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• EFFECT OF LAPPING PARAMETERS ON GENERATION OF

• DAMAGE ON SILICON NITRIDE BALL SURFACES

- SUMMARY

This is the Final Report on the Effect of Lapping Parameters
on Generation of Damage on Silicon Nitride Ball Surfaces, The
work was performed under Contract No. N00019-76-C-0l47,

1
The repor t is wr itten in three par ts.
Par t I pre sents resul ts of two rou gh lapping experimen ts

conduc ted using 44 jim SiC and 15 jim diamond abrasives in free
and con troll ed quantities and with various unit ball loads.
The resul ts indica te tha t, under the tes t condi tions chosen ,
diamond generates  a more uniform f iner  surface f in i sh  compared
to the SiC and provide s a lar ger increa se in ma terial  removal
rate with increase in unit ball load.

Part II discusses the results of Al203 polishing . It was
found tha t by using the developed procedures sil icon ni tride
balls  can be polished to mee t surface roug hness speci f i cat ion
of 0.01 um AA for aircraft quality balls. It was also found
tha t the more uni form and f iner  surface genera ted by diamond
roug h lapping is po lished to the re quired quali ty more readi ly
than the roug her surface  genera ted by SiC .

Part III discusses four-ball fatigue test results of silicon
ni tr ide ba l l s  produced in Parts I and II  tes ted aga ins t vacuum
melted M-50 steel support balls. The results clearly demonstrate

• the improvemen t in fa tigue life of the silicon nitride balls due
to the use of proper finishin g procedures.

f l
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CONCLUSIONS Li

• 1. Rol l ing - con tact fa tigue tes ts of si l icon ni tride Ibails show substantial improvement in fatigue life of rough-
lapped or lapped and polished balls over as-received balls.
The lapped and polished balls are shown by scanning elec tron
microscopy to be free of the microscopic surface cracking
observed on the as-received silicon nitride balls.

I
2. Rough lapping experiments show a clear superiority

of diamond abrasive over silicon carbide abrasive in efficiency
of ma terial remova l in s i l icon ni tride ball lapping while
maintaining consistently lower surface roughness. J

3 .  Alumina polishing of silicon nitride bails after
roug h lapping produced the desired low surface roughness wi th -

less material removal required with the diamond rough lapped
bai ls  than wi th s i l icon carbide roug h lapped balls.

- - I
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PART I

ROUGH LAPPING

1.1 Introduction

The re l iabi l ity of ho t pressed si l icon ni tride f or cri tical
rolling-bearing components depends on the ability to manufacture
componen ts from this ma terial wi thou t genera t ing ma terial  or

• finishing induced defects in the process. Material defects are
known to affect the fatigue life of bearing steels (l)*, and
signif ican t improvemen t in cr it ical aircraf t applica tion s ha s
been demons trated throu gh the use of vacuum processed steels
and improved processing techniques and quality control procedures.
The greater brittleness of silicon nitride compared to bearing
s teels increases the impor tance of pr oducing componen ts wi th
even fewer and less severe strength degrading f laws . Material
defec ts such as porosity, non-uniform density and tramp impurities
or foreign inclusions are obviously dele terious to its fa tigue
performance. In addition , poor grinding procedures can generate
streng th degradin g flaws in glasses and ceramics lead ing to poor
streng th ( 2,3) or fa tigue l i fe  (4 ,5). Rolling contact fatigue
testing (4,6,7,8) of hot pressed si l icon ni tride , summariz ed in
Fi gure 1, has demons tra ted tha t the ma teri al equals the ro l l in g
con tac t fa tigue l i f e  of a good qual ity bearin g steel ( 1) and at
times greatly exceeds it. There is further evidence (4,5,9)

• that finishing procedures significantl y inf luence the f at igue
life of this material.

Presen tly,  a significan t design-effective application of
si l icon ni tride in ro l l ing con tact applica tions app ears to be
as bal ls  in hi gh-speed bal l bearings to reduce the centrifugal
loading and improve fatigue life . A lower heat generation of
steel-silicon nitride bearings compared to all steel bearings
(9 ,10) makes this material additionall y impor tan t where he at
generation as well as centrifugal loading, is cri tical to per-

• • formance. The purpose of this research and development program ,
therefore , was to stud y the e f f ec t of bal l  rou gh lapp ing para-
meters on the severity of surface damage generated and its effect
on fa t igue l i f e  of ba l l s  made f r om NC 13 2 grade ho t pressed
silicon nitride.

Two rou gh lappin g experiments were conducted. The first
experimen t was conducted with an abundant supply of abrasive

~4 -
~~~ par ticles such as would be used in a produc t ion manufac tur ing

• operation. This wa s done to dupl ica te an ac tual produc t ion
process in which the avera ge s ize  of the abras ive  par t icles
contac ting the silicon nitride ball surface is not significantly

Li smal ler  than the star t ing s ize  tow ards the end of the roug h
*Numbers in parentheses refer to list of references at the end

-

~~~~~
• 1i~ 

of this report.
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lapping cycle. The damage generation tendency of the abrasive
type and size was thus evaluated. The second rough lapp ing
experimen t was conduc ted usin g a fixed quan tity of abrasive
slurry sufficient to just fill the lapping plate grooves. This
permitted evaluation of the response of the abrasive particles
to increasing unit ball loads. The experimen tal condi tions and
results of the above studies are presented below.

1.2 Rough Lapp ing wi th Abundan t Abrasive

1.2.1 Experimental Approach j
The rough lapping experiments were conducted on 17.5 mm 

•diame ter silicon ni tride balls made from hot pressed NC 132 grade
material. A precision single groove ball lapping machine was
used for this purpose. A lever arm with a leverage of 5:1 was
added to the dead wei gh t sys tem on the spindle of the machine
to permit the variation of unit ball load for any number of balls
being lapped at one time .

The si gnif ican t variable s of a rou gh lapping opera tion
are l i s ted be low:

a) gri t type (SiC ,diamond ,A1 203 etc.)b) gr it s iz e
c) uni t ball load
d) lapp ing speed
e) coolan t chemis try

In the present investigation constant lapping speed and
coolant chemistry (mineral base oil) were maintained. Two

fl grit types (SiC and diamond) and two unit ball loads (44 and
H I lii N) were evaluated. A 45pm size SiC grit , conventionally

used for roug h ball lapping and lSpm diamond were used . The
smal ler  gri t s ize  diamond was chosen to acc oun t for the lesser
f r i a b i l i ty of the diamond par tic les compared to the SiC par ti-
d e s  which break down during the production cycle.

The rou gh lapp ing opera tion on a small  experim en tal
single groove machine , was conduc ted us in g a se t of grooved
Meehani te lapping plates (Figure 2). The abrasive slurry
was contained in a small tank surrounding the lapping plates.
The lapp ing pla tes were kep t imm ers ed in the s lu r ry  dur ing
the lapping operation. The slurry was continuously agitated
to prevent the abrasive from settling. A separate tank and
set of lapping pla tes were used for each grit type.

- 1
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A set of twelve 17.5 mm balls were rough lapped at
44N (10 lbs.) unit ball load with each of the two abrasives.

-
- A detailed study on the polishing response of these rough

lapped balls was subsequently conducted , (Part II) to establish
the change in surface roughnes s with ma ter ia l  remov al by
Al ,O.1 poli shing. At the higher unit load of lllN (25 lbs.)
th~ ~et size was re luced to six. A polishing study was not
conducted on these zwo sets of halls.

1.2.2 Results and Discussion

• The data on the SiC and diamond slurries used in this
investi gation is shown in Table 1. The concentrations of the
two abrasives chosen are typical of those used in manufacturing
practice. It is significant in considering processing costs
that the number of SiC particles per cc of slurry is approx-

• ima tely four times the number of diamond particles per cc.
Material removal rates , me asured as a change in the diame ter

• of the balls per hour , and surf ace rou ghness produ ced by ea ch
-• of the four rough lapp ing experiments are presented in Table 2.

The results indicate that at the conventional rough lapp ing
• load of 44N/ball the material removal rate produced by diamond

• (36pm/hr) is only marginally less than that of SiC (4Opm/hr) ,
inspite of the hig her concentration of the latter. On the

• • other hand the surface roughness of the diamond lapped balls
• (0.lpm AA) is superior to that of the SiC lapped balls

(0.4i~im AA) . increasing the unit ball load to 111N leads
to greater increase in material removal rate for diamond
(36 to 5Oum/hr) compared to SiC (40 to 42pm/hr) while still

- • maintaining a superior surface finish. The greater increase
• in material removal rate with load for the diamond abrasive

is consistent with the lower friability of the diamond
• par ticles. In the case of the balls lapped at the hig her
• 

• 

- load , the variation in spot-to-spot surface roughness was
also measured. it was found that , when compu ted as a
percen t of the average value , the variation is greater (‘26%)
for SIC than for diamond (17%) rough lapped balls , it is

- 
no ted tha t th e surface  roughne ss of the S iC and diam ond r ou gh
lapped balls are in the same ratio as their particle sizes
i nd ica t in g tha t whi le the SIC may breakdown in s i z e dur ing
the l app in g cyc le , the initial size , needed to provide a
r easonab le  cu tt ing ra te , de termines  th e re sul t in g s u r f a c e
characteristics.

A visual compari son of the surface topographies of
• SiC and diamond roug h lapped ba l l s , a t 44N / ba l l load , is

ob t a ined  by comparin g scannin g elec t ron m i c r o graph s shown
in F igures 3 and 4. The greater roughness of the SiC l apped
balls compared to the diamond lapped balls is evident. This

RESEARCH LABORATORY 5KP I N D U S T R I E S .  I N C .
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is further illustrated by Talysurf traces shown in Figure 5.
Close study of the 5000X ph otom icrograp hs reveals a differ-
ence in the mechanism of material removal by the two abrasives.
Ma ter ia l  remova l by SiC appears to take p lace largel y by a
rubbing act ion pr oducin g a f la t ch ip of the type indi cated
in Figure 3. The clean cutting action of the diamond
abras ive , on the other hand , is eviden t f rom the sur fa ce
scratch shown in Figure 4. Increasing the unit ball load
does no t cau se a si gn i f i cant ch ange in surf ace topography

• with either abrasive as evidenced by the relatively minor
change in su r fac e r oughness (Table 2).

1.3 Rough Lapping with Limited Abrasive Supply

1.3.1 Experimental Approach

The basic experimental set up and slurries used
• for this purpose were the same . The main difference is that

each experiment used a set of 3 balls with a single charge of
• abrasive slurry sufficient to fill the lapp ing plate groove .

The ba lls were spa ced equ all y around the groove by me ans of
a cage. A rubber finger was designed to scrap e the bottom
of the groove in front of each ball to stir up the slurry
and minimize settling of the abrasive during the brief peri od
of the test. Tests were conducted using unit ball loads of
44, 111 and 222N (10,25 and 50 lbs.) with each of the
abrasives. A fresh batch of abrasive slurry and a new set of
silicon nitride balls was used for each experiment.

The cycle time selected for these exp irments was 2
hours. This short time period was chosen to facilitate
in te rpre t ing and compar ing tes t da ta for  the two abrasiv es by
min imiz ing the e f f ec t of sett l ing ra te d i f f erences of the two
abras ives due to the d i f f e r enc e in the ir par ticle  sh ape and

• densi ty and the absence of good stirring.

Material removal rate was m3asured in terms of
weight change using a microbalance. The weight change per
hour per ball was then converted to an equivalent reduction
in diam eter per hour for the 17.5 mm diameter balls , using

4 a density of 3.2 g/cc.

1.3.2 Results and Discussion

The resul ts of th e second rough lapping experiments
• are presented in Table 3. Material removal rate in terms

of diameter change per hour (jim/hr) as a function of unit
ball load is graphically presented in Figure 6. Surface
roughness of the balls produced with each unit ball load is

6
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also included on the grap h.

The results show that material removal rate for the
diamond abrasive increases almost linearly at the lower
unit ball loads after which it seems to be leveling off.
Some decrease in material remova l rate is expected from the
breakdown of the diamond particles. A second cause of the
leveling off may be due to the fact that at the higher uni t
ball loads the diamond particles are pushed into the Meehanite
plate and made less effective . In the case of SiC abrasive ,

• the material remova l rate shows a gradual increase with
increasing unit ball load without signs of leveling off. The

• 
• sli ghtly upward slope may be due to the increasing break-
down rate of the SIC particles under increasing pressure.

• This leads to an increase in contact area between the silicon
nitride ball surface and the abrasive particles resulting in
an increased material removal rate . In the case of SiC ,
embedding of the abrasive particles into the Meehanite plate
is less significant. Regardless of the reasons for the shape

• of these curves , it is obvious that diamond lapping is
superior for removal rate.

The change in surface roughness as a function of load
is found to have an opposite trend for the two abrasives.
While surface roughness decreases with increasing load for
the diamond abrasive , it increases with increasing load for
SIC (Figure 6). This finding also clearly favors diamond as
an abrasive for rough lapping silicon nitride balls.

The combination of hig hest material removal rate and
lowes t surface roughness cf diamond rough lapped balls offers
a good potential for developing a Cost effective silicon
nitride ball manufacturing process. Optimization , how ever ,
is not as simple as stated above . A high material removal

• rate which implies short cycle time can lead to excessive
-: out-of-roundness of the roug h lapped halls which would be

extremely difficult and costly to correct in subsequent
• polishing operations. Of course the danger of generating

surface microcracks with increasing unit ball load due to the
low friability of diamond grit must also be considered as
a limiting fac tor.

A visual comparison of the surface topograp hy
produced with increasing unit ball loads by the two abrasives

• is prov ided by the scanning electron micrograp hs in Fi gures  7
and 8.

4

7 4

• I ~ 
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PART I I

POLISHIN G STUDIE S

Pol ish in g is the f inal stage in the bal l  manufac turin g
opera t ion in which the surfac e f i n ish of the bal l s, and to a
l imi ted ex ten t roundness and s ize , is impr oved to the required
level. Based on prior endurance testing, a sur face  rou ghne ss

• be tter than 0.01 pm AA (O.4p in.) is desired on the silicon
nitride balls. This was achieved by using E-330 grade Al 203

• produced by Norton Company , in the f ina l  polishin g operations .
It has an average particle size of 5 jzm. In the present study,

• polishing was also used to remove selectively increasing amounts
of surface  layer on rough lapped balls to ass ess the dep th of
the potential rough lapping damage.

For p o l i s h i ng purp ose s, the grooved Meehanite lapp ing
• plates (Figure 2) were replaced by brass plates of the same

configuration. A slurry containing 10 weight percent (w/o)
- ¶ Al 203 was used. The same mineral-base carrier oil as used in

the rough lappi ng experimen ts , wa s employ ed in the pol ish ing
slurry.

S ince the main  ob jective of po li shin g is to produce as
f ine a su r face  f i n ish as pos s ibl e, impr oved resul ts are ob tained
if the surfaces of as-machined brass plates are “run-in” pr io r
to their use in polishing. This was achieved by running
finished F.5 mm ‘I So steel balls in the grooves for six hours
without slurry . The run-in was then continued for an additional
21) hour s with the polishing slurry . At the end of this period ,
t h e pl ates were c leaned and the surfaces  examined to ensure
that all tool marks were removed and that the groove surface
was smoo th , indica ting even contact with the balls.

• :\ set of six as-received silicon nitride balls were
polished using the run-in brass plates. A polishing cycle of
20 hours improved the surface finish of the as-received balls
from 0.02 pm AA (O.8p in. AA) to O.0~• pm AA (O.4p in. AA).

• Ab sence of visible marks on the surfaces of the balls indicated
that the groove surfaces were properly run-in. SEM examination
further revealed that the surface topography was quite accept-
abl e being s imi l a r  to tha t of a 7 mm ba l l  rece ived from
Germany (9). A longer term polishing (up to 40 hours) produced
si l icon  ni tr ide ba l l s  having a measur ed surface roughness of

• j 0.008 ~um AA , which is only insi gn i f ican t ly be tter than the 20
hour lap and which is prob abl y smoother than required.

For comparison , scanning elec tron micrographs of as-received ,
A1203 pol ished , and 7 mm German ball  are presen ted in Figures *

• 9 , 10 and 11, respectively. The surface topography of the

8
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as-received ball is seen to be more pitted than the other two
-

• 
bal l s , as revealed in the secondary emissi on (SE) elec tron

• micrograph s. Back-scattered electron (BSE) images of the same
surfaces reveal the presence of microcracks on the as-received
bal l sur face , not seen on the other two balls. The structural

I s imi la r i ty of the A1203 polished 17.5 mm ball and the 7 mm• German bal l is also eviden t from the BSE ima ges of the ba ll
surfaces.

Having established an acceptable polishing procedure , the
• 

• run-in brass plates were used to conduct polishing studies on
• the diamond and SiC rough lapped balls. Out of the twelve rough

lapped ba l l s , three were retained for SEM and Me tro logical
studies  and for  evalua ting the severi ty of roug h lappin g su r f a c e

• damage by four-ball fatigue testing. The polishing studies were
conduc ted on the remaining nine balls , in order to measure the
rate of polishing of the rough lapped balls , the remainin g n ine

t bails were loaded in the lapping machine as one set. Change in
surf ace rou ghness was monitored continually. A set of three
bal ls  was removed af ter the surf ace rou ghness was reduced to
approximately 0.05, 0.015 and 0.005 pm AA. The three balls
were retained for SEM examination of the surfaces and to deter-

• mine the material removal (diameter change) that occurred in
• decreasing the initial surface roughness to the given value.

The rela t ionship  be tween diame ter chan ge and sur face  rou ghness
• is presented in Table 4. In the case of finished balls produced

• from the diamond rough lapped balls (A4), a diame ter reduc t ion
I of 4.83 pm was required to reduce the initial surface roughne ss

(0.095 pm AA) to the desired final value of 0.01 pm AA or less
on the f in ished  ball . The three surface  roughness readin gs on
the A4 balls indicate very little variation in surface roughness

- • from spot-to-spot. In the case of finished balls produced from
the SiC rough lapped ba l l s  ( B 4 ) ,  it was necessary  to reduce
the diame ter by 22 .83 pm to bring the surface roughness down to
a level less than 0.01 pm AA. The three surface roughness
values repor ted on the B4 balls indicate a greater spot-to-spot

• variation compared to the diamond rough lapped balls. This in-
dic ates the presence of some non-cleaned-up areas on the finished

• balls which is confirmed by SEM photomicrograp hs of the surfaces
discussed later. I t mus t be poin ted ou t tha t al thoug h there is
a spot-to-spot variation in surface roughness of the B4 ba l l s ,
the highest surface roughness value (0.011 pm AA) does meet the
desired maximum limit. A few short or narrow residual scratches
will not normally be detected in surface finish readings and ,
there fore , an addi tional description of surface characterization
besides AA fini sh is necessary. The detection and rejection of

U 9
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residual  deep scra tches or p its is of par ticular  impor tance to
atta in the required fa tigue l i f e  of bri ttle ma terials such as
silicon nitride.

Comparative photographs of the partially polished and fin-
• ished A(A2-A4) and B(B2-B4) series balls are shown in Figure

12. It is clear from the polishing rate data that polishing
proceeds by removing a greater amount of material from the higher
spots and a smaller amount at the lower spots. The polishing
of the hi gh spots is particularly evident from the SEM micro-

• graphs of the B-series balls (Figure 13). Since the B-series
• balls are rougher initially, th is is in agreemen t wi th the

previous f indin g tha t a grea ter diam eter reduc tion is required
to produce the B4 balls of finished quality comparable to the
A4 balls.

The re sul ts of the rou gh lappin g and pol ishing studies re-
ported above clearly indicate a preference for the use of diamond
abrasive for rough lapping of silicon nitride balls. The surface
rou ghness of the rou gh lapped balls is lower , requir ing less
material removal to produce finished balls. This potential of
the diamond abrasive can only be rea l ized  if the silicon ni tride
bail surface is not damaged causing severe reduction in the
rollin g contact fatigue performance of the material.

A selected group of balls were four-ball fatigue tested to
evaluate the severity of damage generated by the rough lapp ing
operation . The results of these tests are presented and dis-
cussed in PART III.

ii
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PART iii :

• ROLLING FOUR-BALL FATIGUE TESTS

The experimental evaluation of the effect of the finishing
o process on the fa t igue l i fe  of Si 3N4 balls  was performed on

• rolling four-ball testers. Testing was performed on five
groups of NC132-type Si~N4 balls each f inished by a d i f fe ren t
process and one group of consumable-electrode vacuum melted (CVM )
M - 5 0  steel balls with six specimens being tested in each group .
The test series was desi gned to de termine the rela tive e f fec ts
of variations in the finishing processes on the fatigue life of
the Si 3N4 balls  and a comparison of the lives wi th tha t obtained

• from CVM M-50 steel balls (a standard aerospace bearing material),
• which were used as a base line .

Rolling Four-Bali Tester ~ Tes t Procedure

A schematic of the roiling four-ball tester is presented
in Figure 14. In the four-ball tester , the tes t specimen , i.e.,
the sp indle ball , is held in a ver tical arbor again st three
suppor t balls which orbi t the spindle axis on a bail raceway
machined in a cup. The sp indl e ball is f ixed in posi tion wi th
respect to the rotating arbor by a spring loader/plunger pressed
against a fiat surface ground on the top of the spindle ball and
the f r ic t ion be tween the cone machined in the end of the arbor
and the ball spherical surface. Two f la ts ar e machined on each
spindle ball diametrically opposite each other; thus , each ball
is tested twice , i.e., the two ends are considered as two tes t
specimens .

H • The support balls are positioned in the cup race 120° apart
and held in this relative position by a brass cage or separator.

• The positioning of the cup concentric with the spindle axis in-
sures equal loading of the suppor t bails and iden tical Her tzian
stress at the three contact points between the sp indle (tes t)
ball and the support balls. The con tac t ang le of the assembly
is controlled by the race design in the cup and the support and
tes t bali s izes , see Figure 15. The load , which determines the

H 
Her tz stress at the con tac t poin ts be tween the ba l l s , is applied• throug h the spindle by a dead weight lever system . The spindle
is driven by a constant speed DC motor through a pulley and belt
drive system . The spindle speed can be varied by changing the
ratio of the driver to driven pulley diameters.

• 
Li

• Lubrica tion is provided by a once-through , dri p-feed system
which provides oil direc tly to the spindle ball and maintains a

u s  cop ious quantity of oil in the cup. A vibraswitch mounted on
the cup support table automatically turns the drive motor off
and stops the testing at the initiation of a spalling failure.

ll~ 11
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Prior to the ini tia tion of each tes t, the concentricity of
the cup race wi th respec t to the spindle axis was de termined
wi th the opera tin g load applied and any necessary adjus tmen ts
made. The cup race was visual ly examined for damage , and if
damage was present the cup was replaced. The spindle bal l , test

• balls and cup were cleaned before assembly and coated with the
test lubricant. After assembly and prior to starting the drive
motor , a cop ious supp ly of tes t oil was injec ted on to the spindle
bail and allowed to drain from the bottom of the cup while the

• spindle was ro tated by hand . This was performed to prevent
• wear at star tup and f lush  any dir t from the assembly which may
• have inadvertently been introduced. Each test was performed

un til a spall or wear f a i lu re  occurred on the sp indle ball  or
• to a pre-established time up. Following each mo tor stoppage

due to the vibraswi tch , all balls were inspected. If the test
• bal l had failed the test was terminated. If a suppor t ball had

fai led , all three suppor t ba ils were replaced and the tes t con-
tinued.

A lubrican t meeting MIL-L-23699 specification was used in
all tests and supplied at a rate of 3-6 drops per minute. The
spindle balls were 17.5 mm in diame ter and the suppor t bal ls
were aircraft quality 12.7 mm diameter CVM M-50 steel. The cups
were machined from 52100 steel. The spindle ball material and
f in ish ing process , the spindle speed and load , the calculated
maximum Hertz stress , and the calculated Lundberg-Palmgren L10life for eac.i test is presented in Table 5.

Tes t Resul ts and Discussion

The resul ts of rol l in g four ball test ing are summarized in
Table 5. The M-50 steel balls were tested at 5200 rpm spindle
speed under a sp indle load of 1277 Newtons (287 lbs.) calculated
to produce a maximum Hertz stress of 4.7 CPa (680 ksi). This

• stress level was selected based on previous 52100 steel ball
• test results. It was the maximum stress found with 52100 steel

• balls (thus minimizing test time) that would not cause excessive
loss in fatigue life due to plastic deformation and grooving of

F~~ ; the contact track (11). Even so , the l i f e  of CVM 52100 steel
bails was less than half the theoretical life calculated according
to Lundberg-Palmgren (1).

As seen in Table 5, the CVM M-50 balls tested also lived
considerably less than the theore tical lif e to spal l ing  failure.

12
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• This result is not unexpected for the higher alloy H-SO tool steel
compared to 52100 steel in this type of elemen t tes ter runnin g
under hi gh Hertz contact stresses.

The first test conducted with a NC 132 silicon nitride ball
of curren t domes tic manufac ture under the same tes t condi t ions
lived many times longer than the M-50 steel balls. Since
the accumula tion of spall ing fa i lure  l ife da ta und er this tes t
condition would proceed very slowly, and since other investi-
gators have run the harder silicon nitride at higher Her tz con-
tac t stresses successfully (7 ,8) ,  bo th the test load and the
test speed were increased for subsequent tests (spindle load-
1480 Newtons (333 lbs.), calculated maximum Hertz stress-5.5 GPa
(800 ksi), spindle speed 10 ,000 rpm). The fatigue life of all
domestic sil icon ni tride balls tested exceeded abou t two t imes
the Lundberg-Palmgren theoretical life .

The diamond rou gh lapped silicon nitride balls (Al balls),
using an average 10 lb./ball lapping load , (see Sections I and
II of this repor t) ,  ran even longer than the domestic silicon
ni tride bal ls , all of them exceeding 14 to 30 time s the theore ti-
cal l i fe . Also , half  of them were still unfai led at the end of
the tests. These results indicate that substantial fatigue life
degradating flaws must exist on the surface of the domestic balls
which are removed e f fec tively by, rough lapp ing.

• All except one of the third set of silicon nitride balls
tested , diamond rough lapped with 10 lbs./ball load and then
polished wi th Al 203, had a longer life than the domestic silicon
nitride balls. The initial two tracks tested , had rela t ively
short life values compared to the diamond rough-lapped only
balls. This suggests that the Ai 203 pol ishing may be de trimen tal
to fatigue life of the Si3N4. However , the high l i f e  values of
the final four tracks tested could indicate that the results may
be normal scatter and not the effect of the polishing.

The fourth set of silicon nitride balls tested (A’l balls),
were diamond rough lapped with a 25 lb./ball load to determine

• •. ::1 ~. if a faster rough lapping rate would produce a deleterious ef-
-
~~ Li fect on the fatigue life. The test lif. values were even greater

than the ba il s diamond roug h lapped with 10 lb./ball. The one
[1 spall that occurred before time up was 14 times the theoretical

• ~• life . All other tracks tested ran for a period greater than 26
• times the theoretical life to spalling failure without spalling .

4

-• •:• I r~~~
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• The fifth set of silicon nitride balls tested (B4 bails)
were s i l icon carbide rou gh lapped with a 10 lb./bail load and

• polished with Al203. The initial two tracks tested resulted in
life values similar to those obtained with the domestic Si3N4
balls which suggested no improvement due to the refinishing.
However , the rem ain ing four tracks evaluated resulted in lives
s imilar  to those ob tained wi th diamond rou gh lapped and polished
balls.

Although all methods of finishing evaluated resulted in
greatly improving the fa tigue l i f e  of the domes tic Si 3N4 ba lls ,

• 
•

• 

the grea test improvemen t wa s obta ined with roug h lapped balls.
The surface f inish on these ba lls , howev er , do no t mee t the
desired surface f in i sh  and would no t be consid ered useable in
an application. The test data from each group of balls tested
was statis tica lly evalua ted usin g the max imum l ikel ihood
technique for dete rmining the L10 estimated fatigue l i f e  of the
group. This me thod of evalua tion is standard in calcula t ing
bearin g l i f e  and pr ovides a comprehensive approach to comparing
life data. The results of these calculations are presented in
Tab le 6 and shown as a Weibu l l p lot in Figure 16.

It must be recognized that the estimated L10 l i f e  resu lts
based on small tes t groups are par t icul ar ly  sensi tive to a
s in gle fa i lu re  if there is wide sca tter in individual tes t l i f e
data. Therefore , the l i f e  es t ima tes ob tained mus t be considered
as indica tors of life and not as precise values.

The results of the estimated L10 l i f e  calcula t ion s show
that all groups of silicon nitride balls tested had greater
es t ima ted L10 life values that the baseline H-SO steel ball
group . The lowes t l i fe  of Si 3N4 balls was obtained with the
domes tic bal ls  which had an es t ima ted L10 l i f e  s l igh tly better
than the calculated theoretical life of 7 X 106 revolutions .

• The two group s of balls rough lapped with a diamond compound
had the longest lives. One group was lapped with an average
load of 10 lb./ball and the other with 25 lb./b~ ll , and has
estimated L10 life values of 116 and 162. 7 x 10 revolutions ,
respectively. The two lapped and polished ball group s , each
lapped with a 10 lb./bail load but one with a diamond compound

• ~~~~~~ and the other wi th si l icon carbide compound before  pol i sh ing
wi th Al 203, had es t ima ted L iO life values of 36.7 X 106 and

• i3.8 X lOb revolutions each. Al though these two groups have
an improved life over the domestic Si3N4 balls , there is an

Ii • • 
•
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indica tion tha t the lapp ing is detrimental to fatigue life.

The lower life value obtained by the silicon carbide
lapped and polished balls relative to the diamond lapped and
polished balls sugges ts tha t silicon carbide rough lapping may
degrade the fatigue life. Further substantiation of this ob-
servation was not established since the rough surface produced
by silicon carbide lapping alone rendered the ball imprac tical
for testing.

Since the steel balls were tes ted at a lower Her tz stress
• value than the Si3N4 balls a direct comparison of the estimatedL10 life values cannot be made. To obtain a relatiye evaluation

of the two materials the ratios of their estimated ~-~lO life to
• calculated theoretical life must be made. The M-5O ratio is

0.112 and the ratio of the lowest L10 l i f e  value for the Si 3N4
(dome stic Si 3N4) is 1.07. A comparison of these two values in-
dica tes tha t the domes tic Si 3N4 out performed the M-50 steel by
a factor of 9.5. The refinished Si3N4 groups have an even higher
improvement factor.

4
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TABLE 1

• D a t a  on A b r a s i v e  S l u r r y  U s e d  f o r  R o u g h  L a p p i n g

Percent by App rox. number of Particles
W e i gh t of
Abrasive in Per CC of

Abrasive Type Slurry Per gram Slurr y

1. 44 pm SiC 40 3.27 x 106 1.18 x 106

2. 15 pm Diamond 0.4 85 x 10~ o .3i x io b

I ~~~
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• TABLF 2

Gra de NC132 Si lic on Ni tr id e Bal l Rough Lappin g
Tes t Cond it ion s and Resul ts

1. Grit Size and Type: 15 pin Diamond 44 pin SiC

• 2. unit Ball Load , Newtons (lbs) 44(10) 111 (25) 44(10) 111 (25)

3. Material Removal Rate , pm/hr 36 50 40 42

4. Surf ace Roug hness , pm AA average 0.1 0.09 0.4 0.46

• range -- 0.084-0.099 -- 0.41-0.53

5. Ball Group Identification Al A’l Bl B’l

• 1k ~~~ I

- . ••

18

RESEARCH LABORATORY 5KF I N D U S T RI E S .  INC.



~~~~~~ ~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~ 
-

~~ 
—

- • -
~~~~

-•- • • • • • — - - - • • • - -

~~~

-

~~~

•-

I.

AL76T026
-. TABLE 3

I Material Removal Rj~~ (MRR) as a Function of Unit Ball Lo~~
(Limited Slurr y)

4

Unit ball Weight change
• Abrasive Load per ball per hr. MRR*

Type N (lbs.) (g/hr.) (jim/hr.)

1. 15 ~im diamond 44 (10) 0.020 13.1

1 1 1  ( 2 5 )  0 . 0 4 9  3 1 . 3

222 (50) 0.059 38.5

2. 44 pm SIC 44 (10) 0.008 5.2

• • 111 (25) 0.012 7.8

222 (50 ) 0.021 13.7

*p educt jon in diameter/ball/hour

rig.
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TABLE 4

• Surface Rou cihness as a Function of Diameter ChanQe

• Surface Roughness Dia.Red u ction I

(pm AA ) Av. Dia. of by Polishing -

Gr9j~p 1 2 3 Avera ge Bal l (mm ) (pm )

Al . 0.103 0.088 0.093 0.095 17.22298 — 

- •

A2 0.035 0.055 0.043 0.045 17.22247 0.51 -

A3 0.011 0.013 0.016 0.0l~ 17.21866 4.32
A4 0.005 0.004 0.004 0.004 17.21815 4.83

Bi 0.600 0.550 0.625 0.600 17.23238 —

B2 0.045 0.073 0.058 0.058 17.22425 8.13
B3 0.015 0.018 0.016 0.016 17.22374 3.64

• B4 0.005 0.011 0.005 0.007 17.20952 22.86

A ’ l 0.148 0.138 0.130 0.138 - - ii
B ’ l 0.400 0.425 0.375 0.400 - -

I
j

I
L 1

I
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TABLE 6

I 

Estim ated L10 Life Valves

Materia l. and Median Unbiased Median Unbiased
Finishing Proces s ~4~~Life Estim ate Slope Estim ate

M—5 0 Steel 3.24* 1.48
Domestic Si 3N4 7.55 1.40

• Si 3N4 Rough Lapped 116.3 3.36
• (L )iamond — l0 lb/ball )

Si 3N4 Rough Lapped — Polished 36.7 0.91
(Diamond — lO lb/ball — Al 203)

I 
Si 3N4 Rough Lapped 162.7 1.6 (imposed )
(D iamond — 25 lb/ball )
Si 3N 4 Rough Lapped — Polished 13.8 0.75
(Silicon Carbide 10 lb/ball
Al 203)

* The Lundberg-Palmgren computed L10 life for the M-50 steel

ball test load is 29 x l06revs., whereas the compu ted L 10I 
life for all the silicon nitride groups is 7 x io6 revs.
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• Figure 2. Schema tic Drawing of the Grooved Plates U~~ed f o r
Lapping and Polishing
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• It was also found that , by using the Al!’O~’ po lis hing procedu res
• de veloped , silicon nitride balls can be polished to meet surface

- 

• roughness specification of 0.OlVm AA for aircraft quality balls.
-

• The more uniform and finer surface generated by diamond rough
lapping is polished to the required quality more readily than

-
• the rougher surface generated by SIC.

Rolling—contact four—ball fatigue test results clearly demonstra e
the improvement in fatigue life of silicon nitride balls due to
the use of proper finishing procedures.

The lapped and polished balls are shown by scanning electron
miscr oscopy to be free of the cracking observed on silicon nitride
balls having much lower fatigue life.
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