELULEND DICIEHTHD.
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g 800
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Number of cycle x104
(a) Oeq
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O
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4 O @
® No.1 |
2 (|> ONo.3
o Lo o
0 10 20 30 40 50
Number of cycle x104
(b) S/So

E12 No.1, No.3DE&fEEIICHT B geq £S/SoDZEAE
Oeq and S/So depending on the number of cycles for the
driving specimen of No.1 and No.3 tests

4. 3 K&afO#Em COXRAEBDZEL

BFEBREGICHITD geq ET/\NA U T DRIKIFE
BrEEE 1 0PE N CRBICELT D EEFIEE T
[CRUfe. ARTE10°EL FOaREE C Do
BICDVTIERD .

13ICNo. 1 EBUFEHETE X 10461 TOErEnit
BREITOTEEED 0eq ES/SIDEALZEIRNT . 0cq [FETT
[O%7 1038 D R TH B AT 533MPah 5 1084
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DIBICETIT D EN D oz,
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(b) S/So

13 No. 1D geq ES/SoDEFEEIEIS X 104EFE TDZE1E
Ocq and S/So depending on the number of cycles up to
5x10% for No.1 test

4.4 MHEEFEIDRE
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ES/SDEALZERT . BREOHEX104EIE TIF,
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5X104E a5 R E LD, ZDERIENo.4D
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SICEFHFARTZ1T D .
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14 No.1 ENoADBETRELHEII T D geq ES/SODZAL,
Ocq and S/So depending on the number of cycles for the
driving specimen of No.1 and No.4 tests

(b) No.4

E15 afLhHox10°EcosernE—I 2T
Peeling on raceway at 5x10° cycles
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SRR A MESKAE D Z M O ENFIEICRIFT T EE

Influence of Induction Heating Conditions on Bearing Steel Characteristics

FEmDAMIULETH oI,

%5 3 8% SB*  Hiroshi YUKI
£ = 8B* MiyuSATO

BRSO O LR H2ED2AEMBABEANDINFRZFIIZAD SHEENMAICEE T HIEEZHE
U, (FINZLIEE & BFERENE SN DFEMANERMGZRER L.
EREBRICMOEREZZEE L CREBRF ZFRL, WEAR(EER, BNaFEE, HRBEN
UBAlESIBEZHI L. Fle, RIFFRHETERUEETHZDOERERFHE,

FENMEEDIMNFEE

BE

In order to evaluate the characteristics of SUJ2 bearing rings hardened by induction heating (IH) in comparison
to those heat treated in a furnace, we researched suitable IH conditions that achieve the same properties as
furnace heating. Dimensional change ratio, static load capacity, fracture strength, and shear fatigue strength
were evaluated with specimens that were induction hardened with varying temperatures and carbide area ratios.
Suitable conditions were determined. Basic rating lives of ball bearings made with the suitable IH conditions
were found to be 4 times longer than their calculated fatigue life.

1. EU®IC

BRRIOLHMZM2E (LIT, SUJH) DEHK
MEBEANDINFRZFINFAD SFFEEMFACAT, 1H)
(CEFINFEIRILF—{E, BAL, BRERREREZ
ENTED.

—73. IHIFFIEICENTEEMAARNTHD, D
— 2 1Eld 7z b DILERE7Z 5EHE I S et (CEim Il Ek
DERATNBSRANZL. BEMADEEF, SUJ2
MDA —RAT A MEEEDSHEAT D EITIED,
FINEACH —RATFA b+EAXAVTA SN S5
MENDRBEFUNELDIEND DD .

T CTAMATIE, REFFEMFNIERAZERER
L. fFil#mE s Ui,

2. HERTE

2. 1 IHFLIESRM
BHRDERRRRE IS ICHET DICHE
BECHHN, BEERREEODEZAEGRHETHD.
T C CEARREEDRD D (CERIEYEER i U
Je. REOEBEDBRHR CHNE, RIBYDIERLEY
LESHIRAESTIL S, FBEAHERIEICKDEE
ETZE<. B, BEREIARETNIETDFESHE

SNIEV. 2 THMAE ClEEBRFRE SSERSE
COBRZREI D2, RIEYEEERZ4%, 8%
ROT12%BL, MEREFFMAIDBEEHKEL
T, 900T, 950TCHKU1000CL LTe. HRU
&, BEERURGCHHATI 180T X2h, HIC
foERERBRRLZEBELZE62HRCEWVD
240T xX43sKk UB0HRCEWVWD I3 10T X37sD3
KEE U, D5, 3X3XIM27KAEZ X
RELUE. B, SLERGEINFRE, RICYERE
RO, BRUEHZ)\A TV TIRICDOEE [900-
4-180] DKIICKREITD. WRIEWEREKRT LD
HRECIAREEDOBERND, RRUERDEECE
DOINFCRE CNFARE & DBEfR7ZRTITRT .

K1 BHRECBIFDIHINEAEEE
IH test conditions
BEAN
BE C BLDREYETEER
4% 8% 12%
900 316.0s 57.5s 11.0s
950 65.0s 14.5s 3.0s
1000 10.3s 4.0s 0.7s
HRU
JHLEE HRC BE T
62 180 2h
62 240 43.2s
60 310 36.8s

*Setm TR SR
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2. 2 IHRWETE
HEEE2CE—0OY bDSUJ2H & LTe.
R (CHEM DIEZEM D 2R T .

F2 SUIHDIEZERD
Chemical compositions of SUJ2 used (mass %)

© Si Mn P S Ni Cr Mo Cu

0.98 | 0.27 | 0.42 | 0.011]0.007| 0.06 | 1.47 | 0.03 | 0.08

HEM DI FEERAEMAREZER LI,
HEMANEEPREDREZRWNZT «— KUy Tl
flckD, HBRREEZ—EICUZ. MK TT#, &
BROREN100CEEICEDFT OMNE70COI—IL
NHRPTRATUSAIUT.

A : 950°C X 65.0s

E1

B : 1000°C X 4.0s

2. 3 BIHAWIEREOEARFNE

HEMERZ 60X 54X 16DV VT EULT,
IHINBAEA RO EREZITofc. B ICIHMNES
ARz T . HMFDA, B, Cl&F, ZNZEn
950T x65.0s, 1000T x4.0sKU'900T X% 11.0s
TUEUTEIHNMAR THD. MAREICLO>TZIO
BN EIES DR CED . RIITHR LERDRE
E, BBy ENUIBy BaENEZRT.

3. RIFRHDRE

3. 1 TEE(RREE
3. 1.1 HEH=E

HEMTEREPpB0X 954X 15 DUV T EUTE.
BRETHRNIB LI > J7Z230CT2hEFL, M
AR ONER(ERZKSDIC. ABHIFZKEN=3&
Uz, SHEZ(EFEN0.050%FKmzas Lic.

C:900°CX11.0s

DDr—ﬂ {iFt ’ D%ﬁ‘fﬁt

Cementite distributions

#R3 BHUNERFICBIIDHERUEES, BBy ESIBy KD
Hardness, amount of retained austenite and prior y grain size after tempering

BUO DRI EER
4% 8% 12%

MEERE RRUBE| B |RKEBy=E |HyEEh B |(REBy=E |ByEEn B | RBy=E||Hy &8N
°C °C HRC % HERS | HRC % HEHES | HRC % NEES
180 62.8 14.6 62.1 105 61.0 7.9
900 240 62.5 145 11.0 62.4 12 | 110 60.2 86 | 110
310 60.2 73 60.9 57 57.9 54 |
180 62.5 17.0 62.3 13.0 61.3 10.2
950 240 62.8 179 9.4 62.3 131 | 108 61.4 107 | 110
310 60.2 98 60.0 78 59.1 60 |
180 62.0 17.2 62.1 17.3 62.4 14.6
1000 240 62.3 169 10.0 62.2 165 | 102 62.2 148 | 110
310 60.2 111 60.1 96 60.2 78 |
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3. 1.2 FHmEER

RACPEREERZTT . RIEYEBEERD4%DE
BICHEREEDPKRELLBDEAICHD. MEEE
1000CNDB62HRCEVDERULEHE (180,
240T) TIERVLWITNDRILYEEECTHREGHRER
ol BR2ICEREREBEBT —AT A hELED
BfReRd. BB CIEERBA—ATHA hEET
EEAERICBUMERE G o Tz,

R4 EZEFE (X109)
Dimensional change ratio (x10-5)
MEBEE | GRRUEE BULDRIEYEER
°C € 4% 8% 12%
180 71 36 19
900 240 65 38 40
310 45 25 24
180 78 47 35
950 240 75 47 39
310 60 38 26
180 82 77 59
1000 240 51 62 55)
310 54 48 41
90
80} s \
70+ *
L
_%r 60  310°CERL . 3 s
% sol (60HRC) 4 .
1t oy P »
= 40 " -
5 30 o IHES
X 10 = 180°C R L
20 * + o
240°C IRR L
10f (62HRC)
0 L L L
0.0 5.0 10.0 15.0 20.0

BEA—2TT1 N %

E2 T —RTSA hEETERE
Relationship between amount of retained y
and dimensional change ratio

3.2 FMERNSERE
3.2. 1 #HBAA

HEMRE, SRETRILE U 960X 952X 15
DUVIHnSYIDHUIZ, BX15X3DFRE L.
ROLVEZREMNLIL, TO@EIC3/84 YFDE(L
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Grease Lubricated High-speed Deep Groove Ball Bearing for EV and HEV Motor
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EV and HEV are tending to increase the output by increasing the rotational speed to compensate for the
output torque reduction by miniaturization of the motor. Therefore, there is an increasing high-speed rotation
request also for deep groove ball bearings are used for the motor support.

This paper introduces NTN grease lubricated high-speed deep groove ball bearing for EV and HEV motor, and
explains its features and performances.
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Deep Groove Ball Bearing for Alternator Corresponding to 200°C
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According to electrification of automotive auxiliary equipment progresses, electric power consumption of
vehicle will increase. It is enhanced power generation capacity of alternator, and usage environment tends to
become high temperature, alternator bearing is also required to support high temperature.

This article introduces the feature and the performance of the 200°C capable bearing for automotive alternator.
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3D Microgeometry Measuring Machine
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NTN has developed a 3D microgeometry measuring machine that can measure a height length of 20
micrometer only for 0.6 seconds and is the fastest of same class.

By the development of unique image analysis software, in addition to adapting a scanning white light
interferometry and a high-speed camera, speeding up has been realized.

The image analysis software has various functions that are 3D viewer, profile viewer, automatic measurement
function of height and volume, analysis function of surface roughness, etc.

If this equipment is mounted on NTN desktop fine pasting system, you can also check the shape of the ink

immediately after pasted.
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High-speed Microscopic Coating Applicator
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Since 1990, NTN has started to manufacture and sell the system to repair defects that have occurred in the
production process of flat panel display, there are many adoption proven.Core technology of this repair system
are high-precision positioning technology with precision stages, fine processing technology with laser beam and
fine pasting technology with pasting needle. In particular, the fine pasting technology is a unique pasting method
of NTN, and we can paste many kinds of liquids in a stable with this technology, there are many adoption proven
in the repair application for the color filter of a liquid crystal display.

This paper explains newly developed high-speed microscopic coating applicator for the purpose of application

deployment of fine pasting technology.
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