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UNLUBRICATED SLIDING PROPERTIES OF ION BEAM AND EXCI=R LASER
MIXED Fe-Ti-C MULTILAYERED FILMS

J-P. Hirvonen, ?4. Naotnsi, T.P. Jervis, and J.R. Tesmer
Materials Science and Technology Division? Los Alamos Natimal
Laboratory, Los Alamoa, New Mexico 87S45, USA

ABSTMCT

Multilayered Fo-T1-C films con.iating of ●laven sublayors
were vacuum dapositod onto ●n AISI 304 stainle08 ●toel substrate
and aubsoquontly mixed using ●ithor 400 kov X. ion- or ●n axcimer
lcuer, operating ●t a wavolanqth of 308 nm. Ion mixing was
acc~mplishad in a two top proceen: tho myltilayors were flrot
Arradietod with 1E1OI’ Xe/cma ●t 520 C, after which half of the
sample was irradiated with 5B10~SXo/cm2 ●t O C. L880r mixing was
carried out ●t both 1.1 ●nd 1.7 J/cmz with the number of puls~s
varied botweon 1 ●nd 10. Pin-on-d18c studios rov.al.d only
slight difforonces botwoon the two kinds of ion beam mixed
samples, wharoas tho dry sliding aroportlos of lasar mixed
samples w.ro strongly depondont on the total Clucnco unod. In
tho optimum conditions similar friction coofficiants w9ro
obtainad on both kinds of Bmp100.

INTRODUCTION

An an ●itmrnativo to titanium implantation into ●t.ols tho
ion baam mixin~ of multilayor Fo-T1 structure. [1] or laser
mixinq of ● ●inglo titanium layer [2) hsvc boon .tudiad. Ion
b-am mixinq is g,norally m non-oqullibrium proc.ss and sntiroly
indepondant of tho subatrato, if multilayorod structures of
sovaral differant ●lomunts ● ro used [1]. In this eonoo ion baam
mixing im uniquo ●nd difforant ● .g. from ion implantation. Laser
traatmant baood on tho .urfaco molting ●nd ●ub.oquant rapid
solidification csli ●lso b. used with multilayorad structural or
to Froduco mixing botwoon a sinql. surfaca layar ●nd a ●ubstrato.
Tha quench rat. of lmsor molting is, howov.r, slow-r than that of
~.on implantation or ion baam mixing, whlah may restrict tho
posaiblo ●vailablo microstructuros. Th* processing tinw of la.ar
surfaco troatmont is tho shorto~t? ●nd no vacuum i- r~quirod,
whiah 10 ●n ●dvanta~a. Dosplto tho dlffor.ncaa in thama thr~~

K mathods they providg # novol tochniquo to tailor surfm!~a
sonsitiv~ proportion ●nd aro of conaidorablo intaraat from ●

tribolaqical point of viaw.
Th@ ion beam mixing of a ❑ultilayar Fo-TL structuro rosulto

in ●n ●morphous microstruaturo ●rol.nd tha ●qual ●tomic
composition [1) whoroas tho microstruotura of la.or mixed
surfaces dep~nda on the total fluenca. Zn tho osso of las~r
melted Ti on AISI 304 stainlos. uto@l an ●marphoua micro-tructu~o
is obtain.d ●t m low fluonco [2], A cryatalllno structuro io,
howovor, maintained by incroatod flu-no.. Minor consti uonts of
a ●ubmtrsto mu WO1l ●s Lho ●ubmtitution of titanium by iron on ●

on. to on. brnsfo in ●lmo obs-rvad in tho modifiod ●urfaco [2].
Tha triboloqioal propmrtiss of ion or ls.or beam induced Ti

●lloys on A181 394 ●tainloss steal haw boon roportod ●lsowhora
[3-6] . IorI b?em mixlnq of tha multilaysrod Fo-Ti ●tructur.
produao~ ● lowerod friction, ●lthouqh in a toot of 1000 pams.a
tho modifiod surfaao layar wore partimlly through [3]. In that



work samples with a lin. arly varying concentration of the
constituents in a lateral direction were employed. It was
oboorved that the tribological properties were the best around
the composition of 50 at. + of Ti. The most striking feature of
the surface mechanical propertlee of the ion beam mixed Fe-Ti
alloy was the apparently improved duc~ibility (4]. In general
these results wore parallel to those of Foil-taadt et ●l. [7:,
who implanted titanium into 304 stainless steel. Improvement in
the tribological propertied van obaarvad with lncrmaalng titanium
fluanca, though this improvmmant never laatao for ths 1000
rmvolutiona of the pln-on-diuc treat, Pramummbly tho titanium
cuncmntration in our pravloua work [3] was high-r than tho
bighott on- u-ad in rmf. [7] probably giving 8 ●li~htl: lonqor
lasting i.mprovamnt.

The surfaca moth.anical proportlos of lasar malted Ti ●lloys
cm A?~I 304 stainlasa stool ●re very similar to thoo. of ion b~am
mixed Fo-Ti or titanium implanted staol ●xplainod abovo [5].
Somo ●pocial foaturos, hw.var, can be noticad [6] i Tho optimum
tribological bahavior was obtminad ●t ● curtain tot~l fluanco,
and this Zluonce was dopand.nt on tho initial thicknass of tho
singlo titanium lty@r on the steal. Moroovor, tho microharclnoss
maasuromsnts performad with ● nanoindentation technique rovo~lad
that tho ralativa hardnosa of tho laser malt-d Burfa- tics louor
ttan ~hat of th~ untreat~~ ~tgrial,

Tho bonalicial effects of carbon on tho mOChtIICRl proportiea
of tho murfmca in titanium iwQlanted 8taol ●ro wall tiatabllmhad
[7-9], Carbon i~lantatioa into ●n ion beam mixed H’o-Ti ●lloy

8180 significantly Lmprovam tribologioal behavior of AISI 304
stainl-ss steal [101. Consaquantly, the natural •xt~nslon of ion
●nd laser bsam mixing of Ti with iron or •t~al ia tho mixing of
tarnary multilaymr 8tructura# coneiating of titanium, iron, ●nd
carbon . In this work we report the first rasults of th-
tribological moasuromants of ion or Laser baam mix-d FQ-Ti-c
●lloys on 304 rtain19as ●t901.

EXPERIMENTAL MET1400S AND POW3UREMCNTS

, . Tho multilay9r ~ttuctura
con~ietittg of elovgn subiayora,
&# illumtrmtmd in Tiq. 1, uao
●vaporatod in vacuum uainq ●n ●-
gun thin t~lm dopomlt~on aystom
onto AISI 304 Stain’ilo.m ●taol
8ubstrato of oommoroial q~ality.
Tha Viokero Iiardri@@a of trio
●ubotrato wa8 2,21 GPa. Thm
vaouum ●t tho boq~nn~ng of tho
d~pomitlon

n T6 _tA -a
was 5M10-7 torr ●nd

jncroasod to 10-6 torr during
●vmporatir)n . Thm ●nt~rm tarnary

ri~.1. A ●ahomatic plcturo of multllmy~r rjamplo was dmpomitod
● mutilaymxsd structura. without broakinq vacuum

botwoon tho ●vaporation of tho
individ!ial sublayarm. Bcforo deposition tho substrata WOL-O
mechanlf.?ally poli~had with a diamond pasta down to ● grado of 0.3
w ●nd ●ubsaquontly olaannd in an ultraaonio bathj The total
thicknmaamm of the ●vapormtmd iron ●nd titanium layora wkre
detmrrinod SB S50 and 600 A by $utharford hackmcattoring

●
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reaction 12C(d, p)13C ●t ● doutcrium anorgy of 900 k.V,
The ion beam miming wan carried out ualng Xe” ions at ar)

●nergy of 400 keV. Baaed on our earlier n?udie8 on ion beam
mixing of Iron-carkdn and titanium-carbon which nhowed mixing ●t
room tampmraturo to be minimal [11,12], thm ●amplo was Clrst

bombarded at 520 C at a fluence of 1’101’ Xa/cmz At thin
temperature the mixing process has been proved to be controlled
by radiation ●nhancsd diffusion [12]. Subsoquont co tho high
tomporaturo mixinq half of ths samplo wan irradiated ●t O C with
1.101S xe/c~2. Mixing betwg~n different oublmyera was found to be
complete after this treatment. Because of the high irradiation
dose sputtering of the surface layer occurred, and the final
thicknoaa was 1000 ~. The corresponding carbon concentration wan
3m6M101~ C/~~m

Las-r rxixin~ of thm multllaysr ●tructur@ and hlloylng with
tha statnloss stsoi sub-trats was psrforcaod with ●n .xcimar la.or
oporstcd ●t 308 nm. Tho troatmnt, waa carrlad out in air ●t both
1.1 ●nd 1.7 J/anz with tho numbar of puls-s varlod bstug.n 1 and
10. Tho rcpotltion rat. of pulses was ●bout 1 Ha ●o that tho
smmplo was ●ntiroly cool~d to tho room tmporatura b~tuaon tho
●cparato pulmcs! R.BS rmvaalwl considorabls ~iXinQ ●vmn ●ftar Khe
mlldoat troatmant, ● .g. 1 pulso ●t 1.1 J/oml. Mixing in this caoe
occurz@d praaufnably botwoon individual ●ublayar-. On th~ othor
hand ●t tha h~qhost total fluanco doop diffuOAon of titanium and
probnbly oarbon into tho substrato was ob~~rwod. Thm carbon
concentrmtlon in ths aurfmce lmy.r bad decramamd to 4,6 - 2,7m101’
C/cmz d-pending on tho total flu-nca,

No dctactablm incrmasa in oxygmn concentration wam found
durinq ●ithor lo~ beam mixing or Laser ●lloyinq ●o dotorminod
with tha r~actlon ~%(d,m)14N ●t ● doutorium ●n.rgy of 900 koV,

Tribological properties wara tsstod utiL.i8ing ● pin-on-disc
●pparatus. A@ ● pin, hardmned steel with ● radiua of curvature
of 3 mm wa. Qmployod. Th@ friet{on foraa t*am monitorod

continuously during tho maasuromonts. ?ho toqta woro torfnlnatad
.lth8r ● fter 1000 rovolutlons or ●fter tho inoroaoo of the
friction indicating ths ponotration of th. pin through tha
modified ●urfaca layer, T?m load on tho pin was 31,2 g. Thi@
load producee ● Hotxian ●tress of 440 NPa on the untroatrd
sub~trate. Thit io comparable to ● yield ●trongth 310 M?a of
tho Ms. mtorial. The ●lidinq apaed wam 22 mm/#. TrictiGn ●nd
wear meaauranents were prformad in room air without lubrication,

Tho war tracks w~rs invtstigsted with tho scanning electron
microscop (SEM).

Tho friction coafficiants am ths function of ● numbar of
r,volutlons ●rm shown in riq. 2 for both typas of ion barn mixed
samploa . Am comparmd to tha friotion ooafficimnt of the
untroatod stool (M - 0.9) ths toady stat. friction of tho ion
beam mix~d surfaces ar. significantly low.r, Within tho error
bars, which ropromont th~ occlllatlon of the friction during tha
maasuramenta, tha fr~ct~on coofficjsnts are ths same in thla
rmglma. After nbout 2500 tevolutiona the friction coafficiont of
both •a~lms bsqins to rlsm lndicmtinq ths ●urfacs layar b-inq
wcrn through. Tha friction coofficimnt of thm ssmplm bambardcd
only ●t 520 C Ancraasos famt,r than that of tho ●ampla ●lso
bombard-d ● t O C. Thim may indicmta a ●liqhtly batter ucar
rornlatanco of th. Iatt.r namplo.

u
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In Fi9, 3 the friation coatfimntm OC two laaer mixed samplorn
are ~50un. Th@ corresponding total fluences are 1.1 and 11 J/cu?,
rospoctivoly. Tho g6neral behavior of t,lese curves differs from
those 8hown in Fig. 2, an no attady state regime can be found,
Inntemd the friction coefficienL8 increane mlouly but
continuously. In the caee of the high total fluence thmre La
also an abrupt cbnge after 2500 revolutions.

?
10 - I 1 1 1 I

o IM 520 and O“C
x I&l 52C!”C

05 -
—o~

o lom ~~ 3000 axn3 5000
Number ol cycles

Fig. 2. The friction coefficient of tho ion baam mixed samplas
●s tho function of m numbar of rovolutiona, Tha mixing
tamp~ratures usgd ● re shown in tho figure. The friction
coefficient for untreatad stool was 0.9.

0 1,1 J/cm2

a 4om 6000 0000 10000
Numb.r of cycles

Fig. 3, Tho friction coafficicnt of two laser mixed samples ● s
tho function of ● Ilumbar of rovolutlo,]s. The total fluanoea us~d
●rm mhoun in thm flq~ra.
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Scanning .Loctron microscopy ● lao revoalod r-markabls diffmrencmn
bOt W8an thm 88mplaa. Tho waar scar of tho untroatod substrata
material exhibitad ●ovare damage even aft.r only 100G revolutions
an shown in Fig. 4A. This damage can bd Characterized an a
ductile fracture undar the high surface preaaure, The wear scars
of the ion beam mixed ~amplos ●fter tha idertical test consist of
smooth parallel grooves typical to wear tracks aloo in our
previous studies of ion barn mixed materj.als (4,13] . Comparing
furthar the sample ion beam mixed only ●t 520 C (Fig. 4B) to that
raceivad tha postbotiardment ●t O C (Fig. 4C) shows lass ●nd
Shallowar grooves on the latter ●mmple. This indicatae that thm
waar raalotanca was ●liqhtly improved by thm O C irrmdiaticin.

Fig, 4. SW microcracha
of–tha ~sr scars.– A“: 304
sLainlass •t,~l, B: Ian tmam
mlxod ●t 520 C, C: ion baam
mixed ●t 520 ●nd O C,
D: las.r●lxadu~th 11 J/cm?
●nd E: lasar ❑ lxod u!th
1,1 J/c#. Th. longht or
Lha nrkorm LO 10 ~.

Thi-a was ●lao- confirmed by 9Efl of the
samples ●ftar the toet of 5000
rgvolutionm. Contrary tc tha untraatad
ssmpl~ ths wear tracks on both tho ion

bomm mix?d samploa ●xhibitod no sign uf a
ductila frmcturm sftoz 1000 revolution
●nd tho inltimtion of the fracture typo
damago OKi tho aurtaco tooms tO bo
●xtr~oly WO1l inhibit-d,

Tt!o moat ●triklnq foaturo of the SEM
micrograph of tho lcsar mixsd ●arnplo is
thm di~poraion of proclpitctos or
incluaionm on the surface, This 18
●specially clear in tho ●am@lo taixmd with
tho low, 3.1 J/ar# tot81 flucnca, Fig.
4t. Tho prociso microstructure is not
known ●t thlm ~nt. Bocau8a this kind
of surfaco was not found on A131 304
st~i[.los$ st~cl mix~d only with ● singl~
titanium lay-r [5] tha structure must be
cauasd by carbon in th~ pros~nt smmplou.
Tha morphology of tha w-r scar on tho
lassr mixed samplsa ●lao dlffmr frcm that
of tho ion baam mix-d ones. Tha groowos
or ●cratchoa aro moro flncly diat~lbutsd
and no do-p groovos can b, obsorvod in
tho oamo of low total fluono~, Th6 wear
ro.lstanco of thic sanpl- Waa also
9xoollant ●nd ● Qr.at 4081 Of tho
orlg~nal modifigd ●urfaao uaa ●till loft
in tho womr traak mftar 10000
revolutions. On tha oth~r hand, thm tmar
8C8r of the sa.q)ls mixed with tho high
total fluoncc, thou h rolativoly smooth,

!has •!gn~ of m cul ●pns at tha ●dgo of
thm track. This id probsbly caused by
tha softaning of tha ban- mat-rial during
thm high fluene. traatmont.

‘lh~ wear rasiatancs of tha bant of
laacr mixed ●amplam in khl- work sawn.ato
ba batter than that of ion bream mix-d
samples . This doqa not naco.aarily
indicata ● real dlffmrmncm. Bocmusg of
sputtering tho ion baam m~xad wurf~c,
lsyor was niqnificantly thirinox thmn tho
laeor mixad aurfacc. Tho lmprmcticmll
high dooa of X. iont roquir-d in tho ion
tiam mixinq of tho prmaont samplas 1s,
howavar, ● faat that aan bu rai’lost.d in
●oms trihologlcal proportimm.
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●CONCLUSIONS

It 18 concludad tht ion or laser beam mixed multilayexad Fo-
Ti-C structurom on AISI stainless steel exhibited significantly
●ltcrod tribological properties as compared to thorn- of ●n
untreated substrate material, Except for the sample laser mix-d
with the highest total fluence all aamplea poasmssod ● lowa:ad
friction and inczaaeed wear resiatence. In addition, ●ll ●urfaco
modified eemples revealed m@ny characteristics of their own which
cannot yet be ●xplained on the baaia of the prssant moasuranenta.
A common feature to ●ll was the abmancs of tha adhoaive
Intermstion between the sliding steel pin ●nd tho Ieodlflod
surfaca ●nd the inhibition of the frmctura typa dammqe ●t the
surface.
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