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SURFACE INTERACTIONS AND LUBRICATION RESPONSE 
OF SILICON NITRIDE BEARING ELEMENTS_ 

1. SUMMARY 

This is the Final Report summarizing progress from November, 1972, 
through November, 1973, on a fundamental investigation conducted 
under Contract N00019-73-C-0150, of the suitability of silicon 
nitride as a rolling bearing material with emphasis on its 
interactive behavior with lubricating fluids. 

This report contains the following sections: 

Background. The need for a light-weight bearing material 
in critical high-speed turbine applications is discussed and the 
potential benefits of silicon nitride in particular is reviewed. 
There follows a discussion of the methods in use for producing 
silicon nitride, and a listing of the various physical properties 
of the hot pressed silicon nitride used in this program. 

Wettability. The equipment and procedure, which were used 
to study the wettability characteristics of six lubricants 
against a silicon nitride surface, are described. These studies 
were made to determine which lubricants are apt to be successful 
with silicon nitride bearing components in permitting the 
replenishment of lubricaat onto the rolled-over tracks which is 
vital for the maintenance of an elastohydrodynamic (EHD) film 
and the consequent prevention of surface initiated fatigue. 
The contact angle between the fluid and solid surface was used as an 
indicator of the wettability. The six lubricants used were: 
(1) Two synthetic paraffinic hydrocarbons with and without 
additions, (2) two ester oils with and without additions, (3) a 
mineral oil and (4) a polyphenyl ether. 

Optical EHD Studies. A test rig developed by &i Dâ IF for 
measurement of lubricant film thickness and traction force in 
elastohydrodynamic contacts of a ball or roller and a glass flat 
is described. The same six lubricants, that were used in the 
wettability study, were tested with the optical EHD apparatus. 
Fringe photographs of the contacts between a transparent glass 
flat and silicon nitride balls were obtained. In order to 
obtain clearly visible fringes the optical properties of the test 
element (1/2 inch diameter silicon nitride ball) and those of the 

-1- 
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coating of the glass flat must be well matched. The optimum 
reflectivity of the coating of the glass flat was determined 
theoretically and confirmed experimentally. Suitable coatings 
were selected. A series of fringe photographs were obtained on the 
optical £HD tester at two loads and rolling velocities in the 
5 to 400 inch/sec. range with - glass contacts. 

Traction Tests. The optical EHD rig was also used to 
measure the traction force at the contact between the flat and 
the ball, each of which is connected to a driving spindle. The 
sliding rate is defined as the difference in surface speed of the 
two bodies. Tests were run to determine the traction coefficient 
as a function of sliding and rolling velocity, for the six test 
oils. Data were obtained for steel/steel, steel/silicon nitride 
and glass/silicon nitride contacts. 

Sliding Friction and Wear Studies. A two-dimensional 
statistical description of a rough surface based on a paper written 
by Longuet-Higgins was presented and applied to the surface of 
a ground silicon nitride plate for comparison with similar measure¬ 
ments on ground steel surfaces. Friction and wear studies were 
conducted under subcontract by Professor E. Rabinowicz of MIT. 
In these tests a "pin on disk" apparatus was used. The top 
specimen is a 1/4 inch diameter rod which was pressed against 
the bottom specimen, a plate rotated at a speed of 0.3 cm/sec in 
the friction tests and 30 cm/sec. in the wear tests. A 
"Lapmaster" abrasive wear test apparatus was also used in some 
tests. 

Flat Washer Surface Interaction Studies. The flat washer 
tester contains three rollers, guided by a plastic or metal cage, 
and rolling under load between two flat washers. In the tests 
under the present contract, the rollers were made of M50 
or Rex 49 tool steel, the top washer was made of 52100 steel and the 
bottom washer of silicon nitride or 52100 steel. Seven endurance 
tests were run using different combinations of rollers and flats 
with an ester-base lubricant. 

-2- 
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2. CONCLUSIONS 

1. There are considerable differences between the wetting 

behavior of the six test lubricants against a silicon nitride 

surface. The contact angle varies from 5° (for Mobil UTL Medium 

Heavy Mineral Oil) to 37° (for the five-ring polyphenyl ether 

0S124). The lowest contact angles were obtainec; with the OTK 

Medium Heavy oil and the Mobil Jet II. The contact angle was 

found to be larger in the direction perpendicular to the surface lay 

than parallel to it (for the same surface roughness in both 

directions). The lubricants, with one exception, give smaller 

contact angles for a smoother surface (1.5 pin CLA surface roughness) 

than for a rougher surface (15 p inch CLA surface roughness). 

2. The optical EHL test rig atLj&áífwas found to be suitable 

for film thickness studies using silicon nitride/glass contacts. 

CeO and SiO coatings on the glass flat with a reflectivity of 

approximately 25"i were found theoretically and experimentally, 

to give optimum results. 

3. The plateau film thickness measured from the fringe photo¬ 

graphs, at two loads and 9 rolling velocities in the 5-400 in/sec 

range is smaller for the silicon nitride contact than for the 

steel contact by 15 to 20%. The computed film thickness over¬ 

estimates the measured film at high velocities. 

1. A study of the oil meniscus lines (indicating partial EHD 

starvation conditions) in the fringe photographs of steel-glass 

and silicon nitride-glass contacts shows that the steel-glass 

contact is somewhat less starved than the silicon nitride contact, 

especially at higher speeds. Nevertheless, the fringe photographs 

indicate that the silicon nitride contact has satisfactory film 

building behavior close to what is expected by current EHD theory. 

5. The traction coefficient in a silicon nitride/glass 

contact was found to rise with sliding speed and then level 

off, as in previous tests with steel contacts. This shape of the 

curve was typical for 4 of the 6 oils tested. The other two 

curves reached a maximum and then decreased with ?U<Unfl. speed 
Test data also showed that the traction coefficient increases with 

load but decreases with rolling speed, a trend which is consistent 

with previous traction tests in steel contacts. The effect on 

traction of additives in paraffinic and ester oils is small. 

-3- 
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12. CONCLUSIONS 

1. Thero are considerable differences between the wetting 
behavior of the six test lubricants against a silicon nitride 
surface. The contact angle varies from 5° (for Mobil UTL Medium 
Heavy Mineral Oil) to 37° (for the five-ring polyphenyl ether 
0S124). The lowest contact angles were obtained with the UTL 
Medium Heavy oil and the Mobil Jet 11. fhe contact angle was 
found to be larger in t^e direction perpendicular to the surface lay 
than parallel to it (for the same surface roughness in both 
directions). The lubricants, with one exception, give smaller 
contact angles for a smoother surface il.5 pin CLA surface roughness) 
than for a rougher surface (15 p. inch CLA surface roughness). 

2. The optical EHD test rig at & [£ D* was found to be suitable 
for film thickness studies using silicon nitride/glass contacts. 
CeO and SiO coatings on the glass flat with a reflectivity of 
approximately 25% were found theoretically and experimentally, 

to give optimum results. 

3. The plateau film thickness measured from the fringe photo¬ 
graphs, at two loads and 9 rolling velocities in the 5-400 in/sec 
range is smaller for the silicon iitride contact than for the 
steel contact by 15 to 20%. The computed film thickness over¬ 
estimates the measured film at high velocities. 

1. A study of the oil meniscus lines (indicating partial £HD 
starvation conditions) in the fringe photographs of steel-glass 
and silicon nitride-glass contacts shows that the steel-glass 
contact is somewhat less starved than the silicon nitride contact, 
especially at higher speeds. Nevertheless, the fringe photographs 
indicate that the silicon nitride contact has satisfactory film 
building behavior close to what is expected by current EHD theory. 

5. The traction coefficient in a silicon nitride/glass 
contact was found to rise with s 1idinq speed and then level 
off, as in previous tests with steel contacts. This shape of the 
curve was typical for 4 of the 6 oils tested. The other two 
curves reached a maximum and then decreased with $ 114iilfl. speed 
Test data also showed that the traction coefficient increases with 
load but decreases with rolling speed, a trend which is consistent 
with previous traction tests in steel contacts. The effect on 
traction of additives in paraffinic and ester oils is small. 
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The two paraffinic oils give the lowest traction coefficients, 
while the mineral oil and the polyphenyl ether exhibit relatively 
high traction. Tests with steel/steel and steel/si 1 icon nitride 
show that at the highest stress level, 271 ksi, the traction for 
the two types of contacts differ by no more than 8%. At lower 
stress levels, 216 and 247 ksi, the differences are larger, in 
one case by more than 20%. The traction coefficient in the 
silicon nitride contacts is generally lower than that prevailing 
in steel contacts. 

6. Results of the "pin on disk" tests at Mil’ indicate that 
the friction coefficient on ground silicon nitride surfaces is 
lower when the pin traverses across the grinding grooves than when 
it runs parallel to the grooves. feresso V78 and Turbojet 2380 
lubricants gave the lowest friction coefficients with a slight 
margin. Some of the lubricants tested, and especially the 
silicone, give higher friction coefficients than the unlubricated 
conditions. 

7. Tests on the "Lapmaster" abrasive wear test apparatus at 
MIT using 600 grit silicon carbide as abrasive showed that 
silicon nitride results in an order of magnitude greater 
abrasive wear coefficient than the three other ceramics tested. 
The wear resistance of silicon nitride under lubricated sliding 
contact (in the "pin-disk machine") is found to be somewhat 
higher than for M50 steel. The wear coefficient of 2.2 x 10”^ 
is reasonable for a lubricated sliding syste ' involving non-metallic 
materials. 

8, Wear debris collected from the Lapmaster wear tests was 
examined at íai L4 BP using a Scanning Electron Microscope. The 
ShM photograph of the debris shows the presence of faceted particles. 
This supports the contention of silicon nitride being brittle on 
the microscale, under the stresses created by lapping. 

9. The uery limited fatigue tests at oJ Câ [F covered in thic 

rn Wi,ï an ester “■»'“‘"t 1" a heavily íoãdéd r^le ) 

píeíictae5erbê?h !^hrat‘^• Pr0dUCed sh°rt" Uves then preaicted, both in baseline runs of ste l/steel and in run«! nf 

si icon nitride/steel. (Further tests not reported here ¡„der 

covered^here1 ^al f ^"ftÍOnS* gave norn'al ^es). In tné tests 
covered here all fatigue was at the rollers, but there was wear 
a silicon nitride washers. Kffects of InhrictioÍ étress Uv" 
s ide/rol ratio anti surface roughness on fatigue life of silicon' 
nitride all require further study. However the te«!t« r»n ♦ h 

fa i lure ¡Üdè/Í1!?0" nUride d°ea “»d«¿o oat^tupM "ted laiiure under rolling contact conditions. 
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3. BACKGROUND 

ÍLaI—The Need for Ceramic Hearing Koseirch 

Enclosure 1 taken from shows the estimates of six 
aircraft engine manufacturers of the industry's requirements up 
until l97o. It is seen that future aircraft engine bearings are 
expected to operate at speeds of 3 x 106 DN (DN = bearing bore 
diameter in mm times shaft speed in rpml and temperatures in 
excess of 700°F. These requirements will pose a great challenge 
to proper bearing lubrication and life expectancy. 

The predominant force on the balls in high speed engine 
bearings is the centrifugal force which induces such high outer 
ring contact forces that bearing life is reduced drastically as 
engine bearing speeds increase. A substantial portion of this 
loss in contact fatigue life can be regained if light-weight 
balls are used. Reducing the weight of steel balls by making them 
hollow introduces substantial manufacturing problems, such as the 
difficulty in achieving sufficient accuracy of the hole location. 
Endurance testing of hollow ball bearings has shown that the ball 
failure mode changes from contact fatigue to bending fatigue 
producing much shorter lives. Solid balls of low density bearing 
materials therefore are preferred. 

Recent advances in ceramics technology have overcome many 
of the factors which have militated against the use of these 
materials as rolling bearing elements, notably porosity and ex¬ 
cessive brittleness. The low density of ceramics coupled with 
their stability and high hardness levels at elevated temperatures 
have long made them appear desirable for use in bearings operating 
at extreme conditions. It can be expected that the use of new, 
stronger ceramic materials will offer improvements in high 
temperature properties over steels, and due to low weight, be 
favorable where centrifugal loading is critical. 

^Numbers in parentheses refer to List of References at the end 
of this report. 
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It has only been recently however, that ceramic materials 
have been developed which show signs that the problems of brittleness 
and poor fatigue properties have been overcome to the degree 
required for reliable, long-lived rolling bearings. One 
such material is a new silicon nitride ceramic as currently 
made by the Norton Co. under a license from the U. K., and it is 
projected that bearings or bearing parts such ;:s lulls and 
rollers can be successfully made from this material. 

The complex interactions that exist between bearing elements, 
surface finishing methods, lubricants and the environment prevent 
the direct extrapolation of performance of steel bearings, to 
bearings made of ceramic materials, ¿specifically, the elastic 
moduli of ceramics are significantly higher than those of steels, 
and, therefore, the u se of standard bearing designs and loading 
practices would result in extremely high Hertzian stresses at the 
contacts. Certain tensile stresses in the Hertzian field may be 
critical in ceramic bearings instead of the Hertz shear stresses 
used in the design of steel bearings. »Modified designs and load¬ 
ing rules will be required in order to reduce these stresses to 
an acceptable level. This acceptable level is unknown for ceramics. 
New designs will be required to resolve cooling of the bearings 
in view of the low thermal conductivity of ceramics. 

3.2 The Importance of Surface Interaction and Lubrication CfieCtS 

Surface initiated spalling is a principal cause of failure 
in aircraft jet engine mainshaft ball and roller bearings (and 
many other types of rolling bearings). Surface initiated 
spalling has been observed to be critically dependent upon lubrication 
conditions and surface characteristics of the bearing materials 

(2). 

Previous work under Contracts N00010-6Ö-C-0310 and N00019- 
71-C-0425 have shown that there is a reduction of film thickness 
around the shoulder of surface furrows. Also, intimate 
surface contact can take place between asperities if there is 
insufficient lubricant film thickness. The existence of these 
microscopic imperfections prevents idealistic film profiles from 
being obtained in their vicinity. However, there is reason to 
believe that the severity of stress concentration at the micro-defect 
is influenced by both the lubricant film pressure and the bearing 
material strength and ductility characteristics. This stress 
concentration affects the surface fatigue life through its in¬ 
fluence on the onset of surface^distress (3i. 
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In addition to the above lubrication-related bearing failure 
modes from surface defects, high-speed bearings sometimes suffer 
a type of surface failure known as skid damage which is distinctly 
different from the above-mentioned surface distress. Skid damage 
apparently is related to the occurrence of abrupt load changes in 
the presence of substantial sliding at the Hertzian contacts in 
bearings, and thus the occurrence of this damage can be influenced 
by the traction or sliding friction characteristic of the 
lubricant and bearing material interface as it affects the bearing 

kinematics . 

The differences in response between ceramics and steels to 
manufacturing processes will undoubtedly produce new features of 
surface microtopography. These features will affect both the 
traction forces at the contacts and skidding and wear damage 
when surface asperities penetrate the bill) film. Additionally, 
the differences in surface chemistry between ceramics and steels 
suggest that the wetting behavior of lubricants, the response to 
boundary lubricant additives, and the susceptibility to stress 
corrosion cracking in chemically active environments will be 
significantly different. Finally, the fatigue and galling re¬ 
sponse of ceramics in Hertzian contacts is poorly understood 
and needs to be evaluated. All these novel problems support 
the need to conduct experiments into the behavior of ceramic 
materials in lubricated rolling contacts and to obtain the 
knowledge necessary to predict the behavior to be expected in 

full scale bearings. 

3.3 Progress in the Application of Ceramics For bearings. 

barly efforts at screening a wide variety of available 
ceramic materials for bearing applications met with only limited 
success due to the inherent porosity and lack of homogeneity of the 
then available materials (4,5). A comprehensive study of the application 
of ceramics technology to rolling bearings about ten years ago resulted 
in a bearing with the best available materials which gave 
remarkably promising performance (ó). This bearing is 
illustrated in Enclosure 2 showing it.c good condition after 
successful operation at high speed (Ö000 rpm) and temperature 
(1500°F). This bearing was equipped with cemented carbide 
rings, ceramic balls and molybdenum cage and lubricated with 
MoS2 powder in argon carrier and thrust loaded to 300,000 psi 

contact stress. Some deterioration of the contact surfaces in the 
raceway tracks was evident after this testing. These poor surface 
fatigue characteristics (presumably from poor structural integrity 
of the then currently available commercial compositions) have 
limited rolling-bearing use of ceramics. 

-7- 

PESEARCH laboratory S K F* INDUSTRIES, INC. 



ALT4P 009 

The advantage of using ceramics for rolling bearina 
components stem from their £oH„win0 characteristics- 

a) high strength and hardness at room as well as at 
elevated temperatures 

bi low density 

cJ low material cost, and 

d-J excellent corrosion resistance. 

The main disadvantages of ceramics are 

aJ brittleness, 

b) high notch sensitivity, 

c) low thermal conductivity, and 

<i) high fin* ting costs to accurate bearing tolerances. 

hoai-f1*3*1 °* elasticity of most ceramics results in high 

Ínêíoâ t bUt alS0 in ^ contact stresses causing 
increasing severity of lubrication conditions. 

Of the various ceramics tested for structural applications 
si icon nitride has shown the best performance (13. U) Ít 

i t" ¡Tír6- °tl,er Cer“iCS la te™s »f thermll shich 
Í! íñ K ! resistance to wear. Silicon nitride therefore 

an obvious candidate material for bearing applications. 

temno?ÍÍU°n J““!“* tW° allotropic forms. The low 

between 2t”ooF ¡L «O^r^Zh í° ‘»“•’ccature -phase 
structure. ' ** ^ a hexagonal crystal 

of twr::“:r“ Si3% oaa “O -nufactured in one 

porosity uat0^Op”,rBt0:dl;tí!is:“ne::Í:"e. ^2t°L 

TrlllTol parts that a“^aa‘aî - 
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method! ^ PreSSing: Ful1^ d-se parts are produced by this 

have superior^performance"^^ mater!als of construction which 
points of view The dec- ®ra°teristlcs from several different 

2r&rs%Kra nr- 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

High hardness under operating conditions 
Adequate contact fatigue strength 
Adequate ductility 
Adequate impact strength 
Dimensional stability 
Low friction and wear 
Wettability by lubricants 

Manufacturability to preciso toiorancos. 

typical°bearina síeêía°0n|. aro colnPare,i “ith those of ypicai bearing steels in Lnclosure 3. These Drooerti*« 
have only recentiy been improved to the point where silicon 

.r:r .... 

More details 
nitride specimens 
this contract. 

on the properties and manufacturing of silicon 
are given in the First Quarterly Report (8) on 

i„ nní?,“”16 ,“rï lltUe is k“»K" “»«“t the behavior of Si N 
in rolling contact. A few preliminary tests ha™ h.» 3^4 
at NASA by Parker and Zaretsky (71 íhí t! ♦ performed 
in a fiir« Kali * . “areisKy t7J. The tests were conducted 

five-ball tester under the following conditions: 

-9- 
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Max. Hertz stress (psi) 
Shaft speed (rpmJ 
Contact angle (degrees) 
Race temperature (°F) 

The above tests were performed on a 
of the tests are given below: 

LjOt stress cycles 
LgQ, stress cycles 
Weibull slope 
Failure index 

800,000 
9,400 

30 
130 

group of 20 balls. The results 

2.5 X 106 
17 X 106 
0.99 
19 out of 20 

A few of the spalled balls produced in the above tests were 
studied in a scanning electron microscope atíaíCálT (see Enclosures 
5 and 6. It is clear from Enclosure 5 that the morphology of 
the spalls on a SißN^ ball is similar to those found on steel 
balls. Enclosure 6 shows a lubrication distress zon« at the 
end of the spall. The severity of lubrication distress around 
the spall seems to be greater than that normally observed on 
steel balls. 

The fatigue life of SigN^ rolling elements has been found 
to be very sensitive to the processing technique used (23). Work 
at Norton has indicated that proper choice of processing steps 
can make a significant difference in the fatigue life of 
rolling elements. Enclosure 7 shows the surface of an unrun 
SÍ3N4 ball. The surface is seen to be pitted. The presence of 
such pits can cause a collapse of the lubricant film and lead to 
failure due to lubrication distress. It is therefore imperative 
that proper surface finishing techniques be found to exploit 
the full potential of Si^N^ for rolling contacts. 

Other studies with the more advanced silicon nitride 
ceramics also have shown promising rolling contact fatigue life 
in element tests (23) with apparently some variability with 
surface condition and lubrication of the ceramic elements. 

Principally under Navy contract, Eã iF has developed 
and operated an optical interferometric apparatus to define 
the parameters affecting elastohydrodynamic lubrication of ball 
and roller bearings. Theories 
and of rolling contact fatigue 
by the CS OF Laboratory (3, 15 

of partial and full EHD behavior 
have been developed and published 
and 17). 
-10- 
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4 DETAILS 

4_J wettability Study 

„„e et th. «^‘»"r«.frhear.^i:r^:::::sanu--er.nra"s' 

-fre::-n“/tr::;ctls„rfacas 

behavior5of*si*1specifled oils on a silicon nitride spectmen 

was therefore studied. 

The six lubricants used in these tests consist of the 

following: 

, Mobil Jet II 1 Mi 1 - L-23699). 

This is Mobil Jet II as formulated with KRM 234 plus a 

proprietary additive package. 

9 XRM 177F 

The synthetic hydrocarbon 

:::::su:ab:r.:0oxidntloi: inhibitor end anti-wear additiv..tto 

see what difference in surface PÇ»P'r»‘« "”lona,.d by the 
use of these additives. ^du^vtf and it has been tested 
i:::::rv.ra"aü-n<:;>àtr.dvanced .»»10» ..1..».» 

bearing lubricant. 

a[ die Medium Heav_y 

This is a conventional h igh qual |tt“usÍ"eoxidàt ion 
refined from mineral oil anJ JJ®'' index is 95 and viscosities 

::: -a5 ^birop*c295ssis>crn^ A-r, (5,b s^i. 

4, XRM 109F 

Ati.A cvnthetic hydrocarbon (paraffinic) which is 
An unmodified synt inha-decene The particular 

made by polymerization 0 ®n ® 9p b Mobii. It has a vis- 

jhrn'uir.:.'::^::««:,5:: th. poiy-enc ,.,0.10, -i.h 

removal of the light ends. _n_ 
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5. OS 124 

This is a five-ring polyphenyl ether which has a viscosity 
of about 35 centistokes at 100°F. Without an additive package, 
it is supplied by Monsanto Chemical Co. under the designation 
0S124, and it is the basestock for an advanced military turbine 
engine lubricant. 

6. XBM 234 

This chemical type of fluid tested is the base fluid 
of lubricants which are formulated to meet the specification 
MIL-L-23699 for aviation turbine engines. These fluids are 
mixed esters of polybasic and/or monobasic alcohols, the exact 
composition of which is generally proprietary with the particu¬ 
lar supplier. The material selected for these studies is that 
which serves as the base of the Mobil Oil Co. product, Jet II. 
It has a viscosity of about 28 centistokes at 100°F. 

A list of various properties of these six oils is given 
in Enel. 8. 

The contact angle between the liquid surface and the solid 
specimen is commonly used as an indicator of the wettability of 
the liquid-solid interface. 

An attempt was first made to use Adam and Jessop's (11) 
tilting plate method to measure the contact angle between the 
liquid surface and a silicon nitride specimen. This attempt 
did not, however, meet with much success due to the inter¬ 
ference of the meniscus at the lubricant/glass interface on 
the sides of the container. Due to this interference, the 
angle between the plate and the oil surface cannot be clearly 
observed, making it difficult to obtain accurate and consistent 
readings. An Eberbach cathetometer was also tried without 
success. A modified drop method was finally used to obtain 
quantitative data on contact angles and is described below. 

The procedure consists of projecting the shadow of a lub¬ 
ricant drop applied to the substrate, onto a photographic paper 
by means of a magnifying lens, developing the print, and 
measuring the contact angle of the image of the drop on the 
image of the plane surface of the substrate. Illustrative 
examples are shown in Enel. 9. 

-12- 
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The plates were prepared by cleaning with a nonionic 
detergent and rinsed with water and acetone between each 
measurement. 

The drops of oil, of approximately 0.01 mm dia., were 
delivered to the surface of the substrate from a fine hypodermic 
needle. The hypodermic needles and syringes were thoroughly 
cleaned before each use. 

The drops of oil were carefully placed on the surface of 
the substrate and allowed to equilibrate for 30 seconds before 
projecting the image. After 30 seconds, the flow of the oil 
on the substrate appeared to stop and the image of the drop 
remained stable. 

Two kinds of substrates were used for this investigation. 
A silicon nitride plate was surface ground to 15 microinch 
finish, having a uni-directional lay on the surface. The sur¬ 
face of the second silicon nitride plate substrate was diamond 
polished using 6 and 0.25 pm diamond paste successively. The 
surface thus produced had a roughness of 1.5 microinch with 
practically no directionality. 

The flow of lubricant on the ground substrate was greater 
in the direction of the lay than across the lay, thus resulting 
in an oval drop as shown in more detail in the Second 
Quarterly Report (9). The oil flow was found to be uniform in 
all directions on the polished surface, resulting in a round 
drop . 

The results of the measurements are shown in Enel. 10. 

It appears from Enel. 10 that there are considerable 
differences in the wetting behavior of the lubricants tested. 
Mobil Jet II and the DTE Medium Heavy lubricants give the 
best overall wettability (the lowest contact angles). 

Enel. 10 also shows that, in all cases except DTE Medium 
Heavy oil, the contact angle on the polished surface is lower 
than the highest reading obtained on the rougher surface. 

-13- 
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4.2 Optical EHD Studies 

/. •» . nt»cr.ript.ion of KHD Test Ria - MecJmiUql System 

A test rig, developed bySáLâíF for measurement of lubri¬ 
cant film thickness and traction force in a lubricated elasto- 
hydrodynamic (EHD) contact of a ball or roller and a glass flat, 

is described below. 

The basic test configuration used in this study is shown 
in Enel. li. and consists of the contact of a roller or 
diameter ball and a rotating transparent disk. The optical 
system, situated above the disk, is used to photograph th 
interference fringes formed by lubricated contact between the 

ball and disk. 

In order to control the rate of sliding between the roller 
or ball and the disk, the ball is driven by a quill through a 
flexible coupling, and the disk is connected to a vertical 
kindle. Figure (a) in Enel. 11 shows that the test ball is 
supported beMw by a disk which is actually a ring of a thrust 
ball bearing. The load is applied through this support bearing. 

Figure (b) is a plan view of the test assembly. Three 
balls or rollers, equally spaced on a 1.5" pitch circJe' a'* 
used to support the ditk, one of the balls being the test ball. 
The test ball is restrained by a spring cage. The lateral force 
acting between the ball and cage is measured by a strain gag* 
mounted on a leaf spring beam, and the torque in the driving 

quill is measured by a torque meter. The strain gage and torque 
sensor outputs are used to compute the traction in the contacts 

(15). 

Enel. 12 is a photograph of the entire assembly. T||® 
device which loads the three balls (or rollers) against the 
transparent piate consists of a flexible diaphram. covering 
a cylinder into which controlled air pressure is introduced 
The diaphram exerts a force on the lower thrust beaming washer, 
through an adapter. The load applied to the ob»erv^ contac 
is controlled by means of a calibrated mercury manometer. 

The test lubricant is gravity fed to the Teflon cage by 
a simple once-through system. The oil flow rate can be varied. 
The test lubricant temperature is measured by a thermocouple 
probe*!natall ed „pprox'-m.t.l, 1/16" from «h. i»l.« of th. 

contact. 
-14- 
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Both the vertical and horizontal spindles are driven from 
one variable speed electric motor. A variable-ratio positive 
drive between the motor and the vertical spindle allows rolling 
with a controlled magnitude of sliding between ball or roller 
and plate. The degree of sliding can be changed if desired 
while viewing the contact. 

4.2.2 Description of KHD Test_Rig - Optical System 

The layout of the optical system, consisting of microscope, 
light source and flats,is shown in Enel. 13. 

Glass flats of high optical quality and low (0.2 pin rms) 
surface micro-finish were obtained. A high efficiency anti- 
reflective coating is applied to the upper surface of the glass 
flats giving approximately 0.2% reflectivity. 

A high intensity pulsed Xenon lamp of short pulse duration 
(1.25-7 p sec) is used as the light source for taking the 
fringe photographs. The maximum pulse rate is 1000 Hz, and 
the intensity of the lamp is 20-300 x 10^ beam candles. An 
external capacitor is used in the circuitry to increase the 
lamp intensity to 10^ beam candles and the pulse duration to 
9 p sec. 

4.2.3 Test Lubricants 

A total of six lubricants were selected for testing in the 
optical EHD rig. These are the same lubricants as those used 
in the wettability tests (Section The oil trado namei and 
their properties are listed in Enel. 8. Enel. 14 is an ASTM 
standard viscosity temperature chart for the six oils. As the 
chart shows, the oils cover a wide range of viscosities. 

4.2.4 _Film Measurement Techniques 

The fringe photographs in Enel. 15 show typical contacts 
between a steel ball and the transparent plate under 
M[L-L-?3ó99 lubricated conditions, consisting of a relatively 
flat plateau and a slender constriction at the back and side 
edges of the contact circle. The film thickness at the plateau 
varies with the operating and lubricant parameters. Because 
of the relative uniformity of the plateau film thickness, the 

-15- 
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íy!têmSr«ühihír v**,'*d thro“ah ,h» «y« Piece of the optical 
ystein, exhibit a dominant color which can be related to film 

thickness by means of a calibration process. The fringe order 

grfa5::nr?rro:a^oe.readily identified by ^ 

nCl'/6 iS 8 calibration chart relating color to film 
thickness for a standard fluid ^quinoline) with atmospheric 
pressnre refractive index no = 1.625. For other fluids under 

fil! ?MSrre K1"8 an effective refractive index nD, the 
film thickness obtained from this calibration chart ?s multinn«rt 
by the factor (1.625/n ). multiplied 

P 

c„.,J!,^r'fTti,, indeX 0f 011 In a h,0h Plescurc Hertzian 
prêasÛîe PThé!h?TteT “*n tl,at ’••*"r'd »1 »fo.ph.rio 
SliÕâ thê li , "i Press“r' refractive index can be calculated 
ëciaJloî fir ,T .0r*0,Z tooether «ith hartun»'. 
equation for estlmattno density a> high pressure. A computer 

S'??”" !*“n"a,d t0 calculiie the eifective refractive indices 
“ëëë? ï, viscosity and atmospheric refractive index as 

listed il Lëf b‘ ‘î6 refractlv' ‘""o* of the six lubricants 
prëëëërëë ’ 8 ar‘ Plotfd in E"0l- 17 at a function of 

-Í--2• 5—SjnsifAce.Preparation Studies 

oy J“"1?6 1/2” diametar baHa. manufactured 
nitrirt. 1 1 1 Tectonics* Inc- from Norton Grade 110 silicon 

tesís DrretPU üSCd f0r the °Ptical elastohydrodynamic 
a diniitv ofeíe!i7an/ W3lflhî measurements o'» these balls yield 
8 „®"8ity ff 3*17 which is 99.7% of the theoretical 

usina *n uI?dent??l1/PeCÍrenS finished b* the manufacturer, using an unidentified manufacturing process. Initial trial 
cr“:a " the optical EHD apparatus ëeëon,trated fÍÍ íhí ruíf.c. 
ondition of the balls was such that no optical interference 

ÍÉÍiieS7)°Uíd beliobserved* Scanning electron micrographs 
iaîaîv 7) show.îhat the surface is covered with pits of approxi- 

frfî opérât ions"6 ter * by ,he fiaaI "aa“r — 
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The unusual appearance of the finished ball suggests that 
silicon nitride does not respond to manufacturing procedures in 
the same manner as steel (assuming that standard ball manufac¬ 
turing procedures were used to produce the balls). was . 
reported (12) that silicon nitride specimens prepared by grind¬ 
ing with successively finer grit wheels, followed by lapping 
with diamond paste, had far greater fatigue life than specimens 
which were made by coarse grinding directly followed by á)*monà 
even though both specimens had the same surface finish. lhis 
information suggests that coarse grinding initiates microcracks 
in the surface, which can be removed by finer grinding, but that 
lapping does not remove sufficient material to eliminate the 
cracks. Such an interpretation implies that the silicon nitride 
surface is brittle on a microscale. Further evidence of micro¬ 
brittleness is the pitted surface of the balls. Such pits can 
be produced if segments of material crack out of the surface 
during finishing processes. Kxperiments on lapping of silicon 
nitride by Professor Rabinowicz reveal that material remova 
under lapping with alumina abrasive occurs at a rate which is 
ten times faster than predicted by theory or occurs with other 
ceramics. nne explanation for the faster lapping is that 
silicon nitride particles which are considerably larger than 
the abrasive particles are torn from the surface. 

lapping, 

An attempt to produce a better silicon nitride surface 
than the one shown in Enel. 7 has been accomplished by polishing 
the surface by spinning th ’ *lls at high speed in a wood lap 
using ferric oxide as the ab.asivi. Scanning electron micro¬ 
graphs to determine the effect of this processing on surface 
texture are shown in Enel. 18. Optical interferograms with 
these balls show some weak colors which possibly can be “sed 
for EHD film thickness measurements. Enel. 19 is a black and 
white static fringe photograph of this silicon nitride ba 
contact showing a few interference fringes. 

In order to obtain more clearly visible fringes than those 
shown in Enel. 19, the optical properties of the test element 
(1/2” diameter silicon nitride ball in the present case) and 
those of the coating on the glass flat must be well matched. 
In the case of a steel ball, a coating of cerium oxide with a 
reflectivity of 30,¾ and absorption less than 1¾ is found to 
be adequate. Due to the lower reflectivity of the surface of 
the silicon nitride ball, a different coating must be used. 

-17- 
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The intensities of li„!.t reflected fron the snrf.ce of the 
silicon nitride ball and the coated (CeO with 30^ refle^vlty 
glass flat are not well matched to produce clearly visible 

interference fringes. 

Therefore, an investigation was made on the optical 
visibility of the contact considering reflectivity and absorp¬ 

tion of the ball and various coatings. 

The value of the reflectivity of the silicon nitride ball 
surface was obtained using a Pentax Hght-weter. A beam of 

light was reflected off the surface of ^ ,hê laSîtnlÎtr 
intensity was measured on a relative scale on the light met^T 
to be 5.9. The steel ball was replaced with a silicon "J'rl e 
ball, and the light-meter reading was found to be 5.3. Ac“r 
ing to the Pentax manual, the relationship between a pair 
reUtive scale readings (ri and r2l and the corresponding 

intensities Ii and I2 is as follows 

Since the reflectivity of steel ball surfaces in oil is known 
to be 60% (16), the reflectivity of the silicon nitride bal 

is calculated to be 44%. 

In optical interferometry, the visibility of 
governed by the intensities of the two int®'f®' Jfl is 
(I. and 1,1. In the optical system shown in En«‘- J®. Iç | 
thí intensity of the collinated beam from »J» »EJ«c*‘"e ' 
I. is the intensity of the beam reflected from ‘A« l*ï« 
T1 i« thA intensity of the beam roflocted bacK from the <'on 
tact*and*through the ¿outing (twicel. The visibility is defined 
.;“h* r.Îio of the geometric mean to the arithmetic mean of 

the two beam intensities Ii and I2 i»e. (16. 101 

V = 2(1^2)^/(^+^1 

Maximum visibility (V=l) occurs when Ii - I2. 

Knowing the reflectivity and absorption coefficients of 
the layer and the ball, it is possible to compute the relat 
intensity of the two interfering beams II and I2 consider ng 
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two ball materials (steel and silicon nitride) and various 
coating materials. Kncl . 21 gives the properties of coatings 
investigated for this program as obtained from the supplier. 
The choice of coatings was made such that maximum visibility 
would result when used with the SigN^ ball. bince the reflectivity 
of the SigN^j ball surface was found to be 44''o, one can compute 
the reflectivity of the coating required for visibility of 
100,¾ by equating Ij and Ig. From Kncl. 20 we have 

II - Rll0 = I2 - R2 [l-U^Aj)] 2 I0 (1) 

where I0 = intensity of incident beam 

Aj - absorption coefficient of the coating 

Rj - reflectivity of the coating 

and Rg - reflectivity of the ball surface - 0.44 

Since the absorption coefficient of CeO is small it can be 
neglected. Therefore for CeO 

Rj = 0.4(1-Rj)^ from which 

Rl = 22.5% 

Due to experimental limitations, it was not possible to 
get a coating with R - 22.5% exactly. The cerium oxide coat¬ 
ings obtained all had R values between 20 and 25%. These 
values are considered close enough to the computed value. 

In addition, silicon monoxide coatings were found to be 
available which offered high calculated visibility values. A 
few glass flats coated with SiO were ordered for trial. Their 
wear characteristics were found to be equivalent to those of 
CeO. Enel. 22 gives the computed values of the fringe 
visibilities for various combinations of ball and coating 
materials. 

Enel. 23 is a comparison of static black and white fringe- 
grams of the contact at 5 lb load, taken with glass flats coated 
with the three different coatings indicated in Enel. 21. The 
fringegrams (b) and (c) of Enel. 23 produced from the silicon 
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cerium oxide combination, and from the silicon nitride-silicon 
monoxide combination, show sharp fringes for both combinations 
and confirm the results of the calculated visibility. 

Enel. 24 also shows the very satisfactory fringes obtained 
in a dynamic silicon nitride-glass contact at a rolling speed of 
40 in/sec and a maximum pressure of 113 ksi with a silicon 
monoxide coating. 

T 

On the basis of the results above, both the CeO and Si() 1 
coatings on the glass flat produce satisfactory fringes in tests 
with Si3.\4 balls. t 

-*» 

! 
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4.2.6 Plateau Film Thickness Measurement 

Due to the relative uniformity of the plateau film thickness, 
the contact when viewed through the eyepiece of the optical system 
exhibits a dominant color which corresponds to a certain film thick 
ness. The correlation between film thickness and color can be 
obtained by means of a calibration process exnlainrd in Section 
4.2.4 of this report. The fringe order of the color can be 
readily identified by increasing the speed gradually from zero. 

Film thickness measurements have been complete-! for Mobil 
Jet II (Lubricant No. 1 in Enclosure 0) at a multitude of rolling 
speeds and two loads (5 lbs. and 15 lbs.). For comparison, both 
a silicon-nitride ball and steel ball were run. 

The elastic modulus of Si3N4 is 45 x 106 psi against 30 x 106 
psi for steel. The maximum Hertzian stresses under 5 and 15 lb., 
loads are respectively 113 and 161 ksi for the Si3N4 contacts 
and 100 ksi and 144 ksi for the steel contacts. 

In Enclosure 25 the measured plateau film thickness is plotted 
as a function of rolling speed at two loads for the two material 
combinations . 

The curves show that the SißN^j contact EHD film thickness 
is less than the steel contact at the same load by about 15-20%. 

Enclosure 26 shows the measured film thickness h0, given 
in Enclosure 25 divided by the theoretical unstarved film thickness 
h0f as a function of rolling speed V, where h0£ was empirically 
deduced from optically measured data given in (17) for ester oils as 

follows: 
0.1 o 

(2) 

where Q = load (lbs) 
7 = absolute viscosity (lb-sec/in¿) 
et = pressure viscosity coefficient (in'ylb) 
ft = radius of ball (in) 
S' - reduced Young's modulus (Ib/in-i) 

Enclosure 26 shows that the prediction formula fits both data 
sets at low elocities. As V increasesdecreases indicating 
that the formula of Eq. (2) overestimates the film thickness at high 
velocity. This behavior is typical of lubricant film starvation 
wherein the amount of oil present in the inlet is insufficient 
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tirai Dlateau film thickness. This explanation 
to maintain the theoreti Pmnflp from fringegrams of the contacts 
is confirmed by me.surements made 9frJm t|le c„ntact center to 
of the meniscus location i. . reaion The appearance of the 
the oil/air ^"'"“Jsuo 'es ■ s » -Uon b"ins at somewhat 
curves in Enclosure 26 suggests ma», 
lower speeds for Si3N4 contacts. 

The coinc^e”c® °f¢2)6is“quite'adequate In explaining0"the effect 

^Ío^ôrrul tiicî;.» for Si3N4 as welt as for steel. 

Using the ester J^^ascô-SoòMgh'spéíd’color film at 

^"ers^riTo! b2o:%ò:k:ô.ui^ 2oo. 300. »d «0 m/sec 

Enclosure 27 shows a selected subset of 

of the glass/Si3N4 c»ntl,ctn' In the contact rnlet moves 
pictures show that the re . as soeed increases. Comparison 
progressively closer t'> the con^c^ twoPloads taken at 100 in/sec 
of the original color piateau color is the same, indica- 
(pictures C and E) show t ( . teau) film thickness on load, 
tive of the low dependence (P identical film thickness since 
(A common color does not imp * ssure)# An interesting feature in 
refractive index paries d sharp leading edge of the 

’1= !i”! C«íí.i.c«s n’r. ïb's.rved with stool contacts 

are relatively more rounded. 
. . t renter to the meniscus (r*) 

The distance from the con led by the Hertz contact radius 
measured from the fringegrams *"9 28 {or the SÍ3N4 contacts 
, ls plotted as the lower «"^^““r./e ».lues for the same 
The upper curve is a pi t (15) for steel contacts. It is 
011 ’;::rtíel:tUr,u..c:o.r.r.ri.(.»«h.t i..«.-»«- »h.» t.. 

sÜN.-gl.ss contact »arción for the SÍ3N4 

nní::tr«“p«^:tí; <■>* fii" 

si3N4 contaCt* 

A previous investigaron ^ is a 
insufficient replenishment of on 
cause of starvation. 

I 
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In the film replenishment model, the relevant parameters are 
r./e' and c/u where f>o is the maximum pressure, a is the contact 
radius and is the ambient layer height. Under a given load, both 

w0 and a depend on the reduced Young’s modulus E'. So there is 
possibly some effect of E’ on film replenishment rate. It is also 
known that increasing A*, corresponds to an increase in the replenish¬ 
ment rate. The quantity can be dependent on the wetting character¬ 

istics of the solid surface. 

In spite of the experimental evidence that the Si3N4 contact 
exhibits a somewhat earlier occurrence (i.e. at lower speed) of 
starvation than the glass-steel contact, the optical film thickness 
measurements show that a lubricated Si3N4 contact has sat 1 
film building behavior close to what is expected by current EHD theory. 

4.2.8 Traction Tests 

As described in (8, 15) the traction force at the test contact 
in the EHD test rig is obtained from the torque measured at the ba 
or roller driving quill and the lateral force in the beam spring which 

constrains the ball or roller. 

The test contact is the circular contact between the flat and 
the ball each of which is connected to a driving spindle. The sliding 
rate is defined as the difference in surface speed of the two bodies. 

The following traction tests were run: 

1. Typical plots of traction coefficient (defined as the sliding 
traction divided by normal load) against sliding speed are 
shown in Enclosure 29 for oil No. 6 at two loads and two 
rolling speeds. A glass flat and silicon nitride balls were 
used. It is seen that the traction rises with sliding 
rate and then levels off as in many previous tests 
conducted with steel contacts. This shape is typical 
for all oils except Nos. 3 and 5 which reached a maximum 
and then decreased with sliding speed. 

2. A series of traction tests were run at three loads i.e. 
5, 10 and 15 lbs. corresponding to 131, and 146 and 161 
ksi maximum Hertz stress respectively. The entrainment 
speeds used were 40, 100 and 400 in/sec. A glass flat 
and silicon nitride balls were used. In Enclosure 30 
the maximum traction coefficients are tabulated for the 
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6 lubricants at three -1“"» . 
data show that traction is consistent 
decreases with rolling • ‘tee, c.on,acts. The data also 
with previous o{ al,di lives in paraffinic 
shows that the eff charactcrirod by the relatively 
and ester oils is small a. ., (2) and (4) and 

small ‘-nrfo'und that the two ester oils 

WrZ Ü» havehiyh er‘traction 

oils (2) and (4) • «e tr t io . í-" tío paraffinic 

iiîrc^rairî^,::--í»»8" 
3. Enclosure 31 shows 8ra8t*°^ í”8“ dulbricinttNo/l (Ester 

nitride and steel/s.3el c0"taCT ' tests were run in order 
oil with additive was used ficients in real 
to assess the difference silicon nitride/steel or 
bearings, where the contacts a * data a st el washer 
steel/steel. In order 10 0 used instead of the glass 
with 5 n in surface roughness d It is seen from 

flat used in the Previ0USuin^eS“g^“pss level. 271 ksi. 
Enclosure 32 that at the 9 d steei/silicon nitride 
the traction force for steel/steel levelSf 216 

differ by no m°re !;ha”lf?:rences between steel/steel and 

steel/si'l ico ^nitride are generally larger in one case by 

more than 20%. 

4. Enclosure 32 is a plot of 
coefficient at a roll.ng aP8 ^“/////ilíimum contact 
Oil (lubricant No. 1) as a Qf the contact 
pressure for three values of the a ls i:i 
and for five material combinations.^ The^axi 

í/r : roller^ against ‘ flat°cont act. i:"“ 

uat prevailing in steel contact. 

A "Fiat Washer" test rig provides a rapid and inexpensive means 
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of obtaining fatigue data with the use of relatively simple 
test equipment and simple shaped specimens. The effects of parameters 
such as surface topography, we11abi1ity, wear resistance, and ability 
to generate EHD films on endurance in rolling/sliding contact may 
be studied with this tester. 

In the ä CS ÍF "Flat Washer" test rig shown in Enclosure 33, 
three rollers, guided by a plastic or metal cage, roll under load 
in a circular path between two flat washers, as shown in detail in 
Enclosure 34. The upper washer is stationary and the lower one 
rotates. The rollers are of vacuum melted M50 tool steel, hardened 
to Rockwell C61-64. They are 5 mm in diameter and 6 mm long, and 
are crowned as shown in Enclosure 35. The rollers are guided by 
the cage in the "aligned" position, such that the axis of the rollers 
intersects the common axis of the two washers. Some sliding 
occurs between the rollers and washers due to the curvature of 
the rolling path on the washers. The greatest amount of sliding 
occurs near the ends of the rollers, at which points the slide- 
to-roll ratio, may be nearly 10% with the specimen dimensions used 
in this test rig, and there is one point usually near the middle 
of each ro11er-to-washer contact line at which almost pure rolling 
(zero sliding) occurs. Lubricant is supplied to the roller/flat 
washer assembly at a rate of approximately 1 pint/min. from an 
overhead reservoir through a hollow shaft on which the upper washer 
is mounted. Prior to each test, the oil is filtered through 
a 5 pm Millipor filter. The bulk temperature of the upper washer is 
monitored during the tests with a thermocouple. The output of this 
thermocouple is monitored continuously either on a chart recorder 
or by a digital computer test monitoring system. 

The design of the flat washer specimens of silicon nitride 
tested in the lower position in the flat washer tester is shown in 
Enclosure 36. A photograph of several flat washer testers is shown 
in Enclosure 37. 

4,3,2 Flat Washer Test Results with Steel Specimens Only 

Half-inch diameter steel balls are sometimes used in place 
of the rollers in the flat washer tester, as shown in the left- 
hand side of Enclosure 33. Endurance tests with AISI 52100 steel 
flat washers of different hardnesses and Hofors AOH 52100 steel 
balls conducted previously at ffl CS IF show that the Lio life deviates 
most drastically from predicted behavior in a critical stress 
range depending on hardness (life drops by a factor of 5 to 10 
below that extrapolated from either higher or lower stress data). 
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the lower hardness washers having a -daced Hfe^reglon 

load range. Bockwell 63C and 6 !r int represents about thirty 
shown in Enclosure 38. on were obtained with 
flat washer fatigue tests. Si rolling 4-ball tester, 
Rockwell 64.5C balls rolling together in a rolling 
also shown plotted in Enclosure 3Ö. 

+ V. ♦ thP Hfp of rolling contacts is decreased 
Indications are that the life 01 r * ranqes where the 

below expected values in critica con a k place probably 
onset of gross plastic ' such a manner 
resulting in sub-surface residua s,irface reversing orthogonal 
that the amplitude of the maximum J// / / 0 "^/the critical 
shear stress is increased. (This stress 
stress in rolling fatigue failure.) 

It was observed that considerable plastic ^ooving^occurred^in 

the ball track of the flat ^a®her* load. In order to minimize 
groove radius increased wit ecr been conducted on a 
ibis variable of grooving on as shown in 

flat washe^ aga^^t Cylli;dfe „Gained from tests conducted previously 
Enclosure 34. The Ll0 Hle cora roller-flat 
atacsiron 52100 steel flat 1// '///^////I/culated b, 
washer configuration exceeds ‘/ ////^ results obtai„ed in ball- 

the 4th power "//“•‘ ‘H is shown graphically in Enclosure 39 
flat washer tests. This 15 y thporptical load-life 

where a comparison is giv®" J^^-Hfe for both the Ll0 (10%) 
behavior and the experime íhe deviation from a linear relation- 

Ull produced^!? the%lower load can be related to the use of rollers 

with excessive crown. 

h ta on the rollers in a flat washer/rol1er configura- 
Endurance data on the ron « tva tr on manufacturing 

tion has been collected previous ï “ 2-2.5 0” at the measur- 
lot of 5 X 6 mm "triple Lundber, crown drop for 

i//]:-: f:¡ / :/:/::://:::1//1,osure 

a/tnn mm 250°F. and three load values. 
summalired0::/:://://,»» a/e ihn detailed lifc data obtained; 

RESEARCH 
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Group 
ami, 
31 w, 

31 HH 

Tut 
Load 

S1H2 12001 
1751,1755 1000# 

8001 

Thcomtiml Lire 
UF ÃifWiLT 

aaiSL in n'n- aa»- 
1 1.15 

Ï«X. 
IBI 

Theoritioal life* Nuhier or M*Eít wteÒM00°* 

JLKjiSr Æici í^ sm uo'îuLai^ 
H5 > 8«V 

»15 

280 

255 

2.^1 
5.5 

2.8 

H.7« 

12.1 

(2 
30 

8 

1 

18.3 

T.e experimental uroîen^r^r"1 
flat-washers are j" ®xce^ are not significantly different 
power roller set life. aUoted for CVM M-50 rings, 
from the 5 times calculated 1 ions in a flat washer 
If one eonsiders ‘•''^V/Er U resuUs support the life 

^dic«».^ tí" UmH calculated life for CVM M-50 steel under 

application conditions. 

Enclosure 40 shows andurance test Result s washer was 

washer assemblies run on t e^pr^ bottom washer was made of 
made of 52100 steel in silicon nitride having 
52100 steel in two of the tests ""J remainin, 
as-ground surface flnlsh "‘j cvll H.5¿ t0ol steel in flue tests 
five. The rollers were made of CVM M 50 t 8nd 
and Rex 49 tool steel in two tests' "'^„“'ïo.d was 500 
the load 1000 lbs. ex9eP* l-23699 It Is seen that every failure 
lbs. The lubricant was MII.-L-23699. tt osure 41 ls „ 
was due to spalled or distressed • excluding Test 3. 

Meibull Pi“‘t/ atí"s te»! "he ¿elbun slope of the 
because of the lower loa is within the range 
^lí; ^::rirh‘:rUr;r.nceste.tin,d.ndti.dic.teSnces in 

n\\ and inner"tîèrüîs! but rather to expected randem variations 
within the sample of six washer assemblies. 

. Life estimates cal—lated and bias corrected per (25). 

••Life in excess of 80 M.R. 

-27- 

laboratory BKF industries, INC RESEARCH 



AL74P009 

The estimated L^q life of this group shown in Lnclosure 41 
is about 0.2 million revolutions, or about a factor of 10G below 
the estimated L.q of 18.3 million revolutions ¿or 62 roller sets 
tested previously in these testers with DTK modi un ^oavy mineral 
oil lubrication, us shown in the above tabulate n. it was noted 
in the recent tes^s that the roller and steel \ snrr track 
surfaces, where steel washers were used, suffered lubrication 
distress. The silicon nitride flats had a groove about 20 
microinches deep worn in their tracks and the rollers against 
which they ran were especially distressed. Subsequent testing 
of steel washers in this rig with UTE medium heavy mineral oil 
lubrication has produced significantly longer lives, thus 
indicating that the low endurance lives of Tests \o. 1 and 2 
in Enclosure 40 with steel washers were the result of a life 
reduction due to excessive lubrication distress with the MlL-L-23699 
lubricant in this tester operating under the severe conditions 
of high sliding, low speed and high load. Apparently under 
these severe conditions significant wear of the silicon nitride 
occurs, causing very early spalling failure of the tool steel 
surface of the rollers against which it is run. Since these 
contact conditions are typical of the high-spinning high-load 
critical inner—ring contacts of ultra-high-speed turbine-engine 
mainshaft angular-contact ball bearings, further studies of these 
phenomena is needed and is currently in progress. 
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4.4 Sliding Frict^n and Wear Studies 

4.4-1 Characterization of Surface Finish 

The random microgeometry of surfaces in rolling contact has 
been recognized in recent years as a major detorminant of the 
contact's fatigue, wear and traction behavior. Measurements 
of the center line average (CLA) or root mean square (.KMò) height 
of a profile trace are standard methods to characterize 
the degree of roughness of the surfaces. The ratio h/<r of 
EHU film thickness h to the composite KMb surface roughness 
height , with 0¾2- *-*• «** and o; , <rx the HMb roughness 
amplitudes of two mating lubricated surfaces, has become a 
widely accepted measure of the efficacy of the lubrication 
conditions in rolling contact. 

In unlubricated conditions or when less than full film 
exists (h/<r < 3.9), asperities interact and the degree of plastic 
working that results has been observed to depend on the slopes 
of the asperities and not just upon the CLA or KMS height. 

Accordingly, the & CS OF“ Kesearch Laboratory developed a 
device which operates in conjunction with a Talysurf instrument 
to yield KMS values of the profile slope in the direction of 

tracing. 

A problem in the characterization of surfaces by means 
of one-dimensional profile data is the fact that a biased 
impression is thereby obtained of the summit heights and slopes 
on the two-dimensional surface. Both are understated in profiles. 
This is particularly true of surfaces having strong directionality 

such as the one shown in Enclosure 42. Since the sliding friction 
coefficient, and hence the wear rate, are different for motion 
along and across the furrows it becomes necessary to characterize 
the surface finish more completely. 

Recent theoretical developments permit the deduction of two- 
dimensional surface characteristics from profile measurements 
of RMS height and RMS slope, the latter being taken in at least 
three known directions. It is possible, using such a group of 
RMS slope measurements, to characterize the degree of anisotropy 
of the surface by finding the pair of orthogonal directions along 
which the RMS profile slope is maximum and minimum and the value 

of these extreme KMS slopes. 
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4.4.2 Theory of Longuet-Higgins on Surface Microgeometr, 

_r. ^ a r a r. ft i1 i z a t i Q.fl----- 

A surface whose statistical description is i«depeuÇoot of the 

direction of (profile) neasurenen is call ..,vaUo»s. 
surface. Due to the directional ï of proct.^ ^ ,,irocUo„ 

most real surfaces have statist c direction-dependent 
of nrofile measurement. buriac^ uu 
statistical descriptions are called an ,so,r p,.. 

u ih'it i lame variety of surfaces 
Williamson U9) has shown a a ^e.v the 

encountered in e"9ineetin9 .P”tlita Gaussian or normal 
distribution of surface hbiflhts follows » ba ^ 
distribution. A Gaussian assumption will 

m/vct nciiallv deduced from analyzing 
Surface ''tatistics are cpnsitive stylus traversing 

profile traces made by a displáceme ration 0f the Talysurf 

the surface. This 15 se The assumption is made 
instrument widely used for P ;u compared t0 the features 
that the tip radius of the siyius 

to be traced. 

One-dimensional profile 
regarding the actual two-dimension Longuet-Higgins (21), 

Nt^ ^rnr^rnÎ/rnor^thrdTor compensating for this 

distortion. 

Longuet-Higgins derived ^ relationship 

dimensional spectral moments of a proi 
spectral moments of a surface. 

The profile statistics method »Ï^-Suet-Higgins ^applied 

“ a Ti^TnY^-r^r-ment (model No. 4) The vaUe of 
were obtained on ® directly on a CLA meter. Values of 
«-*= ow„. was ebtained * ferent angles „f measurement 

- — - t”ci<)sure 43- 
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A computer program for linear regression analysis was used to 

compute least squares estimates of the quantities 
and using the measured value of '"'xO as the dependent variable 
and ^ ocsxô , Xx= *•'* Z* and = s'<yxxe as independent variables 

according to £q. (4) of Appendix 1. 

The result was found to be 

-m = - O.ol& s.* 26 + /?■& 
2.0 

The principal direction is calculated in tq. (3) of Appendix 

1 to be 

¿ = 'to'z'j' 

i.e. consistent with the obvious directionality seen in Enclosure 

42. 

From the above equation one has, 

ÏWM. W 

IT. Ci. 

Thus the RMÜ slope angle varies with tracing direction 
between a maximum of 4.3° and a minimum of 3.0°, a rather 

modest degree of anisotropy. 

4.4.3 Experimental Study of Friction and Wear Using "Pin 
_nn Disk" Apparatus and Lapmasier.:--- 

Attached in their entirety as Appendix II are Professor 
Kabinowicz's four quarterly reports on friction and wear 
tests conducted at MIT with hot pressed silicon nitride and 
other ceramic specimens. In the friction tests a simple 

"pin on disk" apparatus was used. The top specimen, a 1/4 
rod was pressed against the bottom specimen, a plate rotated 
at a speed of 0.3 cm/sec in the friction tests and 30 cm/sec 
in wear tests. Wear tests were conducted in a "Lapmaster" 
machine. Enclosure 44 shows a scanning electron micrograph (SEM) 
taken at 0 Câ IF of the wear debris produced in a typical 

V 
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Lapmaster test with silicon nitride. This photograph shows the 
presence of faceted particles typical of brittle fracture. The 
most important findings in this study, including tho SEM work 
at feil Lá fF, are: 

1. The results indicate that the friction coefficient on 
ground silicon nitride surfaces seems to be lower when the pin 
traverses across the grinding grooves than when it runs parallel 
to the grooves. 

2. Some of the six lubricants tested give a higher friction 
coefficient than the unlubricated condition. The silicone gives 
a much higher friction coefficient than all the other lubricants. 
The hydrocarbon Teresso V78 gave the lowest friction coefficient, 
by a slight margin. Turbojet 2300 oil was later added to the 
list and found to have almost the same friction coefficient as 
Teresso V7Ö. 

3. These studies suggest that silicon nitride behaves in a 
brittle fashion on a microscale at least under surface finishing 
conditions. 
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APPENDIX

A DESCRIPTION OF A PORTION APPLICABLE TO THE PRESENT STUDY OF THE 
PAPER "STATISTICAL PROPERTIES OF ANISOTROPIC RANDOM SURFACE" BY 
M. S. LONGUET-HIGGINS - - - - - - - - - - - - - - - - - - - - - - - - - - -

The definition of spectral monents is as follows: If the
power spectrum of the two-dimensional height process is Tf (,»*>» 
and that of a profile traced in the direction o relative to x is 
T'iC**)* two-dimensional spectral monent of order i»

"•* II I

and the profile spectral moment of order n is ***

The first two non-zero spectral moments of a profile are

of the roughness amplitude process, and is the variance of the 
slope of the roughness process in the • direction.

Of the two-dimensional spectral moments of the surface (with 
two subscripts), the lowest order non-zero values are «W ,-"i** 
and ,

f a cartesian coordinate system is arbitrarily established 
on a rough surface and a profile trace is made rt an «

to the X axis of this coordinate system, the profile moments 
and are, according to Longuet-Higgins, related to the two-
dimensional spectral moments as follows:

_

ir

^ -f 2w^^».Aecose 4. wxo* s**?e (4)

Eq. (3) shows that the RMS roughness height is independent 

of • .
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Eq. (4) shows that 'Wljois equal tovWj.for a profile in the 
direction © = 0, i.e. a profile taken along the x axis. 
Similarly, -wio^is the value of from a profile trace along 
©*ir/2 . Since ”wi2.*s a variance, it cannot be negative in any 

direction, and hence it follows that w)oa and positive 
quantities. 

For an isotropic surface '"hj.o is by definition independent 
of © and hence for an isotropic surface one must have, 
regardless of the orientation of. the coordinates: 

-o 

* "'"’'•l s ^2. 

If either >»>M differs from zero, ££ and ^ojf rom each 
other, then the surface is anisotropic. 

For given values of ^02. andx^Eq. above yields 
the profile slope vari anee as a function of © , i.e. it 
represents in a polar coordinate system with coordinate angle 9 . 

It can be shown that another polar system can always be 
obtained by an axis rotation through the angle S , in which 
the term ‘wn,) vanishes. The required angle of rotation is given 

The form of the equation in the new system is 

a co¿<(> ■+■ >^oa 

where 

<£ » 0-0 

» "*10 co^ ® + “wt,, fcivt IS -V >vaox © 

(6) 

(7) 

CÖ) 

and 

a**»1 • " a\v\ 2¾ •+■ 'wíoj, coi1'© (9) 
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Note that wi2o+»»»0l* »»io^wi^irrespective of i , i.e. the sum of the 
coefficients of the sin^ and cos^ terms is invariant with 
respect to an axis rotation. 

The maximum value of »»»2 is readily shown to ncour at ^-0 
and the minimum at 77/a, , thus 

and '^oa 

The directions $ and ©+Vi with respect to the otiyinal 
axis are the principal directions for , i.e. ■'vit.is maximum 
in the direction Q and minimum in the direction perpendicular 
to Q 
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APPENDIX II 

FRICTION AND WEAR TESTS WITH HP SILICON NITRIDE 

by 

Professor Ernest Rabinowicz 

Massachusetts Institute of Technology 
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FIRST QUARTERLY REPOKT 

Introduction 

The starting material for these tests were a silicon nitride 

rod of length 1" and diameter 1/4", with a trunkated conical end, also 

a silicon nitride plate of dimensions 2" x 2" x 1/4". These were 

kindly supplied to me on a no-charge basis by Norton. Tests have 

been carried out using these materials as well as similarly shaped 

specimens of M 50 steel. 

As received, the silicon nitride flat had a ground finish 

with surface roughness approximately 24 microinches RMS. In carrying 

out friction tests using a rider sliding circumferentially on the disk, 

there was a sharp rise in friction whenever the rider moved parallel 

to the grinding grooves. In later tests, the surface finish was 

Improved to about 4 microinches RMS by lapping the flat on a Lapmaster 

with 600-grit abrasive. Friction and wear results have also been 

obtained on this smoother surface. 

It waa noticed that the rate of removal of silicon nitride on 

the Lapmaster was excessively high. Tests on other ceramic materials 

have been conducted to check out this Impression, and these tests are 

also described below. 

Apparatus 

The simple pin on disk apparatus used in the friction and 

wear tests is shown in Figure 1. The top specimen, the 1/4" rod, was 

pressed against the bottom specimen under a load which was gsnsrally 

2 kg. The bottom specimen, the plate, was rotated at a speed of 

-II/l- 

RESEARCH LABORATORY BKP* INDUSTRIES. INC 



7 

ALT4P009 

0.3 ca/a«c in tha friction taata and a higher apead of 30 cn/aec in 

the wear teata. In order to obtain meaaurabie anounta of wear, the 

wear testa generally lasted marry hours. For lubricated teata, the 

bottoa plate waa covered by the lubricant in queation. 

Reaulvs 

A. Friction coefficient f 

Unlubricated 

Cetane 

Palnitic acid 
in cetane 

Silicone 
DC 200-50 

Fluorocarbon 
Halocarbon 

11-14 

Ucon fluid 
DLB 180 BX 

Hydrocarbon 

Tereaao V78 

Si3N4 on Si3N4 

(ground) 

along acroaa 
groove groove 

.17 .17 

.20 .15 

.17 .15 

.24 .24 

.17 .15 

.17 .15 

.16 .13 

Si.N. on M50 
3 4_ 

.16 

.16 

.17 

.13 

M50 on Si3N4 

(ground) 

along acroaa 
groove groove 

.16 .15 

.16 .12 

.17 .11 

.36 .36 

.17 .16 

.15 .12 

.16 .11 

M50 on Si3N4 

(lapped) 

.16 

.36 

.16 

.13 

.14 

It will be seen that combination involving rough aurfacea 

(i.e. Si3N4 flats, sliding along the groove) generally gave friction 

coefficients of about .16-.17, more or less the same aa for unlubricated 

aurfacea. In contrast, smooth Si^ surfaces frequently gave friction 
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coefficients In the range .11-.14. The silicone was a terrible 

lubricant, especially In combinations Involving M SO steel. 

B. Wear coefficient k 

This Is obtained via Archard's formula 

k m 3 X penetration hardness x wear volume 

load x sliding dlstsnce 

In this case the wear volume was always the total volume 

lost from both surfaces, while the hardness was that of the softer 

2 2 
member of the pair, either M 50 at 800 kg/mm or Si^N^ 1500 kg/mm . 

Unlubricated 

Palmitic acid 
In cetane 

Teresso V78 

Si.N, on S1,N. 
3 4 3 4 
(ground) 

5600 x lO”6 

Si.N. on M50 
3 4 

220 x IO"6 

30 

M50 on Si.N. 
3 4 

(ground) 

50 x 10-6 

85 

M50 on Si.N, 
3 4 

(lapped) 

20 x 10”6 

For a non-metallie sliding system (either non-metal against 

non-metal or non-metal against metal), we would generalv expect wear 

coefficients of about 5 x 10 6 unlubricated and 2 x lO”6 lubricated. 

E. Rabinowics, Friction and Wear of Materalls, John Wiley and Sons, 

New York, 1965, p. 164. Indeed, the system M 50 on lapped SijN^ 

lubricated by Terresso V78, did give a wear coefficient In this range. 

The other wear values were higher, often much higher, suggesting that 

brittle fracture wear was occurring. 
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C. W«ar in th« Lap«m«t«r «pparatu» 

The wear of various caraalc materalls vaa determined, and 

an abrasive vaar coefficient tan 0 was computed, according to the 

formula 

tan 6 
3 X wear volume « hardness 

Load X distance slid 

The values obtained were as follows 

Material Estimated Hardness Measured tan 9 value 

GE 330 
tungsten-titanium 2 

carbide 1250 kg/mm 

HP Si3N4 1500 

Silicon carbide 2000 

Boron carbide 2500 

For three-body abrasion processes, as in a Lapmaster, tan 9 

values of 2 to 6 X 10-3 might be considered normal. The silicon 

nitride falls way outside this range, suggesting again that brittle 

fracture has occurred. 

Discussion 

It is too early to make any definite statements about the 

friction and wear properties of Si^, but our samples appear to be 

brittle, and there seems to be considerable sensitivitv to surface 

roughness. 
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Futur« tu.« .Ul, hoptfull.* .«lo« «-••• »rt« 

• fau teats involving other * tt- Um oían to run s few teat» variables «ore fully. We pian to 
a« uhat extent silicon nitride is 

ceramic materials, to see to what extent 

churacturletlc, ..4 .1.. » ™ •1UCOn 

nltrld. « .1...1.4 t«p.r.t»r... 

A. further .«pi« »« nil«, "“rid. 

perhape u.ul.ctur.4 1. .U^-tlT 41fi.r«t ..... « b' °' 

luterwt to «.lu.» 1»- - ^ —*•“'■ 1 ^ ^ "f 

.^». ^ich .h» . 1« »« — C0"dltl0n* 

.U. .ho. 1« r.t*. under ordinär, .Udi« conditio,.. 

RESEARCH 
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■SKCÜNÜ QUARTERLY RhPORT 

Introduction 

Durin* the past three months, the main focus of our Investlea- 

tlons has been to generate further data on the friction of lubricated 

pairs of materials, one of which is silicon nitride or some other 

ceramic. The aim here Is to see to what extent the frictional properties 

of silicon nitride are exceptional or anomalous. 

At the same time, we have had the opportunity to carrv out 

further wear tests of other silicon nitride samóles on the Lao-master, 

our aim here being to see if this technique is able to measure the 

structural integrity of various silicon nitride samples. These results, 

too, are presented below. 

Results 

A. Friction tests 

The data were obtained under the identical conditions as 

those described in the first quarterly report. A pin on disk tester 

was used, and the top specimen, a 1/4" rod, was pressed into the 

bottom specimen under a load of 2 kg. The bottom specimen, the plate, 

was rotated at a speed of 0.3 cm/sec. 

The specimens used in these tests consisted of a tungsten- 

titanium carbide (GE 330), silicon carbide (Crystallon N) , boron carbide 

as well as the Norton-derived hot pressed silicon nitride specimens 

used in previous tests. 
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Table I. Friction Coefficient Values 

Unlubrlcated 

Silicone 
PC 200-50 

Fluorocarbon 

Halocarbon 11-14 

Ucon Fluid 
PLB 180 BX 

Hydrocarbon 
Teresso V78 

WC M50 Si,N. 
3 4 

on on on 
WC WC WC 

34 .19 .22 

40 .39 .33 

20 .18 .18 

21 .16 .14 

18 .13 .18 

SIC M50 Si,N. 
3 4 

on on on 
SiC SiC SIC 

.52 .2‘J .31 

.23 .42 .35 

.14 .14 .14 

.20 .16 .17 

.14 .13 .15 

Unlubrlcated 

Silicone 

Fluorocarbon 

Ucon Fluid 

Hydrocarbon 

M50 

on 

hc- 

M50 

on 
M50 

.53 

.28 

.27 

.23 

.25 

.29 

.30 

.25 

.20 

.25 

.43 

.34 

.31 

.31 

.29 

.15 

.20 

.12 

B. Wear teats on the Lapmaater machine 

These tests were carried out under the same conditions as those 

described in the last report, using a load of 1 kg, a sliding speed of 

30 cm/sec, ana 600 grit silicon carbide as abrasive. The duration of 

the tesla was 1-2 hours. The results are shown below. 
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Table II. Abrasive Wear Coefficient Values Obtained on the Lapmaeter 

Specimen 
u..r rn^fficlent Value (tan 

H.P. Si3NA flat, 2- X 2" x 1/4*1 

Used in previous tests 
Obtained from Norton. 

H.P. Si3N4 ring, 1 3/8" OD, 

13/16” ID, 5/8" long 

Kindly lent by 
Dr. H. Mahnke, SKF 
Obtained from Norton. 

H.P. Si3NA flat, 2 1/4" x 2 1/4" x 1/4" 

Purchased for this 
program from Norton. 

'0 x 10 

8 x 10 

80 x 10 

The range in wear coefficient values is auite marked. U 

is of interest to note that the most recently obtained specimen mav 

Indeed be the worst, in terms of structural integrity. 

Discussion 

Looking at the friction results, and c mparing them with 

those presented in the last report, there seems lit le unusual in the 

frictional properties of Si^ as compared to those of other hard non- 

metallics. Silicon nitride give, relatively high friction with the 

silicone fluid, but so do the other materials. The general range of 

lubricated friction values i. «leo typical. Perhaps the onlv unioue 

thing about silicon nitride is the exceptionally low friction coeffi¬ 

cient of .17 for the unlubricated material sliding on itself. 
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The wear values obtained on the Lapmaster show a lot of 

scatter. In future tests, we plan to see if these wear values 

correlate with other frictional properties of these samples. 

! 
ft 
< 
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APPLNUIX II (CONTINUED) 

THIRD QUARTERLY REPORT 

Introduction 

During tho period covered by thle report) e nunbar of friction tóete were 

run uolng e eeaple of the lubricant Turbojet 2380 (HIL L 23699 Exxon) obtelned 

fron SKT. to eee how thin practically Inportent lubricant would perfora. At 

the eane tine, edheeivo wear teats were cerrled out using the new eanplee of 

elllcon nitride recently obtained ‘fron Horton. The resulte of thle teetlng 

•re shown below. 

E—ulte 

A. Friction teete using Turbojet 2380 

The date wee obtelned under the sene conditions ee those described in 

earlier reports using e pin on disk teeter in which e 0.23" disaster rod le 

pressed against a flat epednen. The nornel force wee 2 kg end the speed of 

rotation wee 0.3 ca/eec. 

The results obtelned ere shown in Teble X. Per eonperleon, resulte 

obtained with Tereeeo V 78 (a nlnerel oil used as a general purpose lubricent), 

end shown in earlier reports« are also given. 
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TabU I. Valu«« of th« frlrtlon co«fflcUnt f 

Matarlal coablnaclon 

Silicon nltrlda on alllcon nitrida 

M SO ataal on alllcon nltrlda 

Boron carblda on alllcon nltrlda 

Boron carblda on boron carblda 

H SO ataal on boron carblda 

M SO ataal on N SO ataal 

f with Turbolat 2S80 

.12 

.11 

.24 

.31 

.24 

.13 

y with Taraaao V7B 

.13 

.11 

.29 

.23 

.23 

.12 

It will ba aaan that the Turbojet and tha Taraaao produced alaoet the 

■«m friction valuea nach tina. Aleo alfpilfleant la tha fact that both alllcon 

nitride on alllcon nltrlda and M SO ataal on alllcon nltrlda are conblnatlona 

which give quita low friction valuaa. Thua, thaaa ara conblnatlona which can 

ba readily lubricated. 

B. Wear teate ualna Turbojet 23BO 

The taata ware carried out ualng apeclnan of HP alllcoa nitride recently 

obtained fron Norton. Tha reeulte obtained ara ahown In Table II. For cow- 

par laon, a reault reportad aarllar ualng another aanple of HP alllcon nitride la 

alao ahown. 

Tabla II. Valuaa of tha wear coafflclant h 

Conblnatlon k with Turbojet 2380 

Silicon nltrlda on alllcon nltrlda 2.2 * 10 6 

M 50 ataal on alllcon nltrlda 1.0 x 10 6 

k with Taraaao V78 

3.2 x 10"6 

-11/11- 

RESEARCH LABORATORY SKP* INDUSTRIES. INC. 



ALT IP009 

Th««« k value* are quite reasonable for well USrlcated slldlnf. ayatema 

involving non-»atalllc «ateríale. (Por auch combinât Im*, the hook "Friction 

and Waar of Matarlal*." F.. RaMnowlca, Wllay. l<»i»5, *w.ta on p. 16* a 

wear coefficient of 2 k ). 

Future testa 

Currently we have under way an exploratory 

„„ the abrasive wear properties of ... sa.pies 

ith other mechanical properties of these same samples, rn an 

o if abrasive wear testing can form the basis oí a 

sil^r^erlals test for selecting good samples of silicon nitride. 

Following thl* work, we h.ivr scheduled « acrlM of teata to «aaaur« th« 

friction and wear of lubricated MUcon nitride nt elevated t«.p«raturea. It 

w 

la important to aee whether the mod friction nnd wear behavior of lubricated 

silicon nitride at room temperature cxttnde to elected temperatures. 
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fOL'KTH oüahtkhly report 

The 3-pin high temperature friction test apparatus was 

repaired. Friction-temperature tests were conducted using 

four combinations of Si^ and AI-Go riders and flats. 

The test conditions and test results are listed in Table 1. 

Plates 1 and 2 present the same information in graphical form. 
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TFST CONDITION

TABLE 1

TFMP. (°C) FRICTION COE--’P.

M-50 riders on 
Si-N, flat, lubricated 
wlth^ KIL-L-23699

Sl-^N). riders on Pl-iNi, 
flat, unlubricated’ 

Run 1

'^ome condlt’on as 
above. Run 2

Sl-N, riders on M-50 
flat, lubricated with 
KIL-L-23699

36
o5

150

200

30

105
150

18''

300

?8

50

110

150

200

3?
90

155
200

0.122

0.126

0.126

0.130

0.126-0.1 Bo 
0.122-0.173 
0.155-0.IBO 
0.1,58-0. iBl 
0.155-0.IRO

0.151-0.173

o.i5fi-0.l80

0.l5B-0.lOh

0.169-0.16?

0.173-0.19)1

0.152

0.157

0.161

0.165

]

■

]

*^1-jNi, riders on R1-»N|. 
flat, lubricated with 
KIL-L-23699

33
90

U-5
160

200

0.126

0.126

0.130

0.137

O.lliU
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TABLE I, 

TEST CONDITION ^Eî' 

Si-N. ridera on Si Ni, 
flat,1 lubricated wltn 
Teresao V-1^0 and V-b5 
(volt:me ratio l;li.6) 

M-50 ridera on M-^O flat, 
lubricated with MTL-L- 
21699 

SloN^ ridera on SioN^ flat, 
lubricated with palmitic 
acte in cetane 

SÍ3N, ridera on SioN^ flat, 
lubricated with Halocarbon 
11—11|. 

°C) EVICTION COFFF. 

0.1 ^ 
0.115 
O.I32 
o.i»i5 
0.156 

0.110 
0.115 
0.1^3 
0.198 
0.13H 

0.116 
0.116 
0.116 
0.116 
0.116 

0.126 
O.HiO 
0.160 
O.I8? 

• (atick-alio) 0.185 
I 0.193 

vt 0.200 

cont 

P. ( 

29 
80 

150 
200 
250 

28 
85 

160 
213 
250 

33 
65 

150 
200 
250 

28 
60 

ISO 
200 
210 
23O 
250 
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Figure 1. Schematic Illustration of the Single Rider friction 

Apparatus . 
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ENCLOSURE 3 

COMPARISON OF PROPERULS* OF 
SILICON NITRIDE AM» BEARING STEELS 

Property 

Compressive Strength (psi) 

Elastic Modulus (psi) 

Linear Thermal 
Expansion (°F) 

Silicon Nitride 

500,000 

45 X 106 

1.5 X IQ"6 

Density (g/cc) 

Hardness (Rc) 

3.1Ö 

80-85 

Maximum Use Temp. (°F) 
3,000 

S2100 Stee_l_ 

400,000 

30 X 106 

8 X 10"6 

7.89 

60 

400 

M50 Steel 

340,000 

30 X 10° 

8 X 10"6 

7.89 

62 

700 

# Room Temperature Unless Otherwise Stated. 

research 
LABORATORY 8KF IN OU ST R 
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ENCLOSURE 4 

TYPICAL PROPERTIES OF NORTON HOT PRESSED SILICON NITRIUE 

1) Bulk density (g/cc) 
2) Modulus of elasticity (psi) 25°C 

1000°C 

3) Room Temperature compressive strength 
4) Modulus of rupture (psi) 25°C 

900° C 
1300°C 

i 
43 X 10^ 
45 X 10 
(psi) 500*000 

130,000 
120,000 
75,000 

5) 

6) 

7) 

8) 

Kn<-op Hardness with 100 g. load (kg/mm2) 

Linear thermal expansion in the range 
25-1500°C (per °C) 

Thermal conductivity (BTU-in/hr.-ft2-°r) 

Specific heat (BTU/lb-°F) 

2200 

2.75 X IO"6 

25°C 116 
1000°C 70 

25 °C 0.17 
1000°C 0.39 

RESEARCH LABORATORY SKF INDUSTRIES. INC. 
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enclosure 9

UfUjAL SILHOUFTIE OF Q„. n.pp, p,

a) mL-L-23699
(No. 1 - Table 1)

b) Polyphcnyl ether 
(No.5 - Table 1)

Surface of the 
substrate

’ >
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ENCLOSURE 10 

AL74P009 

No. 

1 

2 

3 

4 

3 

6 

RESULTS OF CONTACT ANGLE MEASUREMENTS 

Oil 

Mobil Jet II 
(MIL-L-23699) 

XRM 177 F 

DTE Medium Heavy 

XRM 109 F 

OK 124 

XRM 234 

Surface Rouqhnessrt* in,_ 
— re ns 
_Contact Angle 

(Perpendicular (Parallel (Isotropic) 

to lav) t° lay)— —--- 

10° 0° 5° 

1H° 

5° 

17° 

37° 

26° 

0° 

4° 

12° 

29° 

11° 

16° 

15° 

13° 

29° 

6° 

research laboratory SKF- industri I N C. 
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SCHEMATIC OF OPTICAL EHD TEST BIG 

• BASIC TEST CONFIGURATION 
TOP VIEW 
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ENCLOSURE 12 
EHD TEST RIG ASSEMBLY

AL74P009
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LNCLUSUKl 13 

EHD TEST RIG OPTICAL SYSTEM 
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ENCLOSURE 14
ASTM :>tandard Teaperatura-Viacosity Chart 
tor the hlx Oils Used in this Prograa.

Mill If • a a » a %t t f a4iMan inaax-4

PPll
1i |:I
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t.N CLOSURE 15

KRINGE PHOTOGRAPHS OF hHU CONTACTS WITH STARVATION

Lubricant: Ester Oil (MIL-L-23609) 
Speed: 40 in/sec
52100 steel ball

L
1

I
r

Exit Inlet

2 Sapphire - Steel Contact 
P6 = 305 ksi

Glass - Steel Contact 
PO = 126 ksi

RESEARCH LABORATORY SKP INDUSTRIES. INC.
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ENCLOSURE l7 

VARIATION OF REFRACTIVE iNDEX WITH PRESSURE 

M -H <-t 

XOpUJ 8ATTOBJJ8H 
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LNCLOSLKh lO

SURFACli: OF AN UNKIJN SILICON NlTKlUt BALL AFTLK 
FLKKIC OXlOr- FOLISHING____________ __

t
1
I

S'.

:■ ■ .

‘ ^ tv- \ - ‘ .

•*. . . ; S •'
v:^ '*

a) lOOOX

b) 3onnx

■v: ’

/ V ■' ■'
■ •■ 1.. ' jy , ^ *

■ : >
.'i--■ vr- , .

' ► A
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KNCLOSL'KK 19

STATIC FRINCb FHUTOCKAPH UK I’OLISHKU SILICON NlTRIUt BALL
IN UPIICAI. h.HU RIG________________________
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ENCLOSURE 20 
AL74 P 009 

Optical Path of Light Beam Reflected From 

Coated Glass Plate and the Ball Surface. 
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ENCLOSURE 21 

PfiOPEHTIES oF coATT^< 

4L7 4po 09 

Coating ijat&UaA 

CeO 

Ge o 

Ü10 

Heflect^yitv 

25 

20 

20 

Absorption 

0.5 

0.5 

10 

RESEARCH LABORATORY 
INDUSTRIES. INC. 
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CALCULATED 

Materials 

Mil layer 

Steel Ceo 

Si N CeO (1) 
o 4 

Si3N4 Ceo (2) 

Si3N4 CeO (3) 

Si3n4 SiO 

ENCLOSURE 22 

FRINGE VISIBILITIES FOR VARIOUS COMBINATIONS OF 
_BALL AND COATING MATERIALS 

Reflectivity 

1*2 (Ball) (Layer) 

Absorption 

Aj (Layer) 

Relative Interference 
Bea® Fringe 

Visibilit. 

^o V" 

60% 30% 

40% 30% 

40% 25% 

40% 20% 

40% 20% 

0.5% 

0.5% 

0.5% 

0.5% 

10% 

0.30 0.27 0.9986 

0.30 0.195 0.9772 

0.25 0.224 0.9904 

0.20 0.256 0.9924 

0.20 0.196 0.9999 

RESEARCH LABORATORY SKP* INDUSTRIES. INC. 
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li
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I
1

I

Exit Inlet

Enclosure 24. Dynamic Fringegram of a Silicon Nitride- 
Glass Contact.

Speed = 40 in/sec. Max. Herta Stress = 113 ksi. 
Lubricant: Mobil Jet 11
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1
I

Color Fringeyrams of -Class Contacts at

Loads - j and 15 lbs. i*nd three speeds for 
bach Load.

V:^ - /P^>

y = 5 lbs. V - 20 in/sec, U h y - 15 lbs. V - 5 in/sec.

y = 5 lbs. V - 100 ill/sec. t b y - 15 lbs. V - oO in/sec.

»
« . n

c •• •
? . \

i '

‘ \ 
%

. r

.. ...

y - 5 lbs. V - 200 in/sec.
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ENCLOSURE 20 

ROLLING SPEED V (in/sec) 

A 5 1 bs 

a 15 lbs 

DistaUes oi Contact Center of the 

Meniscus (r*) Scaled by the Hertz 

Contact Radius (a) as a Function 

of Rolling Speed (V). 

Lubricant: Mobil Jet II 

RESEARCH LABORATORY S K F* INDUSTRIES. INC. 
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ENCLOSURE 29 AL741‘009 

Traction Curves for Oil No. 6 

(Ester base Oil) 

Pmax V (in/sec) 
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liN CLOSURE 30 

MAXIMUM T K AC 110 N C.OLFF LC19M.^ OF U 

Material: Silicon Nitri de-O lass, Axis Palio 1:1 

Máximum 

Oil Stress 
(ksjj 

Synthetic 11 ^ 
paraffinic 1»1 

163 

Synth etic 
Paraffinic 
with additive 

113 

Hl 
163 

Ks ter oil 113 
with additive 141 

163 

Ester base 
o i1 

113 
111 
163 

Mineral oil 
(DTE MedcHvy) 

113 

141 
163 

Polyphenyl 
ether 

113 
141 

Hollino Speed 

40 in/sec 
f«<0° E ) 

0 « 01 61 
0,0163 
0,026 

0.0140 
0.0181 
0.0275 

0.0186 
0.0358 
0.0362 

0.0256 
0.0294 
0.0346 

0.0434 
0.0445 
0.0467 

0.0376 
0.038 

100 in/se 

(100° K ) 

0.010 
0.0093 
0,0172 

0.0126 
0,0094 
0.0225 

0.0143 
0.0240 
0,0292 

0.0197 
0.0222 
0.0251 

0.032 
0.033 
0.0388 

0.034 
0.0306 

100 m/sec 
( 1 13° F J_ 

0,00 85 
O.0077 

0.0()90 

0,007 
0,0154 

0.0150 
0.0203 

0.0127 
0.0145 
0.0224 

0.0134 
0.0217 
0.0243 

0.0187 
0.0290 

RESEARCH laboratory SKF industries, in 
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ENCLOSURE 33 
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et Al WASHES TESTER ASSEMBLY drawing 
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ENCLOSURE 34 

AL74P009 

TEST HEAD ASSEMBLY FOR RCLLER/FLAT WASHER MACHINE 

\ 
FT;, t Washer 

Test Specimen 

3-5x6mm 
Rollers 

Standard 
Thrust 
Washer 

RESEARCH LABORATORY SKP* INDUSTRIES. INC. 



ENCLOSURE 35 

DIAGRAM OF CROWNED ROLLER 

AL74P009 
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ENCLOSURE 36 
AL74P009 

SIEICON NITRIDE FLAT WASHER SPECIMEN DESIGN 

.J_ 

rfoTZs : 

fACE'S To ¿j-£ou*iD 

,00/ r/fZ To SrtûoTtiSCT T^oSG/BLã^ 
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ENCLOSURt 37

PHOTOGRAPH OF SEVERAL FLAT WASHER ROLLING CONTACT
FAT IGFE TESTERS _ _ _ _ _ _ _ _ _

.. ••

y * y y' y

4*^
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ENCLOSURE 3B 

load-life tests of steel balls and flat washers 
OF DIFFERENT HARDNES_S--- 

Calculated stress-life 
slope (AFUMA or Lundbery- 
Paimeron theory) 

research laboratory 
SKI7 INDUSTRIES. INC. 
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1-0AD-LIF£ TESTS 

ENCLOSURE 39 AL74P009 

OF hi Rc FLAT WASHERS WITH ROLLER^ 

Laaend 

research LABORATORY SKF- I N DU ST R I . INC. 



R
E

S
E

A
R

C
H
 
la

b
o

r
a

to
r
y

 



[
I

ii

I

i
K

- ^



AL74 POO 9
ENCLOSORL 42

[

1.
[

I
L<
11

w /-a jW/
Appearance of Ground 

Plate. lOOOX

'I
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ENCLOSURE 14

SiA .4

SEN Photograph of Wear 
Debris Obtained from 
Lap-master Wear Tests 

3000X
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