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Highlights

» Dense pure WSilm with high wear resistance in vacuum was made successfully;
» The response WS, film to space environments has been investigatad-bitu method;
» Wear life of film declined sharply as switching vacuum to atomic oxygedition;

» High friction and wear mechanism induced by atomic oxygen was destisystematically.
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Abstract

The Friction and wear behavior of both sputtered MWi8ns with looseor dense microstructures were
investigated in vacuum, atomic oxygen (AO) and vacuum/AO irradiatiomatteenvironments. The loose
microstructure of pure WSfilm composed of columnar platelets and vertical poagsl the dense
microstructure showed high compactne$be results revealed that the Wfims exhibited a periodic
fluctuant friction coefficient and high wear under the synchronizaion of AO irradiation and friction
(in-situ condition) Thein-situ results also indicated significantly diffecerfrom that of conventionax-situ
methodsAs the friction environments were switched from vacuurimisitu AO, the friction coefficients of
the two types of films increased from 0.03 to 0.07 and the lMeanf them declined identically to a small
value of ~1.%10° cycles although the wear life of loose W8Im was up to 1.¥10%cycles and that of the
dense film was longer than 280 cycles in vacuumThe friction and wear behavialid not depend othe
film compactnesdut the anti-oxidation ability of WSitself. For in-situ AO irradiation condition, the high
friction resulted from the formation of oxidation product (W}®y AO and itn by frictional
interaction was responsible for high wear.
Keywords:In-situ; Atomic oxygen,Ws, films; Friction; Wear

1/19


mailto:gaoxm@licp.cas.cn
mailto:hum413@licp.cas.cn
file:///C:/Users/Administrator/AppData/Local/youdao/Dict/Application/7.5.2.0/resultui/dict/
http://ees.elsevier.com/apsusc/viewRCResults.aspx?pdf=1&docID=116824&rev=2&fileID=2598716&msid={59509760-11AE-4E77-8A63-7DCA039FFB98}

1. Introduction

With the rapid developmemif space technology, the required service lives of spacecrafts are getting much
longer so that the reliabilityadsbecome increasingly importafithe space environment remains a major cause
of various anomalies and even emergent failures for different spacdtiafite atomic oxygen (AO) is the
dominant environmental species and mainly negative facttmw earth orbit (LEO200-1000 km altitudes)
cosmic environmeniwhere theAO exhibited high flux density~10"%-10" atomscm?®s?) and kinetic energy
(~5 eV) on exposed surfaces due to the spacéstafyh orbital velocityup to ~8 km/42]. Previous studies
and space mission reports [3-5] reweehthat many materials would be oxidized and erbdy the AO
irradiation andcosmicenvironment exposure, and hence much more attentions shouidie the response
behavior of spacecraft materials to the AO environment.

Solid lubricants are widely utilized in the space technology figlthg to their outstanding advantages as
compared to conventional oils and greasesdf}l the sputtered transition-metal-disulfides (TMDs, such as
MoS, and W$S) films might be the optimal solid lubricanfBwo typical approaches (referred toesssitu and
in-situ) have been employetb investigate the effects of atomic oxygen the chemical, structural and
property evolution of solid lubricants [7, 8]. In thgsitu method, the TMDs films were irradiated by AO for
different durations in the ground simulation system or real siiigbé experiments in LEO. Afterwards, the
structure, chemical composition and properties of irradiated films werezadadyd investigated as compared
to the original films It is generally confirmed that the Me8Ims were oxidized to Mogby AO, but this was
restrictedto the surface layer owing to the protective function of the dense oxidstidace layef9-16].
Reasonably, thexsitu AO irradiation effect on the tribological properties of Mb&sed films only exhiled
asignificant increasef friction coefficientin the initial stage of friction process [18]. The slightly negative
influence on the lubrication action of Mpfims would never ba potential dangeto the spacecraft. Actually
it must be noticed that the abovementioned response of friction behavieraeditu AO irradiation could
merely represent ideahe-shot movement of the degraded Mdiim, but it divergesfar fromthe practical
multi-cycle working mode. In thén-situ method, the evolution of structure and property changehkeof
materials is directly investigated in actual or simediatvorking conditions [8]. There is no doubt that this
in-situ way is much more accurate and reliable thgritu measurement to reveal the real-time friction and
wear behavior of solid lubricants under the AO irradiation in LEO enmieotis Tagawa et al. [8] simply
found that the friction behavior of Mg@$ilms underin-situ AO irradiation was different from that efsitu
irradiation Krick et al. [17] gave an outline d@f-situ frictional experiments of MoSbased films in the space
environment, where eight pior-disk tribometerswvere directly exposed to the LEO environméiti SSE,
Materials on the International Space Station Experiments Platform), butpgéeted results were not reported
in detail. Nevertheless, the most research wofkbe effect of AO irradiation have been implemented by the
exsitu method and it also mainly fo@don traditional Mo$ films. Thus it is very important to well
understandthe friction and wear behaviors of TMDs filmssing thein-situ methodto avoid possible
lubrication failuresand ensure the high reliability of LEO-serviced spacecrafts.

The WS; film, a typical family member of the TMDs that possesiiggher thermal stabilitythan the
traditional Mo$, was prepared by vacuum sputter technology in this work. The trilbalggroperties were
investigated in the vacuum, AO irradiation and vacuum/AQO irradiation alternat®ements, respectively.

The friction and wear behavior tiieseWS, films are characterized in tha-situ conditionsIn addition, it
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should be noted that the W8omposite films were not taken into consideration lererder to avoid some
concerngelating to the effectef dopantson the masking responsé the WS, phase to environment, although
the WS, composite films normallghowed better tribological propertied8, 19]. Herein, considering that the
structural densification was the main positive factor for better tribologicgeptiesof the composite films

[20], the WS films with both loose and dense microstructures were designed and iatexbggstematically.

2. Experimental detail
2.1 Film deposition

The WS films were deposited on Si (100) wafers using a sputtering systemgon plasma atmosphere.
The WS target (¢ 80mm, 99.99 wt.%) was utilized as the cathode of radio frequency powely 1j3.56
MHz, COMDEL, Gloucester, MA, USA)Prior to depositionthe wafers were ultrasonically cleshin
acetone and then they were put into the vacuum chamber and fixéd sample holder. As the vacuum
chamber was evacuated to a base pressure lower than 8Pa1be substrate’ surface vasetchedin argon
plasma for 10 minutes to eliminate possible contaminants. Afterwafdsnterlayer with a thickness of ~30
nm was depositedn the substrate® improve the film-substrate adhesion at argon pressure of 1.@dha, r
frequency power of 300 W arstibstrate bias voltage of -100After that, the Wgfilm was deposited at radio
frequency power of 400 W and bias voltage of -108ath the argon pressures of 1.2 Pa and®2Wwere used
to construct dense and loose film microstructures, respectively. Theitt@pdsiration was controlled to be
30 min, and the resulted film thickness was about 0.{«¢h.2
2.2 Characterization

The phase structure of the filmasanalyzed using X-ray diffraction (XRD, PhilipsPert Pro) with Cu Ka
radiation (40 kV, 30 mA)The film morphology was observed by field emission scanning elesticmoscopy
(FESEM, JSM-6701F) attached with an energy dispersive X-ray spectro&dfy. The film nanostructure
was observed by high-resolution transmission electron microscopy EMRTTecnai G2 F20S-Twjn
operating at 200 kV. The sample for HRTEM analysis was prepared lgclaanical polishing method and
then Ar ion milled at a low angle in regard to sample surface.
2.3 Friction tests

The ground-based atomic oxygen simulation systdms been described elsewhere [21]. A
microwave-electron convolute resonance power source was employaddiocg oxygen plasma in the
vacuum chamber assembleddlyall-on-disk tribometer The formed positive oxygen ions plasma beam could
be accelerated and neutralized with the negative charges on the polar plate wittivalpederged electric
field to produce a neutral AO beam. The translational kinetic energy andffliO irradiation on W film
surface could be controlled by changing the microwave power and baseregre$saxygen. In this
ground-based simulation system, the vacuum condition, AO irradiatiorrietioinftest could be controlleoly
independent operating systeri$e friction experiments were implemented using a home-maderbdisk
tribometer equipped with an AO irradiation source in three different environmé@rasuum, AO or
vacuum/AO alternate environments). The disk was thg ¥@8ted substrate, and the counterpart was the GCr
15 steel ball with a diameter of 3.175 mm and the surface rougbf@skum (Ra). During the sliding friction
processthe ball was fixed and the diskas rotating in a fixed directiorror all the tests, thapplied normal
load was 2 Nand the rotation speed was 100 r/min. For the vacuum friction, the tesseiie was lower than

6x10° Pa. For thdn-situ AO-irradiation friction test, the AO kinetic energy and flux at the sampliair
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were controlled to be 5.0 eV and 2.5¥18toms-cni-s*, respectively, and the ambient pressure wasl®5

Pa For thein-situ AO irradiation/vacuum alternative environments, the cycle period and AO irradiattgn
ratio were 120 s and 50 %, respectively. After the friction tests, tliphology and composition of the wear
track and debris were analyzed BY{SEM and X-ray photoelectron spectroscopy (XPS, PHI Quantera
Scanning X-ray Microprobe) equipped with a monochromatic &Xkray source of 1486.6 eV ). All the

XPS spectra were referenced with respect to C 1s peak at binding ei284y eV. The XPS PEAK 4.1
software was used for the deconvolution and fitting of the multigbexctra using Gaussian function, in which

the background of the spectraassubtracted using Shirley's method.
3. Results and discussion

3.1 Film structure

Generally, the sputtered WSilm exhibited a porous columnar microstructure wihworm-like or
-Iike surface, and the wear resistance was not optumato this inferior microstructuf@qQ]. In this
study, the deposition processes of MiBns were carefully designed and controlled to obtain dense and loose
film microstructures, respectivelfig. 1 shows the typical top view and cross-section SEM images of the
denseWS, film. In comparison with the common porous columnar microstruct@dg Ehis film was
obviously densified A columnar morphology was still observed but without YN&, micro-platelets and
micro-pores. The XRD resulE{g. 2) revealed that this dense W8Bm mainly exhibited 2HWS, (002), (100)
and (111) diffraction peaksith relatively broad peak shapéimplied that the growth of W.Smicro-platelets
was significantly suppressed during dense film growth proosgag to the relatively strong plasnsa
bombardment at low argon pressure [28F a result, the self-shadow effect of W®icro-platelets on
growing film was weakened and the film microstructure became coni@dt=M and SAED results (shown
in Fig. 3) proved that the dense film was mainly composed of Whocrystallites witta size of several
nanometersindicating that the crystallinity of the deposited delgs, film was poor This superior dense

microstructure was expected to acquire the better wear resistance for thefilhé23].

3.2 Friction and wear behaviors

Fig. 4 shows the two friction curves of dend&s, films in the vacuum and AO environments, respectively
In the vacuum environment, the den&&, film presenteda stable and low friction behavior throughout the
friction process of 2.8L0° cycles. The mean value of friction coefficient was 0.03. It shoalgdinted out
that the attention was mainly paid to thesitu AO-irradiation friction behavior of Wsfilm in this studyso
that the film friction test ira vacuum environmenivas not carried out to its wear Ius. In the AO
environment, the friction coefficient became relatively high and unstabtit even showed sharp increase
after the sliding friction reached to %10° cycles indicating that the film was faitl The mean friction
coefficient of dense Wsfilm was determined to be ~0.07 before the lubrication failure. Cledudyin-situ
AO-irradiation resulted in the detrimental effem the tribological properties of WSilm: the wear life
declined sharply from greater than 218" cyclesto 1.1x10° cycles (the latter was onlyne twentieth of the
former) and the friction coefficient skipped from 0.03 to 0.0fgvi®us studies [9:6] revealed that in the
exsitu experiments, the AO irradiation effect on the Mélgn was just reflecteth the film surfaceoxidation
and increase of friction coefficient in the initial friction stage. Fom#la, Cross et al1[] reported that the

AO-irradiated Mo$ film exhibitedan initial high friction coefficien{up to 0.25), but it dropped to the normal
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low value soon jusafter several sliding cycleSimilar results were also observed from our previous studies
on the space-exposed MgBased films 15, 16] and the ground AO-irradiated W8Im [24]. Unlikely, in this
in-situ irradiation investigations, the high friction behavior was coimtgthroughout the friction process and
the wear life decreased significantlg the degraded material on the upper surface was remdaeetly, the
in-situ irradiation conditiomvasmuch harsher than theecsitu one.

There was no doubt that the oxidation of Wins by the AO irradiation should be responsifdeits high
friction and low anti-wear behavior in the sliding friction proc&sgvious studies [22] have reported thahi
the exsitu AO-irradiation experiment, the Mg&nd WS films surface could be rapidly oxidized to form an
ultra-thin oxidation layer which could act as an effective protection lapésiting the further oxidation on the
surface These oxidation products efesitu AO-irradiated films, mainly Mo®@ for MoS; [16] and WQ for
WS, [24], were without lubricity and the films always exhibited high frictiadyoin the initial friction stage
because the thin oxidation layers could be exfoliated quickly by itt@fal interaction In thein-situ AO
irradiation conditionsthe oxidation and high friction behavior of the Wiim occurred simultaneously.he
instantly formed oxidation layer on the wear track of MiBn induced byin-situ AO irradiation would be
exfoliated in layemy-layer by the dynamic frictional interaction accompanying by the inevitagkeftiction
and wear

The FESEM images irFigure 5 (a and b) exhibit the wear track$ the densaVsS, film after the sliding
friction in the vacuum and AO irradiation environments, respectiviélg. morphology results suggested that
there are many particle-like wear debris distributed along the sfdbs wear track in the AO environment
Comparatively, the particle-like wear debris was less for the WS even after more sliding cycles @
vacuum environmentThe further element composition analysis of wear track by XB&d in Table 1)
revealed that the elements of W, S, O and C were detectitdarprisingly, the high C content was present
because it was normal in XPS analysis. It is worth noting that therefitfe in S/W atomic ratio was obvious
for the wear tracks formeih both environmentd~or the dense Wfilm, the S/W ratio (~1.5) on the wear
track formed in vacuum was close to the value of the as-depositediliv$~1.7). However, the S/W ratio
value reduced to ~0.9 after test undearsitu AO irradiation friction condition Furthermore,the O
concentration of 40 at.% in wear track was recorded &iftsitu AO irradiation friction which was much
higher than that 026 at.% in vacuumThe above results of the morphologies and element composition of the
wear tracks intensively indicated that the WWin was oxidized and peeled away concurreiatiyhe contact
interfacein the synchronous process of AO irradiation and sliding friction.

The friction contact zones of wear tracks forniedoth environment¢as shown irFig. 5) were further
analyzed by XPS and the XPS W 4f spectra are showiginé (a) and (b).It is obviously that three peak
profiles could be observed in both W 4f spectra but the relative intersitieem were very differenThe
lowest and highest binding energies were assigned tb&/Y4¢,, and W 1) 4f;, being located at 32.8 and
37.8 eV, respectively. According to the position, area and full widtalabtaximum (FWHM) of both WIY/)
4f;, and WYI) 4f,, peaks, the original middle peak was fitted to two peaks oM} 4f;, at 35.0 eV and W
(VI) 4f;,at 35.6 eV using Gaussian function. The XPS WI() 4f peaks were identified to B&O; asa
normal oxidation product of W325], and the XPS WIY) 4f peaks to the original state WS, [26].
Referring to the WIY) and ¥1) peak areas, the relative concentrationsN@; and WS were determined as

showed inFig. 6. For the wear track of den¥®S, film formed undethe vacuum friction, the ratio of W@
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WS, was 37:63, indicating that the main composition was MW@ the contrary, the W{vas predominant in
the wear trachfter thein-situ AO irradiation friction test of dense W8Im: up to 77 % of W@ These results
further verified that in the synchronous process of AO irradiatiorsbalidg friction, the wear of the WSilm
was mainly controlled by the oxidation firstly and then exfoliationrtayién interaction.

To further clarify the friction and wear behavior of the Mi8ns in the AO irradiation environmentte
friction test in the vacuurAO alternative environment was implemented and tfpécal friction curve is
showed in Fig. 7. The dens&VS,; film show a significarly different friction behavior as the environmental
was changed. Namely, th&/S, film showed a high/unstable frictiobehavior in the AO-irradiation
environment, buit dropped to a low/stablstagewhen the environment was switchedoinhe moderate
vacuum. The periodic process was repeatd the lubrication of film failedIn addition, it was worth noting
that a transitional period of friction coefficients was also obviously obsemheth the environment was
changed. The friction coefficient showed a graluaéicreasing trend when the environment was switched
from a vacuum to AO, whilé@ represented a sharp decreasethe environment was switchigdthe reverse
processThe former transitional period of sliding friction was about 24 cyclegshnhonger than that of the

latter (8 cycles)ln the former stagethe wear track surface would reach a steady state gradually under the

|synergistic actior of AO irradiation and friction, which was more dependerth@roxidation and the

irradiation time of AO rather than the sliding revolutions. The ladtagewas to eliminate the oxidation
product effect on the friction, which virtually depended on how maniidn revolutions were needed but not
the friction time. Thus,tiis believed that friction revolutions for transitional periadsfriction coefficient
from low to high values must be reduced if the friction tests warded out with lower rotational speed,
while in the other transitional period of friction coefficient from htgHow value, the required revolutions to
eliminate the oxidation product effect on the friction should be not vaigdficantly. Moreover, another
noticeable phenomenon was that the friction coefficient undemvérnshaped fluctuation in each revolution
under the synchronous process of AO irradiation and sliding friciieshown in inset dfig. 7. The absence
of this phenomenon in the vacuum friction process impligt the regular “V-shaped fluctuationoriginated
from the AO irradiation effecbut not instrumental error of the tribometBurther work is needed to fully
understand it. Overall, thie-situ AO irradiationhas a big negative influencen the tribological properties of
the WS films, which resulted in not only the increddeiction coefficient and noise but also the significant
deterioration in the wear resistance. The high friction and severe wear werd keiditethe continuous
formation of oxidation product by AO irradiation and exfoliation of theselabricious oxidation prodtis by
the frictional interaction.

It is well known that the WScomposite films always have better wear resistances and wider applications
than the pureNVS;film. The better wear resistances of Ys®mposite films were mainly attributed to their
dense microstructure comparison with that of pul/S, film [18-20]. It was noted that the WS$omposite
film was not taken into consideration in this study to asmthe conceivable covering effecsdopantson
the response ANS, phase to active AO. Nevertheleti®e microstructural effect on thie-situ AO irradiation
friction and wear behavior of WSilms was further considered by comparatively investigating andtbse
structuralWs, film. Fig. 8 shows the friction curves of the 009£S, film in the vacuum and AO irradiation
environmentsrespectivelyjn which thesurface topographlyESEM imageof the looseN S, film was inserted

in the top right corneidn comparison to the dense W8m shown inFig. 1(a), the loose Wsfilm exhibited a
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porous microstructure amEbor wear resistance vacuum environmerivear lifeof 1.7x10" cycles). However,
the wear lives of both loose and dense,\filBs were almost equivalent (k10 cycles)in the conditionsf
synchronous action of AO irradiation and friction. Similar to the densgfiMg a plenty of particle-like wear
debriswas observed along the wear trafir the loose Wgfilm after thein-situ AO irradiation friction
process Fig. 9), which clearly indicated that theevere wear of film occurred due to the oxidation and
delamination

In generally the solid lubricanfilms with better wear resistandée vacuum environmenalso showed
almost unchanged tribological properties even after the AO irradiation iextitu condition [24] The two
WS, films with denseor loose structure presented a significant difference in the wear lifedenate vacuum
due to the different microstructural compactness, but their wear livessitu AO-irradiationfriction process
were aImoI in this studlf.could be stated thahe importance of film compactness for the wear
resistance was differemt bothin-situ andexsitu AO irradiation conditionsThus, it wouldbe unrealistic for
the WS and Mo$-based filmsto significanty enhance their wear resistances in the ground simulation AO
irradiation or real space exposwgrvironmentonly by simply densifying their microstructure. To achieve a
desired purpose, it was necessary to fundamentally improve the araiioxidbility of the Wg based films

against the destructively synchronous action of AO irradiatiahfrictioral interaction

4. Conclusion

The pureWS, films with loose and dense microstructuresre designed and prepared successfully by
sputtering method, respectively. The loose microstructure was tyfpicgiure TMDs film and the dense
microstructure was normal for the W8omposite film. Being significantly different from the conventional
exsitu AO irradiation methodboth WS, films exhibited a high/unstable friction and severe wear against the
synchronization action dgh-situ AO-irradiation and friction. The high and unstable friction mainly resulted
from the formation of non-lubricating oxidation product ({y®@n the wear track surface by active AO
irradiation and thereby the raion dfyitfrictional interactionwas responsible for theigh wear
behavior Even though the wear resistance was different for the both loosteasdVNS, films in the vacuum
the wear lives of them were almost identipalor value of 1.1x10° cycles in thein-situ AO-irradiation and
friction condition This clearly indicated the friction and wear behavior should be not dependéheé dilm
compactness but dts anti-oxidation ability The effective approach twignificantly improvewear resistance
of WS, film in the potential service condition should be to enhance itaittation ability rather than simply
densify the film microstructure.
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Figuresand Tables captions

Fig. 1. SEM micrographs of the dense W#m: (a) surface and (b) cross-section.

Fig. 2. XRD pattern of the deposited dense MfiBn.

Fig. 3. (a) Cross-sectional HRTEM micrograph and (b) SAED pattern of the tégsélim.

Fig. 4. Typical friction curves of the dense Wf8m in vacuum and AO environments.

Fig. 5. FESEM images of the wear tracks for the dense, Wil@s after the sliding friction in different
environments: (a) vacuum and (b) AO irradiation.

Fig. 6. XPS W 4f spectra obtained from the wear tracks for the densdiliS after the vacuum arnid-situ
AO irradiation friction.

Fig. 7. Friction curve of the dense W8Im in the vacuum/AQO alternate environment.

Fig. 8. Friction curves of the loose W8Im in the vacuum anih-situ AO irradiation environments.

Fig. 9. SEM image for the wear track of loose WiBn after thein-situ AO irradiation friction.

Table 1. Atomic concentrations of the wear track analyzed by XPS for the fiM® after the friction in the

vacuum and AO irradiation environments.
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Table 1

Samples Atomic concentration (%) S/W ratio
C w S o]
Vacuum 49 10 15 26 1.5
AO irradiation 39 11 10 40 0.9
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