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Thrust-Washer Evaluation of Self-Lubricating PS304 
Composite Coatings in High Temperature 

Sliding contactG 
THIERRY A. BLANCHET, JONG-HWAN KIM and SALVADORE J. CALABRESE 

Rensselaer Polytechnic Institute 
Dept. of Mechanical Engineering 

Troy New York 121 80 
and 

CHRISTOPHER DELLACORTE 
NASA Glenn Research Center 

Cleveland. Ohio 441 35 

PS304 self-lubricating composite coatings were successfully 

deposited on steel substrates at various plasma spray facilities 

using mixtr~res blended from commercially obtained constituent 

particles. Coatings were evaluated in thrust-washer tests against 

Incor~el X-750 at low contact pressures to IOkPa, sliding speed of 

5.4rnls, and either ambient temperature or 500'C chosen to simu- 

late conditions in air  foil bearings during startup and shutdown 

contact. Wear factors for a l l  PS304 coatings tested, regardless of 

contact pressure and temperature, ranged from 1 -3*104 mm31~m 

while coeflcients of friction of approximately p=0.5 were meas- 

ured in a l l  cases. While wear and friction behavior of PS304 in air  

foil bearings appear to have been simulated, surjiace roughening 

was observed in these thrust-washer tests which used continuous 

sliding contact, as opposed to the evolution of smoother surjiaces 

observed in high-temperature foil bearings experiencing cyclic 

startuplshutdown. Wear-induced surface smoothening of PS304 

was additionally simulated in thrust-washer tests with sliding con- 

tact instead imposed intermittently. 

KEY WORDS 

Surface FilrnslCoatings; Composite; Solid Lubricant Adverse 
Environments Tribology; High Temperature; Solid Lubricated 

INTRODUCTION 

PS304, a composite of silver and eutectic barium fluoridelcal- 
cium fluoride solid lubricants and a chrome oxide hardener with- 
in a nichrome matrix, evolved from NASA development of plas- 
ma-sprayed self-lubricating coatings initiated three decades ago 
(Sliney 1974). This 300-series replaced the harder chrome carbide 
of the 200-series with chrome oxide, eliminating the necessity of 
costly diamond grinding and providing improved resistance to 

oxidative changes in high-temperature air (DellaCorte and 
Laskowski 1997). PS304 uses chrome oxide (20% wt.) and 
nichrome (60% wt.) in a 3: 1 ratio to cause its thermal expansion 
(12.4*104/'c) to fall within a range of substrate materials such as 
Inconel X-750 (-14*10-~ /'C) and PH 13-8 steel (-12*10-~ /"C), 
for example (DellaCorte and Fellenstein, 1997). Low-temperature 
lubricating characteristics of silver (10% wt.) complement high- 
temperature characteristics of the eutectic barium fluoride/calci- 
um fluoride (10% wt.) to provide self-lubrication from ambient to 
900°C (Sliney, 1985). This is far broader than even the best oil 
lubricants, whose maximum service temperatures generally do not 
exceed 4 0 0 ' ~  (Chen, 1997). 

Another approach to lubrication over a broad temperature 
range is through the use of gas bearings. For example, air foil 
bearings have been employed in air cycle machines for aircraft 
cabin pressurization and environmental control since the 1970s, 
and in the 1990s air foil bearings were laboratory-tested for cruise 
missile engines with bearing temperatures up to 538°C (Agrawal 
1998). Air foil bearings were more recently demonstrated from 
ambient temperature to 650'C in a turbocharger for diesel truck 
engine applications, with subsequent goals for general aviation 
propulsion turbine engine applications involving higher tempera- 
tures (Buss, 2000). 

In an air foil journal bearing, a top foil is held within the hous- 
ing shell and lightly preloaded against the journal by a compliant 
support structure, interposed between it and the shell, such as a 
corrugated bump foil. Under steady operation journal rotation 
provides self-acting entrainment of lubricant (air), without exter- 
nal pressurization, while deflection of the compliant foil structure 
assists generation of an air film sufficiently thick to separate 
asperities on the foil and journal surfaces. Thus foil air bearings 
have a load capacity that increases with speed due to increased 
entrainment, in contrast to rolling element bearings where cen- 
tripetal roller/outer race effects diminish load capacity. 

Final manuscript approved July 30,2002 
However, intermittent foil/journal sliding contact occurs dur- 

Review led by Michael Dugger ing startup and shutdown when rotational speed approaches zero. 
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I-i~r cxaniplc, in the drr cyclc m;tchinc rrC o UC-It1 aircraft with a 

4R.WHk rpm opmtrtmnl rpccrl. rzell lnilljnumnl \cpantion doe< nnl 
rwcbir trclclw I.IKICI rpnl IAgrxrvnl 3qOX) 111 rcccnt f r~ i l  hcanrq 
trw nt NASA Gbrnr~ Kr.;c~lrcti Cctitcr n roi~ttonnl spcctl nf d,(KMI 
rpni w:lr rcrlr~arrd for Fnil/jcltrrn;it ~cprarinn. svilh fhc 3~rnn i  jnur- 

11:d tlinnlcirr ct~mqw~nrtinp tn n rnnnimllln ~l ld ing \pcd of 7.3mA 
(Ikll:~Conc. 31. l~)OLa). Dunny sucl% tranricnts. rcsutt:rnl 
fnilljnt~mnt ~l i i l tng cnrli:lcr will mcur :u a minIc5r cnnr:tct prcrsurr 
r ~ l  c~nly a Tctv r r n r l l v  rif ail armr>sphcr~-. rluc to ~ h c  compliwcy nf 
Ihr xuppnn ~lnrrllin-. n ~ ~ t l  ;~l!crnirlrty at amhlcn~ lc.n,pcerturc dtlr- 
ini: <lilrlup hut rlcrltrcd npcrn~innal tcmpmturs rlurinp. shuldt>wn, 
Solid Irlhririar~! PS.10-1 u(>:ltinpc, un tlrr ji,rq~mid .;lccvc. arc Ewinp 
czmccc~sfi~lly crnplnycrl !a addrc5s thr hrcadrh nf contact Icmppcn- 
tun.& 10 (WCIIF 111  his foiltlournnl ~ l id inc  rnrcdncc in proposed 
co~nn~rrci:~l ~ l i r s r l  and gas iurhinc i~pplicnrinn< 1IXIl:rCnnc. 2IWWE. 
EkllirCnnc. ct nl. IcwWl. 

n i r r~ugl in~~t IIL tlc\~rlopmptir. PS?W cna~itig prcpamtion ha< 
prrucrnlly IW-PII pc.dtmnctl w ~ r l l ~ n  ~ h c  NASA Glcnn Rrsrarch 

Ct-nttr. In ;III cfFor~ III :trww lcn.;ihili~y r r C  broad and intlcpntlcnr 
ct~l~~tncrt+ral prrpan~tinn nf PS3M cn;atings. lhit ~rtld!, rlrmnn- 
%lc:irc\ ~ h r  rthiliry nT ~11ot11cr pnny (;I small group nf rcscarchurs ar 

RI'1) t u  ohtiiirl nlt(l htcnrl colihtitrrcnl pnrtlclcs and hnvc PS3M 
cn;t!rnC. plxqma-sp~~ycd n~rtl lini\hctl, :ilk I)!: coznrncrcial mcans. 
I'o!cntt;il prfornmnvc uilr!nhilit? wna rnvcst~p:~fctl hy llavinc 

PSI(LI ctcpoxrtrtl hv mirlr~plc cnmmcrc.~:!l <pray I';siliiics. A< scv- 

crnl c:lntlirl:qte 1'5.104 pnwrlcr nu~turcs jvcrc c.on.;rdcrcd hy RPI in 

c;irly kt:~gc\ or this 5111dy. I~EC NASA Cilcnn Kcscarch Gcnlcr spray 

T : I C I ~ ~ I ~  ~mduvctl conltnFF of cncli ~lntll*r i(lcntic;~l cnntlitlnn< for 
wsccnir,g and wtccllon i)f n singlc uommrm prrwvdcr mixlun. tr l  hc 
tlistrihl~~ctl Cqrr x5rcwlncnl nf co:~tinr v:lnr~h~li~! nnintlg cnnimcr- 

~ i ; t t  <pray Tacili~~cc. Crlatin~ nsscwnirnl coi~qislctl of speclrnqcop 
rc crrnfinn:~rir~n rtl':131 PS3ltJ co~isti!i~cn~\. nu well as wrar nnri rric- 
tltln ptrlirmitncu. 

EXPERIMENTAL 

Powder MFxture Preparation 

pm sizt nnpc, with particles k i n g  very angular in shnpc. 
Nichmnlc (ROQ. wt. nickel 1 111% wt, chrmiun~h hindcr w:ts 

ohrainctl ill a 44-70pm si7c rangc with padrclcs a l  imgulnr shape 
hnving ndirlnr icatr~n.~. Pwhi\ctl curccric hariurn flunridc/calci- 
urn flur~ridr 4623 WI. RaFJ389 wr. CaF:) high-tcmperarurc suliti 

luhricanl nns nrrlcrcd In o W 7 h m  s i n  rangc, w i ~ h  panicIcs in 
rhis size mnpc also kine very angutar in %haw. Hnwcvcr, plrnti- 
iul s~~h-nlicmntctcr pun~clcs also cxlstctj in this fluoride powdcr. 
wvcnlcd hy ohsewation of spccimcns pmpml  by placing rrnall 

qumritics of pcrwdcr on .tlnuhlc-~idctl odhesivc m p  upnn nn SEM 
ramplc stlib nand hlnwing off rhc rxccsx with an ~ c n ~ n l  durtcr. 
Twt, Torn15 ofsifvcr wcrc ohtaincd lor ronridcmtinn. An atnmiwd 

form uonsisterl nf cx!rcrncly ~phcricitl pitrlicles in thc J.I-711pm 

sitc rangt. whilc a precipifatcd form consirrcd of crtrcnuly 
pnmuc pndiclcq nppnrcnll y fnnncrl T r t m  neighbring panicle% 
growlnE inlr~ onc anorhcr. A small rmction of thcsc prccipitatcd 
particlch wcrc rrhw;cn.cd to hsvc dirncns~m~ mrncu*hn~ lcss than 
Mpm. 1hor1gh nnt suh-m~cmmctcr. 

Powdcr mixturcr hlcndctl at RPI w m  prrxluccd hy rnc&sarinp 
azit appmpnNc quanritics oC each pnrliclc type tn p d u c c  1 kg of 

PSf fM. 'lhc IJS.103 p w d c r  was prcliminntily mixed thmugh rum- 
hhng ill a glass jar. scrcencd ~hrnugh a I llln-~csh sicvc In hmk up 
aggton~ce~tcs. thrn lini~hcd with rntary V-hlcnding. An cxarnplc 
rnic-rnpr;iph nT hlcndcd PPSW pnwilcr i~ ~ h n w n  in Fig. 3.  Two dif- 
rcrcnt PS3M pwrlcrx were hlcndcd at RPI. TPn' wing nlnrn~rcd 
zilvcr mzd 'PR' i~rinp prccipita~cd silver. Two other PS3W p w -  
dcrr rvcrc cnnridcrcd in rhi\ hludy. A NASA powder pmiuccd 

wilh atomizcti silvcr nntl cutcctic fluoride. whnsc prmcrsinp w w  
rcviscd in ndcr  to rcmovc rk sukrnicrnmc~cr pnnicles nntl p- 
vent porr~lrinl pnadcr now dificulrrcs. w.l?i c o n ~ d m d  w n eon- 

lrnl, Additionnlly, 3 small ql~nnlity aC I'S3OO. f m u l a l c d  and madc 
av:~ilnhlc unrnmcrcinlly hy rhc rupplicr of ~ h c  tutcctc fiuondc. 
nnq nhta~ncd. 

Plasma Spray Coating Deposition 

Attcmp~s wen: initinlly ~nadc to plwrnu-spnty cnn~irlgx from 

cnch cnndirln~c PS3M mixture undcr ~dcntical conditions at [he 
NASA Gknn Rcwarch Cenrcr fncility. with these depositinn con- 
ditions no r4  In 'rablc I. Fmm thcsc four candidntc.~, a singlc 

FS31U mixulrc was sclcctctl for pla~ma ~ p n y i n r  a1 three diffccrrn~ 
cornmerc.ial rpmy tacilitic<, rlct~gno!cd 'SA'. 'SR' and 'SCb. 
Spny cond~tion< w c ~ c  not dicl:lted tn thcw ;evnmmcrcial Cacilities. 
eht)ugh NASA rpmy conditions for PSMM are puhli~herl and gem- 
cn~lly availahlc fl)clfsCndc nnrl laskow~ki. 1993 1 anti were pm 
vidcd Inr rcrc'crcncc. Facitirics wcrc pcrmiucd to arrive a! .;pray 
conditions ~hrnllph trial-and-mot. with Iwn Cxiliticc CSh a d  SC) 
Iwinp ahlc 10 :llm rcly on pa51 cxpricncc with previo~rs incitmit- 
!inns nf lhc rnn~crinl rurh as l'SZ17. Final spny conditlonr, 

crnplnycrl by cach Cacilily an. liitcd in Tahlc 1. 
t l  wt ol' four 13-8 PH Mn stcrl disks. of 0.12rn diamrcr. 

1 '.7nim ~hickncss :mtl prrcipiration hardcned to N I 1011 condition. 
wcrc fcnt to cath sprnv iacility alone w i l h  a scl of 3 m m  x 3 m m  
nlumlnlln~ wirncrs cnttpnns. IT war rcques~ed thar cach surfacc k 

coa~cd rvitti ni Ica41 rl.4mrn of PS?(W, and disk ~udacc\; wcrc 
h l a ~ ~ c d  prior trr plnma spnylng. Witness coiipnq wcrc included 
h r  cnnfirma!inn t ~ l '  311 p ~ v d e r  CO~SI~~IIC~IS within Ihc rc~ullnnt 
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Thrust-Washer Evaluation of Self-Lubricating PS304 Composite Coatings in High Temperature Sliding Contact 

Primary Gas Flow Rate (scfh) 

Sliding Distance (m) 

Fig. 2-Example friction coefficient record from a thrust-washer sliding 
test. 

coating by X-Ray Fluorescence spectroscopy at NASA and for 
observation of coating cross-sections. 

Wear and Friction Analysis 

PS304-coated steel disks were evaluated at RPI in thrust-wash- 
er sliding tests against rings of Inconel X-750, a common foil 
material. PS304-coated disks were roughed flat on a reciprocating 
grinder using a S i c  wheel, and subsequently finished with wet 
600 S i c  paper to typical initial RMS roughness (Rq) of lpm. 
Inconel X-750 rings were age-hardened (20 hours in argon at 
700'C) and their flat 'washer' surfaces (10.2cm outer diameter 
and 7. lcm inner diameter) lapped with 0.3pm alumina particles in 
diesel fuel to typical roughness Rq =0.05pm. 

Sliding contact was produced by clamping the lnconel X-750 
ring within a spindle collet, rotating it while pneumatically load- 
ing the stationary PS304-coated disk against its washer surface. 
Normal loads of 84 and 168N were used to produce modest con- 
tact pressures of 20 and 40kPa at the conformal coatinglwasher 
interface, typical of those found in foil journal bearings. The disk 
was mounted atop a mantle containing three cartridge heaters so 
that tests could be performed at either ambient temperature or 
500'C, representing startup and shutdown conditions, respective- 
ly. A spindle speed of 1,200rpm was employed to produce an aver- 

age sliding speed of 5.4m/s, also typical of sliding contact of foil 
journal bearings during startup/shutdown. Prior to testing, the disk 
was momentarily loaded against the ring and turned by hand 
through a few rotations, then separated and inspected for continu- 
ous traces of wear tracks on both the surfaces, confirming paral- 
lelism. Each coating was then tested for 30 minutes of continuous 
contact, a total sliding distance of nearly I Okm. At the conclusion 
of the test, the disk was separated from the ring before halting 
spindle rotation. 

The base of the disk assembly and the pneumatic piston that 
loads it against the ring were separated by a hydrostatic air bear- 
ing, with radial arms from the disk baseplate contacting two iner- 
tial cantilevers and resisting disk rotation. Strain gauges attached 
to these cantilevers allowed friction to be continuously recorded 
on a computer data acquisition system, with an example friction 
record shown in Fig. 2. Average steady-state friction coefficients 
and standard deviations were determined over the last half of the 
test. Sliding wears a circular track, of inner and outer diameter 
corresponding to that of the ring's washer surface, into the coat- 
ing. An example of a ring and corresponding disk with coating 
wear track is shown in Fig. 3. Upon test completion wear track 
cross-sectional area was determined through radial stylus profiles, 
using unworn regions on either side as a baseline (Fig. 4). Two 
such profiles were taken at 180' separation about the wear track, 
with cross-sectional areas averaged to account for any slight devi- 
ations from disk/ring parallelism. From track cross-sectional area 
multiplication by mean track circumference approximates total 
coating wear volume. Division by the product of normal load and 
total sliding distance provides an estimate of wear factor 
(mm3/Nm), presuming steady wear through the test. 

Various Candidate PS304 Powder Mixtures Deposited 
at NASA 

Of the four candidate PS304 mixtures whose plasma spray 
deposition was attempted at NASA Glenn Research Center, only 
the NASA (control) and RPI (PB) powders were deposited with- 
out difficulty. PA experienced flow difficulties, and its deposition 
was discontinued after only a single disk. The commercially 
available formulated PS304 powder presented flow difficulties 
immediately, and no disks could be coated. Microscopic inspec- 
tion of this formulated PS304 revealed that it also contained both 
spherical atomized silver particles and sub-micrometer eutectic 
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'IA~I I 2-X-KAY fi 1'0~6.irr w-i Dr-n H \ ! l ' r w r l w  01 C ~ I W F Y ) F ~ I O Y %  01; 
mlf)-$ C~WIINE~F IItm\imr~ AT VARIOHC 

SWAY I:hr~i nil r (NASA OR 'rtlurf Cr)~hltftCIAl. FACT! mFS !?A. SR. rm 
SC', Ef~rsr; V A R I ~ I Y  1'11u~ur H MIYII~UPS ~ M A S A - P R V P ~ R F I ~  OR T\Yo RPI- 

I%! I*AR~ 11 fh~i)~ nr l'h nun PRI, AS C m r P n R r n  nl STAW~ARD 
Crihrlwnxw 

SPRAY Fh~ i i  r r j  

NASA 
-- 

- 
NASA 

.- 

sn 

51 ' [ 1'1% 

Fig. 3-€xamplm P5304.cosM atuel dl& pen) md w w k  aurlses of 
Inconel X-750 ring folllnuing thrust-wash teatlng, d t h  clrcular 
Ira& worn into PS304 coarlng, 

tlt~nridr fincs. ar rnunrl in PA a l ~ n  cxpericocing nnw dificul~ics. 
o ct~nihinnrinn lhal niruy npp:rrcnrly lcnri m ir 'jilmming' nf the mix- 

narc, 
X-Ray Flzrnn.sccnce ch~lractcri/ntion nf PSf04 cnatings 

s p n y ~ d  from thm or tllr cnnrlidarc p w d c n  i s  shnwn in Tnblc 2. 
Ilicsc cl~n~~ctcriiratinns RTC not cxdcr qkranlitative compclsitjon~. 
hut nrc lnsrcnd intendctl for qi~alitntivc ctjniparisnn ngninst n 
NASA cnnlml '~mndartl'. This rtantlartl is n rcfcrcncc that wol~ld 
Iw c.rpactf if r h C I  con~ti lucn~r W C ~ C  dc[m~jtCCl in pnywnion In 

thew p r r ~ c w c  in thc initial pwrlcr. tltuq rni~gh comparison will 
intlic:l~c whrther any cnn<tilucnts arc deficient or ovcrEy nhundant 

in spmycd conlinp, Nnrc cvcn in thr sti~ndnnl that ccrmptrsitions 

Flg. !LEWkwttersd electron 1- ol 8n sx#mpfa PS3W m n g  dop 
subenmte nt boaom, and ungrwnd surface mt top. 

do not sum to 1 M%, as ancmplq arc made to account for fanom 
such AS thc inxnsifiviry of tlvc technique to lour atomic nurnlwr 
clernenrs such as fluorinc nnd oxy_pcn. Dccpite ~ p n s  of p t c n ~ i a l  

loss of barium nuoridc and calcium fluoride solid lubricants dur- 
ing pla~ma spraying. for example (1.i~. cl nl. kWC)3). thew rc~ulln 
suggest thc Iligh-tcmpcmture solid luhricitnt m a i n s  intact within 
lhe sa3ting. F i p w  5 shnws n hcksca~rercd clccrrnn image of an 

cxample PSfM ccmting sccticln. with particle 'splata' penemlly 
pamllel In the suh~mre ~ufiacc, Compmrinnal contmxl couwq r i l-  
vcr [hiphest alnrnic nurnkr crm~tilucnt) m k bright while chmme 
oxidc (lnwcsr avcrap atomic numkr  con~titucnt) appcan dark 
gray. T i e  plentiful nichmmt binder i s  medium gmy. as iq the 
curccric fluoride of r im~lar avcngc atomic mlrnhr. Plasma- 
spnycd coet ing~ lypic~l ly  have prosity in the 5-N"i. nnge 
ITacker. 1990). nnd during ~ h c  pmpnntion of cm~ting c m s s - . w -  

t i o n ~  Tor rnimwopic inspcc~ion xucll pores nrc hllcd with cpoxy. 
wharc wry low average atomic nt~mhcr causes tI~csc porcr to 

appar black. 
Volames worn fmm coaling5 sprnyed using the lhrec PS3W 

pwdtrs  RI NASA Glcnn Rcmrch Ccnler during ?O minurc 4id- 
iny tests arc rcprexrntcd in n gnph, Fig. 6. Cenemlly diskc 

wcrc cnntd in WL* of fottr. with onc k i n g  used for each cornhi- 
nation of conrncr pmsurc (20 or 4flkP;t) and ternpenturc (amhi- 
cnl or 5l)(l'C). tn caws whcrc suficrcnt coaring remained after a 

tcst. ~ h c  confinp was grnund hack and scfinirhcrl for a rcpat test 
undcr the samc condition<. In silch raws har height repincots rhc 
nvengc wear voltimc. with wcar rotumcs 6'mni each of the two 

repcar [CFtF indiciktd by thc lap and hottom of nn e m r  har placed 
a h e l  the i~vcrngc hat height. In the cnw of powder PA, whcrc 

now dificulrics only allowcd one disk to be coa~cd. nll tests wcsc 

run on [hat single disk. Following Iht  first three resrs. ~ h c  costing 
rcmaininp was insunicicnr to rcgrind and conduct thc mmaininp 
1(3lil'.li,anthier11 t c r n p n a w  tcst. 

Wcnr of ~ h c  rhme PSXW mixrurcs spnycd nt NASA did nrn 

appear tu chr~ngc fuhqtanrially w i ~ h  tcrnpcnttart krween itmhicnt 
ant1 SWC. As cxpcrrd. howcvcr. pma!er cnnroci pmsure? 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 F

ra
nc

is
co

] 
at

 0
7:

20
 1

3 
Se

pt
em

be
r 

20
14

 



Thru31-Washer Evaluation nf Sclf-I-uhficaring PS3M Composile Coatings in High Ten~pmture Sliding Conlact 40.4 

Fig. &Wear w l u m  hMn PS3W wuiings deponltd at vaFerlwe aprsy 
lacllltkm INAS4 SASB Md SC) uslq vahous porrder r n l n m  
(NASbpmparsd and R P l - p ~ ~  PA or PB) alldlng agelnsi 
Inconel X-750 during thrust-washer fmls at mrloua mblna -  
llons of contact presmum (20 or 4OkPa) a d  lsrnprafura (amM- 
snl or 500 C). 

FI~. t - ~ s a r  tactom (mm3mm) 01 ~ ~ 3 6 0  d n g s  r k p ~ l m ~  at art- 
upmy tacilltlw (NASA 58. SB snd SC) unlng verlous powder 
rnldurss (NASA-pmpmmd and RPI-prepsrd PA or PBJ slldlng 
against Inconel X-7M during t h n n l - w a r m  tests st varlous 
combtnmtions of contact p a u m  I20 or 40kPa) and tsmp~w 
turn (arnbhnt or 500 C). 

resulted in grcatcr wcar. Wear valumc was mughly in prnponion 
to confect prcrsure. causing wear factors [mrn'fl'lrn) for wy sin- 
glc TIS.3114 powrler sprayed at NASA to not cxpetiencc lapc 
chnngcs w i ~ h  conliicl pres.um nr tsmptsulure over Ihc values 
invcs~ignreil. As shown in Fig. 7. thc NASA control and thc RPI- 
prepnred PR powdcn spwycd hy NASA each multcd in coating 

wcnr frlrrotfi of roughly 1.5*10~ m r n f ~ r n ,  while ~wnrings pm- 
duced with pwdcr PA generally cxpcricnwd slightly higher wear 
rates. The stendy-statc friction khavior of hcw NASA-spraycd 
coatings, shown in Fig. H. have c~~ficicnts thnt arc gcncr;illy in 

p d . 5  rtmple, wd pemaps suggcsr a ir ic~iun cwfficicnr which may 

incrcmc alighrly with dcmming cmtnct pmssurc, espccinlEy i C  nl 
lowcr tcmpnlure. 

Single PS304 Pawder Mlxture Deposited at VarIous 
Ccmmerelal Spray Facllltles 

Fn xlrcting n single pwder  to evaluare cmting vnriahilily RF 

a Cunction of commercial spray rncili~y. powdcr PA wcl! thc 

F!g. f fdetlon cosff lchl  ol PS3M coullnga hpoaltmd al varloun 
spmq leclfhkrs (NASA. Sk, SB and SC) uslng varlous pwrdar 
mtxturw ( N A S A - p r e p d  and RPlmparsd PA or PB) slidlmg 
sgelnsl lnconel X-7M dudng thrust-waeher twtn  st varlous 
comblnetlona of contact pressurn (20 or 401th) and t empre  
turn [amblenl or 500 C). 

ctrrnmcrcially avai bhlc forn~ulazetl PS3M nlixrure) wnx ruled out 

due to plential p w d c r  flow din?culiie~. Of the rrmnininp p w -  
dcm. RP1-prepared PI? was selec-14 10 cmphasi7c cnmplc~c indc- 

pendent prcpamlion of rcsinllant coatings by commen.inlly avail- 
nhlc mciins. As shown in Bblc 2. all cona~itucn~s n l  powdcr PB 
wen! ohserved in rcsulvanl coatings drpsited hy C;IC~ commc~inl 
spray r;lcilitius SA. SB. and SC. 

Wear volumes of ccmlings dcpsircd hy ~ h c  uommc~inl  spmy 
Fncilirics (Ftg. 6) in gencn~l appw 14) hc grcatcr than tlmw 
tleposired by NASA Glenn Rrsemh Ccntcr. ~houph only slightly. 
Apnin. higltcr contnct pressures lent1 to prertcr wcrlr volumcs. 
When expressed in units (rnrn8/Nm). coatings spnycd hy SA <up+ 
gesr a wcar factor that may incrrasc with contact prcwrtrc while 

thosc sprayed by SC suggcs! n wear fnctnr that muy dtcmaw wilh 
ternptnturc incrcorc m 5M*C (Fig. 7). Thcsc rhnnph, hourcvcr, 
arc not drastic hut twn-fold or most. Indccd, I'S3fU cuulinys 
s p y c d  by SR di~play indcpcndcnuc of wear Bctor Tmm hnth 
contact pressure and tempmrure nvcr ~ h c  wngc invrstipatctl. 
Furthennore. all wcsr facron 01' coatings spnycd by thc t h m  
comn~crcinl facilities and zchterl nt thc four dirtercnt comhinutiorir 
of contact conditions ore con~aincd within the rcnwnahly Brtnnw 
t ang  1.5-3'10' rnm7~rn.  am1 PS3M coating wear prfnrmnnm 
did no1 very prcntly amonp the cumnlrrcinl fncifiticq wlarctl. 
Regding friricfion pdormuncc (Fig. 8). avcngc cmlficients ftfor 
W.1M continas drposilcd hy SA. SH and SC uS1 ~ c r r  very nearly 

p d . 5  and did no1 r;lv systemoticwlly w i ~ h  conr'acl pmaurc or 
lcnipcrature ovcr thc nnpc invcstipntcd. nor with romn~crcink 
spray racilily. 

This study has tle~nunrtmrcd ~ h c  nhility o l  a nrm-NASA pr~rty 
ro Iormulrtc PS3W n~ i l t l um nnd havc heir coa l i t~~s ur~wc' i r f~~l ly  

sprayed and finishe$. nll hy uon~nlcmia!ly avai li~hlc rnrrlns. 
Trihologicnl perfomance nf such ccmtings wn?; siniilar to thnsc 

pmdsced ;II NASA Glenn Rcseatch Ccntcr using cirhcr !he snmc 
powder or a NASA-prcprcd pawtlcr. with I ~ C  c~ccption of wcar 
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Flg, -mdmry nktmm lmages of an example wear track worn Into 
P S W  coatlng durlng contlrmous oonlacl fthrust-washer M at 
SM'C and MkPa tunmt prwsum. 
( R )  Low-magnlllwthon lrnege at &g&- of wnar track mom) 

and unworn PS304 It-). 
(b) Hlgher-magnlllcatlon lmsga of Isga -sea In mKn 

PS304. tonlafnhng h e  deMe. 

ractor of NASA-spcrycrl coirings possibly k i n g  slighrfy lowcr. 
Rrfrmnnncc OC conllngs produucd co~nplctcl y hy cornmcroi:~ll y 

availahlc ntcnns dirl not vnry grca~ty hctwrcn 1hrt.c commercial 
filcilitic~ r r l ~ t c d  for vlnrmn spraying. 

Wcnr hc~ors of nll PS3IW crmtings Repsiled by cornmcrcial 
rpniv hwililica rrsing RPI-prcp~~rcd pwtler  PR mrnaincrl in thc 

4 1 
sntrpr 1 '5-3* I R rnrn /Nm. wlle~her rcstcd a! nmhirnt remvnIurp 
or 5Ml'C. Thcsc wcar fnctors an. all wirhin  he 14.8*10J 
m n l ' / ~ m  rnlrpc of vnlrlch previously ~ p o r t m l  by DellnCmc mti 

Fcltcnstcin ( ltM7F. sliding! PS304cuatnl disks against lnfonel X- 
750 : ~ t  tcmpcmlamc nnpinp fmm amhlcnt to HIUI'C, In those 

rcfrf. tirtlnpti, friulir\n ccwficicln only n n g d  Cmm p a . 2 3  to 
0.37. con~~clcnhly IF.;< tllrtn thc typical !8=0.5 vnlucs rcptrtnl 

tierc. Howcvcr.  hit! prcvinus st~lrly {E)cll;iCoflc and Fcllcn~tcin, 
14Q71 tiritizetl I~cniisphc~crl l ly-t ippl Inconel X-750 pins crcnt- 

111): c {~n~e~ i I i n i~ 'd  cuntncts with pmsswes orrlca-of-magnitude 

gw:ltcr thnn those cxislinr in thc crlnfnrnlal aliding contam nf 
k ~ i l  kntinps or thr thnaql-wnulicr pcomctiy u c d  hcrc. Indecd. in 
tnrm wnfrlmnl parti:bl nrr- foil kar i l lg teqts (DcllaChnc. 2CKK11 
twarly cunvlilnl fricltnn cncficicnrc o l  ;ippmaim:trdy p=0.4 wcrc 
nrp>nctl nvcr lllc cnrirc r i m p  oi' rcnlpntums from amhirru lo  

5 1X.C'. innre sirnilitr ttr  how rcp~ncrl from thcsr ~hrt~st-washer 
tcsts. R ~ u v  it mny hc nrgtlctl thr~t PS3W continp wcnr :lnd frlcrinn 
hchnvior ill Toil hcnrinps may Iw apprnain~olcd hy cunftmnal 

thrust-washer riliding tests. ifcrmditinns arc wlccrcd tn match con- 
Iact prescurc in addition lo sliding .ipd. 

Flowevcr. the thrust-washtr tests rcvpo~crl in thif study did not 

sarficiently airnulatc thc surfxc [apopphy evolution of PS?M 
coaling% th;w ha$ k n  nhwrvcd in air Coil Iwarinps. To achieve rar- 

gct lontl capacity in air roil hearings, ir i q  de<ircd that journal ant1 
foil surfaces k snlnnrh (RII*. lgm or Icss) ta prcvent aspcrity 

contacr lhrn~~ph lhe air film. Though finish p-indinp of PSXH- 
coated journalr with a SW-grit whccl only pmvidcs an avcmpc 

st~rf:~cc mughncss of 0.Rl~rn rypically. rcpxtcd high-!cmper;tturc 
stnrt-stop cycling ILF MEUIS during endt~mnce ~csting of a foil 

karinp prorluccs a run-in sr~+acc with s lpoli~hcd glossy d:trk gmy 
appnmncc with ;rvcrngc mughncs~ mluced tn ~ h c  0.05 to I!. I pm 
mnpc (Radil ~rnd DclloCnnc. 2(X)2), Upon rnmplctinn or thru~t- 
washer tcsts reported in this study. inrm.zwd rnugtiness; o f  rypi- 
catby Rt,>2pm were in~tearl mcxsurcd nn worn PS304. Figlle ?la) 
i s  B low-m3gnification imagc or the insEdc cdpe of a wcar t n c k  
worn into a PS3M conling durinp thruqt-wxqber testing. nciphhr- 

ing rhc inwr  unworn region. In that unworn reginn, fine vurfncc 
P~IF fmm coating pomily and possibly culcciic fluorirlr pullour 

during finil ing arc crhwrvcd. tlnwever. wirhin rhe w a r  tmck, 
largc rcccswx with dimensions across nf IWpm or morc hnvc 
k e n  kwmctl. Upon closer inspction (Fig. 9Ih)) rhcw an: secn 
fillcd with linc dchris worn Cmm ncighbrinp flat contact regions. 

In foil knring application PS3W contncl is in~cnnittcnt. For 
cxamplc. in pmpscd peneml aviation propulsion rurfrinc cnpinc 
applica~inns, thc PS.304 will k wpamrcd Tmm IIW Fo~l hy n high- 
tempzralurr uir film Cor ~ p e r i ~ i s  on the order of nn hour ktwcen 
sliding contacts a1 startup and shuldown. This intermittmt nature 
of contact hxs nlw been nppmximsted in foil haring tests a1 

NASA Glcnn Research Ccntcr (DcllaCnrtc. ct al. 1999. 
hlli~Cnrtc. 2fMKl). whcrc For cuch cycle. thc shon dunrions (-1s) 
of sliding contact at slartup and shutdown arc scpanlcd hy a -12s 
pricwl t ~ f  the P S 3 ~ ~ 1 5 1 c d  journal riding on an nir film fmm 
IiRoK lo louch$t)wn. FI i s  h y p t h e s i d  that this rn!crmittcnt 

nature of sliding contact i s  critical to the evolufinn of smr~ rh  
PS3CM that i s  okrvorl in foil karings. The nored cntnr chnnge. 
to dark gmy. i* indicntivc of ~urfam chcrnicnl in tcmt im likcly 
cwcurring hctwcen the PSfW and air luhricatinp film. whilc sub- 
ccqucnt foil sliding ctmlwr providcs a mechanical polishing 
ac~ian. 

Thc cantinunus naturc of contact dnring thmht-washcr [erilq 
~pclrtctl hcn: would not provide p r i r x f q  Tor formstinn of ~urfacc 
rcnclioo films in rhc: abscncc o f  cnntpetilivc rtrnnvnl dur to rlid- 
ing wcnr. In an nlrmpt lo replicate PS3M ru f i re  cvolt~tinn 
obscrvcd in foil hcwinps. a thn~st-washer test wirh 4s o l  Iotldcd 

(IOkPa) nlicling contnct altcmaling wibh 56% of coatindwashcr 
~epilntion in 5 W C  air was pcrhrmed wilh RPJ-prcpared PS31Ll 
pnwder (PR) spnycd at NASA. Thc lc%r was conductad for 4.50 
loadin~unloacling cyclc~ to achtevc the Mrnc sliding dislancc as 
in previous 30-minute tcstv of continuour conlacl. wilh the 1-1 

pcriodicnlly hnltcd 10 characterize surface rouphncss along thc 
~l id ing dimtion. The PSTW surlacc, which was linishcd with 60 

SIC pap r  to appmrimntcty Rq=lpm. rorrghcncd over the fimt 
3km o l  sliding lo Ry>lpm hut rhcn gmdually smmrhcd with 

invrc;hqing cycles of inrcrmit~cnr sliding contact. 6hc pncmlion of 
~nlwrhcnctl PS3M repinn% under inrern~lttcnl conlac1 czn ctmrly 
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Thrust-Wz~her Evaluation of Sclf-Luhricnting PS3.04 C n m p i l e  Coatings in High Tcmpnrure Sliding Conr,wt 497 

Flg. F&EacandaryeWtrm 1- olrraerttllck rmm Into -1- 
Ing durlng Intormltbnl contad thnml-wrhr hi a1 5WC and 
M k k  eorrtad pressurn. Lownsgniflcatlon lmege st edge ol 
weer l m k  (rtghl) and unworn PS304 (lett). 

ng. I rdoughmsa ot ~5301 eoattng w a MIM of 8Ildlng d l - r n  
durtng lnlwmmtnt wnlacl thrua-nrmsher lest st m C  and 
ZMtPa conlect pressurn. Also natd are rough- produced 
durlng typical continuous conleel thrust-was& test at seme 
Iempreture end prcwsum. st w l l  as R,d.lpm targst mugh- 
ness 01 PS304 coarlws lor loll barlng eppllcatlons, whlch Is 
nchrsved during run-ln under cyclke stun stop hlgh-tampem- 
lure opomlion. 

hc sccn thm~plr compari.wn of rhe wear trnck in Fig. !{I. In that 
prcvinusly shown lroni continuous contact in fig. 91a). By 450 
loading/unlondinpl cyclcs lllkm or sliding) roughness had 

attnincd Rq=C).Sprn. ns shorn in  Fig. I I. nnd was still dirniniqhing 
ns rough rccesscrl rcginna formed dttring Ihe initial 3km of sliding 
cycles conrinuc ro be replaccd by smoothcd PS.104 st~sfacc. The 
PS3M wenr factor duting this inremittcnr contact rest. I . R * I ( E ~  
mm4/Nm. remain4 similar to thow ohscrved in continuous con- 
tact tests. 3hor1gh thc chemi~lry of PS3IM sudacc smoothening 

during high-tcmpcnturr intermirtent sliding cmlutr is, nor rully 

undcmtd  at this time, i t  hn?; k n  nrltcd by Encry-Dispmivc X- 
my Spccrmscopy thnr chmmiumlnickcl n t l n  i< hiphcr in [hest rut- 
faces whcn comprcd to that nhwwed Imm uriwnrn or cnnfinu- 
ously worn suriiccs. DclIaConc hits repmed sirni l~~r 
enhsnccrncn~ of cltmnrium in PS?Da sudaccs cxpnscd In cyclic 
startls!op contnct of partial-arc foil hearings at 53H'C. Wllilr such 
~liding-induced plishing during intcrmi~tcnr cnnrncl i s  imponant 

to cumnr undemtandinp nf foil hearing opmt~cw. the dcvclnp- 
men! of cor~ting deposition and finishing pmceqw;c.; lhe dn no! 
induce porosity or p i n  pullnut remains nn in~pnrlanz thsllengc. 
so thar P S f M  rnuphncss crf Rq4.1pm nod full lond cnpciry mny 
be malized irnrncd~ntcly fmm the onsee of foil knrinp opcwtim. 

1. Indcpcndcnt prduurion of selCluhricaling PSf04 coaling%. 
incltrtlinp p w d e r  nlixture preprtltinn, pEmms sprny dcpjxi- 
tinn, nnd surfncc finishing. ct>mptctcly hy cammcrcially. 
nvilahlc mans has heen succcsq~u~ly dcmnn~mted. 

2. Friction and wear pdormance of PS.104 contings originating 
From a singlc powrlcr mixrum, us measumI In thnrst+wn$wr 
sliding tcsls. did nnt vary grcr1t1y among t h m  diffcrcn~ 
camrnercial plnsrna spray facili~lcu, sc l~~rcd  for dcpr~~itm. 

3. Friction and w a r  pxfiwmnnce of PSXM coatings cv~luntcd 
in 1hrus1-washer lests may he rcprcscntattivc of that c r ~ c f c d  
in Init heafin'ngs. providcd test unnrac.1 prcs~urc i~ simularivc 
of npplicntion. 

4. To nchicvc the PS204 surface smoothening cffcct that i c  

not& in high-tcmpxiturc air roil hcar~npq sllhjcct lo cyclic 
starllstop oprnlion. thrust-wwhcr rests must tw conducted 
with inrcrm~ttenf. as oppoed 10 continuous. slirlinp contact. 

This projccr w~ supported untlcr a NASA STTR Phiisc 11 
award NAS3-972M to Mohawk lnnnvntivc Technology Inc.. with 

RPI serving ns sr~knnrrilctnr to Mix. Thc authors wi9h to panic- 
trfrrrly achnowldpe  he guidance and stlppon n l  Iinnuhtlng 
kleshmnt and Mohscn Salchi of Mohawk Cnnovn!ivc Tcchnolngy 
Inu. during nhe coiirsc of r h i ~  project. BC well as Pal Rcnny or SI. 
Louis University who pcrformcd thc preliminary Fhasc I pnion 
of this pmjcc!. Thc wtistancc of Rrian FAmnnclh and Vlclor 
Luknwcwir~ of NASA Glenn Rcwarch Ccntcr in rhc preliminary 
plusrner spraying nf disks and X-Rny Rt~orecccnce spxtmsrapy. 
rcspcctively. is n l w  grcnlly apprcciatcd. Finslly,  he aii!hon a h  
wish to thank Andy Korcnyi-Rolh nC 1.lohmm Plarlng Rt 
Manufacturing. Klnu.; DohIcr of  St, b u i 5  Mctalliz~ng, nnd Roh 
Johnson of Gcnenl Electric Eneqy Scn.ice\ for thcir cwycrr~tirln 

in cornmcrcial plasmn sprnying of PS304. 
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