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Thermal Processing Effects on the Adhesive Strength of 
PS304 High Temperature Solid 

Lubricant coatingsG 
CHRISTOPHER DELLACORTE and BRIAN J. EDMONDS 

National Aeronautics and Space Administration 
Glenn Research Center 
Cleveland, Ohio 44135 

and 
PATRICIA A. BENOY 

St. Louis University 
St. Louis, Missouri 63103 

The effects of post deposition heat treatments on tlre strengtlz operating from below room temperature to over 750°C 
properties of PS304, a plasma sprayed nickel-chrome based, higlz (DellaCorte, et al. (1995), (1996), (1997)). PS304 is comprised of 

temperatlire solid lubricant coating are studied. Coating samples a nickel-chromium (NiCr) matrix (60 wt.%) combined with 

were esposed in air at renzpera[liresfronr 432 to 650°C for up to chrome oxide (20 wt.%) as a hardening phase and the solid 

500 hr to ,,ronlote r e s ;~ra l  stress e,l~lullce part;cle to part;- cant additives silver (10 wt.%) and barium fluoride/calciuni fluo- 

,-Ie bonr]jnS arid increase to slibstrate bond strengt/l, ride (I0 wt.%). For the PS304 each 
constituent contributes functionality. For example, silver, a soft 

Coating prrll off strengtlr ~jas nzeasurerl using a conzmercial adhe- 
metal, provides low temperature lubrication while the fluorides 

sion tester: 
provide high temperature lubrication. The chrome oxide acts as a 

Tlze as-rlepositerl (untreated) samples either delaminated at the thermochemically stable hardening phase. The NiCr matrix bonds 
coatirrg-srtbstt~rrrr interjace or failed internally (cohesive failure) the components to each other and the substrate. Since NiCr bonds 
at obo~tt 17 MPu. Sanrples heat treated at temperatures above 

540°C for 100 lzr or at 600°C or above for more than 24 hr e.vhih- 

ired strengtlrs above 31 MPa. Coating faillire occurred inside the 

body of the coaritrg (colresive failrtre) for nearly all of the heat- 

treater1 sanrples and only occasionally at the coating sltbstrate 

interface (adhesive fail~rre). A microstrrrctural change is believed 

to be partially responsible for the coating strength increase. 

Increcrsing the heat treatnrent temperat~tre, e,rposure time or both 

accelerate [/re Ireat hrutmetrt process. 

KEY WORDS 

Solid Lubrication; Self-Lubricating Composites; High 
Temperature 

INTRODUCTION 

PS304 is a plasma sprayed, high temperature solid lubricant 
coating developed to reduce friction and wear of sliding contacts 
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October 27-30,2002 
Final manuscript approved June 15,2002 

Review led by William Marscher 

well to candidate stainless steel and superalloy substrates the 
PS304 coating is routinely applied directly to the surface of parts 
needing lubrication without the use of intennediate bond coat lay- 
ers. Figure 1 shows a typical cross-section photomicrograph of 
PS304. 

Extensive development work has been conducted and reported 
on this composite coating. This work includes compositional tai- 
loring for thermal expansion coefficient control (DellaCorte, et al. 
(1997)), friction and wear testing (DellaCorte, et al. (1995), 
(1996)) and coating performance as a startlstop shaft lubricant for 
foil air bearings (DellaCorte, et al. (2000)). During the course of 
these studies it was observed that the coating undergoes a one- 
time dimensional change (coating thickness increase of a few per- 
cent) accompanied by an apparent strength (hardness) increase 
when exposed to moderate temperatures (-500°C) for long peri- 
ods (-100 hr). Routine metallographic cross sections have shown 
evidence of a complex interfacial reaction layer between the coat- 
ing and superalloy substrates as well as an apparent microstruc- 
tural coarsening of the coating's matrix (NiCr) phase. Figure 2 
shows such changes for a PS304 coated nickel based superalloy 
specimen exposed to 650°C in air for over 700 hr. These 
microstructural and interfacial changes do not appear to negative- 
ly affect coating performance but warrant further study. 

Since coating adhesion can play a critical role in coating per- 
formance it has been selected for further investigation in the cur- 
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Fig. I--Cmm+&lon phofomtctogmph ol sn w d e p w H d  PS304 coat- 
ing on s 43-8 Mo stalnle!?si steel substrale. 

~ i l t  work. IJthcrr liilvc nh\crvcd r imil~lr stecnplhcniny cffccts in 
NiCr h:wcrl cruilit~pa C(tllowing hcat rwiirmmrs, h11t offcr rio cnpki- 

niltion I Wnlthrr. 1 IOTO)), 11 i.; twlicvctf I~;I! stutly of cn:~ting atlhc- 
vnn prrrpcriich ni:y prnvirlc in\ipl\t intn Ihc placnnmcni~ rlcscrihctt 
IIIHIV' :IIH! I1r1p tstahlnh prwcshinp pnnmictm frlr nnorc wirlc- 

~ p ~ ~ l t l  cn;arrnp implcn~cn~ntiori. 'nit fr~llowirip w-crlt?n\ rlcr;crilw 
tllc wrult* nT :idhc.;irm rcsr.i an PS.1414 conrinp.; rlcprxitcd nn <fain- 
lcvl prior lo and oftcr hcat tscalrncnts in nir r t t  vnryinp Icm- 
p n t l r r r s  nnti dtrntlir~ns. St:~inlcw FICCI IF ehc wlccecd suhqrrnrc 

k-uauw il i.; .I lllicly co~irinp ~uhctnlc nnd i% thc hhnft mrltcrinl 

k i n g  uwtl ill t ~ n  oil-Tmc r r r rhh~rye r  usinp PSI03 fl lttwnnl. 

( I'FW* l I t - ~ I l r l l ~ ~ t ~  el :d*+ (2tXUO). 
79rc ul l~nta~r ponl> nf rlrix work ;ire I t 1  tluvclnp i t  k t t c r  i~ndrr- 

<li~nrtir~c ~ h t  mlc tjr tlic hcnr Irntnirnr and fr, hcltcr iden~iry :intl 

i~ndcrutnntl ~ h c  mrch:nirmt~l in rtctlt1n rluring 1hrrnj;~l rrptntlrr. II 
i u  anticipatrrl  hi^ Ihc rcfrrlf~ rvilt ;rl\rr hc u%ctt 10 dcvclop a prr- 
lintinrlry hrr11 ln.:blrncnl pmccss lor lhc ps'S70-I cnnrinp 10 h t c r  
cnrnmcrc~;rlr~etian 01' rh~c cnining rcchnolr*gy. 

TEST PROCEDURES AND APPARATUS 

PS304 Coating and Peposltlon 
1%~' PSYW contlrrR i r  p1:hrrito \pr;Lv clcprcirctl tkinp ronvrrl- 

tlt~iinl pl:~.;rn:i xpnly pmcrtlllrc.; dcucrihct1 ~III tv ill IRll:~Cnnc. ct 
111. I'lH7cl. Rr~cny. :t pnwtler hlenrl nf ihc cc>n~litucnh In PS3M 
(cht~wn in 711hlc l , l a  Cctl hy it hnppr irlm ihn argon g s ~  strrnm tlnrf 

lnjccrc(1 intrr :ul nrgtm pl:l~rn:t i r i  :I plwrnn qprny pun. 7hc high 

rcnrp-ratblrc in tllr plasnrn gtln melt\ thc prvdcr  and nccclcm!rc i r  

- -peralloy I - _ -  

. substrate 0.10 rnm 

Flg. 2--Cmss-seclIon pholomicmgraphs ol PS3W cmtlng msned oa 
a nEckel based superalloy substrste mlfw exposure In air at 
650°C tor 700 hr. Mole Intednclel reacllon layer and second 
phew preclpltates In NlCr matrix. 

o u ~  of thc gun nnz~lr .  Thc mnllrn pnwtlcr lhcn impinge\ onro rhc 
suhftnrr. whcrc il "spl;~t\" and \olidifics Forming a t h ~ n .  tli.wnn- 
 intin nu\ coilrirlp. Mlllt ~p lc  VIFICF are nppl~cd to hrr14rl up a thick 

(-35(1 I lml  coating laycr. I'oltnwing clcpmilicm ~ h c  co:htlnp ir 

grniind I r *  :ichi~\,c :I xrnrlolh korfiwe finikh :snd rhc rlc\ircd ~l i icb- 
1 1 ~ ~ .  ?lit rlep\itinn :tnrl \c~lirlific:rtinn pmcers wcun rapidly anti 

rtfren crc;ttc\ rc'iirf~lnl \!n'<rcf in tlkc crxttinr. F ~ ~ r r r c  1 \huu\ a wp- 
rcscnrnrlvc cm\+wc!inn phrrtomicrnpnpti of thr PSTU cna l in~  

dcpo~ i~ td  onltr ;i \r;iinlc\\ rretl \iih\tl;~tc. Xhlc 2 <how\ w l ~ ~ t c t l  
prtrprtic1 nntl tlic cnnlpn\i!ion ~ h u  cl:~inlcw tlccl uwtl in !hi% 

upnrk. I'S3tU crj:rtinpr Ir;lvc n I;~ycrrrl .;tnlurllrc wficrc t i~ch  ta]icr I\ 

thc. w~l r l t  of e:tcti ct lat in~ p:l<s. For PSXW. -3 p rn of cnarlnc 1.. 

dt.po<~~ctl pcr rn\ \  :~nd 10 t t b  10 p:15<cc arc appfictl to huitd up a 

2511 trr 3.511 pm ~l i ick co:rranp \hn\vn. t\< sccn in llic phnlnrnicrn- 
gr:iph. tltr PS?rLl co;tling a \  :I hetumpt.nc.or~\ vnntpnvlc In which 
each con\ritr~enl appc:lrr :I\ :I dit4rtici phaw. 

PULUAOHE SlON TEST 

To cvalu:~rr crwiting <lrcnprh. rt~rnrnerci;~l atlhc>ion tcstcr I \  

u\cd. Thix test h:rrtlw;tw, qhown whcrnnricall~ in Fig. 3, cc?nX;i.it\ 
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Thcrmnl Rnctssinc Effecis on thc Adheaivc Strrnph of PS3M High T c m ~ n t u r e  Snlid Lubricant Cnarinp~ 

of an njuminum pul I stud which i s  p t u 4  le  the costing surhcc. n 
pntumafic piston system for applying the purl nf force and nn 
clcctmnic prcspurr contmtler/rci~dnut Cor measuring and recording 
Ihc pull off prcswe. The head a l  the pull q~ud is a~tachcd lo the 
coating surface wing a ~ w n  pan cpnlry glut which is mixed, 
npplierl, nir cured for n h u i  X hr ~hclr oven c u d  or 75°C far nn 
nclrlitionnl 13 hr prior to pull testing. The cpoxy has a mtcd 
stmngrh OF a b u r  hlj MPa undcr irIcnl condirions and typicnlly 
r x c d s  I:! MPn when ntt:ichptl lo the mugh pl:isrnn rpny coating. 
For mfcrcncc. ptnrmn sprnyrd coating!, like PSTW that cxhihit 
ndhesion strtnph parer lhan 4 MPn nre usually considered 
acmptahlr for most rrihlogical applications. 

To contluct R test. a conlcd nnd glued spccimm aswmhty i s  

plucnt into the lixtzlm 4nwn prcviou~lg in Fig. 3. The mntrnllcr 
is stancd which grarlually pmssurixees ~ h c  londing piston fhcrehy 
incrcnring ~ h t  applicrE pull fr~rcc unfil i t  cxcccds thc strength or thc 
coating or the c p a y  hond. When the pull oIT hrcc cxccedv the 
strength the ~lrlh dctnchcs imm the mrnplc find thc test enrts. A 
digital prcf~urr readnut on nhc contrnller displnys lthe ~ a k  prcs- 
sure applied during [he let@. I t  i s  mortlcd and convcrtd EO cnnt- 

ing qtrcnplh in MPa srinp n rnnnuhcturcr'u gcnemted d~tia sheet. 
Sinm nonunifnnn c p x y  npplicntion, rnil;nligncd studs nncl rut- 

facc itregutnritics prrscnt in ~ h c  ns-clepositccl PS3M sfimplcs can 

. - . . . - -. -- 
. z% 1-2 
-\ rQT, r - - ,  -- 

.a, ?*I hr 

--PL 'C) --PN 

-d 

-- -- -- 
A H I A I d  
Id- 

Flg. 3--Adhsdon pull-test spsctmsn -My and nyslsm. 

resul~ in dutn scarier ut least I h m  repent tests am done for cach 
teqt condition, 

7he samplcs can fnil in onc nt three ways. If ~ h c  cnntinp to suh- 
stmte bond 1s weakest the stud wit1 pull off the sample rcrnnvng 
the Cutt coatinp and cxpsing ~ h c  r~ainless ?;lee1 suhstmtc. I f  the 
bond i s  strong but the coating cnhesivt strength ir low thc rtud 
will pull off ~ h c  sampfc and rcrnavc s m c  oFIhc mntjng with fail- 
urc nccurring withln the coutinp. Anally. if h l h  !he contine; and 
itr h n d  re the suhs~n~e nre stmng the sruh will pull off the sum- 
plc with failure occurring wi~hin rhc epoxy laycr. By n b i n g  
wherc failure occurs, coating pwnae?:  6e.g.. hnd wength, 
appnrenz tcn~ilc strrngrh crc.) ant1 thcrffcc~ of rliKming hcnt trcnr- 

rnenrs can be assensecl. 

COATING MlCR6SfRUWRA'L ANALYSES 

Sclccted cwcing, samples werc mounted in me~allngmphic 
ling compound (epoxy) nod p m p d  hy convenrinnal rnelnllo- 
gnphic methods for ;~nalv.rcs. Viewing the conting emu wt ionq 
hefore and after thcrmnl processing can lend incight inlo 

rnicrostmctunl changes and thcir clTe'ecrs on ~lrrngth. Both opticnl 
anti Scanning Electron Micmscopic (SEMI tcchntqucu wcrc 
emplo~ctl in this, work. For SEM an~lyses. the ?;nrnplm wcre conr- 
ed wirli a thin layer nt gold m prcvtnt charge buil(l-up thnt can 
obscure the images. 

RESULfS AND DlSCUSSlOFSS 
The PS311.2 exhibits a pull off strength of 17 MPa in ~ h r  u+ 

dtpnsitcd comli~ion wilh no hrnr trcntrncnt. Fsilurc Frcctln within 

rhr coating in a cahcsivc mmncr sugpcsring lhn~ the lxmtl 
betwcen thc coating ancl the suhstnle i s  stmngcr than IM cnatinp 
i tsd i .  c ~ l i n g ~  exposed lo high tcrnpcmlurrf h r  hricf pcrindr m 
moderate ~crnpraturcr for long prinrlscxhihit r~wngth 11manrl35 
MPn. Tahlc 3 hhows thc nvempd rhta h r  all of ~ h c  tcsts conrluct- 
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4--Adhlon stmnqth v a  exposure tlme at vadouu tempsmtuma 
b r  PS304 depoahtsd on 73-8 Mo aslnless. 

Ffg. & C r o s d c m  pMPrnlemgrapha ol PS30.l o f t ~  erpowrr In rlr 
st 6M'C for 50 hr. 

hchavinr ir  vamnlnn for diffusion hilsed mctalluqical changer 

(Shewnlon. f 963). Roycr. el ;I[. (19R5)). Abrupt phxw rr*n%fcbr- 
malion<. such a\ thc wcll 6nown nlpha 11, bcla tmwri~nnntion lhut 

nccurs Fc~r rirconium oxide. rnpidly c-ur once ;r specific kernper- 
ntirrc thrcchold ir crcccrlcd (K~npcry, rt 31. ( 3 9751). For lhc PSMN 
conring, the :tdhc$ion data suppeqts that more p d u a l  chnnprq 

rxrcrrr which itre enhanced by hiph tcrnpmturcs md timc. For 
in~kancc. afwr c r p u r c  Str 5Ml  hr at 482°C thc atlhcrinn lirrcnpth 
113s nnly rei~cchcrl -?I3 nf full rlmngrh 1-35 MI',?). Yck a1 650*C. a 

mcrc 24 hr nppan rnnre than adequi~lc to fully heat ern?! ehr 
PS31M cm~inp.  Sevcrn! canring snmplcs have bccn capnwd for 
ovcr 7(Hl hr nl h.SO°C' nnd crhihit strength!. nrnuntl 35 MPn ?iup- 
ptqting lhar rhc ~trcnpthcninp cflcctr, llnvc a rcrrrtinus (reach a 

finill valuc I .  
Msny of thc canditliltc sub~rra~cc lilr PS3M arc heal trearcd 

~upmlloyr :~ncl \lainlrsc \tcels. Sincc a widc nngc of rhcmal 
cxprrwrr ternpmulrcr cnhance conring ~trength it is likcly tbal 
~ h c  ccjn~ing rhrmill pmcs*ing can hc i~chicvcd c~~incirlcntnlly 
with :I xahuln~c heat trcstmcnr. In lhik C i l K .  I ~ C  clrpmt of nn 
nrldi!ic~~~sl w p ; ~ r ~ ~ c  cuirinp heat Iseatmen! could he avnidd. 

Flg. 5--Cmmmactlmn ph~omlcrugrapha of P!XUi4 e x p o d  In nlr Cr 
150 b u m .  
(SF 593' C 
(b] 650'C 

ctl mging  in diintir,n fnim 21 to FfMF hrh :I! Icnlpentllrcq rrvm 
437 10 0511°C. T h i s  dnrn i% ptn!!cd i r ~  Fig. 4. 

T i c  claln 41111\~ that a! lnwcr tcliipcnlirrci Irmpcr cxpsuw 
~imc\ nrc nwlcrl I<\ achwvc the ~.flrcl~gtllcning cfftcl. T h i s  tyw of 

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:

31
 1

3 
Se

pt
em

be
r 

20
14

 



Thermal Processing Effects on the Adhesive Strength of PS304 High Temperature Solid Lubricant Coatings 

{Ni 

0 1 2 3 4 5 6 7 8 9 1 0  
Energy, keV 

0 1 2 3 4 5 6 7 8 9 1 0  
Energy, keV 

Fig. 7-EDS spectra of NiCr matrix phase of PS304 as deposited coat- 
ing. NllCr peak height ratio is = 6.2. Fig. 9-EDS spectra of NiCr phase surrounding dark chromium rich pre- 

cipitate from PS304 exposed at 650°C for 150 hours. Note 
apparent depletion of chrornlurn content. NilCr peak height ratlo 
is = 10.6. 

Fig. 

Energy, keV 

L E D S  spectra of dark chromium rich precipitate inside NiCr 
matrix phase of PS304 exposed at 650°C for 150 hours. NilCr 
peak helght ratlo is = 0.5. 

The adhesion data alone suggests diffusion controlled changes 
are occurring to the PS304 during the thermal processing. The 
observation that the strengthening occurs much more rapidly 
above 538OC further indicates a solid state diffusion controlled 
effect. The main component in PS304 is NiCr which has a melt- 
ing point of 1 390°C (1663OK). A heat treatment temperature of 
538OC (8 1 1°K) is nearly 0.5 that of NiCr's melting point. In solid 
state diffusion, atomic mobility rates increase dramatically when 
the ambient temperature exceeds about 40 percent of the absolute 
melting point (Shewmon, (1963)). Therefore, it is not surprising to 
observe what appears to be diffusion based property (adhesion 
strength) changes in the coating when exposed to temperatures 
above about 500°C. 

Post heat treatment metallographic cross sections of the PS304 
specimens help elucidate the reasons for the observed strength 
increase. Figures 5 and 6 show metallographic images, at various 

magnifications, of the PS304 coated stainless steel substrates at 
selected test temperatures and exposure times. The as deposited 
samples exhibit microstructural features typical for thermal spray 
coatings. The PS304 starts out as a powder blend of the individ- 
ual constituents and each particle melts separately in the hot plas- 
ma and deforms upon impact with the substrate creating a layered 
coating structure made up of "splats" on top of one another. When 
examined under an optical microscope the different phases can be 
readily detected and identified. The NiCr binder is predominant 
and bright, the silver is metallic and develops a slight tarnish, the 
chrome oxide is gray and the fluorides, when viewed with oblique 
lighting, appear transparent or slightly opaque. Black, nonreflec- 
tive regions are porosity, which is typically about 15 percent of 
the structure. 

Since NiCr is PS304's major constituent its properties are like- 
ly to dominate the coating's properties, especially strength. 
Therefore, it is anticipated that changes to the NiCr matrix can 
have significant effects on the coating strength properties. The sil- 
ver and fluorides are lubricant phases, therefore, any changes to 
these constituents, such as chemical reactions, degradation, or 
decomposition, are anticipated to have significant effects to the 
lubrication properties of the coating. 

Examination of the coating cross sections reveals that the only 
readily observed change due to the thermal processing is an 
apparent phase segregation or, rather, second phase precipitation 
inside the NiCr binder regions. When PS304 deposited onto nick- 
el based superalloys is heat treated a reaction layer forms at the 
interface. For PS304 deposited on stainless steel, no interfacial 
reaction layer is observed. The appearance of the silver, chrome 
oxide and fluoride phases remains unchanged even after exposure 
at 650°C for over 100 hr. The NiCr phases, however, develop a 
striking nlicrostructural feature which has the appearance of dark 
islands often locked inside NiCr particles. These regions, at first, 
were assumed to be some oxide phase. However, NiCr would be 
expected to develop an oxide passivating layer on its surface 
when exposed to air at high temperature not internal oxide phas- 
es. On the contrary, there does not appear to be any film or layer 
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of oxide on thc surface of the NiCr phases. In addition, the appear- 
iInCC of the "two phase" NiCr matrix is uniform throughout the 
coating. That is, its appearance is the same at the coating's outer 
surface which is directly exposed to air during the heat treatment 
and at the substrate interface which is well protected from the 
atmosphere. These observations suggest that during the heat treat- 
ment sollie type of diffusion driven second phase precipitation has 
occurred. 

Scanning Electron Microscopic (SEM) analyses were conduct- 
ccl, coupled with Energy Dispersive X-Ray analyses (EDS), to elu- 
cidate the composition and nature of the changes to the NiCr 
matrix. Thc results are suggestive but not conclusive. For compar- 
ntive purposes, an EDS spot spectrum of a NiCr area in an as 
deposited coating is shown in Fig. 7. The unheat treated NiCr, 
which has an 80120 wt.% composition, exhibits a nickel to chromi- 
um pcak height ri~tio of 6.2. Figure 8 shows EDS spot spectra of 
the NiCr matrix and its second phase precipitates. The dark, 
chromium rich precipitate phases are high in chromium with 
sliinller peaks of nickel and silicon. Oxygen and other species (flu- 
orine, carbon, barium, calcium etc.) are not detected. The NiICr 
ratio for the precipitate phase is about 0.5. EDS spectra of the 
liglitcr surrounding NiCr matrix show large nickel content with a 
mocleratc chro~nium peak. When compared to the EDS spectra of 
ns deposited NiCr, the heat treated lighter phase appears somewhat 
chroniiutn depleted. The Ni/Cr ratio in this case is about 10.2. 

This cotnparison indicates that the chromium concentration in 
the precipitated phase is a diffusion migration from the surround- 
ing NiCr phase. The presence of silicon in the spectra is interest- 
ing. Silicon is not an intentional coating constituent. It is present 
ns :I ubiquitous additive in the NiCr powder produced commer- 
cially. Silicon, in the form of a silicate, is added to the NiCr pow- 
tler as a powder flow enhancer. It is present at the 1 percent or less 
level and is often found in comtnercial thermal spray powders. It 
is also possible that the silicon could be present as dispersed sili- 
con dioxide or at NiCr grain boundaries. More detailed analyses 
would be required to conclusively determine this. The presence of 
a strotig silicon peak in the precipitated phase suggests the forma- 
tion of some type of chromium-silicon compound, perhaps a 
chrome silicide. Although not yet confirmed, coating thickness 
iticreascs after heat treatment of up to about 3 percent have been 
observed and niay be linked to the second phase precipitation. 

The structure of both the dark precipitated phase and the sur- 
rouncling NiCr matrix cannot be exactly determined using 
SEMIEDS techniques. Further analytical work using X-Ray dif- 
fr'raction and less cotiiplex (perhaps pure NiCr coatings) samples 
niuy bc required to determine the true changes taking place during 
thc lie:~t treatments. It can be speculated, however, that during the 
heat trentnicnt ;I chroniiunl rich second phase precipitates inside 
tlic NiCr mntrix leading to a strengthening effect. It is also possi- 
ble that the heat treatment promotes residual stress relief and inter- 
n;11 diffusional bonding (e.g. crack healing) leading to enhanced 
strength. In addition, since the lnicrostructure appears to be stable 
following the fonnation of the second phase, it is expected that the 
adhesion and strength properties of the PS304 coating will remain 
stable over longer periods. In fact, samples exposed to high tem- 
perature air for over seven hundred hours display adhesion prop- 

erties and microstructures virtually indistinguishable from sam- 
ples exposed for 24 hr at 650°C. 

CONCLUDING REMARKS 

The PS304 composite plasma sprayed coating exhibits an 
increase in adhesion strength of -100 percent following exposure 
to temperatures above 500°C for various lengths of time. The data 
shows that as the exposure temperature increased the time 
required to achieve strengthening dramatically decreased suggest- 
ing some type of diffusion controlled metallurgical change is 
occurring in the coating. Specimens exposed for long time periods 
at high temperatures do not experience any further increase in 
strength properties suggesting some type of metallurgical change 
occurs which reaches an equilibrium condition. Post test metallo- 
graphic cross-sections coupled with SEM and EDS analyses indi- 
cate that a second phase, rich in chromium, precipitates in the 
NiCr matrix. The second phase, which appear as dark islands sur- 
rounded by a NiCr matrix, are often observed to contain silicon 
most likely coming from a silicate flow enhancer found in the 
NiCr powder feedstock. EDS elemental analysis shows that the Ni 
to Cr ratio in heat treated samples is lower than as deposited sam- 
ples suggesting that the chromium in the second phase is coming 
from the NiCr matrix and not the chrome oxide constituent of 
PS304. 

Preliminary measurements also indicate that a volume expan- 
sion of a few percent occurs following heat treatment. Similar to 
the adhesion strength, after the heat treatment is complete no fur- 
ther volume change occurs even after long exposure periods. 
These results indicate the need for a heat treatment of the PS304 
coating after plasma spraying and prior to finish machining to 
insure dimensional stability and maximum adhesion properties. 
Further research is warranted to elucidate the exact nature of the 
coating changes that occur and to understand the possible effects, 
if any, of the substrate and environments on the performance and 
environmental durability of PS304. 
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