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Solid is essential in every sense
 

• Once hey leave the ea h panes aod 
spacecraft can t be serv ced easll whlcnI 

means lubricants must be rei iable 

• Solid lubricants com ensa e for cendit ons 
in space such asa vacuum atmosph re 
radia Ion and extreme temp-era urss. 

• New technoloqles u as d amond-ll e 
carbon coatings and materials hatcan 
withs and extreme y high temperafures 
are being tesfed. 

Imagine you 've j l~s . bo~ght a new stat~-o f- th~-a rt hybrid car t
and are break ing it 111 with a long road tnp. Yo u've docked your 

iPod and re about 200 miles from the nearest town. You 're hap ­
pily singm al ng to "Greased Lightning" ... Go greased lightning 
you're blt l1lin~ ur tile quarter mile... when you hear CLUNK. Hmm , 

you proba h hit a sma ll pot hole, you think , and cont inue on your 
\Yay. Go td lightning you're coasting through the heat lap trials. 

rr l inin . go grease ClUNK ... CLUNK ClUNK... ClUN K 
Cl L 'K Cl.L: K .. .c1unk sssssssss. 

T , ard light s up like a prison yard , and your car s lows 

he e between Out in the Middl e of Nowhere and Is 
. lap? You try start ing the engine agai n but realize 
venient-s-heck, yeah- but th e worst part is that 
repair ever, and you 'll have to aband on your new 
n . 

c	 nig htmare wou ld never actua lly happen in the 
< filled with dealerships, expert mechanic s and 
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replacem ent parts . In the car world , th e worse case scenario 

is a tow tru ck and a night or two in picturesque Coo n River 

Falls . 
But this is exa ctly wh at can happ en in th e aeros pace 

world where it's too late to make repair s once th e machinery 

leaves th e earth . It can happen wi th sate llites pri ced between 

$100 milli on and $1 billion and a Boeing 747 , a 400 -pas­

senger plane that runs anywhere from $198 milli on to $227 

milli on (de pending on th e op tions) . In addition , th e Federal 

Aviation Admin istration figures that one Boeing 747 acc ide nt 

that destroys the plan e mid-flight cos ts th e airline abo u t $ 1.3 

billion , which explain s why compani es that own airplanes 

and spacecra ft are not in an experimental mindset-especial­

Iy whe n it co mes to criti cal aspec ts like lubricants .I 

"Aerospace custome rs tend to be very, very slow to acce pt 

new technologies ," explains Dr. Jeffrey Lince , senio r scien­

tist for Th e Aerospace Co rp., headquartered in El Segundo, 

Calif. "Our custome rs purchase and ope rate satellit es and 

interplan etary prob es and launch vehicles . On earth if some­

one is having a lubricat ion problem with a cra nkshaft on a 

car or a piece of equipmen t on a factory floo r, he can get it 

fixed fairly easil y. 

Lubricants that work well in 
terrestrial applications don't 

always work well in aerospace 
applications for a number of 

reasons that include temperature 
extremes and different 

atmospheres. 

"With a satell ite, once it's launched , it's go ne," Lince adds . 

"It's extreme ly difficult, if not im possible to repair it. Th e 

shee r expense of th ese devices highlights wh y cus tomers are 

so nervous about incorporating new technologies and wh y 

th ey don 't want to experime n t with new lubricants ." 

Lubricants th at wo rk well in terrestri al applications don't 

always work well in aerospace app lications for a number of 

reason s that include temperature extremes and different at ­

mosph eres. 

But four decades of painstak ing expe rime ntation, obser­

vat ion and tribological simulati on testing have produced 

lub ricants that are effective and perform well under th ese 

demanding condition s. 

Lince said his cus tomers like th e "tried and tru e," whi ch 

wo uld mean so lid lubricants th at include molybd enum dis­

ul fide (MoS); polytetraflu oroethylene (PTFE), co mmonly 

kn own as Teflon " ; and soft metals such as lead, gold and 

Figure 1 I Four tribometers like this onehave been mounted on an 
active Materialslnternational Space Station Experimental [MISSEl 
platform. Beginning in 2009,the platform and tribometers will op­
erate in low earth orbit for a year. [Courtesy of The Univers ity of 
Florida]. 

silver. Th ese so lid lubricants possess a number of unique 

properties that make them perfect for a wid e ran ge of ae ro­

spa ce applica tio ns. 

Researchers are currently working on a number of prom­

ising new solid lubricant technologies geared for the aero­

space indus try. Other terms commo nly used for so lid lu­

bricants include dry lubricants, solid-film lubricants and 

dry-film lubricants. 

UNIQUE DEMANDS 

Just how unique are aeros pace lubricant demands? STLE­

member Dr. W. Grego ry Sawyer, N.C. Ebaugh professor at 

The University of Florida's Department of Mechanical and 

Aerospace Engineering in Gainesville , Fla., plans to find 

out. 

Sawyer and his team took four trib om eters with lubri­

cant s, as sho wn in Figure 1, and mounted th em on an ac tive 

Materials Int ernational Space Station Experimen tal platform. 

Begin ning in 2009, th e platform and tr ibom eters are sched­

uled to ope ra te ove r on e year in low eart h orbit. 

In space , th e tribom eters and solid lub ricant samples will 

be exp osed to the harsh env ironment of low earth orbi t that 

includes radi ation, ultraviolet light and ato mic oxygen . 

A total of eigh i trib om eters designed and built at th e Uni­

versity of Florida will be on this mission (four on the ram 

side and four on the wake). This is a jo in t and co llaborative 

project with the tribology group at the Air Forc e Research 

Laboratory in Dayton, Ohio, which designed and built the 

four comp u ters that will record and send data back during 

th e mission . 

In man y cases, so lid lubricants a re eas ier to apply and 

less expensive to buy and maintain th an their liquid coun­

terparts . For many condi tions- ranging from temperature 

ex tremes to radi ati on-solid lubricants pe rform bett er than 

liqu id or gas films. Operating conditio ns in which so lid lu­

bricants exce l involve: 

WWW .STLE. ORG TRI BOLOGY & LUBR ICATI ON TEC HNO LOG Y IUII E 2 009 • 4 3 



•	 ExtrEmEly high tEmpEraturEs: Liq _ ._c,..~~= 

decompose or oxidize. The right so li I 
tend the operating temperatures of sys t rns 

taining relatively low coeffic ients of friction . 

•	 CryogEnic tEmpEraturEs [below -150 C or 123 I<J: 
Liquid lubricants can solidify or become highlv viscous 

and ineffective . The right solid lubricant can reduce he 

ope rating temperatures of sys tems down to -2, 3.15 C 0 

K) . 

•	 Extreme pressure: In h igh to ultra-high vacuum condi­

tions such as space-sp ecifically a vacuum of - l O· ~ Pa o r 

higher or a gas den sity of _1O -1~ molecules/ern' or lower 

at 24.85C (298 K)-lubricants can become volatile and 

also can evaporate and co ntaminate devi ces suc h as opti­

ca l and electronic equ ipme n t. 

AdvantagEs/disadvantagEs of
 
solid lubricants
 

AdvantagEs 

•	 Very stable in high-temperature, cryogenic, vacuum 
and high-pressure environments 

•	 High heat dissipation [with high thermally conductive 
lubricants] 

•	 High resistance to deterioration in the presence of 
radiation 

•	 High resistance to abrasion in the presence of dust 

•	 High resistance to deterioration in corrosive
 
envi ronments
 

More effective than fluids at high loads and
 
high-speeds
 

•	 High resistance to deterioration in storage 

•	 Lighter and less complex equipment-lubrication
 
distributionsystems and seals arenot required
 

•	 Reliability-for applications where servicing is
 
difficult or impossible.
 

oisadvantagEs 

•	 Have higher coefficients of friction and wear than
 
liquid lubricants
 

•	 Have poor heat dissipation with low thermally
 
conductive lubricants such aspolymer-based films
 

•	 Have poorself-healing properties-a broken solid
 
film may shorten the lubricant life
 

May have an undesirable color [i.e., graphite]. 

o	 High dust: Liquid lubricants tend to pick up dust­

forming a grind ing past e and damaging equ ipment­

while solid lubricants do not. 

o	 WEight limitations: Since solid lubrication weighs less 

than liquid, it 's id eal for spacecraft maneuverability and 

also ex tends mission len gth. 

•	 CorrosivE environments: When equipment is s to red or 

idle for lon g period s, so lid lubricants remain s table. 

•	 Radiation: Liquid lubricants tend to de compose in the 

presence of radi ati on . Th e right solid lubricant can ex­

tend system operations beyond 106 rads-the same as an 

abso rbed radiation dose of 104 jlkg-while maintaining 

relatively low coeffi cients of friction . 

For a general overview, see sidebar, "Advantages and 

Disadvantages of Solid Lubricants." 

Dr. Chris Murator e, a visiting scientist at The Air Force 

Research Laboratory in Dayton, Ohio , ha s develop ed cut­

tin g-edge materials desi gn ed to lubricate from 25 C (298 K) 

to 700 C (973 K). While many materials can provide lower 

fricti on coefficients , Mura tore's materials are am ong th e ver y 

few th at can lubricate ove r that en tire temperature range. 

"We've developed nan ocomposite solid lubricant coatings 

for thi s temperature ran ge with friction coeffi cients of 0 .2 or 

less and wear rates that are lower than many so lid lubricants 

intended for much narrow er temperature ran ges ," Muratore 

explains. "These composite materials employ se veral differ­

ent ada ptive mechanisms that ope ra te within different ranges 

bounded by th ose temperature limits to yield suc h low fric­

tion coefficien ts, which are the lowest we kn ow of for any 

multi-temperature lubricant. " 

PROPERTIES s AEROSPACE APPLICATIONS 

Severa l properties determin e th e feasibility of using a mate ­

rial as a so lid lubricant for th e aerospace indust ry : 

•	 Thermal stability: One of th e most important so lid lu­

bri cati on aerospace applicati on s is in extremely high- or 

low-temperature environmen ts . Good thermal stability 

ens u res that the solid lubricant will not undergo negativ e 

phase o r stru ctu ral changes at temperature extrem es . 

•	 Oxidation stability: The lubricant shou ld not undergo 

negative oxidative changes wh en used in air and within 

the mat eri al's temperature ran ge. 

•	 Volatility: Low vapor pr essure is essen tial because of ex­

tre me temperatures and the need to avoid contaminati on 

in or under low-pressure co nd itio ns . 

•	 ChEmical rEactivity: The lub ricant should be able to 

form a s tro ng, adherent film on th e base mat erial. 

•	 High rnelfinq point: When th e melting point is exceed­

ed , the ato mic bonds th at maintain the molecular s truc­

ture are ruined, making th e lubricant ineffective . 
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•With space, there are a nu ~ design hurdles. Liquid.'ubricants are 
used a lot in soucetraj:Jar a er oJ applications, but they are very 
limited when you have temperature extremes. Solid lubricants tend to 

retain their properties over a wide temperature range.' 

•	 Crystal structure: Solid lamellar-structure lubri cants 

suc h as graphite and MoS
2 

have an inh erently low shea r 
strengt h and are generally preferr ed over non-lamellar lu­
brica n ts. 

•	 Optimal hardness: A maximum hardness of 5 on the 
Mohs scale is the pra ctical limit for solid lubricants. 

•	 Electricnl conductivity: The degree or the material 's 
cond uc tivity must be matched to the appl icati on. For 

instan ce, insulat ors making rubber con tac t require low 
conductivity whil e sliding electrical con tac ts require high 
co nduc tivity. 

Dr. Jeffrey Lince prepares to make pin-on-disk friction and wear 
measurements. This testing is performedto measure the sliding 
coefficient of friction between two materials under ambientor 
purged atmospheres. ([ourtesy oJThe Aerospace [orp.} 

Th e following table (sec below) lists prop erti es of solid 

lub ricants and the aerospace applications that demand those 

properties.' 

Property 
I 

Applications 

Space vehicles [rovers] 

Entire lunarbase 
Res ists abrasion Aircraft 
in dirt-laden 

environments 
Space telescopes 

Lunar base equipment 

Doesn't contaminate 
Microscopes and cameras 

device or environment Spectroscopes 

Surface-mounted equipment 

Ha rd discs andreco rders 

Ma intains servicing/ Space telescope mounts 

lubricat ion in inacces- Lunar base equipment 

slble or hard-to-access Ai rcraft 
areas Aircraft equipment 

Allows long storage or 

stationaryservice 

Space telescope &antenna mounts 

Aircraft equipment 

Missile components 

Space mechanisms 

Functions in a high Satell ites 

vacuum Space telescope mounts 

Space platforms &antennas 

Functions in high Space vehicles &mechanisms I 
temperatures Entire lunarbase ! 

Satellites 

Space vehicles &propulsion systems 

Functions in cryogenic Space telescope mounts 

temperatures Turbo pumps 

Liquid nitrogen pumps 

Entire lunarbase 

Satell ires 

Functions in the Space vehicles 

presence of radiation Space platforms &antennas 

Entire lunarbase 

Reduces or eliminates 
Aircraft engines 

Aircraft turbineblades 
fretting wear & 
co rrosion 

Aircraft landing gear 

Space platforms &antennas 
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Solid film lubr ican ts prote ct be tte r than most mi neral and 
synt he tic oil-based fluids. The y also have upper tem perature 

ranges well above fluids. 
"With space , there are a number of design hurdles ," says 

Lince . "Liquid lubricants are used a lot in spacecraf t for a 
number of applica tions, but they are very limited wh en you 
have tempera ture extremes . Solid lub ricants tend to retain 

their p roperti es over a wide temp erature ran ge. 

'Speaking as a tribalagist in the 
space business, Iknow we have a 
tendency to stick with materials 

we'refamiliar with, so we are beating 
materials like MaS

2 
to death.' 

"Liquid lubricants migrate to neighb orin g devices , but 
so lid lubricants tend to stay wh ere you pu t them ," he adds . 
"It's also a lot easier to apply and handle so lid lubricants. 

Aside from these, there arc a number of min or properti es 
tha t make so lid lubricants more attractive for aerospace ap­

plica tions ." 

WIDELY USED MATERIALS 

The four mos t common solid lubricant classes are MoS
2

, 

graphi te, PTF E and soft metals. Crys talline lattice (lame lla) 

st ructure mat eri als-such as MoS}, grap hi te and tungsten 
di sul fide-are both lubricant agents and stand-a lone lubri­
cants . Th ey're used ind ep endently or co mbined with metals 
such as lead , co pper, silver and go ld. These lam ella-lubricat­

ing powders are espec ially appea ling becau se they have low 
shear forces between th eir crys talline latti ce layers, which 
minimiz e sliding sur face resistance. Long-cha in fluorocarbon 

molecu les such as PTF E have wetting angles that prom ote 
release. They also have characteristi cs that make th em ideal 

for high-temperatures. 
"Spea king as a tribologist in the space business, I know 

we have a tend en cy to sti ck with materials we're fam iliar 
wit h, so we are beating materials like MoS} to deat h ," Lince 
said . "Generally, there is a sm all handful of solid lubricants 
that we use in space. The y are transition metal su lfides like 

MoS}, Teflon and then so ft metals like gold. They wo rk be­
cause they're a ll relati vely easy to smear- they have low 
shear s trength . Also, they are \'ery chemica lly inert and don 't 
stick to contac ting sur faces , which is im port ant to achieve 

good lubricat ing charac terist ics," 
Let's examine the four classes in greater detail and also 

look at a few other ma terials. 
MolybdEnum DisulfidE . h its predominan t min­

era l, molybdenite. \\'35 us 13005. molybd enum was 

no t pos itively identi fied L1'. , - - .~ and wasn't commercial­

ized until the technology for mineral extraction was devel­
oped 100 years later. Molybd enum does not occur naturally 

in its metall ic form , but MoS} occurs naturally as thin , so lid 
veins in graphite and must be highly refined for use in so lid 
lubricants, 

MoS
2 

has a hexagon al crystalline struc ture with a natu­
ral easy shea r that occ urs at the interface between the sulfur 

molecul es (see Figure 2) . Becau se there is no vapo r between 
latt ice plates , MoS} is effective in high- vacuum cond itions 
wh ere graphite will not work , hence its lubrication capaci ty 
often exc eeds tha t of graph ite. 

MoS} has a low coefficien t of friction in both vacuum and 

atmosphere. It doesn 't rely on adso rbed vapors or moi sture. 
lts thermal stability in non- oxidizin g environments reaches 
1373 K, but in air its use is limi ted by ox idation to anywh ere 
from 349 .85 C (623 K) to 399.85 C (673 K). 

MoS} has a grea ter load- carrying capaci ty than either 
graphite and PTFE. 

GraphitE. Graphite, a sof t crystalline form of carbo n, 

occ urs naturally in metam orphic rocks such as marbl e and 
gneiss and exhibits the prop ert ies of both a metal and non­
metal , mak ing it desirable for man y application s. Its metallic 

properti es make it a good the rmal and electri cal cond uctor, 
and its nonmetallic prop ert ies include stability, lubr icity and 
high th erm al res ista nce. 

Graphite has a layer latti ce lamella crystal structure with 
bonds betw een th e carbo n atoms within the layers that are 
stronger than the carbon bonds between the layers . The ben­
zene rin g structure has layered plates that are not covalently 
connected to the surrounding layers (see Figure 3). 

Graphi te has a low coeffic ien t of friction and very high 
thermal sta bility, 2273 K and above . It has the easy shea r 

of MaS} but relies on adso rbed moisture or wat er vapo r to 
ach ieve low friction , so its value in d ry environments such 
as high alti tudes and space is limited. With a moisture va­
por barrier, gra phi te will lubricate up to abo ut 1,450 F, and 

because it requ ires an entrai ned moisture vapo r it doesn't 
lubricate well in a hard vacuum, making it less than ideal 

............. Sl. ud .... ufO,."fIiWo
 

i'4ol' b....ulll Ol~u" l .. . 

Hqurs 2 I Molecular structure Figure 3 I Molecular structure 
of Molybdenum Disulfide of graphite {Courtesy of 
[MoSII {Courtesy of Dynomic Dynamic Coatings lnc. , www. 
Coatings inc., www.Ilytuimic­ Oynomic[aotingslnc,cam} 
Lootinqslnc.com] 
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Atomic-scale structure that develops when a solid lubricant 
containing MoS

I 
undergoes sliding contact with the microscope 

probe tip. [Caurtesy a/The Aerospace Carp.} 

for deep-space equ ipment. Because of oxidation , th e prac ti­

ca l tempe rature application ranges from 499 .85 C (773 K) to 

599 .85 C (8 73 K). 

PTFE. In 1938 Dr. Roy Plunkett accidentally discov ered 

PTFE at DuPorits Jackson Laboratory in Deepwater, N.j . 

Plunkett was working with chlorofluorocarbons and , while 

chec king a frozen compressed sample of tetrafluoroethylen e, 

di scovered that the sample had spontaneously polymerized 

into white waxy PTFE , later named Tef1 on . 

Becau se it lacks ch emical reactivit y, it has a low coeffic ient 

of fricti on (as low as 0.04) in both vacuum and atm osphere. 

It doesn't rely on adsorbed vap ors or moi sture and possesses 

low sur face energy. Practical applicat ion temperatures ran ge 

from -100.15 C (1 73 K) to 299.85 C (573 K). rTFE's low 

th ermal co nd uc tivity inhibits heat dis sipation , whi ch causes 

melting and premature failure . This limits its use as a subs ti­

LUte for MoS! in low-speed slid ing applicati on s . 

PT FE is a sa tur ated aliphatic fluorocarbon that does not 

have th e mechanical occlusion charact eristi cs of g raphi te or 

molybdenum. Surfaces coated with it resist wetting, and it 

is unaffected by acids , bases or solvents at temperatures less 

than 260 C (533 K). PTFE is inert to virtually all che mica ls 

and is the most slippery material in existence. 

Fillers are added to PTFE to enhance characteri sti cs . Fo r 

example, glass fiber promotes high wear resistance and low 

fricti on, and graphite promotes chemical and cree p resis­

tan ce. 

PTFE is an excellent lubricant at low loads but fails at 

high er loads. 

50ft MEtals. Soft metals used as lubricants include lead , 

go ld . silver, copper and indium. They possess relati vely low 

coefficien ts of friction, both in vacuum and atmos phere. 

Th ese metals are extremely useful for high-temperature ap­

plications up to 999.85 C (1273 K) and for ro lling elem ent 

applications such as roller bearings. 

OthEr mnterlole. Boron nitride is a ceramic powder lu­

bric ant with an impressive high temperature resist an ce of 

1.200 C (1473 K) in an oxidizing atmosphere. It also has a 

high th ermal conductivity. 

Tungst en di sulfide (WS2 ) has a coefficient of fricti on of 

0.0 3-0.1 in humid air from 25 C to 400 C (273 K-673 K) and 

offers exce llent dry lubricity. It also can be used in high -tem­

perature and high -pressure applications. MoS! is gene rally 

a better so lid lubricant than 'INS! in vacuum , but WS! beats 

MoS! in high er temperature air en vironments. \NS
2 

is more 

expe nsive than MoS and graphite. 
2 

Application MEthods 

Typical powdered solid lubricant application 
mEthods include: 

•	 Burnishing: Athin film of dry-powdered solid lubri­
cant, such as graphiteand MoS 

2
, is applied to a metal 

surFace. This process produces a highly polished sur­
Face that is eFFective where lubrication requirements 
and wear liFe arenot critical. It is also eFFective where 
there are clearance requirements and wear debris 
From the lubricantneeds to be minimized. 

•	 Illsperalnn: A solid lubricant is mixed in a Fluid lu­
bricantand applied asa Fluid lubricant. 

lrnpinqement: A solid lubricant is blasted under 
high air pressure onto a surFace. This Forms a more 
adherent, uniForm coating than burnishing but should 
still only be used in non-critical applications. 

•	 Banding: Aresinor inorganic binderin liquid Form is 
mixed with asolid lubricantpowder. The part is coated 
by spraying or brushing the liquid on the surFace, Fol­
lowed by air or heat curing to Form an adherent coat­
ing. This is used widely in aerospace applications. 

•	 SputtEring: The solid lubricant is ion-sputtered, 
usually in a vacuum chamber with the use of a plasma, 
causing lubricant material to be transFerred to the 
part surface. The resultant coating is thinner, more 
adherent and generally has greater endurance than 
other types of solid lubricant coatings. However, it is 
more expensive and it is difficult to coat complicated 
part geometries. This technique is used in the most 
criti cal aerospace app Iications. 
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Other solid film lubricants include talc, calcium fluoride 

and cerium fluoride. 

Co mposites . MoS
2

, graphite, PTFE and other an tilric tion 

and antiwear add itives are ofte n co mpou nded in pol ymers 

and a variety of sin tered materi als. MoS
2

compou nd s , for ex­

ample, are used in materials for sleeve bearings, elastomer 

a -rings and ca rbo n brushes . Solid lubricants ar e co mpou nd ­

ed in plast ics to form se lf-lubrica ting (int ern ally lubricated ) 

the rmo plas tic co mposi tes , wh ich a re oft en used in ball bear ­

ing retainers . Co mposites also ca n be formed in thin coat­

in gs, improving th eir tribological 

Ti0
2

, Si0
2

, etc .) 

•	 Soft metal coa tings and PTFE de posited wi th advance d 

techniques 

Muratore is researching lubricating materi als th at can 

push curr en t temperature limits. 

"The thrust o f our future efforts will be to ex pand the 

upper end of ou r cu rre n t temperature limit of 750 C," he 

says. "Fo r high er temperature applica tions , we are co ns id ­

ering several doubl e-oxide co mpou nds, whi ch have a lay­

ered ato mic structure with weak 

similar toprope rt ies .	 interplan ar bonding
Anumber ofnew applicationsLince has formulat ed go ld ­ that obse rved in molybd enum 

dop ed MoS coa tings that enha nce disulfide but which can maintain
2 involving long-term life and

exis ting so lid lubricant applica­ th eir structu re and co mposi tio n at 

tions and ope n th e door for new much hi gh er temperatures .,. operation across a broad 
applications .	 Murat ore has been co llaborat­

temperature range have"Lubrican ts, in ge neral, are ing with o the r research er s suc h as 

very non-conduct ive, so th ey Dr. Sarnir Ao ua di, associat e profes­prompted renewed interestdon't pr om ot e good slid ing elec­ so r in the d epartment of ph ysics 

tri cal contacts, " says Lince. "We've at Sout he rn Illinois Un iversi ty in in solid lubricant research. 
found that wh en we use high go ld 

co nten t in MoS
2 

coa tings , th ey ca n 

lubricat e effec tive ly a t low co n tac t s tresses , which is benefi­

ci.al because typi cal metal/M e 'S , coa tings are used for high ­

co n tact stresses . Our coatings see m to work well in slid ing 

electrical contact s and low contact stress applicati ons-using 

high metal co nte n t expands th e ap plications for MoS " r 

IN DEVELOPMENT 

A number of new applica tio ns in volvin g lon g-t erm life and 

ope ration across a broad tem perature range have prompted 

renewed interest in solid lubricant research. Th ese applica­

tions include lightweight moving mechanical asse mblies 

and tribological co m po nents for long-term se rvice in space 

me chanisms and cage s for turbo pump bearings ope ra ting in 

liquid hyd rogen and ox ygen . 

According to NASA, the following solid lubricant tech­

nologies now u nde r development sho w promise:1 

•	 Ca rbon nan otubes (bo th Sing le-walled and multi-walled ) 

•	 Fluorinat ed ca rbon nano-onions 

•	 Multi-nanolayered composit e coatings (MoS/WS/C and 

MoS/WS) 

Functionall y grad ed , multilayered inorgani c coatings 

(TiC /C and TiC)
x x 

•	 Multilayered composite coa tings (W UC, MoS/ C, WS/C 

and TiC/C) 

Nanocrys talline diamond coa tings 

•	 Large-a rea di am ond-like ca rbo n coa tings 

•	 Ti0
2

grown on SSNi-4S Ti and titanium-base d alloys 

•	 Ce ramics and advanced coa tings (BN, BjC, YC, AIN , CN" 

Carbondale, Ill., wh o has worked 

with The Air Force Research Lab­

oratory (AF RL) to further ad van ce ada ptive coatings suitable 

fo r use in a broad temperature range. Th ese coa tings a re 

co mposed of MoS and silve r with a reacti vely spu uered mo­
2 

Iybd enum nitride matrix. 

"The coating materials that we've developed at AFRL 

hav e typically involved at least one co m ponen t th at has to be 

dep osit ed via pulsed laser deposi tion . becau se it's an elec tri­

ca lly insulating oxide co m po u nd ," says Mura to re . "Its diffi­

cult to scal e-up laser deposition processes for ind ustr ial pro­

duction, which has motivated our work with Samir at SIU to 

s tudy materials tha t can be d eposit ed s trictly via magn etron 

sp u tte ring- a process Wide ly acce pted by industry." 

Mu ra to re is also wo rking with a coating manufactu rer to 

pro duce coa tings for h igh-mach-number flights and ha s had 

seve ral informal di scu ssions with high -performance au to mo ­

tive engine and heavy machinery manufacturers int erest ed in 

hi s work , especiall y on adaptive coa tings with built-in wear 

se nso rs. 

His initial motivation for developing th ese innovati ve 

coatings came from stud ies of mult ilayered ada ptive lu bri­

can t-d iffusion-ba rrier-layer coatings designed to ope rate 

over multiple th ermal cycles. 

"'vYe wanted to have an underst anding of how th e mul­

tilayered coatings wore over a s ing le high-to-low th ermal 

cycle, sinc e mat eri als that are lubricous at high temperatures 

are often abrasive at low temperatures," he says . "Initial re­

su lts from those stud ies suggested that each adaptive layer 

last s through one phase of th e the rma l cycle. The refo re , two 

thermal cycles req ui re a coating of a t least four adapti ve so lid 

lubricants layers and so on. This is a va luable insight as we 

go forward to try to ex pand th e number of th ermal cycles 
adaptive tribological coatings can end ure ." 
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In addition, Muratore realized the value of smart coatings 
that can report the extent of wear while in use. These coat­
ings have been recognized as an extremely useful innova­
tion for machine tools, but they may be especially valuable 
for bearings in expensive aircraft engines operating at high­
mach speeds. 

"I anticipate that the savings of time and money would be 
substantial in both the aerospace and tool cases," he says. "In 
a broader sense, I think a reliable, integrated sensor system 

allows both engineers and ultimately operators to push the 
limits of coated components, where they may have been re­
luctant to do so without a failure warning mechanism. The 
sensors are necessary to truly maximize the benefits of coat­
ing materials." 

Muratore believes that while embedded wear sensors will 
eventually be incorporated into future aerospace applica­
tions, it's still some time away. 

"Based on the response from the public, the interest in the 
sensor concept is high for tools, high-performance auto en­
gines and heavy machinery," he said. "These are things that 

will not fall out of the sky if prototype wear sensors have 
bugs that need to be worked out." 

One of Lince's focuses is highly hydrogenated diamond­
like carbon (DLC). 

"Normal diamond-like carbon, with lower levels of hy­
drogenation, doesn't perform that well in a vacuum," he says. 

"It generally needs a little bit of moisture. So they are used 
in many, many terrestrial applications such as piston rings. 
But for space, you need a coating that performs well in vac­

uum, where these highly hydrogenated DLC coatings seem 
to work well. They have a very low friction coefficient and a 
relatively high shear strength. They have the dual advantages 
of being hard coatings and having low friction in a vacuum­

in contrast to most solid lubricants, which have low shear 
strength." 

'The first experiments we 
performed were very enlightening, 

as we immediately saw, in 
real-time, interfacial "transferfilm" 

formation, along with the 
concomitantfriction reduction.' 

Lince is also working the nanoparticles. MoS
2 

nanopar­
ticles overcome some of the inherent weaknesses of the ma­

terial. 
"MoS

2 
has some moisture sensitivity," he explains. "So if 

it comes in contact with air, it can oxidize. The situation can 
be solved with the use of nanoparticles, which form a closed 
structure and don't allow the moisture and oxygen in the air 

to attack the MoS structure."
2 

STLE-member Dr. Kathryn Wahl, head of the Molecular 
Interfaces and Tribology section at The Ll.S. Naval Research 

Laboratory (NRL) in Washington, D.C., and her colleague, 
Dr. Irwin Singer, have pioneered work on in situ Raman tri­
bometry of solid lubricants. 

The study of low-friction, solid-lubricated interfaces re­

quires approaches that evaluate and describe near-surface 

properties. 
According to Wahl, these interfaces are challenging to 

study because much of what controls friction and wear oc­
curs in "buried" interfaces that are both chemically and me­
chanically inaccessible to normal experimental approaches. 

One solution to this dilemma is to replace at least one of 
the sliding counterbodies with a transparent material such as 
glass, sapphire or mica. Since most solid lubricant coatings 
are not transparent to visible light wavelengths, Wahl's team 
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Photograph of a smart coating testing system that automatically reports remaining wear life of solid lubricant coatings(shown on the 
left) via laser interrogation of the coating with embedded sensor layers (schematically, shown on the right) known to produce very bright 
and distinctive luminescence spectra when illuminated. (Courtesy oJThe Air Force Research Laboratory) 
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chose to use a tran sp aren t hemisphere as a co u uterbo dy to 

allow visualization of the con tact. 

She explains , "vVe se t up our first ill sit u tribometer at 

NRL usin g a hornebu ilt reciprocating s tage with a force 

se nso r under the coa ting sa mple and a rigid, dead-load ed 

co unter body co nsis ting o f a half hemi sphere placed under 

a microscope objective . The mi cro scop e could be ope ra ted 

eit her for white-light-il luminated vid eograph y of the slidi ng 

co n tac t or as a micro-Ram an system focused to a spot ins ide 

the co ntac t. 

"The firs t ex pe rime nts we pe rforme d were ve ry enligh ten ­

ing, as we immedi at ely saw, in real -t im e, int erfacial ' transfer 

film' forma tio n , along with the concomitan t fric tio n reduc­

tion ," Wahl continues. "We also ob served that the interfacial 

films were typically relati vely stationary, excep t when fric­

tion was high , and we we re even abl e to play back vid eo to 

observe the nucleati on of damage to a wear track that had 

lat er resulted in locali zed coa ting failure and high friction ." 

Wa hl and her team performed Ram an microscopy on th e 

tran sfer films and wear tracks through th e co n tact. Lat er, us­

ing spectroscopic and interferomet ric methods, th ey were 

able to conduct a more detailed an alysis including a thi ck­

ness es tima te of tran sfer films . 

Applied together, these methods enabled the NRL team to 

develop a better, th ou gh not co m plet e, p icture of th e eve nts 

happen ing in the buried in terface d uri ng slid ing. Th ey we re 

able to obse rve th e following: 

•	 Which ma ter ials transferred 

•	 Wher e th e slid ing interface occ urre d 

•	 How much motion occ ur red w ithin th e interface 

•	 Morphology cha nges 

•	 Wear and plow ing even ts that resulted in fric tion s pik ing 

and in stabiliti es. 

Wahl says, "W h ile th e ob servati ons are only on an opti­

cal mi cro scopy size scale-at best abo ut one mi cron lat eral 

resolution-ill situ method s suc h as th ese provide a pow erful 

method to tak e so me of th e guesswork or sp eculation ou t of 

interpreting a wid e range of fricti on behavior in so lid-l ubri­

cated contacts ." 

Lin ce is exp loring DLC as both a stand-alon e lubricant 

and an additive for lubricating bearings . 

"O ne of the probl em s with liquid-lubricat ed bearin gs is 

that gen er ally, whe n they fail , th ey fail becau se of che mical 

degradati on of the liquid lubricant," he said. "In an all -steel 

ball bearing, the ball is constantl y rolling against the s teel race 

in th e presence of a lubrican t. Th e lubricant degrad es due to 

che mical react ion w ith the s tee l at th e metal-to-metal co n tact. 

But if you appl y DLC to one o r both of th e su rfaces, we've 

found that the chemic al degradation is gre atl y reduced ." 
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Solid lubricants fill the void left by liquid lubricants that do not meet 
the advanced requirements ofaerospace, such as vacuum conditions, 

high temperatures, cryogenic temperatures, radiation, dust or 
corrosive environments. 

TECHNOLOGY FOR EVERYONE 
While aerospace com panies may be hesitant to incorporate 
new technologies, a t so me point they must-basically wh en 

the old technology stops working. 
"The thresh old of proof for us is very high, mu ch higher 

than for terrest rial lubricant s," Lince says. "Typical diamond­

like carbo n coatings with low hydrogen contents already 
have bee n ex plore d for use in space hardware. But, predict ­
ably, pro blems are occ ur ring because they are using a tech ­
nology that has been effect ive in terre strial applications and 

are applying it to the vacuum envi ronment in space. 
"It's been a challenge ," he adds. "Failur es with misap­

plied mater ials make it harder for folks in the space busi ­

ness to accep t sim ilar but more appro priate materials like 
the highly hydrogenated DLC, which sho uld work better in 

space applica tions ." 
The technology of solid lubrication has advanced rap idly 

in the past four decades , but the continued explora tion of the 
moon and Mars and the success of ex traterres trial habit ats 

and vehicles are critica lly de pende n t on the correc t and reli­
able ope ration of moving mech anical assemblies and trib o­
logical compo ne nts. 

Solid lu bricants fill the void left by liquid lubricants that 
do not meet the adva nce d requ irements of aerospace , su ch as 

vacuum conditio ns, high temperatures , cryoge nic tem pera­
tures , radiation, du st or co rros ive environments. 

Mars is , in essence, the perfect storm of all these con­

dition s: the vacu um of space, extreme dail y temperature 
swings, cos mic radiation , a corro sive atmos phe re and dust. 
But one or more of these conditions exists everywhere to 

so me exte nt. Nearly every manufacturing plant has opera ting 
conditio ns that could be consid ered extreme from a lubrica­
tion perspec tive: high pressure, high and low tem peratures , 
co rrosive contaminants and/o r dust. 

Whi le the developm ent of cu tting-edge solid lu bri cants 
will have pos itive implicat ions for aerospace , many other in­
du st ries will benefi t as well. 

•� What if indus tr ial machinery never broke down or what 
if it warned opera tors before it did ? 

•� What if aircraf t lubricat ion never failed and acciden ts 
were reduced ? 

•� W ha t if solid lu br icants could ex tend the life of space 
equip me nt nearly forever? 

•� What if your new hybrid car lasted past the open ing bars of 
"Greased Light ing" and six more decad es on top of that? 

Wahl says, "On a perso nal note, I have found that every 
coa ting we have ever examined provided a different , new con­
tribut ion to our und erstanding of solid lubrication phenome­

na. It has been a rich experience for me as a tribologist to have 
the opportunity to study solid lubricants in this way. " ii!i 

Jean Van Rensselar heads her own commu­
nications jiml, Smart PR Communicarions, 
in Naperville, Ill. You can contact her at 
JEon@SmortPRcommunicotions.com 
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