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Micropitting damage is one of the failure
modes commonly observed on case-hard-
ened gears and is caused by cyclic stresses
and plastic flow on the asperity scale (Ref.
1). The micropitting degrades progres-
sively the geometries of the contact sur-
taces which can result in the fatigue fail-
ure in the form of macropitting (Ref. 2).
Shot peening is a cold working pro-
cess in which the surface of a part is
bombarded with small spherical media
called shor. Each shot striking the mate-
rial acts as a tiny peening hammer,
imparting to the surface a small inden-
tation or dimple which results in a thin
layer of high-magnitude residual com-
pressive stress at the surface (Ref. 3).
The shot peening is not a substitute
for heat treatment, but an additional
and useful process to increase fatigue
life. Various investigations were per-
formed in several research projects
about the influence of shot peening on
the load-carrying capacity of gears. It
was found that shot peening increases
the bending fatigue strength as well as
the pitting load-carrying capacity (Refs.
4-8). The literature provides informa-
tion on the micropitting phenomenon:
description, morphology, appearance,
etc., but it gives very little information
on the relationship between shot peen-
ing and the appearance of micropitting.
Nevertheless, what is clear is the impor-
tant role played by surface roughness.
The shot peening process often leads
to increased surface roughness values,
so combining shot peening and super-
finishing increases the load-carrying

capacity of gears against micropit-
ting and macropitting (Refs. 9, 10).
Superfinishing involves an additional
cost and sometimes it is not an econom-
ical solution for the industries.

A previous study (Ref. 11) aims to
use shot peening to increase the resis-
tance to micropitting by optimizing the
surface topography without operation
post shot peening. This study allowed
the identification of a particular type of
shot peening (conventional shot peen-
ing) leading to surface topography and
roughness parameters optimization
resulting in a delay of the micropitting
apparition. However, this solution has
been validated on rollers and through
fatigue tests on a twin disc bench.

This study aims to investigate the
effect of this identified type of shot
peening on the micropitting resistance
of the gear tooth flanks and the mac-
ropitting resistance and to compare the
experimental results with the calcula-
tion results based on standard methods
(ISO/TS 6336-22:2018 [Ref. 12] for
micropitting and ISO 6336: 2019 [Ref.
13] and AGMA 2101-D04 [Ref. 14]
for pitting).

Experimental Study
To study the sensitivity of gear surfaces
to micropitting, contact fatigue tests
were carried out on the back-to-back test
rig (Figure 1) developed by Design Unit.
This is a gear test rig in an initially closed
mechanical loop. This test rig allows two
identical gears to be tested simultane-
ously under the same loading conditions.

. Luc Amar and Dr.-Ing. André Simonneau

Figure 1—Back-to-back test rig (91.5 mm
center distance).

Gear Specimens

Table 1 below summarizes the mac-
rogeometric characteristics of the test
gear teeth. It should be noted that this is
the most studied gear geometry in the
literature on gear contact fatigue using
this type of test rig.

Nominal gear Pinion | Gear
geometry wheel
Normal module (mm) 45
Normal pressure angle 20
(degrees)

Number of teeth 16 24
Profile shift coefficient | +0.1817 | +0.1715
Reference profile ISO ISO

53:1998 | 53:1998
Profile A | Profile A
Tip diameter (mm) 82.4 118.3
Accuracy grade (ISO 5 5
1328)
Facewidth (mm) 18 14
Centre distance (mm) 91.5
Gear ratio 15

Table 1—Characteristics of the test gear.
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Microgeometric modifications (pro- The mechanical characteristics of materials are as follows.
file and flank line modifications) are

introduced at the teeth of the studied

gear to get as close as possible to the Materials Symbol Unit Steel
definition conditions of industrial gears. Material type . i Case hardening steel
Table 2 below summarizes the .
microgcometriF characteristics of the Surfac?rlggtr%%nr:?g heat . ) Case harden;gér?:;nched, shot
gear teeth used in the tests. - -
Material - - 18CrNiMo7-6
Surface hardness - HV 750
Flank line i
crowning Cg| ym 35 0 Tensile strength R, MPa 1,200
Tip relief value C, | ym 50 50 Yield strength R. MPa 850
Typeof Tiprelief - | - | arc-like | arc-like Young’s modulus of elasticity E MPa 206,000
Tip relief Poisson’s ratio v - 0.3
application deo| MM | 79.268 | 115.448
diameter Quality grade 1SO 6336-5 - - MQ
Table 2—Microgeometric tooth modifications. Allowable bending stress number O Fiim MPa 430
(durability)

It should be noted that the geometric Allowable (:(%r&t;(giﬁtt;)ess number Oitiim MPa 1,500
and loading data are based on the two uallty arade AGMA 2001 )
reference documents which describe ualty grade

in2
tests to be conducted on an FZG type Allowable bending stress number . Lbf/in 65,000
test rig (Refs. 16, 17).. . (durability) at MPa 448
The table below includes the main
. in2
operation data of the gear. Allowable contact stress number s Lot 225,000
(durablllty) ac MPa 1’551
Lubrication type Oil injection lubrication CHDin mm 0.8
Designation Mobilgear 600 XP 150 Table 4—Mechanical characteristics of material.
Viscosity at 40°C 150 ¢St
Viscosity at 100°C 14.7 ¢St
b Depth (um)
Lubricant temperature 80°C 0
0 20 40 60 80 100 120
Load stage 10 -200
micropitting test =
Table 3—Operation data. % -400
Py
. T @ -600
Materials and Surface Finishing @
A summary of the specir.nens used in this £ .800
study, their manufacturing process and =
surface treatments are described below: '3 -1000
* Reference gear (REF): Case- §

hardened + quenched; the specimens -1200

are cut and then heat treated. After

heat treatment, the gears are ground -1400

to remove any irregularities that may
have occurred during heat treatment.

* Shot peened gear (SP): Case-
hardened + quenched + shot peened,;
the specimens were first cut and
ground. The tooth surfaces were then
shot peened to create compressive
residual stresses across the surface.

—e—SP(longitudinal stresses) —o—SP (radial stresses)
—e—REF (longitudinal stresses) —0—REF (radial stresses)

Figure 2—Comparison of the residual stresses in the unpeened (REF), and shot-peened (SP)
condition.
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Figure 3—Roughness comparison.
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Figure 4—Definition of roughness profile
parameters: Kurtosis (Rku) and Skewness

(Bsk).
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Shot Peening

The gears were shot peened using a noz-
zle device. The shot peening conditions
are as follows: G2: UFS100, Pressure 6
bars, 200 percent, angle 30 degrees (sin-
gle shot—200 percent coverage).

The measurement of residual stresses
in test specimens was carried out using
an X-ray diffractometer.

Figure 2 shows that shot peen-
ing increases the residual stresses in
the surface layer to a depth of about
40um. The residual stress profile of
the nonpeened teeth shows a very
high stress gradient on the surface
(-600MPa to -250MPa over a depth
of 10pm) characteristic of the grind-
ing operation.

The surface roughness of the flanks
of the test gear teeth was measured
before testing. The measurements
were made on 3 teeth of each gear

and on the two flanks of each tooth.
The roughness was characterized by
white light interferometry using a
Bruker noncontact 3D surface rough-
ness machine. The measurement results
show that Rsk and Rku have the same
orders of magnitude while Ra, Rq, Pc
and Rz have lower values on the shot-
peened gears (see Figure 3).

We have to remember that Rku
describes the peaks shape, and Rsk the
presence of peaks or valleys. Based on the
diagram in Figure 4, the configuration
Rku < 3 and Rsk < 0 gives logically a sur-
face topography that is unfavorable to the
appearance of micropitting. Pc is the mean
height of the primary profile element.

Test Results

All pinion and wheel teeth are num-
bered to allow clear identification of
damage locations. The test cycle includes
stop phases to follow the evolution of
the degradation of the active flanks. At
each stop, photos of the flanks are taken.
The criteria to finish the test is general-
ized macropitting damage of the active
flanks. Photographs of the gear tooth
flanks are taken, showing the initial state
and after the different loading cycles,
enabling observation of the evolution of
the damage on the flanks. An example of

the results is shown in Figure 5.

For all the tests carried out on the
shot-peened gears (SP) and the non-
peened (REF), the micropitting damage
on the flanks is initiated in the deden-
dum zone where the sliding conditions
are the most severe.

The observation of the images of the
surfaces thus obtained makes it possible
to highlight the following points:

* The micropitting started in the
dedendum zone below the pitch diam-
eter of the reference flanks (unpeened)
and shot peened (SP) flanks after the
same test time or earlier. The micro-
pitting covers a large part of the tooth
dedendum on shot-peened flanks.

* The presence of micropitting around
the pitch line of the pinion is also
noted, which may have been caused
by stress concentration in this area.
The occurrence of micropitting is not
usual in this area, it is often observed
in the tooth dedendum. Similar
results have already been obtained
in other research from the literature

(Ref. 17).
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* For comparable test durations, the
micropitting area on the shot-peened
flanks (SP) is greater than that on the
nonpeened flanks (REF).

« A difference in the evolution of the
micropitting on teeth between REF
and SP flanks. Micropitting on REF

flanks is progressive.

The tests carried out on gears were
conducted until the appearance of
Macropitting/spalling on the teeth flanks.

The appearance of spalling on the
REF gears was observed after about
8.85x10° cycles of loading (66 hours on
average) whereas on the SP gears, macro-
pitting was observed on the pinion after
about 28.2x10¢ (209 hours), the test was
conducted up to 32.26x10° (239 hours)
but no widespread macropitting / spall-
ing on the flanks was observed.

Analytical Study
Several international standards have been
developed to guide the design of gears to
ensure sufficient load capacity to prevent
their failure. These methods are developed
by many international and national com-
mittees such as ISO, AGMA, and DIN,
to guide the different aspects of gear

For Related Articles Search
micropitting

at geartechnology.com
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270,000
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Figure 5—Evolution of the surface condition of the

REF flanks and SP. flanks.

design. In this section, we present a brief
review of standard methods for calculat-
ing the load capacity of gears concerning
macropitting and micropitting, then the
calculation results based on these meth-
ods are presented and compared with the
experimental results presented previously.
This calculation is performed using the
KISSsoft 2022 software package.

Review of Gear Load-
Capacity Calculations

Calculation of Micropitting
Load Capacity
The ISO/TS 6336-22:2018 calculation
method of the micropitting load capac-
ity is based on the principle that micro-
pitting occurs when the minimum spe-
cific lubricant film thickness of a gear is
below a permissible value for the spe-
cific film thickness. So, the safety factor
against micropitting is defined as the ratio
between the minimum specific film thick-
ness of the lubricant and the permissible
specific film thickness of the lubricant.
S, = Adrmin

Z Sﬂ,min
GFP 1)

(65.5 hours) 8.85x10°
cycles

A GFmin — 1MIN ( A GFY )
the minimum specific lubricant
film thickness in the contact area

Acry the local specific lubricant film
thickness

Acrp  the permissible specific lubricant

film thickness

Amin Minimum required safety factor

ISO/TS 6336-22 does not give
advice on a minimum safety factor that
should be applied to avoid the risk of
micropitting. Instead, it provides guid-
ance for the selection of its value
depending on the qualitative reliability
of the assumptions on which the calcu-
lations are based and according to the
reliability requirements. A recommen-
dation for a reasonable minimum
safety factor against micropitting, Sy, is
proposed in (Ref. 18) as shown in
Figure 7.

P

5
2 3 # Example number
E'ﬂ_ @ micropitting occured
‘E? 25 @ no micropitting
e
35 s
A
1
05
uncertain average exact
Quality of calculation method,

about operating conditions

Figure 7—Micropitting safety factor accord-
ing to Ref. 18.

(32 hours) 4.32x108
cycles

(59 hours) 7.97x108
cycles

239 hours (31.55x108
cycles)

ting/spalling.
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Figure 6—Evolution of micropitting to macropit-
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The technical specification defines two methods Method A and Method B to determine the local specific lubricant film thickness. In method
A, the local specific lubricant film thickness can be determined in the complete contact area by any appropriate gear computing program.
Method B is a simplified method based on the assumption that the determinant local specific lubricant film thickness occurs on the tooth flank
in the area of negative sliding. The calculation of the local specific lubricant film thickness is limited to certain points on the path of contact.

The local specific thickness of the lubricant film is defined by ISO 6336-22: 2018 as the ratio between the thickness (hy) of the
lubricant film and the average roughness of the surfaces in contact.

Where:

/'1:

o R, =05 % (R + Ra)
@ @

hy  is the local thickness of the lubricant film

R, is the arithmetic mean effective roughness value
Ry is the arithmetic mean roughness of the pinion
Ry is the arithmetic mean roughness of the wheel

The local lubricant film thickness, hy, is calculated according to Dowson/Higginson

hy = 1600 - Ony *® Gy - UY - Wy - S%JZVZY

(©)

Where

Ony  is the normal radius of relative curvature at point Y
Gu is the material parameter

Uy is the local velocity parameter

Wy is the local load parameter

Sary  is the local sliding parameter

The standard defines two methods to
determine the permissible specific lubri-
cant film thickness, Agrp.

* Method A is the more accurate, which
is based on experimental investigations
or service experience relating to micro-
pitting on real gears are used. For this
method, the test gears need to have the
same design as the actual gear pair, and
by extension, the gear manufacturing,
gear accuracy, operating conditions,
lubricant and operating temperature
must be appropriate for the actual gear-
box. As a result, this method causes
high costs. So, the cost required for this
method is in general only justifiable

for the development of new products

as well as for gear pairs where failure
would have serious consequences
Method B, the permissible specific
lubricant film thickness, Acrp, is cal-
culated from the critical specific lubri-
cant film thickness, Agrr, which is the
result of any standardized test method
applicable to evaluate the micropitting
load capacity of lubricants or materials
utilizing defined test gears operated
under specified test conditions.

Calculation of Macropitting
Load Capacity

Currently, the most popular standards are
ISO 6336:2019 and AGMA 2101-D04,
these international methods allow the
load capacity of metal gears to be verified
by considering the two commonly used
sizing criteria:

Fatigue tooth bending

Tooth fracture under cyclic stress gradual
cracking (fracture at tooth root)

Durability
Fatigue surface contact pressure Cyclic stress gradual damage of tooth

flank (pitting)

Table 5—Dimensioning criterion.

Generally, these international methods are based on the comparison of applied
stresses with allowable stresses.

This calculation is performed using the KISSsoft 2022 software package.

AGMA and ISO design procedures are similar, with minor variations, and contain
correction factors obtained from experiments and experience, which consider various
uncertainties. These methods consider geometric design, material and heat treatment,
manufacturing, and operating conditions.

The gear contact stress calculation is based on the Hertz theory, the formulas of
maximum contact stress and the permissible contact stress for the two standards are
presented below:

Nominal contact stress (theoretical value)

_ AVESY =G L
om = ZulpZ:Zg db u B om = Cp dub Zi

Contact stress (nominal contact stress modified)

On = ZppOm \/KAKyKvKHﬂKHa on = omvV KoK, KKy -
©) ¢

B for pinion, D for wheel

Permissible contact stress

Oup = 7GHIiMZNT YAVAVAYA A on = gdc %%
'Hmin (8) H T R (9)

Table 6—Contact stress formulas.
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Omo is the nominal contact stress

on is the calculated contact stress

F; is the nominal tangential load

[ is transmission ratio

Zy is zone factor

Zp is elasticity factor

Ze is contact ratio factor

A is helix angle factor

C, is elastic coefficient

dui is operating pitch diameter of
pinion

Zr is geometry factor for

pitting resistance, Z; plays
somewhat the same role as
the combination of the terms:

(u+1)/u, Ze, Zg of ISO

d; is pitch diameter of pinion
b is the facewidth
Zr is surface condition factor is

supposed to take into account

the surface condition, the residual
stress state and the plasticity
effects. At the moment there is no
development and Zz =1.

To consider loading fluctuations due
to the set-up, the driving and driven
elements, the behaviour of the gear pair,
the standards add K factors, to trans-
form nominal contact stress in contact

stress applied on the tooth flank:

K, (ISO) is the application factor

Ky (ISO & AGMA) is the gear
internal dynamic factor

Kusz  (ISO) is the face load factor for
contact stress

Ky,  (ISO) is the transverse load
factor for contact stress

K, (AGMA) is overload factor

K, (AGMA) is size factor

K, (AGMA) is load distribution
factor

ogp  is the permissible contact stress

O Hiim (ISO), Sac (AGMA is the
allowable contact stress number
which determines the stress
level that can be accepted by
the material and its associated
heat treatment. It is based
on a Wohler fatigue curve
determined experimentally.

In this study, according to ISO,
the allowable stress number 0 min was
obtained from ISO 6336-5. It is derived
from the contact pressure that may be
sustained for 50x10° load cycles (for
case-hardened steel) without the occur-
rence of pitting for a one percent proba-
bility of damage (99 percent reliability).
The AGMA method defines the allow-
able contact stress value S, for 107 load
cycles with also 99 percent reliability.

SHmin is the minimum safety factor
which is to be agreed on between the
designer and customer. To consider the

condition of the material in relation
to the experimentally established data
in a different environment the ISO &
AGMA methods also introduce correc-

tive factors.
Znr  is the life factor

A is the lubricant factor

Zg is the roughness factor

Zy is the velocity factor

Zw is the work hardening factor

Zx is the size factor for contact
stress

A is stress cycle factor

Kr is temperature factor

Ky is reliability factor which allows
the calculation of the gears for
reliability levels other than one
failure in 100 at 107 cycles

Sy is safety factor for pitting

The contact stress oz should be less
than the permissible contact stress for
preventing failure. The safety factor
against pitting is defined as the ratio
between the permissible contact stress
and the contact stress.

The AGMA standard includes the
effect of surface condition, but it does
not provide instructions or guidance for
defining its value.

Analytical Results

'The contact pressure stresses of the gear
pair teeth and the specific lubricant film
thickness are determined, using KISSsof?,
at nominal torque (372.6 Nm) on the
pinion and a speed of 2,250 rpm.

Micropitting

'The specific sliding (Figure 8) at the root
of the pinion teeth is high (3.75) and
exceeds the value generally recom-
mended according to the rules of art (3
in absolute value).

41.0 :
40.0 Spedific slidin
39.0
'E?E.D ."'.

4

E37.0 ¥

£36.0

e ]

$35.0 ‘
834

733.0
32.0
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] ]
AN
Figure 8—Specific sliding along tooth profile.
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As shown in Figure 9, the maximum
contact stresses occur in the pinion
flank dedendum between the single
contact point B and the pitch point C,
when it meshes with the wheel adden-
dum. The contact stress results reveal
that micropitting can start in the pinion
flank dedendum between point B and
point C as this area is subject to a high
level of contact pressure stresses.

2200 -
2000 |
1800
1600
1400 -
1200 -|
1000 -

600 |
400 |
200 -

Figure 9—Distribution of 2D and 3D contact
pressures.

Figure 10 shows the variation of
the lubricant film thickness along the
tooth flank in a meshing cycle; this local
thickness is derived from the Dowson
and Higginson equation adopted by
ISO/TS 6336-22.

As shown in Figure 11, the specific
thickness of the lubricant film varies
along the tooth flank during mesh-
ing, and the maximum film thickness
occurs at the pitch point C due to pure
rolling. The area between the start
of the meshing A at the root of the
pinion and the single contact point B
presents the greatest risk of micropit-
ting due to the lower lubricant film
thicknesses accompanied by high-pres-
sure contact stresses (Figure 9) com-
pared to the other contact points along
the line of action.
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Figure 10—2D and 3D lubricant film thick-
ness according to ISO 6336-22.
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Figure 11—Comparison of specific lubricant
film thickness.

The results obtained in terms of the
specific lubricating film thickness A
highlight the following points:

* The unpeened (REF) and shot
peened (SP) gears operated in a
boundary lubrication regime (4 < 1).
In this regime, the lubricating film
is present in the valleys and the sur-
face roughness peaks are in direct
contact, which causes the plastic
deformation due to the very thin
film over the whole contact area,
thus micropitting (and wear) is likely
to occur in the tooth addendum and
dedendum areas.

* It can also be seen that the shot-
peened gears have a higher A (Figure

11), as they have lower Ra values
than the unpeened gears.

Figure 12 and Figure 15 show the
safety of the gears against the micro-
pitting according to ISO/TS 6336-22.
The safety of the REF gear is lower
than that of the SP gear because it
has a lower local specific lubricant
film thickness.

=
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Figure 12—Micropitting safety on the path
of contact of gears according to ISO 6336-
22:2018.
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Figure 13—Safety against micropitting on
the tooth.

Therefore, from the experimental tests
conducted in this study, the ISO results of
the specific lubricant film thickness pro-
vide a good correlation with the occur-
rence of micropitting on the tooth flanks,
an example of the occurrence of micropit-
ting on test gears is shown in Figure 14.

Pinion without shot peening (REF)

Figure 14—Appearance of micropitting on
test gears after 67,500 cycles.

Macropitting

The theoretical lifetime of the gear is cal-
culated according to both methods ISO
6336-2 and AGMA by calculating the
number of cycles which leads to safety
factor of 1.
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The gear lifetimes obtained are pre-
sented below. The S and S are con-
sidered equal to one.

It should be noted that for all the
tests carried out on the REF gears
(unpeened) and shot peened (SP),
no bending fracture at the tooth root
was observed.

According to the ISO standard, the
number of load cycles for the one per-
cent probability of appearance of the
first pitting on the pinion is 1.58 x 10°
cycles (11.7 hours) and that for a gen-
eralized pitting is 10.12 x 10° cycles (75
hours). This correlates with the experi-
mental results observed on case-hard-
ened gears after 8.8 x 10° load cycles.
The number of pitting cycles for the
different tests is plotted on the Wohler
curves at the corresponding contact
pressure corresponding to the nominal
operating torque as shown in Figure 15.

However, when comparing the lifetime
calculated according to the standards
with that obtained experimentally on the

shot-peened gears, macropitting occurred
after 27.56 x 10° cycles. The service life
has increased by approximately 60 per-
cent. This improvement can be explained
by the increase of residual compressive
stresses into the surface layer after the
shot peening treatment.

The ISO standard considers the
effect of shot peening on the improve-
ment of the bending strength at the
tooth root of carburized case-hardened
gears. The benefit values attributed to
shot peening are:

ML — 0%
MQ— 10 %
ME — 5 %

But this standard does not consider
this positive effect of the increase of
the residual compressive surface stresses
via the application of shot peening on
the resistance to macropitting, which
makes the gears load capacity calcula-
tions conservative.

Conclusion

'The shot peening of ground flanks gears
led to higher residual surface stresses com-
pared to un peened ground gears flanks.
The testing results show that micropit-
ting occurs on the shot peened (SP) and
unpeened gears (REF) after approxi-
mately the same running time, although
the roughness parameters have lower
values on shot peened gears. The micro-
pitting area on the shot peened flanks is
greater than that on the unpeened flanks
for the same test durations.

The analytical results show that the
gears have a specific lubricant film
thickness A lower than 1, which is con-
sistent with the fact that all surface con-
ditions (shot peened and unpeened) led
to the occurrence of micropitting. A
good correlation is obtained between
the experimental and analytical results
in terms of the occurrence of micropit-
ting in the dedendum area of gear teeth.

High safety factors according to
ISO 6336-22 (>2) do not indicate

with unallowed pitting 11.7 42.8 0.28

0.42

with allowed pitting

75 370

Table 7—Tooth flank lifetimes calculation.
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Figure 15—Wohler curves comparison of pitting cycles.
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the absence of micropitting as dem-
onstrated by the test results. These
observations agree with those made by
Olson et al. (Ref. 19).

Shot peening did not delay the
appearance of micropitting on
gears but its evolution to macropit-

ting/spalling. The shot peening has
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