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Novel Qu-based compositewith niobium selenidgNbSe) andreduced graphene oxide
(RGO) were sucessfully fabricatedsing powder metallurgynethod (PM) The physical
and tribological behaviors of compositesere systematicallystudied It was found that
compaed with copper Cu-based compositeshowedincreased hardnesmnd decreased
density BesidesCu-based compositevith 18wt.% NbSe and2wt.% RGO possessd the
excellenttribological propertiesamong all composites. According &perimental data
analysis a complete and dense trifion was formed on the worn surfacepainly
compodng of Fe0;, CuO, NBOs, RGO and NbSethiner sheets exfoliated
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1. Introduction

Metallic matrix compositewith excellent mechanicalnd tribologicalpropertiesusedas
advanced enginering materiase the most promising materiats many industries Especially,
Cu-based compositdsave always attracteavide attentionbecause of goothermal ancelectrical
conductivities,good corrosion resistancease ofporocessandlow costcompared withall metallic
material$l-5]. Especially in tribologythe appliacation of coppenatrix compositesvas limited
greatly due tdow hardnessand poor antiwear properties Someresearchers have reported that
high loads or sliding speeléd to severe damage to copper and its compositdhe process of
friction [6-8]. Therefore, it is the primary work to improve the tribologicabpgarties ofcopper
and its compositelsy addition oftransition metal dichalcogenid€glX,)or graphite etcHowever
they alsohad many drawbacks which led to them not be used inxtnenedy environment.For
example, graphite possesss the excellent lubricity, but itsé poor performance in tribological
properties would be experienced when in vacuum or dry environnéo® .with exceptional low
friction coefficient and wear ratwas appliedn vacuum circumstanc&urthermorethe hardness
of graphite andvloS; is low, whichseriouslydeterioragsthe loadcarrying capacity ofomposites
Therefore,it is vital to develop outstandingribological propertiesfor Cu-based composite®
satisfythe requirements.

Transition metal dichalcogenid®hSe hasa hexagonal layerestructurelike MoS,and
graphite which has exellent selflubricant propert}9]. In the past few yearsye have studiedhe
tribological propertiesof NbSe into metal matrix Tang et al [10] have found thatCu/NbSe
composites containing appropriate  NbSe show low electrical resistivity and outstanding
tribologicalbehaviorsChenet al[11], who havereported thatte addition ofcoppercoatedCTNs
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and NbSeg in copper matrixwould improve electrical property and tribological behavior of
Cu-based compositeZhang et al [12] have investigated that the plastic deformation of the
substrate can be effectively decreased by filitigse so that enhance the antifrction and antiwear
behaviors of composites.

Recently,extensive attentiors paid to gapheneor its properties such dsigh electrical
and thermal conductivityhigh modulus fracture strengfi3]. With its excellent properties, the
tribological properties of @phenehave aslo been exploredhe tribological properties of metal
matrix compositesontaining gaphenewere reported in mangreviouspapersXu et al[14] have
found that TiAl matrix compositesvith multilayer grapheneandrasticallynot only enhance the
strength but reduce friction coefficient and wear rate of compositeghang et gll5]have
investigated that Fe-Ni matrix compositeswith MoS,/RGO exhibits excellent antifriction
propertiesdue tothe combined effects of solid lubricants aitengthening phassmpared with
Fe-Ni matrix. Unfortunately no relevant reports abothe investigation of NbSeand graphene
used inthe Cubased compositegere found.

In this work,two lamellar materials reduced graphene oxid®RGO) and NbSgwere
preparedand then were added in@u matrix. And the corresponding reinforcing and lubricating
mechanisms were discussed as well.

2. Experimentald etails

NbSe weresuccessfullypreparedising solid state sintered technolagydthe fabrication
processwere described[16,17]. Exfoliation of graphiteusing the modified Hummer's method
could synthesizesuccessfully tpphene oxidéGO)[18]. 4g graphite powder and 4g NaN@ere
slowly added intd200 ml cooled @°C) concentrated $$0O,. The solutionwasstirredmechanicaly
in a 1000ml breaker.30 g of KMnQ, was slowly added into mixture wisirring, and the reaction
lasied for about 90 min.After cooling down to room temperaturethe mixture wasslowly
transferred intocold (’C) deionized waterfollowed by adihg 30% HO, slowly until the
solution changedinto bright yellow. The solid producivas centrifugecand washedor several
timeswith 5% HCI solution andidtilled wateruntil the pHof the mixture wasbout7. The GO
nanosheeta/as obtained byrying in a vacuum oven at 80 for 8 h.

Five kinds of composites werpreparedby powder metallurgy techniquénd Table 1
listedthe compositiongdenoted a€, CN, CGN1, CGN2 and CGNB Fig.1 shows the schematic
illustration of fabrication process dpecimen CGHN, CGN2 and CGN3The prepared GO
nanosheets wamddedinto acetone and sonicatéy ultrasonic dispersing technology for over 6h
so thatformed the homogeneousliscretely suspensiois-preparedNbSe were added into the
aforemention suspensiomhich be mechanicallystirred for 3 h.High-purity copper (56m)
powders was added aridrmed a powder slurryvith stirring after the hydrazine hydrate was
addedslowly. The slurry waddried to form thefreezedried composite powddry freezingand
thenkeptunder vacuum (Ra)to remove the water.

Finally, the mixed powder wasold-presssedat 500 Mpa and sinteredin a nitrogen
atmospheret 800C for 2h. As the temperaturedecreased tooom temperatutethe surface of
specimensvere processed for the following tests and analyses.comparison, specimen and
CN were fabricated using trebovefabrication process

Cold-pressing

Fig.1. Schematic illustration of fabrication processspecimen CGN1, CGN2 and CGN3
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2.1.Characterization

The phasecompositionof aspreparedspecimensvereidentified byX-ray diffractometer
(BrukerAXS). The morphology ofasprepared powdersere analyzedby SEM (JSM-7001F
equipped with EDSTEM (JEOL-2010).The morphologyand phase compositionswbrn surface
of specimens was examined VBEM (S-3400N) equipped with EDS and.aser Raman
Spectrometer(DXR). The elementl states of wear scars wewnalyzedby XPS (Thermo
ESCALAB 250XL).

Archimedes principle was employed to measure the composite denait@sdingto
ASTMC-20 standardThe hardnes®sf specimenswvas estimated byan MH-5 Vickers hardness
instrumentattheload of 5N and thedwell time of 15s.

Wear tests wereonductedbn amulti-functional tribometer (UMJ2) at room temperature
The sinteredspecimensvas used ashe disc and the size i20 mm and5 mm in diameter and
thickness respectively The counterpart wasé stainless bajproduced fronlGCrl5steeland the
friction diameter was 4mmand it® hardness was HR@G6 Prior to each testexperiment, the
surface ofthe stainless ball ansbecimensvere processedind cleaned with aceton&.he wear
tests were set at th@iding speed o200 rpm (0.0612 m/s), at the test time o080 min andan
appiledload of 5N. The wear ratevasexpressedsthe wear volume divided e appliedload
andsliding distancd-urther,all tests wereepeatedinder the same conditiat leasfour times

3. Results and discussion

3.1.Characterization

The microstructureof NbSe and GOare shownin Fig.2 It could be seen thaNbSe
product consised of a large number of microplates exhibiting a hexagonal structurewhich
exhibited the average diameter aboBirm and 400 nm in thickneséFig.2a) The TEM imageof
NbSe taken frommicroplates is given in Fig2b, the resultscorresponddto the result of NBe
possessing Aexagonal structurdn order to study thatructurein details,the [0001] zonexis
HRTEM as well as th&AED patternof NbSe is indicatal in Fig.2c-d. Thelattice fringeof NbSe
with a typical hexagonal structurbad a spacing of 0B m consistent withthe theoretical d
spacing for (002) planeBesides,hhe SAED patterfurthershowedthe singlecrystalline nature of
the hexagonal flakand NbSe grew normal to [0001] directiotf]. Fig.3 shows the SEM and
TEM images of GO. It clearly demonstrated that synthesized GO nanosheets, curled and winkled,
were flake structures with some foldings.

©[0001]

Fig.2. SEM image of NbSamicroplates (a), TEM pattern of NbSaicroplates (b),
HRTEM pattern of NbSg) and SAED pattern of NbSmicroplates(d)



502

Fig. 3. M image of GO (a) ,TEM pattern of GO (b) and SAED pattern of GO nanosheet(c)

The phase awstituentsof NbSe and GO were identified by XRD, and resultsare
illustratedin Fig.4. All observedliffraction peaksof NbSe could be indexed thexagonaNbSe
phase(JCPDSNo.657464with calculated lattice constants of a=3.A48nd c=12.58. Other
peaksfrom impuritieswerenot detectedindicatingthatthe NbSe wasof high purity. GO had two
strong diffractionpeals: one wasat about2d = 9.8°, relatingto (001) reflection peak, whiclas
due to the formation of intercalated water moieties and oxfigastionalities groups between the
layers of GO[20]. And arother mild peak ataround 20 could be the characteristic peéd02)
plane reflections of graphite from the graph€@@PDS nd1-0646)[21]. The (002) crystal plane
wasvery broad, suggesting that the sanyésvery disorderedlyalong the stacking direction
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Fig.4. XRD patteris of NbSeg(a) and GO(b)

3.2.Phase compositionmicrostructure, hardnessand density

Fig.5 shows lhe XRD patterns o€u-based compositeResultsthat copper were the main
phases in alsinteredcompositesand he NbSe phasedisappearedCu,NbSe as well as a small
amount of CuSephasesvere observed, whichuggestdthatmost NbSereacted with coppeand
transformed intdCuNbSe and Cu,Se during the sintering procg$9]. However,the diffraction
peaksof RGO could nobe detectedwhich might bethe strong peaks afopper covered up the
diffraction peaks of RGO1J].
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Fig.5. XRD patterns of apreparedC, CN and CGN2

In addition, Fig.6 further exhibits the microstructure amdemental distribution of
specimen CGN2 compositi.could be seen thahé¢ densemicrostructure wasvenly composed
of threeobviousphases: the gray, deep giag/well aglark regions, respectivelixccording to the
elemental distribution, the deep gnagion was rich in Cu,Nb,Se and gray region was rich in Cu
while the dark region was rich in C. Combining the results of XRDRemtlan spectrgechnique,
the deep gray, gray and dark region were CyNB88e/NbSe and RGO, respectively. It could
also be oted that the RGO exhibited both agglomerated and dispersed states.
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Fig. 6. Microstructure and elemental distribution of specimen CGN2
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Table 1 The chemical compositions, density anigro-hardness of Clbased composites in mass

. Sintereddensity hardness
Specimen Cu RGO NbSe
(g/ent) (HV)
C 100 0 0 7.31 75

CN 80 0 20 7.27 103
CGN1 80 1 19 7.18 107
CGN2 80 2 18 7.11 112
CGN3 80 3 17 7.04 104

Table 1 liststhe compositionshardness andintereddensity of Cu-basedcomposites
Specimen C had a density of 7.3gfcand an average hardness of 75HV. Speci@irshowed a
higher hardness of BBV than specimen Csuggesting thathe hardness ofompositeswas
greatly enhanced by the addition of NbEk)]. The hardness of specim&GN1, CGN2 and
CGN3 increased compared with specimen CN due to the additidRGE with the excellent
mechanical properti€$3,22]. However, the hardness of specimen CGM& lowerthanthat of
specimen CGN2, whichight bemainly becausexcess of RGO letb muchagglomerabn. The
agglomerabn of RGOdeterioraédthe mechanical properties of compodi®3$. The introduction
of low density of RGO or NbSéed to thesintereddensity of ompositesiecreased

3.3. Tribological properties

Fig.7 preserd the variation offriction coefficients and weamtes of Cu-based composites
under dry friction For Fig7a, It was clear thathe specimel€ hadthe highesfriction coefficient
about 0.55 at a unsteady state among all samples. As exphetérttion coefficienof Cu-based
compositessharply decreasedrom 0.55 to 0.23 with the addition of NbSewhich were more
stable than that of specimen C, but had a upward tiignid.was mainly because tife excellent
lubricity of NbSe determined byts laminated structuf&q]. In addition,the friction coefficienof
composites weréower and fluctuate more slightly than those afpecimen C and CN witthe
introductionof RGO.Especially,the friction coefficienof specimen CGN2 shoed the lowstand
most stale friction coefficient.The resultsfound that theantifriction propertiesof Cu-based
compositeswere remarkablyenhancedoy the addition of RGOHowever, vith the content of
RGO further increasing to 3wt.%he friction coefficient of speciemn CGN@ndedhigher value
which might berelatedto the agglomerabn of RGO.Furthermorethe changing trend dfiction
coefficients weralmostthe sames wear rates-or Fig.7b, he wear rate adpecimen Qvas about
6.5 10°mm®.N'm™. However, he wear rate of compositéspecimen CNwasas low asabout
3.5 10°mn?®.N'm™ with theintroductionof NbSe, which sharplydecreased by 46%ompared
with specimenC. The addition ofNbSe could effectively enhancethe wear resistance of
copperbased compositfy]. As a result ofthe reinforcement effecof RGO, the antiwear
propertiesof copperbased composite withNbSe (specimen CGN1) was further enhanced by
RG([13]. Besides specimenCGN2 possessed tHewestwear rateabout0.07 10°mm®.N*m™,
which wasalmostdecreased bynore thar98% in compasionwith specimen CSimilarly, as the
RGO increased to 3 wt.%, the wear rate ofiaged composite sightly increased, whualght be
because the excess of RGO ocurred saigglomerabn so that deteriorated the hardness of
Cu-based compositeand the reduction of hardness waskey factor indecreasinghe wear
resistancgl9,24]. That is, filling 2 wt.% RGO led to composites posses<s tlowest friction
coefficient and wear ratd-or the reason why theibological properties of composites greatly
improvedby means of fillingNbSe, andRGQ, it could be ascribed to two point&ne wasNbSe
and RGO provided goodlubricity like MoS, andgraphite Another waghe increaseof hardness
decreasd the frictioncoefficientand wearatg25].
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Fig. 7. Friction coefficients and wear rates of @ased composites sliding
against stainless steel ball under dry friction
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Fig. 8. Noncontact threelimensional crossection images of wear tracks obtained on
surface ospecimen a), specimen CNb) andspecimen CGNE) under the applied
load of 5 N; I, e, f) Correspondingrosssection profiles of the wear tracks

To further verityspecimen CGN2JDossessingxcellenttribological propertiesamong all
speciemnsFig.8 illustratesnoncontact thredimensional crossection images of wedracks It
could be clearly seen thtite depth and width of the wear scar gpecimen C were about @im
and1.8 mm respectively, whilgpecimen CNwere about 82mim and 1.2 mm Particularly,the
depth and width of the wear scar fepecimen CGN2 were abodt5 mm and 0.45 mm
respectivelyand the weascar inFig.8c was obviously light and smootttompared withthat in
Fig.8a and Fig.8bAbove all, SpecimenCGN2 showedthe excellent tribological propertiedue to
the combinedeffectbetweerNbSe and RGQwhichwas consistent with in Figo7
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Fig.9. SEM micrographsof specimen C, CN and CGNBN load, 6.12an/s) (a)-(c)
represenedthe worn surface o, CN and CGN2respectively(l)-(1ll) represented EDS
result ofthe worn surface of €N and CGN2

3.4 Evaluation of worn surfaces

Fig. 9 shows the worn surfaces of composites aftezartest. As can be seen iRig.9a.
pure coppesufferedserious weaevidenced bylear adhesivandserious plastic dermationon
the worn surfacendicating thaedhesivevearandserious plasticdelaminationvas the main wear
mechanismwhich was consistent with the resultpfre coppepossessing the highest wear rate
The worn surface of specimen Cé&kemedto be milder than that of specimen C Plastic
deformationandadhesion phenomenam theworn surfaces ogpecimen CNvererestricteddue
to theadditionof NbSe[8,1(. Furthermoreapart with small amount of plastic deformatishght
delaminationwas formed on the worn surfacé specimen CNwhich matchedwell with lower
friction coeffient and wear rateFor specimenCGN2 (Fig.9c), The adhesionand phastic
deformation were not found on the worn surfagbich, exhibiting the mostsmoothareawith the
very shallowgrooves, formedthe contimous and homogenowrsbo-film, which accourgdfor the
lowest friction coefficient and wear rateThis might be becauseCuNbSe/NbSe with low
shearing stresseresqueezed out from Cu mattix form thetribo-film during the sliding process,
which led to a low friction coefficien{26]. And RGOpenetrated into the very narrow grooves and
gapson thetribo-film between the asperities of sliding contaghich could change the direct
contact area of thiibo-film-the asperities of counterpdd the tribo-film-RGO-the asperities of
counterpartThe plowing effect of the asperities of counterganld be greatlyesised toprotect
the tribo-film from further damagedue to the presence of RGO nanosheets with high hardness
which was consistent with see reports26-28].
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The EDS analysis of the area marked by a rectangle on the worn surfgEziofien<C, CN and
CGN2 areshown in Fig9 (I-1ll) . For specimen CGBR the peaks of C, Nb, Se were detecipdrt
with Cu peakand the atonratio of Nb and Seelementswas close to 1;2which indicaied the
formation ofthetribo-film[26]. However, the lowntensityoxygenand Fe peaks also were found
due to some oxidgformation occuredn theworn surfacelt wasbelieved that thexides RGO
and CuNbSe/NbSe coexistdin thetribo-film, whichwereresponsible for friction reduction
Specimen CGN2 with excellent tribological propertiesvas chosen for further analysifor
determiningthe antiwear mechanism ofCu-based composite§ig.10 displaysRaman spectm
of theunworn surfaceand worn surfacef specimenCGN2. Few peak of NbSgwas detectedn
the surface of mecimenCGN2 before wear testdowever,NbSe, F&0O; CuO and RGOwere
observedon the tribo-film of specimenCGN2 and the peak of Nb$Sbeeame more and more
obviousafter wear testwhich demonstratethore NbSe wasreformedon the worn surfaceCuO
and FgO; was formed by oxidation dfu, and Fetransferred from the countergé#,29] due to
the effect of friction heatNbSe was reproduced by the decomposition of,XhSe. The
formation of oxids and réormation of NbSe accountedor the reductionof friction coefficient
and wear rate during the rubbing proc2ép[Besidesthe position of thé\,4 peak of NbSgwith
noticeable angular widening of the relative profiles shiftedjatively from about 230cihto
215cni after wear testompared with the position of,fpeak ofaspreparedNbSe, which meant
the inplane structure of NbgSwas greatly brokenAbove al, NbSe were shearednto thiner
sheetsin the process ofriction and wearwhich was mainly ascribed tdbSe with a typical
lamellar structurevaseasly sheaeddue tovan der Waal$orce between the layei®,2§].
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Fig.10. Raman spectrum of the worn surface of specimen CGN2 before and after
wear test(a) and the worn surface of specimen CN and CGN2(b); (¢hSe

Fig. 11 provides the chemical states of Cu,Nb,Se,C and Fe elements on the worn surface
of specimenCGN2. Fig.1a shove that XPSresultsof the worn surface adpecimenCGNZ2 the
observed areas foursix relatively strong peakdn Fig.1lb, XPS spectra peaks of Cu 2p were
loacated at 953.7eV ar@B82.9eV, which wereassociated witlCuO and CySe respectivelyl9,30].
Similarly, the Nb 3d spectrum could be resolved into three binding energy peake.8feV,
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207.4 eV and 210.2eV, which were corresponded to the N, 3¢b 3ds, and Nb 3d;,, chemical
states in NbSeand NBOs, respectively (Fidllc). The Se 3d spectrum also could be resolved into
two binding energy peaks of 24eV and 5%2eV, which could becorrespondedo Cu,Se and
NbSe respectively(Fig.11d). The C1s spectrum shosd four peaks a84.5 eV, 285.1 eV, 285.9
eV and287.5 eV,which muld be attributed to the carbon atoms in differ&nictional groups:
C=C, CGC, GO and GO, respectivelyFig.11e). This could beassociated witlRGOJ[31]. Besides,

the peak of Fe 2p around0 eV and 720 eV, which wesssignedo the Fe 2p,and Fe 2py;,
chemical states in BE®; and Fe, respectively (Fig1f)[30]. The tribo-film mianly consisted of
NbSe, RGO, CuFeNb-oxides and Cibe, which was consistant with mieRaman and EDS
results.It could be concluded thatearprocess promoted the formation of oxides, and formation
of tribo-film was remarkable improved tlfwction-reducing and antivearproperties of Ctbased
composites?4].

Fig.11. XPS spectra on the worn surface of specimen CGN2 after wear test

4. Conclusions

The addition of NbSeand RGO decreasedhe densitybut increasedhardness of copper.
The strengthing effect of RGO was better than that of NuSebased composisewith NbSe



