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Abstract

Transition metal dichalcogenides are well known for their outstanding lubricatomerty. The
special one of the family membersetallic NbSe film, was deposited by sputtering in this study. The
microstructureglectrical conductivity and tribological propertieB NbSe films were investigated by
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectrectroscopy (XPS), field emission
scanning electron microscopy (FE-SEM), grazing incidence X-rafradiion (GIXRD), high
resolution transmission electron microsgdplRTEM), four-probe meter and badir-disk tribometer
The results showed that the microstructaféNbSe film could be tailored by simply controlling the
sputtering powerThe suitable power of 180 W promoted to crystal growth of Blfie with edge
plane orientation and formation of columnar structure, which possessestdtic contact electrical
resistivityand good adhesive strength on steel substrate. Both the dense anidnisosade by lowr
and higker power, respectively, exhibited the downtrend of contact electroconductive lanzhiive
properties The mechanism was discussed in terms of densification and crystatiinfiims and
transfer film formedon counterpart surface after sliding friction proceBkis novel NbSgfilm with
low friction and dynamic contact electidt resistancebehaviors was expected to a more feasible
candidate for lubricative and electroconductive bifunctional material application.
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1. Introduction

Functional surface modification of the engineering materials is essentiahdompurpose of
enhancing their service reliability. Lots of solid lubrits (transition metal disulfides film (TMDs, or
MX,: M=Mo, W and Nb, X=S, Se) and anti-wear materials (nitride or carbide ce)anaies been
studied and employed to protect the contact surtdcthe most mechanical systemsth moving
components[1,2]. With the development of the integration trend of functional surface, the
single-function film could not meet the need of multifunction applicatioqploitation of lubricative
and electroconductivebifunction films with excellent performance is highly desired for ynan
electromechanical devices with dynamic contact mode, including conneetags andswitches, and
soon. This expected film is alsascientifically interesting topic.

Transition metal disulfides are characterized by a laminar structure and tihg $letiveen basal
plane of material occurs easily under a shearing force in dnjtmmmdespecially in vacuum, which
could exhibit a low friction behavior finally [3,4]Previously, most of the research works of
single-function solid lubricant film for space application were dobused on Mogand WS based
films. However, they posssthe intrinsic high contact electrical resistivity (8&1cm and 1442-cm,
respectively) owing to their large direct band gaps [5,6]. MisSene of the TMDs lubricant families
and the previous investigations has already revealed that lE3ents robust metallic behaviors with
a band crossing the Fermi Level originating from the fully unoccupigthdacter valence of Nb atoms
Thus, the metallic NbSematerial has not only low friction behavior but also the excellent
electroconductivity (electrical resistivitpf 5.35x10* Q-cm) at room temperatur§?]. The eaty
research on Nb$es the lubricant additive was carried out in the 1960s and the positive cooperation
between it and the matrix could optimize the lubricative and electroconductivecteratics for the
bulky composite material§8,9]. Recently, the keen interest in low temperature superconducting
character of NbSealso has been expressed by up-and-coming physitigtsNevertheless, this has
not led to further systematic investigation of lubricative and electraming bifunction NbSgfilms
so far.Similar to or even much better than the traditional Masd WS films, the solid NbSgshould
have extensively been used as ltifanctional film on the surface of engineering materidlserefore,
the identification of NbSecompound as potential lubricative and electroconductive bifunctional film
should have opened up a new exciting path for the functional surfaddication of engineering
materials.

As compared to the traditional preparation processes of film, such as cheapicadeposition and
pulsed laser deposition, the magnetron sputtering technology has tHeangradvantages of good
uniformity, reproducibility of deposited film and the low damagerde®f substrate [11,12]. Therefore,
the NbSe film was deposited by using the magnetron sputtering technologhisnstudy. The
motivation of the present work was to investigate the effect of spttplésma on microstructure and
mechanical properties of NbS#Em and itsbifunctionality (excellehlubricative and electroconductive

performances)
2. Experimental details

2.1 Film deposition



NbSe films were deposited by using radio frequency sputtering techmgaeylindrical chamber
with equipped magnetroiT he films deposited on the commercial n-type Si (100) wafer substrate were
used to the composition, structure and morphology analysishaseon 9Cr18 steel substratedb@5
mm x 4 mm)with surface roughness,ess than 30 nnwvere applied for the mechanical/tribological
properties testMearnwhile, the films on microslide substraf25 mm x 25 mm x Inm) were selected
for the analysis of film electroconductive properfjirstly, the cleaned substrates by alcohol and
were set on the sample holder in the vacuum chamber. Befus#iolepthe vacuum chamber
was evacuated to a background vacuum being superior:t@QdZ®a, and then the substrates were Ar
ion etched for 15 miat a bias voltage of600V to remove possible adsorbates on the surfacen®
the film deposition, the sinteredbSe target (99.9%) was sputtered continuously at sputtering power
of 120 W, 180 Wbr 240 W for different films. For comparison, all the film thicknegas controlled to

be around 1#40.1um. The detailed deposition parameters are listethivie 1.

2.2 Composition, structure and properties characterization

The chemical composition of films was analyzed by X-ray photoelectpettroscopy (XPS,
EXCALAB 250Xi) equipped with an Ar ion sputtering gun and a monoeitatic Al Ko radiation at
pass energy of 29.4 eV under a background vacuum efl@/0Pa. The XPS spectra of films were
referenced to Cls line at 284.8 eV. Their crystallographic analyassperformed on a grazing
incidence X-ray diffraction (GIXRD, EMPYREAN) device with CwkKadiation (40 kV, 30 mA) in
grazing mode (1°) and a high resolution transmission electron mip@sgdRTEM, Tecnai G2
F20S-Twin) operating at 200 kMhe sample for HRTEM analysis was prepared by a mechanical
polishing method and then Ar ion milled at a low angle to sampiface. Film morphology and
elemental composition was investigated by a field emission scannirtgorl@sicroscopy (FESEM,
JSM-6701F) attached with an energy dispersive X-ray spectroscopy (EibS)surface topography
and roughness were analyzeddmatomic force microscope (AFM, Multimode V8).

Film hardness and elasticity modulus were evaluated by the nanoindBlatootést 600). The
indentation depth was about 15% of the film thickness to exclude thenn#éuof substrates and five
replicate indentations were carried out for each sample. The adhesive stretigghfioh on steel
substrate was measured &yanoscratch tester (UMT-2MT) with a conical diamond tip of o
radius and0° taper angleFor the scratch test, the loading speed of normal forc®®WasN/s and the
maximum loading force was.@ N, and the scratch track length wa® tnm. A four-probe meter
(RTS-9, 4 PROBES Tech) was employed to evaluate the electrocondpctiperty of film in
stationary state. The values of electrical resistiviyof film were calculated by equation pfp.*d,
in which d represertithe thickness of NbSdim.

The friction and wear performances of Nb8bns in ambient atmosphere (185°C, 20~30% RH)
were evaluated using a balhdisk reciprocating tribometer (UMT-2MT). The tribological
performances in low vacuum atmosphere @356, 0.1~0.5 Pa) were estimated by a lmadldisk rotary
tribometer (GHT-1000E). The disk was the coated steel substrate and thes@t1gll with diameter
of 4.0 mm was used as a counterpart. The testing conditions are summariZadlén2. After the

friction test, profile images and composition of the wear scar wereefuanalyzed by FESEM and
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EDS. The in-situ lubricatve and electroconductive performances of films were carried out by the
ball-on-disk reciprocating tribometer (UMT-2MT). Anithe dynamic contact electrical resistiviyas
measured by the build-in resistance semsvthis tribometer. Before the test, the anode of the sensor
was connected with indenter of the triboareand the cathode of it and the bottom of coated stee
substrate were joined together by a stationary fixture. A whole circuit compléted the indenter
touched the surface of the filon the steel substratand the resistance sensor received the resistance
signalsin real time The resistance and friction signals could be collected in real time dsliitigg
friction process.

3. Results and discussion

3.1 Composition and structure

The elemental composition of NbS#@ms is listed inTable 1 which were normalized to 100 at. %
could be noted that with increase of sputtering target power from 188 240 W, the Se/Nb ratio
increased from 1.73 to 1.95 and the detected oxygen droppadhfgh rate of 36.67 at. % to 20.0
at. %. For the sputtered MXTMDs) films, the ratio of X to M were always lower than stoichiometric
ratio of 2 and the oxygen was introduced due to contamination by tabbvi residual
oxygen-containing substances in the vacuum charfh&B]. The Se loss in NbgS&m should be
mainly attributed to the substitutions of Se by residual active O and piteeresputtering ofSe
during film deposition proceséll the high target power, high working pressure and low strength of
accelerating electréd field could raise the plasma density and reduce the mean moleculpatheef
active particle in dramatic sputtering plasritus, the preferential resputterimg Se atoms in this
metastable film declined due to the low energy active particles, and the rglatiyelSe/Nb ratio was
achieved.

The chemical component of the films was further analyzed by XPSthantypical profiles of the
XPS spectra of Nb 3d and Se 3d are showkrignl. As reported previously, the Nb s3dand Nb 3¢,
peaks forNb*" in NbSeare located at bonding energy of 203.2 eV and 205.9 eV, and thaks at
203.6 eV and 206.4V for Nb®" in NbSg and at 207.3 eV and 2106V for Nb°* in Nb,Os,
respectively. The peaks of Ses;3dnd Se 3¢, for Sé in NbSe are located at 52.9 eV and 528,
and those peaks at 54.2 eV and 55.1 eV fSriS&bSe, respectivel§12,14,15] It could be found
that the surface of the as-deposited Nbfien is consisted of the majority of NOs and a small
amount of NbSgand NbSg as shown irFigs. 1 (a) and (c). The massive oxide of Nb®ased film
surface should origin from oxidation of the transportation procegsnamnsic existence oxide phase
of film itself. To characterize actual chemical components of films, thewas employed to etch
the surface of the as-deposited films for 40 s to eliminate thenektérfluence on chemical
composition. After the etching process, the Nb 3d and Se 3d peak wisezirby C 1s peak 284.8
eV. The co-existence of inherent phase Nh8ew components of Nbgand NOs, as shown irFigs.

1 (b) and (d), should be formed during the growth of fiflnthe sputtering plasmdsuneta et al[16]

have found that the chain-like structure Np®as much easily formed as compared with NloiBeng

the film growing process because the largest facet of Nislesix-fold rotatioml symmetry Along

with the formation of NbSgechains, an array of tiny parallel chains could also merge into a plane and
then the NbSgformed after the dselenidation of NbSghase While a partial of NBOs appeared due



to the stronger affinity between O and Nb than that between Se andtiébantive sputtering plasma
atmospherd17]. So it is reasonable for the appearance of three components in thisteedos.
Based on the sub-profiles of Nb (Nbfor NbSe and NE* for NbSe) in the XPS profile,the
component ratios dilbSe/NbSe of the films have been calculatetBble 1). The NbSeNbSe ratio

in the range from 0.85 to 0.96 verified tlagtartial of NbSe phase could be formed even in the active
Nb, S and O particlplasma atmosphere. This method of depositing NfiBe would be expected to
provide the potential possibilities for itdifunctionality (lubricative and electroconductive
performances).

The GIXRD spectra of NbS&lms on the steel substrate are showrkig. 2. It could be seen that
both the films deposited under strong sputtering plasma conditionefpayi 180 W and 240 W)
mainly exhibit hcp-NbSg(002), (101), (103) and (112) diffraction peaks with aqarefd orientation of
(101) plane. The absence of Np%&d Nb,Os crystal phases indicated that both of them should be
amorphous structure. A dramatic change that the diffraction peak interdiiipped to a very low
level occurred as the sputtering power was reduced to 120 W. The Gledribsrrevealed that the
crystallinity of NbSe film could be adjusted by changing the plasma atmosphere durmgrfiwth in
vacuum chamber. HRTEM is sensitive to the ordered arrangement ¢dl.cflys further elucidate
nano-scale structure of the films, the cross-sectional HRTEM lattice imagesperformed and the
typical results from S2 sample are exhibited-ig. 3. The selected area electron diffraction (SAED)
pattern, as shown iRig. 3 (a), lascontinuous rings of Nb$€002), (101) and (112) planes. fing. 3
(b), the films exhibit a composite structure of nanocrystalline andpos phase. The absence of
basal plane orientation lattice further proved that the films grew preferentidiyNbSe edge plane
orientation although it was always restrained by the amorphous pbasd®/. The result obtained from
the HRTEM is well line with the structure information from RR analysis

The surface and cross-sectional FESEM images of Nblses are presented ifig. 4. At low
sputtering power of 120 Wthe film mainly exhibits appearance of compact and featureless-like
morphology, as shown iRkigs. 4 (a) and (d), but disappearance of the columnar structure which is
constantly accompanying with crystal growth of edge pldihe strong sputtering plasma (sputtering
powder of 180 W) could be contributed to the formation of typicklmoar morphologyKigs. 4 (b)
and (e)) which should be mainly caused by sufficient surfacesifi and insufficient bulky diffusion
of adatomsMoreover, the films had the high growth velocity in the [hk0] dioets in the high active
plasma during film growtH18]. With further increase of sputtering power to 240 W, the loose
characteristics of NbSdilm became much more obviouBi¢s. 4 (c) and (f)). In addition, the surface
roughnesasof NbSe films show an uptrend, from 7.1 nmjRt 120 W to 58.2 nm (Rat 240 W, as
shownFig. 5. The high activity of plasma generated by high sputtering poweregasded to be a
main factor for the insufficient bulky diffusion afrowing film, which finally resukd in the
preferential and rapid growth of micro zones. Meanwhile, the anabatic resputiegrowing film by
the excessive energetic particles in the plasma would interrupt the sustainatite afrtawge crystal
[19]. In this study, the sputtering power of 180 W was considered thebenost suitable sputtering
plasma atmosphere for the growth of Np8bn which exhibited optimal crystallization and good

uniformity.



3.2 Mechanical Properties

To probe the effect of structure evolution on the mechanical propertiespatho-indentation
measurement was conducted on Nbf#ms and the hardness (H) and elastic modulus (E) results are
shown inFig. 6. It could be found that the hardness and elastic modulus of filmsieahdowntrend
from 3.4 GPa to 0.8 GPa, and from 66.7 GPa to 23.2 GRpectively, as the Nbgéims were
growing in the rising strength of sputtering plasma bombardnemgfenerally, the film densification
and solution hardening effect, namely the distortion degree efnthtrix lattice of film, were
considered to be the main influential factor on the film hardnBss.low H and E values of the
columnar films (S3) were attributed to the loose structure of film withifségnt porous morphology
[20]. The increased density of film (S1) growing in the weak spatigslasma atmosphere contributed
to the improvement of film hardnes@/hile, the carefully controlling of sputtering plasma by using the
source power of 180 W could not only promote the crystallizatidgheoNbSe film but also increase
the film density which is need for high hardness and higlyicgrcapacity.

Generally, the adhesive strength and toughness of film were consideredtioebanain factors
impacting on the tribological propertigsig. 7 presents the friction force J(Fand friction coefficient
(COF) curves of NbSdilms on steel substrate tested by using nano-s@afthe scratching process
on films could be defined to be two typical stages: the first gmtesion stage under low applied
normal force condition and the second peeling stage of film unaergagh applied normal force. The
normal force applied at the critical point between these two stages is defittedd athesive strength
[21]. The S2 film has the highest adhesive strength up to 71hgFpitsin flaking zone at the scratch
scar sides of S1 and S3 film were more serious than that in SNfEwertheless, there are still more
regions covexd by the residual NbSdilm at the end of the scratch scar of S2 film profiling from the
robust adhesive strength on steel substrate. In addition, there is ateh sigbris around the scar due
to film brittleness. The above results revealed that the evolution of,NibSestructure had significant
influence on the mechanical properties, which might also determine thecative and

electroconductive properties during the sliding friction process.

3.3 Lubricative and electroconductive bifunctional performance

To well elucidate the electroconductive performance of Niie, the contact electral resistivity
(p) in static state of film coated on insulation glass substrate was measiréte results are shown in
Fig. 8. It could be found that thevalue (up to 15.72-cm) of S1 NbSgfilm with low crystallinity was
much higher than those of S2 (0.095cm) and S3 NbSefilms (0.72 Q-cm), both of which were
polycrystal. Previously, Barshilia et dR2] have revealed that the contact electrical resistivity of Au
based coating also increased by two orders of magnitude as a sméillyopfanetero-elements was
introduced as compared with the pure and well crystallized Au material. The osdteEmrdement of
NbSe crystal of S2 film could reduce the interference of periodic potential fieldeaitkering process
of free electror[23,24]. Thus, the S2 film with relatively high crystallinity possessedItiw contact
electrical resistivity. However, the loose structure characterized by increasedirggaitenumerous
columnar platelet boundaiy S3 film would bring down the Hall mobility and carrier concentration,

leading to higkr contact electrial resistivity.

Fig. 9 shows the mean friction coefficient and typical friction coefficienves of NbSeg film on



steel substrate in both ambient £20RH%) and vacuum conditionghe results show that for all the
films, the vacuum friction coefficient was ~0.04 while the S2 filmveh the longest wear life up to
3.8x10° cycles. It was 10 and 13 times longer than those of dense Silafiémloose S3 film,
respectively. As the work condition was switched into ambient environtienfriction coefficients of
S1 and S2 films increased significantly to 0.07~0.08 and the S3vAlsnworn out quickly, indicating
the looser structure Nbg&lm was more sensitive to humid air than the relatively dense NiiSe
As reported previolyg, the TMDs films constantly possessed relatively low friction coefficiant i
moderate environments (vacuum and dry condition) benefiting tihemearranged orientation to basal
planes which were parallel &liding surface induced by friction interacti¢®5,26]. Thus, as one of
TMDs, the wear track of Nb$dilm should also underwera recrystallization process from the
amorphous phase (S1 film) or crystal orientation transformation rdces (101) plane (S2 and S3
film) to (002) plane to achieve low friction. The wear resistance of $¥IBh mainly dependd on the
robust subsurface of wear track that acted as the supporter betweernurnbterpaots. The suitable
density and occasional introduction of Np&ad NBOs during S2 film growth process would tend to
form the mixture phase at subsurface layfewear track to enhance film wear resistance in the sliding
process [1R7]. Based on the research results, the S2 NfilBe with good crystalline and suitabl
densification exhibited relatively better electroconductive and tribological performances.

Generally, the transfer film formed on counterpart ball surface is ones dfmibortant factors that
impact the lubricant performance of filmsig.10 shows the FESEM imagemd the corresponding
EDS spectra of wear scar on counterpart after sliding ofl0’2cycles in ambient environment. It
could be found that the formed transfer film was surroundetiffgrent quantity of wear debris on the
counterpart surface for different films. The compact and large trafiiaieiormed by S2 film could be
confirmed by the FESEM images and the strong signals of Nb and ®e icorresponding EDS
spectrum (as shown ifig. 10 (b)). In comparison, the wear debris are more considerable and
powdered for the S1 and S3 NbSi#ms, which would go against the formation of effective transfer
film and lead to rapidly wear and shoreavr life [21,28]. The weak signal strength of Nb and Se
elements in the EDS spectra of Flg; 10 (a)) and S3Kig. 10 (c)) further verified the inferior quality
of transfer film. For this type of oxidation-sensitive film, tle@se structure of S3 Nbgs&Im with
numerous active edgésmore likely to react with environmental moisture to produce bgide phase

leading to wear severe[29].

To well elucidate thebifunctionality of NbSe film in actual working condition the in-situ
lubricative and electroconductive properties of Nbf8ms on steel substrates were tested by using the
UMT-2MT ball-on-disc testerin order to further comparatively study the bifunctional properties of
lubricants, the bare steel substrate and DLC were also measured hLp-dite mode. The
corresponding the friction coefficient and elediticesistance curves are shownhig. 11 and the
mean values of them are listed Table 3. It could be found that the conductor bare steed High
friction coefficient up to 0.67 and the elec#iicesistances 13.41KQ (Fig. 11 (a)). As shown irFig.

11 (b), as a lubricant, DLC could achieve relatively stable and low friction cieeffidown to 0.205
but the high electri resistance up to 96.44Q whichis not expected as electrical contact film. Much

better, the S2 NbSdIm possesssnot only the extremely low friction coeffigieof 0.066 but also low



electrial resistance of 0.37 & (Fig. 11 (c)), whichis unreachable by other non-noble metal filFhis
excellent low friction and high electrical conduction behaviors of MNHiBe would be rapidy
terminated as the lubricative layer was wornauthe wear track.

The sputtering plasma atmospheres for the growth of Nfi§ecorrelated with their mechanical,
lubricative and electroconductive properties, which should be ascribed to thetmattwe variation
of films. The careful controlling of sputtering plasma couldmpote the significant improvement of
NbSe crystallinity of film but without negative loose and separated columnar platelets, i.e. increased
dense microstructure of film. In this study, the inherent electrocondu&if@mance of NbSecrystal
could be well reproduced in the superior Nb&kn. The densification of film and solid solution
hardening effect by occasional introduction of Nb&ed NBOs during film growth process were also
considered to be responsible for the hardness enhancement and higtg capacity of NbS4ilm.
Moreover, the rearrangement of wear track surface layer with biswsporiented parallel to the
surface induced by friction interaction could play a main role on thérlotion coefficient [25,27]. On
the basis of chameleon principle [30], the non-lubricated Niz®e NbOs would be selectively
released from the wear track surface to the subsurface layer in the plidoggs, which could tend to
form a mixture phase of random NBSBbSe and NBOsand acted as the robust support layer for
achieving high wear resistance. The effective and compact transfer ffitredaon the steel counterpart
surface was in favor of sustaining the film lubricant action as wehegood electroconductivity in
the sliding process. This novel NhSém with low friction, high wear resistance and low eleditic
resistance performances prepared by sputtering technology could ldecethdéo be a more feasible

candidate for lubricative and electroconductive bifunctional application.

4. Conclusions

NbSe films were deposited by radio frequency magnetron sputtering andithestructure has
been tailored by simply controlling the sputtering power. The presdncevw components of Nbge
and NBOs duringthe film growth processhould be due to higher stability of Nb element with high
valence state in both NbSand NBO; than that in NbSe The suitable sputtering powesf 180 W
promoted to NbSecrystal growh with edge plane orientation and formation of columnar structure
While the low power resulted in amorphization and densification trend of Jin8ethe extremely
high power leaddto inferior structure of coarse columnar platelets with high roughRes&2NbSe
film with optimized crystallinity, the hardness and adhesive strength on steebsilvgis up to 3.2
GPa and 71gF, respectively. The BBSe film on insulation glass substrapmssessed quite low
static electrical resistivityof 0.097 Q-cm as compared to other non-noble metal films This superior
NbSe film on steel substrate also presentddw friction coefficient of 0.04 and long wear life of
3.8<10° cycles in vacuum conditionMoreover, the lubricative and electroconductive bifunctional
properties were implemented simultaneously for the thin NbiBein the in-situ test mode, with low
friction coefficient of 0.066 and low dynamic contact eleetriesistance of 0.37 & This method of
depositing thin NbSe film should be considered to be potential possibilities for bifunctional

performance application in special precision component.
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Table

Table captions
Table 1. Film deposition conditions, thickness and chemical composition.
Table 2. Sliding friction test conditions of film on steel substrate.

Table 3. Comparison of friction coefficient and electrical resistamicgifferent filmsin-situ studio.



Table 1.

Sputtering Working Bias Sputtering Thickness
No. Se/Nb NbSe/NbSe
time(min) pressure(Pa voltage(V) power(W) (um) (at. %)
S1 100 1.0 -100 120 13 1.73 0.96 36.67
S2 80 1.0 -100 180 14 1.78 0.86 20.74
S3 50 15 -80 240 15 1.93 0.85 22.91




Table 2

Tribometer GHT-1000E UMT-2MT

Counterpart 9Cr18 steel ball®4 mm) 9Cr18 steel ball®4 mm)

Load 1N 1N

Cycle time - 40 min

Rotate speed 1000 r/min 300 r/min

Temperature 15~25C 15~25C

Environment 0.1~0.5 Pa 101.3 MPa, humidity of 20~30%H




Table 3.

Properties Steel substrate  DLC film NbSe film (S2)

Friction coefficient 0.67 0.21 0.066

Electrical resistanceK ) 13.41 96.44 0.37




Figure
Click here to download Figure: figure.doc

Figure captions

Fig. 1. XPS spectra of Nb 3d of S2 NkSiém (a) before and (b) after argon-ion etching, Se 3d of
S2NbSe film (c) before and (d) after argon-ion etching.

Fig. 2. GIXRD spectra of NBe, films deposited under differesputtering power.

Fig.3. Cross-sectionaHRTEM images of S2 Nb$dilm: (a) selected area electron diffraction
(SAED) patterrand(b) morphology of typical zone.

Fig. 4. FESEM images of surface morphology of (a) S1, (b) S2 and (c) S3;Mlin®e of
cross-sectional morphology of (d) S1, (e) S2 and (f) S3 Nii®s.

Fig. 5. AFM images of (a) S1, (b) S2 and (c) S3 Nii#hms and (d) surface roughnesf4#) of

NbSe films

Fig. 6. Hardness and elastic modulus of Npflens.

Fig.7. Scratching test curves and typical fracture FESEM morphology images after scratch test
for (a) S, (b) S1and(c) S3 NbSgfilms on steel substrate.

Fig. 8. Electrical resistivity ) of NbSe films on insulation glass substrate.

Fig. 9. (a) Average friction coefficient and (b) typical friction curves of Nbflens in ambient
environment and (c) typical friction curves of Nb8ken in low vacuum condition.

Fig. 10. FESEM micrographs and EDS spectra of wear scar on the counterpart ball of (a) S1, (b)
S2 and (c) S3 NbSé&Ims.

Fig.11. In-situ friction coefficient and electrét resistance curves of (a) steel substrate, (b) DLC

film on steel substratend(c) S2 NbSgfilm on steel substrate.
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