Relationship Between Wear
and Pitting Phenomena
in Wortn Gears
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Introdu.ction
Worm gears display unique behavior of urfaces because of the presence of wear phenomena
in addition to contact pressure phenomena.
Physical Phenomena. In worm gears 'the contact between the two surfaces of the teeth, the
worm threads and the worm wheel teeih, evolves
aloeg lines of contact with a sliding velocity
induced by 'the translation to !he worm threads
and the rotation of the worm wheel and the rotation of the worm. Thl last element provide .the
major component of sliding phenomena,
Consequently, unlike the case with cylindrical
gears, it is diflficuh to separatethe usual effects
caused by contact pressure, which stresses the
subsurface of leeth,and the wear effect caused
by ilii important
liding pi'le.nomenon which
stres es only the surface of the teeth.
Stale 0/ Calculaliorl Me.tl.ods. Calculation
methods or tandard (Refs. 2-3, u ed for worm
gears define two main criteria for rating: contact
pressure or wear and. tooth bending. Comparison
of these cnteria gives, in general, a torque limitation caused by pressure or wear.
The complexity of the geometry of worm
gears has led to the estabhshment of empirical
rating methods.
More recently, the use of computer has
allowed a more theoretical approach" taking into
acoount ph)' ical phenomena
ueh as contact
pressure ,andelastohydrodynamic
lubrication
induced in worm gear meshes. The e methods are
clas ified a analytical
Nevertheless, the wear phenomena inherem in
worm gear are still too complex
to be
approached by theory. This results in the different
conditions of Iiding velocity. radiu of curvature
and local stiffness encounrered .wong th line of
contact between a worm and a worm wheel (Fig.
I). This i. why it is necessary to characterize
wear phenomena quantitatively according to
experimental. results and observations,

Experim otal.Approach
For the last 12 years, CETlM has performed
everal endurance tests on worm gears. The. tests were 0:1' long durauen in order 1.0 reach a significant nurnber of cycles of meshing on worm
wheel teeth and to give pertinent data on the
behavior of '1oo1i1. urfaces.
o reach this goal. CETIM designed and developed threete t rig to test worm gear reducers.
Test Rig • De cription.
ch te trig consists
of a variable- peed, DC motor that drives the
wonn of the reducer to be te ted witb a torque
meter. The WOIll1 wh el of the reducer is connected to an increaser that drive an eddy current
brake used to appl,y the load. The brake is et up'
in balance in erder to measure theapptied torque
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,(Fig. 2).
Each. te trig i monitored, and the following
parameters are measured continu usly:
• Rotational peed of the worm,
'. Torque on the ,inpllt haft of the worm
• Applied torque on the output,
'. Oil temperature in the sump.
• Oil temperature near the more heavily loaded
worm bearing,
,.'The in tanraneou , wear of 'the worm gear.
The lubrication systems ef worm gear redu ers are composed of 11 pump, a heat exchanger
cooled by water and Ii tank, for oil. A water circulation bypass is u ed for temperature regulation
of oil.
The configuration of me wonn gear reducer is
suchthat the worm i above th wonn wheel. The
oil inlet i above the worm near the more heavily
loaded worm bearing and th outlet i at the bottom of the housing.
Worm Gear Data. Each te 1 rig eorre ponds
to a wormgear reducer.
Testing Proe
A~stmbling: The hou mg i cleaned, and the
contactpattem of '!he WORn gear is ttacked with a
soft blue dye slightly on the leaving side of the
worm wheel and adjusted accordlngly,
Rlmning in: The lubricant ystem is fIlled with
new oil. and the wonn gear reducer i run at its
nominal speed with a load increasing as follow :
First hour: 10% of nominaJi torque
Two hours: 25% of nominal torque
Fifty hours: 50% of nominal torque
Th n the oil is changed,me initial tooth backlash
j measured in four position
of the worm wheel
and the contact pattemis ch ked.
Testing: The torque is fixed at the test value,
and each 300 h urs the lest rig is Lopped. A ampJe of oiWi taken for analysis ju tafter topping
the test rig. The 'temperature of the WOIm gear
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reducer is deerea ed to ambient temperature. The
level of oil is decreased so the worm wheel te th
are no longer in contact. The backlash is mea. ured in four position on me warm wheel, and
the contact pattern i checked. The oil level is ree tablished, and the test rigi started again with a
progre ive loading in order I.e stabilize the tem-

perature.
Evaluation of Wear on Wonn, Wheel,
Wear is determined by two direct measurements:
• A continuou measurement made II ing two
optical encoders linked on each shaft of the worm
and WOIll1 wheel and connected to a peci IC
board that calculate th variation of the relative
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Table' I -

Cbaracterislifcsof

Nominal Input Power
Nominal of InPl!t Velocity
Maximum Input Power
MinIMax Input Velocity
Max Output Torque

[kWj
[rpm]

1500

B
18
1500

(1e:W]

15

37

A

5.5

[!pm)
[daN.m]

Table II -

Geometrical

!

[mm]

Axial Module
Lead Angle [0]
Normal Pressure Angle [°1
Worm. Profile

[mm]

Worm Wheel Face Width
External Diameter o!Wonn

[mm]
[mm]

Wheel

c
31

1600

1500

1500
64
1500

3000

2500

2000

Data of Worm Gears

:
Center Distance
Gear Ratio Jj = lllz2

position of the worm for a defined space of the
worm wheel teeth.
• A second measurement
with the evaluation
of backlash is made in four position of the wonn
wheel at each stop of the test rig.
The last. method takes into account the fact
that the wear is not always. a uniform phenomenon distributed on all worm wheel teeth. A mean

Worm. Gear Test Rigs

value is deduced

B

A

C

!

from the four mea urements,

(Note: In litis article, the wear phenomena

125

are dis-

on the mean values.)

cussed

125

125

1/40

3/31

5/24

4,95

6..:15

8,36

5.4375

2L1369
20,65

40.2~592

21.81

2S

per particles contained

A

A

A

45

45

220

220

45
220

by the parts per million evaluated

of wear can also be

An indirect measurement
obtained by the evaluation

A comparison

of the number of cop-

in the oil This is obtained
by oil analysis.

of these three methods is given

in f:ig. 3.
Table lli- Materials
Worm Material
Lubricant
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of backlash

periods during which wear evolves continuously.

-
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It corre-

evolves continuously.
This evolution is not really linear except for the
5/24 ratio; more often it evolves like stairs, and
after

Wear For Ratio 1140

90

show that
of meshing

no wear appears,

sponds to the time it Ides

Evolution

the

working conditions. This is true for all

adapt. Then the increase

Fig, 4 -

between

ratios.

exists during

Duration of Tests in Hours

of wear

as an increase of backlash. Only the
of backlash are represented.
Each
curve corresponds to a. specific worbng condition
in termaof speed of'the worm 11) and torque
applied on the worm wheel C2•
For a 1140 ratio, two graphs are plotted, one in
functions of the duration of test; the second in
functi.olilS of the number of cycles applied on the
worm gear teeth (Figs. 4-5),
The representation in functions of the number
different
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worm in rpm and the second,
onthe

the applied

worm wheel in mN.) Thefirst

is that the wear prediction
function. The sensitivity

torque

observation

in DIN 3996 is a linear
of DIN 3996 is the same

as for the experimemal
increases,

observations:

the wear increases,

view of amplitude,

theoretical

and experimental,
3996 predicts

predictions

are

results

If the torque

From the point of

show the contrary

observations

result.
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in worm gears, the contact pres-

Consequently.

Evolution, of wear for ratio 113] in function of numlle.r of cycles ..
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worms, the propa-

In all cases, it can be observed
tion of the

~

...a

distributions.

contact pressure

ization of the maximum

!Fig•. 6 -

(Ref, 5), are repre-

gation of cracks is low; otherwise
is more localized

~
8
,.;

analytic.al.calculation

sented in Figs. 22-24.
lfthere

~, = 1.400 rpm
C,=970Nm

_

are merged together.

contact pressure

with

", = 1400 rpm
C,=12ISNm

These two physical

types of flank deterioration
determined

,
0-

Number of Cycles for Teeth of Wonn Wheel

• Figs. 20-21 for 5/24 ratio during 1460 hours.
process of

C,= 850 Nm

't-

~
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• Figs. 15-19 for .3/3] ratio during 8000 hours.
These figures show the progressive
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face of the worm wheel:

wear and pitting phenomena,

-
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not correlated:

n, ~ 1100 rpm
C, ~920Nm
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of wear
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wear phenomenon
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Fig. 8 -

Prediction
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MAY/JUNE

of ,cycles.
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,!

teeth is produced becau e material is removed,
I
I l!he physical basi here i contact pressure.

21

0.

1

0:1'

TIle intensity

1170,

worm gear. If this distribution

LJ

8·10'
14001.N,IL •. 12001

01 wear by DIN 3996 Cor ratiol 3131 in flJDCtiOD'Of ol!lllbe., of ,cycles.

the resulting
the worm

wear [eve] is high. This is ob erved
wheel

l..l

0. [1500,900,

I.,I

0.02

material, can produce

of
11011,-

inducing pitch errors durmg working. These pitch
error

can create intemal

by the bad load

0.01

1'10'

2'10'

3'10'

N,ll. •• 1500]

of wear by DIN 3996 for ratlo 5124- In flJDclion of number of cycles.

dynamic

effects caused

haring between

teeth, increasing

the propagation of the equivalent

wear phenome-

non and, sometimes,

rig. to -Prediction

a

of tooth-to-tooth wear, !.hereby

homogeneity
600.

as in

in Figs. 5-7. In these cases, the heterogeneity

0.03 ,..---------------,

s, [1500,

is regular,

worm gears, the equivalent wear phenomenon will propagate slowly, and the resulting
level of wear will be low.
When the pre ure di tribution is not regular,
as in the case of 3- or 5-start wonn gears. the
,equivalent wear phenomenon grows quickly. and
one-start

N.[l."

.Fig, 9 -I'red.iction

is direclly

di tribution of the

linked to the radius curvature

0. [1400. 970. L,J

s, [1200.

this phenomenon

but

the production

of chocks

during meshing.
A New Approach
hi order to have abetter prediction of worm
gear life, it is nece ary 'to have an approach
based on the observed behavior of worm wheel
flanks during working.
Our

observations,

described

above,

have

shown that pressure contact phenomena are the
basis of this kind of prediction. This implies the
need to have a good knowledge of how the worm
wheel i. affected by contact pre sure fatigue. To
answer to this first question, CETIM has developed

experimental

S-N curves
machines

investigations

for several

bronzes

to determine
on roller-di

(Ref. 6).

In another way CETIM ha developed
lytical method to determine
tribution,
fi~. U -

Wonn geali' 1/40: n, '" 1600 FPm; C, = U74 Nrn after 2323 hours,

k

taking into account geometry

curvature),kinemalics
ti.city (gear tooth

an ana-

contact pressure

dis-

(radius of

(sliding velocity)

and elas-

tiffness).

By coupling S-N curves with contactpre sure
calculations, i.t is possible to predict

distribution

the zones of looth flanks

on which scales

will

appear.
Then the calculation

of removed

surfaces

can

be made, and a new contact pressure distribution
can be established.
lative damages

Taking into account the cumu-

with S-N curves, the Life of each

point of flank surface can bepredicted as the
quantity of removed material and the equivalent
wear phenomena.
This calculation
contact

Fig. 12-

34,

Wurm gear ~/40: II', ... 600 rpm; C, :: 1374 Nm aft!!r 4477
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pressure

has to be done iteratively:
distribution

is adjusted

step, taking into account

the leaving

worm wheel flanks. The

urface strongly

i then removed.

The

at each

surface

on

tressed

laking into account the contact

Fig. 13 - Wonn, gear 1/4.0:II', = 1600 rpm;
oner 686J hours,

fig. 14- Worm:gear
uftcr 7898 hours,

e,,= 13'74Nm

1140:", '" m600 rpm; C, = 1374 Nm

1.mo rpm;

e, '" 7SO'Nm

! !FIg. 1:8- Worm gear 3131: ", = 1400 rpm;
I aner 5292 hnurs,

e, = 750 Nm

Ifig. 17 - Worm gearJlU:
aller 40'32hours,

PI, '"

FOR ALL
LOADING
CONDI11ONS.

A PERIOD OF
MESHING,
CORRESPONDING
TOTHEnMEIT
lFig. IS - WOrn! gl!or JlJI:
aner 735 heurs,

II,

= 1400 rpm; C, = 750 Nm

Fig. 19 - Worm gear 3131:n, '" 1400 rpm:
afI.er 8OtJ3 hours.

e,'"750 Nm

TAKES SURFACES
TO ADAPT.
EXSISTS DURING
WHICH NO
WEAl APPEARS.
THEN BACKlASH
BEGINS AND

EVOLVES
CONnNUOUSLY.
lFig. 16 - Worm gear 3131:
LRu 330Z hours,

II, :=

1400 rpm:

,e, :: 750 Nm !

fig. 20 - Worm ge r S/24:
II after U13 hears,

II, .,

11200rpm,; C,

= 800 Nm
IIIAYIJUNIE

1991

35

Fig. U -

Worm gear 5/24:

II, '"

llOO rpm; C, = 800 Nm after 1.463hours,

Fig..22 - Pressure distribution on worm wheel :Ilank for worm gear 1/40.

Fig. 23 - Pressure dislrlJ:ndion on worm wheel flank for worm gear 3r.M! •.

pressure S-N C1HVethe material, A new leaving
surface an the worm wheel. flanks is determined
for the next step of the calculation.
Conc1usions
Experimental results pre ented in this paper,
based an more than 50,000 hours of tests on real
wonn gear sets, provide a basis to evaluate wear
phenomena.
It has been clearly established that analysis of
the percentage of capper in the lubricating ail
provide a good clue to the wear rate of worm
gears. We also learned that:
• Wear phenomena are not a continuous effect
starting as soon as the worm gear is running, A
period of incubation i.s necessary during which
contact pre ure phenomena
initiate cracks
through the ubsurface of the tooth flanks. When
these cracks reach the surface, scaling appears,
and all equivalent wear phenomenon
appears,
which reflects a balanee between weakness of
material near the surface and redistribution of
transmitted load on the surface,
• The econd observation is that for worm
gears, thecontact pressure distribution is never
constant an tooth flanks. The pro.posed analytica!
approach correlates well with ebservanons.
The complexity of these fatigue surface phenomena have led us to. propose a new approach in
order to be able to predict surface durability of
worm gears. It will be based Gil contact pressure. 0
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