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The Lubrication Effect of Micro-Pits on Parallel Sliding 
Faces of Sic in waterG 

XlAOLEl WANG, KOJI KATO and KOSHI ADACHI 
Tohoku University 

Laboratory of Tribology 
School of Mechanical Engineering 

Sendai, 980-8579, Japan 

Silicon cctrhi(1e is regarded us a proniising nzaterial for sliding 

hecrritrgs atrcl nreclru~iical .seal.s working in water. In order to 

it~rl)ro~w its locrcl currying capacity (or anti-seizure ability) in 

wrtter: niicro-pits were formed on one of the contact surfaces by 

ion rectctiotl etchiti,q. Tlre effect of nlicro-pits on the critical load 

ji~r tlre t,atl.sitiotr from EHL to mixed lubrication was studied 

evperi~~retit~~lly in tlre cases of bearing type contact (with relative- 

ly riclr water S L I I ~ J I Y )  atid seal type contact (with relatively poor 

water s~rpply). 111 order to under.sranr1 the niechanisnis of the lubri- 

catiotr effeecr of niicro-pits, the e.rperimenta1 results obtained from 

hectritrg type cotitact and seal type contact were compared, and a 

tlrcorcticrrl rttialy.sis ~1cr.s curried out. 

KEY WORDS 

Surhce Texturing; Ceramic; Water; Load Carrying Capacity 

INTRODUCTION 

Saving energy and reducing the amount of pollution released to 
the ctivironn~enl have increasingly become the most inlportant 
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concepts in machine design. Instead of metal and oil, silicon car- 
bide is considered as a promising material for sliding bearings and 
mechanical seals working in water due to its excellent tribological 
properties such as anti-wear, anti-seizure, anti-corrosion, and in 
particular, very low friction while it slides against the same mate- 
rial in water (Nau, (1997), Wong, et al., (1998)). The reason for 
low friction is that a kind of tribo-chemical reaction occurs. 
Consequently, the reaction product SiO, dissolves in water as sili- 
cic acid, which is recognized to act as a lubricant, and the contact 
surfaces become very smooth due to tribo-chemical wear (Wong, 
et al., (1998), Sugita, et al., (1984), Ishigaki, et al., (1988)). 

However, seizure still happens due to instantaneous overload 
on the contact surface. Furthermore, the demands for higher pres- 
sure and speed of bearing and seal system have a steep rise in 
recent years. Therefore, to improve the load canying capacity of 
sliding contact should be our permanent research subject for the 
reliability of sliding bearings and mechanical seals. 

For the hydrodynamic pressure generated between parallel 
sliding surfaces, several mechanisms were summarized in 
(Ludwig, eta]., (1978), Lebeck, (1987)). Surface roughness is rec- 
ognized as an important role and then this discovery brought about 
the method of surface texturing for improving the load canying 
capacity or anti-seizure ability of sliding contact. 

Research on the lubrication of surface textures has been carried 
out for a long time. So far, many types of surface texture includ- 
ing micro-islands (Hamilton, et.al., (1966), Anno, et al. (1968)), 
spiral grooves (Lai, (1994)) and micro-pits (Etsion, et al., (1996), 

(1 = 1 1 ~ ~ 1 ,  

(1 = di;~tiicler of the pit, pm 
k = pi1 tlcpth. pm 
1 ,  I = film thickness, pm 
I-. L, = step bearing length coordinate, pm 
Atr = maxim hydrodynamic pressure, Pa 
I' = pi1 area r;~lio 
v = L,/L 

= average circumferential velocity, m/s 
= load, N 
= dimensionless load 
= the critical load for the transition from hydrodynamic to 

mixed lubrication, N 
= the critical load of untextured specimen at a rotational 

speed of 800 rpm, N 

= viscosity of lubricant, Pa-s 
= friction coefficien 
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Thc I-ubricatirln Ellcct of Micrrr-Pitr on P:~n~llr l  Sliding F;tccc nT SIC' in Water 20.5 

Fig. l-Photogmphs 01 t h  specimens. 
(a) cyllmler 
(b) dlsC 

I-lalpcrin. cf ;I!., (19071. Gcipcr. el al.. 4 l908). Etcion. ct al.. 
[ lWCj). Tejim:~, CI :it., [IWO), Wing. CI i~l., f21UW)w t ? ~ K k l ) ) ,  \vtm 

\!udiett. V~inouf m~n~rfacturing ~cchniq~cs are ut iliired to product 
1cxtuw~ on thc contact \urfacc\. Psiolel etching i s  a tndition:~l 

metlrorl which dcals with ~ h c  ~urlncc of copper. tmcr is cfficicnt 
nntl convcnicnl for rnct:~I~. Ern\ioll it. an crfculivc rcchniquc filr 
11:lnE rn1ltcri:ila. 

Ii wit:, rcponcd th:~t propcr frxtun.~ an: ahlc rt) incm:tw luhri- 
c;~ticin f i l n ~  5rilT'ncs~ itntl PV I'itcrur at w;ui;rurr inccptinn (H;~twrin. 
cl nl.. ( IM7)1, rn dccwir.~ llic minin~um friction cocflicicnt 

~Tcjirna. ct :tl.. ( Io(Fh). to cxpr~nrl thc Inw friclicm trginn I Wane, 
cr nl., C ( W K 9 )  nnrl exrend thc snfc runninp t in~c aitcr luhricnnl \up- 
ply is stuppal .(Wring, r t  nl.. (2(3(?1)). 

R)r ~ h c  nimt rcwnrchc\ conccmarl. nhc e k r t  of *urfke ~cxturc 
i\ cmphn5i7crl 3% iI way 10 pcncrdc arldirirrn:~l hy(lrrxlyn;~rnic prc\- 
\urc (H;~mittnn. ct :\I.. t IqM,. Anno. et al., ( IO(iX), Iitrion, ct al., 
( IOh)). This i 5  duc to :In ilxynirnctric hvtlrmlyni~rnic pn.s\urt die- 
trihu~irln over ~ h r  wavy surfaces. LTFuBII~. the pressurc inmaw in 
the cnn\~cpinp lilm rcpionh i s  much Inrpcr than rhr prcss;un. rlrnp 

111 divcrpil~g firm region* whcre cavilation wcun.  
flit wortlu "fccr~ndnry tubricniion clTccf" is ttscul h r  deqcrih- 

111g fhc pit cffcct in thc caw or in!irn:rtc contacr cuch a\ rnclnl 

flg. 2-The SEM photwraphs and cmss pmllls of the mkro-plt pro- 
duced by IRE. 

fnming. Thc I~quid tmpprd in r l ~ c  pits can Fw ctln.c~rlr.n.rl ;I wv- 
crndnv rourcc of lubricant. which IF ~qucc~cd  out ur dr:tan h!. ~ l l c  
rclnrivc rnnvcincnl 10 pnncatc  into .;urrnunding ;trcar; to mdtlcz 

~IIC friction :in11 rchrd ihc 2;1lIinc f Anftc~. el a!., 4 !W))). - - 
llowcvcr. ~ln:!lyic:tl solt~t lr~nh :In still rlirficulr to  yacl(l Inrc. ;tnd 

rxacl rcrult\ when rfei i l in~ with ICXIIIW luhricn~ir~rt, In I:, not 41nIy 
kcauw rhe prnhlem of  frec hoand;~ry rncociafa! wirti c:~vif:itictri 
i\ so compliciltccl rhnl many nrsuniptinn\ are nccdcd. hur also. 
rhcrc i< no! cnough throry to dcnl with lhc phcnclmcnr~n happn- 
inp in  EHL and miwcd lubrication rcgimc. Espcc~ally lor thr 
ceramic< of Si Lbrnil! cllrlifng in wibtcr. rtt lillCc ir kriorvn ah~ttt tlic 
prnprticr r d  ~riho-chcmtc:il pm~lucrs. 1f1;1i 11 i\ VCV rlificul! tn 
ciniul;~tc thc luhric;lrinn conrlrritm\ evctl wlrlltrt~i \urlauc IcLtlrrc, 

Thrrcrorc. the purpw trlf rhix rcrcarch ik to \turly ~ h v  rfitcts. of 
rnicrn-pits on ihc cri~ical lnatl k,r ~ h c  rnn\itinn frr~rti I'f I F .  to 

mixctl luhriu;~tion in  tfw c a m  t ~ i  h i r i n g  t k p  conlact 4 wttlt rcln- 
tivcly rich wntcr \upply) and scat f y p  contacr fwith rcl:tiivdy 
p o r  water supply k. ttnrl KO makc an aitcmpr nl cl:\rily ihc n~ism- 

pit luhrica~ion n i cchnn~s~ i~~  for SIC slirlirtk * an ' W:IIC~. 

EXPERIMENT 

Specimens 

Fipktrc 1 show lhr combinntitin\ irC upcvinicnq urcd ira thi< 
resoarch. Rerh [lid nnil cylrnrlrn were ni;~ilc cd S i r  \lntcrciI with- 

our prcs.;uriyalion. 11.: physic:ll pmpc~ic\  ;I= listctl in Xthlhlc I. 
Thc sl i t l in~ tc\! uit:. perfi)rmecl ktwccn thc cnd Lice\ of i t  

cglintlcr [Fir. I (a ) .  orltcr end inner dinmctcr arc 2tI and 10 rnln 
wcpcclivcly. Ihickncs\ i s  I0 1nr1i1 and :i di\k jFip I h). d~n!nctcr 
i~ 21) mm. thicknew is 5 mml. Tlic haring r y p  caniaci LIWS ;# 

cylintlcr with '~ rv i~  gnujver 14x(E.5mni) on Ihc cnd Dtcc rt? :I< In hc 
ahEc to supprq rcl;itrvcly \uficicnr w:lrcr ro the rricllctn Taur*. Ttic 
rc;~l t y p  cnn!;r[ u ~ c ~  n cylinc!cr witlioltt gnnwr xo l h ~ l  thc water 

rrlpply i* relat ivrly in.;ut'fici~.nt cclmparrd te thitt or h l r i np  l y p  
conlacI. 

Thc cntl Llcc nf lhc di\k w : ~  Icxlr~rcr! w ~ l h  micro-pit\ amngcd 
in :I F C ~ U ; ~  array a< ~l inwn in Fig. 2 by ttic wny nl lrln warikon 

ctcltinp (IRE). IRE is :I widely uw(I mc!lird b r  thc prwcqr of 
MEMS and lC. 11 innircr thr wacrive pn\ h!. clrctriu rl~qch:tpc. 
lhcn nccclrr:ucc ions to makc thr 1:irgrI rcnctctl ant1 *ptt!~crctl, 
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?oh X. W,\s(;, K. Knro nun K, At)+trlf 

Water supply 
1 1  

Sincc t l~c rn~tcriid i\ rtchctl rnrlinty in thc rlirrction of ion movc- 

~oeni. lhr pits wcw Tonncrl In ttrv shnp nf wcll as shnwn in Fig. 
2.  Thc m u n t l  wnllr nT rhc pits arc ncar nominl to Iha cntl fnoc. 7 h c  
rnuglinc.i\ nf tllc pi1 hnttclm was rcln~cd to thc mughncw of zhr 
iwiginltl rt~rf:rcc M o r e  calilng and ~ h c  aniwtmpic ctchinp prtlpcr- 
ty uf Sic nialcrinl. The rlinmc~rr ant1 nmnecmcnt of r l~c pils was 

tlrtcnnincrl hy fhc rnclril m;wk romicd nn tlic v~rl'ncc. T i c  depth of 

pilh w:n crwtr~lllct! l y  aching rinic. 711c ~iiterv;~lz k ~ w r c n  pits 
wcrr ~ti:lnpccl 10 g ~ t  il ~erieu ol' pit arc3 nitir>\. 

Ethic 2 slinwc llic dirk\ ~ ~ s t d  in [hi\ \l~rdy. They h;wc t l ~c  p ~ t  
p:urcm* with rli;uiictcn riingir~g fmm 50 lo h5fl pm. dcphs from 
2.0 to 16.6 pm, and pi! :1rc:1 r:ltinr frcjni 0 to 22.5';. 

0 

0 50 l Q m  1500 Z(Y30 2- jMKl 3 m  

Load W,M 

Apparatus 

1:igum 3 khowr, the nppantus u\cd in !hi% crpcrirnent. 

The cylindcr i s  mnlcd In thc tlisk and driven by a molm wirh 
nn srljustahlc mtntionnl s p m l .  Thc d i ~ k  il: suppmcd by :I half- 
spherrcnt tip so thnt its fricrinn surfi~cc i c  a~~lnmatiuallg nlipnctl In 
match tht ~urrncc uf the cylinder. I s f i t l  i\ npplimf hy a l~yclnulic 
sysrem fmm thc bottoni of the di~k .  Purilicd wntcr i q  fitlcrl into thc 

ccntcr l~olc o l  cylintlcr by a vnlrrmc contmlt:~htc pump. Vat tcm- 

pnlunr nT thc water kinre nnd ~Frer friction is monitored hy 
thcrrnnc~~uplc~. Lnatl rlnd liictinn rorquc nrc tlctectcd by load 

ccllc. An nir haring i.: uwd to \upport ihc dirk $0 thit~ very smnll 
rrictinn lorqrlc (<llr.(XII Nrn) crln k dctccrcd nccuntctp 

An auto-$top syclcm i~ u ~ c d  In rlnp Ihc loat! applyimp y*Icrn 
anrl thc drivinp motor tn avoid fhc d i i m i ~ ~ c  to ayp:imku% itnd r p c -  

irncnc wltcn Fric~ion trxlrtc incrcasc!. c~pidly. 
Thc tcnlpmturc of thc w:rtrr uupplicd to ~ h c  irictinn surfacre 

was sccunrcly contmllud ro ilmuntl 2WC since past itrtudicl 
shr~wctl that rcrnpr:iture h:ts a Iayc cfTccr on tbc friction of SIC. 

Bearing vpe Experfments 

Since the frfclinn rrf SIC rn wilter i* very hen\ilivc In the Fur- 

f:lce rn~~ghncsh. tfic 53mc running-in p m c s *  wat carrlcrl t ~ t ~ t  for 
nC1 rhc kpcimcns  fin^. Anrl thvn. fric~ic~n utaficicnr war mcm- 

urcd untlur ccnain mtarional qwcd :mtl Ioad fric~ion hecamc 

~1ijh6. 
Figurr 3 \how$ rhc rvpical rrcndr nf thc rticrinn uncClicicnt for 

SiC rlrdinp in wntct. The common feafurc of thr-;c csrvc.; i s  rh:tl 

thc friction coeficicnt rcm;bina at n vcry law  lev^! ld).m5, w#si!c 
the to:tcl is ligllt. ;bnrl whcn tllc Eo~d cxcc~tlr a ccrtnin vnlt~c. thc 

friclion hudrlcnIy r i~c\ .  If ftic lnnrl wn5 incrcn~ctl cnntinunl[y, 
SC~LLI~U wot~ld wcilr illthouyl~ tht V ~ U C  of rrictinn cmff i r .~cn~ i< 
\ ! i l l  l t w  (<0+05) 31 thar timt. 

11 i\ c4c;tr rhal friction pmwnics arc nhv~ou~ly  influcncc0 by 
rhc rurf:re rcx!uw. In hi\ figure. ~ h c  Inw Cnctinn nlngcs nre 
trpandutl hy ihu ~cxirln: palrcm wirh diornncr c ~ f  1.511 pm. pit itrcn 

n!to of 2.8'; anti t l t r  pattern with diarnctct of 350 pm. pit arcn 
n ~ i n  nf J.tlr4. hut i s  rccluccd hy ~ h r  tcxturc pnrtcrn with di:ime~cr 
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Thc Lubrication Effcct or Micm-Pi?< nn Parnllcl Sliding Faccs of SIC in Wntcr 

Fig. %The a m  al the pH depth on the cdtb l  load ralla. 

Rg. &ma etlbct af Ifm pit nma mtb on the crltfcat rod d o .  

sf' F S f i  prn. pit area rario of 12.5%. T h i s  indicates tlrst them should 
exist snmc opt inwm pnrtcmf of micro-pitr which could rnaximim 
thc Iotv lrictinil nnge of SIC sliding in wetcr. and ton high pir RW3 

rxtio incrrnscs ihc conlac1 prcqsurc whfch rcliulrs in the increase of 
friction. 

Thcrc i s  nnr enough p i r i v e  proof to makc sure the luhrication 
rrginlc f:llls intn thc Inw fricrian ranges shn\tq in Fig, 4. Thc klct 
rh:rt thc low friction tmpc cxrsts and it% value i s  very low, npprnx- 
ininlcly O,O(Fl-IF.IK)f. suggests i t  was in rhc rcpirnc of hydmrly- 
oarnic luhrication or clmlic hydmdynamic luhric;uian. Thus. thc 
Stan nf thc rapid increase of friction coefficient from a prahle law 
vnluc can k cnnsidcrcd ns #he tnnqitian of the luhrication reginn: 
from hydtwlynamic tn mixcd nnd ahwe. 

Thcrcforc. thc load, HI which the friction cocficicn~ rtans irs 
%uclclcn inmsse (Fig. 4). was defined a? the critical Inod Wc Tor 
rhe tnnsitinn o l  t l ~c  lubrication regimc from hyt!rodyn:rrnic to 

mixer! s o  nq to cvnluntc thc erect of thc st~rfacc texture in  t l ~ i ~  

cxvrimcnl. A high critical lo3d mean5 the hydrtxlynnmic luhricn- 
tion rcgion Ek Inrgc. and the load carrying capacity i s  fircat. 

Fiprrrcq 5 throuph 7 arc cxnmplc.i af thc rcprcwntnrive effecls 

aT the p ~ t  dcpth, pit awn rar in and pit di:hmetcr on the crirical lostl 
Wc. They werc rurnmarircd fmrn the ~PFIIIIX of haric friction test 

ng. 7-fhe stlsct of I h s  plt dlsmsfsr on Ih4 cdtlcal toed rallo. 

no. Gths distrlbutlon of optimum pR worn d StC In baring lyp  
mnt8ct slldlng In water. 

quch as prcviolihly shown in Fig. 4.  In nrdcr to zhnw thc c~Tcci of 
qurfacc tcxtun clcarly. ~ h c  Y axis of ~hcrc graph- wcnr rlrtiwn in 

thc form of  crit ical lond ratin WclWc,,, whcrc Wc <rand% for thc 
crirical load of rexrurcd spxirncn. and Wc;, Tor rhe critic:tl Inad crf 

untexturcd spximcn nt a m~atinnal zpccd of RlKl rpm. 
Thc lhree curves in c;~rh graph wcrc ohtaencd at thrcc diffcwnt 

rntat~onnl specds: 3W. 800 nnd 121111 rpm. Gencmlty, a htghcr 
mratir)nal qpcd lrndv to a grcalcr crilical IofitE alrhough rhe rlitTcr- 
ence i s  RCII very Ingc. 

I t  i s  lound rhat all the paramelerr of pi1 rlcpth, pit nma ht in  ;mrl 
rliarnetcr have obvious effcci on the critical load tVc, and ~hcy 
have heir optimum nnge. rcspectivcly. rhesc rcsi~lts rcrnind uu 
that the cffccts of thc p ~ t  dtpih. dinrnctcr and ~ h c  pi! arcn nr io 
lihould hc conridcrcd comprehcnsivcly Tor the purpw nf mar i- 
mizing lllc cririccl Irtad. In oellcs wanl<, rhe rv:~~, r i ~  dernt~n*rntc 
the optimum combinations of pit gcomcty  nil di~lrihutinn is 
nmccderl. 

Figure X is an nrtcmpi tcr summnri;rc thc cffec15 of tlw pit dcptll. 
diameter and pit awn n t io  into onc eciph. Thc vmlcal nxi\ inch- 

cates rhe gmrne~rical factor of pi!. the dcpth-di:lrnctcr mtio hltl. 
and thc hori~onrnl a x i ~  indiuarcz thc pit distrihilticln hctnr. thc pit 
area ratio r. T l ~ c  conrL~tjnns markcd ac " 0" arc thccc nr which rhc 
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critivnl Inrd w:tr incrc:lsctl to nt tca.;t two tinicr grratcr than ~hnr 

or an untcxt~lrurl nnc. " '. ". " m" rcpmriml tlic lncrcmcnt 
1w1wccn I .5-2.0 litncx. 1.0-E.5 t i m n  rrcpcc~ivcly, :lnd " a " rcp- 
Ireqcnh Ihnr critiunl I i w r t l  w i ~  tlrcrcih~ctl :it tk i t  condition. II i q  now 

clci~r lhn~ tticrc ~ X ; \ I \  3 1 . 1 ~ ~  rcpion amnnd the pit nrcn r;r~io of S G  
and rlcph-dii~metcr mtin of 0.0 15. urhcrc critical Inntl wrrs 
incre~sctl In at Icmt fwo tinlcs prcntcr than that oF an untcxturccl 
cmc. 

A tlicnrctivnl r~naCysi~ waq pcrformcrl I r t  cr*aluatc t l ~c  hydmiy- 
nnniiu yrrsqtlrc ~cncmtctl by micro-pit. Rcu:~uw of  Ihc uornplexi- 
ly trf thc ircc hnrlnrla~ pnthlctn ;~s'iwii~tcd wilh cnvi~irr. a\ well 

rl* thc irtlcr;~ctir~n hctwccn pitr. ccvcnl a\suinp~ims wcrr rnadc. 
nnd tlre n-al l rs  or fllc rhctmtic:rl annlyk arc cxpxtcrt to shnw 

only the i r rnds of ~ h c  clTcct\ nS rhc pi! tlcprh. dizlrnctcr and the pi1 
i1n.n n~tio. 

The pnlhlcni h11s heen cirnplifictl in two dimcnqinnr a% shown 
in Fig. ' t .  Each pif i~ a.i.rirmcd t r ~  hc nntisymmctnc. that is. ~ h c  
prr~stlrc Encrra~cs on onc ~ i d c  wlkilc dccrc3.w~ on thc nppnsitc 
\itlc. Since tnvilics i~rc prnvctl 1t1 he pcncrn~nE wlicn rhe pm~\urc 
tlccm~*cs lowcr lhnn utrvilr~fion prc.isurr. ihc prc~surc aT the nep- 
nlivc 4rlc i s  wplnccrl hy lhc crivitn!inn ptw'iurc. which wnq sim- 
plifirtl In (1 in lhir qturiy. Thcrrforc. only thc <idc ivirh p i t i v c  

pmDrsum. which could tw conrktcrcd ns a ~ t c p  haring. needs, tn hc 
crllct~ latctl. Arltlitiimally, the prcs~urc ;le rhr niitlpoinz hctwccn thc 
tH'R pits W~II.. nlal assumctl to hc 0. I! mc:ln\ :I 5hor1 infcrvnl 

hc~wccn pits ~vrluld rcstili in ir rapid dccrciisc of rhc bydrtxlynnm- 
ir pn.~u~rc. 

VIC prcsstln. rli\!rihution done LI stcp hearing w.icmhlc~ a tri- 
nnplc aq rhnwn in F i p .  '). Vie ~iiaximum prccsurc Rccun al thc 
xt rp .  whicll i s  pivcn by: 

o.M)e Depthdiameter 
mtio hld 

Pi! area ratio r 

Fig. lO-TNmmleal eflm ol plt am mtlc r und ~ h - d l a m s l s r  mstsr 
mlo hld on Ihe dlmens~onlms laad. 

Thercfurc, thc lotid fond in Iwo dirncnsim~. which can hc sup- 
prfctl by rhis pit, i s  givcn hy: 

which includes two main pnns. rhe left part are thosc which 
includc oprntinp cnndiriclnx (q, 211 and riven conddilion~ (hZ. L). 
thc r igh  pnn am ihe condition% which vary only according tn thc 

Fcnrnetc nnd dis~sihution nf micm-pifr. Thcrcf-OR. Ihc riph! pan 
I\ dcfincd rhc a r l~m~ns ion lc \~  lotid la show Ihr. cffcc~s ol thr pit 
pcnmczry nntl distrihrllian as shown b low.  

F ~ T  nntl .cxpcrimcnt\. ~ h c  tlirncnsionlc~~ loncl wm culculated and 
plotlctl on Fig. I 0  with t l ~c  same x and y axiz a.c on Fig. I(. 

11 is cfenr [hat ~ h c  resulrs or fhc theoretical analy\ir prcwnt n 
sinlilar trend tn lhc cxperirncntal data c~hreincd in bcnring 
mnlnct. This indicntcs that the hydmdynnmic erect ac15 IIS ~ h c  
Icatliog nrlc in fhc micm-pilq lubrication undcr the condirion nf 
karing t y p  contact. ant! the existence of oplirntlm georncrry and 
tlistrihurion mnge for rhc criticlrl load i s  rcaronnhlc. 

For rhc rlptimum gctlrnclry nnd diwihutinn vslucs a6 micm 
pits. thcre nrc larpc rliffcrenccv htwecn lhc results of errperimcnt 
;nd c:ilct~l;~!lon. Thc ttimrctical valuc of the pit m;r ratio to pen- 
eratc I~ighcst hydmd~nmic  prcw~n: is near 406. while ex@- 
mcnt rtrvulch indicatc ihc optimum vnluc i~ nround 5%. T h i s  might 
hc due to that in experiment. crilicnl load ic  rhc index to show 

ovumll lonrl carrying cnpncily of lhc cnnlacl. althoupli the pit am7 
ratio as high :Ir 40r4 gcncntc.i l~iphest hytldynnrnsc pmrurc, ir  
nlw ~ ~ V C R  :1 ncgativc cffcct.  hat i\. a duc t i on  nf the conl:et area 
which rcsul!s In thc incmaw of contact pressure. Fnr thc diffcr- 
cnce of rhc dcprh-dicmercr mtio betwccn cnlculntion und eapcri- 
mcnl. experimental re~ul~s  indicate that the pit dccpr than the rhc- 
nrctical raluc rcsults in B hiphcr critical load. 
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The Lubrication Effect of Micro-Pits on Parallel Sliding Faces of S i c  in Water 

SICISY: 
Rotannul 8 p . d  n:lb00mn 
LuMrrnl: P v l W  WW , wo 
Pd dtametm d: I Wpm 
Plt m a  mUo r: 6% 

0 0 
00:m 1o:W 2000 3000 a 0 0  60:W) 

Time, mm:sa 

SIUSiC 
Pi diameter d: 1 5 0 ~  
Pn a m  ratio r: 5% 
Rotational speed n: 1000rpm 
~ub~icant: PurMed water 

86 

Pit depth h . pm 

Fig. 11-The frlction properties of Sic in seal type contact sliding in Fig. effect of pit depth in the case of seal type contact. 
water. 

Fig. 

Pit dlunear d: 1 6 0 p  
Pn m a  mk! r: 6% 
PUdapmh: W p  

12-The friction coefficient p vs. load W for SIC in seal type contact 
sliding In water. 

Seal Type Experiments 

The textured disks tested in the experiment of bearing type 
contact were then used to slide against the cylinder without 
groove to simulate the condition of mechanical seals, 

Figure I 1  shows the variation of friction coefficient while load 
was increased. In the case of this contact, the increase of friction 
had not a quick response to the increase of load. For example, the 
friction got rapid increase after the load of 300N was applied for 
several minutes in this figure. From Fig. 12, it was found that the 
relationship between friction coefficient and load shows similar 
trend to that of bearing type contact, that is, there is a low friction 
range and friction increases rapidly after load exceed a certain 
value. 

Therefore, the same method as the experiment of bearing type 
contact was used to evaluate the pit effect in the case of seal type 
contact. That is, first to get the critical load Wc for the transition 
of the lubrication regime from hydrodynamic to mixed, then, to 
calculate the critical load ratio Wc/Wco through the comparison of 
critical load between the textured and untextured. 

Figures 13 through 15 are representative figures which show 
the effect of the pit diameter, pit area ratio and pit depth on the 
critical load ratio Wc/Wco. The curves show some differences 
compared to those obtained in the case of bearing type contact. 

As the same way to that of bearing type contact, the experi- 
mental results of the effect of the pit diameter from 50 - 650 pm, 
pit area ratio from 2.8 - 22.5% and pit depth from 2.0 - 16.6 pm 

Pit depth h: 3 4 ~  
Rotational aped  n: 1WOrpm 
Lubricant PurMsd water 

0 5 10 15 20 25 

Pit area ratio r .  % 

Fig. 14--The effect of pit area ratio in the case of seal type contact. 

were summarized to Fig. 16, whose vertical axis indicates the geo- 
metrical factor of pit, the depth-diameter ratio h/d, and the hori- 
zontal axis indicates the pit distribution factor, the pit area ratio r. 
Compared with Fig. 8, there is not m y  clear concentrated opti- 
mum region of pit pattern as shown in Fig. 8, which is supposed 
to be preferable for the generation of hydrodynamic pressure. 
Furthermore, the conditions marked as "6," which make at least 
two times increment of critical load over untextured one, shift to 
the up-right direction in this figure. This means the texture pattern 
with greater area ratio and deeper depth is better to get greater crit- 
ical load ratio. It implies that in the case of seal type contact, the 
water storage ability of micro-pits becomes more important than 
the ability to generate hydrodynamic pressure. The reason is prob- 
ably that the water stored is helpful to the tribo-chemical reaction, 
which is necessary for the low friction in the case of S i c  sliding 
in water. 

Since only relative increment ratio of critical load are dis- 
played in Fig. 8 and Fig. 16, it is also important to compare the 
absolute value of the critical load in these two cases. Figure 17 is 
an example which shows the effect of pit area ratio on the critical 
load Wc in the cases of bearing type contact and seal type contact. 
First of all, the effect of grooves is great. With relative sufficient 
supply of water, even without micro-pit, the critical load is much 
greater than that without grooves. Second, the pit pattern with pit 
area ratio of 7% increased the critical load with the increment of 
about 1200N in bearing type contact, which is more than two 
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l S T b  Mm?l ol plt dlnmrer In I b e  w#a ol mF typn mntscf. 

FEg. lbfhs dlstrlbutlon at optlrnum plt pettm al SIC In seal typs crm. 
tscl alldlng In wnler. 

tlrnes of 11izt1 r l T  untexturcd one. Meanwhilc. in the case without 
grmvc. micm-pits iu the case or seal type cnntacr nlsn rnerdc the 

incrclrlcnt ntnrut two rime* that oC thc untcxtuml onc. m d  thc 

imprtnncc is that it w : ~  realired wirhin a widcr pir nnrn m ~ i o  
nnpc rmrn 4.Yrh to 14.4pG al~hnugh the ahqolutc incrcn~ent is 
brn:qIl. 

Ar rncnt~onrrl nhlvr, in rhc cnw of haring ryp cnntilct. rhc 
milin micm-pi1 cflcct i s  the gcnemtinn of hyt ldynamie pm~surr. 
11 i~ rcn5nnr1htc lh:~! the gttmvcs on !he contact m=f;lcc supply nec- 
rwnry w:lrcr tn cn:rhle this Fi~nction of rnlcm-pits. The ahsolutc 
lncrcmcnt rilr cxcccds ~hn l  in rhc cam ofscal t y p  contact. 

For the ~ c n l  tppc contnct. i t  i s  found ihat thc increment ahoul 
two tinirs or that of untcx~urcd disk can he nhlnincd within thc pir 
nrcn mtia nlngc from 4.9 tn 14.4%. 11 i s  also ren~onoble that water 
 applied to thc contact qurlkcc is no1 enough zn gcncrnte h y d d y -  
nntnic prcssurc. sn thc nhilily for preserving cnnugh wnrcr In 

mnin~nin !rib-chrmical rcltctinn hccomcs dominant. 

Rascrl on rhc crpetirncnml results and discussion ahovc. the 
nurliam niny explain [he rncchanism nf Fig. 1'1 a5 shown in Fig. 
113. 

CONCLUSIONS 

Micm-phts w r e  fomcd on thc contact rurfncc of SiC la  

impmvc i ts Eond rorrying cnpmity nr i~nri-~cinurr nhility in watcr. 
Thr cxpr imcnt~ in hrnring tyyc contncf nnd wal t y v  ccnfilacl 
wcre cnrricd nut, and the pi1 r f i c t  on thc criticnl load for Ihc tran- 

flg. 17-4 comparlwn dl the mkmph sffwl In Ms ewas of beefing and 
seal type contact. 

5. 1- nuppdtlon to the rnl-tr Iubrlcmtlun mechanism In ths 
conlac! of bearlng snd wsl type. 

sirion from hydmdynarnic to rnixcd luhricatinn rcpime were stud- 

ied expcrimcntally. The mechnnirm of micm-pit lubrication wn5 

diwursed thmugh comparing the pit cffcct in thc caw5 of diffcr- 
cnt contact typc. The ioltowmp cmclurion'i have hecn dnwn ns 

thc most siynenificilnr: 

1. Rn~h in the caw or bearing type cant4wt and wnl type con- 

ract micm-pi1 texturing i c  an efFcctivc wny to increasc the 
critical load. The oplirnum pit conditions. which are able to 
inmasc !he critical Imd nt least two times greater than ihnt 

of anrcxrarcd onc. was ohtained in ~ h c  caw of bcnriny rypc 
contact and type contncl rcspxtivcly. 

2. In thc caw of hcnring rypc contact. the optimum condition% 
of micm-pits cnncenln~cd in the reginn nmund thc pi1 aren 
nr io r of 5%. and dcpth-rliamctcr r;hrin hld n l  n.015. 

3. In the casc of seal t y p  cmrncr, the optimum conditions did 
not conccntmlc a~ that nf henring type conmct. I t  was found 
ehar [he pit pancrnq. which have grcarcr pit nrca n t in  and 
highcr deptli-diametcr mfio Ifran thnsc in haring IF con- 
tact. would give a lagc improv~mtn~ in rhc rrilical load. 
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The Lubrication Effect of Micro-Pits on Parallel Sliding Faces of S i c  in Water 
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