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X-ray photoelectron spectroscogXPS and Auger electron spectroscopfES) were used to
identify gas reaction layers and tribochemical films formed during reciprocating sliding tests in an
ultrahigh vacuumUHV) tribometer. Tests were performed on UHV cleaned SiC pins and Mo flats
during or after exposure to SQO,, or H,S gas at pressures around 40 Pa. XPS identified the gas
reaction layers on Mo to be chemisorbed Ma®d/or MoQ phases less than 1 nm thick. AES of

Mo wear tracks showed tribochemical films similar in composition to, but thicker than, the reaction
layers. AES of SiC wear scars in all three gases indicated tribochemical films containing Si oxide
and/or Si sulfide and possibly graphite. In addition, transfer films of Mo oxysulfide and Mo oxide
were found in SQ and Q tests, respectively, but no transfer films were detected 48 tésts.
Thermochemical calculations of stable reaction products of the gas—solid reactions were in good
agreement with the phases inferred from XPS and AES. An explanation for the agreement between
thermochemical predictions and tribochemical results is given19896 American Vacuum Society.

[. INTRODUCTION ber. In studies of solid—solid reactichend gas—solid
interactions®~'? at gas pressures at or below 1 mPa, they
The presence or absence of a surface film can determing,onsirated that gas reaction layers could decr@asie-
the fate of counterface materials in sliding contact. If the rease) friction coefficients. However, the layers wore away

counterface surfaces contain easily sheared films, then sliét- L .
. : . g . after one or two passes, and the friction coefficient returned
ing will take place with low friction and virtually no coun-

) . to its UHV value®? More recently, P t al, 1314
terface wear. In practical machinery, surfaces often develo p its U aue ore recently, Popeetal,

15,16 17,18 _
shearable films during exposure oxygen and various conE.)eKOV?net al, .and Le Mogneet aI: have' ufSEd mul
taminants in air. Unfortunately, these “air-formed” films are tianalytical UHV tribometers to examine the friction behav-

not very durable, nor can they sustain low friction. Otherior of materials exposed to reactive gases at pressure above 1
gases, however, have been shown to sustain low friction anga. In all cases, low friction sliding could be sustained and
protect solid surfaces from wear;,% on Mo?! I, on Ti and  distinct tribochemical reaction products detected on worn
Cl, on Cr? TCP on steef and hydrocarbons on ceramits. surfaces.
The protection is not due to gases, but to the “tribochemical” We have used a similar approach to investigate the lubri-
films formed when surfaces are rubbed against each other igation of SiC sliding against Mo in SQ O,, and HS gases
the presence of the gases. These tribochemical films havg pressures up to 40 Pa. SiC was chosen as the pin because
b.erf_'; identified byex situanalytical techmquesg})r sliding in of jis hardness and its ease of cleaning in UHV. Mo was
al I ang in SE|ethe,d gaseds art] high temp;erg; e:]slnfqrtul- o selected because its reaction withSHs expected to produce
nate y,_t € mechanics and chemistry of triboc emica ImMoSZ,lthe lowest friction film yet discoveretf:friction co-
formation are not well understood. Well-controlléd situ L . ) :

. ) . eJﬂuents of MoS typically range from= 0.01 in dry air to
experiments, as performed in the present study, are require ) . i .

s low as 0.001 in vacuum, depending on film preparation

to investigate how tribochemical films are generated; result ition<2d o
of such studies will enable tribologists to chose the correcfonditions.”The two oxygen-containing gases were chosen
gaseous environments for specific tribomaterials, therebf€cause they are intimately related to the chemical degrada-

providing low friction and wear-free surfaces, with tremen-tion of MoS; in (dry) air: O, is responsible for the most
dous safety and cost benefits. prominent tribochemical reaction products(iry) air,> and

Buckley? and his colleagues at NASA Lewis Space CenterSO, is a gaseous reaction product of oxidized MoShe
in the 1970s pioneered the use iof situ tribometry and results of the friction tests, reported earfiérevealed three
surface spectroscopy in an ultrahigh vacu(siV) cham-  orders of magnitude differences in the steady state friction
coefficients, depending on gas type and pressure at which the

3390?0”@ mai_'li finger@g-””-”é}vy-mf” tests were run. Friction coefficients run in $@d Q at
ectronic mail: lemogne@cc.ec-lyon.ir r

9Electronic mail: donnet@cc.ec-lyon.ir pre§sures around 40 Pa were abput= 0.1,.|n H,S, the
9Electronic mail: martinj@cc.ec-lyon.fr friction was more than an order of magnitude lower,
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39 Singer et al.: In situ analysis of tribochemical films 39

<0.01. In contrast, friction coefficients for a pin and flat that Mo 3d5/2
had been exposed to,H at pressures up to 40 Pa for several .

hours but run under high vacuum conditions, about
3x10 % Pa, were about.=1 after one pass, indicating that
surfaces pre-exposed tg,$lwere unable to sustain low fric-
tion. A detailed presentation and discussion of the friction
and wear behavior observed in these tests are presented
elsewheré!?

The purpose of this article is to identify the surface films BINDING ENERGY(eV)
that might be responsible for these large differences in fric-

; ; . Fic. 1. XPS of Mo 3l 5/2 and Mo 8l 3/2 on a Mo surface exposed to
tion behavior. X ray photoelectron SpeCtI’OSCC(MPS) and H,S for 2 hours at pressures from 4 to 40 Pa. Deconvoluted peaks are shown

AUger electron spectroscofAES) were used to character- as solid and dashed lines; measured spectrum is given by open circles.
ize both the gas exposed and the worn surfaces. Composi-

tions and thickness of films generated by gas—solid reactions
(gas reaction layeysand by sliding (tribochemical film$ C. Surface analvsis procedures
were determined and compared to those of films identified by ysis p

other surface analytical techniques and phases predicted by XPS analysis was performed on Mo before and after sput-
thermochemistry. ter cleaning and after each gas exposure. Both survey and

high energy resolution XPS spectra were acquired. The high
resolution spectra of Mo S 2p, and O & were taken with

a 50 eV pass energy. The peaks were deconvoluted and fitted
using the Sherwood modelGaussian—Lorentzian/Shirley

A. Friction and surface analysis apparatus backgroungl Binding energiesBE) were referenced to the

Au 4f 7/2 peak at 84.0 eV; BE uncertainty was 0.2 eV.
Phases associated with these peaks were identified by the
binding energy of standards reported in the literatare.
@ES analysis was performed on Mo and SiC before sputter
cleaning and after each gas exposure. Secondary electron
émages were used to locate wear tracks on Mo and wear
cars on SiC. Spectra were acquired in N{(&) mode, then
ifferentiated for peak-height analysis.

[I. EXPERIMENT

Wear tests and surface analysis were carriedrositu in
a loadlocked, multitechnique UHV chamber described in de
tail in previous papers”*®The tribometer consisted of a pin
loaded against a flat; both pin and flat could be repositione
in situ to perform from four to eight tests without removing
either sample from the UHV chamber. The chamber could b
backfilled with gas and its pressure regulated between 0.
and 1000 Pa using a capacitance manom®&S baratron
in feedback with a mass flow meter. Surfaces were analyzed
by XPS and AES using a VG hemispherical analyzer. XP
was acquired over a wide aréebout 1 crd) with nonmono- %”' RESULTS
chromatized MgKa x rays. AES was taken wita 5 keV ~ A. XPS analysis
electron beam whose submicrometer spot size was broad-
ened to between 5 and 20m by rastering. Sputter cleaning an
was performed with 5 keV Ar ions.

XPS surveys(not shown indicated that sputter cleaned

d gas exposed surfaces had significantly lower C and O

intensities than the polished surface, but nonetheless

had trace quantities of C and O. Figure 1 shows high-

resolution XPS spectra of Mod35/2 and Mo 8 3/2 of the

B. Sample preparation and friction test procedures H,S-exposed surface; both raw data and deconvoluted peaks
A rod of a-SiC was ground on one end to form a hemi- are shown. Two chemical states of Mo can be seen; indhe 3

spherical pin of radius 1.8 mm. The pin and a 1-mm-thick5_/2 speqtra_, they are a large 227.7 eV peak a_nd a s_mgller,
polycrystalline Mo flat were polished with successively finerh'gher binding energy pe{ik at 229.2 eV. Peak-fitted binding
pastes of 6, 3, and &m diamond. After cleaning with sol- EN€rgies and areal intensities for Md 8/2, S D, and O 5

vent, both the SiC and the Mo were inserted through a load®" the polished and four vacuum-prepared surfaces are pre-
locked chamber into the UHV chamber. The substrates wergented in Table 1.
first cleaned by radiative heating to about 800 °C, then by Ar
ion sputtering for 15—30 minutes. XPS and AES were takeré AES analvsis
to establish the cleanliness of the two surfaces. ' y

Wear tests were run at pressures between 4 and 40 Pa. TheAES, like XPS, found low levels of contaminants O and C
chamber was filled with one of the three test gases;,SO (and sometimes)Sn sputter-cleaned surfaces. Since similar
O,, or H,S, the substrates loaded into contact, then slidindevels were seen after gas exposure as well, they must rep-
tests were run for 60 cycles. The load was 0.5 N, equivalentesent “background” levels of surface contamination. AES
to an initial mean contact pressure of 0.7 GPa, well belowspectra were taken inside and outside the worn afeear
the hardnes$2.9 GPa of the softer Mo counterface. The track9 of the Mo flat but only inside wear scars on the SiC
stroke distance was 3 mm, and the speed was 0.5 mm/s. pin.

JVST A - Vacuum, Surfaces, and Films



40 Singer et al.: In situ analysis of tribochemical films 40

TABLE I. XPS binding energie$BE) and areal intensitied) of the main peaks on an Mo surface exposed to
gases at pressures from 4 to 40 Pa. Data on polished and sputtered Mo are given for reference.

Surface treatment/gas exposure

Peaks Polished Sputtered S0 O, H,S
Mo 3d 5/2 BE (eV) 227.6 227.7 227.9 227.9 227.7
| (counts eV/s 4786 14493 11909 10361 9212
BE (eV) 229.4 230.0 229.4 229.2
I (counts eV/s 1931 1304 1890 537
BE (ev) 2326 ee ee
I (counts eV/s 1677
O 1s BE (eV) 529.8 529.7 529.7
I (counts eV/¥ 4970 1367 2018
BE (eV) 531.8 530.8 531.2
I (counts eV/¥ 4573 690 480
S BE (eV) 161.5 161.5
I (count eV/$ 447 700
1. Tracks on Mo 2. Scars on SiC

Representative spectra taken inside and outside tracks on Spectra taken on clean SiC and in wear scars are shown in
Mo are shown in Fig. 2. The spectra indicate similar compo+ig. 3; note that the spectra shifted abouB0 eV above
sitions in both locations. However, peak-to-peak intensitiegxpected energies due to charging. The cleaned pin showed
of the SKLL) and QKLL) spectra were larger inside the Si(LVV) and GKLL) characteristic of SiC and a small
track than outside the track. The opposite was found for th@(KLL) intensity. Spectra of scars in all three gases showed
C(KLL) intensity, which was larger outside than inside, sug-some S and/or O as well as changes in the line shapes of
gesting that C was an adsorbed contaminant that was paBi(LVV) and GKLL) spectra.
tially wiped off during the friction tests. The scar formed in SOshowed Mo as well as S and O,

In SO, tests, S/IMo and O/Mo ratios in the tracks were and the S/Mo rati¢=4.5) was the same as found in the track
about twice that of ratios outside the track. The peak nea@n Mo. Apparently, Mo oxide and Mo sulfide transferred
130 eV could not be identified with certainty: it might be the from the Mo wear track to the SiC scar. The C/Si ratio in the
Mo(M,4 N2 5N, o) feature, but this should be considerably scar was only 60% of the ratio on clean SiC. Moreover, the
smaller than the 180 eV peak, even in the oxide sthte;it  line shapes of both 8iVV) and GKLL) differed from that
might be a surface sulfate pe&kalthough no Mo sulfate of SiC: the GKLL) has a low-energy feature that makes it
exists in the bulk. Tracks in Stests showed mainly oxidized appear graphite-ik&3*" and the SLLVV) has a low energy
Mo, with the O/Mo ratio in the track twice that outside of peak that could be an oxide or a sulfide. These features sug-
track. S was also detected, but the S/Mo was about the sanggst that some SiC converted to graphite plus Si oxide or Si
inside and outside, indicating that S was a background corsulfide. The scar formed in Oshowed mainly Mo and O
taminant. Finally, tracks in b6 tests had a S/Mo ratio about Wwith a very distorted $KLL) line, suggesting Si oxide and
1.5 times that of unworn areas and no O. very little SiC. Here again the O/Mo ratios were nearly the

Inside track Outside track
Cleane
Mo C o SO Mo C o --Mo--

0 100 200 300 400 500 600

0 100 200 300 400 500 600 0 100 200 200 400 500 600 KINETIC ENERGY (eV)
KINETIC ENERGY (eV)

dN(E)/dE
@)
N
[\*]
dN(E)/IE
[72)
Ke;

Fic. 3. In situ AES spectra taken of a sputter-cleaned area and wear scars on
Fic. 2. In situ AES spectra taken inside and outside tracks on Mo. the SiC pin.
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TABLE II. Phase and thickness of surface layers on gas-exposed Mo suthat the MoQ gas reaction layer on polycrystalline Mo, es-
faces measured by XPS. timated here to be 0.7 nm thigRable II), is only a chemi-

Surface sorbed film.

treatment Polished SO 0, H,S Similarly, sulfur chemisorbs onto single crystals of Mo at
room temperature, but does not develop a basal-oriented

Ph M M MoO,, M MoO M I

Thiﬁiess ?%T 1_202 ° o5 0% %_72 3532 MoS, structure at these 3pgressurefsﬁ,lo Pa, until high tem-

(nm) peratureqat least 500 °C> At room temperature, }$ rap-

idly dissociates on Mo, saturating the surface at exposures
gess than 4 langmuir and forming a weakly ordered S layer
transferred to SiC (according to LEED.3* This layer saturates at only one-third

Finally, AES spectra of scars formed in,$l consistently ofg rgc:)noliyer;. grot;/vtg IE|0 higher coveragi'wri]tr.QSiisfim- ith
showed a strong S signal but little or no Mo, indicating thatP€ded Dy chemisorbe and S atoms, which interfere wit

35
MoS, films did not transferto SiC during sliding. The (Coverage up to

the dissociative adsorption of,H on Mo:
C(KLL) line shape looked like a mixture of graphite and SiC'two-thlrds monolayer thick is also possible if the dissociated
while the low energy shoulder on the(&LL) line might be

H, can be driven ofj. Recent quantitative LEED studies on
that of Si sulphide since it is not shifted enough to be SiMO(loo) indicate that, at high coverage, S bonds(émd
oxide.

distorty two underlying Mo layers, which themselves sit
0.32 nm above the bulk Mo layet& This value is in agree-
ment with that of the Mogreaction layer on polycrystalline
IV. DISCUSSION Mo, found in Table Il. We surmise, therefore, that the gas
reaction layers formed on the Mo substrates were thin,
chemisorbed films and not crystalline oxide or sulfide films.
The compositions of gas reaction layers can be inferred Gas reaction films on SiC were not analyzed here. How-
from the binding energies in Table I. The Ma %/2 spec- ever, several studies of SiC exposed tpaDroom tempera-
trum of the sputter-cleaned surface showed only one peakure have been reported. Polycrystalline SiC exposed tatO
the Md of metallic Mo. The three gas-exposed surfaces hagressures of 50 Pa had only a physisorbed layer of oxygen.
only two peaks: the larger peak is metallic Mo and theSingle crystal SiC exposed at 50 Pa did not show the ex-
smaller peak is a Mt state. The M@* peaks correspond to pected highly exothermic reaction,® SiC SiO,+C; in-
MoO, and Mo§ in SO, gas, MoG, in O, gas, and Mogin  stead, oxygen was weakly boun@s Si—O-Si to the
H,S gas. The polished surface had three Mb582 peaks, surface’” Therefore, under present conditions of room tem-
corresponding to metallic, MoQ and MoQ (Mo®") phases.  perature and 40 Pa, oxidation of the surface of the SiC pin is
The single S p peak from S@ and HS-exposed Mo is that not expected.
obtained with Mo$. The two O k peaks in polished,
SO-exposed and Qexposed Mo could be from MoQ a
suboxide?® or OH™; some OH™ adsorption is likely after
pumpdown to UHV since kO was the major background Compositions of tribochemical films were inferred from
gas. We do not concern ourselves hereafter with thesO 1AES line shapes and the peak height ratios. On Mo, films in
peaks. Table Il summarizes the phases of the gas reactidhe track had the same elemental compositions as those out-
layers on four of the five samples: it shows that the gas—Maide the tracki.e., gas reaction filmsbut higher intensities
reaction layers were chemisorbed phases of MoOMoS,  of the chemisorbed eleme®, O+S or S. We speculate
or a mixture of the two. that tribochemical films had the same phases but were
Thicknesses of the gas reaction layers were calculatethicker than the gas reaction films. In,$ we suggest that
from the ratio of areal intensities of the M@ %/2 spectrain the increased S intensity arose from an increased 48 H
Table 12°3°Equations used to calculate thicknessesf up  chemisorption and that the limitation imposed on the S cov-
to two layers on a metal are derived in the Appendix. Table llerage due to chemisorbed (Ref. 35 was lifted by the rub-
lists the calculated thicknesses for the gas reaction and pobing process. In fact, the S/Mo ratio for the film was the
ished layers. All three gas reaction layers were less than 1 nsame as that of an Mg3ayer measured for ultralow friction
thick, considerably thinner than the 2.4 nm oxide layer onMoS, films.28 Rubbing could also have allowed more O to
polished Mo. chemisorb on the Mo wear track by increasing the number of
The compositions and thickness of gas reaction layers odefect sites. It is not clear, however, which oxide—Ma
polycrystalline Mo(Table 1) may be compared with more MoO; or one of the substoichiometric MQQ2 <x< 3)
detailed studies of gas reaction layers on single crystal Mocompounds—formed, although Mg@s the first to crystal-
According to the literature, at room temperaturg,f@ms a  lize from the chemisorbed state with increasing thermal
disordered, chemisorbed film, about 2 monolayers thick, oractivity.13> We therefore designate the oxide to be MoO
Mo(100) surfaces? The film does not nucleate to a recog- In SO,, mixtures of Mo$ and MoQ, would be expected.
nizable oxide phasdby low-energy electron diffraction On the SiC wear scar, three possible tribochemical films
(LEED) and Ramahuntil temperatures above 700°Kand  have been inferred from Auger analysis: Si OXiRiQ,
film thickness above 0.6 nff. Therefore, it is likely y=1 or 2, Sisulfide(SiS,, z=1 or 2, and graphité¢C). The

same as on the Mo track, suggesting that Mo oxide film

A. Gas reaction layers

B. Tribochemical films

JVST A - Vacuum, Surfaces, and Films



42 Singer et al.: In situ analysis of tribochemical films 42

TABLE llI. Tribochemical and transfer films found on Mo and SiC after sliding in gases at pressures from 4 to
40 Pa. Phases were inferred from Auger dé2sx<3;y, z=1 or 2)

Solid
Mo SiC
Gas Tribofilm Transfer Tribofilm Transfer
SO, MoO,/MoS, None Sig/sis,, C MoQ,/MoS,
0, MoO, None SiQ MoO,
H,S MoS, None Sig, C None

Si oxide and graphite phases were clearly tribochemical Although these simple calculations are instructive, more
films since, as mentioned earlier, the reactionsophisticated computational techniques are needed to estab-
0,+SiC—Si0,+C does not take place at room temperaturelish equilibrium phases at arbitrary gas pressures and for re-
In addition, films having roughly the same compositions asactions of four or more elements. To this end, a commercial
the tribochemical films on Mo also collected on the SiC scaprogram, EA*C*T,*® was used to perform more detailed
run in SQ and Q. These films were transferred during slid- thermochemical calculations. Reaction products were deter-
ing from the Mo track surface to the SiC pin. Table Ill sum- mined for six pairs of reactants, one pair for each of the three
marizes the compositions of tribochemical and transfer filmgyases with Mo and with SiC. For example, the reaction prod-
generated during sliding. ucts from mixtures of SiC with SOQwere obtained by input-
ing (A) SiC+(1—A) SO, for values 6=A<1. Free energies
were calculated aT=298 K andp=10 Pa for all possible
reactants in each system. Thermodynamic data in the
Currently there are no accepted models for tribochemicaF* A*C*T database were used; the database provided up-
reactions. One school of thought is that tribochemical prowards of 80 gases, liquids and solids in each of the ternary or
cesses are nonequilibrium and therefore tribochemical filmguaternary systems. Gibbs phase rule, we remind, requires
are nonequilibrium products of chemical reactidh# sec-  that the number of stable products for a given concentration
ond school contends that rubbing stimulates reaction by meof reactants at constant temperature and pressure be no more
chanical deformations at the atomic and mesoscopic scaleghan the number of elements; therefore, at any particular con-
thereby speeding reaction rates at low temperaftires. centration, one gets only two stable products from the binary
Singef has built upon the latter hypothesis and suggestegeaction Mo plus @, three from the ternary reactions of
that, when thin layers wear slowly in reactive gases, the deSO, or H,S with Mo and Q with SiC, but four from the
fects generated will enhance the reaction rate sufficiently teuaternary reactions of S@r H,S with SiC.
form thermochemically stable products. In the present case Table IV lists a complete set of stable reaction products
of nominally clean surfaces exposed to reactive gases, Wer the six gas—solid reactions studied, in order of solid-rich
speculate that the defects formed by the strains induced dufe gas-rich reaction products; we focus here on the solid
ing sliding provide a driving force for phase formation on phases. In the Mo—gas systems, the predictions—mixed
worn surfaces in the same way that high temperatures do aMoO, and Mo$S in SO, gas, MoQ or MoO; in O,, and
pristine surfaces. If this hypothesis is true, then the triboMoS, in H,S—are consistent with the phases inferred for the
chemical films should have the same compositions as thosgibochemical films in Table Ill as well as the gas—reaction
predicted by thermochemistry. films in Table II. In the SiC—S@system, products include
Simple thermochemical calculations have been performedio,, SiS, and Sig, C (graphit¢ and solid S; in the
for two and three element gas—solid reactions using methods
described earliet.” Selected results for gas reactions with
Mo and SiC are presented in the two ternary diagrams shown
in Fig. 4. The diagrams were computed using Gibbs free

C. Tribochemistry and thermochemistry

energy data valid aT=298 K andp=0.1 MPa?*! The tie s"f:'o

lines were obtained by writing balanced equations for the

reactants and products and determining the side that had the

lower free energy. The stable products can be seen at the Cofo i

vertices of each of the triangles through which the reaction A/A

line passes. We see, for example, that Masannot be a 0¥ 5% Si Mo
2

reaction product in the ternary reaction of M8O,, but it is
a reaction product of the binary reaction M®,.*> We also

see that C and Sifare reaction products of Quith SiC but g 4. Ternary diagrams calculated for theMS—0 and Si-C—@ystems
that SiO isn't. at standard temperatuf@98 K) and 1 atm(0.1 MP3 pressure.

[ — Reaction Line

J. Vac. Sci. Technol. A, Vol. 14, No. 1, Jan/Feb 1996
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TABLE V. Equilibrium phases of solid-liquid—gas reactions Tat298 K andp=10 Pa, calculated using
F*A*C*T, asoLcasMmix program(Ref. 43. (s): solid; (g): gas.
Solid
Gas Mo SiC
SO, Mo(s), MoS,(s), MoO,(s) SiC(s), C(9), SiO4(9), SiSs)
MoS,(s), MoOy(s), SO,(g) C(s), SIOL(s), SiS9), SiSy(s)
C(s), SiO«(s), S(9), COY)
SiOys), S(s), CO,(Q), SO9)
0O, Mo(s), MoO,(s) SiC(s), SiOx(9), C(9)
MoO,(s), MoOs(s) C(s), SiOy(s), CO9)
MoOx(s), Ox(9) SiOy(s), CA(g), CO,(9)
SiOys), CO,(9), Ox(9)
H,S Mol(s), Hy(g), MoS,(s) SiC(s), SiSs), C(s), CHy(9)
H2(9), MoSy(s), H,S(g) SiS(s), C(s), CHy(9), SiS(9)
C(s), CH(Q), SiSy(s), H,S(0)
SiC-0, system, Si@ and graphite are predicted; and in the APPENDIX: THICKNESS OF TWO COMPOUND
SiC—H,S system, SiS, SiS and graphite are predicted. OVERLAYERS ON Mo FROM XPS DATA
These results are also consistent with the phases inferred .
from the AES spectra in Table Ill. However, the present Compound IMFP Thickness

spectra were too noisy to make exact identifications; we shatt
attempt to clarify these phases in a later experiment. The MoO;, c Ae te
calculations, nonetheless, support the hypothesis that tribo- Mo, B Ag tg
chemical films(and gas reaction filmshave the same com- Mo A A

positions as films formed in thermochemical equilibrium.

The thicknesseg: andtg, of two compound overlayers,
C and B, on metal A, such as Mg@nd MoG layers on Mo
illustrated in the two-layer model above, can be calculated as

V. SUMMARY AND CONCLUSIONS follows:

Surface films present before and after sliding of SiC IA=1A[exp(—tg/\g Sin 6)][exg —te/Ae sin §)], (1)
against Mo in SQ, O,, or H,S, at pressures between 4 and m
40 Pa, have been identified. Gas reaction layers on Mo were

shown to be thin €0.7 nm chemisorbed films of Mt 15=12[1—exp(—tg/\g sin 0)][exp( —tc/Ac sin 6)],

species, Mo@, and/or MoS. The tribochemical films gen- 2
erated on Mo in the three gases had the same elemental com-
positions as the corresponding gas reaction layers but ap- I%zlg[l—exp(—tc/)\c sin )], 3)

peared to be thicker. Tribochemical films on SiC consisted of

a Si oxide and/or Si sulfide plus C. Moreover, the wear scars

on SiC run in SQand G runs contained Mo oxysulfide and Where I;,=measured Mo @ peak intensity from layei,
Mo oxide transfer films, whereas those run igSHhad no |==Mo 3d peak intensity from an infinitely thick layer of,
transfer film. Compositions of both gas reaction layers and-x = inelastic mean free paitMFP) of the Mo 31 electron
tribochemical films were in good agreement with gas—solidn X, andf=the angle between detector and surfé®°C).
reaction products calculated by equilibrium thermochemistry. Thicknesstg is found by taking the ratio of Eq$1) and

A8 12)
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TABLE Al. Chemical properties, IMFP, and layer thicknessMoO; and MoQ on Mo. Data for Mo$ and
MoOS (average of Mogand MoQ), are given for reference.

n

MW p (atoms/ a IMFP Area t
Compound (kg/mole (kg/n®) molecule$ (nm) (nm) (count eV/$ (nm)
Mo 0.0959 10200 1 0.25 1.6 4786
MoO, 0.1279 6470 3 0.22 2.4 1931 1.4
MoO, 0.1439 4690 4 0.23 2.6 1677 1.0
MoS, 0.1601 4800 3 0.26 3.1
MoOS 0.1439 5635 3 0.24 2.7

where N* is the atomic density of the Mod3electron in
compoundX. Rearranging Eq94) and (5) to solve fortg
gives

tg=N\g Sin @ IN[(NANAIE)/(NBAGI 3 +1]. (6)

Equation(6) is the solution for the thickness of a single thin
layer, B, on A. Thicknessc is found by taking the ratio of
Egs.(2) and(3):

1B1S11518)

=1—exp —tg/\g sin O)/[exp(tc/NcSinO)—1]. (7)
and, by Eq.(5),
NONG IB/NBAG 1€
=1—exp(—tg/\g Sin B)/[exp(tc/Ac Sin ) —1] (8)
gives
te=\c sin 6 IN{[NBAgI $)/(NOACIB)]
X[1—exp(—tg/N\g Sin 6)]+1}. (9)

Equation(9) is the solution for the thickness of a second thin
layer, C, on top of B on A.

The IMFPs for the Mo and M¥ compounds can be cal-
culated a¥

Amo=a[ 538 2+ 0.41(aE)°,
Amox=2a[217E 2+0.72aE)%9,

where E=kinetic energy-1024 eV anda=thickness of a
monolayer(in nm). The thickness of a monolayer may be

estimated as the 1/3 power of the atomic volume of the com-

pound:
a®=MW/(pnN,) X 107,

where MW is molecular weighin kg/male, p is the density
(in kg/m®), nis the number of atoms in a molecule aNg is
Avogadro’s number6.02< 107 (in molecules/molg
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