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Influence of stressed volume of tooth flank on the surface durability

Aizoh KUBO, Prof.hc.Dr.-Ing. Research Institute for Applied Sciences,
Ooicho 49, Kyoto 606-8202 JAPAN

Abstract

To investigate tooth flank durability, we usually utilize contact stress in the SN curve concept on
the fatigue phenomena. We often though experience that dedendum flank is severely damaged, but
the mate-contacting addendum tooth flank is free from damage, especially in case of gearing whose
tooth number of pinion is small. This is a big contradiction, because the induced contact stress on
dedendum and on the mate-contacting addendum is symmetric and the stress magnitude is same.
To escape from this contradictory, a concept is proposed, that the enveloping stressed volume has
strong influence on the durability of tooth flank, by showing some evidences and examples of such
surface damage. Some hints are given to consider this effect of stressed volume in the calculation
of surface durability. This will contribute for the safe design of pinion of small tooth number by
avoiding dedendum surface failure to raise the gear life.

1. Introduction
The first design condition of speed changing gear box is to realize the transmission ratio. On

the other hand, there is a strong demand to reduce gear box size, weight and the production cost.
The easiest way to fulfil these conditions is to reduce the tooth number of pinion. There is though
no 100% benefit bringing thing between heaven and earth: merit always comes together with almost
equal weight of demerit. In this case of small tooth number pinion incorporation, the problem is the
durability of pinion tooth flank: it becomes poor. All the methods today for the load carrying
capability prediction of tooth flank incorporate the Hertzian contact stress of mating tooth flanks as
the index for the durability. Gear academician usually adapts the contact stress value to the SN-
curve concept according to the theory of steel fatigue. That means, the part of tooth flank at which
the contact stress is high is liable to fail. We - -
often though experience that dedendum flank is - ,’*

| [ ==

E =
A -

severely damaged but the mate-contacting

addendum tooth flank is free from damage. This
is a strong contradiction against the bases of Tensile compressive bending shearing
surface durability estimation method mentioned

above, because the induced contact stress on I S35C Tension/Compression
dedendum and on the mate-contacting addendum & 300}
. . . . p= -
is symmetric and the stress magnitude is the % -
same. g 250k
5 L
- i O
2 i o>
2. SN curve concept and tooth flank 3 200k
durability D T T
Fig.1 shows an example for fatigue Loading cycles
investigation and SN curve. Metallurgists carry Fig.1 Fatigue investigation and SN curve

out such fundamental research commonly with



tension test, compression test or rotation-bending test.
Such test induces the intended stress in the definite
position of the test specimen (refer to TP). The same
position of the TP, that means same material volume,
receives the intended stress. That means the
material that is subjected to check the fatigue
durability is definitive. The SN curve that is usually
employed to show the results of fatigue test deals with
such situation, i.e. the definite material receives the
intended repetitive stress history until it will be fatigue
damaged. This is a matter of course; when different

material receives the stress, it is impossible to draw . e .

the relation between given stress value and fatigue Fig.2 Different position on tooth profile

strength of the material. whose material is subjected to be
When we consider the stressed situation of tooth investigated with SN curve concept

flank material, the condition is considerably different
from that condition mentioned above. In the case of fatigue of gear tooth flank, the stressed material
changes along the tooth form. The stress condition at each local material on tooth flank is
changing and different. When we adapt the basic condition of SN curve concept to the case of
tooth flank fatigue phenomenon, each local material on tooth flank, say 1 to 9 etc. in Fig.2, must
have each different SN curve for surface durability. This cannot be though adequately done,
because the local tooth flank material along tooth
form is continuous. Moreover summing up such
evaluation method brings no industrial benefit to know
the durability of gear tooth flank.

In the case of fatigue of gear tooth flank though,
the induction of contact stress on and in both sides of
contacting tooth flank is symmetric and the magnitude
is the same, but the volume of surface material of
addendum and that of the mate-contacting dedendum
that transmit power is different, as shown in Fig.3,
because some slippage exists between contacting
surfaces. This is a fundamental difference between
metallurgic fatigue investigation and gear
investigation. The direct application of SN-curve
data and its concept to the surface fatigue problem of
tooth flank is therefore difficult.

Fig.3 Different profile length that
comes in contact in a definite time
length (schematic expression)

3. Difference of tooth flank failure of addendum

and of dedendum

Fig.4 shows an example to show the typical state of tooth flanks after an gear endurance test
with using IAE rig. The figure shows both mating driving and driven tooth flanks with same magnifi-



cation and by
setting the PCD
position coincided r :
for easy £ = ¢ Rriving IR - ‘Driven tooth ~
understanding of o Epe ' :
correspondence of
the tooth flank
contact. The IAE
test gears have
special addendum
modification factors,
so that hot scuffing
or pitting failure
easily occurs before
tooth breakage.

The slippage
between tooth
flanks at beginning
and ending region of

No damage on addendum,
severer damage on dedendum.

tooth meshing is The contact stress on dedendum '{" y
large and the and addendum is same. ‘ "4
“inal SN

difference of
stressed volume at
addendum tooth
flank and that at the dedendum flank is big as seen schematically in Fig.3. The outlook of the
tested tooth flanks is as follows, cf.Fig.4: the dedendum tooth flanks of both driving and driven
gear are severely worn, but the mate-contacting addendum tooth flanks stay almost in wear-free
state. On the addendum flank near the tooth tip, many cutter marks still remain to show that the
wear proceeds there very mildly. We can say addendum is failure free and the residual margin of
the addendum flank against tooth flank failure still remains a lot. There exists such big difference
in wear state between addendum and dedendum, especially at the contact region near base circle,
although the induced contact stress on the both tooth flanks and in the subsurface is symmetric and
the magnitude is the same. = - :

Fig.4 State of tooth flanks of driving and driven gear after endurance test

Fig.5 shows a worn tooth flank of
sun pinion of a heavy duty planetary
gearing. The surface damage of
dedendum flank is far severer than
that of the addendum. This big
difference in the state of surface
damage cannot be explained only by
the sense of induced contact stress.

The tooth flank damage develops  Fig.5 Severely damaged dedendum in comparison
in the positive feedback system as with that of addendum




shown in Fig.6. The triggering failure occurs often near the lowest position of the dedendum owing
to some causes as described in Fig.6 and also to small stressed volume that is explained in the
following sections of this paper. The triggering surface and/or subsurface failure at the lower
dedendum proceeds then as the behavior of dynamic system of failure development, and as the
result, almost whole dedendum tooth flank becomes severely damaged like Fig.5.

Uneven load
distribution*
neartooth side

Improper distribution Trochoidal interference

of flashtemperature

Decrease of adestontact
tooth stiffness

Slip at side
boundarycontact

Tooth side end
of acute angle

Production of
Very Ioca.\ - Large contact wear debris
heavyloading Excess subsurface pressure
shearingstress
Side wall rapture \'
Local bending & /’ of tooth ] Material softening, Thin oil film
shearing deformation Material 4 d
= \ / fatigue, Release of residual thickness
of tooth HBUE,
Crack initiation on pitting Intrusion of wear

debris between
matingtooth
flanks

side chamfered
surface

stress, Reduction
of durable potential
Plastic :
deformation AbI'E_SWE&
adhesive wear

\4

Surface
Tooth deterioration
breakaga

Crack

C) Direct cause of damage propagation
I:I State in progress/ Influence factor

I:I Final mode of failure

—

Fig.6 Positive feedback system for the development of tooth flank failure, triggering causes to the
final stage

4. Stressed volume
Contacting body 1

When we consider the
primitive principle of Enveloping stressed (Dedendum)

durability or strength of volume: ESV, s -
material, it is a matter of %
course that the damage of
power transmitting
material becomes softer,
when the material size or
volume becomes bigger.
In the explanation above, |
often used the expression
“stressed volume”, but the
definition of it is not yet clear. Fig.7 illustrates what “stressed volume” is. Two short and long arcs
indicate the rolling/sliding contacting surfaces during a definite time length. At the instantaneous
contacting point of these two arcs, grey ellipse is indicated, and the upper half and lower half of that

Local stressed
volume: LSV

y
T

NS
(Addendum)

Fig.7 Stressed volume on

r Enveloping stressed addendum and on dedendum
volume: ESV,



ellipse express the contact stress that are induced in both contacting surfaces and bodies (in the
figure, the contact pressure distribution is shown): They are symmetric and the magnitude are the
same. The local material volume in which the induced stress effectively appears, we name it
“Local Stressed Volume LSV’. Both the LSV's on contacting dedendum and on addendum are
instantaneous existence and of the same size. When we consider the rolling and sliding situation
of contacting surfaces, like gear tooth flank meshing, the arc length dss contacts with the arc length
ds; during the definite time length. On one side, the LSV moves by ds; distance and the
enveloping material volume in the contacting bodies becomes ESV; and that on the other side
ESV,. These two enveloping stressed volumes on dss side and on ds: side are of different sizes.
Inside both the enveloping stressed volume ESV; and ESV> , the same stress of LSV moves, only
the passing speed of the stress over the ESV’s is different. The question is, which stressed
volume, i.e. LSV or ESV, is subjected to fatigue. ESV recognizes the influence of load movement
and covers the stressed state over whole the tooth flank, but LSV does not and is an instantaneous
concept. When the slippage between the rolling-sliding contact surfaces becomes large, the ratio
of enveloping stressed volume ESV,/ESV;becomes large. In case of contact near the base
circle, this ratio becomes infinitely large. The continuous change of the contacting material along
tooth form that is subjected to fatigue makes the understanding of tooth flank fatigue phenomenon
difficult, when we incorporate a simple extension of traditional fatigue theory from e.g. rotation
bending fatigue test to that of tooth flank contact fatigue without considering the difference in the
state of stress induction in the target material.

5. Damage density concept High damage density

To utilize the results of fundamental fatigue
investigation of metallurgists concerning SN
curve concept to the fatigue phenomena of
gear tooth flanks, | propose the damage density
concept. The application of contact stress on
the ESV decides the probability of induction of
micro-failure or the intensity of heat attack in
the material that triggers the occurrence of

serious tooth flank damage: Under a definite J\W/l\/licro—cracks as the seeds or trigger
value of contact stress, a definite amount of of macro fatigue crack

damage during a definite time length is given to Fig.8 Probability of existence of induced
the ESV concerned. The resulted damage trigger of fatigue, e.g. heat attack and
density for surface fatigue is thick, when the micro crack initiation, in different ESV

enveloping stressed volume ESV; is small.

The damage density becomes slight, when the enveloping stressed volume ESV: is large, as shown
in Fig.8. This means, the damage density becomes thick on dedendum and that on addendum is
sparse. We set here an assumption, that the local part of material of thick damage density is liable
to fatigue fail. The dedendum flank is then easy to fail in comparison with addendum flank. This
tendency of damage progress becomes extreme, when the contacting point of mating tooth flank
approaches the base circle. The contradiction of probability difference of surface failure
occurrence on mating dedendum and on addendum as shown in Fig 4 is then solved and explained

_10_



rationally. This hypothesis also clarifies the phenomenon that the dedendum of pinion of small
tooth number is easy to fail as estimated by today’s calculation method for load carrying capacity for
tooth flank durability, in which the concept of ESV is not yet introduced.

6. Influence factor in durability

calculation

Gear engineers usually deal with the
state of gear teeth meshing on the line of
action (refer to LoA) or on the plane of
action for convenience, thanks to the
theory of involutemetry investigation,
where the sense of movement of 8 - dx
contacting point on the actual material of o —
tooth form at the power transmission is
though lacking.

The relation between an infinitely short 3
distance dx on the LoA and the corres- 8
ponding arc length ds over the tooth profile & "

is ds/dx =tan6, cf. Fig.9, where dis the Fig.9 Relation between rotational distance on

pressure angle of involute curve at the said the LoA and the amount of surface length
contacting point. The width and the depth along tooth form

of the ESV are independent from the arc

length ds. They are decided by LSV. The size of
ESV is then almost proportional to ds and the “or
enveloping stressed volume ratio ESV>/ ESV/
becomes equal to the ratio ds»/dss. Thatis

dx =1, dé
dl = ry, sec6 dé

ds?+ dx?= dI? ds

I8
1

tand 0

a

X

ESVZ/ESV1 = dSz /dS1 s0 Driving
= tan6. / tan6; Op2 nd
&
Op1 ol g,'a%e'

Fig.10 shows how we calculate the enveloping
stressed volume ratio ESV, / ESV; for the IAE test B
gears of Fig.4. At the beginning point A of the tooth
contact, tooth flank material corresponding to the profile $o® T 0
length of tan 6,1 of the driving pinion carries the 0
transmitting power and a larger tooth flank material el
corresponding to fan 04, of the mate-contacting tooth i
of the driven gear receives the same transmitting
power. The suffices p and g indicate driving pinon and
driven gear respectively. During power transmission, Driven
the surface temperature of tooth flank of driving
dedendum whose ESV is small becomes hotter and the
temperature of driven addendum is lower, because of
the volume difference of the ESV to be heated. The

Fig.10 Ratio of profile length on
addendum and on dedendum

_11_



difference in volume and in temperature of ESV on both sides of the contacting bodies makes the
difference in damage density induced. In this explanation, the effect of tooth edge contact, i.e.
trochoidal interference, at tooth meshing begin and at meshing end is omitted. There is therefore
some miner imperfection in the explanation about the effect of ESV on the tooth flank durability of
dedendum of pinion with small tooth number, but | hope gear engineer will understand the
considerable influence of ESV difference on the surface durability estimation of dedendum tooth

flank.

7. Conclusions

1.

We often experience that dedendum flank of pinion of small tooth number suffers severe
damage, but the mate-contacting addendum tooth flank is free from damage. This is a strong
contradiction from the today’s bases of surface durability estimation, because the induced
contact stress on dedendum and on the mate-contacting addendum is symmetric and the stress
magnitude is the same.

In the investigation on durability of tooth flank of gears, the material that receives definite stress
cannot be fixed. This is a big difference from the traditional fatigue theory and SN-curve
concept, where the material that receives stress is fixed and definitively constant.

To solve this problem, the concept of enveloping stressed volume ESV is introduced: the fatigue
damage density increases proportionally to the decrease of the ESV. When we assume that
the material of high damage density is easy to fail, the dedendum tooth flank of pinion is easily
damaged than that of the addendum tooth flank of mating gear, in spite of the equal induced
contact stress condition.

To introduce ESV influence to the today’s tooth flank load carrying capacity calculation method,
the ESV-ratio is proposed that is described simply with gear specification data.

The concept of ESV can contribute the safe design of pinion of small tooth number to raise its
life by avoiding the dedendum surface failure.

_12_
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Japanese standardization for gear steel qualification via evaluation of HV-
scattering

Prof.hc.Dr.-Ing. Aizoh KUBO Research Institute for Applied Sciences,
Dr.-Ing. Masahiro NAGAE Ooicho 49, Kyoto 606-8202 JAPAN
Dr.-Ing.Kazuhiro KAWASAKI

Abstract

The Japanese Gear Manufacturers Association plans to make the Standard for the Vickers’ hardness
measurement for gear steels to check the real quality of gear steels machine builder purchases. This
is a measurement of thousand-points-hardness automatically. Some examples are shown to show
how this method is effective for quality evaluation of gear steels. The out-line and some contents,
data processing incorporated in this standard are introduced.

1. Introduction

The probability of material problem causing gear failure looks increasing since the Globalization
prevails as the base of world economy. The deterioration of gear steel quality is the rational result of
the globalization, because purchasing department of machine company looks for the cheapest one
among the same MILL certificated steels over the world. The usual question from the purchasing
department of gear material is “Why we pay much money for the same steel”. To check the real
quality of gear steels purchased, a new tester for measuring thousands-points-hardness
automatically in short time. Three years of field usage of this HV-checker conducted by the JGMA
shows, the scattering evaluation of steel is really effective to find the bad quality steel and to fix the
cause of the gear failure problem owing to material causes. On this experience, the JGMA plans
to standardize the Vickers’ hardness (refer to HV) measurement for gear steels. In this report the
back ground of this tandardization is shown with some examples of steel quality problem of gears

2. HV scattering examples

2.1 Steel of quasi-even hardness
In a blank piece production for o8

ring gear from SCM435 steel bar T e 7T Teomper; ) B L

(purchased raw condition without

heat treatment), crack often breaks

out to destroy the gear blank piece.

The multiple-HV was measured as

shown in the Fig.1 left. The

distribution of HV scattering shows,

considerable center segregation

exists in this steel bar material.

. . Cracking at ring gear blank No cracking after tempering
Surely the center part of this bar is production
brittle that causes the crack Fig.1 Scattering of 1200 pts. HV of SCM435 steel bar, raw
initiation at the deforming and well tempered
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procedure. To give ductility to the material, quenching and annealing process was given. The
cracking problem was then over. Fig.1 right shows the HV scattering after this additional heat
treatment.
240

Fig.2 shows a
strange HV
distribution over a
diameter of a
steel bar
purchased. The
material has 120

0 5 10 15 20 25 30 35 40 45 50
some central Measuring position mm

segregation, but Fig.2 Result of non-uniform roll-pressing at production of SCM415 steel
the problem is bar from the billet
that the hardness

near the skin behaves a comical 300
run of the group. Perhaps ij‘g
something has happened during 240
the roll-pressing deformation §§§
procedure to make steel bar ftom

the CCT billet at steel production.
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Fig.3 shows how the HV
distribution and scattering differs at
the peripheral and central part of a
SCM420 steel bar material of
diameter 380mm. The most
frequent hardness value of the
peripheral part of the material exist
in the lower part of the HV
distribution, but the central part of
material has 2 different values of 100

frequent hardness. 0 10 2 30 40 50
Measuring position mm

Fig.3 Difference in HV scattering of SCM420 steel bar
(dia.380mm) at the peripheral and central part

Measuring position mm

350 Central part

300

250

200

150

Vickers' hardness HV(0.05)

A big machine part was
produced from steel slab whose
diameter is ca.1.35m. The material is tempered after forging. Fig.4 left shows the figure of the
texture of this material and the HV scattering distribution. The texture is far from homogeneous, of
dendrite like network figure and not beautiful enough. The texture of big steel material is though
always somewhat heterogeneous and the state of Fig.4 left-up is considered to be a usual state.
This big machine part has been worked fairly long time without any trouble. The management of
the company intended to reduce production cost by changing the steel maker that delivers lower
price steel. The kind of new steel has the same standardized name and the MILL specification
certificate was attached to guarantee the quality. Several months after incorporation of new
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machine part, it broke down. Fig.4 right shows the figure of the texture of this new material and the
HV scattering distribution. The texture is irregular and of unevenly spotted pattern. From this
heterogeneous figure, experienced engineer can estimate the bad quality of this steel and the
measured HV scattering definitely shows that state: especially big waving form behavior of HV
group suggests the abnormal metallurgical state of this steel.

AEREE path

Az path

380

<
b=33
I=3

370

[
D
L=

[ I

~ =

= o

350
340
330
320
310
300
290

280
0 5 10 15 20 180

Measuring position mm 0 § 10 15 2

Fig.4 Texture and HV scattering of failed big machine part from forged SCM420 steel slub
of dia.1380mm , OK and NG material
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The SCM420 steel bar of 380mm diameter was carburized and hardened and Fig.5 shows how the
core material of this steel changed. Fig.5 left shows the HV scattering of the central part of this
steel bar before the heat-treatment. The HV distribution is normal and we cannot find any signal of
improper steel quality. By the case carburized and quenched procedure, no carbon can reach the

500 Central part of case
hardened material
450

400
Central part of raw material

350 350

Euh—REE Hv(0.05)

300 300

250 Y
0 10 20 30 40 50 €

20 Measuring position mm

150
Fig.5 The scattering of measured HV
0 10 20 30 40 50 60 of raw and case carburized and
=BR[] hardened SCM420 of dia.380mm

Vickers' hardness HV(0.05)

100
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central part of this steel bar from the surface. That means the material experienced only the time-
temperature change through this heat treatment. Fig.5 right shows the HV scattering after case
carburizing and quenching. Some clear indication of segregation in the HV scattering is
recognized: the central part of this steel bar perhaps contained uneven alloy element distribution in
the raw steel condition, and with the high temperature history that this part of the material received
through the heat-treatment procedure, some deposition appeared to make segregation.

2.2 Case carburized and hardened steel

The most commonly used gear steel 800
in Japan is SCM420. The steel bars Zgg
were purchased from 3 different 650 o
Japanese steel makers. All the ‘;gg
material were delivered with MILL 500
certificate to show that they are of OK 328
quality. These steel bars were then 350
carburized and quenched by the same 228
heat treatment company after same i ! ? . . .3 * °
700 Measuring position mm mm

procedure. Fig.6 shows the result of

HV distribution measurement. The

surface hardness and effective case

depth (depth of HV550) is somewhat

different by each material. More

interesting is that the figure of the run

of hardness curve and the state of HV

scattering are considerably different to

each other. This fact means, regally

OK material does not mean that the

metallurgical quality is the same.

From our experience the difference in

HV scattering shown in Fig.6 brings ;‘gg

different fatigue durability when they 300

are used for gears. = 1 2 3 4 5
Fig.6 Difference in HV scattering, case carburized

2.3 Induction hardened steel hardened SCM420 steel bar from Japanese

The metallurgical property of steel is makers

definitely decided by Continuous

Cooling Transformation diagram (CCT diagram) for this steel kind. This means, the time-

temperature history of each definite local material of the machine part decides the metallurgical

texture of the steel at that point. It is extremely difficult at induction hardening to know the time-

temperature history at each definite local point inside the machine part to be quenched. As the

result, all operators at induction hardening carryout the job without knowing the real temperature

history of this machine part. That means he does not know what metallurgical structure change of

steel has occurred by his induction hardening. By induction hardening, skin of the processed

machine part is heated, but the core of it is not. That means some part of the processed machine
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part does not reach high enough temperature for phase changing of the steel and the holding time
of high temperature is also not enough. To clarify this effect, carbon steel of 1mm dia. x 3mm
length is in vacuum induction heated, holding definite high temperature for definite time length
exactly and cooled with Helium gas as shown in the left low figure of Fig.7. When the temperature
is enough high and long, carbon inside the carbon steel permeates and diffuses well to make new
steel texture and the HV scattering becomes very low. On contrary, when the temperature is not
high enough and short, carbon inside the steel cannot diffuse well and the HV scattering becomes
very coarse.

850deg.C
Holding time 1 S.

o
£ &L
=) S i .
g @35 Holding | :
g- /& time
k] > 1000 deg.C )
Time (s) Distance mm

Holding time 20 s.

Fig.7 Texture and HV scattering of carbon steel S40C of 40% ferrite after induction hardening
(The larger rectangle marks in HV are manually measured results with conventional machine.)

2.4 Internal gears

The center of a disc made from steel bar or billet is punched and bored, and that material is
expanded by plastic deformation to be a ring form. This is a blank piece for internal gear and the
inner peripheral of the ring blank piece corresponds to the center part of the original steel disk. It is
usual that the central part of bar steel is of poor metallurgical state, where segregation and voids
often exist and this part becomes inner-peripheral of gear blank piece for internal gears, where
highly stressed gear teeth will be cut. That means the teeth material for internal gears is usually not
homogeneous. It is common, that the texture of tooth material for internal gear is irregular and of
unevenly spot-or-striped pattern. Fig.8 shows the HV distribution of an gas nitrided internal gear
from SCM420H. This gear has experienced failure in field usage. The run of group of HV
scattering is somewhat strange: The HV group shows two stage art at several position of the
distribution. How such strange 2 stage art of HV scattering band comes ? It is though well
explained by corresponding the slant positioning of stripe texture of the tooth material to the HV
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measuring direction. It is a matter of course, that the material durability of this internal gear teeth is
considerably lower than that of external gears, when the same material of SCM420H is used.

Measuring path at tooth

700 middle height 1

650
600
550
500
450
400
350
300
250
200
o

Path 1 4

Ewh—A5EE Hv(0.05)

0.5 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0

BIFERERE[mm]

_ Measuring path from tooth

bottom to the center 2

750
700
650
600
550
500
450
400
350
300
250
200
0

Vickers' hardness HV(0.05)

M 7E EERE [mm]

Measuring path from tooth
700 crest to the center 3
850
600
550
500
450
400
350
300
250
200
0

Ewh—AEE Hv(0.05)

1 2 3 4 5 6 7
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Fig.8 The texture and scattering of measured HV of nitrided internal gear from SCM420H

3. HV accuracy needed

To investigate the HV scattering for steel quality prediction, it is needed to use rather light loading
for making HV indentation. From my experience, diagonal length of HV indentation (refer to
diameter of indentation) between 10 um to 18 um gives good insight for gear steel quality
investigation. It is though not easy to measure thousands of HV indentation diameters of this size
correctly with contact free method and in good speed.

Fig.10 shows how a reading accuracy of HV indentation diameter changes the measured value
of HV. This is a calculated result of differentiation of Vickers’ hardness definition formula for a case
that the reading accuracy of indentation diameter is 0.1um. The abscissa is loading value and the
ordinate is resulted uncertainty of measured HV value. The parameter is the HV hardness of the
target surface. When we incorporate HV15 for the tolerance of measured HV values and the
hardness of the target surface to be inspected be of HV800, we cannot use lighter load than 50grf at
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the measurement. To
raise the accuracy of HV Ul
value measured, we have
to use heavier loading, B
but it means the diameter
of the indentation 20
becomes larger to lose
the detailed information
that the HV scattering will \\\
bring. 2L

In this examination, |
use HV15 for the ‘ \m\
industrial tolerable value m\o_
for deciding HV. Fig.11 sogrf  100gr 200grf 300grf
shows a back ground for
this choice. An artefact
for the reference HV was
made from almost pure steel and prepared well to have almost flat HV value. Though this HV
artefact has industrially a definite single hardness value, the micro hardness differs at each ferrite
crystal constituting this artefact. At HV measurement of this artefact, following items were
checked: 3D indentation form, projected figure that is usually incorporate at HV measurement and

Reading error of indentation diameter: 0.1 pm

Uncertainty of HV value

[}/

\
\\Q
—

Loading W
Fig.10 Accuracy needed for deciding the HV indentation diameter

Hv:105.5 Hv:107.0 Hv:113.4 Hv:112.0

Hv:112.8 Hv:115.6 Hv:115.8 Hv:108.3 Hv:112.2

Fig.11 The texture and scattering of measured HV of nitrided internal gear from SCM420H



the EBSD crystal orientation.
some results of that investigation.
clearly observed, that the 3D form and HV

Fig.11 shows 1
Itis

value are different for each crystal

orientation.

In this figure the maximum
deviation of HV is about HV10, but wide
range of investigation shows the maximum
difference becomes about HV20. This fact
means, that the hardness difference less than

. Introduction <Informative>

2. History to the standardization <Informative>
3. Preparation of TP <normative>
3-1. Steel bar of small diameter for gear blank
3-2. Steel bar of medium diameter
3-3. Steel hillet of large diameter
3-4. Gears after heat treatment

4. Preparation of measuring surface <normative>

5. Measurement of multi HV <pormative>

HV20 should not be incorporated in the
sense of industrial steel hardness.

4. JGMA Standard for HV measurement

of gear steel

The usefulness of HV scattering
examination for detecting gear steel quality

problems makes JGMA set the Standard for

Fig.12 shows the
The most important

thing, whether the HV scattering investigation

HV measurement.
contents of the draft.

is effective or not, is the test specimen

preparation, i.e. from what
part of the gear steel, the
test specimen should be
taken. Inthe standard, it is
defined that the specimen is
taken from the part of gear
steel where gear teeth will
be cut. The HV scattering
should be measured in raw
steel condition as well as
heat-treated condition, just
the same heat treatment
should be given to the gear
material.

The measured HV values
are statistically treated to
bring some information
concerning the steel quality.
Fig.13 shows an example of
middle quality SCM420 steel
bar. The average and most
frequent value of the

500

Measured HV

Measured HV

Fig.13

6. Post processing of measured HV data
6-1. Steel material of quasi-equal hardness
6-2. Case hardened steel material

<normative>
7. Maintenance of measuring machine <Informative>
8. Report of the HV measurement <normative>
9. How to use this standard <Informative>
10. Report of gear steel quality evaluation <Informative>

11. Remarks

<Informative>
Fig.12 Contents of the JGMA standard for the

evaluation of Vickers hardness measurement
for gear steel

HV3E
Most fre:
Avera;

HV3

Max. hardness
Min. hardness
Scattering band
width

5 10 15 20 25 30 35 40
Position of measurement [mm]

Average hardness curve

Max. 442.9 Max. 363
Mi_n. 170.5 Min. 263
Width 272.4 Width 99

5 10 15 20 25 30 35 40

Position of measurement

HV distribution and scattering of big gear blank of SCM420
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measured data are indicated together with the HV distribution. Setting a window, in this case to
0.6mm, HV average curve and its maximum and minimum value and amplitude of the curve are
shown. The fitted Normal Distribution and its standard deviation etc. are also shown. As an option,
same treatment is given to the measured HV values via deciding the most frequent hardness value
in the window is performed to have the curve for the most frequent hardness. The curve for
differentiation of e.g. the HV average curve can also be given.

Gears are usually used after proper heat treatment. When this evaluation method is adapted to
the same heat treated gear steel as that of the actual target gears, more proper or useful
information can be obtained. Fig.14 shows an example of that for a case of case carburized and
quenched gear steel. From such figure, the effective case depth can be decided more accurately
and the degree of HV scattering around the hardness curve can be well recognized. Such
scattering of HV distribution, especially the existence of abnormal points out of the main HV group,
have some relation to the shortage of fatigue strength of gear tooth.

Fig.15 shows a typical 900
Max. 768.5
example of the HV 800 Min. 4069
. Average curve (window width 0.6mm)
scattering around the HV v 753
700 | ax
average curve for case [ Min 440

carburized and quenched e

gear steel. Near the
surface, abnormal texture
induced by this heat

500

400

Measured HV

300 Effective case depth TEC

treatment makes the HV

. 200
scattering somewhat
strong. In the region of 100
hardness gradient, the 0

. 0 2 4 6 8 10
Scatterlng becomes narrow Position of measurement [mm]
and in the core, the Fig.14 HV distribution and scattering of carburized hardened case
scattering becomes wider
again due to formation of
pearlite. Such HV “ Case carburized
scattering around the HV 30
average curve can be 20 eeice .

treated as same as the
quasi-flat hardness material,
such as the case of Fig.13.
Fig.16 shows a typical
case of induction hardening.
Such figure of scattering of
HV distribution, the
existence of abnormal
points have some relation v Mo [ =3s0]  Positonof messwement mm]
not only to the quality of . R L_72s
steel quality, but also the

10 >0 o ¢ 0. P--Fo%0 Po of 00, 0% % > 8 °
8 L 0 8 AR

20 o o vo--Tg--8 0

Measured HV - average [HV]

40

Fig.15 Scattering of HV values around their average curve
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quality of induction hardening procedure. As | explained in Fig.7, induction hardened machine part
could have some weak points that some local place inside the part does not heated enough and the
holding time of high temperature is not sufficient for the phase change of steel texture. The
acceptance of induction hardened machine parts is usually done only by checking the hardness
value. When the hardness is lower than the specified value, the product is not accepted. But
when the hardness is somewhat higher than the specified value, the product is usually accepted by
the customer. This habit makes operator of induction hardening always produce harder results.
The objects of induction 500 Max. 751.2
hardening are therefore Min. i
usually over heated to obtain
harder skin, and where the &
state of texture change is
usually not be considered.
Fig.17 shows the same
measured results by figuring
the HV scattering around the el S r— o T
HV average curve. Near the s
surface, the scattering of HV is ‘ 7
fairly small, that indicate this 0 3 0
part of the material is heated
considerably high. In the
region of hardness gradient the scattering becomes awfully wide, that indicate this part of the
material is not heated well and the high temperature holding time must be also not enough, i.e.
short. In the core, the scattering becomes wider, but it is the state of raw material.  Such HV
scattering around the HV average curve can show the quality of induction hardening, material
problem and those chemistry

Average curve (window width 0.6mm)

E Max. 722

Min. 257

Measured HV

300 +

Position of measurement [mm]

Fig.16 HV distribution and scattering of induction hardened case

250 I Scattering of HV values around their average curve

Induction hardened
very clearly. - o Max. 205.1
% Min. -206.4
150 - 2 Width 411.5

5. Conclusions 100

By adapting the new JGMA
Standard for HV scattering
measurement, the quality of
gear steel and of heat
treatment can well be

° q
50 - 5 0w 5
X A

average [HV]

0 &
-50

-100 1

Measured HV -

=150 e.
estimated. It will be o®,
-200 50
convenient to escape from the
-250
prob|em of incorporation Position of measurement  [mm]

cheaper foreign gear steels, to Fig.17 Scattering of HV values around their average curve
find cause of failure due to

material and/or heat treatment problems. The Standard will be published in the beginning half of
2020.
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% & 92 Ga I D ANDCIZ 7 = 7 A Mg PRz~ L, 7 =74 MEA LD REW

_29_



Wb ERTZENhotc, ZNHDOHEEL Nd-Fe-B A E 7 =T A MgA IR TR
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T A MO TIPS X 0/ S 7R E QR AR D BB 3) 123\ T, RERRRL OB 72
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(1)Yutaka Matsuura, Tetsuya Nakamura, Keisuke Ishigami, Kentaro Kajiwara, Kazushi
Sumitani, Ryuji Tamura, Masahiro Nagae, and Kozo Osamura ; “Coercivity Mechanism of Ga-
doped Nd-Fe-B Sintered Magnets”"IEEE Transaction on Magnetics, Vol. 55, No. 12, 5100606
(2019)
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B R BRE RS D E Ty — 22 LIET 5,
PUEOES7REDS &, K6 THROLNZILT & X L EREROBR L E 2 T,
LILT &% % C=f(hwr)
2.8 A N A =g (hiwr)
(ILT Z5% & L7722 & CHBECE &M a X M L a X b OHIFFHE)
3HELE (=4 -C)
ZILT @S hpr DR E LTRURT S &, M2 DX 912725, 22T, B A ILT &&= A b
C=f(hur). B giXMEa A N A=g (hup) TREINDHEHETH D, K2 X ILT X=X N CH
ILT & & hpr 2% U CHREBISMI TH 5 EIE LT=5A OB THh 5,
<ifwm >
AW TIX, AFEOMIETIE, ¥ EEJJFEETT (OWPP) OEEXIK & L CMALBEE S
(ILT) #&E L, ILT O A b (ILT & S KA & ILT 2/ 95 2 & THIRF T& 2 & i
DOlEliEa A N &S5 2 & T, B REROPT(CBA)D FEA S Lz, E¥ 1 Fod CBA
[Tz o TiE, AEUGE LB, R0 g DRSS HARRY 22 B X 5EER D OWPP OYHECY A F T &
[CR2D | —fRICa A MERTH D ZOMEENE, D7, A T L D52 L
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1. H®

FEEE s HE L B A LA TN TR, BE, BHY AT LOFHERNT  ZAOHENFT
AR E B OB AT & RO 1268 R 1#E 3 (TSO: Transmission System Operator)72 () T/ < | S
MEIZHIER S, TEHSNE LR ATHEEH L2 4L(BRP: Balance Responsible Party)% i U T4 H
O FHEE RIRE R & 2 il S W 7203 6 i Hs | & U CRRfaii i IS J ik © & Dl G371 T
Woo LInLRDB G, HK?&BM?fﬁié%m OO E - R ESRD Th < TTES
IR O T BRP OBEELCRENI T D BRI 0% L TV D S IEE 0,

T ZCABFETIL, mM@%%@mm®ﬁﬁ%MWﬂ%Ef%ém%mﬁ BRI OLEY J5 %
WD, SCEGHA & BIHFRA 2170, BRI BRP OSERE LA A L7, /2. BARDET
TS ORETT —Z &0 L. BAROBUR EFEZIER L, Ti5IE1 28 U CRaTEICEIRTE
LD H Y IRk LT,

2. AR

<%%>

#) @EPQHS“? Fﬁé‘)fﬁi»ﬁ L Lf: ExJ )L

F—HEIC LD AR LS OE BT 27K b BRI i
T, BN HE LR & OREES BT M5 mi5 Gk

(AIB™E) / | (BB™E) M5

ERREEZE O TGS INE PTG THEICLE
L, TOELEBROOND L7 D, BKIN §
X, BB OHiSETHH ARy Mg (B #18% MBSHE 1B~ ORRIN

A i) PHS%ICTHRAIHEST Y b U — 27 i)
WCRDERDODOREEREDS & LT, ifith
SINE DMERCEG | 24T WIS S AT TS (4 A i) L. TSO 23BHaX L Chf&aiE 217 5
TR (NT v v TTHY) D3RR éhf%t(ll) AATHBUE, REHEIATTT 73 B
S, TARTEETIY ORI T ei@im A TR Y | BN O TG NEI TS &5
b,

= EINTIE Ty =~ NT Ry 7 2| EMEHENABGDEBHI STV 5D, 2, 6k,
EEPEFFAFTRET RV X —(VRE)SHEINT 5 & PRI R 5 L EZX 5N TV, R Y T
2010 FARILH L0 TAETEE TG OB E ' D7 AT DRI TN D, T
TARTIE D FARDTIHSINE OLE OIS D8 Th 2 RMATTSHICE > TE LI L2 EKRL T
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DFERETCNCA VR T U ARERRESND, ZORTIEHROBITHECTCHLINNT 7T
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b:‘—‘ & *‘J & L T Fﬁ%%%jju L T A 5 : & 75) —— %éﬁa)g%n BRP: Balance Responsible Party (F#A AR HEH)
TSO: Transmission Syste; Ope;ator (RERMEREESR
'fﬁj/%_éo N 0)1:-%5/%% 2 a:i_\‘_a—o gji\ }\»‘/]) DR: Demand Response (FZ& %)
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PN ENTHIERLERANRE S B D Z & 03H
% A ﬂ: 72 o) 71':0 INRIEREEEE IIRIEBRP (s REBEE)
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Bo Elo MBI 2 Z v R AL ITEICEEREEE DO b OO, ERT VPP B L&
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1. HiY

ARFZEClE. KBit37E (Photovoltaic Generation : PV) 2 K&EE A X 7=ERFICHBWT
RREEDEE T HEMEIDER T END Z EOREE LT, PV ICRIAFEKOENREE 2 -t
T~ AERIE 3 B (Virtual Synchronous Generator : VSG) €7 /Uil 2 FHV Y., Rk Ze ek %X
%o FEIZKHHRMIZIIT 5 VSG BT Vil Z %5 L L, 20 0 E O H I &2858), FEAH)C
X LT, EOHIHFIEC X D RMERE L EA~DEENN, BELOPVERRT 47 Fp /Ny
T 4 DFE1T

2. AR

AWFFETIE, KB RE THHEBRFERE 10 HERHET MICKRISRRICER SN >2H D
KEGEHFEEDA =2 Zxf LT VSG E7 VA Z IR L7560/ 20 43 OFRFEIEIZIST 5
T JE B EME D) N RAZ DWW THRRE L 72, AR D 2 77— Case 1: PV ¥, & &R 7 —
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r—2A, 60% DT — A%k I alb— g LTz,
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2720 RFEAE L TLE > TV DHDIZx L, Case2 TiE PV b3 90% T & R E I HUT L &I
HRIZNTNWDORDLND, Lo T, BEMEENED LIIREETH, SBHROEMES O T L OVE
WHEMNEMA D ZENTETNDZ Enbh ol

312 EDC FFETHIFEED 60%KFD VSG ik O Rt &z =7, Zhick v, EDCFE
EPHREENH > TH, VSG #2179 Z & CRHEHEEZ REBNITROZ ENTE TN D,
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SNDH T ENFERTET,

4 1% VSG il PV A B SN BAITEEE O ORI TH Y | ER by 0E
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