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FREFLING WEAR OF THON, NICKEL, AND TLTANLUM
UNDBR VARTRD BNV IRONMENTAT CONPLD ToM

by Roborh o, W1
NaSA Lowla Resanreh Contoy ad
AYRADCOM Regonrel nnd Tovhnoloyy Intoratories
tavelamt, Ohlo ddldn

ABGIRACT

Frasblng wenr oxpardments wore comductad on high
puriby dron, nioked nest Gitapdum 4o atr wdey gondd-
tlong of vardod hanbdbty aod bemporatare, ana in nhbro-
goig For Lisan amd btandw, pasimm feabbing ocemad
ab 19 and 30 pervont, relnblve bunldiby reapostilvely,
Nlekel showe! a minimun In Crobibting wonr ab sbout 10
pereent ralablve bumidity, With lucreasing tomperp-
twre, nllb thyee matads Initdally showed reducid {rof-
Ling wenr, with iporcashig wany obievvad an Lewmpera-
tares inevensd bayomd 200-520% &, For thbanlum,
dramablently reduced fredbing wenr wan obiderved ab
tomperatares nbove L0QY ¢, relbtable to o change 1o
ok bdatlon kisetlos,  ALL bhives melals shoved moeh luaa
frethlug wene dn No with the prescnce of molsture in
e bavling & proportionally sbronger affect than Iy ale,

TRIRABUION

Frobblag 1s n owenr or surface dassge phenossnon
eauded by low amplitude sselllnbovy wotdon bulween
tvd conbacbims miedneon,  Fonburos that dlotinguich
fratting feon oblior modos of wanr are the vilwabory
pature of the wotion, and the long veboention Llme of
debrly In the vantngh avemn, Indeod, Lhe nabira e
pole of frobbibs wenr dobyds has beap the subjewt of
wanikdarable shudy, dijeussion and speculatdon,

Slnee Protblng, aftoer an dnlbilad Yrun=in" porlod,
i i geadunl process off materinl romoval. fray the con-
Bl siefacon (L=8), vary maplo opportunity for in-
toraction batwoon envirommantal fachors wd fratting
1o prosent,  The intluoncs of envirowment on Trebbing
La pwademlnantly through corrosive effects.  Phera-
rove faators such ag bemporature, haddity, aod proa-
enca or absonea of corrosive consbtliuants In tha ou~
vivommont (g, Op) would bd expectod bo attect the
Aaxband oft Trathing dnmnga. ] : g

lwmlatily ertacts on bhe trebting ol mtld stael
wera Invastigatind by Fong and thilg (4), wnd Welght
(%), Dobh ot whom ldentdtlud o brand of duvrenaing
Crabing woar with incvensed humbdlty, Wabevhouse (8)
aggesta thad leldiby might have tvo arfecks, both
asgulibod with the debels, Flest, molatues sdiorbod
ontie Ghn aurtace of debris pardlelon might seb ag o
Aubrleant, promotidng wore Tapld debreis digpersal. amd
lows abendive wonr.  Sacond, o soft hydeated ron
oxide my form i bhe mrasance of moisbure, agaln re-
sulbibng 10 loss abrasive netlon,

Foug wnd bl (4), sud thaerdeka (7,9) obaeyved
vaorgaslng frotting wone with dncvassing temparatura
sor milal steel,  Pha tramd kg abbelhuted to dimin-
Lalwd mebal-bo=metand coutnet and ndhogive danage La-
valia of the peotieebiva action ol aurface oxlda £ilms,
Wedpht (9)  sugsmosbs that above n transitlon tempora-

bure, specdrle far o glven metind, rapid oxldntien
kinotios might promote onbancod reatblng wonry roula=
tanve; below tho teataiblon Lemperatwre the uxlde Mim
s mochanivpdly dloruptad on ench Probilng eyoele,

Eyporlmanbs comtuetad In N (3,4} have povernlly
alown redugend Peabbing wear eompial bo resulte obe-
tndoedd In aty, Jospibte the abaonee of siefne prolee-
bidon effoeks attribubable to oxldo £1ms, Phae, the
Impartanee of coveonion valabad mochanisme in nevelors
abing frablblog wear La cnphasived,

Che parpane off thils Inventlgation 1 bo sludy the
affacts ol huldity lovel, bewperature, ad fnerh on-
vivomsont (Na) on the frovblng wenr of high purlty
lron, nlekel, and tlbantam,  The reaults arg Intowled
to provide n blouk of daba, with ssscadated wiero-
auople oboervations, In whdeh test goometry amd obhep

oxperdtontal paosaebers ware all conntant,  The wetals

chonan o tha [nveatlgnblon reprugont o vapee of
behavior to o axpoctad dn yarlons moatnllic ayatoms,
ad ab thoe nwke time are woll vhyrhebovized trom the
astandpalnt of oxldation kKinetiles, It Ls hoped that
Hhe roles of some of Whe Cretting enviromsental varl-
ablas will be elarified, and extomded o meballiv syp-
toms other than carbon atoel, on whileh most of the
work to daba bas bean partormed,

APEARATUY

A avhopatle dlagram of the fratling v#ig 1o shown
in flawe 1. A Linaar oselllatory moblon ln pravided
by nn alectpomngnetlonlly delvon vibrabor witly the
fraquesey contralled by o varlable oselllator, ‘fhe
doad i appliod to tho spocimens by plavkig precision
webghba o n opan whileh s Lung Cron the lond nan,

Tha trotbdug spoidnens counist ot ok wppar, statlainey,
L P L e tar-radiaug, homlsphorbond tlp dn vonbtuet
WhEN w lower flat whileh 45 delvan vy the vibeatow,

Dardng hlgh-tompointure odporinens, the apoci--
mens and gelp ausemblion wore macrowdoed by o 8i0-
stalnless-ateal auseoptor whilch was haated by ap An=
duchiun woll,  The temperabura was mondtored by &
thormoconpla probe mownted i the lower grip,  the
gripy woere speednlly designed so thab thay aloved
sulthvlent elastle onergy W cusurs think ho sllppagn
world aceur as noreguld of difforenbdal thormnd . expan-=
tion, o e T : :
A dvy alre anvlronment was pwovided by flowing alp
through an absorpbion dejer, then into Whe exporlubnt-
al chmmber, o thiz way, molature vonbent was kept in
tho rango of W0 to M0 pavks par willlon, Whap a

- molabwra=anburvatel  onviroment was desirod; the nir -

wal hubblad theough o waber-£1030ed coluwm, then led
inte the chumber,  Soutermediake lovols of lnmfdity
warg obbnlued by wixbng dey abr with molstwre antn-
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roted olr, A hygrometer wes used to monitor the rela-

tive hwnidity of air flowing into the test chanmber, '

PROCEDURE

Before fretting, the flat specimens were lapped,
mechanieally polished with 0,05-micrometer alwnine
polishing compound, then rinsed in pure ethancl, The
hemispherical tips, ground to a 0,l-micrometer A
{4~pin,) finish, were scrubbed with 0,05 micrometer
alunina, and rinsed, : '

Following surface preparation, specimens were
assembled into the grips in like-metal combinations,
The test chamber was then purged with the desired gas,
purge bines being one hour for dry air and saturated
air, and four hours for Ny, For elevated temperature
expariments, all conducted in dry air, one hour was
required for the specimens to reach the selected
temperature and for the apparatus to reach thermal
equillbrium, during which time the dry alr purge was
conducted,

With the vibrator now turned on, fretting was .
initiated by putting sufficient weight into the pan
to jJust bring the specimens into contact, Additlonal
welght was then added to apply the normal load to the
rubbing surfaces, A norial load of 1,47 newtons was
used in all cases, Other experimental conditions in-
cluded a penk-to-penk amplitude of 50 micrometers
{0.002 in.), a fretting frequency of 800,2 hertz,
and a duration of' 3x102 cycles.

Fellowing each fretting experiment, the fretting
sear on the flat surface was photographed to record
the size and features of the wear scar snd the debris
accunulation around the scar, The loose debris was
then rinsed off with pure ethancl, and a light sec=.
tion micrascope was used to measure the wear volume
on the flat spechmen,

Specimens that were examined in the scanning
electron microscope (SEM) were ultrasonically clesned
in methanol before viewing, to remove as much debris
atill adhering to the wear scar as posaible,

MATERLALS

The titanium used in this investigation was of
99,8-percent purity, The principal impurities were
carbon {150 ppm), oxygen (350 ppm), and silicon (150
. ppm). In the asemachined econdition, the herdness. of
- the specimens was 74 on the Rockwéll B scale. After
exposure to 650° C for 1 hour, the hardness was mea-
sured to be 62 (Rockwell B), Purther exposure to
6509 ¢ conditions in air resulted in no further re-
duction in herdness,

Iron of 99,95 percent purity was used in this
fretting study, the principsl impurities belng carbon
(20 ppm), oxyeen (78 ppm), silicon (35 ppm), sulfur
(30 ppm), molybdenum (50 ppm), copper (40 ppm) and
tin {40 ppm), The hardnesas of the specimens wes 21
on the Rockwell B scale,

The nickel used was of 99,92 percent purity, and
the chief impurities were carbon (50 ppm), okyeen
{20 ppm}, and copper (15 ppm).
el was 7 on the Rockwell B scale, 58 on the Rockwell
F scale. :

RESULTS AND DISCUSSION

As may be seen in figure 2, the effect of rela-
tive humidity level on the fretting wear of high
-purity iron is.a complex ona, A sharp increase in
wear occurs as the humidity is increased from dry air

conditions to about 10 percent relative humidity.
Further increases in humidity result in a gradual re-

Hardness of the. nick~"

|

- Pipure 5(a).

duction in fyetiing wear, with a minimum somewhere
betwaen B0 and 70 percent relative humidity, and o
slight inecrease in wear aa saturated air conditlons
are approached, These recults compare trend-wise with
those of Feng and Uhlig on mild steel () over the
intermedinte humidibty range. Feng and Uhlig did nol
conduet tests, obher than those in Adry air, at humid-
ity levels lower than 20 percent relative humidity,
because of rusting of the mild steel they did not con-
duct btests in saturated alr, -

Optienl micrographs shown in figure 3 indienke n
striking effect of relative humidity on the distribue
tion of fretting wear rdrbris and noture of the fret-
ting conbtact, Under dry air condition virtually all
of the debris was retained in the contact nrea in the
form of dark, oxldized materlal, eos may be seen in
Fretting under condibions of 10 perzent
relative humidity resulted in dispersal of fretting
debris from the contact area (f£ig., 3(b)), with expo-
sure of metallic cohbact regions; the debris was red-
dish brown in color, Purther increases in relabive
hwnidity did net bring about changes in the distribu-

tion of wear debris and nature of the fretting contact,

until saturated air conditions werec appronched, After
fretting in snturated air, the wear scor was virtually
free of oxidized debris, all of the debris having been
extruded from the contact area, The material compris-
ing the contaet area had a smeared metallic appearance,

Seanning electron microscopy (fig, 4) revenled a
"leafy" wear scar surface after fretting in dry air.
In reference 10, a similar surface morphology was re-
ported for 9310 steel, and wear was described as pro-
ceeding by the gradusl disintegration and oxidation
of maberinl comprising the edges of thesze luyers or
leaves, The mechanism was described es being a corra-
glon enhanced fotigue process, Similar fretting sur-
faces have been reported by Waterhouse for carbon
steel (11) nnd by Hoeppner for Ti elloys (12), In
contrast, the surface produced by fretiting in satu-
rated air is quite smooth as may be seen in figure 5,
Only nenr the edges of the contact ares where metgllic
material has apparently been extruded is there any
evidence of lnyered morphology. :

Fretting wear debris generated under dry air,
50 to 80 percent relative humidity {humidity varied
during the long fretting exposure), and under satu-
rated air conditions was examined using 1EM, and elec-
tien diffroction patterns were obtained for the three
debris samples, The electron diffroction patterns for
the samples, shewn in figure 6, were characteristic
of o-Fez0s. This observation was verified by X-roy
diffraction studies performed on debris samples from
saturated air fretbting, Distinet diffrnetion spots
vere discernible in the patterns from the saturated
air and intermediate humidity samples, A comparative-
1y weak ring pattern, showing no spots was obtained
from the dry air sample, The diffractiorn observations
correlate with apparent erystallite size of the Fe 0z
comprising the debris. Under saturated air and inferp-
mediate humidity conditions, the debris 1z seen in

figure 7 to consist of agglomerations of flat erystal-
- lites sbout 0,02 micrometers in dismeter. ' Debris )
.genersted under dry alr fretting conditions forms g

layered structure with no clearly measurable crystal-
lite size, thus giving rise to the diffuse diffraction
pattern.

Together, the wear measurements, microscopic fea-
tures of fretied areas, and annlyses of debris are
consistent with the suggestion, put forth by Water-
houge (A), that one of the effects of moisture pres-
ence might be the edsorption of HpO onto debris parti-
cle surfoces allowing more rapid egress of debris from
the contact aren. Long debris retention times under

.
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dry air conditions leads to repeated working of pare
tlewlates, prowoting the very fine crystullitesive
obgerved, 'The long term presence of debris oitibhe
wear sirfnee nlso affords some surface protection by
inhibibing wetnl to metal contact, 'There in cirtaine
ly no divect evidence bhiat different oxldes arg
formed under dey air and satorated alyr fretbting con-
ditions., Additlional effecta attributable fo ilI{:rcnscd
moisture content might inelude accalerated coriosive
weny off the iron, and enbanced surface plunticihy
under wenr conditions (13), The latter efrect, known
ay the Rehbinder eftect, is consiatent with bhe
Iretbed surface shown in figure 5. !'

Pitunium showed the same general fretiing'wear
trends with inerensed relabtive hunldity as worg ob-
served for iron (fig, 8), Maximum fretting ocluryed
nb sboul 3 peréent relative humidibty, and the'prit-
ting wenr under saturated alr conditions wns conside-
erably higher than under dry alr conditlons. The nps
poarance of thie wear seara ntter fyetiing under;'vari-
ous huridiby conditions (fig, 9) did nobt changd so
dramabicnlly as the wear scars on iren did, The dvy
alr fretbing contnet swrfuce was mostly smooth, with
nome pitbing whereas fretting in saturated nir ye-
autbed in a "leafy" heavily Sibted surtace ag may be
seen In figure 10, After 109 cyelas of fretting in
dry air, however, the contact surface on bitunium
began to show Lhe degree of plbbing and disruption
geen nfter 109 fretbing eycles in satweated ady,
Fram thiz observation it in concluded that pavt of
the erfect that molstwe in the enviromment has on

- ITretting of tilaniwn s to accelerate surtnee faligue.

This is consistent with stress corrosion effects ob-
Emrsred taring the fatigue of Libzmiluu alloys in llno
14

A mdniman is obgervod ab about 10 percent rela-
tive lumidity in the frebbing wear volume versia
hunidity curve for nickel, shown in tigure 11,
Slightly more frebiing wear was observed under sabu-
rated air condibions than wder dry alr condibtions,
The weur scnr on hickel after fretbing ib dry aly wus
covered wilh davk oxidired debris, with only ocea-
slonal spols showing evidende of* metal to metal con-
tnot (£lg, 12(n)), the sltuntion resembrimg Lhab Ju-
seived on ivon after Cretting in 10 percent relative
humidity nie, Increasing the humidity resulted in n
highly metallic appenring contnet arvea, with exten-
sive plastic working in evidence (rig, 12(1)); us was
the cage for dvon under high humidity conmditions.

Meballographic sections through frebiing wear
scars on nickel after exposure to fretting in dry aiv
ant snburated alr are shown in 4 nures H(:L) and (L)
respectively, After fretbting it #ry uir, surtnee
pltting and roughening aré In evide. » with loeal ye-
glons of heavy plastic defoimatiott nud some arens.of
incipient spallation,

The results of trebting axpariments comlucted in
o nitrogen envivonment are shown i1 figure 14, with
the nlr resulbs included for comparison, In all
cases, for iron, mickel, and titanium, fretting wear
in dry Np was nboubt and order of mpgnitude lower than
that in dry air. Iubroduction of moisture inte the
nitrogen enviromment resulied in p proportionally. .
grenter increase in fretting wear than did the inkro-
duction of moisture into nir, eppecinlly i'or nickel .
o cand bitanim,
' The micrographs of figures 14 and 16 show the
frevted surfnces resulbing from experimentz in nitro-
gen for nickel dand sitanium respectively.  Comparing
the two rigures it is interesting to note that no
“locse debris was observed after Tyebbing nickel in
either dyy or saturated nitrogeh, whereas prodigious

amounts of' black debris were geen for titanium in

- rapld parnbolic oxidation above 5259 ¢ (19},

both enviromments, Also, the extensively worked mo-
tallie wpponrance ol the weuy senr on nickel after
rratting in saturebed nltrogen (this type of wear sear
wns seen on iron ua woll) do very similar Lo that seen
on iropn and niekel nfter tretbilug in spturated alv.

Fretting wonr an o funebion of temperature s
ghown for lron, nlekel, and titaniwn in Ligure L7,

ALl three metals show a diatinet reducbkion {in weor an
tempernture in iherensed from 2359 to 2159 €. Inerean-
ing the temporature boyomd 2159 € for lron and titani-
wn {330° C dor nickel) results in increased fretblmg
weul, expecinlly for titanium, As the lemperatwre io
inerensed beyond 500 ¢ for titanium, however, 4 ropid
reduction i fretting vear is observed,

The resullbs obbalned ab 2159 ¢ nre consialent
with the observabions of lHurricka (15) on the Creiting
of mild steecl, Reduebions in fretiting wear are abbtrib-
wbnbla Lo oxide £ilm protection of the conbueting aur-
fpean, reselling in dimdndshed metal-to-metol contact.
IMgure 18 shows the conbinel surfnce on nilckel alter
fretbing nb 2167 €, Siwllar feabures wera seen on |
iron and Blbantun, BExcepl Tor o rathey lgrge spnlled
region in bhe conber of the wenr sear, litble materind
had actually bean removed rrom the 1'rctl;ed swrfaoa,

The generally incrensed fyebtling wear abuerved
to accompany furbher dncrenses in tempernture is not
consistent with the overall resullis of Jurrieks {16)
for mild steel, nor with the observations of Fang and
Ublig (1), IL i Celt that bhe dlsagreements with
Hurrdek! e results are due to two effects, WMlrst, Lle
pure metals, purbleularly iron, used in the present
gbudy are suscepliible to softening ab clevabed tem-
peratures - more so than the mild sbeel used by
Hurricks. Solteming would lead to incresned plastic
flow of muterlnl under conbnet conditions, causipg
disruption of the oxlde [ilm, Further, bhe Lretling

- frequencies employed in this shudy rue more than 190

timen ns lvigh as those used by Hurricks, The thiek-
ness abtainable by o protective oxide {ilm on 2 reglon

Cof vonbact in the $dme ioterval bebveen cobbnet inoi-

dents would bLherefore be reduced, In fact, an oxida-
tion wonr wevhanidim as proposed by Quinn (16} would
exploin the increased rabe of frebbing wear us Lem-

porabire o inerensed bo G500 @ Lor Ni zmd Fe, and to -

5000 ¢ rrov tdtanum,

The dramatie decrease in l'mLLing wear off Litaui-
wn ag Lemperatire ip dnereased beyond 5000 € emn be
best understood in terms off the oxldation kinatiesn of
bibandwn,  Under stnbie oxidation comditions, tibanium
undeérgoes a brausition Lvom relabively slow cubie
kirebics to more rapid pnrabolic kinebies ab o tome
perstura somowlere batweon H00° and Goo® ¢ (17,18),

In all canson the oxlde formed is reported to be TiOa,
When rapid parabolic oxildation kivetics prevail, n
thick dense oxide Bilm fully capnble of supporting bhe
tohbinel stressen is mainbained in the contmet aren,
Whntever wear occurs is completely within the oxide
fm = A sipgnificant depirture from oxidutive waar wus
proposed by fwinn (16), Indeed, the micrographs of
flgure 14 for titaniom Cretted surfuces generabted nt

650 € show almost n polished appenrance, with bLhe ox-

cepbion of ceracis observed Lo form in the film, ‘Mo
metallographie sechion shown in Cigure 20 reveanls no .
evidence of metul ..ut.slrnt:‘ distress under bhe 1‘101,-
ting aren, i

16 is convluded le.t- Ni, which exidizes alowly
compared bo tltaniwn aveve 5007 €, forming a sof'h
easily worn oxide:ls urnbie to maintain o protective
oxide {ilm In the coubr st aren wder the Iretting
conditions imposed here, lson, which begins fatrly
forms n
luyered series of ditferent oxides with conslderable

. poragily; thus the oxide film is prone o spaliation
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leading to oxidative wear aa envisioned by Quinn, In
eontrast, titanium oxide Cilm growth above 000 O {a
able to keep pace with fretting wear without apallas
tion, reaulting in essentinlly the low wear rate ox-
pected with Tidy surfaces in contact, letatled cons
siderations of thia wear sechaniam were developed in
reflerence A\, aid aimilar behavior was obzerved in
the high temperature fretting of Ni=Or-Al alloye (21),

JORGLARTTOND

Iretting wear measurementa and experimental oh-
sorvations performed on {ron, titanium, and nickel
under varied test conditions support the following
conaluaions;

L, Under varied humidity, iron, and titanium
showed saximum Cretting wear at 10 and X peveent
mliat ive humidity respectively, Nickel ahowed a
minimun in fretting wear at about W percent welative
humi-!il_\-.

U Far dron and nickel, {ncreased hamidity had
az {te predominant influence increased debris mobils
fty with zome evidence of {nereased plaaticity of the
metal aurfave, Mor Citantum, more yapid fatigue to
the retting surfaces was seen .o accompany nerensed
hunidity levela,

A0 ALl three metals abowed subatant{ially veduced
fretting in dey N compared to dry air,  Adsitting
molatume to the N enviroment reaulted (noa propor-
tionally greater increase in Cretting than waz ob=
served when fretting was conducted i saturated air,
throwh under saturated conditions the amount of
fretting wear wag at i1l less {n N than in air,

4. All thwwe metala ahowed reductions in fret-
ting wear as temperature was increased fram U532 O to
about PO0=S0Y O Further inereases in temperature
Lo e O however lead to tnereased fretting wear for
tron and nickel, Titaniuwm however ashowed increased
fretting wear as temperature wag increased to LN\0Y O
Peyoid which sharply reduced Cfretting wear waa obs
aerved,

U, Reduced metal to metal contact due to a thin
oxide Cilm formation la assumed to lead to the inis
tial deorease in fretting wity increased tomperature,
Mervealter, Cretting wear (s enviaioned to proveed by
wearing away and diaruption of ever thicker axide
filme, cauaing {ncreased wear with temperature,
Finally, for titanfuwm, oxidat4on kKinetica becone
rapid enough above NO0Y O for the oxide Tlm to fully
support the contact and fretting takes place entimly
oA Tis surface of good integrity,
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Figure 1. - Fretting apparatus.
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Figure 2. - Fretting wear volume as a function of relative humidity for
99.9% iron.
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Figure 3, - Fretting wear scars on high purity iron after 3x10°
fretting cycles in air under indicated humidity conditions,




(c) 35 PERCENT RELATIVE HUMIDITY,

(d) SATURATED AIR,

Figure 3, - Concluded.
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Fiqure 5, - Fretting wear scars on hiah purnity iron after ‘nm"
cycles in <aturated air,
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Fiaure 7. - TEM micrographs of fretting debris resulting from
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99. 9% titanium.
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(D) CRY AIR, CENTRAL RECION,

Fiqure 10, - SEM photographs of tretting wear scars on high
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purity titantum atter 33107 cvcles in dry air and saturated
air,
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(d) SATURATED AIR, CENTRAL RECION,

Fiqure 10, - Concluded,
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Figure 11. - Fretting wear volume as a function of relative humidity
for high purity nickel.
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Fiqure 12, - Fretting wear scars on high purity nickel after 3x10” cycles,
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(b SATURATED AIR,

Fiqure 13, - Metallographee sections throuab fretting wear scars on high

purity nickel atter w107 cycles in dry air and saturated air,
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Figure 14, - Fretting wear volume for high purity Fe, Ni, and Ti after
3!105 fretting cycles in dry air (DA), saturated air (SA), dry nitro-
gen (DN), and saturated nitrogen (SN),
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(d) CENTRAL REGION OF (c).

Figure 15, - Concluded,
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(b) CENTRAL REGION OF (a),

Figure 16, - Fretting wear scars on high purity titanium after 3x10°
fretting cycles in dry nitrogen and saturated nitrogen,

e —



kel .4

S S O N O O O

(d) CENTRAL REGION OF (c),

Fiqure 16, - Concluded,

——




b b e i ol

10—

0 | | S IS S S

1) IRON,

WEA? VOLUME (mmPx1075)

s

b Ulgs)

C

Q

10 O

L [ | Bl S .
0 100 0 W AV N0 o 700
TEMPERATURE, °C

) NITCNEL,

Fiqure 17, - Fretting wear volume as a tunction of temperature for high

puritsiron, nickel, and titanium, after 3\ 10° tretting cycles in dry air,
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(b) CENTRAL REGION SHOWING SPALL PIT,

Figure 18. - Fretting wear scar on high purity nickel after 10° cycles
at 25%C.




(b)Y CENTRAL REGION OF (a),

Figure 19. - SEM photograph of fretting wear scar on hiagh purity titan-
ium after 3x10° cycles at 650° C.
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EDGE OF
FRETTING SCAR

Figure 2. - Section through the fretting wear scar on high purity titanium,
resulting from 3x10° fretting cycles at 650° C.
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