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Development of NSK LCube IT™
Tapered Roller Bearings for Electric-

Hybrid Vehicles

Masaki Chishima

Automotive Technology Development Center, Automotive Powertrain Bearing Technology
Center, Powertrain Bearing Technology Department

Abstract

In line with increasing concern for the environment, consumers and businesses around the world demand better fuel
economy from motor vehicles, which is leading to the rapid development of electric/hvbrid vehicles.
In the field of gearboxes for these vehicles, development of low viscosity lubricant oil is required to reduce energy

consumption.

As a result, requirements for tapered roller bearings used in gearboxes have become increasingly severe and
countermeasures for surface damage and seizure in severe lubrication environments have become an important area of

focus.

In the following article, we introduce NSK’s LCube II tapered roller bearing (TRB), which has reduced surface damage
in severe lubrication environments and improved seizure resistance.

NSK LCube II TRBs have eight times the durability and comparable seizure resistance of a conventional TRB in
severe lubrication environments. Additionally, NSK LCube II TRBs have 10% reduced friction losses when compared to a

conventional TRB under low speeds.

1. Introduction

The tightening of environmental regulations and
depletion of fossil fuels in recent years have driven the
need to boost the fuel efficiency of automobiles globally,
thus accelerating the development of electric/hybrid
vehicles.

In the gearboxes for these vehicles, the viscosity of
the lubricant is being reduced to minimize unit losses in
order to improve fuel efficiency and power consumption.
As a result, the lubricated environments of tapered roller
bearings used in the gearboxes are becoming harsher.
Moreover, preventing surface damage and the seizure of
bearings due to insufficient oil film has become a key issue
in creating a highly reliable gearbox.

As automakers accelerate development of electric/hybrid
vehicles, the solution of achieving gearbox efficiency will
require the development of robust bearings. NSK has
developed the NSK LCube as a technology for coping with
surface damage and seizure caused by insufficient oil film
of tappet rollers for automotive engines”, and this has
contributed to improving engine reliability. This paper
introduces the NSK LCube 11, a developed product which
is an improved and optimized version of LCube technology
for tapered roller bearings.

2. Effects and Challenges of Bearings
Due to Changes in Usage
Environments

NSK has developed a variety of low-friction tapered
roller bearings to contribute to improving gearbox
efficiency”.

Aihara has reported the theory of the frictional
resistance of tapered roller bearings®, and the contributing
factors of tapered roller bearing friction can be classified
into (1) to {(4), as shown in Figures 1 and 2.

(1) Rolling friction between the inner and outer ring
raceway surfaces and rolling element surfaces

(2) Sliding friction between the inner ring rib and roller
end face

(3) Sliding friction between the roller and cage

(4) Agitation friction of the lubricant

Among these, (1) rolling friction between the inner and
outer ring raceway surfaces and rolling element surfaces,
(2) sliding friction between the inner ring rib and roller
end face, and (4) agitation friction of the lubricant account
for the majority of the friction in tapered roller bearings.
NSK has developed and marketed various types of low-
friction tapered roller bearings with the aim of reducing
friction from these factors.

On the other hand, due to vehicle eleetrification,
the viscosity of lubricants in the gearboxes has been
significantly lowered in order to reduce agitation friction
in recent years. As a result, bearings are exposed to severe
lubrication environments and increased propensity for
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surface damage of the rolling contact portion and seizure
of the sliding contact portion.

Achievement of both higher gearbox efficiencies with
low-friction tapered roller bearings and the prevention of
premature bearing failure requires the development of
low-friction, robust bearings.

Rolling friction between

inner and outer ring

raceway surfaces and Sliding friction

rolling element surface between roller
and cage

Lubrication
oil agitation
resistance

Agitation friction between inner
ring rib and roller side face

Fig. 1 Friction factors in a tapered roller bearing

Bearing friction

—

Rotation speed

Fig. 2 Relationship between rolling and sliding friction
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3. Characteristics and Effects of
Developed Products

NBK’s high durability tappet roller, the LCube
series, can be applied to the surfaces of various mating
components as a response to the harsh diluted lubrication
environments of engine valve systems in order to achieve
higher reliability.

The newly developed tapered roller bearings, LCube 11,
introduced in this paper further utilize the processing
technologies cultivated in the LCube series for
gearboxes with harsher lubricated environments. Their
characteristics and effects are described below.

3.1 Formation of oil reservoirs

As shown in Figure 3, a great number of large and
deep oil reservoirs are formed on the tappet roller outer
ring surfaces through special machining, and lubricant
is retained in the oil reservoir to prevent an insufficient
oil film. The properties of the oil reservoir are optimized
so that it can be applied to various materials, heat
treatments, and surface finishing conditions on the mating
surface.

Figure 4 shows examples of tapered roller bearing
damage in under-lubricated environments. Due to sliding
contact between the inner ring rib and roller end face,
tapered roller bearings have a risk of seizure and the
friction in this region is dependent on the operating
environment and surface features as shown in Item 2. In
the development process, a prototype comparable with
LCube was produced and tested.

As a result, an improvement in durability in relation
to surface damage was observed; however, an increase
in friction at low speeds was also observed (Figure 5).

The large and deep oil reservoirs processed using LCube
special machining (Figure 3) were optimized for tappet
rollers, as previously described. This same process, when
applied to the sliding contact portion in case of tapered
roller bearings, may result in an increase in friction.

In light of this phenomenon, the newly developed 1.Cube 1T
forms a number of shallow and small oil reservoirs (Figure
B) and improves the processing method, making it suitable
for tapered roller bearings. As a result, we have established
an optimized surface feature for tapered roller bearings,
which both suppresses the increase in sliding friction by
improving the surface roughness and further reduces
rolling friction due to the oil reservoir effect.

In order to confirm the effects of the application of
LCube IT on the functions of bearings, we conducted tests
on the durability to surface damage, seizure resistance to
sliding friction, and the effect on friction.

Deep, large oil reservair

Fig. 3 NSK LCube™ 3D surface and enlarged surface photograph

Roller rolling
Roller head surface

Inner ring rib
surface

Seizure examples on roller head/inner ring tib surfaces Surface damage examples for roller rolling surface (peeling)

Fig. 4 Surface damage on the tapered roller bearing
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Evaluation conditions

- Load: F.=3000N

- Lubricating oil: low-viscosity oil
- Qil volume: 200 cc/min

Standard product

2000 3000 4000 5000
Rotation speed, rpm

Fig. 5 Bearing friction measurement results for the test product

A shallow, small il reservoir

Fig. 6 NSK LCube IT™ 3D surface and enlarged surface photograph
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3.2 Surface damage resistance

The hardness of the outermost layer of LCube 1T can be
increased by the effects of a special processing optimized
for the tapered roller (about 1.2 times that of the standard
tapered roller).

Figure 7 shows the results of a durability test conducted
under diluted lubrication and low-viscosity oil conditions
in order to confirm the effects of minute oil reservoirs
on the roller rolling surfaces and the effects on surface
damage. The evaluation results show that LCube II has
achieved improved durability resulting in a life more
than eight times longer in terms of surface damage when
compared to the standard product.

Figure 8 shows the appearance of the tapered roller
rolling surface before and after the test, confirming
that the surface of the standard product is rough due
to eontinued use in severe operating environments, and
a small amount of flaking (peeling) occurred. The test
also confirmed that LCube II retains the surface feature
evidenced by oil reservoirs remaining post-test. Even at
eight times the test duration, oil reservoirs still remained
and no progression of surface damage occurred although
the surfaces were rough due to the harsh conditions. This
indicates that the hardness improvement effect of the
outermost layer and the oil film retention effect due to the
oil reservoir are effective against surface damage.

Without surface

damage
10.0 -
I Evaluation conditions
1 Load: F,=14 000 N
8.0 -+ : F,=12000 N
1 Rotation speed: 2 500 rpm
o ! Lubricating oil: low-viscosity oil
= 1 - . )
s 6.0 T Qil volume: 10 c¢/min
@ 1
= 1
o 4.0 ;
|73 . =y
2 1
1
1
2.0 -k
1
1
1
0.0
Standard product Developed product
Standard product

Surface damage {large)
Surface damage

Test rig stopped

n - iﬂ‘hw—-c-
Surface damage

Test time 3 times

Fig. 7 Bearing endurance test results
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Fig. & Comparizon of enlarged surface photographs

3.3 Seizure suppression effect and low friction
effact

In order to confirm the effects of LCube I on zeizure
and friction characteristics of tapered roller besrings, tests
were conducted using low-vizeosity als.

Measurements were carried out with load applied anly
in the sxal direction, focusing on the characteristic effects
of sliding friction due tothe application of LCube I1,

Figure % shows the change in temperatures of the
developed product and the standard product at the inner
ring rib surface in zeizure tests, Before the start of the
test, several drope of lubricant were added to the sliding
surface. The test compared the times just before zeizure
ocourred on thiz diding surface in a non-lubricated
environment. Considering the temperature transition until
zelzure ocowrred (the point at which the termper ature curve
changed sharply), the seizure resstance of the developed
product iz equal to or better than that of the standard
product.

Figure 10 shows the friction messurement results of the
developed product and standsrd product. The low friction
effect of upto 10% was confirmed for the standard product
under low speeds {up to 1 000 rpm). Thiz iz aresult of
the effect ofthe ol reservoirz in LCube II, which retains
lubrication even under low speeds where oil filim formation
1z typically low,
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Evaluation conditions
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Fig. 10 Bearing fiction measurernent resuls
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4. Postscript

MEK has developed first-generation to axth-generation
lowr friction tapered roller bearings and has been
contributing to improvements in the gearbox efficency and
fuel efficiency of sutomobiles through high durability and
relizhility.

However, accelerated development of electrichybrid
wehicles in recent years prompted NSK to develop a highly
robust besring designed for uzein harsh lubricating
environments, the motivation behind the devel qprnent of
LCube 1L,

LCube Il tapered raller bearings can be applied to
gearbozes with harsh operating environments and can
replacethe standard products without the need for
changing the internal specifications of the bearings, We
are currently in the midst of an sutamctive technaology
revolution, 2aid to ccour anly once every 100 years, We
will continue to develop highly reliable, low friction
bearings that meet the needs of the marketplace while
alzo continuing to contribute to improvements in eledtric/
hybrid wehicle fuel effidency, power consumption, and
relizhility.
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Technologies of NV Measurement and
Analysis for Steering Systems

Masayuki Kanatsu

Steering & Actuator Technology Center, Steering R&D Center, Steering Performance &

NVH Engineering Group

Abstract

In recent years, demand for quiet automobiles has been increasing, which results in higher demand for quieter
steering systems. The difficulties of NV (= noise and vibration) technologies for steering systems are caused by various
kinds of NV phenomena, which change depending on the vehicle and environment. This report shows examples of NV
measurement and analysis and a mechanism of rattle noise and operating noise, which are particularly problematic
among NV phenomena related to steering systems. Currently, the simulation model that qualitatively reproduces rattle
phenomena has been built based on previous investigation and used to predict and improve NV performance of column-

type EPS systems.

1. Introduction

In recent years, reduction of COz emissions is required
for worldwide global environment protection. Particularly
in BEurope, the trend toward electrification has been
accelerated due to severe fuel mileage regulations. Along
with electrification, advances in autonomous driving
technologies are also remarkable, and a worldwide
revolution is in progress. Under this background, demand
for quiet automobiles has been increasing, resulting in
higher demand for quiet steering systems.

For NSK, ideal steering systems give the drivers a
sense of unity with the vehicle. In addition to the basic
performance required for a steering system “turning,”
NSK’s steering system with NV performance provides
comfort as key performance.

8 Mation & Control Mo. 31 (June 2020)  INIGSIK

The difficulties related to NV technologies in steering
systems are caused by various kinds of NV phenomena,
which change depending on the vehicle and environment.
Therefore, what is required is the establishment of
technologies for NV measurement and analysis that are
suitable for NV phenomena of steering systems.

In this report, examples of applying various types of NV
measurement and analysis technologies to NV phenomena
of steering systems are provided.

2. Overview of NV Technologies for
Steering Systems

2.1 Typical examples of NV problems with
steering systems

Typical examples of NV phenomena of steering systems
are shown in Table 1. Table 1 summarizes NV phenomena
of column-type EPS systems.

As shown in Table 1, NV phenomena of steering systems
are classified into “abnormal noise during driving,”
“operating noise,” “noise when holding steering wheel,”
“noise from reverse steering,” “tilt/telescopic operating
noise,” etc. Among these, “abnormal noise during
driving” includes “rattle noise” generated by hitting at
the looseness of each part of the steering system, which

Table 1 Typical NV phenomena in steering systems

is caused by reverse inputs from the road surface and
“steering wheel vibration™ due to mechanical resonance of
the steering system. Regarding “operating noise,” there are
“floor vibration” caused by assist torque fluctuation due

to resonance of the mechanical part or insufficient control
stability and “operating noise of the motor” generated by
the order components of the motor. Since “operating noise”
is caused by not only mechanical (reduction gear) factors
but also hardware (motor) and software (control) factors,
it occurs over a very wide range of steering speed and
frequency band.

As described above, there are a wide variety of NV
phenomena of steering systems. In this report, rattle noise
and operating noise, which are particularly problematic in
steering systems, are focused on.

Occurrence Status

Typical Examples

Causes of Occurrence

Abnormal noise generated
Abnormal noise when driving on rough roads

while driving

Rattle noise

A hitting noise generated at the backlash of each
part of the steering due to reverse input from the
road surface

Steering wheel vibration when
driving

Steering wheel vibration

Vibration generated by the mechanical resonance
of the steering system

Abnormal noise generated

Cpetaling:niss during stationary steering

Floor vibration

Vibration caused by assist torque fluctuation due
to mechanical resonance or insufficient control
stability

Motor operating noise

NV generated by the order component of the
motor

Noise when
holding
steering wheel

Noise generated when
holding the steering wheel

NV felt on the steering wheel

NV due to the high frequency assist torque
fluctuation of the motor

Abnormal noise generated
when reversing the steering
wheel

Noise from reverse
steering

NV felt on the steering wheel

NV generated from the steering components due
to the input when the steering wheel is reversed

Abnormal noise generated
during tilt/telescopic
adjustment

Tilt/telescopic

operating noise sound

Tilt/telescopic lever operation

NV due to poor lubrication of sliding parts, etc.

Motion & Control No. 31 (June 2020)  INNGI 9



2.2 Goals of steering NV technologies
2.2.1 Standardized approach for NV investigation

One reason for the wide variety of NV phenomena of
steering systems is the presence of various NV sources
and complicated mechanisms. Therefore, it is essential
to establish an investigation flow to understand the
phenomena quickly and identify the cause of NV
problems with steering systems. NSK has established a
standardized investigation flow, as shown in Figure 1, and
is dealing with various NV problems.

Technologies required at each stage of the standardized
investigation flow are shown in Figure 1. “Specify

Specify the Technologies to specify features
phenomena of the of NV phenomena = Identify
vehicle inputs, load, etc.

Reproduce Technologies to reproduce NV
phenomena on phenomena on bench =
bench Visualization of NV phenomena

Technologies to identify
mechanisms of Impact source
— Transfer path — Radiation
surface

Specify mechanism
and identify root
cause

Take countermeasures according

Countermeasures :
to the mechanism

Fig. 1 Standardized approach for investigating NV problems

Mechanics —_—

mechanism,” which covers impact source — transfer
path — radiation surface, is crucial for planning effective
countermeasures. In particular, the need for building
technologies of impact source identification with parts
level has increased in recent vears, as it can be basis to
specify mechanism.

2.2.2 Measures to prevent NV problems

On the other hand, in order to prevent NV problems in
steering systems, a model-based development method,
commonly referred to as the V-process of development, is
effective. As shown in Figure 2, a technique for designing
NV performance at the system level, unit level, and
component level by 1D or 3D simulation at the design
stage has to be built. Here, 1D simulation is often used
to examine NV performance with system-level and 3D
simulation to examine NV performance at the unit and
component levels. NSK will build simulation techniques
to design NV performance by repeating a small V-shape at
an early stage of steering system design (i.e., the left side
of the V-shape).

Furthermore, as for validation of NV performance
conducted on the right side of the V-process, NSK will
define an original evaluation method and target value
for NV and conduet an evaluation at each level in order
to perform appropriate evaluation at each level of
components, units, system, and vehicle.

Software
Hardware§ Design  Verification Validation

Vehicle level

1D simulation System
. level
3D simulation Unit level

Component
level

Design of NV performance

Fig. 2 V-shaped process for preventing NV problems
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Vehicle validation

System validation

2.3 Challenges for realizing the goal to be
achieved

As described in the previous section, it is essential to
establish an investigation flow for specifving phenomena
quickly and identifying causes for NV problems with
steering systems. In particular, building an impact
source identification technology with components level
is required. At NSK, there are some cases where impact
source identification was attempted with the unit level
using the time difference of vibration transmission
obtained by multi-point measurements for non-stationary
noise such as rattle noise. However, since it is difficult
to directly measure impact phenomena inside steering
systems, impact source identification with component level
(element level) has not reached the practical level, and no
case has been found outside of NSK, either.

For building technologies to predict NV performance
at the design stage in order to prevent NV problems with
steering systems, it is necessary to specify the mechanism
for building simulation models based on physical
phenomena and to build measurement and analysis

Vibration around
steering wheel

Vibration around
reduction gear BOX

Column-type EPS

Vibration around
intermediate shaft joints

Intermediate
shaft torque

Tie rod load
(right side)

Vibration around rack guide

Rack and pinion gear

§ Vibration around worm-end
motor-side worm

Intermediate shaft

Vibration around
rack bush

Tie rod load

technologies to validate the model. In order to address
these issues, NV measurement and analysis technologies
for steering systems will be improved continuously.

3. Technologies of NV Measurement
and Analysis for Steering Systems

3.1 Standardized method for NV measurement
and analysis

3.1.1 Standardized measurement method

For NV measurement of steering systems in the
early stage of various NV investigations, collection of
time-domain data by multi-point measurement is often
required in order to understand phenomena quickly and
lead to cause analysis. NSK has defined standardized
measurement positions of NV, which are considered to
be important for specifying differences between OK and
NG products, based on past experiences. One example is
shown in Figure 3.

Noise around
steering wheel

Noise around
headrest

Vibration around

(I : Microphone
5 . Accelerometer
[ : Load/torque sensor

{left side)

Fig. 3 Example of NV measurement positions on a steering system
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As shown in the example of the measurement system
in Figure 4, in addition to NV at each part, inputs to the
steering system (load, torque, rotating speed, ete.) and
physical behaviors (displacements, ete.) of each component
of the steering system are also measured synchronously as
required and used for specifying phenomena more in detail
and analyzing causes. As part of specifying phenomena,
various types of information obtained from the vehicle,
where NV phenomena are occurring, are used as input
information for tests reproducing the phenomena of
vehicle on bench at NSK, thereby leading to reproduce
the phenomena and specify the mechanism.

| Noise at each part I—PI Microphone I—

| Vibration at each part I—DI Accelerometer I—

| Behavior of each part I—DI Displacement sensor I—

Input )
{torque/load) ’ | Strain gage I_

Rotating signals -
{angle/angular velocity) 'l Rotating sensor I_

Fig. 4 Example of NV measurement system

Table 2 Methods for NV analysis

3.1.2 Standardized analysis method

The methods shown in Table 2 can be used to analyze
the various NV phenomena of steering systems. The main
analysis methods" and their scope of application are
shown in the table. Features of NV phenomena can be
specified by selecting an appropriate analysis method or by
performing analysis in combination with various methods
depending on NV phenomena to be analyzed.

In recent years, there are more cases where large-
volume time-domain data is collected by performing
large-scale, multi-point measurement in order to perform
sensitivity analysis for NV, ete., and NV analysis tools,
which allow for more efficient processing of time-domain
data, are in higher demand.

Time-series data
analysis tool

Multi-recorder
{with built-in sensor amplifier)

3.2 Methods for investigating impact and
transfer mechanism of NV

3.2.1 Current status of impact source identification

Until now, when various types of NV problems oceur, the
strategies of investigation, where the parts and units that
are estimated to be impact sources are replaced with new
ones (or normal ones) and the impact source is narrowed
down by checking the change of the status (i.e., reduction
or elimination of NV level). However, this method often
depends on the operator’s experience and sense to decide
the priorities of disassembly/parts replacement, and it
takes a long time to identify the impact source. Therefore,
what is needed is the establishment of a method for impact
source identification for specifving phenomena, identifying
mechanisms, and taking countermeasures quickly.

As an alternative to specifying the impact source by
exchanging components and units as described above,
the time difference analysis method using NV time
domain data by multi-point measurement and the MT
(Mahalanobis-Taguchi) method?, for pattern recognition,
are considered to be effective at present. Table 3 shows the
outline and technical issues of both methods.

In the future, a method, where the impact source is
identified directly without restriction of the sample to be
compared, will be built at NSK.

3.2.2 Transfer Path Analysis

Transfer Path Analysis (TPA) is a technique for
specifying the paths and their contribution quantitatively,

Table 3 Methods for impact source identification

where vibration and force generated at the impact source
propagate through the transfer path, including the vehicle,
and the noise is radiated from the radiating surface to
reach the driver’s ear. Figure 5 shows an example of
conducting a transfer path analysis for rattle noise on a
steering system. Here, the analyvsis was carried out for
structure-borne where the noise is transferred from the
mounting point of the steering to the vehicle, through
the vehicle, and to the driver’s ear, and airborne where
the noise is radiated directly from the steering surface.
As shown in Figure 5 (a), structure-borne is dominant
basically below 1 kHgz, whereas air-borne is dominant
above 1 kHz. At around 1 kHg, both contributions can be
confirmed. In order to specify the major transfer paths for
the main peaks observed here, contribution of each path to
the noise reaching the driver’s ear has been evaluated as
shown in Figure 5 (b). As a result, the transfer paths with
high contribution are as follows: around 530 Hz, structure-
borne through the mounting point of column-type EPS,
around 1 250 Hg, air-borne radiating from the steering
wheel, and around 1 750 Hg, air-borne radiating from the
ECU cover.

Transfer path analysis can be used to reduce the
noise transferred to the driver’s ear by improving the
characteristics of the transfer path with high contribution,
even when it is difficult to take measures for the impact
source in the event of an NV problem caused by the
steering system. For example, it is possible in this case
to reduce the radiated noise with 1 750 Hz by taking such
measures as attaching a vibration insulating sheet on the
ECU cover.

Method Time Difference Analysis Method

MT Method

Method for estimating the impact source, in which the rising

Method for quantifying the feature (amplitude and cycle) of

timing of the pulse-like components that appear on the

the vibration waveforms of good and defective products by

; ; STFT Analysis - -
Method Time Waveform FFT Analysis ©hor-time FET) Tracking Analysis
Possible to specify the
temporal change of the Possible to capture Possible to identify the
; : ; Frequency component of ; ;
Faatures \nbrat!on phenomena, their PR T S temporal changes of tthT cause of s_tatlonary noise
magnitude, and features of spedified frequency components in and vibration of a rotating
the periodically repeated P non-stationary signals” machine
phenomena
g‘;ii%tgse ;'gnn? \:\i'g;ff;grm Not suitable for analysis of Both time resolution and Not suitable for analysis of
Issues AR S ?eatures, intermittent or non- frequency resolution are non-stationary noise and
chomyesgdifficult stationary signals relatively low" vibration
NV phenom.ena in general Stationary NV phenomena Non-stationary NV Stationary NV phenomena
Fields of Observe time waveforms Examples: steering wheel phenomena {rotation-dependent
licati of NV, input, and behavior S ) . ) component)
Application vibration, noise when Examples: rattle noise,

in combination with
various filters

holding steeting wheel, etc.

noise from reverse steering

Example: operating noise
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Summary vibration time waveform at each measurement point are o (B 2 2
. P o . pattern recognition and estimating the location with a large
compared and the earliest point is identified as the impact iR aratite ae e A S U s
source P
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{(b) Contribution of each path

Fig. 5 Results of transfer path analysis (rattle noise)
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3.2.3 Noise source identification

In the field of visualization techniques for the sound
field, the beamforming and acoustic holography methods
are popular, and the sound field can be visualized by
microphone array, ete., commercially available from
many companies. In recent years, various companies have
released equipment capable of visualizing noise sources
in real time, and along with the expansion of analysis
functions by software, performance in low-frequency bands
is being improved. As a result, transient noise such as
rattle noise and noise source in the low-frequency range
can be localized with relatively high accuracy. Thus, it
is essential to use appropriate equipment and analysis
functions depending on the purpose.

Figure 6 shows an example of noise source identification
for a steering system. Figure 6 is an example of visualizing
the noise source of rattle noise. It shows the radiation from
the ECU cover, which was identified as one of the air-
borne paths from the results of the transfer path analysis
in the previous section. In such cases, it is effective to
take countermeasure to reduce the radiation of noise from
the ECU cover. In this way, by combining noise source
identification with other NV measurement and analysis
techniques, the mechanism of abnormal noise can be
identified and effective countermeasures can be taken.

4. Examples of Investigation of NV
Phenomena

4.1 Example of investigation of rattle noise

In this section, examples of specifying phenomena and
the mechanism of rattle noise, which is generated due to
reverse input from the road surface to the steering system
and tends to be problematic, are introduced.

First, in order to understand the phenomena of rattle
noise on the vehicle, noise, vibration, and inputs at each
part during rough road driving were measured according
to the standardized measurement technique shown in
the previous section. Examples of driving conditions and
measurement conditions are shown in Table 4.

An example of the results is shown in Figure 7,
including a time waveform of the noise at the steering
wheel and intermediate shaft torque when rattle noise is
generated. In order to easily observe rattle phenomena,
A-weighting and bandpass filtering are applied to the
noise at the steering wheel. Figure 7 shows that pulsed
components are generated when intermediate shaft torque

Steering W
il

Interme
shaft

diate

Fig. 8 Result of noise source identification (rattle noise)

Small — Noise level — Large

Table 4 Driving conditions and measurement conditions for rattle

noise evaluation

Driving surface Rough road
L 9 {cobble road)
Driving
conditions Driving speed 20 km/h
Driving pattern Straight ahead
Measurement Sampling frequency 20 KHz or more
conditions Recording time 10 sac

Fig.

— Noise around steering wheel
— Intermediate shaft torque

Noise around steering wheel, Pa
(A weighted + band pass filter)
o

01
Time, sec

o

7 Time waveform of rattle noise and intermediate shaft

torque

0.2
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0.3

Intermediate shaft torque, Nm
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is reversed.

Next, frequency analysis of tie-rod load and intermediate
shaft torque was conducted in order to understand the
vibration inputs to the steering system, which causes
rattle noise. An example of the results is shown in Figure
8. In the figure, the frequency spectrum of tie-rod load
and intermediate shaft torque shows the common low-
frequency components (f1 and f2 in the figure). When these
low-frequency components are large, the rattle noise level
is high. Therefore, these low-frequency components are
considered to be the main vibration inputs to the steering
system.

In order to further investigate the relation between the
main vibration inputs and rattle noise for the steering
system, operational analysis was conducted, as shown
in Figure 9. The figure shows an example of operational
analysis on the frequency axis. The vibration behavior
in the rotating direction of the intermediate shaft at the
low-frequency component of f1 is almost synchronized
with the vibration behavior in the tie rod axial direction.
The results confirmed that the low-frequency vibration
generated in the intermediate shaft was caused by
vibration components along the tie-rod axis (Y: vehicle
lateral direction).

Although the frequencies of the low-frequency
components (f1 and f2) in Figure 8 vary depending on the
type of vehicle, driving speed on rough roads does not have
much effect. Therefore, these low-frequency components

Tie rod (eft side)
Knuckle (eft sice) g g A

ek
Rack and pinion gear part :

Fig. 9 Operational deflection shape and animation of vibration causing rattle noise (focusing on the frequency component of f1 in Fig. 8)

16  1oton a control Ne. 31 (June 2000)  INSIK
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Intermediate shaft

Tie rod load, dB

Fig. 8 Vibration input applied to steering system causing rattle

noise
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X : Vehicle longitudinal direction
Y : Vehicle lateral direction
Z : Vehicle vertical direction

C>: Direction of vibration behavior
Steering wheel

should be caused by resonance around the suspension.
From the results, the mechanism of rattle noise is
summarized in Figure 10. Resonance of the suspension
excites the rack in the axial direction, causing the
torsional vibration of the rotating shaft through the
intermediate shaft to the steering wheel, which causes
hitting at the part having a looseness in synchronization
with the vibration, which in turn results in rattle noise.

4.2 Examples of investigation of operating
noise

In this section, examples of specifying phenomena
and the investigating mechanism of operating noise are
introduced. It is known that operating noise is caused by
the mechanism (reduction gear, ete.) of each part operating
with steering inputs to the steering system and the
hardware (motor) and software (control), which assist their
operation, and it is generated over a very wide range of
steering speeds and frequency bands. The operating noise
introduced here is remarkable due to resonance between
the natural frequency of the components or units in the
steering system and the order of components depending on
steering speed.

In measuring operating noise, it is necessary to specify
steering speed, where the noise and vibration increase,
its feature, and its cause. Therefore, in the measurement
of operating noise, rotating speed has to be measured in
synchronization with the NV of each part. Figure 11 shows
a schematic of operating noise measurement. Examples of
steering conditions and measuring conditions are shown in

~)

Reduction gear part

Intermediate shaft
Low-frequency vibration

S

Column-type EPS

Intermediate
shaft joints

Rack and pinion
gear part

Rack and pinion gear|

Road surface
input due to rough
road driving

Fig. 10 Mechanism of rattle noise

Table 5.

Figure 12 shows an example of tracking analysis based
on the vibration time-series data obtained in this way.
The vertical axis in the diagram is obtained by converting
the steering speed of the steering wheel to the rotating
speed of the motor (worm) while considering the gear
ratio of the reduction gear. In the figure, order component
A synchronized with the rotation of the motor and its N
times order components (order components 2 x A, 3 x
A...N x A in the figure) are shown. In this example, since
order component A matches the number of segments of
the brush motor, it can be seen that vibration is caused
by torque fluctuation generated in the motor per each
rotation. N times order component of order component A
should be generated by the phase shift of the brushes and

Table 5 Operating conditions and measurement conditions for
operating noise evaluation

s | i | otsm
conditions Steering pattern Sweep Up)
Rotating load Constant
Measurement Sampling frequency 10 kHz or more
conditions Recording time 80 sec

Rattle noise

Radiation from each part of

Radiation surface steering + vehicle body side )

~
Transfer through steering +

Transfer path transfer through vehicle body )

Hitting caused by looseness

Impact source

at each part )
; Vibration of rack in axial
Low_—fl_eq_uency direction — Torsional
vibration vibration of rotating shaft
Inputs due to suspension
Vibration inputs re';onance P
J
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Vibration around the mounting

point of column-type EPS

Column-type EPS

Vibration around motor

Intermediate
shaft torque

Load device

Noise around column

Intermediate shaft

Vibration around
worm-end

Noise around
headrest

Rotational speed
of steering wheel

- : Microphone

ﬁ . Accelerometer
[ : Load and torque sensor

Fig. 11 Example of measurement positions for operating noise on a steering system

Rotational speed of motor, rpm

Vibration components
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1< order:
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2xA

. Vibration components
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Fig. 12 Result of tracking analysis for operating noise
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segments.

In addition, when focusing on the frequency band
(red frame part in the figure) where the level of order
component A becomes the highest in the figure, the
vibration level is relatively high regardless of the motor’s
rotating speed. In this frequency band, it is considered
that a natural frequency of a part or unit that comprises
the steering system is observed. In order to confirm this
experimentally, operational analysis of the steering
system, when the operating noise was generated, was
performed, and the vibration behavior of each component
was measured. The results are shown in Figure 13. From
the figure, it was found that the part where the most
remarkable vibration behavior appears in the focused
frequency band is the ECU cover and that the ECU cover
produces pumping behavior in the out-of-plane direction
(the direction indicated by the red arrow in the figure).

From the results described above, the generation
mechanism of the operating noise in this example is
summarized as follows. The EPS motor generates assist
torque according to load by steering inputs. At that time,
torque fluctuation should occur due to the number of
segments of the motor and the phase shift of brushes,
causing vibration force to vibrate the ECU cover, which
is easily excited among the components in the steering
system, causing the operating noise.

Column mounting bracket g

N
Pumping behavior \_m
of ECU cover

Fig. 13 Operational deflection shape and animation for operating noise

5. NV Simulation Techniques

Examples of simulation to reproduce the rattle
phenomena using three-dimensional multi-body
simulation software are introduced in this section. As
shown in Figure 14, the steering system from R&P to the
steering wheel was modeled, including the control system.
In addition, the tie-rod load measured on the vehicle
was applied to the steering system, and the resulting
low-frequency vibration, impact source (impact force at
looseness), and transfer path (vibration of the steering
wheel) were reproduced.

. _ -
0 b Y
J =4 ) ~{'((4

=g

Motor flange

5.1 Reproduction of low-frequency vibration
that causes rattle noise

First, the low-frequency vibration, which causes rattle
noise, was simulated and compared with the vehicle test
results. An example of the results is shown in Figure 15.
In (a) of the figure, the time waveform of the low-frequency
vibration of each part of the steering system is shown,
and in (b) the measuring positions of the low-frequency
vibration of each part of the steering system is shown.
From Figure 15, it can be seen that the low-frequency
vibration of each part obtained by simulation, including
the control using the tie-rod load measured on the vehicle
as input, almost quantitatively coincides with the results
measured on the vehicle. The results show that the low-
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Impact source: reproducing impact
force at each loose part

Rack and pinion %

Control model

Reduction
gear model

gear model *

Transfer path: reproducing
Reproducing vibration around steering wheel
low-frequency
vibration

Input: measured tie rod
load (actual vehicle)

Fig. 14 3D-simulation model for rattle noise

frequency vibration, which is the source of rattle noise in
column-type EPS systems, can be reproduced.

Next, using the developed simulation model, the impact
force at each looseness, which is the impact source of the
rattle phenomena of the column-type EPS system and also
the effect of the impact force on vibration of the steering
wheel generated by the transmission of the impact force
were investigated. In this study, the simulated rattle
vibration levels of the steering wheel were compared with
the test results for the samples with the normal backlash
size as ® standard and with backlash sizes as @ to @. An
example of the results is shown in Figure 16. Figure 16
shows that the impact of the backlash measured on the
vehicle is qualitatively consistent in simulation results
as well. From the results, it was confirmed that the rattle
phenomena of the column-type EPS system is reproduced
with the svstem level.

5.2 Reproduction of rattle phenomena at the
unit and component levels

5.2.1 Improvement of simulation model

In Section 5.1, it was confirmed that the rattle
phenomena of the column-type EPS system are reproduced
with the svstem level. However, as shown in the V-model
(see Section 2.2.2), to prevent NV problems, it is essential
to develop a technique for designing NV performance at
the unit and component levels. Therefore, the accuracy of
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the simulation model shown in Figure 14 was improved
to reproduce the rattle phenomenon in more detail at the
unit and component levels. In this attempt, as shown

in Figure 17, the simulation model was improved by 3D
modeling of the reduction gear in detail and setting the
friction and damping parameters of each part based on
measured data.

5.2.2 Comparison of bench test and simulation
results of rattle phenomena

Using the simulation models improved as described
in Section 5.2.1, vibration of the steering wheel and
behavior of the worm were simulated, and the results
were compared with the results of bench tests. An example
of the results is shown in Figure 18. Intermediate shaft
torque measured in bench tests were applied as input
to the simulation models. Figure 18 (a) shows the time
waveform of vibration of the steering wheel, and Figure
18 (b) shows the behavior (displacements) of the worm
on the X-Y plane. In addition to the worm trajectory, the
figure of the worm behavior shows noise levels (bench
test results) and vibration levels (simulation results) at
the same time with the size and color of the circle (the
larger and the redder the circle, the higher the level).
From {a) in the figure, it can be seen that the timing of
the pulsed components, which is the feature of rattle
phenomena, are observed when intermediate shaft torque
is reversed in both bench tests and simulation results,

Angle, deg

Torque, Nm  Angular velocity, rad/s

W L PATYAY |
- o WA

Torgque, Nm

Torsional angle j — Vehicle test
of torsion bar f — Simulation
| =
AW Y } i
{
I.' 5
Mator angular velocity | — Vehicle test
8 " — Simulation
J i Y
, [] |
)
Maotor torque " — Vehicle test
1 — Simulation
r AT | I
Y | \J
~ N /
Intermediate — Vehicle test
shaft torque

3| — Simulation

Time, sec

Vehicle speed

&
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*
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assist force is generated by
command from the ECU.

Tarsion bar

of torsion bar

Torque sensor:
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force by driver

(b) Measurement positions of low-frequency vibration

(a) Time waveform of low-frequency vibration on steering system

on steering system

Fig. 15 Comparison of low-frequency vibration between measured data on vehicle and simulation
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Vibration around steering wheel
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@ Worm support looseness: middle
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@ Intermediate shaft column-side
joint looseness: large

® Intermediate shaft slider part
looseness: large

® Reduction gear meshing part
looseness: large

@ Rack and pinion gear part
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Q2 a 66 0
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Fig. 16 Comparison of rattle vibration caused by looseness between measured data on vehicle and simulation
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and alzo the magnitude of the pulzed components of each
almost coincides, From (b)in the figure, it can be seen that
the behavior of the worm has a sirmilar trajectory in the
bench test and simulation results, Both bench tests and
simulation results show that noize levels and vibration
lewvels are higher at both ends in the -direction (coluran
axial direction) on the trajectary of the worm behavior,
From the ahove results, it was confirmed that the rattle
phenomena at theunit and camponent level: have been
reproduced,

Az described sbove, using a sirmulation that reproduces
the phenomena of the steering system malkes it possible to
estimate the impact force in each rattling section fram the
low-frequency vibration, which causes rattle noize. It alzo
makes it possible to estimate the effects of the size of each
loozeness on therattle phenomena and to examine the
direction of comtermeasures. For example, in thiz caze,
the magnitude of rattle vibration iz found to be carrelated
with the X-direction speed of the wormn, snd imgprovernent
of support stiffness of the worrm to contral its ¥-direction
velodty 1z effective az a countermeamire for the rattle
phenaom ena,

In the future, a simulation technique that can predict
actual rattle noize induding radiating surfacein addiion
tothelow frequency wibration, impact zource, and ransfer
path for inputs, will be built,

6. Summary

In thiz paper, sxamples of messurement and
analyas for rattle noize and operating nolze, which are
particularly problematic smong various NV phenomena
of steering systems, have been mtroduced. In arder to
take appropriate countermeamres for NV phenanena
of steering systems quicldy, it iz essential to specfy the
mechanisms of impact source, ranamizsion, and radistion
accurately. Moreover, it iz eszential to build and apply
zuitsble messurement and analysiz methods for each casze
In arder topredict NV perfarmance at the design stage to
prevent NV problemes, a simulation meodel mnst be budlt
bazed an physical phenomens with itz validity assured by
experimnental verification,

For these izzues, further study will be performed to
improve MV measurement snd snalysis technalogies far
steering systems,

References

1) Oneceokld, "Analysis Function Option (Time Frequercy
Analymer) 05 1263 Instruction Marnual ¢2.10), 5-11.

@ K. Tatebayashi, 5 Teshima, and ¥. Hazecawa, " ntroductory
MT system ” (20141 109128, JUSE Prass.

Mo skt Korot o

Nkation & Cantral Mo, 51 (une 2000 NERIE 23



Development of Long Life Ball Screw
using Material with High Retained
Austenite Amount yi for High-Load

Drive
Masahiro Ueda

Industrial Machinery Linear Technology Center, NSK Lid.

Naruaki Abe

Industrial Machinery Bearing Technology Center, NSK Ltd.

Naoki Kawata

Industrial Machinery Linear Technology Center, NSK Lid.

Hideyuki Hidaka
Core Technology R&D Center, NSK Ltd.

Abstract

Service life of ball screws for high-load drive is typically determined by rolling fatigue failure of screw shaft and/or nut
raceways. For well lubricated, properly installed ball screws, failure usually results from damage originating on raceway
surfaces due to sliding friction in ball-raceway contact because of the structure of ball screws (e.g., helical raceway and
ball recirculation system), eventually forming “peeling” or “flaking” damage structures on raceway surfaces. The authors
investigated failures of conventional ball screws using life test data. As a result, the authors developed guidelines for
improving durability considering the mode of failure of the ball screw. To extend the life of the ball screw, it is effective
to increase the retained austenite amount yr of the material. Tt can be estimated how much to increase 3 for each part of
the ball screw by considering ball load distribution and number of stress cycles. Based on the above, new hall screws were
fabricated and durability testing was conducted under high load conditions. The rated life Lo, indicating the estimated
time at which 10% of a population of ball screws made with high-yr materials will have failed, was more than three times

that of the conventional products.
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ball screw, retained austenite, long life, injection molding machine, press machine

Partially revised and reprinted from the Journal of the Japan Society for Precision Engineering, Vol. 85, No. 10, M. Ueda,
N. Abe, N. Kawata, and H. Hidaka, Development of long life ball screw using material with high retained austenite amount
yr for high-load drive, 896-903, Copyright (2019), with permission from the Japan Society for Precision Engineering.

1. Introduction

Ball screws have been used since the 1960°s as linear
actuators of high-precision positioning tables in machine
tools and semiconductor manufacturing equipment.
Today, ball screws are also used to provide driving force
for applications that require high thrust, capitalizing on
the high power conversion efficiency of the ball screw.

A representative high-thrust application is the electric
injection molding machine. Ball screws are used to actuate
an injection unit to feed molten resin into the mold and

to actuate a clamping unit to tighten the mold. The ball
screw for the injection unit is subject to high-load drive of
up to about 100150 tons.

In recent years, electric injection molding machines
with injection speed exceeding 1 000 [mm/s] have been
developed in order to be capable of molding thin-walled
precision parts such as liquid crystal panel light guide
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plates and battery cases for smart phones and small

tablet PCs. However, recently, development leading to
improvement in injection speed has been stagnating,

and resin molding of automotive parts has attracted
attention as a technique to facilitate electrification and
weight reduction of automobiles. Also, in the field of daily
necessities such as food containers, from the perspective of
cost reduction, high cycle rate is actively being pursued to
improve productivity™.

In response to technological trends toward productivity
improvement and diversification of molded parts
produced in electric injection molding machines, it is
important to improve the load carrving capacity and
extend the rated life of the ball screw for high-load drive.
Conventionally, in order to extend the life and to improve
the load carrving capacity of the ball screw, designs
were optimized by increasing ball diameter, increasing
the number of loaded balls, and making the radius of

raceway groove close to ball radius. However, when the
ball screw is operated at high speed, the kinetic energy
of the ball is significantly increased because the mass
and the velocity simultaneously increase. As a result,

the impact on ball circulation parts becomes more severe
and the noise level increases”. Moreover, abnormal

heat generation due to increased sliding frietion and
early failure due to overriding the contact ellipse to the
raceway groove shoulder are concerned. Inaba et al®, and
Mivaguchi et al®. have optimized the arrangement of

the ball recirculation circuit in order to equalize the ball
load distribution and reduce maximum load born by any
single ball, thereby achieving an extension of fatigue life.
However, in consideration of modern development trends
of injection molding machines, attempting to achieve long
life through such conventional design methods will result
in the size of the ball screw becoming too large for typical
machine size.

By contrast, in order to extend the rolling fatigue
life and to improve the load carrying capacity of the
rolling bearing, optimization and advancement of the
bearing material and its heat treatment technology
have been achieved®™”. The above has heen contributed
from distinguished analyzing the characteristics and
forms of rolling failure under various conditions of
use, such as applied load, operating speed, lubrication
and temperature. Shimoda et al™'*. clarified the
characteristics and form of rolling fatigue failure in ball
screw based on the life test. However, the applied load,
operating speed, and ball screw specifications in this life
test are different from those in today’s electric injection
molding machines.

Therefore, in order to develop the ball screw for high-
load drive with long life and improved load carrying
capacity by the advancement of materials and heat
treatment technology, we conducted the life tests under
the conditions equivalent to the actual molding machine.
From the analysis of the life test results, the development
guideline was to increase the amount of retained austenite
yr. while keeping the surface hardness suitable for ball
screw material. We also investigated which part of the
ball screw should be strengthened in order to improve
durability with considering ball load distribution and
number of stress cyeles. Finally, we produced full-scale
prototypes of our newly developed ball screw for high-load
drive, and conducted durability tests under high load
conditions.

2. Durability Test of Ball Screw for
High Load Drive

In ball screws used in machine tools, it has been
reported that positioning accuracy declines due to wear
of the raceway surface and ball surface caused by severe
poor lubrication conditions or contamination with foreign
matter. On the other hand, in ball screws used for high-
load drive applications, such as electric injection molding

machines, failures due to surface wear rarely occur.
Failures usually occur due to peeling or flaking of the
raceway or ball surfaces after prolonged use. Once peeling
or flaking oceurs on a part of the raceway surface, the
damage rapidly propagates along the raceway surface even
during shorter operation periods, ultimately resulting in
the ball screw breaking down.

In this paper, failure mechanisms of ball screws for
high-load drive are evaluated based on the analysis of
rolling fatigue failure of rolling bearings. In addition,
the influence of ball load distribution and number of
stress cycles on rolling fatigue failure was analyzed using
conventional ball screw fatigue life tests.

2.1 Failure analysis of ball screw

Fig. 1 shows a summary of modes of rolling fatigue
failure in rolling bearings based on the origin of rolling
contact fatigue. Tt is well known that failure mode depends
on lubrication condition and is classified into “subsurface
originated type” and “surface originated type™®'". The
subsurface originated type usually occurs under sufficient
lubrication condition. Maximum shear stress generated by
rolling contact exists at a given depth below the surface.
The material inevitably contains faults such as non-
metallic inclusions. Non-metallic inclusions located in
highly stressed regions enhance the metal fatigue process
and become the origin of flaking. On the other hand, the
surface originated type usually occurs in conditions with
insufficient oil film thickness due to poor lubrication
condition or eontamination with debris. In this case,
higher tangential force acts on the raceway surface due to
sliding between rolling element and raceway surface. As
a result, metal fatigue progresses on the material surface
and cracks are generated. Especially, in the case where
a dent is present on the raceway surface, metal fatigue
is accelerated locally at the edge of the dent due to stress
concentration at that site.

Analysis of a large number of ball screw life tests reveals
that the high load life testing of conventional ball screws
frequently results in surface originated type flaking as
shown in Fig. 2 (a) and (b). Fig. 2 also shows the test
conditions of the ball screw. In Fig. 2 (a), many small
flaking damage structures are observed on the surface of
raceway similar to the peeling shown in Fig. 1. Near the
site of small flaking damage structures, grinding marks
disappear due to wear. We confirmed that resin spacer
pieces were not inserted between the balls in the broken
ball screws from the life tests. These results suggest that a
large tangential force is acting on the raceway surface due
to relatively lower roughness of ball and sliding friction
between the adjacent balls, and this results in promoting
fatigue of the surface of raceway. In general, the raceway
surface roughness of the ball screw is inferior to that of
ordinary rolling bearings, so this phenomenon is thought
to occur easily in ball screws.

In the case of Fig. 2 (b), typical flaking is occurring
adjacent to the dent. This is quite similar to ball bearing
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flaking. The dent also affects the site of stress localization
and fatigue is promoted at the edge of dent. Compared
with ball bearings, lubricant of ball screws is easily
contaminated by debris due to the sliding motion of the
nut. In addition, the helical raceway structure of shaft and
nut forces the balls to move perpendicular to the grinding
marks. Moreover, it is known that, in general, ball screws
suffering from surface originated type flaking have shorter
life than balls screws suffering from subsurface originated
type flaking. Accordingly, due the characteristics of ball
screws, damage typically realizes as surface originated
type flaking on the raceway.

2.2 Failure Location in Ball Screw

In the previous section, the mode of failure of high load
drive ball screw was investigated. As a result, it was found
that primary mode of failure was peeling originated from
the surface. It was also estimated that this phenomenon
is due to ball sliding and abrasive particle contamination
along with the structural characteristics of the ball
screw. Therefore, in this section, the authors analytically
investigated the influence of load stress and number of
stress cycles on rolling fatigue failure of the raceway
surface in ball screws for high-load drive.

In ordinary ball screws, because of the presence of a
ball recirculation circuit, the effective thread turns ratio
is often a fraction such as {=2.5 or { = 3.5. As a result,
when thread turns {7 on the same phase side as the ball
recirculation circuit is compared with thread turns & on
the opposite phase side, there is a difference of {5 — {1 =
1.0 turns. With the difference in the number of thread
turns between the upper and lower phases, as shown in
Fig. 3, ball load distribution in the case of (= 2.5 is locally
maximal at the location of x = + /2 = + 5 [mm] which is
shifted by halflead from the center of the load zone. When
life tests were conducted under the load condition shown
in Fig. 3, the number of test samples on which the first
rolling fatigue failure occurred on the nut raceway was
N =12, As a result of investigating these nut raceway
surfaces, as shown in Fig. 4, the location of flaking failure
was biased to the region including the location ofx =+ 5
[mm] where the load distribution was maximal. Therefore,
it is found that rolling fatigue failure of the ball screw
correlates with the magnitude of load stress.

Fig. 5 shows the relation between the number of stress
cycles on the raceway surfaces of the screw shaft and the
nut, and the length of the stressed raceway in one-way
strokes of the ball screw. In the ball screw, the number
of stress cyeles uw on the nut raceway surface increases

| Rolling fatigue failure

|
<Subsurface originated

Surface originated

I
( Inclusion ) ( Tangential force ) ( Dent )
b -w -
Flaking

Peeling Flaking

Non-metallic
inclusion

Fig. 1 Failure type of rolling fatigue in rolling bearing
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in proportion to the stroke S;, and the length of stressed
raceway lowy becomes constant. On the other hand, in the
screw shaft, the length of stressed raceway oz increases in
proportion to the stroke S, but when the S; is larger than
the effective nut length (&, the maximum number of stress
cyeles tsnax 18 kept constant. Calculating us and uw with f;
= 8yl = 2.4 in the life test resulted in us = 25.2 and uy =
45.7, respectively. Thus, the raceway of the nut is stressed
about twice as much as that of the screw shaft.

Among the life test data, the number of samples which
experienced failure at the screw shaft raceway is N = 6,
and at the nut raceway is N = 12, Therefore, it is found
that the failure location correlates with the number of
stress cycles, although the influence due to fluctuation of
guality cannot be excluded.

Note that, #smax and uw are expressed as the following
equations, respectively'®.

. S, dy CO8 P, COS Vg

e B
s = S, (f.<1)
oleer (£

T

2d,co8yg

S d.cosy._cos
y = ok =B Vi Yoo @)
(El 2d_cosyg

Also, Iys and Iow are obtained as follows.

;e md, S,
%5 cos y, {+T

wdy

[ =
N cosyy

£

Where, Z is the number of loaded balls, yn is the lead
angle of ball center, ds and di are the diameters of helix
passing through the contact point between the ball and the
screw shaft and the nut raceways respectively, yrs and yrw
are the lead angles of the contact points respectively, and
yzs is the angle between the ball revolution direction and
the direction of the screw shaft raceway.

3. Improvement of Durability for Ball
Screw Material

In order to improve the durability of the material
surface, it is effective to increase the retained austenite
amount yg in the material surface layer. Murakami et
al'®. developed a technology that greatly improves the
rolling fatigue life in rolling bearings under contaminated
conditions by increasing yr of the material surface. This
is because the plastic deformation capability of the metal
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structure is improved by the high-g, so that the local
progress of surface fatigue can be delaved due to the
decrease in stress concentration at the edge of dents.
Furthermore, in the material with high-yg, the phase
transformation of microstructure occurs in the process of
surface and subsurface fatigue, so the fatigue progress can
be delayed.

3.1 Extension of rolling fatigue life by an
increase in pg

The increase in yr of the material is effective to delay
rolling fatigue due to tangential force across the entire
surface and delay rolling fatigue due to local stress
concentration at the surface around dent edges. Factors
in both fatigue mechanisms can be attributed to stress
acting on the material surface'™. However, when the yz of
the material is excessively increased, the surface hardness
is lowered, and the durability conversely deteriorates.
Therefore, in order to improve the durability of material
surface by balancing high-yz and appropriate hardness,
rolling fatigue life and surface hardness for the specimens
with various jr were tested.

For the evaluation of rolling fatigue life of material
surface, the authors conducted a “ball-rod life test” on
various yr specimens. The test diagram and results
are as shown in Fig. 6. By using balls without surface
finish polishing inserted between the rod and the outer
ring, the tangential force between the balls and the rod
surface is increased. By this test method, peeling failure
due to rolling fatigue on the material surface can be
reproduced. Fig. 6 indicates that the material surface
durability improves in proportion to the ratio yrfyro to the
average amount yro of retained austenite amount in the
materials of conventional ball serews. For instance, in the
case of yp/yro = 2, the rated life Lig, at 10% probability of
failure, is three times as long or longer compared with the
conventional material.

Then, the relationship between yr and the hardness of
the material surface is shown in Fig. 7. From Fig. 7, it is
found that while satisfactory surface hardness of Vickers
hardness H- = 700 or more can be obtained in the region
of 1 < yrfyre < 3.5, the hardness decreases in other regions.
Therefore, in order to achieve a longer life of the ball
screw by increasing the yz of its material, it is necessary
to design the quality of the heat treatment such that
1 < iy <3.5. However, since the quality characteristics of
the heat treatment in conventional products are different
from the test specimens, the hardness is appropriate in the

region of yrfym < 1.
In addition, the effect on the rolling fatigue due to stress

concentration at the edges of dents in the high-yz material
was analytically evaluated. Chiu et al*”. studied a flaking
mechanism originating from surface cracks caused by
defects such as scrateches and dents, and revealed that

the rolling fatigue life due to surface cracks depends on
stress concentration around the defect. According to this
study, the relationship between the contact pressure po

and the maximum shear stress z, on the raceway surface is
expressed as follows:

where, a1 = 0.22, ag = - 0.24. Also, Cy is the furrow
severity parameter, which is determined by the following
equation using the radius r of the dent edge and the
distance 2¢ between the edges.

2
T ¥

C0: {70 ............ (5)
Ec

And E’ is the reduced Young’s modulus of elasticity,
for steels, B = 20 600 [MPa] and v= 0.3, then E* = 35 560
[MPa].

Therefore, the relationship between z. and po for the
high-yr material and the conventional material is as shown
in Fig. 8. From Fig. 8, it is confirmed that the z. of yr/yro =
2 is decreased by 23% as compared with the conventional
material, since the edge of dent becomes smooth when the
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Fig. 8 Relation between amount of retained austenite and L10 life
for ball screw materials

e increases?”. In other words, rolling fatigue life due to
stress concentration at edge of dent can be extended by
increasing the yr on the material surface.
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3.2 Evaluation of optimal pg to ball screw parts

In Section 3.1, the following was revealed by
increasing the yr of the material. (1) Since the phase
transformation occurs in the fatigue process of surface
and subsurface, the fatigue progress can be delayed.

(2) Bince stress concentration at dent edges decreases

due to the improvement of plastic deformability of the
metal structure, the fast fatigue progress at dent edge can
be delayed. As using the above effects, we attempted to
improve durahility of the ball screws for high-load drive.

In order to obtain high-yr and appropriate hardness
for the long size material of a ball screw, advanced
heat treatment control technique is required. For
example, when performing carburizing quenching for
heat treatment of a ball screw, productivity is more
advantageous if screw shaft and nut are simultaneously
introduced into a carburizing furnace and processed.
However, since the serew shaft and the nut are greatly
different in size and shape, it is not easy to control the
heat treatment to achieve both an increase in yr and
appropriate hardness. Therefore, from the viewpoint of
productivity, it is considered to be most reasonable to
separately perform the heat treatment so that each of the
screw shaft and the nut becomes the optimum quality in
terms of higher yr and appropriate hardness. Therefore,
in this section, as in Section 2.2, we attempted to estimate
the optimum yr for the screw shaft and nut based on the
analysis results of the contact pressure and the number of
stress cycles.

From the linear regression for the plotted data in Fig.
6, the changing ratio K of rolling fatigue life of the surface
originated failure due to the increase in yr is expressed as
follows.

BB o® §98 e @)

j}RD

Taking into consideration the failure location of the nut
due to the hall load distribution, the rolling fatigue life
of the raceway surface is proportional to the ninth power
of the contact pressure. Further, the frequency of failure
occurrence in the screw shaft and the nut to be made is
proportional to the number of stress cycles. Therefore, the
changing ratios Ks and Ky for the raceway surfaces of the
screw shaft and the nut can be expressed by the following
equation.

9

K | Pu] ™

—

_N
Ky Pg ) U

From the above equation, the relation between the life
ratio Kw/Ks and the stroke coefficient f. is shown in Fig.
9. The dots in Fig. 9 were obtained from 20 models of ball
screws actually used on the electric injection molding
machine. Also, the plots in the region of £, < 2 represent
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the injection unit application, and the plotsinf; > 2
represent the mold clamping unit application. In the
injection unit application, the number of stress cycles on
the nut raceway is smaller than on the screw shaft. Asa
result, the influence of the contact pressure is dominant to
the rolling fatigue life and then Kuw/Ks becomes large. On
the other hand, in the clamping unit application, Kw/Ks
decreases as the number of stress cycles increases on the
nut raceway. Furthermore, when f; exceeds 4.8, Ki/Ks is
less than 1.

According to the equation (6) and Fig. 9, the life change
rates (K= and Kx} can be estimated from the amounts of
retained austenite (yrs and yew) of the screw shaft and the
nut by the following formulas.

rs Kot 1.14

for shaft
ree G Worshaf)
P N (8)
+ 3.
Tre _ B _Ojé (fornut)
VR0 7.02 7%

Fig. 10 shows the retained austenite amounts on
raceway surfaces of the screw shaft and the nut at various
life change rates. As shown Fig. 10, the required amount
of serew shaft yrs is constant with respect to fi. However,
the required amount of nut yry increases as f: increases.
For instance, in the case of f. = 2, if the screw shaft s is
increased to about 1.5 times the conventional yro, the screw
shaft life becomes Kz = 2. On the other hand, even though
the nut yaw is equivalent to the yro, the nut life is Ky = 2. In
other words, if it is assumed to be used only for injection
unit where f; < 2, only yrs needs to be increased compared
with yro. But, assuming the use in a mold clam ping unit
where f: > 2, yrw can be lower than js, but it needs to be
higher than yzo.
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Fig. 9 Relation between nut life ratio to shaft and stroke
coefficient (for 20 models)

- 3.5
S 5 A
730 5 g
=
& A
'% 25 4 A
Tl

£ 20 s 0 , 2
S A Lo 2
g Ksz2 /7 77| K2 e
a2 e A _—
T 7. -
8 1.0 /",/ -
T 2/' — : shaft
2 --—=: nut

05 ! !

0 1 2 3 4 5 6
Stroke coefficient £,

Fig. 10 Retained austenite amount of ball screw material required
according to nut stroke

4. Evaluation of Rated Life of Ball
Screw using High-yr Materials

In order to evaluate the rated life of a ball screw using
high-yr. materials, ball screws were fabricated with a model
and size used in real-world applications and assuming
mass production. Fig. 11 shows the specifications of the
ball screw for the high-load durability test. The retained
austenite amounts on the raceway surfaces of the screw
shaft and the nut were yrafyro = 2.6 and yrufyro = 2.2,
respectively. From equation (8), the life change rate Ks of
fatigue life for the screw shaft becomes 4.4 times larger
than the conventional product. On the other hand, for the
nut, the life change rate K becomes 6.7 times when £, = 2,
and Ky becomes 3.3 times when f. = 4.8.

Test conditions are shown in Table 1. Given
development trends such as increasing thrust in electric
injection molding machines to cope with diversification of
molded parts, there is a high possibility that the driving
load of ball screws will increase. In the newly developed
product, durability is improved by using the high-yz
material. Accordingly, the axial load when evaluating the
rolling fatigue life was set to F. = 300 [kN], which is the
allowable axial load of ball screws of the chosen model one
size larger than the high-yz material test ball screws. The
contact pressure distribution between the balls and the
raceway surface of the screw shaft in the test ball screw is
as shown in Fig. 12, From Fig. 12, the maximum contact
pressure between the balls and the raceway surface is
Pamax = 2 820 [MPa]. Fig. 13 shows a high-load durability
test machine used for fatigue life evaluation. Two ball
screws for testing and loading are arranged opposite to
each other. Then, when the load torque Tt is applied to
the screw shaft of the load ball screw, the axial load F, is
generated against the nut moving direction of the test ball
SCrEw.

$125

250 ;

4105

$93

382

442

Amount of retained austenite:
}';:(3/]}}:;0 =26 (Shaft), yF\N/?HO =22 (nut)

B.CD.. d,=37[mm] Lead: { =10 [mm]
Ball dia.: D, = 6.35[mm] Th.tumns: {x {=2.5x1

Fig. 11 Specifications of ball screw for high load durability test

Table 1 Operating conditions for high load durability test

Axial load, F, 300, kN
Shaft rotation speed, n 500, rpm
Stroke St 80, mm
Lubrication Grease
- Thickener - Lithium soap base
- Consistency - 303
- Base oil kinematic viscosity (40°C) - 99, mm?¥s
Nut temperature = 80°C
— 3000
L oo Rt
= 21800 = ocf’i&“ ;
® 2800 F1F2F3 f\../
i
o [V
£ 2400 "AV\, p
*g F1 ,V\/V
£ e F‘z F, = 300 [KN]
ax = 2820 [MPa
© 2000 Bsiio.= 2820 THIRE]

-120 -90 -680 -30 0 30 60 90 120
Ball location x [mm]

Fig. 12 Ball load distribution for high load durability test

Fig. 13 Testing machine for high load durability test
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Fig. 14 Weibull distribwtion for high load durability test

The Weibull distribution for the faticue life data of the
nine ball zerews with the material of the sorew shaft and
the nutincreaszed toyriz a2 shown in Fig 14, In Fig 14,
the horizontal unit represents the ratio of the rated life
Ly’ weith 10% probability of failure estimated from the
Weibull distribution for the fatigue life data of the thirteen
corventonal ball screws. Therefore, it 1z confirmed that
the rated life Ly of the ball serew using high o materials
iz improved 3.1 times as compared with the conventional
rated life Da', The rminimmarm life (50" = 2,910 the ball
zerewr uang the highag materials was due tofaticue
failure of the ball surface. On the other hand, in the
canventional hall serews, the initial failurein theregion
of Lilae' = 2% waz due to roling fatizgue on the raceway
surface of the serew shaft or of the nut. In conventional
ball zerews, since the durahility of the raceway surface
12 lower than that of theball surface, the irutial falure
portion 1z hiased toward the raceway surface. The reason
1z azzumed to be that the number of stress cydes o the
ball surfaceis fewer than the raceway surface due to the
evacusation of ballz tothe ball recirenlation cirenit away
from theload zone, Therefore, it can be estimated that
the zervice life of the ball screwas with highas materials 1z
determined by the faticue failure of the ball surface due to
relatively lower ball durahility, becausze the durability of
the raceway surface 1z improved by inreasing the 1,

In the ball zerew with highan materialz, the minimam
life due to rolling fatigue fallure on the raceway surface of
the screw shaft was Lily' = 4.9, Thiz result iz reazomable
canpared to the change ratio of change K of faticue
life for the screw shaft estimated by substituting the
amount of retained austeniteypz into the equation (83 In
addition, in the hall zorew with high o materials, initial
fatigue failure did net ocour on raceway surface of the nut.
Therefare, although the amount of dataiz not quite large
enough, it can be indicated that the relationship between
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the amount of retained austenitesr and the change ratios
of fatigue life Kz or Ky shown in thiz report iz appropriate.

5. Summary

In responze totrends toward productivity impr ovement
and diversification of molded partz in modermn electric
injection molding machines, we developed anew long life
ball zerew for high-load drive, By analyang themode of
failure of ralling faticue on the racewsay surface in high-
load life testz, it was concduded that increasing ve on the
material surface waz effective to relieve metal fatigue
and delay ccowrrence of cracks from the surface. Fatigue
life test and hardness test were conducted on spedmens
with wariouz v Furthermore ball load distribution and
muamber of stress orcles on theraceway surface of the
zerewr shaft and the nut were investigated analytically. As
aresult, we derived an estimation method of e in raceway
surfaces of the serew shaft and the nut neceszary for
masrizng ball zerew life and heat treatment efficiency.
In addition, according to the life test at 5 load higher than
the conventional level, we confirmed that the rated life
L at 10% probability of failure of the ball zerews uang
highar materials iz mare than three tirmes longer than the
conventional products,

MEK haz cormmerdalized the S-HTF Series of longlife
ball zerews for high load drive by applying the technology
deseribed in thiz paper, snd which many of our custorners
are now wsing, We hope that the S-HTF Series will be
well recaived throughout the market and contribute to the
further development of industrial machinery.
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Improved Reliability of Roller Guides
for Machine Tools

Kenta Nakano
NSK Ltd.

Abstract

Roller guides are used for machine tools due to their higher rigidity and durability over ball guides. Moreover, the
operating environment for roller guides in machine tools is becoming more severe every year due to the improved
productivity of machines, which increases the need for roller guides that are highly reliable.

Here we will explain some technologies that improve reliahility in the RA/RB Series roller guides. By considering
deformation of the slider and load distribution for the roller contact, we confirmed the actual durability above the
calculated fatigue life. Additionally, we applied abrasion-resistant material to the seal lip along with high resistance
to intrusion of foreign particles, allowing for long-term performance free of dust.

1. Introduction

JIMTOF 1996-2018

Until the 1970s, many machine tools, such as those in ! : .
Trends of guide systems in machining centers

machining centers and NC lathes, used sliding guides.
m Sliding guide = Ball guide = Roller guide

Ball-type linear guides, which have a small dynamic 100% TooEEm
friction force and can be used in a wide range of speeds

from high to low, became popular in the 1980s mainly in 20%
machining centers. Since 2000, the requirements of long

life and high rigidity on linear guides have increased 60%
with the trend of high performance and high efficiency of

machine tools such as multi-axis machining and combined 40%
machining. Therefore, the adoption of roller guides using

rollers for a rolling element is increasing vear by vear 20%
(Figure 1). NSK released the LY Series in 1983 and the

LA Series in 1997 as linear guides for machine tools. Both 0%

'96 '98 '00 '02 '04 '06 '08 10 12 14 '16 '18
are the ball type. The roller guide RA Series, however, was

released in 2004 because the use of roller guides started to

spread in 2000, In 2010 we released the RB Series, which Fig. 1 Trends of guide systems on machining centers (NSK
realizes assembly dimensions smaller than those specified Ieseateh)

in ISO/DIS12090-1.2 and enables low-center-of-gravity

designs for feed mechanisms. Currently, we are expanding

our line of highly dust-resistant seals for the RA/RB

Series (Photo 1). This article introduces the RA/RB Series

advantage and technology to improve reliability.
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Photo 1 Roller guides with highly dust-resistant V1 seals (right:
RA35, left: RB35)

2. RA/RB Series Advantage

For ball guides, dynamic friction force due to differential
sliding caused by rotating radius differences with respect
to the ball groove of the ball is unavoidable. On the
other hand, since roller guides use a roller for a rolling
element to form a line contact with a raceway surface, this
differential sliding hardly occurs, and dynamic friction
force can be reduced. Further, rigidity and load capacity
are higher because of the large contact area of the line
contact compared to a ball guide that forms point contacts
between the ball and raceway surface. However, if load
distributions in the contact portion between the roller and
raceway surface are not uniform, skew may occur. Also, if
the inclined part (crowning) provided on the roller end face
is not appropriately shaped, local edge load may occur,
resulting in an increase in dynamic friction force and a
decrease in rigidity and load capacity.

In the RA/RB Series, the analytical technology of the
roller and raceway surface cultivated by rolling bearing
was applied to realize equalization of load distribution
with consideration of the deformation of the main body
of the roller guide by preload. As a result, more than 1.5
times more rigidity and less than 60% dynamie friction
force than the ball guides for machine tools were achieved
(Figure 2). In a machine tool, improvements such as in
positioning accuracy are expected due to improvements
in controllability.

= 5000 | |
3 __{Roller guide (RA Series)|
Z 4000
2 D#75
2 3000 a#e0
.g’ g Y N - F3c
§ 2000 T 7 Jous|
@ E ] X #55
g 1000 = e + 465
§ . = Ball guide (LA Series)]

0 50 100 150 200 250

Dynamic friction force™ (N)
*Standard upper limit value with seal removed

Fig. 2 Relationship between dynamic friction force and rigidity
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3. Issues for Improvement of
Reliability

The function of roller guides required by a machine todl
1z tomaintain a predetermmined motion acouracy over a
long period. Therefare, to improve the reliahility of raller
guides, it iz eszential to minimize the daroulation failure
of a roller cauzed by accuracy deterioration by abrasion,
fatigueby faking, or contamination with foreizgn matter
or coolant,

Az desoribed above, the BA/BE Series suppresses the
slippery camponent and edge load by equalizing theload
diztributions of theroller and raceway surface, and they
alzo have excellent high abrasion resistance, For examyple,
in ball guides, when versatile lithivm-baszed greaze iz uzed,
it iz kmown that fretting abrasion ocours in arelatively
short time when a small-strolte motion equivalent to
the hall diameter iz performed. Therefore, anti-fretting
greaze, or thelike, iz recommended, The BA Series has
been canfirmed to have high abrason resistance even in
small-strobe motionz equivalent tothe roller diameter
i{Figure 3). Therefare, in an spplication with many small-
stroke motionz, such 22 mold processng machine, acouracy
deterioration due to slrasion iz less likely to ocour,
providing high reliability.

Alzo, for fatigue life, the BA Series hasz ahigher load
capacity than theball guide, and through uzing 2 high
load endurance test with a 0% load az per the dynamic
load rating, caleulated using international standard IS0
14798-1, an actual lifetime exceeding the rated fatigue life
1z confirmed (Figure 43 In addition, forsign matter such
az processing powder and coolant may infiltrateinto the
slider in amachine todl, causing improper lubrication or
abrazion and eventually damaging the recirculating parts.

In many machine toolz, although thelinear guideis
protected by covers, such sz bellows and telescopes, it iz
difficult to prevent coolant in the form of mist and fine
processing powder such az graphite powder from intrmiding
into the slider of alinesr guide. Therefore, dust-resiztant
pearfarnance of the inear guides itzelf iz the key to
relizhility of products,
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4. RA/RB Series Seal Configuration

The main direchons m which foreign matber infiltrate
into raller guides are the two directions from the end
face and the bottom of a slider (Photo 2). A typical zeal
canfiguration for the BARE Series includes end zeals and
inner zeals for forelen matter infiltration from the dider
end face (Figure §). There arebottom zeals for foreien
matter mfiltration from the zlider bottom, In aroller
guide, procesang powder may acoumulate in the mounting
holes of the rail snd infiltrate into the slider. The RA/EE
Series are equipped with caps that clase the mounting
holez and arail top cover over the entire upper surface of

the rail (Fhoto 3.

5. Developing a Highly Dust-Resistant
¥1 Seal and V1 Bottom Seal

In JIMTOF2018, many hybrid mulifundion machines
have been exhibited that combine metallic lamination
molding ar lazer hardening that have evalved from
conventonsl radtifonetion machines, In addibon,
machine toolz for the asrospace industry are promoting
technological development of high-speed mutting of
diffieult-tomachine materials, such az titanium alloys
and nickel-bazed superalloys, by highpressure coolant.
In such new technalogies, mare fareign matter mich az
coolant, processing powder, or fumes may be dispersed,
and zo enhancing the dust resstance of roller guides 12
becaming inoreasingly impartant, MSK has thus developed
the highly dustresistant V1 zeal and VW1 bottom seal
uzed in the BA/EB Jeries, This sechon introduces their
configurations, designs, and related evaluation tests

S [nfiltration froem
{ end face

i Infiltration from
b, the battorm

Photo 2 Infiltration of forzian paricles

Fig. & Standard s=als for the PA/RE Senes

Capfor rail mounting hole

Photo 3 Dust-resistant parts forthe rail

Rail top cover
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5.1. Configuration of the seal

A highly dust-resistant V1 seal is affixed to the slider
end face together with the lubrication unit NSK K1, a part
that supports lubrication (Figure 8). The V1 bottom seal
is a double seal structure mounted on the outside of the
bottom seal and reinforces dust resistance (Figure 7).

5.2. Designing the seal

Most of the highly dust-resistant seals used in roller
guides initially exhibit high dust resistance, but with use
over time, the sliding surface with the rails will become
abraded and dust resistance will decrease. Therefore, the
highly dust-resistant V1 seal and V1 bottom seal require
materials with an excellent abrasion resistance of about
1/5 of the abrasion loss compared to a conventional rubber
seal (Figure 8). Since linear guides come into contact with
lubricant greases, rust-preventing oils used in packing,
coolants used in machine tools, and other oils and greases,
the resin components must be oil resistant. Particularly
for seal components, dimensional changes with respect to
oils and greases must be reduced. The materials adopted
for the highly dust-resistant V1 seal and V1 bottom
seal have been confirmed to exhibit small dimensional
changes even under conditions immersed in oil and grease,
providing an excellent feature as seal materials (Figure 9).

To suppress abrasion in the sliding surface of the seal, it
is essential to consider the contacting shape with the rails
as well as the materials. This is also because reduction
of the sliding resistance generated between the seal and
the rail would suppress abrasion. To reduce the sliding
resistance of the seal, it is generally sufficient to reduce
interference between the seal and the rail and decrease
the contact pressure. Reduction of the contact pressure,
however, would make it easier for foreign matter such
as processing powder to infiltrate, thereby diminishing
dust resistance. In highly dust-resistant V1 seals and V1
bottom seals, in order to suppress the sliding resistance

Lubricating unit NSK K1
Highly dust-resistant V1 seal

Fig. 8 Highly dust-resistant V1 seal
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Inner seal

Bottom seal

V1 bottom seal

Fig. 7 V1 bottom seal
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of the seal while maintaining a high dust resistance, the
seal shape of the part that contacts the rail, called the
lip, is slightly inclined toward the intruding direction of
foreign matter to increase rigidity, and the shape provides
elasticity in the perpendicular direction while also
reducing contact pressure (Figure 10). The highly dust-
resistant V1 seal and V1 bottom seal allow interference
between the seal and the rail to be tripled, compared to a
conventional rubber seal. As a result, high dust resistance
is achieved for the intruding direction of foreign matter.
The highly dust-resistant V1 seal consists of a lip
part that contacts the rail and a seal cover attached to
the slider as a separate part (Figure 11). A seal cover
shall be made of stainless steel and protect the inner
resin components. In addition, the lip part is capable of
changing to a component with different specifications
depending on the application, with an expanded degree
of freedom of the design. Further, for the V1 hottom seal,
the outer surface is protected by a stainless steel cover
and fastened to the slider body with screws. This structure
ensures geal fixing force.

5.3. Evaluation test of the seal

To evaluate the abrasion resistance of the highly dust-
resistant V1 seal, a running test was performed with
the seal sliding surface set to no lubrication state, and
the sliding surface was observed (Photo 4). The test
confirmed that the conventional rubber seal, which is
the comparative object, showed a significant abrasion
in the sliding surface and a slight tearing in the lip.
However, the highly dust-resistant V1 seal only showed
a slight abrasion and performed well in terms of abrasion
resistance.

Infiltration direction
of foreign matter

Rigidity increased
with a slight tilt

e

Perpendicular

direction

Contact pressure
suppressed by
applying elasticity

Fig. 10 Seal lip shape

Lip

s

Seal cover (SUS)

Fig. 11 Design of a highly dust-resistant V1 seal

Sample: RA35AN (medium preload)
External load: none
Lubricant: none

Feed speed:
Stroke length: 200 mm
Number of cycles: 107 cycles

0.5m/s

Slight abrasion

Lip tearing

Highly dust-resistant V1 seal

Photo. 4 Seal contact after non-lubricated running

Rubber seal
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Furthermare, to evaluate the durshility of a raller guide
azzemnbled with the highly dustresizstant V1 zeals, a
running test (Fleure 12) waz conducted in an environment
where casting powder az foreign matter was soattered
around the zarmple, and the raceway surface shape was
tne asured,

Az aresult, the sample azsembled with the conventional
rubber zeals for the comparizon was shraded by
apprommately 2.5 pm along the slider raceway surface,
wheress the sample aszembled with the highly dust-
resiztant V1 zeals was abraded by approsdmately 1 pm
{Figure 13) In addition, although an abrasion of the rail

Sarmplke: RASEM (rrediurm preload)
Cazting powder.  Panicke zize max. 250 pm
Fesd spesd: 1 m's

Extemal load: none

Stroke length: B0

Lubticarnt: werzatie lithium-bazed gease
Running distance: 300 km

Cas_t_ing ., Casting

aE e, poowder

Rail Slider

Fig. 12 Test conditions
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raceway surface of approxmately 2.5 pm was chzerved in
the zample aszembled with the rubber zesls, no ahraszion
waz chaerved in the samyple azsembled with the highly
dust-resistant W1 zeals. The highly dustresistant V1 zeal
waz confirmed tobe effectivein improving the durahility of
the roller guides in an environment surrounded by forelgn
ohjecta,

In arder toevaluate whether infiltration of foreien
matter was actually suppreszed by the V1 hottom seal,
arunning test was performed under an environment in
which codlant, iron powder, snd casting powder were
dizperzed (Figure 14}, and the statuz of fareden matter
infilration inside the slider was oheerved, In the test,
roller puides were placed upside down, facilitating
infillration of the codlant, iron powder, snd casting powder
from the slider bottom,

Az areault, it wasz confirmed that the sample without
the W1 hottomn seals, which iz the comparative object,
waz infiltrated by iron powder and casting powder inside
the slider, whereas in the sample azsembled with the W1
bottom sesls, almast no infiltration of foreien matter was
ohzerved, Moreover, the inade of the slider remained clean
{Fhoto §), confirming that the V1 hottom seal suppresses
the infiltration of forelen matter,

The above evaluation confirmed that azsembling
raller puides with highly dustresistant V1 zeals and V1
bottom sesls improved the relishility of products in an
enviranment where processing powder and coolant are
dizperzed. Machine tools in machining centers, which
are forced to frequently replacelinesr guides due to
infillration of foreign matter, would be expected to extend
their replacement cycles.
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Irfittration of imn powder
and casting powder

Withouwt V1 bottor s=al

With W1 bottomn s=al

Photo, 5 Infikration of foreign particles

6. Bumm ary

Thiz article introduces the advantages of the RARE
Series, developed 2z roller guides for machinetodls, as
well az technolagy that improves reliability, uzed with
the highly dustresistant ¥1 zeals sand V1 bottom zeals,
At present, Al-bazed condition manitoring and life time
estimation are alzo actively performed in machine toals,
MEK iz workdng on research and development of candition
monitoring and life prediction technologies for rolling
bearings as well az other elemental components. However,
for linear guides that are relatively difficult to replace,
MSK considers the relisbility of the product itzelf in
arder to ensure itz durahility and stable motion aceuracy
throughout the product’s life, as these aspects are of
paramount importance, Looldng ahead, NSK would like
to contribute to the development of machine tools by
pramoting the research and devel opment of condition
monitoring and life time estimation technologies, and alzo
by continuing to develop technologies for improving the
reliahility of the products themselves,
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Abstract

It has been shown that a rolling contact fatigue (RCF) test using a specimen having a small drilled hole is a useful
method for evaluating the effect of a small defect on the flaking strength of steel. In this study, RCF tests of rolling
bearings having a small drilled hole were carried out. The flaking failure was considered as a problem of shear-mode
fatigue crack emanating from the small defect. As a first step to quantify the crack-growth threshold on the basis of
fracture mechanics, mode 11 stress intensity factor range, AK1, of a ring-shaped crack emanated around the edge of a
drilled hole under the passing of a rolling element was analyzed by using the finite element method. Then the obtained
values were correlated with the AK1 values of penny-shaped cracks in an infinite body under uniform shear through the
intermediary of a correlation factor, fain. The stress intensity factor of the ring-shaped crack was uniformly correlated
with that of the penny-shaped erack by the single factor faq irrespective of hole diameter, d, depth of hole edge, 2’, and
maximum contact pressure, ¢uax, Within the ranges: d = 0.05 - 0.2 mm, ~2’ = 0.05 - 0.345 mm and gu.x = 2.0 -~ 3.0 GPa. The
obtained results will be applied for the quantification of the RCF test results shown in the subsequent paper.

Translated and reprinted from the Journal of the Japan Society of Mechanical Engineers, Vol. 83, No. 852 (2017) (in
Japanese), with permission from the Japan Society of Mechanical Engineers.

1. Introduction

Flaking of a rolling bearing is a type of fatigue-fracture
phenomena caused by repeated contact stress.

Flaking is known to have various mechanisms, one of
which is a form caused by crack initiation and growth from
non-metallic inclusions in the rolling bearing (Mitamura,
2008). Ensuring a high level of cleanliness is effective in
order to suppress this sort of fracture and to extend the
life of rolling bearings. On the other hand, the fatigue
crack growth behavior generated from a small defect and
the effect of the defect dimension on flaking strength
have not been investigated quantitatively. The reasons
behind the delay in quantitative understanding of the
phenomenon include: (i) the minuteness of the defect at
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the starting point, (ii) the difficulty in direct observation
of the fracture process because the fracture origin exists
inside the material, and (iii) many unknown points in
the growth feature of the shear-mode fatigue crack that
governs the majority of flaking life.

There is no standard test method for shear-mode
fatigue crack growth in steel with high-hardness material.
Research is being carried out using various experimental
methods; for example, a test method using a DC (Double
Cantilever) type specimen by Murakami et al. (Murakami
et al., 1994, 2002, Murakami et al., 2003, 2008), a test
method using CT specimens by Otsuka et al. (Otsuka et
al., 1994), and a method of repeatedly applying torsion
while applying a static compressive load to round bar

specimens by Matsunaga et al. (Matsunaga et al., 2009,
Matsunaga et al., 2011, Okazaki et al., 2014, 2017, Endo
et al., 2015). Moreover, attempts have been made to
elucidate the growth and non-propagation behavior of
shear-mode fatigue cracks by introducing small defects

in the raceway of rolling contact fatigue (RCF) specimens
and by limiting the locations where cracks occur in order
to facilitate observation (Kida et al., 2004, 2006, Fujimatsu
et al., 2015). The authors have also conducted RCF tests
using a JIS-SUJ2 flat plate specimen with small drilled
holes in the raceway to investigate the growth behavior of
shear-mode fatigue cracks and have studied methods for
evaluating flaking strength as a erack problem (Komata et
al., 2012, 2013).

In this research, we aim to establish a fracture
mechanics evaluation method of RCF strength by further
developing the above-mentioned research and to perform
a RCF test by introducing a drilled hole to the raceway
of the inner ring of a deep groove ball bearing. This will
elucidate the effect of the diameter and depth of the small
defects on the flaking strength at the actual machine level.
There is much that is unknown about the mechanical
states and the growth behavior of cracks, which are
generated and developed from non-metallic inclusions
and artificial defects under rolling contacts. In order to
guantify the RCF test results of rolling bearings having
small drilled holes as a crack problem, the stress intensity
factors of ring-shaped cracks generated from the edges of
drilled holes with various diameters and dimensions under
rolling contact are analyzed by FEM. It is then shown
that the stress intensity factor of a crack generated from a
drilled hole is nearly in a one-to-one relationship with the
stress intensity factor of a penny-shaped crack subjected
to shear in an infinite body through one correlation factor,
which is within the scope of the load condition of a RCF
test conducted in the following report and the drilled hole
diameter/depth used in the experiments.

2. Mode II Stress Intensity Factor of
Penny-Shaped Cracks under Rolling
Contact

In this chapter, the stress intensity factors of a penny-
shaped crack existing immediately below the rolling
contact portion of the rolling element (steel ball) and
raceway (inner ring) are obtained by FEM analysis.

2.1 Target for analysis

Figure 1 shows a rolling bearing (JIS-SUJ2 deep groove
ball bearing) used in RCF tests. In this rolling bearing,
rolling elements (diameter: 9.525 mm, JIS-SUJ2 steel
balls) arranged at equal intervals between the inner ring
and the outer ring roll on the inner ring raceway surface
and the outer ring raceway surface while applying a load.

2.2 Shear stress distributions in the inner ring
raceway for defect-free cases

Using versatile finite element analysis software MSC.
Marc 201311, the stress field generated when the inner
ring raceway makes Hertzian contact with a steel ball is
obtained by elastic analysis. Figure 2 shows the analysis
model. The analysis model is a 1/2 model with the xz
plane as the symmetry plane. An external force in the
z-axis direction was applied to the steel ball to bring it
into contact with the raceway surface. The displacement
constraint in the v direction is given to the nodal points
existing in the xz plane by taking the symmetry into
account. The inner ring had a Young’s modulus of 208 GPa
and a Poisson’s ratio of 0.3. A 4-node tetrahedral element
(TETRA 4) was used for the inner ring to be analyzed, and
the minimum element size of the contact surface was 0.010
mm. The steel ball is assumed to be rigid in consideration
of the computational costs. Furthermore, in order to
simplify the analysis, these assumptions are made: the
inner raceway surface is a plane, the equivalent radius
of the curvature calculated from the raceway surface and
the radius of the curvature of the steel ball is applied to
the steel ball side, and the shape of the steel ball is barrel-
shaped. The elliptical contact generated by the rolling
bearing used in the experiment was reproduced. At this
time, the dimensions of the steel ball were adjusted so
that the contact ellipse dimension and the contact surface
pressure were equal to those of the case where the steel
ball was an elastic body. Table 1 shows the sizes of the steel
ball (represented by the suffix e in Table 1) and the inner
raceway surface (represented by the suffix w in Table 1).
Table 2 shows the results of ealculating the contact
elliptical dimensions (minor radius s, major radius s.) and
the maximum contact surface pressure gu.- When they
are brought into contact by FEM analysis and Hertzian
contact theory. As shown in Table 2, it can be seen that by
using the sizes shown in Table 1, a result equivalent to the
contact state between the elastic bodies can be obtained
using a simpler FEM model. In this analysis, the friction
due to the contact between the steel ball and the inner
raceway surface is not considered.
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Quter ring

Inner ring

) |
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Contact ellipse

Major axis

Rolling element
(ball)

(a) Radial type rolling bearing

Fig. 1 Target of FEM analysis. Contact ellipse is generated between ball and ring.

Table 1 Sizes and material properties of contact bodies for evaluation.

Inner ring

Rolling element (ball)

(b) Ellipse type contact area on rolling bearing

Actual size Equivalent size Used value in FEM analysis
Curvature radius 1 of rolling element, .1 [mm] 9.525/2 3.787 7.574
Curvature radius 2 of rolling element, R.. [mm] 9.525/2 399.2 800
Curvature radius 1 of raceway, Ruw1 [mm] 18.49 o . Flat oo . Flat
Curvature radius 2 of raceway, Rw: [mm] -4.82 o Flat o Flat
Young’'s modulus of rolling element, E. [GPa] 208 208 o< . Rigid
Young’s modulus of raceway, Ew [GPa] 208 208 208
Poisson’s ratio of rolling element, v. 0.3 0.3 - : Rigid
Poisson's ratio of raceway, v. 0.3 0.3 0.3
Table 2 Size of calculated contact area and maximum contact pressure.
Rolling bearing Flat plate
(Hertz theory) (FEM analysis)
Elastic ball / Elastic raceway Rigid element / Elastic plate
Applied load on rolling element, F [N] 4645.8 4645.8
Semi-major axis of contact area, s. [mm] 3.722 3.625
Semi-minor axis of contact area, s, [mm] 0.198 0.195
Maximum contact pressure, ¢ma [GPa] 3.00 3.03
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Figure 3 shows an analysis result of the shear stress
distribution 7. inside the inner ring when gua. = 3.0
GPa. At this time, the depth 2o at which .. becomes
the maximum is zo = 0.099 mm in the exact solution of
Lundberg (Lundberg and Palmgren, 1947), whereas zo =
0.100 mm in the present analysis, and both are almost
the same. Figure 4 {a) shows the distribution of the shear
stress 7y in the x direction at the depths z = 0.100 mm
and z = 0.200 mm. Figure 4 (b) shows the distribution
of the shear stress 74 in the z direction at x = 0.172 mm
at which the shear stress r. is maximized. When the
steel ball moves on the inner ring raceway surface while
applying the load, an alternating shear stress is generated
inside the raceway surface. In Figs. 4 (a) and 4 (b), the

Load

"¢

Rigid rolling element
4

Fig. 2 FEM model of contact between rigid rolling element and
elastic flat body. The ball is rigid barrel-shaped body and
the raceway is elastic flat body.
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[ z=200 pm
Lines: exact solution
-1 000 L L L !

-0.8 -0.4 0.0 04 0.8
Distance from the center of contact area, x, mm

@rt.;atz=01mmandz=0.2mm

exact solution of the shear stress distribution obtained by
the Lundberg equation is also shown by a solid line. The
values of shear stress obtained by the present analysis
almost agreed with the exact solution. That is, it was
shown that the Hertzian contact between the steel ball
and the inner ring raceway can be accurately reproduced
by this analysis method.

2.3 Mode II stress intensity factor of a penny-
shaped crack under uniform shear

In order to investigate the analysis method of the mode
IT stress intensity factor K by FEM, a penny-shaped

[hPa]

Fig. 3 Example of contour map of shear stress zx: in smooth
specimen (gmax = 3.0 GPa).

Shear stress r,,, MPa
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Line: exact solution

Distance from the surface, z, mm

b)r:at x=0.172 mm

Fig. 4 Distribution of shear stress z in x direction (a) and z direction () in smooth specimen. The shear stress distribution obtained by FEM

corresponded to the exact solution by Lundberg and Palmgren.
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crack with a radius ¢ as shown in Figure 5 was introduced
inside the inner ring of the analysis model in Figure 2.
Figure 6 shows, as an example, an analysis model in which
a penny-shaped crack having a radius ¢ = 0.010 mm is
arranged at a position at a depth ofz = 0.100 mm. By
applying an external force in the x-axis direction to the
rigid body surface firmly in contact with the inner ring
raceway surface, uniform shear stress 7.0 was applied

to the crack at the center of the analysis target. The
friction coefficient of the crack surface was set to 0. Other
boundary conditions are similar to the model in Figure 2.
In a penny-shaped crack subjected to shearing, as shown
in Figure 5, the deformation mode along the crack leading
edge changes from mode II to mixed mode (mode I + mode
IIT) to mode III, resulting in a pure mode II at point A in
Figure 5. In this analysis, the K at point A was obtained
for erack radii ¢ = 0.005 mm, 0.010 mm, 0.020 mm, 0.050
mm, 0.100 mm, 0.200 mm, and 0.400 mm. In the vicinity
of the crack tip which becomes the singularity of stress,
the element was subdivided, and the distance between
nodal points was made to be 0.0004 mm.

Figure 7 shows a contour map of #, around the crack
when #zz0 = 750 MPa is applied to the model with a crack
radius of ¢ = 0.010 mm in Figure 6 as an example of
analytical results. As shown in Figure 8, the distribution
of 7z was obtained from the crack tip in the direction
parallel to the x-axis, and the tentative stress intensity
factor Ku* obtained from each node was calculated using
equation (1).

Kr'=te \2mr e (1)

Fig. 5 Penny-shaped crack in an infinite elastic body.
The crack is deformed by pure mode 11 at point A.
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Here, r is the distance between each node and the crack
tip. Figure 9 shows an example of K1 obtained by the
stress extrapolation method (Ishida, 1976). The stress
extrapolation method plots Ku* obtained from each node
against the distance r from the crack tip and obtains Ku*(=
K} at r = 0 by extrapolation of an approximate straight
line. As can be seen from Figure 9, the Kir* values obtained
from the nodal points near the crack tip deviate from the
true values due to the insufficient fineness of the element
for the singular stress field and therefore were excluded
from the target data of the approximate straight line.
Table 3 shows the calculated results of K1y when the crack
radius « is varied from 0.005 mm to 0.400 mm.

On the other hand, the stress intensity factor for a
penny-shaped crack with radius a, present in an infinite
body subjected to shear stress ¢ (hereinafter referred to as
Km), is obtained from the analytical solution of Kassir et
al. (Kassir and Sih, 1966). K1y at point A on the x-axis of a
penny-shaped crack as shown in Figure 5 is given by the
following equation:

Where v is Poisson’s ratio, Table 3 shows the values of
K obtained from FEM analysis and equation (2). Since
both methods are nearly identical, it can be said that
this FEM analysis method has sufficient accuracy for the
analysis of K.

. 2a= 0.020'.mm

Fig. 8 FEM model of elastic body under shear including a penny-
shaped crack.
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Fig. 7 Example of contour map of shear stress 7.z around penny-

shaped crack.

Fig. 9 Stress extrapolation method for calculating stress intensity
factor K. The data at points close to the crack tip were

5 10

Distance from crack tip, r, pm

used for the extrapolation as shown by red line.

L

Stress data acquisition ath

Fig. 8 Path of stress data acquisition near crack tip for which Kj

was calculated.

Table 3 Comparison in stress intensity factors between FEM solution and exact solution.

Mode I stress intensity factor
Radius of crack Ky [MPa-m" FEM solution /
a [mm] Exact solution [%]
FEM solution Exact solution by Kassir & Sih
0.005 219 2.23 98.3
0.010 3.09 3.15 98.2
0.020 444 445 99.8
0.050 6.86 7.04 97.4
0.100 9.82 9.96 98.7
0.200 13.91 14.08 98.8
0.400 19.83 19.91 99.6
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2.4 Mode II stress intensity factor of a penny-
shaped crack under rolling contact

In the rolling contact model shown in Figure 2, a penny-
shaped crack with a radius of ¢ was arranged as shown
in Figure 6. The K1 of the penny-shaped erack existing
in the rolling contact stress field was obtained by moving
the steel ball in compressive contact. Figure 10 shows an
analytical model for a penny-shaped crack with a radius of
a =0.010 mm, as an example, placed at a depthz = 0.100
mm from the raceway surface. In order to investigate the
change in K at point B in Figure 11 due to the movement
of the steel ball, the steel ball was positioned sufficiently
away from the penny-shaped crack (x = —0.6 mm, with
the crack center at x = 0), and moved to x = +0.6 mm
while maintaining the contact state. In this analysis,
penny-shaped cracks with a crack radius of 0.005 mm,
0.010 mm, 0.020 mm, 0.050 mm, 0.100 mm, 0.200 mm,
and 0.400 mm were arranged at the position of depth z =
0.100 mm, similar to the analysis by the model of Figure
6. The load applied to the steel ball was adjusted so that
the maximum contact surface pressure ¢ was 3.0 GPa.
When a load is applied to the rolling bearing model of this
analysis so that the maximum contact surface pressure
@max becomes 3.0 GPa, 7. takes the maximum value at
the position of the depth z = 0.100 mm. The depth of the
penny-shaped crack was matched with the depth at which
the maximum value of 7. occurred, and z = 0.100 mm. In
this FEM analysis, K11 was obtained every time the steel
ball moved by 0.020 mm.

Load

Rigid rolling element

Load movement direction

Elastic flat body

20 mm

Load movement direction

2a

¥4
Penny-shaped crack

Fig. 11 Penny-shaped crack under rolling contact. The change in
the value of Ki; at point B was evaluated.

Io.j iglaa

Pennhy shaped cracks:

80 mm
(a) FEM contact model

e

(b) Half model of penny-shaped crack

Fig. 10 FEM model of contact between rigid rolling element and elastic flat body having a penny-shaped crack.
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Figure 12 shows the change in Ki when the steel ball
moves on the raceway surface for the penny-shaped cracks
having a radius ¢ of 0.010 mm, 0.050 mm, and 0.100
mm. In each case, Ki changed from a negative peak to
a positive peak with the movement of the steel ball. The
difference between the positive and negative peaks at this
time was caleulated for each crack radius a, as the mode IT
stress intensity factor range AKy. Figure 13 compares the
FEM analysis results with the analytical solution of Kassir
et al. given by the following equation for the relation
between crack radii ¢ and AKT.

_4

AKmo = =)z

Atvma e (D

Here, Az is the shear stress range acting on an infinite
body at a distance. In a rolling contact stress field,
alternating shear stress acts, so when 7., at the depth of a
penny-shaped crack is used as the nominal shear stress, Az
is expressed by the following equation.

AT =21z e (4)

According to Lundberg’s exact solution, under this
analysis condition, 7. = 750 MPa at a depth z = 0.100 mm,
so this value was used as the nominal shear stress. Figure
13 shows that AKp of a penny-shaped crack in a rolling
contact stress field coincides with AKmo when the crack
radius ¢ is in the range of 0 to 0.1 mm. On the other hand,
when a > 0.1 mm, the two diverged, and the AK1 of the

crack under rolling contact was lower than AKy. In other
words, even in the case where the steel ball and the inner
ring raceway are in rolling contact, for a penny-shaped
crack up to a radius of about 0.1 mm, 7., acting on the
depth at which the crack exists is defined as the nominal
shear stress, AKu can be obtained with high accuracy by
the equation (3).
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@ 13 (O FEM solution under rolling
3 10 k contact stress
o Solid line: Kassir's solution under
5 19 uniformly distributed stress
0 1 1 1 I
0.0 0.1 0.2 0.3 0.4

Radius of crack, &, mm

Fig. 13 Change in stress intensity factor range as a function of
crack radius. AKj; corresponds to AKie within the range:
a=0~01mm.
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Fig. 12 Change in stress intensity factor Ki: at point B in Fig. 11 caused by the movement of ball under compressive contact. In all the

cases, K varied from the negative peak to the positive peak.
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3. Mode II Stress Intensity Factor at
the Edge of a Small Drilled Hole
under the Rolling Contact

In the previous chapter, it was shown that the mode IT
stress intensity factor range AKt of a penny-shaped crack
existing in a rolling contact stress field can be obtained
with high accuracy by FEM analysis. In the rolling
bearings analyzed in this study, it was found that AK: can
be evaluated as equivalent to a crack existing in a uniform
shear stress field when the crack radius is as small as ¢
= 0.1 mm. Subsequently, this chapter is directed to a case
where a drilled hole, as shown in Figure 14, exists in the
raceway of the inner ring. A ring-shaped crack generated
from the edge of the drilled hole is analyzed using the same
model as the penny-shaped crack shown in Figure 10.

Figure 15 shows a photograph of the cross-section of a
drilled hole after a RCF test was conducted with stress
cycles of N = 2.6 x 10° cycles, under the condition that the
maximum contact surface pressure gm.z = 2. 5 GPa, using
a deep groove ball bearing with a drilled hole having a
diameter d = 0.100 mm and an edge depth 2’ = 0.064 mm
applied to the inner ring. The details of the experimental
method and results will be described in the next report.
As shown in Figure 15, small cracks were observed at
the edge of the drilled hole, which were considered to be
in a non-propagation state. Such non-propagation cracks
were also observed in other specimens having different
diameters and depths of the drilled holes, and their
sizes were approximately 0.01 mm. Similar cracks have
been observed in un-flaked specimens in the RCF tests
of bearing steel conducted by the authors in the past
(Komata et al., 2013). In order to quantify the flaking limit
of such a specimen as the non-propagating limit of fatigue
crack, the above-mentioned ring-shaped small crack (crack
length ¢ = 0.010 mm) was introduced into the drilled hole
edge and analyzed. Figure 16 shows, as an example, an
analysis model including an inner ring having a drilled
hole with a diameter d = 0,100 mm and an edge depth A’
= 0.100 mm as well as a steel ball in compression contact
with the inner ring.

In this analysis, the drilled hole diameter d was set
to 0.050 mm, 0.075 mm, 0.100 mm, and 0.200 mm, and
the edge depth &’ was changed to 0.050 mm, 0.100 mm,
0.220 mm, and 0.345 mm for each diameter. In order to
investigate the variation of K at point C in Figure 17
with the movement of the steel ball, as in the case of a
penny-shaped crack shown in Figure 11, the steel ball was
compressed and contacted at a position sufficiently far
from the drilled hole (the position of x = —0.6 mm with the
drilled hole center position asx = 0) and moved to x = + 0.6
mm while maintaining the contact state. For the steel ball,
a load equivalent to ¢ma = 3.0 GPa, 2.5 GPa, and 2.0 GPa
was applied. Table 4 summarizes the maximum contact
surface pressure ¢mex, the minor radius s, of the contact
ellipse, the maximum value of the shear stress tm, the
depth 1., works zo, and the shear stress 1., acting on the
drilled hole edge depth z = A’. Also, in this analysis, every
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time the steel ball moved 0.020 mm, the K of the crack
at the edge of the drilled hole was obtained by the same
method as for the penny-shaped crack.

Figure 18 shows a change in Ki at point C of the
analysis model (drilled hole diameter d = 0.100 mm, edge
depth £’ = 0.100 mm) shown in Figure 16 as an example of
the analysis result. In the crack at the edge of the drilled
hole, K11 changed from a negative peak to a positive peak
with the movement of the steel ball, as in the case of the
penny-shaped crack. However, the ratio of the positive
and negative peaks of the stress intensity factor, Kiuin/
Ko, was —1 for the penny-shaped crack, while it was
about —2.7 for the crack at the edge of a drilled hole.

It is considered that this difference was caused by the
absence of an elastic body which receives the stress in the
drilled hole. The difference of the positive and negative
peaks of K, AKT, is caleulated for various combinations
of drilled hole diameters d depths /#’, and contact surface
pressure conditions gmas Figure 19 shows their results

as a relationship between the crack radius including the
drilled hole (d/2 + a’) and AKn. In Figure 19, the values

of AK11 obtained by setting the crack radii to ¢ = (d/2 + @)
and using the nominal shear stress ranges Ar acting on
the edge depth %, in equation (3), are also shown by solid
lines. As shown in chapter 2, the AKy of a penny-shaped
crack in a rolling contact stress field almost coincides
with the AKi obtained from the analytical solution of a
crack in a uniform stress field when the crack radius a

is smaller than 0.1 mm. On the other hand, the AK1 of
the crack generated from the edge of the drilled hole was
smaller than that of a penny-shaped crack even in the case
of {(df2 + &’) = 0.1 mm. This difference is also presumed

to be due to the absence of an elastic body that receives
stress in the drilled hole. Tn addition, the larger the drilled
hole diameter, the greater the deviation between the two.
These trends were similar, regardless of the maximum
contact pressure, when ¢m. was within the range of 2.0
GPa to 3.0 GPa. Similar trends were also confirmed at
various edge depths (&’ = 0.05 mm, 0.100 mm, 0.220 mm,
0.345 mm).

d . Diameter of drilled hole

h’. Depth of edge

]

Ring-shaped crack

Fig. 14 Geometry of drilled hole. The drilled hole has a ring-
shaped crack at the edge.

Load movement direction

-

Crack from edge
0.050 mm

Fig. 15 Cross section of drilled hole after fatigue test. (gmax=2.5
GPa, N = 2.6 x 10® ¢ycle) Small cracks were observed at
the hole edge.

Load

Rigid rolling element

Load movement direction Fa

Elastic flat body

Load movement direction

Ring-shaped crack

Fig. 17 Ring-shaped crack emanated from hole edge under
rolling contact. The change in Ky at point C was
evaluated.

et

' = 0.100 mm
Point C

“"'G-'

Ring-shaped crack around hole edge

80 mm

(@) FEM contact model

(b) Ring-shaped crack around hole edge

Fig. 16 FEM model of the contact between ball and flat plate having a small drilled hole. All the model has a ring-shaped crack at the edge

of the drilled hole.
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Fig. 18 Change in stress intensity factor Ki; at point C in Fig.17 caused by the movement of ball under compressive contact : d = 0.100
mm, A’ = 0.100 mm. In common with the cases of penny-shaped crack, K varied from the negative peak to the positive peak.

Table 4 Results of FEM analysis for different maximum contact pressures and hole depths

Load case 1 Load case 2 Load case 3
Maximum contact pressure, gma [GPa] 3.00 2.50 2.00
Applied load force to rolling element, F [N] 46458 26845 13754
Semi-major axis of contact area, s, [mm] 3.722 3.100 2.480
Semi-minor axis of contact area, s, [mm] 0.198 0.165 0.132
Maximum value of shear stress, 7. [MPa] 750 625 500
Depth that maximum shear stress works, z, [mm] 0.099 0.083 0.066
Shear stress 1., at z = 0.050 mm [MPa] 681 591 491
Shear stress - at z = 0.100 mm [MPa] 750 619 477
Shear stress - at z = 0.220 mm [MPa] 624 471 326
Shear stress 1,; at z = 0.345 mm [MPa] 474 343 227
4. Derivation of Approximation
Formula for Mode II Stress Intensity AK g = fatt- AKmo= fai - ﬁ K (§+ a,) ..... (5)

Factor Range of Small Drilled Hole
Edges under Rolling Contact

In this chapter, mode II stress intensity factors are
compared between a penny-shaped crack in an infinite
body subjected to shear and a crack at the edge of a drilled
hole. From the examination results in chapters 2 to 3,
it was found that AKt of a ring-shaped crack existing
around the edge of a drilled hole in a rolling contact
stress field (hereinafter referred to as AKmwamn) shows a
certain tendency with respect to AKm ealculated from
the analytical solution of Kassir et al. (equation (3)) by
assuming 7., generated at the edge depth 2’ as the nominal
shear stress. Here, the relation between AKm g and AKmo is
expressed as equation (5) using the correlation factor fann.
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Where At is obtained by equation (4) using the nominal
shear stress 7w, acting on the drilled hole edge depth A"
When considering the effect of the defect size on fan, the
effect of the drilled hole diameter d and the drilled hole
edge depth £’ must be taken into account for drilled holes,
but the effect of the drilled hole depth &’ is considered in
the caleulations of AKr as shear stress ... Therefore, we
evaluate the effect on the drilled hole diameter d here.
Figure 20 shows the ratios of AKam to AR (.e., fau)
based on the series of analysis results shown in Figure
19 for each guax, each B’ plotted against the drilled

hole diameter d. AKILdri11/AK110

decreased linearly with

increasing drilled hole diameter. This tendency was almost
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Fig. 19 Stress intensity factor range as a function of defect size at four different edge depths. AKy values of the hole-edge cracks were
smaller than those of the penny-shaped cracks.



RCF tests are conducted by applying small drilled holes

Table 5 Mode Il stress intensity factor range calculated by proposed formula

to the raceway of the rolling bearing. Most of these test e P ———
1.0 conditions are within the range described above. In the 2R s T,;S(i '['Rﬂir:'mﬂ?c REe
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f.i decreased linearly with an increase in the hole (i (];,ng E AHER wert;:;lsaér%;é 1 balls with 0.050 20 25 737 9.72 0.74 72 -2.1
diameter. The slope was approximately constant (1) For combinations o B steel balls with a 20 572 7 48 0.74 555 59
irrespective of G- and A’. diameter of 9.525 mm and raceway rings with a groove : : : : : :
radius of curvature (R« = 18.49 mm, Rw = —4.82 3.0 10.05 13.72 0.70 9.65 -4.0
mm), AKn of the penny-shaped cracks present under 0.075 1.3 25 8.29 11.32 0.70 7.96 -4.0
rolling contact stress with contact surface pressure 50 — 272 0.70 513 55
Gnax = 2.0-3.0 GPa was analyzed by FEM. As a result, 0.100
: i i 1.0 3.0 10.62 15.42 0.66 10.24 -3.6
constant regardless of the maximum contact surface it a8 fm%nd that AKI_I can be predicted accurately l?y
pressure gms and the edge depth i’. Therefore, fan is substituting the nominal stress at the crack depth into 0.100 25 8.85 12.73 0.66 8.45 -45
expressed by the following equation as a function of the the a.nalytical solution of a CI‘E.le in a uniform stress 20 6.1 9.80 0.66 .51 -58
drilled hole diameter d. field in the range of crack radius ¢ up to about 0.1 mm.
On the other hand, when @ becomes larger than 0.1 20 A3 2088 g 10.61 A7
fau=A-d+B e (6) mm, AKn falls below the analytical solution, and the 0.200 0.5 25 933 17.23 0.51 8.75 -6.2
deviation between the two increases with increasing 20 7.00 13.97 0.51 674 -4.9
Here, A and B are constant. Regression of the results crack length. . . 3.0 6.97 0.80 0.74 7.07 43
shown in Figure 20 by the least-squares method yields A = (2) The "?‘KH ofa.rlng-shaped crack at the edge of_a drilled i T o ) g o PEE i
~1.56 and B = 0.82. Therefore, AKra is expressed by the hole in a rolling contact stress field can be estimated : : : : : : : :
following equation. with an error of about +5% by multiplying AKm 2.0 3.65 512 0.74 3.80 4.0
calculated from the analytical solution of a penny- 20 824 1283 066 g 52 2.4
4 7 shaped crack of the same size by correlation factor fa.u .58 i 55 o oeE e T i =
AKnan=(-156-d1+0.82)- ———— Ar & (—-i-a ’) obtained as a function of only the drilled hole diameter. ' ' ' i i i i i i
Qv N \2 2.0 4.26 6.70 0.66 4.45 4.4
""" (M 3.0 8.28 17.37 0.51 8.82 6.6
0.200 1.1 25 6.18 13.12 0.51 6.66 7.8
Table 5 compares AKian caleulated by FEM with
AKarn calculated by using equation (7) for each drilled il fii il o8l 441 BF
hole size and load condition. When d = 0.200 mm and A’ 3.0 5.30 7.45 0.74 5.53 4.3
= 0.050 mm, i.e. A'/d is 0.25, for a condition that the edge 0.050 6.9 25 284 539 074 4.00 4.2
depth is .sn}all compared to the drilled hole diameters, 50 055 257 074 5 65 20
the prediction error becomes more than 10%. However,
within the range of 0.5 = A’/d = 6.9, the error was within 3.0 2.98 973 0.66 647 8.3
approximately = 5%. As described above, in the RCF test 0.100 0.345 3.5 2.5 4.32 7.06 0.66 4.69 8.5
of the deep groove ball bearing in this study, AKnof a 20 287 467 066 210 21
crack generated from the drilled hole edge of the inner p— e pem—— — — e
ring can be obtained relatively accurately by equation (7) i i i i i i
under the conditions of 2.0 GPa s ¢ua: s 3.0 GPa, d < 0.2 0.200 1.7 2.5 4.49 9.56 0.51 4.86 8.2
mm, 0.5 = h/d =6.9, and 0.05 = ¢/d = 0.2. In this study, 2.0 297 6.33 0.51 3.21 8.2

B4 \otion & Control No. 31 (June 2020)  INSIK

Motion & Control No. 31 (June 2020) NSK BB



References

1) Endo, M., Okazaki, 5., Matsuneea, H., Morivama, 5., Munaoka,
K., and Tanase, K., A new fatizus testing machine for
it irating the behasior of small shearmode fativus cracks,
Experimental Techriques, Vol 40¢20158), pp. 1 08&—1 073 .

271 Fujimatzu, T., Malkamizo, T., Malkazall, M., and Teunekage, I,
Crack initiation and propagation behasdor around the defoct
in zteal urder rolling cont act fatizne, ASTN International
ST P15&0 Bearinge Steal Techrolomes: 10th volume, Advances in
Stiea]l Technologies for Rolling Bearing (2018), pp. 147-172.

33 Izhida, M., Firet=u no danssikaizeld to owrsoloukaload aikeiaan,
Socond printine (1976), Baifulan (in Japanesa).

47 Kazgir, M. K and Sih G C., Three-dimensional strass
distribution around an elliptical crack tmder arbitrars
loadings, Jowmal of Apolied Meahanies, Vol 33, izme & (1966),
pE. 601611,

&) Fida, K., Yamazala, T., Shibata, M., Oguma, I, and Harada,
H., Crack imitiation from micro surface holes in bearings under
rolling cont act fatione, Fafiguee & Frostune of Bngmeertng
Magerinls & Strusfures, Vol 27, Mo, 6(2004), pp. 481495,

&) Fida, K., Yoshidome, B, Yamakawa, K., Harada, H., and
Qguma, M., Flaking failures orimnating from microholes of
boarings inder rolling cont act fatioae, Fafgee & Frocfure of
Engimecring Matemunls & Stmectures, Vol 29, Mo, 12 (2008), pp.
1 &1-1 030

T1Eomata, H., Yamabe, J., Fultushima, ¥, and Matauoka, 5.,
Propozal of rolling cont act fatizus crack orowth test usine a
gpecimen with & amall artificial hole, Tmrnsasfions of the Jopan
Sootety of Mechanionl Engmeecrs, Soriez A Vol 78, Mo, 793
(2012), pp. 1 280-1 268 (1inJapaneas).

&) Fomata, H., Yamabe, J., Mataunaga, H., Fulkushima, 7,
and Mat=uoka, 5., Effoct of size and depth of small defoct on
the rolling contact fatigue strengeth of & bearng steal ST1T2,
Transuetions of the Jopun Soetety of Meshanionl Engineers,
Sories A, Wol. 79, Mo, 205 (2013, pp. 961-97& (in Japaneza).

@) Lardbery, G and Palmgren, 4., Demamic capacity of rollinge
boarings, dofa Pobitechnion Seandineoton-Aleahonionl
Enginecring Serfes, Vol 1, Mo, 3 (19471, pp. 5-50.

10 Mataunags, H., Muramoto, 5., Shomoura, I, and Endo, M.,
Shoar Mode Growrth and Threshold of Small Fatisue Cracks
in STLJ2 Bearing Steal, Jowmal of the Soctety of Matertals
Sefenese, Wol. B8, Mo, 902009, pp. TT3-TA0(in Japaness),

11) Mataunag, H., Shomora, I, Muramoto, 5., and Endo,

M., Bhear mode threshold for a small fatisue crack ina
boanng stoal, Fréigue & Frodure of Engineergng MWaternls &
Strmectures, Vol 34 (2011), Mo, 1, pp. 72-82.

12 Mitamura, IM., Eolling contact fatisue of rolling bearines
and the rescarch trend, Jowmal of Jopamnese Sootedy of
Trbologiss, Vol 53, Mo, 10 (20081, pp. #d1-646 (in Japanesa).

13 Murakami, ¥., Hamada, 5., Sumno, K, and Takao, K., Mew
meazurernatt method of mode IT threshold stress intansity
factor range AR and itz application, Jowmal of the Soatety of
Muterials Sadence, Vol 43, Mo, 493 (19947, pp. 1 264-1 270¢In
Japarmsa).

14) Murakami, ¥., Fuluhara, T, and Hamada, 5., Measurement

B8  niotion & Contral Ne. 51 (June 2020)  INSINIE

of mode 1T threshold stress intensity factor range AT, Jowmal
of the Soaety of Matemunls Setenae, Vol 1, Mo, & (2002, pp.
914925 (in Japaness).

181 Murakami, ¥, Takahashi, K., and Fusumoto, B, Threshold
ard prowth mecharniam of fatisue cracks under mode IT and
II] loadings, Fafigue & Froofure of Engmeertng Matemals &
Stimesfures, Vol 26 ¢2008), pp. 523851

161 Murakami, ¥., Fukushima, ¥, Tozama, K., and Matzuoka,
&, Fatioue crack path and threshold in Mode 1T and Mode 111
loadings, Ergimecimg Frosture Meshanies, Vol 78 (2008), pp.
083158,

171 Okazaki, 5., Mataunaga, H., Uada, T., Eomata, H., and Endo,
M., A practical expreszion for evaluating the small shear
mode fatigus crack threshold in bearing steal, Theonétonl and
Applied Fracture Meshanies, Vol 75 ¢2014), pp. 161-169.

121 Okazalki, 5., Wada, K, Matsunaca, H., and Endo, ., The
influence of static craclk-openine stress on the threshold
lewwe] for shear-mode fatioue crack srowth in bearing steals,
Engineermg Fimeture MWeshansa:, Wol. 174 (2017, pp. 127-138.

1% Otzuka, 4, Suravrara, H., Shomura, I, Aovrama, M., Yoo,

S K, ard Shibata, M., Mechanizm of rolling contact fatioue
ard mode IT fatigue crack orowth, Jowmal of the Sootedy

of Muternls Setense, Vol 45, Mo, 484 {1894), pp. 55—61 fin
Japaneas).

Bho Haslirmoto

Hirchs Eormata

Hizao Matsunaga

Effect of Small Defect on the Flaking
Strength of Rolling Bearings

(Part 2: Evaluation of the flaking strength of rolling
bearing having a small drilled hole based on the

stress intensity factor)

Sho Hashimoto, Hiroki KEomato
Core Technology R&D Center, NSH Lid.
Hizoo Motsunogn

Eyushu Univ. Department of Mechanical Engineering
FEyushu Univ. Research Center for Hydrogen Industrial Use and Storage (HYDROGENITIS)

Fyushu Univ. International Institute for Carbon-Neutral Energy Research (I2CNER)

Abstract

Eolling contact fatigue { RCF) tests were conducted using ralling bearings with a micro-drilled hole on the raceway. In
all the tests, fatigue crack initiated at the edge near the bottom of the hale and then propagated by shear mode. Even in
the unbroken specimens tested upto M = 1 % 10° cycles, a short fatigue crack waz found at the edge. By using the stress
intensity factor (SIFrange caloulated for indtial defect size, fatigue life data were uniformly gathered inside a amall
band irrespective of the diameter and depth of the hole. In addition, it was found that the erack size dependency of the
threshold SIF range, which iz well known for the mode I fatigue crack, alzo exats in the mode [I fatigue crack emanating
under theradling contact. The values of threshold SIF ranges obtained by the BCF testz were in good agreement with
thaze chtained in the torsional fatigue tests under static canpression,

Keywords:

Eolling contact fatigue, Bearing steel, flaking, drilled hdle, shear-mode crack, stress intensity factor

Trandated and reprinted froam the Jouwrnal ofthe Japan Soctety of Mechanical Engineers, Val. 83, Mo, 852 (2017){in
Japanese), with permizaon from the Japan Socety of Mechanical Engineers.

1. Introduction

The difficulty n predicting the postion, dimensions, and
shapes of the fracture arigin and direct chzervations of the
crack growth prevents eluddation of the phenomena of the
subsurface originated flaldng, where non -metallic defects
are the fracture arigin, located i ediately below the
raceway surface of the rolling bearing, In addition, nuch 12
unknown shout the behaviar of fatigue crack growth of the
shear mode(modes T and 111}, which governs most of the
damage process.

WVariouz test methods have been uszed toinvestgate
the growth behavior and lower limits of shearamode
fatigue cracks in high hardness steel by Muraleami et
al, (Muralcar et al, 1954, 2002, Muralar e al., 2003,
2008), Otaukea et al. (Otsuka et al., 1954), and Matsunaga
et al. (Matsunaga et al., 2011, Olazald et al., 2014,

2017, Endo et al., 2015) However, these methods are
incapable of reliably reproducing the stress field under
rolling contact stress, and problems remain regarding
itz application to ralling contact fatieue (RCF) strength
evaluation, On the other hand, there waz an atbempt to
make it easier to chzerve cracls by limiting the crack
initiation pont by introducing micro-defects into the

racewsay ofthe ECF test piece and to quantify flaldang
strength by fracture mechanics (Kida et al., 2004, 20086,
Fujimatsu et al., 20158), The authors ( Komata et al, 2012,
2013) have alzo conducted RCF tests using 2 JISS1IJ2 flat
plate test plece with amicro-drilled hole as an artificial
defect in theraceway and investigated the crack growth
behaviar and itz influendng factors. Thus far, it has heen
shown that ECF tests with micro-drlled holes are wseful
for investigating the growth characteristics of shear-
mode fatisue racks and that the BECF lirit a2 the lower
lirnit of the growth of fatigue crades can be quantitatively
evaluated by considering the influencing factars such as
micro-defect dze and crack depth. However, in arder to
actually apply thiz evaluation method tothe evaluation
of the flating strength of ralling bearings, it 1z required
toinvestigate the mechanical condition of the crack
generated from the drilled hole in more detail and darify
the difference with the mechanical condition of the cack
generated from non-metallic inclusions, n addition to the
ECF tests using a flat plate test piece, it iz also eszential
toinvestigate the effectiveness and applicable range of the
evaluation methods by conducting achial ralling bearing
tests,
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Therefore, in this study, RCF tests are conducted by
applying drilled holes to raceway of the rings of radial-
type, single-row deep groove ball bearings and thrust-type,
single-row ball bearings. In this way, the effect of micro-
defects on flaking strength is investigated at the actual
machine level. In the first report (Hashimoto et al., 2017),
in order to fracture-mechanically quantify the results
of an RCF test of a deep groove ball bearing with micro-
drilled holes in the inner ring, the mode II stress intensity
factor range of the ring-shaped cracks generated from the
edge of the drilled hole was analvzed by FEM. Using the
obtained results and analytical solutions for penny-shaped
cracks in an infinite body subject to shear, an approximate
formula is derived that can calculate the stress intensity
factor ranges of ring-shaped cracks at the edge of the
drilled hole easily for various load conditions and drilled
hole dimensions. In this report, we apply this approximate
formula to fatigue test results and quantify the effect of
micro-defects on the flaking strength as a crack problem.

2. Rolling Contact Fatigue Test of
Rolling Bearings with Micro-Drilled
Holes

2.1 Experimental procedures

Figure 1 shows a schematic diagram of a rolling bearing
and fatigue test rigs used for an RCF test. The rolling
bearings used in this test were a radial-type, single row
deep groove ball bearing JIS-6206 and a thrust-type,

single-row ball bearing JI85-51305, both made of JIS-SUJ2.

The inner ring of JIS-6206 and the outer ring of JIS-51305
were evaluated. Table 1 shows the respective chemical
compositions. The rolling elements are steel balls with

a diameter of 9.525 mm. A heat treatment of hardening
and tempering has been applied to the raceway rings and
the steel balls. Grinding processing was applied to the
raceway surface after heat treatment, and the roughness
after processing was about 0.03-0.04 pmRa. The Vickers
hardness was measured at two points with a test load of
9.8 N for each of five randomly selected raceways, for a
total of 10 points. As a result, HV = 751 on average for

the JIS-6206 inner ring and HV = 754 on average for JIS-
51305 outer ring.

As shown in Figure. 2 (a), in the ball bearing, the contact
area generated by the compressive contact between the
steel ball and the raceway ring has an elliptical shape
centered on the groove bottom of the raceway. At this
time, the maximum contact surface pressure occurs at the
center of the contact ellipse (that is, at the groove bottom
of the raceway). In the center of the raceway, a micro-
drilled hole as shown in Figure. 2 (b) was introduced as a
crack-starter. As shown in Figure. 2 (¢}, the drilled hole
diameter d was set at three levels of 0,05 mm, 0.08 mm,
and 0.1 mm, and the edge depth 2’ was varied in the range
of 0.05 mm to 0.175 mm. The maximum contact surface
pressure gna. Was also varied in the range of 2.5 GPa to
3.4 GPa. Lubricant used was industrial-use lubricating
mineral oil of ISO-VGE8 in all tests, forced circulation oil
lubrication for JIS-6206, and oil bath lubrication for JIS-
51305. The rotating speed was 3900 rpm for JIS-6206 and
1000 rpm for JIS-51305.

After the RCF test, cross sections of the drilled holes of
all the raceways were observed regardless of whether they
were broken or not. As shown in Figure 3, the observed
cross section was a plane perpendicular to the raceway
surface passing through the center of the raceway. Cracks
were observed after the cross section where the center
of the drilled holes appeared to be polished to a mirror
surface. Figure 4 shows an example of observation of a
raceway before and after an RCF test. The crack was
initiated from the edge of the drilled hole and eventually
reached the raceway surface, causing flaking. At the
time, portions deeper than the edges had remained in the
raceway. The number of ¢cyeles N (the number of times
the rolling element passes over the drilled hole) at which
flaking occurred in the RCF test is defined as the fatigue
life N, If the flaking did not occur even when N = 1 x 10%,
the fatigue test was terminated.

Quter ring
Inner ring
o
Rolling element
{ball)
LA

(a-1) Deep groove ball bearing

Radial load Filter

Housing

Radiator

Lubrication oil

{b-1) Rigs for the fatigue test of deep groove ball bearing

Fig. 1 Schematic of the rolling bearings and rigs for the fatigue test.

Rolling element {(ball)

. Rolling element
Inner ring (ball)

/f’
A

Quter ring

(a-2) Thrust ball bearing

Axial load

Inner ring e Wy

Lubrication oil

Cage
Balls

Housing Outer ring

(b-2) Rigs for the fatigue test of thrust ball bearing

050 mm, 0.080 mm, 0.100 mm

d: 0.
R 0.050 mm - 0.175 mm

d: Diameter of drilled hole

Contact ellipse

Drilled hole

@

(=]

=

Table 1 Chemical composition of the tested bearing {(mass %) ..g
O

Element C Si Mn Cr P S Ni Cu Mo ‘;’n)_

[}

6206 0.98 0.23 0.36 143 0.014 0.004 0.02 0.004 0.01 o

. B

51305 1.03 0.26 0.33 1.33 0.010 0.004 0.02 0.002 0.01 Inner ring

(a) Ellipse type contact area (b) Position of drilled hole on raceway {c) Geometry of drilled hole

Fig. 2 Contact between ball and raceway and drilled hole. A drilled hole was introduced onto the center of contact ellipse as a crack
starter.
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Load

mieveraant Drilled hole

Drilled hole

Load movement directior],//

direction \
fh
/

Observed cross

(@) Inner ring of deep groove ball bearing

Fig. 3 Observed cross section.

2.2 Experimental results

Figure 5 shows examples of cross section observations.
In each of the test pieces, the cracks initiated from the
edge of the drilled hole, propagated almost parallel to
the surface, then bent upward and finally reached the
surface. This fracture mode is similar to the previous
test results (Komata et al., 2012, 2013) conducted by the
authors using flat plate test pieces. That is to say, even
in this experiment using an actual rolling bearing, it is
considered that the crack propagated in the shear mode
from the drilled hole edge. Figure 6 shows the relationship
between the maximum contact surface pressure gum.. and
the fatigue life N:. Figure 6 also shows the results of an
RCF test performed by the authors in the past using flat
plate test pleces (Komata et al., 2012, 2013). N: increased
with decreasing ¢mas similar to the test results of the flat
plate test pieces by Komata et al. However, test results
of the rolling bearing and the flat plate test pieces do not
coincide, and the life of the former is shorter than the life
of the latter. The fatigue life also varies depending on the
diameter and depth of the drilled hole.

As shown in the previous report, when a penny-shaped
crack exists immediately below the rolling contact
portion, the crack is considered to be sufficiently small
in comparison with the rolling contact stress field if the
crack diameter is 0.2 mm or less, and the stress intensity
factor can be estimated by the analytical solution as the
nominal shear stress for the stress at the crack depth
relatively accurately. Furthermore, since the diameter of
drilled holes used in this study is 0.05 mm — 0.1 mm, it
is considered that the stress intensity factor for the crack

60  1otion & Control No. 31 June 2020)  INSIK

Observed cross section

movement .
direction  ©Observed cross section

(b) Outer ring of thrust ball bearing

generated from the drilled hole is also well correlated
with the nominal shear stress at the edge depth 2’ in the
early stage of the crack growth. Therefore, the fatigue
test results are summarized by using the nominal shear
stress amplitudes z. acting at the edge depth 2’ of each
drilled hole. Figure 7 shows the relationship between
7. and N: Here, an alternating shear stress acts on the
inside of inner ring as the steel ball passes. From Figure
7 it can be seen that by using z. on the vertical axis of the
fatigue life diagram, the variation in test results becomes
smaller compared to Figure 6. In addition, the smaller the
diameter of the drilled hole, the longer the fatigue life.
Komata et al. have shown in previous studies that
cracks occur at cycles of 5% or less of the fatigue life
in RCF tests with micro-drilled holes (Komata et al.,
2013). In other words, most of the RCF life when the
micro-drilled hole is the starting point is spent on ecrack
growth. In the fatigue test results shown in Figure 7, the
life is longer for the smaller diameter of the drilled hole,
probably due to the difference in the mechanical conditions
of the small cracks generated from the drilled hole edge.
Hence, it is presumed that the smaller the drilled hole
diameter, the smaller the stress intensity factor at the
time of crack initiation and the longer the crack growth
life, accordingly. In the next section, we attempt to
quantify the RCF test results using the approximation
formula for the mode TI stress intensity factor range of
ring-shaped cracks emanating around the edge of the
drilled hole under rolling contact as proposed in the
previous report.

o Diameter of hole

k. Depth of edge

Drilled hole before testing Crilled hole after testing

Fig. 4 Examples of the observation of cross section after RCF test (inner ring of JIS-6206, d = 0.100 mm, £’ = 0.063 mm, gna = 3.0 GPa,

Ni=2.8 x 107). The fatigue crack was initiated from the edge of drilled hole.

Load movement direction Load movement direction Load movement direction Load movement direction
== f}f? o o
3 }x’ =
, ge

' 0.200 mm

- H
o | 2 1

Shaps of drillad ho\; Crack initiation point  Shape of v:'i/rll\ed hole Crack initiation point Shape of driH;d ho\e‘ Crack initiation peint  Shape -)fdriﬁed hu\el CRckinitiation g
(@) Inner ring of JIS-6206 (B Inner ring of JIS-6206 (c) Outer ring of JIS-51305 (d) Outer ring of JIS-51305
d =0.05mm, d=0.1mm, d=0.1mm, d =0.08 mm,
A =0111 mm, h’=0.122 mm, kR’ = 0.072 mm, h’=0.070 mm,
Gmax = 3.0 GPa, Gnax = 2.8 GPa, Gmax = 3.0 GPa, Gmax = 3.0 GPa,

Ny =22 % 107 cycles Ni=1.1 %107 cycles N;=1.0 x 107 cycles Ni=2.9 x 107 cycles

Fig. 5 Optical micrographs of flakings and cross sections containing the drilled hole. The crack was initiated at the edge of drilled hole,
and then propagated parallel to the raceway.
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Fig. 8 Relationship between maximum contact pressure gma and
fatigue life N;. The fatigue life was greatly varied depending
on the diameter and depth of drilled hole.

3. Quantitative evaluation of rolling
contact fatigue strength based on
stress intensity factor

When an elliptical crack is subjected to shear, the
deformation mode of the crack changes from mode I to
mixed mode (mode II + mode III) to mode III along the
crack leading edge. For example, in an elliptical crack
subjected to shear, as shown in Figure 8 (a), at points X;
and Xy, which are the points of intersection of the crack
leading edge and the x-axis, the deformation mode is pure
mode II, K becomes maximum (= Kimar), and K becomes
0. In addition, at points Y: and Ys, which are the points
of intersection of the crack leading edge and y-axis, the
deformation mode is pure mode III, K becomes maximum
(= Kt mzz), and K1 becomes 0. Also, as shown in Figure
8 (b), Kt and Kir are maximized at similar positions for
small cracks generated from the edges of the drilled holes,
respectively.

Murakami et al. (Murakami et al., 2003, 2008)
hypothesized that the shear stress distribution near the
crack tip when K = K11 is the same for mode 11 and mode
1T cracks, except that the directions of the shear stress
differ by 90° and that they are Kuw = K, for the same
materials. In addition, experimental results supporting
the above hypothesis were obtained by a mode II fatigue
crack growth test and a mode III fatigue crack growth
test on carbon steel. Matsunaga et al. (Matsunaga et al.,
2009) also obtained experimental results showing that
the fatigue crack growth resistances of mode Il and mode
III are nearly equal for minute shear-mode fatigue cracks
in bearing steel. In this experiment, when the lengths ¢’
and &’ of ring-shaped cracks emanating around the drilled
hole are sufficiently small compared to the drilled hole
diameter, the aspect ratio of the crack including the drilled
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Fig. 7 Relationship between shear stress amplitude 7, and fatigue
life Ni. Smaller hole diameter led to longer fatigue life.

hole can be regarded as a / & = 1, and the stress field
becomes K1 max > Kimmax at this time. Therefore, if the crack
growth resistances of mode Il and mode I1I are equal, it
is expected that the growth of mode IT in the x direction
becomes dominant in the initial stage of crack growth from
the drilled hole. For the reason above, K1 at the point of
intersection of the leading edge of the crack and the x-axis
is used as an index to quantify the initial growth and non-
propagation condition of cracks generated at the edge of
the drilled hole.

In the first report, the mode I stress intensity factor
K of the small cracks generated from the edges of the
micro-drilled holes under the rolling contact were analyzed
by FEM. A raceway of a rolling bearing with micro-
drilled holes, as shown in Figure 8 (b), was modeled, and
a simulated steel ball was passed over its surface while
compressive contact, then AKm ¢ was obtained from the
changes in K1, At this time, it has also been confirmed
that the contact stress conditions occurring in the ball
bearing can be reproduced by FEM, equivalent to the exact
solution of Lundberg (Lundberg and Palmgren, 1947). It
was also revealed that AKr aun of small cracks generated
from drilled-holes of various diameters and depths were
correlated with AKmy of cracks in an infinite body under
uniform shear through the intermediary of a correlation
factor, fan- The relationship between AKt aun and AKmp is

given by the following formula.

AKm it = faritt- AKmo = faitl t At I i-l—a’
(2-v)n 2

Where v is the Poisson’s ratio, Ar is the shear stress
range (At = 21.), and ¢’ is the length of the crack generated
from the drilled hole edge. 7. is the nominal shear stress
amplitude acting on the drilled hole edge depth £’. fa.nis a
function of the drilled hole diameter d, represented by the
following equation:

fain=-1.56-d+0.86 e 2)

The applicable range of the equation (1) is the range
of the analysis performed in the first report, i.e.,, 0 < d =
0.2mm, 0 <A’ =0.345 mm, 2.0 GPa = gner = 3.0 GPa. In
this range, AKuna.nm obtained by equation (1) falls within
an error of approximately + 5% with respect to the value
obtained by FEM analysis.

As described in Section 2, in the RCF fracture process
starting from the edge of the drilled hole, a crack occurs
at cycles of 5% or less of the fatigue life, and most of the
fatigue life is spent on the growth of the crack. Therefore,
we use AKaan, which represents the dynamic state of
such a crack, to organize fatigue life data. Figure 9 shows
the relationship between AKmnamn and Ne. Figure 9 does
not include the data in which the size of the drilled hole
is out of the application range of equation (1). It is noted
that AKna.m was calculated for the initial defect size, i.e.
the length of the ring-shaped crack, &', was assumed to be
zero in Eq. (1). This approximation is reasonable because
the fatigue strength is determined by propagation or
non-propagation of a short crack, whose length ¢’ is not
predetermined but is substantially small compared to the
hole diameter, d. In Figure 7 using 7. as the vertical axis,
the test results varied depending on the diameter of the
drilled hole, but in Figure 9 using AKna:u as the vertical
axig, all the fatigue life data were uniformly gathered

Points Y, Y, Point X,
(Mode II1 Mode 11

) )
NN
Ji 2 -

Point X, 22
(Mode II z

(a) Elliptical crack

inside a narrow band, irrespective of the diameter and
depth of the hole.

Figure 10 shows the results of cross-sectional
observation of the drilled holes of the un-flaked rolling
bearing tested up to N = 1 x 10% cycles. Small cracks were
observed at the edge of the drilled hole. It was assumed
that these cracks were non-propagation, or propagation
at an extremely slow growth rate enough to be considered
as non-propagation. Namely, it is considered that AKain
obtained for an unbroken rolling bearing with N =1 x

14

L *Depth of hole edge is ranged
12 L from 0.056 mm to 0.175 mm.
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Fig. 9 Relationship between stress intensity factor range AKX i
and fatigue life M. By using AKun g, fatigue life data were
uniformly gathered inside a small band irrespective of the
diameter and depth of the hole.
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Fig. 8 Crack geometries under shear. The crack is deformed by pure mode 11 at the points X; and X:, and is by pure mode 111 at the

points Yy and Ya.
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10® eycles is almost equal to the lower limit of the growth
of a crack generated from a drilled hole. Therefore, the
AKT arin obtained for these test conditions was treated

as a Mode TI threshold SIF range, AKmn. Figure 7 shows
the relationship between AKmy and the diameter of the
drilled hole d. AKmy, increases with increasing drilled hole
diameter.

Matsunaga et al. (Matsunaga et al., 2011, Okazaki et
al., 2014) conducted a torsional fatigue test under static
compressive stress by applying artificial small-defects as
the origin of crack to the surface of a round bar test piece
made of bearing steel SUJ2 similar to the test material
used in this study. Then, the growth behavior of half
elliptical shear-mode fatigue crack generated from defects
was investigated, which revealed that the threshold stress
intensity factor range of the small shear-mode fatigue
crack, ARy, has a crack size dependency similar to that
of the Mode [ threshold in the crack size range of 1 mm or
less in total length. Furthermore, Matsunaga et al. have
shown that AKwn is proportional to the 1/3 power of the
size of a erack and have obtained equation (3).

AKm=126(f+1.33)(area)® %))

Here, Jarea (nm) is the square root of the crack area
including the artificial defect. fis the ratio of ¢redoser to
the area of the entire crack (¢redassc« + ared..x) when the
area of the crack part is taken as aredq.x and the area of
the artificial defect part as ¢recaee and is expressed by
the following equation.

UFed erack

f=——= (4)

ared defect T AFEd arack

Load movement direction

>

N <

0.050 mm Crack from edge

(a) Inner ring of JIS-6206
d=0.100 mm, A’ = 0.084 mm,
GUmax = 2.5 GPa, N = 2.6 x 10° cycles

Equation (3) and (4) were used to calculate AK,y, for
the dimensions of the respective drilled holes used in this
study. As shown in Figure 10, the crack length observed
at the edge of the drilled hole of unbroken bearing is
sufficiently small with respect to the diameter of the
drilled hole. Therefore, the size of the crack for caleulation
“Jarea is the square root of the area where the drilled hole
is projected on the raceway surface. This is represented by
equation (5).

e =Nzd@& = e )

Here, since the crack area aréed ... << drilled hole area
aretasieet, | << 1. Therefore, f is assumed to be zero in
equation (3}, and AKun is evaluated as follows.

AKwm=1.61-dY e (6)

Figure 11 shows the result of calculating AK., as
a funetion of d using the equation (6) by a solid line.
The AKun (symbol: @) obtained by equation (1) with the
condition of the test that was unbroken at N = 1 x 10*
cycles and AK.y, (solid line) obtained by equation (6}
almost coincided. In other words, it was revealed that the
AK.y of the micro fatigue crack generated from the drilled
hole under rolling contact was also proportional to the
1/3 power of the initial defect size, similarly to the mode I
fatigue crack and the shear-mode fatigue crack propagated
in the torsional fatigue test under static compression. In
addition, it was also shown that AKmw of a micro fatigue
crack generated from a drilled hole was predictable using
evaluation equation obtained from the results of torsional
fatigue tests under static compression.

Load movement direction

— >

Crack from edge
0.050 mm

(b) Inner ring of JIS-6206
d =0.080 mm, h’ = 0.060 mm,
Gmax = 2.5 GPa, N =24 x 10% cycles

Fig. 10 Optical micrographs of drilled holes with small cracks in unbroken bearings. Small cracks were observed at the edge.
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From the results deseribed above, it is expected that
the threshold of the growth of a shear-mode fatigue crack
is proportional to the 1/3 power of the defect size, even
when small non-metallic inclusions in the material are the
origins of the crack, However, as illustrated in Figurel2,
non-metallic inclusions as the origins of flaking failure
in the rolling bearing vary in their shape. In order to
realize highly accurate predictions of flaking strength,
it is required to investigate the stress intensity factors
of cracks initiated and propagated from small defects of

20
10 t 3
" 1
o
o
=
@ Unbroken bearing tested up to
N =1 x10° cycles
Solidline: Eq. 6) (Matsunaga et al., 2011)
1 : . ]
0.01 01 0.2

Diameter of drilled hole, d, mm

Fig. 11 Relationship between mode II threshold stress intensity
factor range, AKim, and the diameter of the drilled hole, d.
The crack size dependency of threshold SIF range, which
is well-known for mode I fatigue crack, also exists in
mode II fatigue crack emanating under the ralling
contact.

<::> Direction of hot-rolling

50 m 50pm

(a) Aspect ratio: 1

various shapes and materials. A future objective of this
research is thus to establish a means to evaluate flaking
strength quantitatively when non-metallic inclusions are
the origins of failure.

4. Conclusion

RCF tests were carried out by applying various micro-
drilled holes with different diameters and depths to

the raceways of JIS-6206 and JIS-51305 in order to

quantitatively evaluate flaking strength of the subsurface-

originated type of a rolling bearing. In the obtained test
results, quantitative evaluation according to fracture

mechanics principles was attempted using the mode 11

stress intensity factor range AKmaun of the ring-shaped

cracks, which emanated at the edges of the drilled holes.

The conclusions can be summarized as follows.

(1) Even when a micro-drilled hole was applied to a rolling
bearing, all the fatigue cracks initiated at the edges of
the drilled holes, later propagating by shear-mode, as
in the case of the flat plate test piece.

(2) The fatigue life data were uniformly gathered inside a
narrow band, irrespective of the diameters and depths
of the holes, by using the mode II stress intensity factor
range of the ring-shaped cracks, which originated
around the edges of drilled holes for the vertical axis.

(3) In the un-flaked rolling bearing tested up to N =1 x
10® eyeles, short fatigue cracks were discovered at the
edges of the drilled holes. This result indicates that
the flaking limit of rolling bearings was not a crack
initiation limit but rather a non-propagation limit of a
fatigue crack.

(4) From the condition of the test in which the rolling
bearing was un-flaked, the limit of the crack growth
AKmn was calculated and plotted against the drilled
hole diameter (i.e., crack diameter), and it was revealed

® Direction of load movement

() Aspect ratio: 2.5

(c) Aspect ratio: 7

Fig. 12 Non-metallic inclusions observed in a bearing steel. @i major axis of inclusions, bi: minor axis of inclusions, aspect ratio: a; / by
The non-metallic inclusions have various shapes with different aspect ratios.
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that Alm. was propoational to the 178 power of the
drilled hole dismeter £, In addition, the values of

the Al cbtained from the BCF tests werein good
agresment with those obtained in the torsional fatisne
testz under static compression,
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Abstract

Thiz article deseribes the technalogies of gressze lubrication that contribute tothe reduction of rolling bearing torque.
The bearing torque consists of Mscons drag fores, roling redstance, and sliding friction, and the drag force carrelates with
the fluidity of lubricants. BEeduction of vizcasity snd grease volume relating tothe generation of rotating resiztance can
decreasze bearing torque, [t has been reported that the rhedogical properties of grease cauze channeling or churning in
the bearing, and the volume of greasze decreases due to the channeling, sand alarge yield stress and thizatropic properties
are thought toimprove channeling, lthas alzabeen reported that ralling friction 12 reduced with theinlet distance at the
cantact area, and a decrease of sliding friction between the rolling elements and cage may lead to lower bearing torque.

Keywords

Bearing tarque, ralling hearings, grease, channeling, chuming

1. Introduction

A reduction of greenhouse gazes iz urgently needed to
prevent global warming, Holmberg et al. ¥ and Naltamura®
havermade detailed predictions about the fuel efficiency
of autarmnobiles regarding the contribution of tribology to
reducing gresnhouse gaz emizsions and have reparted that
advancements in tribology could lead to 2 29% ar more
reducton in fuel consumption of 2020 carz campared to
thoze manufactured in 2010, Trbology techniques applied
to thiz energy losz reduction indude grease improvement
in addition to lowering the vizeosity of lubricating oils,
Alzo, downsizing and lower tarque have been regarded az
methods for reducing energy logz by rolling bearings.

Greaszelubrication iz used for 0% of rolling bearings,
and effortz havebeen made toreduce tarque by
using gressze technology, Semi-zdid greasze exhibits
characteristic low features such asz shear rate dependence
and time dependence of the spparent vizeodty and the
vield stress®®, Moreover, the torque characteristics of
rolling bearings in grease lubrication represent a more
canplicated aspect compared to ol lubrication®. However,
the influence factars of grease on thebesring tarque have
not been sufficiently investigated, 20 further reduction
in the tarque of ralling hearings 12 expected due tao
advancements in greaze technolaey,

Thiz article reviews agrease technoloey that contributes
tolowering the torque of ralling bearings while taling into
account factars that cauze bearing tarque

2. Torque Generation in Rolling
Bearings

2.1 Types of resistance related to bearing
torque

The places where resistance 1z generated by the
lubricant in the rolling bearing incdude the following®,

(1) Bolling, differential slip, and alip at the contact
between the raling element and ralling surface

(2 Slipbetween the rolling element and cage

(31 Slipbetween the cage and itz guide surface

{d) Slipbetween the raller end face and rib

(8) Shear generating part in the gap between the rolling
element, cage, snd inmer and outer rings

{6) Shear generating part in the gap between the rolling
element, cage, and shield plate or zeal

(71 Shear and slippage between the end of the shield
plate or zeal and the seal groove of theinner and
outer ringzs

Sinece (1) to(d) can reducethe resstance by applying
appropriate lubrication, it iz important to make a suitable
lubricant for where lubrication iz required. On the other
hand, the shear generating partz in (8)to(7) are where
lubrication iz unnecessary, and theresiztance can he
reduced when nolubricant iz present.

The aboveresistances can be dassified into three
categaries by cantent: the vizcous drag force generated
by the nscasity of the lubricant in the gap, the raling
resistance generated by the viscosity of the lubricating al
when theroling element perfams rolling motion®, and
the sliding friction generated by the contact area.
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2.2 Effect of grease flow characteristics
2.2.1 Grease behavior on the raceway surface

Grease flow characteristics differ from lubricating oils in
that the apparent viscosity exhibit shear rate dependence
and time dependence and also have vield stress. For
example, as shown in Figure 1, at low shear rates, that
is, at low shearing velocity, the apparent viscosity is
extremely high, but at high shear rates, the apparent
viscosity is close to the base oil viscosity®. Since the shear
rate applied to the grease in the bearing varies depending
on the position, the flow state of the grease greatly
changes depending on the distribution position.

Due to such flow characteristics, a phenomenon called
channeling is observed, whereby the grease displaced
from the raceway surface when the rolling element passes
accumnulates on the side of the raceway to cause clearance.
Figure 2 shows an image of grease lubrication near the
contact surface by Hoshino*. As shown in the lower part
of Figure 2, the channeling proceeds, and the re-supply
of grease to the contact surface is reduced, so that the
generation of the viscous drag force and the rolling
resistance itselfis greatly suppressed, thus reducing the
bearing torque.

On the contrary to channeling, the condition in which
grease is present and stirred at all shear points in the
bearing is called churning and may cause large rotational
resistance®®,

Figure 3 shows an image of churning and channeling by
Hoshino”. Both qualitatively represent the state of grease
distribution in the bearing, and almost no grease clearance
is observed in the churning state as shown in Figure 3 (a).
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Value calculated by equation (3)
....... Base oil viscosity at
measurement temperature

Fig. 1 Dependence of grease on shear rate (Source: reference?)
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Tt is difficult to judge the grease distribution inside the
bearing from the external appearance, but recently there
have been reports of internal observations using X-ray
computed tomography (CT). Noda et al. evaluated the
grease distribution in the bearing cross section before and
after rotation using X-ray CT and a special deep groove
ball bearing (bearing number 6001) (Figure 4). The grease
is observed as grayish white in the gap in the bearing, and
it has been reported that the grease is separated from the
inner and outer races and rolling elements through the
clearance after rotation, compared to before rotation®.

The distribution state of grease represented by
channeling or churning is affected not only by the type of
grease but also by the operating conditions of the bearing
such as the rotational speed, rotation time, and amount of
grease enclosed.

As an effect of the operating conditions, Hoshino showed
in the evaluation using a deep groove ball bearing (bearing
number 6204) that the effect of the load was small. On the
other hand, the effects of rotational speed and temperature
were ohserved, and it is speculated that the higher the
rotational speed, the greater the degree of channeling™.

Regarding the effect of reducing the amount of grease
filling, Hoshino evaluated deep groove ball bearings
(bearing number 6204) under high speed conditions,
reporting that channeling proceeds by halving the amount
of filled grease and that the torque and temperature rise
due to rotation, reaching equilibrium at low levels®.

P
N\
o 1
flooded
"ﬁ,/ - EHL film
\ EHL film

\
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Fig. 2 Image of grease lubrication (Source: reference)

2.2.2 Time variation of bearing torque

The torque of a rolling bearing is affected by the state
of grease distribution and may change with time from the
beginning of rotation.

Figure 5 shows an example of measurement of bearing
torque over time with different types of grease using deep
groove ball bearings (bearing number 608) by Oikawa
et al’”, They pointed out that when the channeling type
grease (POE) is used, the torque decreases sharply from
the beginning of rotation, while the churning type grease
(PAG3) has little fluctuation in bearing torque, reflecting
the grease distribution inside the bearing.

The torgue value of the bearing can be considered by
distinguishing the moment of the force applied at the
start of rotation as the starting torque and the moment
of the force applied to maintain the rotation as the
running torque®. As shown in Figure 5, it is necessary
to note that the torque value changes depending on the
timing of measurement. For example, JIS K 2220 defines
the initial torque of rotating as starting torque and the
average torque of the last 1 minute after 10 minutes as the
running torque!?,

Regarding the practical effects of a motor bearing or
the like, it can be considered that the energy required for
starting is smaller for the smaller starting torque, and
the power consumption is smaller for the smaller running
torque during steady operation.

2.3 Effect of resistance by bearing type

It has been pointed out that the bearing type affects the
degree of influence of viscous drag force, rolling resistance,
and sliding friction on bearing torque.

Hoshino conducted an evaluation using a deep groove
ball bearing (bearing number 6204), reporting that the
bearing torque was so small that it could not be measured
under low speed, light load conditions or when rotating
without grease. It is presumed that there is almost no
effect of sliding friction under this condition. On the
other hand, according to the evaluation using a tapered
roller bearing (bearing number 30204), the influence of
the friction of a sliding portion such as a roller end face
becomes noticeable as the load increases. In addition,
they the deep groove ball bearings are more susceptible to
channeling than tapered roller bearings because they have
more voids in them™,

Hereafter, technologies for reducing each resistance
factor are introduced.
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Fig. 3 Grease distribution in rolling bearings (Source: reference”)
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Fig. 4 X-ray CT images of bearing cross section before and after
the rotation test (Source: partly revised from reference®)
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3. Technology for Reducing Bearing
Torque

3.1 Technology for reducing viscous drag force
3.1.1 Reduction of viscosity

Since the viscous drag force is mainly generated by the
viscosity of the lubricant, reduction of the viscosity of the
lubricant and reduction of the amount of the lubricant
involved in resistance generation are deemed as methods
of reducing the bearing torque.

Komatsuzaki et al. reported the results of research on
base oil (Figure 6) and grease (Figure 7) using eylindrical
roller bearings (bearing number N.J306)'® in terms of the
relationship between viscosity and bearing torque. Since
the viscosity of oil is greatly affected by temperature,
as shown in Figure 8, the bearing torque is reduced
by lowering the viscosity corresponding to the bearing
temperature in oil lubrication. In grease lubrication,
as well as in oil lubrication, the base oil viscosity
corresponding to the bearing temperature has a high
correlation with bearing torque. However, it has been
reported that when comparing oil lubrication and grease
lubrication, the bearing torque of grease is higher than
that of oil for the same base oil viscosity. Also reported
was that consideration of the effect of shear rate shows
the apparent viscosity at high shear rates having a high
correlation with the bearing torque (Figure 7), suggesting
that the apparent viscosity in grease lubrication at high
shear rates corresponds to the viscosity of oil lubrication.

As mentioned in section 2.3, bearing torques are
affected by bearing type, so it is necessary to consider that
the above evaluation is performed on cylindrical roller
bearings with relatively few air gaps.

3.1.2 Improving channeling ability

As mentioned in section 2.2, the flow characteristics of
grease affect grease distribution during bearing rotation,
consequently affecting torque. Therefore, a reduction
in torque, for example, can be expected by intentionally
creating a channeling state.

As an example of evaluating the effects of grease flow
characteristics on torque behavior, Figure 8 shows the
results of a comparison of bearing torque between oil
lubrication and grease lubrication by Hoshino!®. For this
report, a high-viscosity oil, similar to starch syrup in terms
of fluidity, and corresponding to the apparent viscosity of
grease at a low shear rate, was used as the lubricating oil.
As a result of evaluation using deep groove ball bearings
(bearing number 6204) in the low speed range, the torque
of high viscosity oil goes up and down linearly as the speed
increases or decreases, while grease has a small torque
change when the speed is increased. It also shows that
grease has a lower torque than oil at higher rotational
speeds, indicating that grease distribution in the bearing
greatly affects the torque.

An improvement in channeling is among the methods of
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redueing torque by optimizing grease flow characteristics.
It has been pointed out that the channeling property
is enhanced even more by a higher yield stress™!” or
stronger thixotropic properties, representing the time
dependence of apparent viscosity™. The vield stress and
thixotropic properties reflect the three-dimensional
structure of the thickener and are considered to be affected
by the type, amount, and shape of the thickener as well as
the compatibility of the thickener with the base oil'®,

As an effect of the type of thickener, Hoshino reported
that using 12-hydroxylithium stearate as a thickener
has higher channeling properties and lower bearing
torque compared to using lithium stearate”. In addition,
Nitta et al. reported that the use of aliphatic urea with a
small number of carbon atoms as a thickener increased
the viscous transfer stress and suppressed the grease
replenishment into the contact area, resulting in lower
torque®.

Regarding the compatibility between the thickener
and the base oil, Oikawa et al. reported that when using
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12-hydroxylithium stearate as the thickener, the use of
ester oil as the base oil results in a higher yield stress than
that of poly-a-olefin oil, ete., and that the rate of decrease
in running torque, with respect to the starting torque,
increases'”,

3.2 Technology for reducing rolling resistance

The rolling resistance can be lowered by reducing the
oil film thickness or the inlet distance of the grease at the
inlet of the contact surface®.

Sonoda et al. have reported the results of a study on
the relationship between the inlet distance formed by the
lubricant at the inlet of the contact surface and the bearing
torque on a deep groove ball bearing (bearing number 6306)
using a glass outer ring. Simultaneous measurement of the
inlet distance and bearing torque for lithium soap grease
and its base oil, having different penetration, showed that
the bearing torque tends to be smaller for the shorter inlet
distance, as shown in Figure 9.

Dong et al. have reported on the relationship between
oil film thickness and bearing torque using a deep groove
ball bearing (bearing number 6204} As shown in
Figure 10, the bearing torque decreases as the oil film
thickness decreases, but in oil lubrication, when the oil
film thickness becomes thinner than about 40 nm, the
bearing torque increases because of the occurrence of
sliding friction due to metal contact. On the other hand, in
the case of grease, Figure 11 shows that, under rotating
conditions where oil lubrication makes the thickness
thinner than about 40 nm, formation of a thick EHL film
suppresses metal contact and does not cause an increase
in bearing torque.

3.3 Technology for reducing sliding friction

The main sliding friction portions of a grease-lubricated
ball bearing include small sliding in a rolling contact
surface and sliding between a rolling element and cage.

Nitta et al. reported the relationship between the
bearing torque and friction coefficient in the sliding
contact between steel and steel, and resin and steel, using
deep groove ball bearings (bearing number 6202)'". When
the grease containing oily agents and extreme pressure
agents was used, a good correlation was found between
the bearing torque and friction coefficient in the sliding
contact between the resin and steel, and it was found that
the bearing torque could be minimized by reducing the
sliding friction between the rolling element and resin cage.
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4, Conclusion

The greasze technoloey that contributes tolowering the
torque of ralling bearings was reviewed with a foous on
the reduction of vizcous drag foree, rolling resistance, and
sliding friction, Optimization of the characteriztic flow
features exhibited by gressze are expected to contribute
tofurther reduction of bearing torque, particularly by
reducing wizeous drag force,

It 1z hoped that future advances in research will
elucidate the generation mechanism of the ever-changing
bearing torque, reduce bearing tarque, and establizh a
torqueqrediction technolaey,
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Abstract

In an effort to further extend bearing life, the authors have sttempted to acquire greater Imowledee regarding
lubricating grease hehavior in a bearing, While conducting esperiments, zome kinds of difficulties comrmonly arize when
atternpting to chzerve gresse behavior directly from the bearing esterior without removing zesls and shields Malking a
breakthrough such a troubling aspect, ¥ -ray cormputed tomography (CT, which is ane of the non-destructive inspection
techniques, was employed and resulted in visuslizing remarkable details of grease distribution in aresin ball bearing,
Hydrodymarmic grease transition from churning to channeling state waz well revealed by the mishire distribution of
urea snd barium-based greazes which have different properties of X-ray ahsorption capability, Furthermore, the three
dimendonal unsteady liquid-gas multiphaze flows analysiz was performed. Hydrodynarmic feature of grease was
regarded as anon-MNewtonian fluid, which shews a highly nonlinesr flow curve, and the constitutive equation of modified
Bingham plastic model proposed by Papanastasion was applied torhedaogicsl property. Through these novel sxperimental
and caleulation approaches, several new insights ashout gressze behavior inside a ball bearing were brought out.

Keywords

ball bearing, grease, X-ray OT, non-Newtomizn fluid, Bingham plastic, computational fluid dynarmics

Beprinting of thiz article was approved by the Japanese Society of Tribologists for publication in Tyibology Ondine, Vo, 15,
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1. Introduction

Lubricants, such as al and grease are uzed in rolling
bearings toprevent metallic contact hetween rolling
elements and the raceway surface. Approsimately 80 %
of ball-hearing applicastions invalve the uze of greasze to
leverage itz sealing properties and high maintainahility
ete. M There exists grest interest in theuse of grease, az
regards the dedgn of rolling bearings, snd several studies
M have been published concerning grease behavior insde
rolling bearings. Grease configuration in ralling hearings
undergoes transition from a period over which it iz stirred
under rotationsl motion to that in which lubrication is
perfarned by sther the base ol zeparsted from gresse
deposited on the cageleal or small quantities of gresze
itzelf,

The former 12 a high torque, high-hest generation
churning state, the latter iz a low torque, low-heat
generation state in which “clearance™ oceurs in the layers

B

of greasze separated from theradling surface; the latter
state iz considered as a preferable operating environment
for bearings. Although the channeling state carresponds
to aperiod of steady bearing torque, it iz difficult for
greaze—pushed to the sides owing to chuming motion—to
return to the ralling surface. Thiz might result in early
termination of itz operating life, hecausze the leftover
greaze zeparated from the raling surface doss not provide
effective lubrication. If thiz leftover greaze can bemade
to efficiently contribute tolubrication, bearing life can be
further extended over that presently realized. To this end,
the proposed study aims at obtaining greater Inowledze
cancerning developrment of an efficient bearing design
methoddlogy by gaining further insights into grease
behaviar within bearings.

Conventionally, visual ohservation of grease hehaviar
from the outside of a bearing 1z extremely difficult owing
to esatence of a zeal —attached to prevent leakage and
dizpersion—which become an obstacle. Obzervation of

*Corresponding author: noda-tEmsk. comm
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greaze surface, therefore, can anly be made pozzible by
removal of thezeal. For cazes wherein chzervation of
greaze confipuration iz of primery importance, the above
technique iz considered inappropriate, since zeal removal
may alzo canzezome of the greasze adhening to contact
surfaces to beremoved, Beades dizaszembly inspection,
methods invalving flow investigation by wze of colared or
radioactive crease ®l ag well as direct cheervation sans seal
attachment ¥ have been previously propozed. However,
the former 12 limited to attainment of information
concerning the greasze volume moved whilethe latter
only faclitates inspection of the surface shape of creasze
expozed to ambient air, There prezently, therefore, esasts
no definitive method uang which greasze behavior can be
vizually inspected without dizazzembling bearings. To
address thiz concern, authors, in thiz study, performed
Hray based non-destructive ingpection to rolling bearings
that requires no dizazzembly, Furthermore, 3D-CAE
(Computer Alded Engineering) was perfarmed to predict
greaze behavior along with investigation of its operating
states inside raling bearings.

2. X-ray observation of grease behavior

2.1 X-ray CT equipment and the test bearing

In this study, an X-Bay OT (Conputed Tornography)
which can capture tomosraphic images of subjects waz
utilized. Equipment comprized a micro-0T scanner
(TOSCANERES0 000 phd; spatial resolution: § pom)
developed by Toshiba IT Control Systems, When K-rays
paszs through non-homogenows substances, their intensity
Tundergoes decay in accordance with the following

equation P,

I=1oep Cpn) s (1)

Here, B, i snd a4 denote inddent. ¥ ray intensty, linear
ahzarption coefficient for material 1, and ermizsion distance,
respectively. Value of the linear shzarption coefficient
depends on the type of material (.e, atomic numbers of
its constituent elernents), its density, sand incident ¥-ray
intensity. Because exposing metallic surfaces to high-
intensity Xraps causes generation of metal artifacts that
render CTimages blurry 7, appropriate ¥ -ray control and
contrivance of expozed surfaces were considered necessary.
High-corrosionresistance resin ball bearings (grade
5001} were adopted az a bearing structure in thiz study,
since ¥ -rays can easily pass through themn snd which
can suppress the ocowrrence of metal artifacts. These
bearings comprized inmer and outer ringz made of a special
fluararesin carbon fiber compasite. The cage was made of
fluararesin, whereas rolling elements camprized special
glazz spheres. Such beanings are namally uzed under
special operating environments and were not equipped
with seals. In the present caze, however, acrylic plates
were fitted tothe outer ring with the aim of preventing
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greaze leakage during the experiment. X ray imaging was
performed by having filled 53% of the bearing vdume with
urea grease. The X-ray controller was zet to 55 KV tube
voltage, 260 wh tube current, 37 pm spatial resalution,
and 60 um slicethiclmess. Az depicted an the left in Fle. 1,
position of the bearing crozzsection can bedefined uang
B-Z cylindrical coordinate frame, itz origin (marked

az 0 in the fisure) colnciding with the bearing center.
Additionally, pointz on the nght and left ends of the outer
nng of the bearing have been marked az 1. The nght of
Fig. 1 depicts the ¥-ray CT image of the hearing captured
immediately after filling it with grease at the location

£ = 0,36, Bazsed on chzerved shading differences, the

immer and outer rings, cage, grease and air can be easily
diztinguizhedin the icure. Therefore, the configuration of
thiz test spedmen snd X-ray controller con be considered
az an appropriate et for observing greasze behaviar,

2.2 Transition of the lubricant state

The bearing described in the previous subzection was
rotated by the inner ring under an asal load of 10 N
{almg the positive Z-direction ) at 00 rprn, and ¥ ray OT
images of the grease state were captured after of 1 and 5
minutes. Figure 2 depicts CT images captured at locations
£ =025, 0.86, 0.44 and 0,63 at the becimming of rotation
and after the elapze of 1 runute. From the CT images
after 1 rinute, it can be zeen that while greasze separates
from the inner and outer ringsz asz well az rolling elements
through the“clesrance,” it adheres tothe cage thronghout
the period of rotation. In particular, at & = 0.44 and 0.65,
it can be confirmed that the shape of grease form between
rolling elements iz sirmilar for each. Thiz canfirms that
there ezt no differences in phenamena ocourring hetween
adjacent rolling elements. Therefore, treating theresults
obzerved by fiming the subject of measurement between
one adjacent rolling elements as representative of the
greaze flow of thebearing in itr entirety can be considered
a7 nolssue,

Figures 5 (a), (b), and (e} depict CT images captured
at the start and after the elapse of 1 and 5 minutes of
besring rotation, respectively, with focus on orasz-sectional
positions corresponding to £ = 0,29, 0,36, and 0.63 (fran
left toright). Figures 3 (a) and (b) demonstrate existence

Fig. 1 Left: Definition of 5 -2 axis, nght: X-my CT image of the
plastic bearingat the cross-section, £ =035

Fig. 2 M-ray CT imaoges of the plastic ball bearing with urea greass at zeveral =lices top: Initial gease dietribution, bottom: geaze

diztnbution after ap proximately one-rhingte rotation)

X

{) Giresass diselbarios after five-snivae rotarion

Fig. 3 Trnsition of greass lubrication fromchurning to
chanreling state obzerved from clipped CT images at
three different tirmes

of the churning phaze accompanied by stirring, since the
shape of gresse changes dramatically, On the cther hand,
Fiz. 3 (c) depicts grease to maintain a shape nearly similar
tothatin Fig, 3 (b} Thus, the time elapsed between the
capturing of Figs. 3 (b} and () can be considered as the
period over which grease transitionz to the channeling
state, demonstr ating stable behavior, Moreover, it can be
inferred from Figs. 3 (b) and (e) that the lack of change

in grease shape 1z due to the sbzence of amechanismto
malke separated greasze return to the ralling surface.

2.3 Xray absorption of grease

Defining grease behavior beyond the scale of phenomena
around elastohydrodynamic lubrication regime as

macrogseopic dow, it can be dassified 22 a2 mass greasze
movement with surfacelayer deformation and its
internsl Aow, The former can be described baged on the
shape of the surface interfacing with air, however, the
latter iz difficult to grasp without analysiz of gresze-flow
streamlines over time, In order to observe How states
inside grease, X-ray UT imaging was conducted using
urea-znd barium-bazed creases with different X-ray-
abzorption rates, Az when pouring mills into coffee, here
the flow ztate within the grease 1z expected to appear in
contrast in the 0T image az amarble pattern, Table 1
listz the composition and propertes of the two gresse
types, The left of Fig, 4 depicts CT images of the two
greszes placed side-by-side. Based on the difference in
shading, the two greasze types can be easly distinguished
in OTimages. Generally, the maszz shsorption coefficient
of gresse obtained by dividing the linear sheorption
coefficient by gresse density demonstrates monotonic
increase with atomic number  Barlum-baszed greass
possesses Ba, which has ahigher atarmie mumber
campared to G, H, I, and O that constitute the urea-
bazed gresze. Conzequently, barium grease shzorbz more
Xrays compared to urea grease, and therefore, appears
whitein the CT image in Fig. 4. Theright of Fig. 4 depicts
a 0T image captured irmmediately after filling of the
plastic bearing with both harium and urea greases, and
the results displaying the CT image spectrally acrosz 256
gradations, The total grease volume inside the bearing
camprized equal smounts of urea-and barium-bhazed
greazes occupying roughly 40% of the bearing wolume

in camnbination. Imaging conditions were maintained
identical to those already stated, with atube woltage of 55
EV, tube current of 260 pA, spatial resclution of 36 pm and
a slice thicdkness of 60 pam. Since subjects photographed
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Tabke 1 Phyzical propetties and comnposition of urea and bariu mgreazes
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08 e e Lzl [t 4] (40 denress Ceksius) o] Penetration
Urea greas= Urea POE 0.5 083 264
Bariurn greas= Barurn Cormplex Soap MO + Ester 230 083 280
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Fig. 4 Left: Grayscalk comparizon arong urea, bariu mgmease and air, right: 20 grayscake spectumof the plastic bearing X-ray CT image

including two different geases at one cross-section

in Xray examninations az part of medical situation are
fundamentally bicdlogical objects, medical diagnasis
performed bazed on OT values ® designates air and water
with numbers—1 000 and 0, respectively. However, becausze
in mdustrial applications subjects of imaging are not
limnited, no clear designations sz above exist for industrial
purpoze. [n thiz study, therefare, grayacale infamation
ohtained from CTimages: displayed at 256 gradations was
termed az the CTwalue From the spectrum on the right
of Fig. 4,1t can be realized that barium gresse possesses
the highest OT walue in the specimen. The bearing uszed
during esperiments was identical to that depicted on the
right of Fig. 1. However, relative changes are chaerved

in the grayscale gradation of captured CT images owing

to adding the higher CT walue of barium gressze. Becauze
the areas in which materials with the highest X ray
ahzorption are defined as white, az a result other areas are
whally shifted toward black in appearance, based on their
difference from the masimum CT value, The actual Xray
ahzorption properties of each material did not change,

2.4 Observation of internal flow

Hray imaging was performed on the bearing shown
previouzsly under the same conditions az in Section 2.2,
Figure 5 depicts CT images captured after of 1 and 5
mimites atlocationz given by £ = 0.25, 0,38, and 0.5,
Detailed explanation of the experiment haz heen ammtted
here, since inzights chtained concerning the surface shape
of greazewere identical to those deseribed in Section 2.2,
Instead, ohservations concerning the intermal state of
greazehavebeen dizcussed in thiz zection. Az ohserved
in Fig, 5 (b)), the direction of bearing rotation on the
raceway surface, az Mewed fram the cage, wasz cloclovize
and countercloclowize with respect tothe inner and outer
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(2) Gresse distribotion afber fve-nrkinde mobadion

Fig. & Greaze intemal flow obssrved fromclipped CT images at
th e different tirmes

ringz, respectively. The isurereveals that theinside of
the gressze iz dragged along the raceway surface and az a
whole deforms counterclodowize, Thiz may be attributed
to shear deformation ocourring on the greaze surface and
subzequently transmitting to theinside of the bearing
under the effect of malecular vizeosity, Moreover, reference
to Figz, 8(b) and (c)reveals the presence of newly forrmed
greaze demonstrating an appesrance between that of
bariwm-snd urea-bazed grease caused by mizming of the twa
types of gressze. Value of theresulting linear abzarption
coefficient waz considered equal to the average of values
carresponding to those of urea-snd barium-hased greaszes
during the stirring {churning) process. On the other hand,
referenceto the greasze pattern formed demonstrates that
zince neither of the grease of the two types undergo any
majar change, noflow of the deposited grease acours. In

other wards, the resulting greasze hehavior carresponds to
that of deformation, snd not fow, and that greasze shape
generated during churning remainz fized snd maintained.

2.5 Analysis of the grease flow

Fig. 6 depicts CT images far each pant in time for 2 =
0.25 az well az therelationship between the CT walue (1) of
the constituent pizels and frequency, Although there esdat
differences between theinitial and 1 minute plots, it can
be zeen that plots caphured 1 minute and 8 minutes are
almost the same. Fleure T depicts the rate of change Sm
(), S (A) obtained by dividing the difference in frequency
between the initial state and 1 minute and the difference
between 1 minute and § minutes by the total frequency,
for each A with respect to each & cross-zection. Since
CTaralue frequencies of bearing's constituent materials
are cancelled out when taling the difference hetween CT
images, the only frequency value that remainsg indudes
air, harium-and ures-haszed greases, or a misture of the
two. Where there estists no flow and the CT image does
not change, the CT value for each fluid iz cancelled outin
the zarne way. Based on Fig, 7, sedal flow of the lubricant
waz analyzed by means of Bulerian method. Comparing
entireimages ohtained for &1 and S, it can be understood
that the ohserved change in do1 12 conspicumis aoross all
cross sections, snd that gressze demonstrated active flow
at the start of hearing rotation. Conversely, there exdats

nonotceable change in S, indicating a gentle state of
channeling. Fomuszing on each oross section of oy, the air
(= 95), urea greaze (= T0), and barium grease (=

2207 are decreasing at £ = 0,25, and it can be zeen that
the decreasze increases centering sround A e 95, 125 a2
rixed greaze flows from the same or other cross sections,
A similar tendency wasz obzerved at other cross zections
however, with reeard to ar, a positive trend waz ohserved
at = 0,80 and 0,63, Thiz wasz thought to be a result of
the tranafer of initially filled gressze to other ross sections
under theinfluence of external factars, and itz mubzequent
replacement by air. The reduction in air content at the
zame orosz 2ection demanstrates grease maoving tothe
seal side at locations 2 = 0,25, 0,38, snd 0.75. Near
locations caresponding to 2 = 0,25 and 0.38, there exdists
a gap produced by the tab part of the snap cage. Thiz iz a
location where grease zeparated from the raceway surface
can easily accurmidate. On the other hand, the location

£ =075 caresponds to thethinned side of the cage, and
although mized grease flows similarly, therate of increasze
1z small compared to that of the tab, Becanzethe volume
of greasze transferred on the tab side and the thimmed part
ofthe cage, the direction of greasze flow depends on cage
shape, Especially in the snap type cage emplaoyed in the
bearing considered in thiz study, there esxdists a stable
region on the tab compared to thethinned side wherein
greazels readily deposited.

Fig. & Grayscak cormpatizon of CT inmages of initial, after one and five-minute rotation of the plastic bearing at 2 = 0.25

Change taiv of frequency [M]
.35 a LKL
o L. W " iF
0.63
0.5
Q 10 1103 150 200 2150

Greyecole valom

Fig. ¥ Change rate of frequency of the plastic bearing X-ray CT images, top: grayacale change frominitial 1o one minute (&), botton:

grayscak change fromone 1o five minutes (34
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Fig. 8 X-ray CT images along the cylindrical cross-section, R = 0.62 (top: inner side), 0.84 (bottom: outer side)

2.6 Spatial non-uniformity of deposited grease

Figure 8 depicts CT images {(after 5 minutes) of
expanded cross sections around the Z-axis at locations R
= 0.62 and 0.84. Tn both cases, bands of grease types A
and B adhere to the surface around the rolling element,
and in a part of the latter, in particular, it can be seen
that unstirred barium grease, C, remains. Comparison
of the different grease bands reveals that the band on
the inner ring (A) is located upward on the page above
the rolling elements, whereas that on the outer ring (B)
is conversely located downward. Since an axial load is
applied to the outer ring along the positive Z-axis, a void
is created on the side opposite to the rolling element and
the rolling element— groove contact point (Figs. 1 (a) and
(b)). Because positions at which creation of the void oceurs
are different on the inner-and outer-ring sides, there exist
corresponding differences between locations at which
grease-band deposition occurs. It was understood that
during the process which causes separation of grease from
the raceway surface, grease tends to get transferred not
to the side of the contact point with a narrow channel, but
instead, to the side with availability of a wider space.

2.7 Shear phenomena between the greases

Figure 9 depicts CT images {from the top: at the start
and at the elapse of 1 and 5 minutes after start of bearing
rotation) at the location B = 0.62. As already described,
only very slight change was observed in the state of
grease between at the elapse of 1 and 5 minutes, and the
surface shape of grease remains nearly constant. However,
changes can be observed in the positional relationship
between grease deposited on the cage (e.g. D1, D5) and
grease-belt band (E1, E5) (Note the grease mass ¥ in the
upper part of Fig. 9). The grease-belt band spanning the
entire circumference adheres to the groove shoulder of the
inner ring. Observed changes in the positional relationship
between deposited grease and grease-belt band are
caused by differences in the orbital speed of the cage and
rotational speed of the inner ring. Furthermore, in some
parts, grease bands were observed to come in contact with
grease deposited on the cage and lateral surfaces of the
rolling elements. Consequently, shearing occurs between
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Fig. 9 X-ray CT images in a cylindrical cross-section, R = 0.62
(top: initial, middle: one-minute, bottom: five-minute
rotation)

grease deposited at locations D1, D5 and E1, E5, and this
can be considered one of the sources of flow resistance.
Moreover, due to its wettability, base oil bled from grease
adhering to lateral surfaces of the rolling element was
expected to flow across the surface and into the contact
part. It was also thought that grease bands adhering to
the groove shoulder become a reservoir for oil involved in
oil-film formation.

3. Numerical analysis of grease
behavior

Grease is a semisgolid substance mainly comprising a
base oil and thickening agent. When subjected to shear
forces, orientation of its molecular micelles changes and
breakdown of its structure occurs and base oil retained
within the thickener structure flows (microscopic flow)
and funetions as a lubricant. On the other hand, in
the absence of shearing forces, grease demonstrates
a solid-like behavior, thereby maintaining its shape
and adhesion. Overall, grease is a complex fluid
demonstrating characteristics of both solids and liquids
along with rheological characteristics, such as shear-rate
dependency, time dependence (thixotropy), and plasticity
Bl Perspectives of calculation cost, time dependency was
not consgidered in this study and a homogenous substance
demonstrating two types of rheological characteristics,
shear-rate dependency and plasticity was assumed. Also

microscopic physical and chemical phenomena, such as
destruction and dispersal of the thickening agent as well
as dyeing, bleeding, and oxidation of the base oil along
with elastic-fluid lubrication on contact parts were not
considered. Only macroscopic flow of grease and air was
analyzed in this study.

3.1 Rheological equations

A mathematical model was first developed to simulate
its flow characteristics to reproduce grease hehavior.
By subjecting grease to shear forces exceeding its yield
value, the thickener structure breaks down and the state
of grease changes from semisolid to liquid. A fluid that
begins to flow due to shear between fluid layers when the
shear stress exceeds its yield value is called a plastic fluid.
Plastic fluids belong to non-Newtonian liquids, which has
a nonlinear flow curve, and expressed in the following
equation is called a Bingham fluid {ideal plasticity fluid).

2T, e @)

Ty = T, b, Jor ‘Tij

0 Jor ‘ T

j,ij S (3
Here, 7, 77, #p, and p; correspond to the shear force, yield
stress, plastic viscosity and shear rate, respectively.
Plastic viscosity corresponds to the apparent viscosity

of grease at point y; — . Grease, in general, behaves
similar to Bingham fluids. However, when estimating
viscosity based on above equations, the observed deviation
from experimental values becomes large in the low-speed
range. In this study, therefore, the rheological equation
was used in the following modified form proposed by

Papanastasiou .

Ty i |
Ty = |yt W (A—e™Mylyy e (4)

In equation (4), m is a constant with a time dimension
called a stress growth exponent. Using m, a flow curve
can be demonstrating rheological characteristics between
Bingham and pseudo-plastic fluid. By appropriately
setting values of &, 7, and m, a wide range of grease
characteristics without stress-overshoot can be covered.
Values of the yield stress, plastic viscosity, and stress
growth exponent for urea-and barium-based greases

are listed in Table 2, while Fig. 10 depicts a comparison
between measured and calculated values of the apparent
viscosity. Figure 10 reveals that calculated values well
demonstrate the shear-rate dependency of grease.

3.2 Verification of method of analysis for non-
newtonian fluids

Next verification of a method of non-Newtonian
fluid analysis by applying Eq. (4) was conducted. The
verification model was representative of a lid-driven

cavity "% In a rectangular region (with coordinate origin
set at the lower-left corner, x and v coordinates set along
the horizontal and vertical directions, and comprising

50 % 50 grid points) with each side L = 1 m, the upper wall
was moved at a velocity given by U/ = 1 m/s. Considering
the fluid density to be given by p = 1 000 kg/ m® and
plastic viscosity # = 10 Pas, static calculations were
performed under the condition of Reynolds number Re

= pUL/y, = 100. Figure 11 depicts flow velocity profiles
obtained within the region. In the figure, Bn refers to

a dimensionless quantity, called the Bingham number,
defined as Bn = Lt/Ux,. Since the results obtained for flow
velocities u and v (the x component where the speed of x

= 0.5 and the ¥ component where y = 0.5 respectively) are
nearly identical to those reported by Neofytou et al. Y,
this method can be considered valid for analysis of non-
Newtonian fluids.

Table 2 Rheological parameters of urea and barium greases

Grease 7, [Pa] 7, [Pa-s] m [s]
Urea 829 1.020 10
Barium 1314 0.276 10
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Fig. 10 Comparison the calculated apparent viscosity curve of
two greases and experimental results
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3.3 Analysis of grease flow in ball bearings

The non-Newtonian fluid described above was taken
to be grease, and ita behavior within ball bearings was
analyzed. The subject of analysis was a 6001 ball bearing,
and the area of analysis comprised eight apaces obtained
by dividing the closed flow path surrounded by the inner
and outer rings, cage, rolling elements, and seal by the
number of rolling elementa. In order to create clearance
close to the contact parts where it is difficult to generate
the elements, a model ball with a diameter reduced by
3.4% was employed. Changes in clearance caused by the
effects of rolling elements and inner/outer ring contact
parts (the region of elastohydrodynamic lubrication)
as well as axial loading and lubricant leakage were
not congidered. The analysis assumed lubrication to be
performed under incompressible, unsteady, and isothermal
laminar flow conditions. As a method of numerical
analysis of flow including a free surface, the governing
equation was discretized on an unstructured grid using
the finite-volume approach with the VOF method
{Volume of Fluid) which transfers the volume ratio and
captures the shape of the interface. Operating conditions
corresponded to an inner-ring rotational speed of 600
rpm. With regard to the lubricant, flow characteristics
of urea-and barium-based greases described in Table 2
were given respectively. The quantities of both greases
were added to the bearing to occupy approximately 40%
of the available volume. Results obtained from unsteady
calculations have been discussed in subsequent passages.
Simultaneous to the beginning of the analysis, the grease
was dragged across the sliding surface, and thereafter
a churning period continued in which it was stirred
while entangled. Within approximately 10 seconds of
rotation, the “clearance” opened up between the sliding
surface and grease, and its behavior shifted to a stable
channeling state. No flow of grease deposited on the cage
was confirmed at that period. Overall results reproduced
by the above numerical analyses were qualitatively similar
to thoze of the X-ray testing. Figure 12 depicts the results
after the stabilization of behavior and X-ray CT images.
The results of analysis are displayed with air in white,
and grease in colored contours. Comparing results at each
cross section, it can be seen that the surface shape and
state of grease deformation demonstrate good agreement
between experimental and calculated results.

3.4 Formation of a base-oil reservoir

In Fig. 13, parts {(a} and {(b) on the left depict CT images
of rolling-element midsections at the radial location E =
0.73, whereas analytically obtained images on the right
show depicts grease and viscosity distributions. It can be
confirmed from Fig. 13 (a} that mound-shaped deposited
grease F adhered to the inner-ring groove shoulder.

The light-gray appearance of deposited grease indicates
thorough mixing of the white-colored barium-and dark-
colored urea-based greases. This result is consiztent with
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the popular theory that the grease separated from rolling
surfaces accumulates in the groove shoulder during the
stirring process. Although the similar can also be said for
the gray grease G deposited on the cage, since no change
can be found in the barium-based grease H adhering to
the cage from the beginning of bearing rotation. Thus,

it was understood that effects of stirring did not extend
within the grease. Figure 13 (b} depicts a part of the
bearing cross-section in the vicinity of the tab portion of
the cage. It can be seen that deposited grease I covers
over grease J which is present from the beginning, to
form a lid. Since there occurs no change in the shape of
existing grease J before and after rotation, it is difficult
for grease located within the tab part to directly provide
lubrication. Therefore, this grease can be considered to
function as a base-oil reservoir unless acted upon by any
external factor. On the other hand, it was obaerved during
analysis that stirred greases F', &, and I are deposited
on the inner-ring shoulder groove and cage. The deposited
grease separated by air from the rolling surface and a
thin film of grease adhering to it can be congidered to
have transitioned to a stable flowing state. In addition,

no remarkable flow was confirmed within the grease, and
the appearance of a maintained fixed shape as a solid-
like state was reproduced. The right of Fig. 13 depicts
viscosity distribution of fluids {grease—air mixture) in
contact with the inner ring and cage surfaces. This figure
demonstrates that viscosities of the inner-ring shoulder
groove and cage anap section surfaces exceed that of the
raceway surface. Therefore, the reason why it is difficult
for grease to return to the rolling surface once separated 1s
that the fluid adheres to surfaces while maintaining a high
viscosity.

3.5 Relubrication

A possible lubricant function performed by the grease
deposited in a stable pogition besides as a base oil
reservoir is that of self-relubrication. In cases where
bearings are subjected to sudden acceleration or
deceleration or are required to operate in high-impact
environments, external forces are expected to act on grease
tend to knock it off from its deposited position. Figure
14 depicts CT images (left} captured for grease deposited
on the cage along with corresponding analytical results
{depicted on the right). As described above, no changes in
grease behavior are observed during its separation from
gliding parts by air. However, as depicted in Fig. 14 (b),
when partially dispersed grease K adheres to deposited
grease, the deposited grease accumulates causing
narrowing of the “clearance,” which in turn, resultsin a
high probability of contact with the raceway surface. Soon
growth and excitation {although uncongidered in this
study) repeat, and therefore, lubrication occurs through
contact with the raceway surface, as depicted in Fig. 14
{¢). This can be thought to be one of the relubrication
processes occurring in grease macroscopic flow.

Fig. 12 Comparison calculated unsteady grease behavior and experimentally captured X-ray CT images of urea and barium greases in the
plastic bearing at several axial slices

a) Grease distribution in one partial radial cross-section (from left: CT images of
initial, one-minute, five-minmate rotation and calculated result)

b)) Mixad greass covering over the initizl ons under chammeling state (from lefi: CT
images of initial, one-minute, five-minute rotation and calcalated result)

Fig. 13 Experimentally captured grease reservoir formation and calculated grease distribution

Fig. 14 ¥-ray CT image and calculated transient grease flows for indicating one of the grease relubrication processes

4. Conclusions congideration of their X-ray absorption properties, the
shape of grease inside rotating bearings can be imaged
using X-ray CT. In so doing, the distribution of grease
during its churning and channeling states can be
clearly visualized.

{2y Utilizing the differences between X-ray absorption

characteristics of different grease types, flow states

X-ray CT imaging and numerical analysis were
performed on a plaatic bearing with two kinds of grease.
Key findings of and conclusions drawn from this study
have been summarized below.

{1} By selecting appropriate materials with due
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inside grease were contrast radicgraphed within

CT images Az chaerved, greaze deposited in the
charmeling state demonstrated zalid behavior without
internal flow,

(3) Analyas of variations chzerved in CT images and
values demmstrated that grease tends to acoumulate
in the open space within the tab part of the cage az well
az on the ade opposte to the contact point.

id) By performing CFD (Computational Fluid Dymarnics)
simulationz incarparating arheclogicsl equation for
greaze, transient phenamens hetween the churning
and channeling states of greaze wasz numerically
reproduced. Validity of the analysisz technique was
confirmed via comparizon of results obtained against
greaze behavior investigated by capturing CT images,
Beservalr formation and relubrication phenomena have
alzo been qualitatively dizenszed.

It iz tobe noted that all indings reported in this

paper are based on conditions carresponding to a limited

rotational speed of 600 rpm. Since the da walue (product of

the ralling element pitch-circde dismeter dy and rotation
number n), which represents the speed zcale ™ for bearing
rotation equaled 12,000, carresponding to extremely low-

speed conditions (helow 12,000 and less than 40,000)

greaze demonstrated such a hehavior wherein gentle

changes, mainly on the surface, were daminant. [tis
expected that different grease distributionz would be
obtained under high-speed conditions that canze vigoros
stirring of the fluid such that the ariginal shape wouldnot
be retained. Thiz iz atopic for the future,

Bazed on the dizcussion presented in Section 3.5,

it can be considered neceszary to develop a bearing-

desien methodoloey that enhances the probability of

acournilated greaseto came in contact with theraceway
surface, thereby providing efficent lubrication and
extending bearing life. That iz to zay, it 1z necessary to
deslen the space in which fuid meves (mainly depending

o the shape of the cage), develop gressze that breaks

up appropriately and can be easily disperzed, and

canprehensive design of lubrication systems must be

undertalen toincarporate the selection of grease that
conforms to usage conditions,
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Abstract

In recent years, there has been an increasing interest in deep learning techniques for bearing flaking diagnosiz, as
itiz possibleto select wibration features and zet disgnastic threshalds without domsin lmowledge of bearing disgnoas.
The authors have previoualy proposed the CHN.LETM model trained by using various datasets, which would be better
generalization performance than that in studies ever reparted, 1.e., the model might be available for actusl rotating
machinery, in which the wibration feature 1z affected by the trpe of bearings, various operating conditions, snd unlmown
dizsturbance. In thiz study, the model was analyzed by Grad-CAM, which waz known a2 a vizualization tod for a deep
learning model for image data, to know how the model detects the flalang. The analysis of Grad-CAM has shown that
periodic impulave waveforms were detected when the test signals derived were of fault bearings sz well az the expertized
engineer will do. Furthermore, it has been proven that the sstracted feature iz still available even though the wareforms
were contarminated with white noize. In addition, the snalysiz revealed the over fitting situation of the trained model,
Therefare, it was conduded that Grad-CAM snalyas was capable of evaluating the trained deep learning models of

bearing wibration diagnasis,

Keywords

Balling bearing, diagnosiz, deep learning, generalization performance, Grad-CAM

Thiz article 1z reprinted from Yoshimatau et al., “Rolling Bearing Diagnosiz Bazed o Deep Lesrning Enhanced by Various
Datazet Training,” Hvowke Shindan W Kanswru Sinpofumu Kovenrondunsha, Vol 201817, 2018 (Japaness),

1. Introduction

The condition monitoring of the rotating machinery
uzed in many industrial fields iz important for reducing
operating costs and avolding unespected accidents,

Abheove all, flaldng damagein rolling bearings iz 2 typical
disgnostic target. In the diagnosiz of laldng, a method
using the measured vibration signal iz generally uzed?,
Hewever, for high accuracy disgnosis, damage data must
be accurmnulated, features must be zelected, and diagnostic
threshalds must be et for each unit of equipment to

be diagnosed. In genersl, the availability of the data
atthetime of damage iz low; therefore, it 12 diffienlt to
expect a highly acourate diagnosiz during a long period
until the data at thetime of damage of the equipmment
tobe disgnozed 12 sufficiently acowrmmulated. Therefore,
atechnique for diagnosing the bearing vibration
characteristics at the time of flaldng with high acouracy iz
desired even for mechanical equipment without sufficient
damage data,

O the other hand, it 12 known that deep lesming can
automatically estract useful feature quantities fram input
data by using clasafication models trained with large
amounts of data in tasks such az image clazafication?®.

In light of this fact, it iz possible to construct 2 model
to estract versatile features common tovarious data by

using the vibration data of different types of bearings with
flaking for training the deep learning model and to expect
a generalization performance (ffective for unknovm data)
that iz effective even for unknown bearing diagnosiz,

However, in recent years, reportz on bearing diagnoss
using deeplearning rarvely dizonss the features
extracted by the diagnostic model and the generalization
performance of themodel. Therefare, the authors
canstructed and uszed a dataszet containing varimiz flaking
vibration acceleration data to construct a bearing flaldng
disgnostic model with high generalization performance,
and evaluated the generalization perfarmance of the
dizgrioetic model trained by deep learning™ Az a
result, the generalization performance of the diagnostic
model was improved by diverafying the measurement
environment of the training data, However, sinee it iz
diffienlt to understand the process of the deep learning
models, cansideration of the factors that improved the
generalization performance haz been insufficient.

In thiz study, to exarmine the factor of generalization
perform ance improvernent for deeplesming diagnastic
modelz when the diversity of training data iz increaszed,
we verified the existence of periodic impact vibration
detection, which iz a versatile feature of flaldng vibration,
using amethod to visualize the diagnostic process of deep
learning,
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2. Improvement of the Generalization
Performance of Diagnostic Models
through Deep Learning?®

In order to improve the generalization performance
of bearing diagnostic models through deep learning, the
authors prepared the training data and test data using
three vibration acceleration datasets with different
measurement environments, then conducted training as
well as tests of the diagnostic model. As a result, it was
confirmed that the generalization performance improves
with a diagnostic model trained using various data,
including normal vibration acceleration data measured
in a diagnosis target environment. This chapter gives an
overview of the investigation.

2.1 Details of a deep learning diagnostic model

In this research, a model combining a CNN
(convolutional neural network) and LSTM (long short-
term memory) is applied as a target for the visualization
of the diagnosis process. CNN is one type of deep learning
that is mainly applied to image processing, and local
features of image data are extracted by repeating the
processing in the convolutional layer as well as the pooling
layer®. LSTM is another type of deep learning, and it is
mainly applied to time series data processing and natural
language processing. Also, it can perform classification
and regression in consideration of a context of the data®.

Figure 1 shows a diagram of the model applied in this
research. This model is a two-class classification (normal/
damaged) model consisting of nine CNN layers, one LSTM
layer, and one fully connected layer. The aim of the model
is to extract general features of vibrations during flaking.
When bearing flaking occurs, impact vibration occurs
when a bearing component, such as a rolling element,
passes through a flaking part. The interval of these
impacts is determined by the location where the flaking
occurs and the number of rotations of the shaft, usually
occurring at regular intervals. CNN aimed at extracting
impact vibration, and LSTM aimed to determine the
presence or absence of periodicity.

2.2 Data set

Table 1 shows the details of the three datasets (A, B, and
C) used for training and testing. Each dataset is composed
of the measurement data of a vibration acceleration
sensor installed in a different test rig. Bearing numbers,
operating conditions, measurement conditions, sizes and
positions of artificial defects machined on the bearings are
also different: therefore, various vibration acceleration
data is included.

Dataset A was constructed using bearing vibration data®
published by Case Western Reserve University, and 12
types of ball bearings with artificial defects and normal
ball bearings were used under four loading conditions.

Dataset B was constructed with vibration acceleration
data when cylindrical roller bearings in which four types
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of artificial defects were applied and normal bearings
were operated under nine types of operating conditions.
Dataset C was composed of vibration acceleration data
when a spherical roller bearing with five types of artificial
defects and normal bearings were operated under 24 types
of operating conditions. All tests on datasets B and C were
conducted by the authors.

Each dataset has been composed of a large amount of
vibration acceleration data. Each frame contains 8 192
points of vibration acceleration data and is normalized
(average value = 0, standard deviation = 1). Figure 2
shows examples of the vibration acceleration waveform
after the normalization of each dataset. It was confirmed
that the periodic impact vibration was included in the
vibration acceleration data at the time of flaking.

2.3 Training and evaluation methods

Training and testing of diagnostic models were
performed using the three datasets. The training
data consists of 5 000 frames of vibration acceleration
waveform, and the ratio between normal and flaking is
1:1.

When mixing the vibration acceleration waveforms of
multiple datasets, the ratio of the number of vibration
acceleration waveforms for each dataset was made equal.
On the other hand, every test data is composed of 2 000
frames of vibration acceleration waveform, and there
is no overlap with the training data. All training of the
diagnostic model was completed at the stage of 10 epochs.

One epoch represented one training cycle using 5 000
frames of waveform data. In addition, since the initial
value of the weight coefficient used for the calculation in
each layer of the diagnostic model and the arrangement of
the training data was determined at random, the training
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Fig. 1 Diagram of the applied CNN-LSTM model®

results were not stable. Therefore, each training session
and test was performed 100 times, and the evaluation was
made on the basis of the average value of the test results.
The F-score was used as the evaluation index. The
calculated F-score ig in a range from 0 to 1.0, and the
closer to 1.0, the higher the diagnostic accuracy. The
F-score of the diagnostic model that failed to learn, so that
all diagnostic results would be output identically, is 0.33

however, it is predicted that disturbance vibrations will
occur due to various factors with actual field machinery
and equipment. Therefore, Gaussian noise was added to
the normalized vibration acceleration waveform of all test
data. The standard deviation ¢ of Gaussian noise was in
five types, 0.1, 0.2, 0.5, 1.0, and 2.0, and the average value
was set to 0 in each case. Gaussian noise was generated
by the numerical calculation library Numpy 1.14.2 and

in this investigation®. Furthermore, assuming equipment Python 3.5.4.
diagnosis in an actual field, additional evaluations were
performed using each trained diagnostic model in a state
where noise was mixed in all test data.
All the datasets used for the learning this time were
measured with a test machine in a clean environment;
Table 1 Details of the Datasets®
Dataset name A(CWRU data) B C
Bearing type Ball bearing Cylindrical roller bearing Spherical roller bearing
Bearing number 6205-2RS JEM (SKF/NTN) NU2228BMMA (NSK) 230/750CAME4 (NSK)
Sampling rate [Hz] 48 000 48 000 800

Rotational speed [min] 1730to 1 797 (4 speeds)

1200to 1 750 (3 speeds)

8 to 20 4 speeds)

Load conditions 4 (Motor horse power) 3 (Radial) 6 (Radial + Axial)
Fault Sizes Fault Sizes Fault Sizes
None 1 None 1 None 1
Types of artificial defect Inner race 4 Inner race 3 Inner race 1
Outer race 4 Outer race 1 Outer race 4
Ball 4

Data A Normal

Data B Normal

25 25
0.0 0.0
25 25
| | 1
Data A Fault

Data B Fault
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Fig. 2 Examples of normalized acceleration waveforms of Data A, B, and C?
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2.4 Overview of evaluation results

The deep learning diagnostic model that uses bearing
vibration acceleration data measured in various
environments for training shows higher generalization
performance than the diagnostic model trained with data
in a single environment. Furthermore, the effect on the
diagnostic accuracy when noise was mixed in the data was
low. The tendency of the generalization performance of
the deep learning diagnosis model will be described using
representative evaluation results.

Figure 3 shows the diagnostic accuracy of the diagnostic
model trained with various combinations of the test data
in dataset B. Bn in the figure represents only the vibration
acceleration data of dataset B in the normal state. Among
the diagnostic models in the figure, the F-score of the
diagnostic model trained with the dataset A + C + Bn was
significantly higher compared to the models trained with
other data.

As described above, the diagnostic model trained with
data acquired under various conditions tends to improve
generalization performance when compared to a case
where the diagnostic model is trained with only data
acquired in a single environment. Figure 4 shows the
evaluation results of a diagnostic model trained with
various combinations of data when noise was added to the
test data of dataset C. Cn in the figure represents only
the vibration acceleration data of dataset C at a normal
time. With any diagnostic model, when the noise o is 1.0 or
more, the F-score decreases significantly. However, in the
diagnostic model trained with the data of dataset A+ B +
Cn, the decrease of the F-score was lower compared to the
diagnostic models trained using other data.

As described above, the diagnostic model trained
with data acquired under various conditions tends to be

Train Data:
@ Data A DataA+C
& Data C Data A+ C +Bn
1.0
0.8
0.6

F-score

04T=F N I

02— ettt

0.0 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10
Epoch

Fig. 3 Test results of the model for dataset B and trained without
fault data of dataset B¥
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less susceptible to noise as compared to the case where
training was performed only with data acquired in a single
environment.

3. Visualization of Diagnostic Model
Processing

3.1 Visualization method of the diagnostic
process

Grad-CAM was applied to a trained diagnostic model
in order to confirm whether the presence or absence of
periodic impact vibration in the input data contributed to
the diagnostic results in the Grad-CAM bearing flaking
diagnostic model. Grad-CAM is a method® for visualizing
regions in input data that have strongly contributed to
output results in a deep learning model and is used for the
purpose of checking the classification grounds of an image
classification model.

VA
o1 dy°
ka = 7 2 aA;’C ............ (1)
=1
LEFmd A 2 azAk ............ (2)
k

Equations (1) and (2) show the calculation formulas
applied to the model in this report. In equation (1), the
score ¥° of the output class ¢ at the time of inputting the
vibration acceleration data is differentiated by the i-th
output data A¥ of the k-th channel in a specific layer,
and the gradient 8y / 4A¥ of the differentiation result is

Train Data:
® Data A Data A+ B
A DataB Data A+ B +Cn
@ Data C
1.0 e e
b
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0.2
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T T T T
0.0 0.1 0.2 0.5 1.0 2.0

o of Gaussian noise

Fig. 4 Test results of the model for dataset C with noise
component®

averaged over all Z output points to obtain the weighted
coefficient af of the k-th channel. In equation (2), the
welghted sum of the output result A* for the k-th channel
is calculated as L&, g.0am Using the weighted coefficient «f
obtained in equation (1).

In this investigation, Grad-CAM was applied to the
output of the ninth CNN layer in the diagnostic model.
The Grad-CAM results in this layer are the values of 16
points corresponding to 8 192 points of input data, and the
input data corresponding to the position where this value
is large is an important region that strongly contributes to
the diagnosis results. Also, the input data corresponding
to the location where the value is low means that the
area strongly contributes to the output of the other class.
In this report, Grad-CAM results were normalized to
verify only the performance of detecting periodic impact
vibration.

3.2 Visualization results of important region of
input data by Grad-CAM

Representative examples of Grad-CAM results for
specific diagnostic models in Figures 3 and 4 are shown
in Figures 5 through 14. The upper part of each figure

Input waveform: Normal
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Fig. 5 Example of Grad-CAM result applied to high generalization
performance model with normal waveform input
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Fig. 7 Example of Grad-CAM result applied to high noise
robustness model with fault waveform input added no noise

shows the vibration acceleration waveform input to the
diagnostic model, and the lower part shows the important
region, which is the Grad-CAM results, by 16 points from
ato p.

Focusing on the model that showed high generalization
performance in the evaluation of Figure 3, in order to
confirm the features extracted by the high generalization
performance model, Figures 5 and 6 show the results
of applying Grad-CAM to the specific diagnostic model,
trained with the data A + C + Bn and achieving an
accuracy of 0.9 or higher for the F value.

Figure 5 also shows the results when the vibration
acceleration data in a normal state is input, and the
position p behind the input data is the important region.
On the other hand, in Figure 6 the important region at
the time of inputting the vibration acceleration data at
the time of flaking is at the b, f, j, and m positions, which
indicates that it is a periodic position corresponding to
the impact vibration. As a result, it was confirmed that
the applied diagnostic model extracted periodic impact
vibration common to the vibration acceleration signals at
flaking as a feature and that reasonable diagnosis similar
to the conventional determination methods was performed.

Algo, in the evaluation of Figure 4, noting that even

Input waveform: Fault
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Fig. 8 Example of Grad-CAM result applied to high generalization
performance model with fault waveform input
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Fig. 8 Example of Grad-CAM result applied to low noise
robustness model with fault waveform input added no noise
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if the standard deviation o of the Gaussdan noize added
totheinput data inereases, the Foseare of the disgnostic
model trained with the data A+ C + Bn was difficult to
decrease, and factors responable for the noize robustness
ofthe diagnostic model were considered.

The Grad-CAM remlts of the diagnostic model trained
with data & + C + Bn are shown i Figures 7, 9, and 11,
and the Grad-CAM results of the specific diagnastic model
trained with data C only are shovn in Figures 8, 10, and

12, In each casze, Gaussian nolze with o increszed to 0, 0.5,

and 2.0 iz input to the zame data

In Figures 7, 8, and 11, the values near positionz b,
g, and m caresponding to the impact wvibration, were
high even when gincreazed, wheress in Figures 8, 10,
and 12, when o increased, the values near the positions
¢, h, and m corresponding to the impact vibration were
lowr, and the pasition p irrelevant to the impact vibration
waz the impartant region. From these reaults, it was
canfirmed that in the diagnostic model with high noize
robustness, periodic impact vibrationz in the input data
could be extracted even when nosewas mixed in the
data, Furthermore, fomusing on the fact that the Foseare
decreaszed as thetraining after Epoch 8 progressed in

Input wawefomn: Fauk
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Fig. @ Exampleof Grad-CAM ezult applied to high noke
mbustness model with fault wawefomn in put added
o =05 noke

o Input waveform Fauk

]

20 T T T T T T T T
0 1000 2000 2000 4000 S000 G000 7000 3000
Irpottant region of prediction Esult; Faul

14
o4
-1

T T T T T T T T
a bcde fghi kI mnpoop

Fig. 11 Example of Grad-CAMN Esult applied 1o high nokse
robustness model with fault wavetorminput added
o =20 nokge
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the disgnostic model trained with the data 4 + C+ Bn
in Figure 3, in arder to verify the cause, Grad -CAM was
applied to the zame disgnostic model at the Epoch 4 and
Epoch 10 tirne points.

Figures 13 and 14 show the results when the same data
waz input to each model. While the pasitionz e, g, k, and n
carresponding to impact vibration areimpartant regions at
the time of Epach 4 in Figure 13, at the time of Epoch 10
in Figure 14, thevalues of Grad-CAM results at positions
d, g, L, snd n differ greatly depending on impact vibration,
indicating that misdiagnosiz can ocour. Az aresult, a
phenamenon called “over fitting,” in which the extracted
feature quantity iz too spedalized for the training data
and the generalization performence of the model 12
reduced, has been confirmed.

In order to construct a diagnostic model with high
generalization performance, it 12 neceszary to confirm
whether general purpose features have been extracted

by confirming the training statusz using amethod such a2
Grad-CANM,

a5 Input waveform Fauk

DL*MF—%#———F%#-—

=20

0 1000 2000 2000 4000 5000 G000 7000 BO0M0
Irportant region of prediction esult: Fauk

T T T T L
a bcdefghij kIl mnaoop

Fig. 10 Exarmple of Grad-CAM result applied to low noiss
robustness model with fault waveform input added
o =05 noize
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Fig. 12 Exarmpke of Grad-CAM result applied to low noiss
robustness model with fault waveform input added
o =20 naize
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Fig. 13 Exarplke of Grad-CAN result applied to high
genetalization performmance mmodel at epoch 4 with fauk
wavetforminput

4, Summary

Using Grad-CAM, the featuires esttracted by the
diagn ostic model show high generalization performance
inthe degplearning model that disgnozes the presence
or sbzence of flalting from the wbration acceleration
data during normal and flalang of rolling bearings, Az a
result, it was confirmed that Grad-CAM can visuslize the
important region in the input datain the diagnostic model.
In addition, in the diagnostic model showing high
generalization performance, periodic mpact vibration,
which 1z afeature commen to flaking vibraton, was
extracted. Purthermoare, it was confirmed that even
when noze was added tothe mput data, periodic impact
wvibraton was extracted. On the other hand, it was found
that generalization performance could be degraded by
overfitting; however, it hecame dear that over fitting
could be determined through amethod such as Grad -CAN.
In the futare, we would like to formul ate 2 method to
werify the validity of thelearning results and apply the
method to the field data,
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Long Life Material for Local

Procurement (SHJ7)

Toreducethesize snd weight of atransmizsion
{ T/ designed to improve the fuel efficdency and power
consumpion efficiency of sutamobiles, it 1z neceszary
toreduce the size and weight of itz ralling hesrings.
However, with smaller bearings, durability decreases
and damageis more likely to ocour. The mast carmman
type of T/ bearing damage 1z the flaldng cauzed by
indentations formed by theingress of forsign matter inside
the lubricant. Bearings for T/Mz therefore need greater
durshility against indentation-ariginated flaldng,

MSEK has developed bearings with specifications for
measures against thiz kind of flaldng, but they require
special Hme intensdve heat trestment proceszes and NSE
original materizls. The problem of loesl production of long-
life hearings haz thus heen diffieult, while at the zame
time sutomobile production oversess hasz increaszed. To
zalve the problem, we developed materials that are easy
toprocure globally and have created technologies that
can extend bearing life without the need for specdal hest
treatment.

Photo 1 Tapered rolier bearing rade of SHJA? rmatetal
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1. Features

1.1. Improvement of material availability

Sinece materials were developed wsing IS0 standard
steel, which can be easily prooured globally, local
procurament of the material iz alzo easy,

1.2, Improvement of heat treatment efficiency

The required lifeiz secured without the need for heat
treatment technology in a special environment over alomg
period. With the establishiment of this technolagy, it iz now
pozable toreduce the energy uszed during production.

1.3. Longer service life

The zervicelife limited by indentation -originated flaking
1z L5 times langer than that of standard bearings (Fig. 1.
Thiz allows far downsizing and weight reduction, leading
tolow frichon. The weight of the bearing can bereduced
by about 20% compared tothe standard bearing (Fig, 23
Furthermoare, the bearing hasz almger life for other modes

of flaldng asz well (Fig. 3,

B pemmmm e e ———— o k=1
5
£ .
| 1.5 times
ar Mo
Standard  Developed IR HTF
bearing bearing bearing bearing
a2

Fig. 1 Life test esults undercontaminated conditions

Fig. 2 Weight-saving effects of new poduct

2. Applications

The techndogy that makes possible the product’s long
zervice life, low torque, small size, and light weight can be
applied to all types of T/,

3. Summary

SHJT materials have bearing life extendon effects even
though they are procurable and do not require special heat
treatment. They alzo contribute to the high reliahility, low
torque, compactness, and welght reduction of bearings for
Tz,

MEK will actively continue to develop and propose
products that meet the needs of the rapidly changing
automobile market,
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High-Performance Tapered Roller Hub
Unit Bearings for Automobiles

Hub unit bearings are key components at the center
of automobile wheels. Their structure consists of rolling
bearings that support the wheels and the suspension
peripheral com ponents, such as the hub shaft, as a unit.
Hub unit bearings are progressing forward with the
adoption of unitization technology while still incorporating
peripheral components from generation 1 (HUB 1) to
generation 3 (HUB 3) technologies.

Pickup trucks, large SUVs, and commercial vehicles
often use tapered roller hub unit bearings. This is due to
tapered roller bearings having a longer service life and
higher rigidity than ball bearings of the same size. On
the other hand, ball bearings, which are widely used for
passenger cars, are widely applied up to generation 3
(integrated hub shaft), while many tapered roller bearings
are limited to single-row, two-piece use or use with
generations 1 and 2 due to manufacturing constraints.

Subsequently, a hub shaft must be assembled when
replacing a hub bearing for car manufacturers and
markets, and press-fit defects as well as excessive or
insufficient tightening force lead to market failures
such as the occurrence of abnormal noise. Against this
background, the need for generation 2.5 (hub shaft
assembly) and generation 3 technologies are increasing.

In addition, environment regulations and fuel efficiency
standards have been strengthened in various countries,
while efforts to improve fuel efficiency have heen
expanding beyond just passenger cars. In this context,
reducing friction in tapered roller hub unit bearings is a
key issue.

NSK has developed high-performance tapered roller hub
unit bearings, which contribute to improved reliability as
well as fuel efficiency reduction of automobiles through
promoting the application of unitization and low-friction
technologies to meet these needs.

Photo 1 High-performance tapered roller hub unit bearing

1. Advantages

1.1 Improvement in reliability through
unitization

Generation 2.5 was developed with a pre-assembled
hub shaft for the current generation 2 tapered roller hub
unit bearings. In addition, the generation 3 system that
integrates the hub shaft and inner ring is also under
development.

NBK contributes to improvements in reliability in the
marketplace through implementing hub shaft assembly
and preload control to prevent improper assembly such as
the creation of defects when the hub shaft is press-fitted
with either excessive or insufficient tightening force.

Conventional

New product
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Hub unit bearing
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Fig. 1 Tapered roller hub unit bearing generation
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1.2 Adoption of low-friction technologies

Low-friction technologies such as grease, seals, high
sealing performance caps, which NSK has developed for
ball bearings for passenger cars, have also been applied to
tapered roller hub unit bearings.

High-performance grease
(bearing interior)

High-
performance
sealing cap

Fig. 2 Structure of the tapered roller hub unit bearing and low-
friction seals

1.2.1 High-performance grease

Low-friction grease is applied to reduce friction inside
the bearing. A grease has been developed that includes a
base oil with low kinematic viscosity and demonstrates
small changes in viscosity in relation to changes in
temperature, thereby ensuring low friction and sufficient

viscosity even in high temperatures and a high load range.

By adjusting the composition and type of the additive,
the high-performance grease has a water-resistant effect
of detoxifying water that has entered the bearing and can
contribute to achieving high reliability.

1.2.2 Low-friction seals

In order to reduce friction with the seal, a reduction
in the reaction force of the seal lip and low-friction seal
grease are applied. The lip reaction force is reduced by
optimizing the surface pressure distribution by FEM
analysis to achieve both low friction and improved muddy
water resistance.

For the seal grease, low-friction seal special grease
is applied. It has a base oil that is low in kinematic
viscosity and demonstrates small changes in viscosity in
relation to changes in temperature while not affecting the
functionality even when mixed with internal grease. Since
there is little change in viscosity due to the temperature,
a friction-reducing effect can be expected not only for

dynamic torque at normal temperatures but also for
torque at low temperatures.

1.2.3 High-performance sealing caps

Since the non-driven wheel does not contain a drive
shaft inside the hub shaft, on the inboard side, it is
possible to employ a high-performance sealing cap that
does not cover the seal but rather the end face. Along
with this, the seal on the inboard side is eliminated, and
therefore friction due to seal sliding can be reduced to zero.

In addition, the high-performance sealing cap also
possesses a high sealing property that protects against the
infiltration of muddy water by vulcanizing and bonding
rubber to a fitting portion with the outer ring, which can
contribute to improvements in reliability as well.

The application of these low-friction technologies
has reduced friction by roughly 20% to 35% (compared
to generation 2 technologies). In addition, changing to
generation 3 can further reduce friction by about 10%.

New product
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Fig. 3 Friction reduction calculation

2. Summary

We have developed high-performance tapered roller
bearings for pickup trucks, large SUVs, and commercial
vehicles. These achieve both improvements in reliability
and lower friction through promoting the unitization
of hub bearings as well as by applying low-friction
technologies developed in a ball hub unit bearing such as
grease, seals, and high-performance sealing caps.

We will continue contributing to improvements in the
reliahility of automobiles and reducing the burden placed
upon the global environment through the development of
these high-performance products for the market.
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New Products

Low-Noise Thrust Needle Roller Bearing

In recent vears, improving automobile fuel efficiency has
become a critical issue for automobile manufacturers as
they strive to address global environmental problems. Two
technologies that help against this problem are the electric
vehicle (hereinafter referred to as an EV) and the hybrid
car (hereinafter referred to as an HEV), the numbers of
which have been increasing in Japan, Europe, China,
and other countries and regions, and their share of total
automobile production has also increased.

Until now, the main functions required for bearings
were miniaturization, weight reduction, and long life, but
new problems such as noise are expected to emerge.

NSK has been conducting research and development
in regard to these new issues and with a view toward the
future. In this article, we will introduce the Low-Noise
Thrust Needle Roller Bearing for EVs and HEVs.

QL &

Photo 1 Low-noise thrust needle roller bearing

1. Fields for Application

HEVs run on a motor when the vehicle starts or is
moving at a low speed, at which times the engine is off.
Furthermore, when decelerating, the engine is stopped,
and the motor is driven by the inertia force to generate
electric power.

When the engine is not running, it is quiet with low road
noise, and it is assumed that operation noise is significant.

HEVs are equipped with an engine and a motor. In order
to use both efficiently, normally the power transmissions
after the output are unified and installed in the same
place. For this reason, the transmission has been equipped
in the same manner as before and could be applied to this
transmission.

2. Noise Generation Factor
(Conventional Structure)

The main cause of bearing noise is the contact between
the components, rolling or sliding. With thrust needle
bearings, the following are considered to be the sources of
noise.
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Fig. 1 Causes of rolling and sliding noise between the rollers
and race

Fig. 2 Where sliding noise occurs between the cage and rollers
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Fig. 3 Where sliding noise occurs between the cage and race

(1) Rolling and slipping noise of rollers and race

The rotation direction of the bearing does not coincide
with that of rollers, and a speed difference from the race
occurs on the outer diameter side and inner diameter side
of the rollers. This speed difference generates rolling or
slipping noise.

(2) Slipping noise of the cage and roller

The rollers rotate while pushing the cage, and they slide
at the contact portion. This sliding generates slipping
noise.

(3) Slipping noise of the cage and race

The rotating cage is unlikely to come into contact with
the race due to lubricating oil or the like. However, the
cage posture is stabilized by the support of the race, and
slight sliding occurs. This sliding generates slipping noise.

3. Features

In regard to the cause of noise previous mentioned, this
product has improved quietness by the following methods.

(1) Tmproved roundness of the roller crowning

(2) Optimization of the race shape

The aim is to reduce rolling and slipping noise of the
rollers and race. (1) Rolling noise generated by the speed
difference is suppressed by improved roundness accuracy
of the crowning part, where the speed difference occurs
most. (2) Slipping is suppressed by adopting a race shape
that makes the speed difference unlikely to occur.

(3) Adoption of a resin cage

To reduce slipping noise between the cage and roller as
well as the cage and race, a resin cage has been adopted,
and its self-lubricating property has reduced slipping
noise.

The new product has shown a noise reduction effect of
approximately 10% compared to conventional products.
Even if the rotation speed is changed, there is little change
in the effect, and it is assumed that the new product can
cope with the high rotation speed of the motor.

4. Summary

Road and wind noise are regarded as the main types of
noise in cars. However, the noise sources of EVs and HEVs
are mechanical in nature and oceur when the car stops or
runs at a low speed. This product is expected to become
essential as travel by EV increases in the future.
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Fig. 5 Noise in conventional products vs. newly developed
product
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New Products

High-Performance Low-Friction Seal for
Single-Row Deep Groove Ball Bearings

Motors for automobiles, home appliances, and the like
may be used in an environment exposed to water droplets,
dust, ete. In order to prevent external foreign substances
from entering the bearing in such environments, a contact
rubber seal having excellent sealing properties is used.
Generally, the higher the sealing property, the greater
the friction generated on the seal sliding surface. On the
other hand, this friction has hindered high sealing in
applications where high efficiency and high-speed rotation
of rotating equipment are required.

NSK has generally offered two types of seals: high-
sealing contact seals with an emphasis on sealing and
low-friction eontact seals with a focus on frietion, and
these are selected in accordance with the particular usage
environment and applications.

Now we have introduced a contact seal (Photo 1) that
achieves both sealing performance and low friction, with
an optimized design for the seal structure and contact
part to suit both application needs.

1. Composition, Structure, and
Specifications

As shown in Figure 1, both sealing performance and
low friction were achieved by optimizing the shape of the
contact portion between the seal lip and inner ring, and
also by optimizing the design of the pressing force (lip
reaction force) of the seal against the inner ring.
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Photo 1 Single-row deep groove ball bearings with high-
petformance low-friction seal

High-performance
sealing

Optimization of the
contact part shape
with the inner ring

F 3

Optimization of
pressing force

(lip reaction force)
on the inner ring

v

Fig. 1 Cross-section of a high-performance low friction seal
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2. Advantages

® Sealing performance

By optimizing the shape of the contact area with the
inner ring, the same sealing performance as the high-
sealing contact seal is ensured. As shown in Figure 2, the
results of a comparison of the amount of water penetration
in the water injection test showed the sealing performance
equivalent to the high-sealing contact seal.

* Low friction

By optimizing the seal structure, the force for pressing
the seal lip against the inner ring has been reduced.
Moreover, as shown in Figure 3, the friction has been
significantly reduced compared to the low-friction contact
seal.

Measurement conditions

- Test bearing: ¢12 x ¢32 x 10
- Test time: 20h

- Rotational speed: 3 000 rpm

- Water injection volume: 400 cc/min

80% reduction

Water penetration ratio

Equal —

New contact
. seal /

Low-friction
contact seal

High-performance
contact seal

Fig. 2 Results of the comparison of amounts of water penetration
in the water injection test

3. Applications

Single-row deep groove ball bearings incorporating this
product are suitable for automobile motors, motors for
industrial machines, motors for home appliances, and
more.

4. Summary

This high-performance seal is used for small-diameter
and average-diameter single-row deep groove bhall
bearings, contributing to improved reliability and
significant energy savings.

Measurement condition

- Test bearing: #12 % $32 % 10
- Rotational speed: 1 800 rpm

18% reduction

l' 85% reduction

Friction ratio

High-performance  Low-friction New contact
contact seal contact seal seal

Fig. 3 Seal friction test results
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New Products

Lightweight High-Performance

Intermediate Shaft

The intermediate shaft is important because it has
been given the responsibility of turning, which is among
the car’s three major functions: running, turning, and
stopping. The following functions and performance are
required, from vehicle assembly to long-term use.

- Light sliding force

- Comfortable steering and its durability

- High strength

- Fuse function {(protection against excessive torque)
- Lightweight

NSK has recently developed an intermediate shaft,
introduced below, that satisfies these functions at a high
level of performance.

1. Composition, Structure, and
Specifications

Photo 1 shows the intermediate shaft with the new
structure. Photo 2 shows the main component shaft.
Figure 1is a cross-sectional view of the intermediate shaft
that shows its structure, function, and performance.

The shaft and tube are fitted together with a spline that
provides a sliding mechanism.

The shaft is made lighter with a hollow material. In
addition, the thickness in the vicinity of the spline portion
was made thinner, allowing for both light sliding force and
a comfortable feeling while steering.

Photo 1 Intermediate shaft with new structure
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In addition, part of the shaft is a thinner fuse section.

When excessive torque is input, the thin fuse section
is twisted with the set torque, so it prevents a further
increase of torque and protects other peripheral
components.

Portion Structure Function and Performance
Hallew ara Light sliding force.
a thin Comfortable steering

and its durability

b Thick portion | High strength
c Thin section Fuse function
d Hollow Lightweight

Fig. 1 Structure of new hollow shaft for each function and
Performance

-y

Photo 2 New hollow structure shaft

2. Features

(1) Achieving both light sliding force and comfortable
steering and ensuring high strength

The shaft side spline is coated with resin. When this
resin is cut into a spline shape, the sliding force and
steering feeling are balanced by adjusting the interference
with the tube. Comfortable steering means that there is
no backlash in the fitting portion, which is contrary to the
light sliding force.

The balance range in the conventional solid shaft
is narrow, and to allow for comfortable steering, the
standard range of the sliding force must be widened, that
is, the process capability cannot be established unless the
sliding force is set slightly higher.

In the new mechanism, a hollow shaft is used, and
the thickness of the spline section is made very thin to
reduce sensitivity of the fitting section in relation to the
interference. As a result, the balance range between the
sliding force and steering comfort was widened, and as
a result the sliding force could be reduced, even with the
same level of comfort while steering. (a in Figure 1)

Moreover, high torque transmission strength is secured
by limiting the range of the thin portion and leaving the
thick portion. (b in Figure 1)

(2) Durability of comfortable steering

The spline sliding portion is worn or settled by long-term
use, and when a gap finally forms, rattling can be felt in
the steering.

In conventional products, the elasticity of the resin
mainly compensates for wear and settling, thereby
suppressing rattling. The new mechanism further
improves its durability.

As described above, the new mechanism has a hollow
shaft and further reduces the thickness of the spline
portion, while the shaft itself is more elastic than those of
conventional products. That is, in addition to the elasticity
of the resin, the elasticity of the shaft compensates for
wear and settling, thereby improving durability in terms
of steering comfort. (a in Figure 1)

(3) Fuse function

The fuse is portion ¢ in Figure 1 where the diameter
is reduced, and it has been designed to be the weakest
portion in the steering system. If an excessive external
force is applied to the steering system due to an accident
or the like, the fuse has the function of twisting earlier
than other components with the set torque. Also, it has a
sufficient twist angle and cannot be easily twisted off. The
function of the fuse prevents damage to other components
and suppresses sudden running failure.

If an abnormality occurs in which the fuse portion is
twisted, the steering wheel center shifts, notifying the
driver that the vehicle has been damaged.

Since the damage to other components is reduced, there
is a possibility of repairing it by simply replacing the

intermediate shaft.
(4) Lightweight

By using a hollow material, the shaft is about 40 %
lighter than the conventional solid structure. Specifically,
the weight of the intermediate shaft, which has recently
been mass-produced, has been reduced by approximately
150 g. (d in Figure 1)

3. Applications

The new intermediate shaft satisfies the basic
requirements of light sliding force, comfortable steering,
and durability, and is strong and lightweight, with the
expectation that it will be used in a wide range of vehicles.
In addition, since the specifications of the fuse function
can be adjusted according to the cutting shape, the shaft
can accommodate the requirements for each vehicle.

4. Summary

The lightweight high-performance intermediate shaft
introduced here has already been mass-produced, and its
use will further expand in the future.

We will promote the development of this product to
provide comfortable steering, improve vehicle mobility by
reducing weight, and contribute to reducing impact on the
environment.
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New Products

Touchdown Bearings for the
Superconducting Flywheel Power

Storage System

The superconducting flywheel power storage system
is a mechanical battery that converts electric power into
kinetic energy by rotating the flywheel and stores the
kinetic energy. It can convert the kinetic energy back to
electric power as necessary and also smoothen unstable
power affected by weather conditions such as solar and
wind power.

The rotating shaft of the superconducting flywheel
is supported by the superconducting magnetic bearing
without any mechanical loss, as it levitates without
any contact. However, in an emergency when the
superconducting magnetic bearing loses function and its
magnetic levitation force, rolling bearings (touchdown
bearings) that can support the rotating shaft of a four-ton
flywheel are required (Figure 1).

NSK has developed touchdown bearings for the
superconducting flywheel that can support the rotating
shaft of a four-ton flywheel from its maximum rotation
speed of 3 000 rpm until a complete stop, even if the
superconducting magnetic bearing loses function, as
introduced below (Photo 1).

Touchdown bearing

Photo 1 Touchdown bearing for superconducting flywheel energy
storage systems

Generator motor

Flywheel

\

s |

L

Superconducting magnetic bearing

| S,

Fig. 1 Structure of the superconducting flywheel power storage system
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1. Configuration, Structure, and
Specifications

Touchdown bearings for the superconducting flywheel
power storage system follow the design coneept of the
touchdown bearings for turbomolecular pumps, which
have a proven track record, and prevent damage due to the
rapid temperature rise during touchdown.

Reliability was improved by using heat-resistant bearing
steel M50 for the outer and inner rings and silicon nitride
ceramic for the balls.

2. Features

(1) Bearing Design

Since the touchdown bearings instantaneously rotate
at high speeds in an emergency, the inner rings generate
heat and expand ahead of the outer rings due to the
internal friction of the bearings and slippage of the
rotating shaft and inner rings. This raises the concern
that abrasion, or burn-in, may occur due to the excessively
small radial clearances. The damage due to excessively
small radial clearances can be prevented with a design
that reduces heat generation by reducing the diameter
of the ball as well as a design that increases the heat
capacity (volume) of the inner rings by inereasing the
diameter of the ball pitch (Figure 2) and suppressing the
amount of expansion due to heat generation (Figure 3).

(2) Bearing Material

In consideration of rapid heat generation, M50 was
adopted for the outer and inner rings. The material of
the ball is a silicon nitride ceramic with excellent wear
resistance, a small coefficient of linear expansion, and
a reduced amount of radial clearance for the rising
temperature. The inner ring is coated with a proprietary
DLC {(diamond-like carbon) coating to improve lubricity.

3. Applications

The touchdown bearings are being used in the
superconducting flywheel power storage system
demonstration test machines installed at the power
storage technology research site of the Komekuravama
Solar Power Plant in Yamanashi Prefecture. This is to
verify the smoothing effect of the photovoltaic power and
margin of the emergency braking function.

4. Summary

There are various applications for the superconducting
flywheel power storage system such as in the regeneration
lapse of electric railways, and we will continue to develop
bearings suitable for these applications.

Expansion of the ball
pitch diameter

Ball diameter
reduction

Increase the
volume of
inner rings

General bearing Touchdown bearing

Fig. 2 Design specifications of the touchdown bearings
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e radial clearances
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Fig. 3 Calculation results of the radial clearances during
operation after touchdown
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Linear guides are uzed in machines, and lubrication
1z especially important for ensuring their long term
pafarmance. The izsue, however, 1z ensuring that the
lubrication iz maintained while alzo reducing worls for the
uzer, lowering the frequency of machine shutdownsz, and
increasing production effidency.

MEK has developed the world's first lnbrication unit
MEK K1 and has contributed to lomgterm maintensnce-
free machines for more than 20 years since itz launch
in 1956, Furthermeare, the clean lubrication system has
greatly contributed to improvements in terms of protecting
the environment,

In recent years, however, smart factory snd automation
technolagies srebeing rapidly developed, and there iz
strong demand for improved machine reliability and
extended maintenance ntervals,

Toaddress these izmues, NSK developed the new
lubrication unit NSK K1.L (Photo 1) with improved
lubricant supply performance.

1. Structure and Specifications

MSK K1-Lizmade of a2 porous redn containing a
large smount of lubricant and supplies lubricant to the
linear guide over along period as theinternal lubricant
gradually seeps out. Az with conventional NSE K1, the
lubricant iz continuously supplied by attaching it to both
endz of the slider and moving it while contacting the
raceway surface of the rail (Figure 1),

Figure 1 shows NSE E1-L attached to both ends of
the slider ane by ane, but increasing the number of
attachments 12 possible if neceszary.

NSK K1-L Lubrication Unit

MSK K1-Lis availablein three models: NH15, NH20,
and MNH2E,

2. Features

(1) Extengon of lnbricant supply period

With the new dlimpresnated material, the lubricant
supply period of NSE K1-L has been extended by
approdmately twice az long az conventional MEK K1

Figure 2 shows the durability test results of the linear
guides with the lubrication unit, These results reflect uze
of thelubricant supplied anly fram the lubrication unit
without filling in grease or the like, The linear guide with
MEK F1-L has significantly improved the travel distance
canpared tothe conventional NSE K1,

MISK. KA -L ubtication unit
End =zal

Fig. 1 Structure of the M3K K1-L lubrcation unit

Photo 1 MSK K1-L lubrication unit
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{2 Beduction of dynamic friction foree

MEK K1.-L haz reduced the dynamic friction foree when
driving diders by reviewing the contact structure with the
rail,

Figure 3 shows the results of measuring the dynamic
friction faree of alinesr guide with alubrication unit.
These arethe results of measurements o different speeds
in the range of 1 to 120 mAnin. The inesr guide with
MEK K1-L significantly reduced dynamic friction foree
canpared to the conventional NSE K1l-equipped product.

3. Applications

By attaching MSK K1.L tothe linear suides used
in various transportation devicss, it becomes possible
to extend the maintenance interval compared tothe
conventional MSK K1, In addition, the dynarmic fricion
force when driving the sliders iz reduced, makdng it easier
tousze in terms of increasing speed and tact time and
saving energy,

4, Summary

With a primary foous on itz application n transportation
systems, there are plans to rall out MNSK K1.L for the MH
Series and NS Series, which are general-purpose series of
MEK linear guides.

Test linear guide: MH25 (zlight preload)
Lubrication: lubtication unit anly
Speed: 192 mémin

30 OO0 ke

Conventional
Mk KA

About twice

BEkK K1-L

(1 20 000 40 000 B0 000
Ttavel distance, km

Fig. 2 Durability ==t results of the linear quide with the
lubrication unit

Test linear guide: MH25 (slight preload)
Lubrication: lubrication unit + AS2 greass
Speed: 110120 mdmin
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Fig. 3 Dwnarnic fiction force test iezuls of the linear guide with
the lubrication unit
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