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1.The future of mechanical power transmission and of drive line - a 2013-view from Japan
Authors:Yoshikazu ABE (President of Japan Gear Manufacturers Association) Aizoh KUBO
(General manager of the Research Institute for Applied Sciences), Presentation at the
Podium Discussion “The future of mechanical transmission and driveline” at the VDI

International Conference on Gears, Oct. 7-9, 2013 TU Munich /Garching

2.Contact-Bending Fatigue test of gear material against failure due to tribo-cause to fatal
subsurface crack propagation,A.Kubo(Research Inst.Applied Sciences), S.Matsumoto &
T.H.Hou (Waseda University), I.Moriwaki, M.Nakamura & T.Tani, Proc.VDI International
Conference on Gears, Oct. 7-9, 2013, TU Munich /Garching, VDI Berichte 2199-2, pp.867-882
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The future of mechanical power transmission and of drive line
- a2013-view from Japan -

Aizoh KUBO, Prof.Dr.-Eng.  Research Institute of Applied Sciences

Yoshikazu ABE lwasa Tech. Co., Ltd.
Ex-President of JGMA (The Japan Gear Manufacturers Association )

Contents

1. The world in 10 years and the gears demanded
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3. New technology to be developed

4. Japanese gear industry

1. The world in 10 years and the gears demanded

The most important point we should recognize is that the Asian population of middle class
increases by 1 billion in the next 10 years.

The influence of this on economics and consequently on politics is far stronger than the
influence of polarization of people into rich and poor classes.

In the human history it is the first experience that such large amount of population shifts into
the middle class.

Behavior to satisfy this rising middle class could not be stopped, because this movement is
based on their demand as fundamental human desire.

Serious problems such as battles to get resources, shortage of foods etc. are driven by this
tide of desire.

Gear boxes in the next future must satisfy the desire for better life of such people of rising
middle class.
Consequently the amount of gear box production will increase in mass.

This will be the biggest target market for us, gear manufacturers.

_11_



2. Class differentiation of gears demanded

2-1 Popular cheap edition: Gear box that people of poor class demands
This market and the gear box production is not target of Japanese gear manufacturers.

The price in this category must be low and the Japanese production cost makes the entry
of Japanese gear manufacturers into this market impossible.

2-2 Moderate price but high performance edition: Gear box that people of the middle
class demands
The key word for the middle class people is “Desire to enjoy comfortable life”.

According to this demand, the market of gear box will aim the feature: small & light
and quiet, but cheap.

Comparable performance of gear box as today’s products is OK also in 10 years,
but the price must be lower than 50% of today’s products.

2-3 High precision, high performance edition:
The special market that the state puts her budget in, such as big national project and
defense.

The market concerning frontier technology that will bring tremendous gain in the future
demands such gear box.

The demands exist in e.g. automotive, aeronautics, sea technology, IT technoloogy and
medical & nursing equipment industry .

To realize such gear box, steady investment for research and development is the must.

3. New technology to be developed

3-1 Artfor cheap but high precision gear production:

“How we produce gear boxes economically” is the key technology that will support the
life of rising middle class with their satisfaction.

The progress of this technology is the biggest task for us, gear manufacturers.
Technological revolution is expected

() in gear parts made from new material, e.g. sintered metal and plastics,
(b) in production technology in terms of machining time and gear accuracy,
(c) in design methodology to pursuit small, light and durable gear box.

Industry of developing country will also come in this field with imported technology
and with low workers cost, that brings serious cost battle in Japanese gear industry.

Sophisticated construction of complex gear arrangement that enables light gear box with
special feature such as torque vectoring, high torque and thrust capacity and so on will be
invented by some geneous people.

3-2 Art for ultimate high precision gear production:
The demands for the technology that will raise the presence of a nation in the world
will realize some unique extra-ordinal performance of gear box that was thought to be
almost impossible from the today’s ordinal engineer’s sense.
Such fields are (a) aeronautical development, (b) Deep sea development, (c) Defense

Technology transfer from those fields to public welfare production will raise the
technological level of the country.

_12_



4. Japanese gear industry
The taught of Buddismus: Every thingis not existing and product will ruin and life will vanish.

From that sense, Japan is getting old and we have difficult
problems in shortage of young potential mechanical engineers
and in shortage of investment.

Such problem may become more serious in the next future.

Supremacy of Japanese is

(a) Mass production art of relatively high quality goods
with economical cost

(b) Common activity for quality control in production

Also in this field though, we have to face serious competition
in the today’s world atmosphere, that demands money-cut
and money-cutin short view of business administration.

In some special field in gear technology, Got sei Dank,
continuousinvestmentand strong activity for technological
revolution is working on course.

Some examples are as follows:

4-1 Ultra high efficiency gear box
Gear box of CRP drive for coming Open Rotor turbo fan engine

One stage planetary gearing, sun pinion input and carrier / ring gear output
Rated power: 18,000 HP, Max. atmospheric temperature: 200 deg.C

Very light construction: 159 kg
Input shaft speed & torque: 7,000 rpm /18,400 Nm, Output speed: 1000/1000 rpm

Module: 3 PA: 22.5 deg. Helix angle: 30 deg.
Tooth width: Sun: 45.5x2, Planetary: 43.5x2, Ring gear: 38.5x2 mm
Gear material: Pyrowear 53 (AMS 6308) /

Front rotor h

about 1000rpm
Carrier E —

O\ ~ 5 planets

Flex support
Input sun pinion,/ . \
about 7000rpm
Ring gear
d Rear rotor
about 1000rpm 6
Courtesy of KawasakiHeavy Industries, Ltd. KHI propriety,
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In gear design, special tooth height and 3D tooth flank form modification and special tooth fillet
and bottom form is incorporated. Much CFD and other simulation technique was used.

Rated endurance test per EASA CS-E740 was conducted.
The measured power transmitting efficiency has shown 99.5 ~ 99.6 %.
Many gear specialists said that is not true. “You have made some mistakes in measurement.”

The developing team has checked this value and the facilities in detail under cooperation of gear
specialists and measuring specialists from out side of KHI using more than 6 months.

Reliability of measuring facilities is +/- 0.1 % at MTO driving condition.

The conclusion now is that we should judge this measured efficiency of 99.6 % is true !

Before running

After the Planet, flank meshing with sun

rated
power
run

Planet, flank meshing with sun

Planet, flank meshing with ring gear

[Output power] [Loss power] Power-loss increases exponentially
Efficiency = =1- and transmitting power increases
[Input power] [Input power] proportionally as function of pitch line
speed.
Power-loss

1. Proportional part to

transmitting power
(Courtesy of RENK AG) 2. Non proportional parts such
as windage, lub&air flow etc

Non-proportional part of power-loss
increases exponentially as function
of pitch line speed and becomes

predominant in high speed gearbox.

_14_



For achieving high efficiency To reduce this part of powerloss:
Gear design and manufacturing

Predominant power-loss in high

speed gearing. 1. Proportional part to

. _ transmitting power
To reduce this part of powerloss: 2. Non proportional parts such as

Modern designing method such as windage, lub&air flow etc
utilizing CFD and choice of lubricant ’

o [Output power] [Loss power]
Efficiency = =1-
[Input power] [Input power]

N

Make it large.

To achieve very high efficiency,

1. make the average stress level as high as possible,

2. Reduse the load-dependent powerloss by good gear design and
manufacturing,

3. Reduce the speed-dependent powerloss, especially windage and
lub.flow loss by utilizing CFD etc. and make the pitch line speed as
high as possible without increasing the temperature.

4-2 Ultra high accurate gear grinding machine to realize arbitral 3D tooth flank form modification

To improve the performance of strong helical gears, 3D tooth flank form correction
at meshing-in edge is very effective, but not easy to grind accurately.

Newly developed 5-axis grinding machine does that job without difficulty.

1 pass grinding for simultaneous
involute & fillet of trochoidal form

Helical gear
mn=3, z=19, a=17.5, B=35,
d=69.584, b=20

Aimed 3D tooth flank form correction (red curve)
and simulated ground figure (blue curve) on the

POA (plane of aCtlon) Courtesy of YASDA Precision Tools Co.
- 15 -



Measured tooth
flank form deviation
on the POA

The max.deviation between aimed and
measured 3D figure is around 2 to 3 um,
at edge 5 um.

Measured single pitch deviation fpt=1.3uym
Total cumulative pitch deviation FP=2.5um
ISO 1328-1, class 1

Non-involute gear can also be ground with same accuracy.

Bigger machine GT130 can grind gears to 1300 mm diameter with 4 um cumulative
pitch deviation.

Internal gear can also be ground.

Only with good designing and good manufacturing, we have a good future
in gear technology.

Fin

KBGT
Kubo’s Gear Technologies
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Contact Bending Fatigue test of gear material against failure due
to tribo-cause to fatal subsurface crack propagation

A. KUBO Research Institute for Applied Sciences, Kyoto Japan
S. MATSUMOTO, T.H.HOU Waseda University
. MORIWAKI, M. NAKAMURA, T. TANI

Kyoto Institute of Technology

Abstract

Strength and durability of gear material predicted by conventional material tester does not
correspond well to the strength and durability of gear teeth. Most of gear failures today is
triggered by very local tribological failure of tooth flank, i.e. small cracks due to the tribo-failure
occurs at first, then they develops in subsurface of gear tooth flank progressively during rather
long operating time of gears, and reaches finally to the fatal failure. The Gear Technical
Committee of the JSME now develops a new gear material testing rig, Contact Bending
Fatigue (CBF) tester, that reproduces resemble loading and stress state in simple test piece
as in the case of gear tooth flank. The principle and the construction and some test results
are introduced.

1. Introduction

Hertzian contact stress is accepted widely as the index for estimating tooth flank durability
of gears. After EHL theory is well known, the influence of surface roughness and lubricating
oil film thickness is also taken into consideration. The method of calculation for tooth flank
durability is standardized and then most of engineers who design power transmission gears
often forget the extent of validity of the calculation method. In accordance with rise of
allowable stress value of gear materials, the number of such gear failure increases that gear
designer could not analyze by conventional calculation method of load carrying capacity. On
the other hand for evaluating the load carrying capability of gear materials, all the tests are
carried out with considerably different state of induced stresses from that of actually operating
gear teeth.

2. Typical failure of today’s gears and state of induced tooth stress

An example of typical gear failure today is introduced in Fig.1!". Very high contact stress
due to the edge contact on tooth flank such with tip or side edge of tooth induces micro failure
tribologically and it grows to so called spalling, flaking or case crushing. The trouble of such
tooth flank failure cannot be dealt with conventional calculating method for load carrying
capacity of gears based on the Hertzian stress between contacting tooth flanks of involute
helicoid.
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The final tooth failure is very serious to break down the gear transmission, but the triggering
initial failure appeared in early stage of operation seems usually not serious and is very
different from that of the fatal stage. Very typical gear tooth failure today is, that such small
tribological failure develops itself, and in a long run, by changing the failure mode, it becomes
some kind of final failure to end the gear life.

(a) Helical gear for automotive drive

Fig.2 Trace of meshed-in foreign
object and resulted flaking

(b) Middle size gear with longitudinal crowning i
failure of hard tooth flank

Fig.1 Typical gear failure of today’s high strength
gears

In the case of Fig.2, spalling is found on tooth flank near tooth side end. This place is
apart from the middle of lead form correction, so called crowning of tooth flank, and the
Hertzian contact stress calculated for contacting tooth flanks at that position is not high. Close
investigation of damaged tooth flank has found that foreign object came in engaging tooth
flanks, meshed in and was crushed. High stress at that crush has induced the trigger of this
spalling. The trace of such FOD (Foreign object damage) is usually not easy to find.

Planetary gearing is tend to receive more damage from foreign objects, because wear
debris stay rather easily over tooth space bottom of internal toothing. Tooth flank of actual
gears in field of operation is usually not well observed, so long as gear accident has not
happened, but when you give good lighting on tooth flank, you surely observe many traces of
FOD. If tooth flank of well used planet of drive train gearing of land construction vehicle is
illuminated by good side lighting to enlarge the appearance of surface form irregularity, for
instance, so much traces of FOD can be observed. This is the real world of heavily loaded
gear tooth flank.

As seen in these examples, actual gear tooth flanks suffer some kind of tribo-failure and to
escape from this phenomenon perfectly is impossible. That means, material of actual gears
in operation has some kind of probable micro-cracks on tooth flank. Taking the failure of the
example in Fig.1(a), the stress state of the damaged point at dedendum very near to the
beginning point of tooth engaging of helical gears is schematically illustrated in Fig.3. On
that part, shearing and compressive stress owing to tooth edge/flank contact act at first and
then tensile stress owing to tooth bending is applied as the contact line moves on tooth flank
during transmitting load. The [stress vs time] curve on tooth flank is schematically illustrated
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in Fig.3(b). With progress of meshing, stress of such wave form acts repeatedly at the
damaged part on tooth flank. At the crack apex, complicated multi-axial stresses act and the
crack develops itself in acceleration.

(a) Rotation-bending test -

ey

A
e

Q! o

S
N
\Mﬂe\
Cq
\\ OMlact o
Surface damage

(Crack initiated)

pd Time

Induced stress

(b) Pulse-Loading test

P

(a) Load application on tooth flank

Induced stress

Time

Progress of meshing

% Shear deformation (c) Disc test e
£ TIxX Shear deformation
% L7IXX
g
(b) Stress state at a surface damaged part on tooth flank é
Fig.3 Loading and stress state at the Fig.4 Stress state of TP in conventional
micro-cracked part of tooth flank material evaluation

In contrast with this figure, Fig.4 shows the [stress vs time] curves for the cases of
conventional material testing rigs such as rotation-bending rig, pulse-loading rig and two-disc
rig. These tests are usually carried out independently, and it is easy to see that the [stress vs
time] curve on tooth flank, cf.Fig.3, is very different from those in Fig.4. The run of stress at
the damaged position on the test piece (TP) surface is far different from that of gear tooth.
The way of crack propagation is function of stress state. It is therefore impossible to
evaluate gear material with these conventional material testers. To shoot the cause of failure
modes shown before, conventional calculation methods of load carrying capacity of gears are
also out of the region of their validity.

3. Construction of CBF rig

A new principle of gear material tester is demanded that can reproduce quasi equal [stress
vs time] curve in TP(test piece) as that on tooth flank, cf.Fig.3. A good hint of construction is
found in the paper concerning “Tribo-fatigue” tester that has been developed in Belarus®.
With tribo-fatigue rig, contact stress is given at the place of the maximum bending stress,
because this makes the construction of rig very simple and easy. We change the
construction to give the contact stress at the position of zero bending stress and in order to
test case carburized high strength steels, all the construction is made solid.

Fig.5 shows the construction for bending stress application on the TP of rod form, cf. Fig.11.

Dead weight on the both sides of TP gives the intended value of bending stress. The left end
of the TP is clamped tightly and driven with desired rotational speed through digitally
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controlled electric motor. In the back place of the TP, master roller is assembled on sliding
table that is pulled with dead weight to make TP and master roller in contact with intended
Hertzian contact stress, cf. Fig.6. The right end of the master roller shaft is driven with
desired rotational speed through digitally controlled electric motor. The arbitral slip ratio
under Hertzian contact in circumferential direction of TP can be given within almost 0.001
accuracy. Fig.7 shows the plan of the CBF rig.

Bending moment
Bending moment 9 Master roller

P

TP

Driving motor

l :

Weight Weight Fig.6  Application of contact
stress in CBF rig

Weight

Fig.5 Application of Banding moment in CBF rig

Master roller .
Drive motor for master roller

Drive motor for TP

TP

Weight f
Weight for vertomt
vertical .

bend
bending ‘ ending

Weight for
horizontal
Herz contact

Fig.7 Plan of CBF rig

In the TP, bending stress is induced in vertical direction by the Fig.5 mechanism. Bending
stress due to the pressing force of the master roller is added in horizontal direction of TP.
When the master roller presses the TP on the same center height, the contact point of TP and
the master roller becomes in a state of compressively bending stressed. In order to make
the stress state at contact point zero bending stressed, the shaft center position of master
roller must be set higher in some extent than the center position of TP in loaded state. Fig.8
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shows this state schematically. Fig.9 shows one example of calculated state of bending stress
in TP as function of shaft offset angle ¢. The amount of the shaft offset angle must be set
exactly to realize that the bending stress at the contact point be zero. That means, the shaft
position setting is functions of given bending moment and contacting load with master roller.

Bending stress
Pressing 9

Maxi /component of

te:;(:lrre\um 7 Ioading bm MBX tens " 1000
- master roller :

bending < e Stl'esS

rotation

v
%
e 500 -
Center of TP /x%
underthe © +

deformed/sfate

i
i
i
i
i
1
Iensile
i
i
i
i \
i
i
i
i —
i

by bengihg ) ) ) i -

,/‘/ 5 1.0 0s ' 10
. P !
7 ) st
@9' Maximum P i
2/ compressive i
so0
A\Y

stress

&9/’ bending
6\99/ stress

1
Proper pbsition
of master roller
setting

Fig.8 State of bending stress in TP
during test

Fig.9 Example of induced bending stress in TP as

Fig.10 shows the resulted [stress vs function of master roller position o

time] curve of the TP. When you
compare this curve with that of tooth e / e ~a_Sopetin
flank, cf.Fig.3(b), stress state of CBF Moo )

test corresponds well to that of gear LZEX X 4;—'—':—'—;—’—’ ’
tooth, save the compression part e e

indicated by dotted oval. If the
contribution of compression on the
crack initiation and crack propagation
is not large, it is expected, that the Fig.10 Induced stress in TP during Contact
durability of gear material including Bending Fatigue test

the influence of

heat treatment

and surface

treatment etc.

can be evaluated

by CBF test.

Induced stress

Fig.11 shows our
prototype of CBF

Weight for

f Weight for
bending Weight for 9

contact of bending
master roller

Fig.11 Outlook of CBF test rig
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Master roller
Diameter 100 mm

— y Master rollenis the disk made fror
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i Fig.13 Lubrication and deformation of TP

Fig.12 Skew setting of shafts to produce axial
frictional force on TP

When the TP axis and master roller axis is parallel, the rig can give slip at contact point only
in circumferential direction of TP surface. It is then expected that the direction of micro-crack
initiation will be perpendicular to the circumferential direction of the TP. Then bending
moment acting on the TP could not open this initiated micro-crack and this is strongly different
from the stress state on tooth flank. To induce initial micro-crack in circumferential direction
of TP surface, frictional force in the axial direction of TP is needed. To realize this situation,
the master roller axis is set to skew to the TP axis. Fig.12 shows this situation. The master
roller is the disc made from the central part of SPHERE of radius 50 mm. The incorporation
of sphere as the model of contacting body can eliminate the difficult problem of alignment
change at practical operation of CBF test and it is also profitable to make the contact analysis
easier.

Fig.13 shows the way of lubrication. Qil pad is placed at a side of the master roller to
lubricate the contact point of TP and the master roller. Upper side of TP and master roller is
fully exposed and this enables many kinds of simultaneous real time measurement during the
endurance test of materials. For instance, considerably large elastic bending deformation of
the TP made from high strength steel receives also the influence of frictional force at the
contact point. In the case of our CBF rig, the height of the TP during the test changes by
ca.+/- 5 um as function of the change of circumferential slip direction. That means it will be
possible to measure the state of frictional force during endurance test. The measurement of
surface temperature is also of no difficulty.

4. Failure mode of test piece by CBF rig

Fig.14 shows one example of TP broken by CBF test. The condition of this tentative test is
shown on Table 1. Itis very interesting, that the broken position of TP is not the middle of the
Hertzian contact width where the contact stress in dry condition takes the maximum, but it is
near the downstream side end of the contact width. “Downstream” here means that in the
axial slip direction of contact due to skew setting of the shaft. Many severe traces of FOD
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are found in the downstream region of the contact width. Another test piece that was broken
by the CBF test also showed the same position of breakage. It suggests therefore, there
must be some definite reason why the TP tends to break at near the downstream side
boundary of the contact width.

Herzian conatact width |

Table 1  CBF test condition

Material JIS SCM420 TP diiving motor side
TP & Master roller [case carbrized, ground ~—
hardness HRC 60
Bending stress 934 MPa

Contact stress 1.9 GPa

TP rev.speed 300 rpm
Circumferential slip|zero

Rev.at breakage |ca. 600,000 cycles

Fig.14 Example of TP breakage

Fig.15 shows a setup for basic investigation about EHL state of sphere on cylinder contact
and some results investigated®!. The sphere is made softer than the roller. When the
roller is fixed without rotation under sphere driving, clear trace of metal-contact remains on the
roller surface. The form of the contact trace is well corresponding to the theoretical
U-shaped figure of the EHL oil film thickness, i.e. metal contact occurs in probability where the
EHL oil film thickness becomes thin. The influence of the surface roughness does not bother
much for the formation of oil film after the EHL theory, so long as the surface roughness is less
or comparable to the minimum oil film thickness. Running test by driving sphere with free
rotation of roller, i.e. almost slip zero, results the appearance of two scratch lines at
symmetrical positions of minimum oil film thickness, a little inside of the side boundary of
Hertzian contact ellipse. These two lines must be the trace of wear occurred by probable
metal contact. This experimental result confirms the propriety of the U-shaped form of EHL
oil film thickness .

420 um

Dia. 40 mm
Herzian contact width

310 D —
Ball & roller contact um Scratch mark
Dia. 25.4 mm
1.00
Loading um 1.51 um
1.16 um
Theoretical oil film
100 um thickness (2 GPa, 800 rpm)
100 um
100rpm 300rpm 800rpm 1200rpm

Scratch mark on the softer ball under
pure rolling contact of driving ball
and driven roller

(1 GPa, 1000 rpm of ball, 70 hrs)

Contact mark on the roller surface, when rotation is given only on ball
(2 GPa, 800 rpm)

Fig.15 Minimum lub.oil film thickness and probable place of surface contact
(Experiment in this figure was not carried out with CBF rig.)
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Fig.16 shows the state of the TP surface observed by SEM after the TP breakage by CBF
test. Figure of position A shows the state of maiden surface, that is free from contact.
Figure of position B shows the state of contact surface, a little inside of the Hertzian contact
ellipse boundary. Grinding mark still exists, but the surface is plastically deformed or
polished or worn considerably. Very interesting thing is, small cracks or wrinkles are
generated in the axial direction of the TP. They exist over the grinding mark. Figure of
position C shows the state of surface at almost the center of contact width. Micro-cracks are
initiated in the circumferential direction of the TP surface. This is the result of the design
intention of the CBF tester. Small axial cracks or wrinkles are plastically deformed or worn to
disappear, but their traces are still recognizable. Fig.17 shows the state of FODed part near
the broken section of the TP. By crushing of meshed-in foreign object, cracks are induced in
many different directions. Fragments of crushed object have made scratching on the surface
in frictional force direction.

TP driving
motor side

Axial direction of TP

Position of TP breakage

Fig.17 SEM figure of the
surface near the broken
position of the test
piece (Position D).
Surface damage due to
crush of meshed-in
foreian obiject

Fig.16 SEM figures of the surface of the broken CBF test piece
A: Contact free surface
B: Surface apart from the center of contact width
C: Near the center of contact width

Fig.18 shows schematically an assumed history of the TP breakage by the CBF test:

1. In spite of U-shaped bank of minimum oil film thickness in EHL contact region, the rough
surface at the center of contact region of the TP metallically contacts to each other in
probability and the contact part plastically deforms and wears. Micro-cracks are induced
there in the circumferential direction of the TP.

2. The surface of skewed master roller carries foreign objects such as wear debris into
contact region. In the upperstream region of contact, foreign objects are not well caught by
U-shaped bank of EHL oil film thickness and trace of FOD is somewhat rarer than that on
the downstream region. Traces of FOD exist more at the center of contact region due to
probable encounter of surface roughness asperities.

3. In the downstream region, many foreign objects, sometimes considerably large one, are

_24_



trapped by U-shaped bank of EHL oil film thickness and the collision at the bank of
minimum oil film thickness had made a serious crush of foreign objects that can cause

some cracks to destroy the TP.

} Movement of meshed-in wear particle

2, r Wear particle

- Frictional
TP driving forces |77 777777777777 S N

. ¢ _J
motor side *7 *

; Severe crush
<,

rush Mild crush

=
g

Axial direction of TP

L Axial direction of TP

Fig.18 Assumed procedure of the TP breakage

Ontacting
Peripheral direction of TP

Position of TP breakage

h Y%

Velocity of ¢
Surface

5. Standing position of CBF tester for evaluation of gear material

Table 2 compares different methods of gear material evaluation. The comparison is made
in terms of (a) items considered at the test, (b) influencing factors on gear durability and (c)
cost for the test. Types of test rig include those often used by steel makers or by
metallurgists, tribologists or gear researchers such as “Rotation-bending rig”, “Pulse-loading
rig”, “Two-disc rig” and “Running bench of TP-gear”. Those often used by gear producer
such as “Running test of actual unit under partial load” and the final “Operation test of actual
unit under actual driving condition” are also listed for comparison. The grade in the table,
from 1 to 5, indicates the rank from good to bad or well to poor. Alphabetic indication in the

table explains remark for deciding each grade number. The ranking is decided by author’s
personal feeling.

In practice, in order to cut the expense, we often incorporate acceleration test using higher
loading over the rating. It reduces the grade of the evaluation tests in the table considerably.
The reason of this grade reduction by acceleration test for each item on the left-most column
of the table is summed up as follows:

Load distribution over tooth flank changes due to excessive loading, because micro shape
correction of tooth flank form is function, not only of tooth deformation, but also of the gear unit
deformation. Tooth profile and lead form crowning correction becomes out of the optimum.
That increases the magnitude of induced stress and severity of trochoidal interference and of
tooth side edge contact. Surface temperature of tooth flank increases and it becomes far
different from the case of rating condition of the actual gear box in normal operation usage.
High temperature of tooth flank changes the EHL state. Lubricating oil film becomes hotter
and thinner and oil quality deteriorates fast and considerably. The amount of wear debris
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Table 2 Different methods of gear material evaluation and their effectiveness

Factors ifluencing on test results
(Grade number in the table for recognition of these factors refers
the difference from the state of actual gears in operation)

Test rig types for gear material evaluation

Actual | Actual
unit with | unit with
real partial
condition| load

TP gear Pulse |Rotation
ontest | Discrig | loading | bending | CBF rig
bench rig rig

| Test object

Real gears | Real gears | TP gear set| Disc/Disc | TP gear Rod Rod/Disk

Metallurgical character of gear material
1 including effect of heat treatment and
surface finishing, size effect of TP

1 4 2 e 3h | 3e| 4k | 2Kk

Stress state at a position of possible
2 | damage apart from load applying point, e.g.
for the case of tooth bending strength

1 5c¢d| 4f 5 3 f 51 4 1|

Contact pressure as functions of loading
3 | value and distribution, surface curvature, slip
and surface waviness & roughness

1 5c¢d|{2ef| 2h 5 5 2m

Subsurface stress under contact point, e.g.
subsurface stress under spalled part

1 5cd|2fg| 49 5 5 3 m

5 | Surface temperature of contacting surface

1 5¢d| 2f 3 5 5 3 m

Contact of side and/or tip edge of tooth, e.g.
6 | trochoidal interference at tooth side or at the
center of lead crowning position

1 5¢d| 3f 4 5 5 4 n

Angle between direction of initial crack
7 |caused by contact damage to bending stress
to open the crack on damaged surface g

8 State of lubricating oil film 1 a 4 d 3d 4i,j 5 5 4i,j
Meshing-in state of contaminants and wear
9 | particles in comparison with the case of field| 2 b 2 b 3 4 5 5 3 b0
operatring gears
10| Influence of dimensions & accuracy of TP 1 1 4 2 1 1 2
11 Cost and labor for testing 5 4 3 2 1 1 2

and contaminants in lubricating oil
increases, that makes the probability
of their crush by tooth flank meshing
higher.

The big problem of running test
using TP-gears is that the influence of
gear accuracy comes in the result of
material evaluation, and it is very
difficult to separate the contribution of
metallurgical influence and that of
gear geometry and quality on the
durability of gear material. It is
impossible to escape from this fact.
Big merit of CBF test is that the TP is

The remarks corresponding to the alphabetic indication at right side
of grade number in the table are as follows:

* Bending moment on gear tooth acts to open the crack caused
by surface damage. No rig using non-gear TP can reproduce
such direction of initial cracks and stress state due to bending
moment there. The difference in stress state for helical gears
and for CBF test piece becomes smaller.

a: Due to oil deterioration and atmospheric influences, the ranking

can be shifted down from 1 to 2.

b: The degree of oil contamination and deterioration can be

different from that in actual usage.

c: Tooth flank is usually form corrected in its 3 dimensional

micro-shape and its optimum amount is function of transmitting

load. That means, under partial load, the state of tooth flank

form correction is far different from the optimum state.
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far simpler than gear in shape and the
TP of CBF test suffers less influence
from geometrical form accuracy of TP
in comparison with that of gear test.
There is no perfect way of testing, but
the Contact Bending Fatigue test rig
(CBF rig) will bring the results
comparable to those of bench test rig
using TP-gears, with considerably low
cost and low labor consumption.

6. Conclusions

For evaluating high strength gear
material, CBF test rig is now under
development. With CBF test rig, test
piece suffers very resemble stress
history as that of tribologically
attacked part of gear tooth flank.

Some test results show

1. Micro-crack perpendicular to the
bending stress, ie. in
circumferential direction of the TP,
appears at the center of the
Herzian contact width.

2. Unavoidable meshing-in and crush
of wear debris is observed just
same as the case of operating
gear tooth flanks. Such crush of
wear debris can damage TP
surface.

3. Some small tribological surface
damage of issue 1. or 2. above
occurs at first. With stress
repetition at that point, it develops,

: The minimum oil film thickness receives strong influence

from surface temperature and surface temperature is
functions of transmitting load and heat dissipation. The

influence of gear box construction is very large.

. If gear dimension is different, stress state for the test

becomes different, in spite of the usage of same material
and same heat treatment.

mainly because the TP gear is small and is often spur gear.

. The state of tensile stress for gear tooth at the initiation point

of surface crack and in subsurface cracked zone is
considerablly different from that of disc, when the loading
position moves from there e.g. toward addendum on gear
tooth flank.

. The induced stress for gear tooth is considerably different

from that for disc.

The induced thermal condition for gear tooth is considerably
different from that for disc.

The state of contact deformation of tooth and that of disc is

considerably different.

. Micro metallurgical state of rod and gear tooth is

considerably different, even for the same material kind and
same heat treatment are given.

The global state of stress for rod and gear tooth is different,
even in the case that the local nominal bending stress value

is calculated as the same.

: The global state of contact stress for rod and gear tooth is

different, even in the case that the local nominal Hertzian

stress value is calculated as the same.

. The state of edge contact for gear teeth and for rod or disc is

considerably different.

. Carrying capability of foreign objects with tooth flank and

that with peripheral surface of rod and disc is considerably

different.

under existence of tensile and shear stresses, to the final breakage of the TP. This is the
target process of failure progress to be checked for evaluating gear material, and the CBF
rig showed the capability to reproduce such failure progress.

During the development work and early test of the prototype rig, following interesting

phenomena are observed:

4. When the EHL oil film thickness is comparable with surface roughness, the U-shaped
region of minimum oil film thickness contacts rather easily.
5. Also in the case that the surface roughness becomes far larger than the oil film thickness,
U-shaped bank of minimum oil film thickness seems to exist in probability and meshed-in
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foreign objects are trapped with U-shaped bank of minimum oil film thickness in the axial
downstream region and crash severely the surface there.

6. Some tests with the ground TP of carburized JIS SCM420 steel showed, that the broken
part of the TP is not the middle of the Hertzian contact width, but the place of minimum oil
film thickness in the region of axial downstream direction.

We believe incorporation of CBF test rig for evaluating the allowable stress value of gear
material brings us better and useful information than that from conventional test rigs.

The Gear Technical Committee RC-251 of the Japan Society of Mechanical Engineers
wants many gear engineers over the world will try this method to evaluate high strength gear
material. For that intension, no part of the CBF test and rig construction is patented and you
can try freely as you like.
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Figure 1. Solid cylinder with narrow band of SEEA progress region.

Figure 2. Results of random walk simulation (a-d) and the equilibrium state of SEEA charging (€). (h=10 mm,
(0,-6,=20 degree, a=4.7 mm)
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(a) Experimental set up.

(b) Charging area.
Figure 3. Schematic of electrodes, insulator and movable probe.

(Hollow cylinder, h=55 mm, a=40 mm.)

Figure 4. Measured and calculated probe outputs. Probe positions A, B and C are shown in Figure 4 (b)
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