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UNLUBRICATED SLIDING PROPERTIES OF ION BEAM AND EXCIMER LASER
MIXED Fe-Ti-C MULTILAYERED FILMS

J-P. Hirvonen, M. Nastasi, T.R. Jervis, and J.R. Tesmer
Materials Science and Technology Division, Los Alamos Na;icnal
Laboratory, Los Alamos, New Mexico 87545, USA

ABSTRACT

Multilayered Fe-Ti-C filma consisting of eleven sublayers
wore vacuum deposited onto an AISI 304 stainless steel substrate
and subsequently mixed using either 400 keV Xe ions or an excimer
leser, operating at a wavelength of 308 nm. Ion mixing was
acromplished in a two step process: the multilayers wvere first
irradieted with 1x10!?” Xe/cm? at 520 C, after which half of the
sample was irradiated with 5x10!% Xe/cm? at 0 C. Laser mixing was
carried out at both 1.1 and 1.7 J/cm? with the number of pulses
varied between 1 ard 10. Pin-on-disc studies revealed only
slight differences between the two kinds ot ion beam mixed
samples, whereas the dry sliding »roperties of laser mixed
samples were strongly dependent on the total Zluence used. In
the optimum conditions similar friction coefficients were
obtained on both kinds of samples.

INTRODUCTION

As an aiternative to titanium implantation into steels the
ion beam mixing of multilayer Fe-Ti structures [(l) or laser
mixing of a single titanium layer (2) have been studied. Ion
beam mixing is generally a non-equilibrium process and entirely
independent of the substrate, if multilayered structures of
several different elements are used (1). 1In this sense ion beam
mixing {s unique and different e.g. from ion implantation. Laser
treatment basged on the surface melting and subsequent rapid
solidification caun also be used with multilayered structures or
to produce mixing between & single surface layer and a substrate.
The quench rate of laser melting i3, however, slower than that of
jon 4implantation or ion beam mixing, which may restrict the
possible avallable microstructures. The processing time of laser
surface treatment is the shorteut, and no vacuum is required,
wvhich is an advantage. Despite the differences in these three
mathods they provide & novel technique to tailor surfa.e
senaitive properties and are of considerable interest from a
tribological point of view.

The ion beam maixing of a multilayer Fe-Tl structure resulto
in an amorphous microstructure aro.nd the equal atomic
composition [1) whereas the microstruoture of laser mixed
surfaces dopends on the total fluence. In the case of laser
melted Ti on AISI 304 stainless steel an amorphous microstructure
is obtained at a low fluence [2). A crystalline structure \i»s,
however, maintained by dincreased fluence. Minor consti: uents of
a substrate apg well as the substitution of titanjum by iron on a
one to one basis in almso observed in the modified surface [2).

The tribological properties of ion or laser beam induced Ti
alloys on AIS]I 304 atainless steel have been reported elsewvheres
(3-6). Ion beem wmixin; of ithe multilayered Fe-T{ structure
produces a lowered friction, although in a test of 1000 passes
the modified surface layar wore partiully through [3). In that

9 jo | afed "Te 39 UDUOAJSTH



work samples with & 1linearly varying concentr&tions of the
constituents in a lateral direction were enployed. It was
observed that the tribological properties were the best around
the composition of 50 at. % of Ti. The most striking feature of
the surface nechanical properties of the icn beam mixed Fe-Ti
alloy was the apparently improved ductibility (4). In general
these results were parallel to those of Fo.lstasdt et al. [7],
who implanted titanium into 304 stainlesa steel. Improvement in
the tribological properties vaa observed with incressing titanium
fluence, though this improvement never laastea for the 1000
revolutions of the pin-on~-disc test. Prcsumably the titanium
cuncentration in our previous work (3] was higher than the
highest one used in ref. (7) probably giving s slightlv longer
lastirg improvement.

The surface mechanical properties of lasar melted Ti alloys
on ATSI 304 stainless steel are very similar tn those of ion beam
mixed Fe-Ti{ or titanium implanted steel explained above [3).
Some special featuras, hcwever, can be noticed [6]). 'The optimum
tribological behavior was obtained at a certain totcl fluence,
and this fluence wvas dependent on the initigl thickness of the
single titanium lazyer on the astsel. Moreover, the microhardress
measurements performed with a nanoindentation technique revealed
that the relative hardness of the laser melted surface wts lower
~tan "hat of the untreated material.

The beneficial effects of carbon on the mechanicsl propertias
of the surface in titanium implanted steel are well established
(7-9]. Carbon implantation into an ion beam mixed Fe-Ti alloy
also esignificantly improves tribological behavior of AISI 304
stainless steel (10]. Consequently, the nstural extension of {on
and laser beam mixing of Ti with iron or steal is the mixing of
ternary multilayer structures consisting of titanium, iren, and
carbon. In this work we report the first reasults of the
tribological measurements of ion or laser beam mixed Fe-T{-C
alloys on 104 rtainless steel.

EXPZRIMENTAL METHODS AND MEASUREMENTS

The wultilaysr structure
consleting of elevan subiayers,
ar illustrated in Fig. 1, was
evaporated in vacuum ueing an e-
gun thin film deposition system
onto AISI 30¢ stainless stesl
substrate of ocommercial yuality.
The Vickeroc hardriees of the
substrate was 2.21 GPa. The
vacuum at the beginning of the
deposition was 510"’ torr and

COre [ R XV Bl c increased to 10°¢ torr during
evaporation. The entire ternary
Fig.l. A schematic picture of mult{layer rample was deposited
a mutilayezed structure. without breaking vacuum
between the evaporation of the
individual sublayers. Before duposition the substrates weie
mechanirtally polished with a diamcnd paste down to & grade of 0.)
um and subsequently cleaned in an ultrasonic bSath. The total
thicknaesses of the evaporated iron and titanium layers w.re
deterrined es 550 and 600 A by Futherford bhackscattering
spectroscopy (RBS). The total carbon concentration after
depos’tion was determined as 5, 1#10!7 C/cm? using the nuclear
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reaction Y (d,p)!3C at a deuterium energy of 900 keV.

The lon beam mixing was carried ocut using Xe‘* ions at an
energy of 400 keV. Based on our earlier atudies on ion beam
mixing of iron=-carbon and titanium=-carbon which showed mixing at
room tamperature to be ninimal [11,12], the sample was tirst

bombarded at 520 C at a fluence of 1*10!" Xe/cm2. At this
temperature the mixing process has been proved to be controlled
by radiation enhanced diffusion [l12]. Subsequent c¢o the high
temperature mixing half of the sample was irradiated at 0 C with
1»101% Xe/cm2. Mixing between different sublayers was found t¢ be
complete after this treatment. Because of the high irrsdistion
dose sputtering of the surface laye: occurred, and the final
thickness was 1000 A. The corresponding carbon concentration wasa
1.6x10! C/emi,

Laser mixing of the multilayer structure and alloying with
the stainless steel substrete was performed with an excimer laser
operated at )08 nmn. The treatment was carried out in air at both
1.1 and 1.7 J/cm? with the number of pulses varied botween 1 and
10. The repetition rate of pulses was sbout 1 Hz so that the
sample was entirely cooled to the room temperature between the
separate pulses. RIS revsaled considerable mixing evan after the
mildest treatment, e.9g. 1 pulse at 1.1 J/cm!. Mixing in this case
occurzed preosumably between individual sublayers. On the other
hand at the highest total fluence deep diffucion of titanium and
probably carbon into the substrate was observed. The carbon
concentration in tha surface layer had decreased to 4.6 - 2,7x10V7
C/cm? depending on the total fluence.

No detectable increase in oxygen concentration was found
during either lor beam mixing or laser alloying as determined
with the reaction %0(d,a)!'N at a deuterium energy of 900 keV.

Tribological properties were tested utilizing a pin-on-disc
apparatus. As a pin, hardened steel with a radius of curvature
of 3 mnmn was employed. The friction force wvas monitored
continuously during the measurements. The teste were terminated
either after 1000 revolutions or after the increase of the
friction indicating the penetration of the pin through the
modified surface layer. The load on the pin was J1.2 gq. Thie
load produces a Hetzian stress of 440 MPa on the untreated
substrate. This is comparable to a yleld strength 310 MPa of
the base material. The sliding speed was 22 mm/s. TFriction and
wear measurenents were performed in room air without lubrication.

The wear tracks were investigated with the scanning electron
nicroscope (SEM).

RESULTS AND DYISCUSSION

The friction costficlients as the function of a number of
revolutions are shown in rig. 2 for both types of ion beam mixed

samples. As compared to the friction coafficient of the
untreated steel (4 = 0.9) the steady otate friction of the ion
beam mixed surfaces are significantly lower. Within the error

bars, which represent the oscillation of the friction during the
neasurements, the friction coefficients are the same in this
regime. After about 2500 revolutions the friction coefficient of
both samples begins to rise Indicating the eurfsce layer being
worn through. 7The friction coefficient of the sample bombarded
only at 520 C increases faster than that of the sample also

bonmbarded at 0 C. This may indicate a slightly better wear
recistance of the latter sample.
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In Fig. 3 the friction coeffients of two laser mixed sanmples
are shown. The corresponding total fluences are 1.1 and 11 J/cm3,
respectively. The general behavior of taese curves differs from
those shown in Fig. 2, as no steady state regime can be found.
Instead the friction coefficients increase 3lowly but
continuously. In the case cf the high total fluence thore !1a
also an abrupt change after 2500 revolutions.
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Fig. 2. The friction coefficient of the ion beam mixed samples
a® the function of a number of revolutions, The mixing
temperatures used are shown in the figure. The friction
coefficient for untreated steel was 0.9.
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Frig. 3. The friction coefficient of two laser mixed samples as

the function of a number of revolutioas. The total fluences used
are shown In the figure.
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Scanning electron microscopy also revealed remarkable differences

betwveen the samples. The wear scar of the untreated substrate
material exhibitad severe damage even after cnly 1000 revolutions
as shown in Fig. 4A. This damage can bé characterized as a

ductiie fraciure under the high surface pressure, The wear ascars
of the ion beam mixed sanples after the idertical test conasist of
smooth parallel grooves typical to wear tracks also.in our
previous studies of ion beam mixed materials (4,13). Comparing
furthar the sample ion beam mixed only at 520 C (Fig. 4B) to that
received the postbombardment at 0 C (Fig. 4C) shows lasa and
shallower grooves on the latter sample. Thia indicates that thae
wear resistance was slightly improved by the 5 C irradiation.
: This was also confirmed by SEM of the
samples after the test of 5000
revolutions. Contrary tc the untreated
ssnple the wear tracks on both the ion
bean mixed samples exhibited no sign of a
ductlle fracture after 1000 revolutions
and the initiation of the fracture type
damage on the surface seems to be
extremely well inhibited.

The most striking feature of the SEM
micrograph of the lctser mixsd sanmple is
the dierpersion of precipitetes or
inclusions on the surface. This 1i»
especially clear in the sample nixed with
the low, 3.1 J/cm? totsl fluence, Fig.
4E. The precise microstructure is not
known at this moment. Becauss this kind
of surface was not found on AISI 304
stuiiless steel mixed only with a single
titanium layer (5) the structure must be
caused by corbon in the present samplaes.
The morphology of the wear scar on the
laser mixed samples also differ from that
of the ion beam mixed ones. Tha grooves
or acratches are more finely distributed
and no deep grooves can be cbserved in
the case of low total fluence. The wear
resistance of this weample was also
excellent and a great deal of the
original modified surface was still left
in the wear track after 10000

, raeolutions. On the other hand, thy wear
scar of the sample mixed with the high
total fluence, though relativoly smcoth,
has signs of a ccllapss at the edge of
the track. This 4ia probably caused by
the softening of the base material during
the high fluence treatment.

‘he waar racsiatance of the best of

; canll laser mixed samples in this work seams to
Fig. #. SIM micrographs be bettar than thest of ion beam nmixed
of the wasr scsrs. A: 304 samples. This does not neceesarily
stainless steel, B: ion beam indicate a resl difference. Becauvse of
mixed at 520 C, C: ilon beam sputtering the ion beam mixed wsurface

mixed at 520 and O C, 2 layer was aignificantly thinner than the
D: laser mixed with V) J/cm, lager mixed wsurface. The impractical: -
and E: laper mixed w!th high dose of Xe ione required {n the ion
1.1 J/cme.  The lenght of beanm wmixing of the present samples 13,
the markers is 10 ums. howevaer, a fact that can be reflected in

some tribological properties.
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" ‘CONCLUSIONS

It is concluded thet ion or laser beam mixed multilayered Fe-
Ti-C structures on AISI stainless steel exhibited significantly
altered tribological properties as compared to those of an
untreated substrate material. Except for the sample laser mixed
with the highest total fluence all samples possessed a lowe.ed
friction and increased wear resiatance. In addition, all surface
modified samples revealed many characteristics of their own which
cannot yet be explained on the basis of the present measurements.
A common feature to all waa the absencs of the adhesive
intermccion between the sliding steel pin and the modified
surfece and the inbibition of the fracture type damage at the
surface.
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