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Abstract

In this work multiwall carbon nanotubes (MWCNTSs)inferced 8 mol.% yttria-stabilized
zirconia (8YSZ) composites were prepared usingtiattr milling and spark plasma sintering
(SPS, at 1400 °C) in different compositions (05110 wt.% MWCNTS). The effect of sliding
speed at low (V1= 0.036 m/s) and high (V2= 0.11)m/alues has been investigated.
Outstanding wear improvement at both low/high slidispeed has been reported with the
addition of 1 wt.% of MWCNTs. This was most likedytributed to two main factors: 1) the
formation of a perfectly continuous and uniformbgrdfilm. 2) the improved flexural strength,

fracture toughness and density.
Keywords

8YSZ/MWCNTSs composites, fractographic analysis, mmachanism, tribological behavior,
SEM/EDS.

Introduction

The optimization of wear resistance and frictiomrf@oient is considered as a preliminary step
during the design of a new tribological system,eatd withstand sever thermo-mechanical
environment. Reinforced ceramic composites appeassmdays commercially competitive to the

traditional materials for example grey cast irorcarbon/carbon used in the fabrication of brake



systems which require optimised friction coeffitieand high wear resistance [1,2]. In fact,
nano-conductive particles, whiskers or fibresultiwall carbon nanotubes (MWCNTS) or
grapheme nano-platelets (GNP), multi-layered graph@VILG) have been in several works
endowed as a secondary phase into structural cesauach as: yttria-stabilized zirconia (YSZ),
silicon nitride (SiNg), silicon carbide (SiC) or aluminum oxide (k) to improve their
mechanical as well as tribological properties. Thajor advantages of reinforced structural
ceramics reside in their greater strength, reddessity, high abrasion/wear resistance and high
temperature stability [3]. Indeed, reinforced stoual ceramics demonstrated high tribological
performance at lab as well as industrial scaleclvi@nable their wide commercialization for
short and long operational life time applicatioAslvanced nozzle jet vanes used in missiles or
hot structures for spacecraft are good examplatoft life time applications where mostly melt
infiltrated composites like C/C-SiC coated with aaceic surface protection take a part [4].
Other typical applications requiring special weesistance performances for longer structural
lifetime are devoted to terrestrial applicationsliling brake systems in cars, trains, aircraft or
elevators. In this context, several ceramic matoxposites have been investigated for these
purposes [2,5,6]. Kasperskt al [7] prepared MWCNT-Zr@ composites by spark plasma
sintering. Several amounts of MWCNT (0.5, 1, 1.824 and 5.16 wt.%) have been added to
zirconia matrix. The wear test investigation hasrbperformed under a load of 5 and 10 N using
alumina ball as a counterpart. The frictional prtips decreased with increasing MWCNT
amount from 0.5 to 3.24 wt.%. However, the frictiomefficient and the wear resistance were
significantly improved with 5 wt.% MWCNT additionyhich was in line with the softer track
and the higher lubricating effect observed on tleernwareas. On the other hand, the highest
average arithmetic roughness was attributed toctimeposite with 5 wt.% of MWCNT about
0.11um compared to the other composites, where the ragghwas in the range of 0.01-
0.03um causing easier zirconia grains pull-out duringgtohg. Hvizdoset al [8] investigated
the tribological properties of graphene nanopléselgith 1 and 3 wt.% additions into 38i
matrix under (5 N) load and maximum sliding diseanaf 300 m. Steady-state of friction
coefficient were recorded at short sliding distaf@®wed by more or less higher fluctuation
depending on the composite content. According éardsults the composite with the best friction
coefficient and wear resistance corresponded ta.% wf graphene addition to 58I, matrix

where the wear rate decreased by 60% compared sfd, 3eference. The analysis of



microstructural features was related closely tovear damage mechanism. In fact, it confirmed
a strong graphene nanoplatelets interfacial bondmgsilicon nitride matrix. This high
integration of graphene nanoplatelets into the osicucture prohibited finding a significant
lubrication effect during wear test. On the othandh, intensive milling process for more than 10
h played an important role to achieve efficientodigtion and large distance between graphene
multilayers and therefore acquire the expectedliical properties. Mellet al[9] studied the
friction and wear behavior of spark plasma sinteBethol.% vyttria-doped tetragonal zirconia
(3Y-TZP) reinforced with up to 2 wt.% MWCNTSs usiggconia ball with 10 mm diameter as a
counterpart. In this study, the friction coefficien(COFs) were evaluated in macro-scratch
testing with a sliding Rockwell indenter at incregs loads. Strong oscillations have been
recorded in the COF beyond a critical load reldgivegher. The oscillations appeared earlier for
the composites with larger amount of MWCNT inducbrdtle fracture and chipping trend. The
origin of the brittle fracture and chipping werepposed to be resulted from the weak zirconia
and MWCNTSs interface or due to the tensile streappeared during the scratch test. However,
the effect of MWCNTs addition on COF under low apglloads resided in considerable
increases reflecting low wear rate. In anotherysttite influence of the applied load and sliding
speed on the friction and wear behavior of Zmith 1.07 wt.% carbon nanofiber (CNFs)
composite has been investigated by Hvizéasal [10]. A slight variation of the friction
codficient (0.22—0.27) for various sliding speeds 2,3,6 15 cns‘has been found. In addition,
a significant increase in the friction déieient with respect to the applied load from (0.@®135
via 1 N to5 N) respectively has been observed. v dmnount of debris formed by (CNFs) and
zirconia particles appeared at (1 N) applied Iddolwever, at higher load (5 N) zirconia grains
and perpendicularly oriented CNFs pull-out to thernvsurface were observed. In fact, the
mixture formed a transferred film which led to aita lubricating ffect during sliding and

therefore enhanced the tribological propertiehefdomposite.

In this study, we have focused on studying theotdgical performance of 8YSZ/MWCNTSs
composites with the aim of providing a better ustierding of tribo-film formation mechanism
with respect to MWCNTSs content and sliding speednduthe wear test. Based on the well
understanding of the wear mechanism, the furthgectibe of this study is to enable the

technological maturation of ceramic— MWCNTs compessin the future.



Experimental procedure

Commercial 8 mol.% vyttria-stabilized zirconia powsl¢8YSZ, Sulzer Metco AMDRY 6643)
with cubic crystal lattice as main structural phasel minor proportion of monoclinic phase
were used in the study. The average grain sizkeohs-received zirconia powder is abouj4
MWCNTSs (type NC3100™, Nanocyl) with an average wallmber of eight and inner/outer
diameterof 3.8 nm/9.13 nm, respectively were addedirconia powder with 1 wt.%, 5 wt.%
and 10 wt.%. The composite mixtures were milledvet media (ethanol) for 5 h and 4000 rpm
using attritor milling (Union Process, type 01-HMBM) and zirconia balls (1 mm in
diameter). The composites in powder state had ddaed at 172 °C for 25 minutes and sieved
with a filter with mesh size of 100 m. The consatidn of the composites sized of 30 mm in
diameter and 5 mm in thickness was assessed by{SS HD P5 equipment FCT GmbH) at
1400 °C under vacuum (1mbar) and uniaxial pressui&® MPa maintained during a dwell time
of 5 min. Intensive polishing with silicon carbig@pers from 80 um to 1200 um has been
applied on the sintered pellets in order to wethoge the graphite paper traces used during
sintering process and to reveal the compositesostitrcture. The final materials were shaped
into bars sized of (4.8 mm x 4.4 mm x 30 mm) byrdiad cutting (Struers Secotom-50). The
apparent densityp] was evaluated using Archimedes principle forabmposites with high and
low porosity. The hardnesdd{) was evaluated from the diagonal length of theemtdtion
marked by Vickers indenter (Shimadzu HMV 2000) @61 N load, dwell of time of 30 s for

each polished composites and calculated accordieguation 1

189.F. 103 (1)
Hv = T

Where,F is the applied load (N) ardlis the diagonal length (mm).

Semi-circular crack systems formula given by ShEtfy} was used to determine the indentation
fracture toughness based on the propagated cragthleThe composites were bended using 3-
point bending apparatus (INSTRON5966) with spa@@fm. Friction tests were carried out on
High Temperature Tribometer THT (CSM, Switzerlang)ng ball-on-disk technique at room
temperature (25 °C, air humidity 50-65%).



Commercially available g\, balls with 5 mm in diameteH, 10= 1300 N/mm? in hardness and
Ra = 0.025um in roughness, were used as counterparts agaiestsititered 8YSZ and
MWCNT/8YSZ composites. The friction coefficient)(has been recorded throughout the test
with acquisition rate of 5.4 Hz at fixed normal diogp N) and total sliding distance @t 400 m.
The speed velocity has been set up at V1= 0.036harsV2= 0.11 m/s to study its influence on
tribo-film formation and friction behaviour. The wm track profile and damage were
characterized and analysed by Scanning Electronosttopy (SEM, Thermo Scientific, Scios 2)
as well as Digital Microscope (KEYENCE, VHX-950F).

Energy dispersive X-ray spectroscopy (EDS, Oxfortxxdetector with Aztec software) was
performed for elemental identification inside anditside the wear track. Additional
characterization of the wear mechanism based orragwe arithmetic roughness (Ra)
measurements on the worn surfaces was performédDigital Microscope (KEYENCE, VHX-

950F).

The wear ratesW) were measured based on the volume I8 ér total sliding distanced)

according to the following equation:

QU <

W =

i “

3. Resultsand discussion
3.1 Microstructure and mechanical properties of EWBNCNT composites

SEM analysis is used to quantify the micro struatyproperties of 8YSZ composite with
different amount of MWCNTSs (0 wt.%, 1 wt.%, 5 wt&nad 10 wt.%) after fractographic test as
illustrated in Fig. 1. SEM micrographs of the walilled monolithic zirconia (ZR, Fig. 1la)
revealed a coarse microstructure with an averagm gize of approximately 6.11 + 4.8,
which is significantly higher than the recorded ®mweth added MWCNTs. Subsequently, as
presented in Table 1 a drastic reduction of théngseze has been observed in the structure of
ZR-1 composite from 6.11 + 4.Q8n to 0.96 = 0.4%m. At the same time, according to Fig. 1b

it can be clearly seen that the grains appear ynptdke shaped and sharp at edges reflecting



well pinned MWCNTSs along the grain boundaries. Hgribe well dispersed MWCNTSs led the
formation of an extra barrier to fracture propagiatalong the grain boundaries. This behaviour
is reinforced by minimal apparent porosity (16.5pdtained in this composite (ZR-1).

As consequence, high amount of fracture energgdsired to propagate into the next neighbor
grain, which led to a considerable flexural stréngdjsplayed by transgranular fracture mode as a
dominant mechanism. By contrast, obvious microstinat transformation induced by increasing
MWCNTSs is observed in ZR-5 and ZR-10 compositestasvn by SEM micrographs in Fig.1c
and Fig.1d respectively. Furthermore, the micrastn@al modification was illustrated mainly by
severe grain refinement 0.54 + 0.04n in ZR-5 composite and 0.28 + 0.Qin in ZR-10
composite, simultaneously with the observation otamsiderable increase in the residual
porosity to 41.64 % via ZR-5 and to 46.28 % via FRresulting from inevitable agglomeration
of higher amount of MWCNTS in matrix.

Indeed, despite the high sintering temperature 4901°C used during the composites
consolidation process, the higher amount of MWCNabits grain growth and favorite’s
intergranular fracture mode occurrence especiallyZR-5 and ZR-10 composites. The arrows
of dashed line marked in Fig.1c/d show a significamdom dispersion of MWCNTs along the
grain boundaries within the fine and granular mstmaecture, suggesting relatively weak surface
bonding and easier fracture propagation along teakest areas (grain boundaries) rather than
through the grains, therefore intergranular fraztmode is more remarkable in ZR-5 and ZR-10

composites.

On the other hand, various possible directions ¥/GNTs besides the perpendicular direction
to sintering pressureis claimed to be possible aftltoptimum amount added to the matrix. More
importantly, diverse directions of MWCNTs are amdhg principal key factors responsible of
toughening mechanismsin YSZ/MWCNTs composites (ldtack deflection, bridging and
branching) as have been reported in the literafi®¢ Furthermore, Declaet al [13] have
investigated the influence of second phase featanohssion into ceramics matrix on toughening
mechanism. The dominance of crack deflection wasied when the modulus of the second
phase was increasing resulting in considerablagtineenhancement.

The mechanical and structural properties of allgpecimens are summarized in Table 1. Three-

point bending test was carried out at room tempegafor all the specimens. The flexural



strength shows an increase in favour of ZR-1 cosgp#r the monolithic material (ZR) from 464
MPa to 502 MPa. Meanwhile, ZR-5 and ZR-10 exprepscal brittle fracture confirmed by
critical decline of the flexural strength to 263 MBnd 166 MPa respectively, which is very
consistent with the previously SEM micrographs gsial The measured apparent dengity
follows similar behavior as the flexural strengtrying between a maximum and a minimum of
6.75/4.36 glcrh respectively. The calculated hardness values shiowffable 1, Hv) are the
average of seven indents measured on the specimiegsnal with 4 mm displacement. Higher
hardness values were achieved in both ZR compesjtaal to 13.49 + 0.23 GPa and ZR-
1lcomposite of about 12.44 + 0.97 GPa comparedntdasi composition and testing conditions
[9,14]. However, in case of ZR-5 and ZR-10 the ager hardness dropped to low values,
confirming the influence of high MWCNTs content dhe overall strength of ceramic
composites[15,16] The average fracture toughneks obtained along the specimen’s
surfaces with different MWCNTs contentsing indentation crack length size are also
presented in (Table 1Kc). In the present work, the reported fracture towegis Kc of the
monolithic material ZR (3.06 + 0.22) MPa’ 2was slightly higher than ZR-1 (2.63 + 0.62)
MPam"?composite. It is worth noting that, the latter iifiested a fluctuated tendency along the
tested surface diagonal, where in some positisiglat improvement was obtained [17]. Hence,
this can be mainly attributed to well dispersionMifVCNTs along the gains boundaries after
high sintering temperature (1400 °C). In our cdse Kc decreased further by increase of
MWCNTSs addition, the ZR-5 and ZR-10 presented 1#28.42 MPam'? or 1.30 + 0.44
MPam'? (Table 1). In the same context, Makal [15] studied (3Y-TZP) composites with 0-2
wt.% MWCNTSs content with grain size in the rangel@?-148 nm, then compared their fracture
toughness obtained via single edge V-notch bearWi& and via indentation size induced by
Vickers indenter. As a results, the fracture towggsnobtained via indentation increased with
MWCNTs content and show relatively higher valuesthe range of (3.57— 4.97) M,
while the true fracture toughness measured usiny NEE varied independently of the
composition, and manifested lower values about K2F&m™?). In a relatively similar finding
[14] Mazaheriet al, reported higher fracture toughness using indemtanethod compared to
single edge V-notch bean (SEVNB) technique. Howete@rthe best of our knowledge both
methods led to obtain the highest fracture toughrvatue of (10.9 + 0.42MRa"?) cited in the

literature when increasing MWCNTSs content to 5 wt.%



The controversial result®f toughnessdata reported by several authors under similar
composition and processing methods, draw cleamyithportance to make compromises
between accuracyime consummation and the complexity of the expental procedure with
regard to microstructural features of the compesgach as (grain size and effective crack
lengths) while choosing the fractureughnesgesting method as discussed in detail elsewhere
[18-20]. Therefore, the reliabilityand suitability of the empirical relationships and
different testingechniquesnust be carefulliaken into consideration during the interpretation

of the final results devoted to tribological invgation.
Tablel

Fig. 1

3.2 Average Friction coefficient (n) and wear rate (W)

The average friction coefficien corresponding to the sliding distance in the eaoj0—40 m
and 40-400 m of the sintered composites testedritle 0.036 m/s, V2= 0.11 m/s sliding
speeds, using ball on disc method &uiN,4 balls counterpart are presented in Fig. 2. Generally,
the steady state friction coefficiefpars) is attainedfrom ~ 40 m of sliding distance in all
the compositedis average values are presented in FigAt2ow sliding speedV 1= 0.036
m/s) the average steady stdtietion coefficient (1ars) is seen to be significantly high.76
and quit similar to all the tested compositegardlesstheir specific micro-structural
properties or MWCNTSs content. However, the tribst-twarried out a¥2= 0.11 m/s sliding
speed reveals the existence of proportional redalipp between theverage steady state
friction coefficient(uars) and the mechanical properties evolution as weflrag size. In
fact, thisrelationship is manifested lecrease ifuars) regarding the more brittle composites
possessing lower grain size as well as mechaniopkpieq0.608 via ZR-5 and 0.649 via
ZR-10. WhereasZR and ZR-1 compositeswing higher grain size and particular mechanical
properties characterized majorly by transgrandifacture mode, the steady state friction
coefficients(uars) recorded at high sliding speed Y2777 via ZR and 0.726 via ZR-1

were found to be quite high and similathe obtained ones at lower sliding speed.

Fig. 2



The wear rate results performedtbe surface of 8YSZ-MWCNTs composites at bsliding
speeds are illustrated with the red and black cuagepresented in Fig. Accordingto this
figure ZR composite exhibits an obvious sever wear behaaafirmed by its highest wear
rate of about (5.5610° mm*/m) recorded at V1 sliding speed. A contrastingndres
marked in ZR-1 composite, where a fascinating impneent of the wear rate was
established at low speed V1 (4By® mnm/m) exceeding all the other composites. This
tendency is attributed in fact to its highest flea{ustrength and apparent dengjpy¢ 6.75
g/cnt). Furthermore, at the same speed quantitativelyifsignt low wear rate is also well
recognised with the addition ofva.% MWCNTS, this value is seen to increase slightly in
ZR-10 composite but remains still lower compared te evere wear observed in the
monolithic materia(ZR). Applying high velocity (\2= 0.11m/$ resulted in eetter wear
resistanceln fact, the wear rate results were closely similr occasionally high in all the
composites, therefore the influence of structurapprties was not recognized as MWCNTs
content increased. Comparative view between Fign@ Fig. 3 sign a particular similar
decreasing tendency of thxear rate andteady state frictiocoefficient(uars) in ZR-5 and
ZR-10 composites as the speed increase. This is dlyidinked to the previous

microstructural evolution due to MWCNTSs contentrgese as reported previously.
Fig. 3

According to the current study we deduce that gs#e, density, mechanical properties or
even sliding speed play a major role to beneficialtyadversely affect the tribological
performance of the structural ceramic compositesdeéd, these parameters vary
dependently to MWCNTSs content in the matrix, whiargh content led to a huge grain
refinement and an obvious lubricant effect at tbatacts areas between baliface,
which decreases the friction coefficient. Therefoream be concluded that MWCNTSs plays
an indirect factor influencinghe overall tribological behaviour of the compesitIn
addition, another important factor which mostlyleefs a direct insight into friction
behaviour consists in the evaluation of dverage arithmetic surface roughnéRa)of the
compositesnside the wear track after tribo-test at bsliding speedIn similar context,
Nieto et al [21] reported an inversely proportional relationship lf@gh GNP content)

between the applied load and surface roughnesslatiee, is supposed to increase with



the friction and vice-versa. However, in their wdhHe effect of surface roughness on
friction behaviour was not evaluated with respectliding speed variation. Quite similar
approach is developed in the current study butaeased sliding speed instead of applied
load variation. The corresponding results showiable 2 reveal a remarkable decrease
of Rafrom 1.5 t00.2 um in ZR-5 androm 0.7 t00.2 um in ZR-10 when the sliding speed
increased to V2. Therefore, applying high slidiredoeity can be considered as another
key factor also inversely proportional to the roongés of YSZ/MWCNTs composites
extensively at high conter@n the other hand, the measured roughness irtgdedar track of
ZR decreased only by Ouin from its initial value after polishing process@@m) at low sliding
speed V1. Additionally, slightly higher roughnessckase was also noticed in ZR-1 from 0.6
um to 0.3um, which match well with the proportional high fimb tendency obtained in these
two composites (ZR, ZR-1) at V1 speed. Howetee fine roughness values found in-ZR
and ZR-10 tested a&f2 were systematically increased inside the wesktat lower speed
V1. This can be attributed to surface fluctuatiotuiced by agglomeration of MWCNTs which
could not be suppressed at low sliding speed. Hgain, the measured values of the roughness

are in good agreement with the low friction res@odslineated in Fig. 2.
Table2
Wear(W)damage mechanism

The wear mechanism and the induced damage remaifiteedribo-test carried out at V1 and
V2 speed were assessed us8tfM measuremens presented in Fig. 4According tothe
previous results presented in Fig. 2 and Fi&ZR composite manifested higiteady state
friction coefficient(uars) as well as high wear rate at low sliding speed Miis behavior is
effectively shown to be very coherent with the nimipgical features inside the wear track
profile shown in SEM micrograpfFig. 43. Indeed, the micrograph illustrates clearly the
formation of a fractured ultra-thin tribo-film whic appears almost incomplete and
abrasively damaged during the tribo-test. Furtheemanrconia grain pull-outs, delaminated
areas, micro cracks and highly wear debris cordemtobserved on the wear track profile
and supposed to act as a main possible wear msamamithe monolithic material. In fact,
the wear debris resulting from tribo-film fractugins assumed to react as a third body

abrasive particle between the rubbing surfaceslingato a significant rise in the friction



and wear rate. Moreover, the high wear rate obtaineZR at V1 sliding speedan be
assigned to it large grain size (6.11+ 4.08) with a plate shape and to the dry sliding conditio
therefore affording high friction behavidvlore importantly, the difference in the mechanical
properties of phase composition is highly beliet@dct as another key factor, which can
entail stress concentrators and creates abrasieeg on the worn area as depicted in SEM
micrographs of ZR composite tested at high slidipged V2 (Fig. 4e). In this context, the
phase composition of all the tested compositesrbefnd after sintering and its influence on
the overall mechanical properties are largely itigagsed elsewhere [17,22]. In addition,
residual abrasives grooves might also come frommamily surface polishing process. In the
case of ZR-1 composite, a perfectly continuous @amérm tribo-film was formed during
the test at both sliding speefél as well as VRas shown in Fig. 4b and f respectively.
Further, it can be clearly seen that neither sefiére fragmentationsnor wear debris or
micro cracks are observed within the wear track,dnly minor plastic flows and light pits
Indeed, the high wear performance manifested irlZé®drresponds principally to MWCNTSs-
induced toughening mechanism and the creation pfosective thin tribo-film. MWCNTSs-
induced toughening mechanism influenced the wedogmeance of our material by dissipating
energy through deformation, crack bridging, craglaniching and crack deflection. These
mechanisms restrain cracking on both the trackasarfind sub-surface. The existence of these
toughening mechanisms were confirmed and well @éx@thin our previous work [17]. Similar
observations have been obtained by Li et al. [28ind) the wear test of ZEOGNP composites.
On the other hand, the granular structure of ZR+Bposites tested at V1 sliding speed inhibited
the formation of continuous tribo-film as seen ig.Fc where only tick (islands) are observed
besides severe peeling that cause surface remawvahe track. This specific behavior is
attributed to the increased agglomeration of MWCIdMd the superficial porosity which could
not be suppressed under the applied load and leedsZzhang et al. [24] have reported similar
observations with graphene nano-platelet (GNP)foeted aluminum oxide (ADs) composites.
However, in the current study MWCNTSs pull-out wetdso noticed in some areas of the wear
track (Fig. 4c), which is acting as an intrinsibricant suggesting the reported improvement in
the wear rate. In case of ZR-10 the formed trdoget appears more or less coherent. However,
some delaminated areas, wear debris and microxraeke also observedasking the obtained

slight wear rate increase in this composite congpame ZR5. On the other hand, the



combined effect of applied load and high speed é2ewbeneficiato enable the formation of
dense, smooth and continuous lubricant areas ornwtre surface ofZR-5 and ZR-10
composites as seen in Fig. 4j and Fig. 4h respeygtiddditionally,under load of 5 N the small
and rounded particles with a size aifout 0.54 and 0.28n respectivelywere expected to
coalesce easily in the asperity valleys, whichaysttically diminish the superficial porosity
and thereby permit the typical established improzeimn friction and wearlt would be
more interesting to examine the morphology of theawtrack profile and the previously
discussed wear mechanism characterizing the cotepaseparately at higher magnification. For
this reason, we present in Fig. 5 and Fig. 6 thgeKee images employed on the wear tracks at
both sliding speeds V1 and V2 respectively. Fromithages its shown an obvious increase in
the width of the wear track simultaneously with MYWT content. The abrasive wear mechanism
and amount of wear debris manifested in ZR comeaditow sliding speed is confirmed by Fig.
S5a.

Fig. 4
Fig. 5

Fig. 6

3.3Chemical composition inside/outside the weackraf 8Y SZ/MWCNT composites examined

by EDS spectroscopy

In order to identify the microstructural evoluticend correlated with the observed wear
mechanisms mainly from chemical point of view, EBx&lysis was employed inside the worn
and unworn surfaces of 8YSZ and 8YSZ/MWCNTs contpasas represented in Fig. 7. The
analysis of EDS spectra conducted mainly to théoviehg results: (Zr) peak is observed to
decrease significantly during the fiction test paried at low speed in ZR composite while, the
intensity of (O) remained practically identical. fact, the high hardness and large grain size
enable to the matrix tosupport more of thecontact load during surface rubbing
(ball/composite). This led in turn to high abrasian(Zr) particles. As consequence, the latter
undergoes severe pull out followed by scatterimm@lthe worn and unworn track profile to

form wear debris as seen in the previous correspgn8EM micrograph. As a result, the



intensity of (Zr) element decreased sharply as sedfg. 7 accompanied with high wear and
friction response. Contrasting chemical compositemdency is recognized at high speed for ZR
composite (Fig. 7e). Thus, it's highly believed ttlle-bounding between (O) and (Zr) atoms
occurred in the monolithic material tested at lsgked, manifested by high increase in (O) peak
and slight decrease in (Zr) peak inside the weakiraccompanied with appearance of (Si) peak.
The decreased (Zr) peak intensity is attributedhi possibility of zirconium atoms scatted
outside the track, while the (O) atoms resulteanfrde-bounding remained inside the track to
cluster with (Si) transferred from the counterpamtl therefore enhance the formation of thick

SiO, layer that which improve the wear performance.

In ZR-1 composite the presence of (Si) peak aftboitest is confirmed by EDS spectra (Fig.
7b) despite the low sliding speed. Eventually, his tcase neither the matrix (zirconia) nor
MWCNTs have experienced sever abrasive wear, shigell validated by the observation of
minor decrease of (Zr) which systematically induasdight increase of (O) peak due to zirconia
de-bounding mechanism. From structural view of carimon-remarkable damage is expected to
occur after friction test as confirmed by the umieztl intensity of (C) peak. As consequence, the
formed tribo-layer at V1 consists mainly of (Siyfices and minor fraction of (O). These results
are in good agreement with SEM investigation shgwire formation of a perfectly continuous
and uniform tribo-film without any remarkable sw#adamage. Similar peak tendency is
approved with increasing speed, however (Si) andogome more intense and therefore (Zr)

peak lowered due to de-bounding mechanism.

EDS analysis shows highly dissimilar behavior bemvthe group of (ZR, ZR-1) and (ZR-5, ZR-
10) composites. Indeed, the intensities of (Si) d@) peaks are recorded to increase
simultaneously with MWCNTs content till attendings ihighest values in ZR-10 at V1
(approximately of three times inside the track)rthermore, (Si) peaks corresponding to the
group of (ZR, ZR-1) were intensified essentially by increase of sliding speed. More
importantly, the main difference clearly displayedhe spectra of ZR-5 and ZR-10 compared to
ZR and ZR-1 consists in a sharp decrease of (¥ ipéansity obtained inside the worn surface.
This is supposed to be linked with MWCNTs exfobati giving rise to appreciable lubricant

effect. In fact, from the spectra displayed in (Ffg) it's well noted that ZR-5 composites



manifested the largest decrease of (C) peak afiteo-test justifying the improved friction

response at high sliding speed.

On the other hand, besides the observed lubri¢tett @lue to MWCNTSs exfoliation, the friction
decrease in ZR-10 at high sliding speed is thotmbg the result of the high Si particles transfer
from the counterpart to the surface and its adloerém (O) resulted from the easier YSZ matrix
de-bounding under friction test. In addition, désghe high increase of (O) peak intensity and
contrary to monolithic material, (Zr) peak is in@sed slightly suggesting less scattering of
zirconium particles to form wear debris but werstéad induced into the so-formed Sl&yer

giving rise to compacted and dense areas in the-taiyer of ZR-10.

Conclusion

8YSZ composites with (0 wt.%, 1 wt.%, 5 wt.% and W0%) of MWCNTs contents were
synthesized by attrition milling and SPS at 1400. ‘e tribological properties of the
composites have been investigated usintlSoalls, low (V1= 0.036 m/s), high (V2= 0.11 m/s)
sliding speed and dry sliding conditions. At theeexpp of V1= 0.036 m/s, 8YSZL wt.%
MWCNTSs exhibited 99.9 % improvement in the weae rtllowed by 95 % in 8YSZ5 wt.%
MWCNTs and 64% in 8YSZ10 wt.% MWCNTs composite compared to pure 8YSZ.
Furthermore, the observation of grain pull-outsgnmicracks and high amount wear debris in
pure 8YSZ give the evidence of abrasives wear hehas main wear mechanism. This is
shown to be linked with its coarse microstructund ¢he dry sliding condition. The outstanding
wear improvement marked in 8YSZ wt.% MWCNTSs is in good agreement with the foriomt

of continuous and uniform tribofilmn the worn surface. However, at 10 wt.% of MWCNTSs
content the tribofilm is discontinuous and does pwitect from the brittle fracture due to the
structural defects such as agglomeration and p@grosi the speed of V2= 0.11 m/s, minimal
wear rate values have been recorded in all the ositgs regardless MWCNTSs content. Further,
the steady state friction coefficient decreasethéncase of 8YSAH wt.% MWCNTs and 8YSZ
10 wt.% MWCNTs composites, reflecting easier skidibetween the rubbing surfaces and

friction improvement. In fact, this friction imprement is shown to be linked with the apparition



of intrinsic solid lubricant effect due to MWCNTxfeliation (carbon peak decrease) and Si

incorporation as confirmed by EDS spectrum.
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Tablel. Microestructural properties of sintered 8YSZ/MWCNTSs cosifEs

Bending

strength,

(MPa)

Average
toughness

Kc, (MPa)

Grain size

(um)

13.49+0.23

12.44+0.97

464

502

263

166

3.06+0.22

2.63+0.62

1.28+0.42

1.30+0.44

6.11+4.08

0.96+0.49

0.54+0.04

0.28+0.01




Table 2. Average arithmetic roughness measured inside and outside the wear track at V1 and V2 dliding speed.

Sample notation Roughness Roughness Roughness
outside the track insidethetrack viaV1 insidethetrack viaV2
Ra, (um) Ra, (um) Ra, (um)
ZR 0.6 0.5 0.3
ZR-1 0.6 0.3 04
ZR-5 0.6 15 0.2

ZR-10 0.6 0.7 0.2
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Fig. 1 Fracture surfaces of ZRZR-1, ZR-5 andZR-10 composites correspond to a), b), ¢) and d)
respectively at different magnifications. In (c)@® the circles of dashed line mark microstructural
defects generated by agglomerations and porositigérgrain boundaries, the arrows show MWCNTSs

fibers emplacement and dispersion in the microstmac
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Fig. 2. Comparative graph presenting the Average Friction Coefficient (1) during transitory state (O-
40m) and steady state (40-400m) for all the composites tested at fix normal load (5N) and different
dliding rates (V1=0.036 nvs, V2=0.11 nvs).
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Fig. 3. Wear rate (W) of the investigated composites via V1=0.036 m/s and V2=0.11 m/s sliding
speed.
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Fig. 4. Comparative SEM micrographsinside and outside the wear track profileof ZR, ZR-1, ZR-5 and
ZR-10 composites showing wear mechanism features and tribofilm formation during the test via
V1=0.036 nvs correspond to a), b), ¢) and d), and via V2=0.11 mv/s correspond to €), f), j) and h)

respectively.



Fig. 5. Keyence Digital microscope micrographsillustrating the increase in with after Tribo-test at
V1=0.036 n/s diding speed in ZR, ZR-1, ZR-5 and ZR-10 composites corresponding to a), b), ¢) and
d) respectively.



Fig. 6. Keyence Digital microscope micrographsillustrating the increase in with after Tribo-test at
V2=0.11 n¥s diding speed in ZR, ZR-1, ZR-5 and ZR-10 compositescorresponding to a), b), ¢) and d)
respectively.
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Fig. 7. Energy dispersive X-ray spectroscopy (EDS) inside and outside the wear track profile of ZR,
ZR-1, ZR-5 and ZR-10 composites, tested via V1=0.036 nvs correspond to a), b), ¢) and d), and via
V2=0.11 m/s correspond to €), f), j) and h) respectively



Highlights

* outstanding wear improvement was reported with the addition of 1 wt% of MWCNTs
e at high sliding speed the wear rate results were not depending on MWCNTSs content

* at high sliding speed the composite with high MWCNTSs results in lower steady state u
e carbon peak decrease is linked with MWCNTSs exfoliation and intrinsic lubricant effect



