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Introduction
Gears are currently run at high speed and under high load.

It is a significant problem to develop lubricants and gears with
high load-carrying capacity against scoring. The particles of
molybdenum disulfide have been considered to increase the
scoring resistance of the gears. The wear characteristics and
the scoring resistance of the gears lubricated with MoSz
paste and MoSz powder have been investigated.(]) However,
there are few investigations on the performance of the gears
coated with MoS2 film with respect to scoring.

In this report, scoring tests of the gears coated with the
MoS2 film that is about 10 ~m thick are carried out with a
power-circulating gear machine. and the effect of the MoSz
film on the scoring resistance and the wear characteristics of
the gears are examined. Further, the surface temperature of
the gears coated with the MoSz film is evaluated by the flash
temperature equation of case-hardened gears and the effect
of the MoSz film on the scoring resistance of the gears is ex-
amined from a standpoint of the surface temperature.!"

Equation of Rash Temperature Rise of Gear Tooth
The equation for calculating the flash temperature rise at

the meshing faces of case-hardened gears in which the ther-
mal properties in the surface-hardened layer are different from

AUlliORS:

MR. YOSHIO TERAUCHI is a Professor at the University of
Kyoto. He has performed research work in the field of deformation
and strength of mating teeth of gears. Terauchi has published
numerous papers on rolling contact problems, gear lubrication. scor-
ing. and gear noise. Current research interests include vibration and
scoring resistance of bevel gellT5and performance of the traction drive.

H1ROMASA NADANO is a Professor at Kure Technical College.
Present interests and areas of study include the effect of heat in oil
films on trihoJogicaJ phenomena. Academically, he earned a Doc-
torate in Engineering from the University of Kyoto.

MR. MASAKI KOHNO is a lecturer at Kure Technical College.
Kohno was awarded a Doctorate in Engineering from Hiroshima
University. His major research. efforts include scoring and surface
roughness.

18 Gear Technology

Fig. 1- Schema of mating condition of gear teeth

those in the Goreof the gear tooth can be rewritten by using
the dimensionless parameters as follows:

2"1 a« [[ [ (I. 2)8,= -- 4 21r{jL t3. - --(j
1fKI V 3 IS

x erfC( ~n6)]]
where (l = (1- w)/( 1+ w), erfch)' = 1 - erf(jI),

2 r I..
erf(X) = J;. Jo exp( - ~l)dE.

Fig. 1 shows a schema of the mating condition of the gear
teeth. In this figure. the subscripts 1 and 2 relate to the pi-
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Fig . .1- Relation between nondimensional flash temperature rise and non-
dimensional position of heat source

nion and the wheel, respectively. The distribution of heat in-
tensity is assumed to be parabolic. Therefore, the value of
qa is given by,

(2)
The equations of the surface temperature at the meshing faces
of the pinion and the wheel are derived from equation (1)
as follows:
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When the rates of the heat quantity flowing from the con-

junctional area into the mating teeth of the pinion and the
wheel are expressed by -"r and 1- -"r, the surface temperature
at the meshing faces of the pinion is equivalent to that of the
wheel. Therefore, the value of -"r is given by

"IlKll r,
'it= -1(1-)K:-:-

IZ
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1
+-=----1(-12-=-K:-II--:T~z

The surface temperature at the meshing faces is given by

(4)

(5)

Calculated Results
For example, Figs. 2(a) and (b) show the relation between

the flash temperature rise and the position of the heat source,
expressed in terms of the dimensionless parameters T and (j,
respectively. In this figure, w =1 indicates that the thermal
properties in the surface layer are equivalent to those in the
core, and the maximum value of T occurs at fJ -1.5. In con-
trast, w>l indicates that the thermal properties in the sur-
face layer are worse than those in the core. The maximum
value of T occurs at 1<{j<1.5, and the position where the
maximum value of T appears moves toward the vicinity of
the center of the heat source with an increasing value of w.

Figs. 3(a) and (b) show the relation between the maximum

Nomencla'ture
a acceleration due to oscillation of gear box, m/s2
g gravitational acceleration - '9.8 in/s2
Kl - thermal conductivity in the surface layer of gear tooth,

W/(m K)
KzthermaJ conductivity in the core of gear tooth,

Wl(m K)
.L = nondimensional velocity of heat source - Viol (2Kl)
lh = thjckJless of surface layer, m
10 = a half of the band length of Hertzian contact zone, m
"1 = rotational speed of pinion, rpm
P = normal load per unit ball, N
P" = normal load per unit face width, N/m
qo = maximum value of heat intensity generated per unit

tLme, Wlm2
T nondimensional flash temperature rise- 'K"KI VB',I

(2K1QO)
V sliding velocity, mls
/3 nondimensional position of heat source = rV /10
o - nondimensional. thickness of surface layer"'" Ih110
00 = load-sharing
Of = flash temperature rise, K
00 = bulk-temperature, K
kl - thermal diffusivity in the surface layer of gear tooth,

m~/s
k2 thermal diHusivity in the COTe of gear tooth, m2/s
po = coefficien! of friction
r time, 5,

(.oj = ratio of thermal contact coefficient. of surface layer and
core'" (K21..jk2)/(Kt/..jk1)

(continued on page 22)
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Fig, 3 - Relation between maximum value of nondimensional flash
temperature rise and nondimensional velocity of heat source

value of the flash temperature rise and the velocity, express-
ed in terms of the dimensionless parameters T and L When
the thickness of the surface layer is smaller than the band
length of the Hertzian contact zone as shown in Fig. 3(a),
the effect of w on the flash temperature rise is significant. In
this article, the tooth surface of the gears was coated with
the MoS2 film whose thickness was a little larger than the
surface roughness Rmax of the tooth surface, and the dif-
ference between the thermal properties in the surface layer
and those in the core is an important problem. The effect
of w on the flash temperature rise decreases with an increas-
ing thickness of the surface layer,

Four Ball Tests
For investigating the seizure load and the frictional

characteristics of the balls coated with MoS2 film, tests have
been carried out with a four-ball machine.

Test Balls. The diameter and the average sphericalness

22 Gear Technology

Table 1 Chemical compositlons of
ball material

Table ,2 Combination of ball pairs

No

No

PaIr A Pair B Pair C Pair D
Upper ball

MOSl coated (ROUting b.,lll
Lower balls

(Tnree fixed balls

No Ye. r es

No Yes

of the balls before coating with the MoS2 film are 19.05 mm
and 0.18 p.m,respectively. The chemical compositions of ball
material are given in Table 1. The balls were normalized at
443 K after quenched from 1173 K. The surface of the balls
before coating had a Vickers microhardness of approximately
800 HV, The balls were coated with the MoS2 film that was
about 10p.mthick, and the surface roughness of the balls was
approximately 9 p.m Rmax.

Lubricant. The balls were lubricated with number 140
turbine oil (a straight mineral oil without additives) with
viscosities of 28 X 10-6 m2/s at 323 K and 8 X 10-6 m2/s
at 363 K, and the oil temperature was controlled to 293 ±
2 K by the thermostat during all tests. The upper ball was
immersed about 1/3 diameter deep into the oil bath.

Experimental Method. The four ball tests were carried
out with stepwise increasing loads (the load P was increased
by about 40 N increments at 30 s intervals) at a constant
sliding velocity 0.29 mls until the seizure of the balls
occurred.

The combination of the balls consists of the four types of
the ball pairs as shown in Table 2.

Test Results and Observations
Coefficient of Friction. Fig. 4 shows the relation between

the coefficient of friction and the load at the sliding velocity
0.29 m/s. In this figure, the symbolS indicates the incipience
of seizure.

Under comparatively low load (P<0.4 kN or the maximum
Hertzian stress Po<3.S2 GPa), the coefficient of friction bet-
ween ball pair A was the largest of all ball pairs, and the
coefficient of friction between the balls coated with the
MoS2 film was considerably small. Therefore, the MoS2 film
is considered to playa significant role in decreasing the coef-
ficient of friction. At the incipient stage of seizure, however,
the coefficient of friction between the balls coated with the
MoS2 film was approximately equal to that between the
balls without it since the MoS2 film coated on the balls was
completely tom out due to wear.
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Table 3 Chemical compositions of tooth material

Tabl.e 4 Data for test gears

______ Pillion. tWheel
NU!I!ber of teeth z 18, ,I 411
Cerrter distance mn:, 116
Pressure angle ~o 20·
Module m mm 4

mmBacklash Sn o.s
Face width B nun 10

Effective
fac'ewidth mmBf 7

Tooth profi Ie Standard

Pitch circlediameter do mm
Outside
diameter 168
Conta.ct length mm' ]9.15
Contact ratio E 1.62'
Material , SCM! 41SH

Seizure Load. Fig. 5 shows the variation in the seizure
load of the balls coated with the MoS2 HIm or without it.
The seizure load of the balls with ball pair B was not so much
different from that with ball pair A, and little effect of the
MoS2 film could be recognized on the seizure load of the
balls. Further, with ball pairs C and D, the seizure load of
the balls was smaller than that with ball pair A, and it rather
decreased due to the coating of the MoSz film.

Gear Tests
Scoring tests of the gears coated with MoS2 film were run

with a power-circulating gear machine. The effect of the
MoS2 film on the scoring resistance of the gears was
investigated.

Test Gears. The test gears were made of chrome-
molybdenum steel and case-hardened by gas-carburizing. The
chemical compositions of tooth material are shown in Table
3. The working surface of the gears had a Vickers micro hard-
ness of approximately 720 HV. The gears were ground by
a gear grinding machine as shown in Table 4. The single-pitch
error and the tooth profile error of the gears were approx-
imately 2 ILm before coating with the MoS2 film. The ac-
curacy of the tooth profile of the gears before coating was
of zero class, according to the Japanese Industrial Standard
J[S B 1702. The surface roughnesses along the tooth trace of
the pinion and the wheel before coating were about 2 Jlm

RmilX•

The combination of the gears consists of the four types of
the gear pairs as shown in Table 5. The gear teeth were coated

26 Gear Technology

Tabla 5 Combination of gear pairs----- Pair A Pa i r B Pair C Pa,ir D

MoS2 t dlPinion No Yes Yes No
co at e ·1 Whee) No Yes No Yes

.. ..

Fig. 6 - Variations in bulk-temperature of gear teeth and ning-off oil
temperature
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Experimental Method. The scoring tests were carried out
with the MoS2 film that was about 10 Jlm thick after grind-
ing, and the surface roughness after coating was approx-
imately 9 ILm RmilX•

Lubricant. The test gears were lubricated with the same
oil used for the four ball tests. The oil was sprayed onto the
meshing faces at a rate of 0.6 limin. The oil temperature
was controlled to 323 ±2 K by the thermostat during all tests.



Speed range

Table 6 (a) Speed data

rpm 12000 2310 2644 3001 33811 378.3 4208 4655 5125 5618 6133166717231 7814' 8420 904819699 10372:
Rotational speed
of piruon rll

Peripher<ll .I . 1
velocity m/s 7.5 8.7110.011.312.714.315.917.619.321.223.1125.2 27..3 29.5,31.7!34.1 36 ..6,39.ll
Cunullat.i. ve transmJl t.ted
works·'" MJ/mm 2.5 5,0 7.S 10.0 12.5 15.0117.4 19.922.4 24.9 27.4 29.9 32.4·34.9 37.439.942.4144.9

ill: The cumulative tran·sm.itted wor'ksare defined as the sum of the ·transllliUed works
per unit face wid·th at the respective ·test ranges.

Table 6 (b) Load data
I.oad p-4,I.p-5

,

range 1'-1 P-2 P-3 P-6 P-71 P-8 P-9 1'-10

Tooth load Pn Wmm 278 290 302 314.1 327 339
1

352 364 377 390

CI.III~at ive 7ransmi t ted 47.5 ,50.2 53.0 S5. 91 S9. 0 I! 62.2 65.4 168.8 72.476.0WOT.:· ~1J mm

at stepwise increasing pinion speeds from V-I to V-IS as
shown in Table 6(a). The increment of the calculated value
of the flash temperature rise was the same for the respective
speed ranges under a constant load of P; = 266 N/mm.
When surface failure by scoring was not observed up to the
speed range V-IS, the tests were continued with stepwise in-
creasing loads at a constant pinion speed of n1 = 10372 rpm
as shown in Table 6(b). The increment of the flash
temperature rise per unit load range corresponds to that of
the flash temperature rise per unit speed range.

The tests were run until the total number of pinion revolu-
tions reached 4.4 X 104 at the respective ranges.

Scoring was detected by the following methods: (a) visual
inspection of the tooth faces; (b) measurement of the surface
roughnesses along the tooth trace and the tooth profile of
the gears; (c) measurements of the bulk-temperature of the
mating teeth and the Aing-oH oil temperature; (d) measure-
ment of the acceleration due to oscillation of the gear box.

To measure the surface roughness along the tooth profile.
the feeler set on the tooth profile testing machine was replaced
with a thin cantilever in which a diamond needle was attached
to the end of a plate spring that was 0.2 mm thick. The sur-
face roughness was detected with a semiconductor strain gage
that was attached to the root of the cantilever.

The bulk-temperature of the mating teeth was measured
by pressing a contact-type thennister thermometer against
the side of the tooth just after the test machine was stopped.
Therefore. the bulk-temperature measured was considered to
be a little lower than that in running.

The fling-off oil temperature was measured by ther-
mocouples set up at a position opposite the mating position
of the pinion. The distance between the hot junction of the
thermocouples and the tip of the pinion was approximately
1mm.

The acceleration due to oscillation of the gear box was

measured by a piezoelectricaccelerometer attached to the side
of the test gear box.

The measurement of the acceleration due to oscillation was
started 1minute before each end of the respective test ranges,
and the acceleration was recorded on the magnetic tape of
a data recorder (characteristics of PM : 0 - 10 kHz) for about
30 s.

Test Results and Observations
Bulk- Temperature of Gear Tooth and Fling-Off Oil

Temperature. For example, Fig. 6 shows the variations in
the bulk-temperature of the gear teeth and the fling-off oil
temperature with gear pair C (a pinion with the MoS2 film
and a wheel without it) and gear pair 0 (a pinion without
the MoS2 film and a wheel with it) until surface failure is
caused by scoring. In this figure, the symbol S indicates the
incipience of surface failure by scoring.

The values of the thermal properties of tooth material and
MoS2 material are shown in Table 7. As evident from equa-
tion (4), when the MoS2 film-coated gear teeth with low
thermal properties mate with the gear teeth without it, the
rate of the frictional heat flowing into the meshing faces of
the gears with the MoSz film is less than the gears without
it. Thus, the bulk-temperature of the mating teeth coated with
the MoSz film becomes lower than that of the gears without
it.

With gear pair C. the difference between the bulk-
temperatures of the mating teeth of the pinion and the wheel
was insignificant, and the effect of the MoSz film could be
recognized on the bulk-temperature of the mating teeth. The
bulk-temperature suddenly increased by about 10 K at the
incipience of surface failure by scoring. On the other hand,
the f1ing-off oil temperature was higher than the bulk-
temperature of the gear teeth.

With gear pair D, in contrast, the difference between the
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Table 7 Values of ther,."l properties of tooth
mat:~fial[2J and MaS, material]3]

'Material Tiler"., I conduct i_By TherMal d i ffusivity
, K W/(IR Kl ~ ,,2/5

SCN 415!1 (373 II
0.14

p : Pitch point
a·b,c·d: Double tooth contact

b-c: Single tooth contact

Tip Root

d p b ac

(al Wheel

Before
test

V-I

v-s

p: Pitcll point
a-b,c-d: Double toath contact

b·t: Single tooth contact

V-I0

Tip

,8, b p d

(b) 'Pinion

Fic. '1-Variation in surface roughness alons tooth profile with gear pair C

bulk-temperatures of the mating teeth of the pinion and the
wheel significantly increased with an increasing test range,
and the bulk-temperatures of the pinion was approximately
10 K higher than that of the wheel at the incipience of sur-
face failure by scoring. On the other hand. the fJing-off oil
temperature was not so much different from the bulk-
temperature of the pinion.

Surface Roughness. The variation in the surface
roushnns of the tooth surface along the tooth profile at the

28 Qear Tectt IOIogy

BefoTe
t es t

V-I
v-s
\1-9

V-I0

center of the face width with gear pair C is shown in Fig.
7. The variation in the surface roughness of the wheel before
surface failure is caused by scoring was considerably small.
On the other hand, the depth of a hollow occurring in the
vicinity of the root of the pinion considerably increased with
an increasing test range. The surface roughness along the
tooth profile of the pinion coated with the MoSz film before
tests was 8 I'm Rmu" and the surface roughness at the speed
range V-I was 3 I'm Rmaxsince the MoSz film coated on the
tooth surface was tom out due to wear. However, the varia-
tion in the surface roughness after V-S was considerably
small.

A destructive surface failure by scoring occurred in the
vicinity of the meshing position when the tip of the wheel
mated with the root of the pinion. The EHD film thickness,
calcuJated by Dowson's formula, at the meshing position at
which destructive surface failure by scoring was observed,
is 0.33 I'm at V-lO. Since the value of }.(41, defined as the
ratio of the film thickness to combined surface texture, is ap-
proximately 0.9, the tests were run under mixed lubricating
conditions.

For example. Fig. 8 shows the variation in the surface
roughness of the tooth surface along the tooth trace in the
vicinity of the tip of the wheel with gear pair D. The thickness
of the MoSz film coated on the tooth surface of the wheel
decreased by approximately 8/o'm at V-I. After the test range
exceeded V-U, the variation in the thickness of the MoSz
film was considerably small. Surface failure by scoring oc-
curred at the load range P-l, and a part of the base metal

Fig. 8- Variation in surface roughness along tooth trace in the vicinity of
tip of wheel gear pair D

ContactlR& Non-~--~-.t-·..:.ILDn --------l- conla.c.tin&.: rita. ion
IN! l1i111'1

Fi,R.8 V.ari.IU,icm in surface Toughness a1ana 'tooth tra-ce
in the 'II1cin,it1 D,f 'tbe ,tip of wheel with le.r pair 0

Fig. 9 - Electron micrographs obtained with scanning X-ray microanalyzer
at tip of wheel with gear pair D

SC:nlt!:hing scaT

Tip __

Root
I

(a) Capo fuze (b) S-Ka image

(continued on page 30)



THIE, LIIIEB,HIE,RR LC'11'00',2
Illnlnlova,tive IH,obbin'gl achin,e Teclhnollogy

We wanted to dO it right. Instead b,y D'esigln., ••, The system, with workpiece
of adap.tino' our large capacity Not- A-'f"terth-- gh- t- lruingl station, storage lpallets.
hob'ber f~HDmputer control" we '. .::.I _.' I I _' I. , __ I "DIU, " I laooeutter pan~t,shuttles cut~
stanedl with a fresh sheet o~IPS- - tars and WOrkplaceS to' and
per to design and build a lrue CNC hob bing machine'. ftorn the' machine thereby effectingl a.'complete auto-
The result -a modemconcem for 161'gegear Ihobblng matie changeover . .off-machine, preparation colJ,pl'edl
macihines,.......the'versatile and ,efficiel1t Uebherr Model with high positioning accuracy ,ensumseffortless, pm-
LC 11002.111,au1omatioally c'\Jts gears up to 40" diameter dse, safe 'chang.90vers. The, UebhelT Pallet Shuttle'
using the liTKIustrylSlatest technologicall developments. System and the LC 1002 Mobbing Machine-the so'lu-
With this integr.ated design of mechanics and 'electfol1ics, tionfor true automation ,and flexibility In larg.e hobblng
the ,lC 1002 gives, you a mom reliable hobbing s.ystem machines.
that ,eliminates,time consumingl manual settings and
protects ,expensive ,cutters and workllieoes. The rr, Your Partner for the Future
LC 1002 will accommodate ,...--------------------,,1 Uebherr lis more than
au modem machining ,conI" gear lhobbirng" ,shaping'.
cept&-high speed hobbil1g, and flexible automation.
carbid's' hobbing'. skive hob- Utilizingl our total concept
bing', even sing.le' Index milling', capabUities will ,give you

linnovati,w system de-
The L ebherr Pall t signs with dependable
Shuttle System operation, for praCliical,
Designed lor batch slzes as " . '. - , cost effective, manufa.etur-
low as ooa, tllis is the first Pallet Shuttle System SChematic Lng. Call ~UJ partner now.
tlexib e automation sy.stem designed specifically for large andl remain ,competitive for the' Mum ..
eNe hobbing nnachines. This combination of machine and
automation system is available exclusively~rom lUebherr. UEBHEAR MACLLHE TOOL

290S.~· Road,Ann, Arbo "MI,48103 Phone; 313n:~21

£~, ,power·~llp",'nc.a .. ,ot
maLa,powv i'.1111,...•opUon.l

Allin motot· mount.d
dfNctJy on ·u...1Job ,Mad
foI·dJlWCf cuftw drfre

[~IC)' .1ItcIe· down
.... ---- .qatem In cu.. 01INCh'''' c:IIItuna.nc.



..
II>...
II!

'".:..
".2...,",....
~ st----
u

.0:

5

-0- Gear p.ir A

-.-. G'ear pOi I r B

-eo- Gear pair C

GU,T pair D

40 60 8020
CUlluhthe tnn5l!!it:ted works, 'peT uni t face width

MJ/••

F"1g. 10- Variation in acceleration due to oscillation of gear box

of the gear tooth was exposed on the tooth surface.
Fig. 9 shows electron micrographs of the compo image and

the S-Ka image which were obtained with a scanning X-ray
microanalyzer at the tip of the gear tooth of the wheel with
gear pair D. The MoS2 film at the tip of the wheel was tom
out due to wear, and the tooth surface was considerably
smooth. However, the particles of sulfur were present at the
tooth surface at which the scratching scar did not occur. From
this photograph, it can be found the MoSz film is formed
enough at the meshing faces at the incipience of surface failure
by scoring, and the film significantly affects the scoring
resistance of the gears.

Acceleration of Gear Box. Fig. 10 shows the variation
in the acceleration due to oscillation of the gear box. The ac-
celeration increased with an increasing test range. With gear
pair D, the acceleration of the gear box suddenly increased
by about 5g at P-l, and the incipience of surface failure by
scoring could be detected by means of the measurement of
the acceleration due to oscillation of the gear box.

Surface Temperature and Scoring Resistance. Fig. 11
shows the variation in the flash temperature rise at the suc-
cessive meshing positions along the line of action, calculated
by equations (1-5) under the following conditions: number
of pinion teeth ZI =18, number of wheel teeth Z2 = 40,
module m - 4 mm, face width Bf - 7 mm, backlash Sri ...
0.5 mm, clearance coefficient Ce - 0.25, tooth load p"=
266 Nlmm, pinion speed nl = 6000 rpm.

The surface roughness at the meshing faces and the bulk-
temperature of the gear teeth were assumed to be zero. The
load-sharing was calculated from the elastic defonnation of
teeth. In this calculation, Young's modulus E and Poisson's
ratio v of tooth material are assumed to be E - 206 GPa
and v - 0.3, respectively. The coefficient of friction can be
given by Ii = 0.1 Vp-0.2, where Vp is the peripheral veloc-
ity (m/s) at the pitch point.fSl Since the thickness of the
MoS2 film coated on the tooth surface is very small, it can
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Fig. 11- Variation in flash temperature rise at successive meshing positions
along the line of action

be assumed that the mechanical properties of the MoS2 film
do not affect the band length of the Hertzian contact zone
and the radius of relative curvature of the tooth surface at
meshing position of the gears.

From this figure, it can be found that the flash temperature
rise considerably increases with an increasing thickness of the
MoS2 film, and the effect of the MoSz film on the flash
temperature rise is significant.

Fig. 12 shows the test range and the cumulative transmitted
works per unit face width at the incipience of surface failure

Fig. 12- Test range and cumulative transmitted works per unit face width
at incipience of surface failure by scoring
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by scoring. With gear pair B, the tests were stopped at P-IO
because the searing resistance of the gears exceeds the load
carrying capacity of the test machine. From this figure, it can
be seen that gear pair B provides the highest scoring resistance
of all test gears, and the MoS2 film plays a significant role
in increasing scoring resistance of the gears. Further, the scor-
ing resistance of the gears with gear pair D is larger than that
of the gears with gear pair C, and the MoSz film coated on
the tooth surface of the wheel is more effective for the scor-
ing resistance of the gears than that coated on the tooth sur-
face of the pinion.

Fig. 13 shows the variation in the flash temperature rise
at the successive meshing positions along the line of action
at the incipience of surface failure by scoring, The flash
temperature rise is calculated by substituting the tooth load,
the pinion speed, the coefficient of friction and the thickness
of the MoSz film into equations (1-5). From the observation

of the sectional plane cut along the tooth profile, it was found
that a part of the MoS2 film was tom out due to wear and
the thickness of the film was not uniform on the tooth sur-
face. However, the thickness of the film was assumed to be
(h = 0.1 I'm.

From this figure, it is interesting to note that the maximum
value of the flash temperature rise occurs at the meshing posi-
tion where the tip of the wheel mates with the root of the
pinion, and the position well agrees with the position at which
destructive failure by scoring was observed.

The critical surface temperature for scoring of the gears
is shown in Table 8_The critical surface temperature for scor-
ing of the gears with gear pairs B and D is extremely high
because the flash temperature rise of the gears is calculated
under the assumptions that the MoSz film is uniformly
distributed on the tooth surface and the coefficient of fric-
tion between the gear pairs coated with the MoS2 film is
equivalent to that between the gear pairs without it. However,
a part of the MoS2 film coated on the tooth surface was tom
out just before surface failure was caused by scoring, and the
thickness of the film was not uniform on the tooth surface.
Further, according to the test results obtained with the four
ball tests, the coefficient of friction between the balls coated
with the MoS2 film was smaller than that between the balls
without it.

From the above cited facts, it can be considered that the
critical surface temperature for scoring of the gears coated
with the MoSz film is lower that the value shown in Table
8. However, the scoring resistance of the gears coated with
the MoSz film is considerably large, and the MoSz film is
considered to play a significant role in increasing scoring
resistance of the gears.

Conclusions
Calculated surface temperatures and the experimental

results obtained with four ball tests and gear tests with respect
to the effect of the MoS2 film on the scoring resistance of
the gears are summarized as follows:

1. When the thickness of the surface layer is smaller than
the band length of the Hertzian contact zone, the effect of
the thermal prcperties in the surface layer on the flash
temperature rise is significant, and the difference between the

TabLe 8. Critical surface temperature for scoring of gears

Gear RrmsCa) BuH- Maximum flash Critical surface
pair ).lm temperature(b) temperature rise temperatureCc)

eo K 6f K 6cr K

A 0.33 340 148 540
B [d) (0.37 ) (351) (770) (1438)
C 0.36 I 337 167 570
D 0.48 346 411 1007
(a) Rrms is the mean value of the root mean square roughness along the toot.h

trace of the pinion and "heel just before scoring.
(b) 90 is the mean value of the bulk-temperature of the gear teeth of the

pinion and wheel just before scoring,
(c) Bcr=90+9f><l·.27/(L27-Rrmsl (61 -
(d) The nume'raLs in paren theses are the value of the va.r1ables at P-IO.
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thermal properties in the surface layer and those in the COJ'le

is an important problem.
2. Under comparatively low load (P<O.4 kN), the coeffi~

dent of friction between the balls coated with the MoS2 Him
was 213 of that between the balls without it.

3.. The scoring resistance of the gears coated with the
MoS2 HIm is considerably large, and the MoS2 film plays a
significant role in increasing scoring resistance of the gears.
The development of the gears of which the load-carrying
capacity against scoring is considerably large could be made.
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