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1. INTRODUCTION



Zirconia (ZrQ) based composites are one of the most promising ceramic materials with
possible appliations in diver flds related to energy sector (in solid oxide fuel cells, oxygen
sensors, ceramic membrane oxygen separation technology i.e.) or in the field of tribology and
mechanical engineering\tting tools, bearings, nozzlerakes, i.e.).

Nowaday, MWCNT reinforced Zr@composites are attracting growing interest, thanks
to their ability of crack selhealing and the possibility to tailor the desired nanostructured
properties. However, although the expansive interest in the research and development
ceramic composites with nasfitlers, only a very few new technologies and novel processing
techniques have been discovered and properly implemented. Ftirthdgar understanding
of thewear response aridbological features such as wear mechaniittion and wear rates
evaluation has been not yet asf@d or well documented in the literature.

Therefore, to get a deep insight into their behaviour and to completely benefit from their
out standing properties a ceeadogracwssdergthsdalesnsdi n g
required. Principally, the relationship between composition and preparation, and the
compositebdbs microstructure and its mechanica

investigated.

2. LITERATURE OVERVIEW

2.1 Ceranmic Matrix Composites

Due to their great potential and unique properttesamicmatrix composites (CMCs)
afford a new generation of technical applicasiowith excellent efficiency. Typical
applications are designed to withstand seeervironment andotincrease the worldwide clean
energy demandn fact, CMCs areextensivelyusedfor electrical energy generation either as
an electrochemical power devicesasa thermal barrier coating in engsén addition,CMCs
are known to be robust, lightweighhda highly wear resistant, which make them a proper
material in automotive applications (oxygen sensors, brake systems), aerospace eggineerin

(hot structure) and remarkabl&ibological application$li 3] .



Ceramics and their composites have shown a great advance in mosbloigical
applications and have replaced metals and conventional materials such as grey cast iron or
carbon/carbocompositesised in the fabrication of brake systeigh wear resistance allied
with a low friction coefficient are desirable forducirg the losses in moving of the rotating
parts andincreasing the lifetime of the components respectivAlyide rangeof factors
influence the wear properties of ceramic composites naapgliyed load, sliding speed, time

of contact, temperature, lubricati and surface characteristics such as: composition and

——> Ceramic Matrix
Chemical nature

- Oxides (Al,03, ZrO,, etc.) ~

- Carbides (SiC, WC, etc.)

- Nitrides (BN, AIN, etc.)

Ceramic
Matrix —|" Phosphates (Ca3(PO,),, etc.)
s - Carbonates (CaCO,, etc.)
Conposites - Silicates (CaSiCO;, etc.) i 3
Spherical |- Halides (CaF, et:) B O‘rlel‘.lt‘atlo.n
) G e - (i) Unidirection
‘\ - \ > Reinforcement - (ii) Bidirection
ap— Irregular (Metals, Glass, - (iii) Multidirection
2 - Ceramics, Polymers) - (iv) Random
- (v) Fabrics

——> Shape
- (a) Particulates

———— - (b) Laminates
- = :I] - (c) Continuous Fibers
- (d) Chopped Fibers

D

(e) - (e) Whiskers

Fig. 2.1.Schematic oEMC classifications, the orange background represents the matrix an
front colours indicate reinforcing materialg].

roughness

Further, advanced ceramic compositese attractive because of their prominent
properties namely: low density, chemical inertness, high stiffness, high strength, high hardness,
and hightemperature stability [4,5]. However, althoughCMCs possess various
interesting properties, they often presehtitle behaviar at the monolithic state, which
constitutes a major issyig]. To overcome this issue, several attempts have been developed to
improve tle fracture behavis of CMCs and maintain all the other advantages of the
monolithic ceramicsCMCs are produced fromat least one nanophasenbedded in a
ceramic matrix as illustrated in Fig.1 [7]. The nanophase can ke of theceramic
nanoparticles (SiC, $M4), nandubes (carbon nanotubes (CNTSs)), nanoplatelets
(graphene) or hybrids of these materials.



Niihara et al were thepioneerswho introduced the concept of ceramic
nanocomposites in 1994,8,9]. Their workconsistedn SiC nanoparticles incorporation
as asecond phaseto (Al20z, SeN4, MgO) ceramianatrix. After repoiinhg significant
improvement, a series of research works have been succeeded difdrent
nanoparticles includin®iC, SgN4, TiN, TiC, TiO, ZrO,, CrCsyin various ceramic
matrix, suchasAl20sz, SisN4, MgO, SAION, etce ) .

With the introduction of nanotechnologginforcingceramic matrix withCNT has
gained much interest after its discovery llgyma [10]. Thanks to their ondimensional
nanostructure, CNTprovides incredible mechanical, electrical {8BIJm) and thermal
properties (18006000 W/mK) compared toanoparticle$ll].

Hence,CNT incorporationnot only increasg ceramic matrix toughness but also have
added the advantage of improving their functional properties namely electrical and
thermal properties.

In order to produce CMC / CI composites with improved mechanical and
functional properties, appropriate interfacial bonding between ceramic matrix and
CNTs, besides uniform CNTs dispersion along the grain boundaries is required.
However, due to their high aspect ratio, CNTs tendgglomeratdeading tostress
concentratiorand thereby the overall properties of the composites are reduced. The
preparation process and choosing the appropriate sintering technique, play an
important role to define the final mechanical as well as wiichl and functional

properties of the compositgs8].

YSZ nanocomposite is one representant of CMCs, wbigh an important interest
during the last decadesmong all ceramic nanocompiasimaterials. In fact, YSZ
nanocomposites are widely employedaastructural materials or functional materials as
oxygen ion carriers mainly in power generation and environment protection. Besides
its high thermal stability at high temperatures and propeahanical properties, YSZ
possess the advantage to present phase transformation from tetragonal to the monoclinic under
applied stress, this mechanism is usually referred as transformation toughieciga. The
resultantstrain that is associated witthe transformationelieves the stress field and

therefore increases the intrinsic toughr{@s

10



2.2 Zirconia based ceramics

Zirconium dioxide (ZrQ) named als zirconia is the mineral of dédeleyite and chemically
is inert. In its pure form zirconia (ZePexhibits a polymorphic configuration and exists in three
distinctphases at ambient pressure. Monoclinic pha
Tetragonal with distorted fluorite structure
and 2370 AC while the cubic Brtabuireefpbhmse3is
mel t i ng p o[12/13] The 2rystalBtrududes diese three zirconia phases are presented
in Fig. 2.2 where the large red spheres correspond to oxygen and the small green ones refers to
zirconium. The higher the temperature, the better is the symmetry. The ability of phase transition
makes zirconia themost studied ceramics material over the last decades and an important candidate

for diverse areas of structural applicati¢hs].

a) Cubic b) Tetragonal ¢) Monoclinic

Fig. 2.2 Crystal cell of pure zirconia phasgks] (Redi oxygen, greei zirconium).

The structure othe cubic zirconia can be represented byaae centeredcubic (FCC)
structure similar tol@iorite. The eight oxygen ions occupy the tetrahedr&@s, 0:25, 0:25) sites,
and are surrounded by“ications which occupy the sumits of the cube and the centefseach
faces(Fig. 2.22). Tetragonal phase of zirconia is represented by a straight prism with rectangular
sides(Fig. 2.2). Similarly, to te cubic structure zirconium (Zr) ions are coordinated to eight
oxygen atoms and the oxygen atoms are coordinated to four Zr ions. However, the distorted shape
of the tetragonal phass linked with the alternative oxygen ions displacement along-tirasc
Resulting in the formation of two tetrahedron gan wher e one i s el ongated

due to different distance of each four oxygenionsfrolz2 . 065 and 2 .[#86p5; res
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In its natural form zirconia exhibits the monoclinic phase at low temperature known as
baddeleyitelts contains about 2% of HfQhafnium oxide) having high chemical and structural

similarity to zirconia. In the monoclinic phase,*Zions are coordinated to seven oxygen ions

residing in tetrahedral interstic@iSig. 2.2). The Zr ions are coordinated to three and four oxygen

at an average distance of 2r. 0,7 gnendf 2t.Rel gng

di ffers considerably fr[ldin the tetrahedral val

2.2.1. Phase diagram of zirconia

Processing pure ZrQs quite critical due to its polymorphic configuration. Indeed, during
cooling, phase transformation from tetragonal to monoclinic oautsmperature between 850
and 1000 AC. Consequently, a |l arge volume exp.

risk of brittle failure or generation of cracks and flaws within the ceramic njag]x

Therefore, the manufacturing of pure zirconia is not useful due to the impulsive failure. To
retain the tetragmal formto room temperature after sinterirtgpical oxide dopants are added to
pure zirconiasuch as: yttria (¥Os), calcium oxide (CaO) and ceria (C8(However yttria is the
most commorstabilizing oxideemployed since lower amount are need®]. Thephase diagram
of ZrO /Y 203 presentedhn Fig. 2.3illustrates the stabilityegions of different phases according to
the anount of yttria added to stabilize pure zircodiat 6 s s hhe veversd phasé transition
from monoclinic to tetragonal 0oc &WBOMIAICg watt hag
addition of ~ 4.8 mol% yttrial he coexistence of a multiphasteucture (cubic + tetragonal, cubic
+ monoclinic, cubic and tetragonal + monocliriggeernin the solid solution regions separated by
the single phase Hencepartially stabilizedzirconia (PS2 with cubic and tetragonal structures
as major phase and moitbic precipitated in small amounts is produ¢2d]. These materials are
stable at temperatures between 600 ASmol&nd 200
and marfiest exceptional resistance to high thermal shdck21]

12



U
Liquid (L) L+F

2500 -
Cubic (F)

2000

1600 °C Tie Line
1400 °C Tie Line

1500 _able

1000

Temperature °C

500 &
—clinic ! \
WV(M) ”Zii‘,v—_y_ Y
0 = Monclinic NonTransformable Cubic =
- tragonal (T) 1
0 5 10 15 20

Mole%YO1.5

Fig. 2.3.Phase diagram of Zr©Y>0Os systen]22].

Furthermore, retaining the tetragonal phaseoaim temperature itetragonalzirconia
polycrystals(TZP) formed by single phase metastable structufally stabilizedzirconia (FSZ)
with full cubic structure, stable at high temperature witthérgyttria contentgpproximately+8
mol %) are the most useful state of zircdiia). Some studies claimed that the presence of small
carbon fraction into cubic zirconia composite may boost its stability at room tempéeajie
fact, TZP materials exhibit good comprehensive mechanical properties at both room and high
temperatures, mainly attributed to the ferroelastic toughening mechanism, while FSZ are generally
employed in electrochemical applizats due to their high ionic conductivifg4,25]

2.2.2 Transformationtougheningzirconia

The concept of stresaduced transformation from tetragonal to monoclinic is mostly
occurred inTZP andPSZ ceramics, where the tetragonal phase is in itsstabta state at room
temperature. This concept based on change in grain abepepanied with volume increase has
been discovered at the first time in mid 19709ayvie et al andled to considerable fracture
toughness enhancement of zirconia compositepointed out earligll1]. This mechanism is

known as transformation toughening zirconia and invaiviesocracked process zone at the crack
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tip, as shown schematically Fig. 2.4 As result of crack propagation, a stress fieldriscreated
around the crack tip and contributes in phase transformation of the surrounded particles that occurs
at a speed close to the speed of sound propagation in [ddjd$ his phenomenon led in turn to

the formation of transformed process zone constrained by the neigrdsicles of a matrix.

Process zone

ansforming

g Transformed Tr
particle

particle

Untransforme
particle

Fig. 2.4. Schematic viewf transformation toughening procd2§] .

Indeed, the surrounding untransformed particles opposes to the dilated transformed zone and
presses back with residual stresses that causgeieeation of closure forces from each side of
the crack tipand henceretard craclextension. Thé&ransformation is called stress induced because
an external applied stress is performed to help preceding the transformation due to matrix
stretching According toWolten phase transformation from tetragonal to monoclinic in zirconia is
martensitic of natre similar to martensite transformation in quenched steels that is used to increase

their hardness by particular heat treatm§2it$.

In ceramic, martensitic transformation occurs between the parent tetragonal phase and the
product through nucleation and structural growth. This transformation is generally adiabatic,
thermal and involves the atomiaiion over distances less than an interatomic spacing, resulting
in microscopic changes of shape of the transformed regions, which is associated with
transformation toughenir{@8i 31]. Furthermore, transformation toughening in partially stabilized
zirconia is critically constrained by the particle size, which shouldppead i n bet ween
and 1e m f ool% ® 3 mol%, yttria concentrations; otherwise the transformation to the
monoclinic phase can be inhibitg&P,33].

14



2.2.3. lonic conduetivity of yttria stabilized zirconia (YSZ)

Fully stabilizedzirconia (FSZ)with cubic fluorite structure is commonly known as a solid
electrolyte that possesses high oxygen ionic conductivity extended to wide ranges of temperature
and oxygen partial pregge, and it is extensively employed as an oxygen sensor to control the
emissions of automotive systems, combustion control for furnaces and engines, solid electrolyte
for high-temperature fuel cells and hydrogen productiime dopant trivalent cations ngice a
minimum activation energy. The cubic fluorite structure of zirconia becomes stable at room
temperature with high X0z addition and present high ionic conductivity at high temperaf@4és
36]. The doping of Zr@with Y203 the Y3* cations replace Zf cations as shown iRig. 2.5 This
fact induces the formation of oxygen vacancies that maintain charge neutrality in the lattice.

°Z1

Oy

0o
@)

vacancy

1: first neighbor
2: second neighbor

Fig. 2.5. Schematic structuref YSZ cubic fluorit§37].

Two types of interactions are established by the oxygen vacancies in the lattice. Repulsion
with themselves and attraction toward the a 3*cations). Since yttria has one less valence
electron than zirconium, one oxygen vacancy is created for two substitifteations.
Consequently, the oxygen ions are free to move from vacancy to vacancy in the lattice thereby,
increasing the ionicanductivity of zirconia. The corresponding reaction in Kregatk notation
is described as follo\B4]:

9/ uc9h el g (2.1)

The maximum ionic conductivity is reached when doping zirconia with 8 to 9 meD4a Y

However, higher doping rates will result in reduced mobility of the oxygen vacancies and the

15



creation of complexes with positive effective charge due to the bonding between an oxygen

vacancy and one cation according the following notd8&h

g " gMPp g fpMh (2.2)

The mobility of oxygen vacancies diminishes sharply with higher yttria concentrations, since
one oxygen vacancy is bonded to two cations, leading to the formaticlusters and more

complex associations as shown by the followking 2.3 [36].

¢9oM 6P g fp Mh (2.3)

2.3 Carbon nanotubes (CNT)

The discovery of carbon in the form of graphite has been achieved in 1779, followed by
diamond after 10 years later. These two enormous discoveries in the field of nanotechnology
generally and carbon structure specifically, stimulates researchers worldwide to increase their
interest in finding other forms of carbon more stable and structurally ordered. In 1985, a new form
of carbon known as fullerenes has been accidentally dissbigKroto, SmaleyandCurl (Nobel
prize in chemistry in 1994)L1]. The structure of fullerenes is almost similar to a single sheet of
graphite (graphene) with a planar honeycomb lattice, in which each atom is attached to three
neighbaiuring atoms jexagonal ringsvia a strong chemical bond. However, fullerenes sheet is
practically not planar as graphene, which is linked to existence of additional pentagonal or

sometimes heptagonal rings.

A few years later, in 1991 the Japaneserscst lijima [10] discovered multiwaltarbon
nanotubes (MWCNTSs) with an outer diameter ranged from 3 nm to 30 nm and at least two layers.
Later in 1993, he discovered a new class of CNT wiitlgle wallcarbon nanotubes (SWCNTS).
SWCNTs tend to be curved rather than straight with a &ygiameter in betweeri 2 nm.The
different types of CNTs are presentedFig. 2.6 Carbon nanotubes (CNTs) are cylindrical
fullerenes with nanmetric diameter and micrometsized length, whicltead to a high length to
diameter ratio exceeding 10Carbon nanotubes align themselves into chains by van der Waals

forces, where the carbon atoms aré lspnded with length of approximately 0.144 nm. In

16



MWCNTSs the interlayer distance between two sudees€NT is similar to the interspaces

bet ween two successive graphene | ayers in gra

MWCNT

Fig. 2.6. Schematic diagrams showing different types of CNTs: simagleCNT and multiwall
CNT (MWCNTIB8].

Since their discoveryMWCNTSs open an incredible rangd promising applicationsin
nanocomposites, naredectronicsmedicine, energy and constructidndeed,CNTsled tonovel
and unique propertiesamelyvery hightensil 8 100 GPa) and Youngo6s mod
high thermal conductivity and chemical stabilépd excellent electrical conductivigymilar to
silver and platinunfl1, 40, 41].

Several carbon nanotubes structures can be produced dependigppirenesheet
orientation on the rolling. The tremendous ways to roll fullersto cylinders are specified by
chiral vectorapdetermined by two integers (n, m) and chiral ang)ddcated between the chiral

vector and zigzagnanotube axis as shown in Figé 2nd can be described in g4 and2.5.

A TA 1 Ap (2.4)
[ OATiwvexi i (2.5)

where a and a are the unit cell vectors of the tvdimensional lattice formed by the

graphenesheets.

As the chiral vector C is perpendicular to CNT axis, its length forms the CNT circumference

and can be calculated accordindg=m. 2.6.

17



Ao ¢s AT 11 i (2.6)
The length a is calculated based on the length of cadaomon bond @ generally

approximated to 0.144 nm fgraphenesheet as given by the following relation:
A As As Ao (2.7)
The diameter can be deduced from thieatlvectorc length as follow:

A Aln (2.8)

A Y
A Y

N N

\ Zig-Zag \
BN

Fig.27Schematic diagram showing chiral ve

hexagonal sheet giraphend40].

CNTs can be classified either as armchair;zag or chiral tube according to the pair of
integers (nm) in the chiral vector relatiofFig. 2.7. In armchair and zigag carbon nanotube
the structure follows mirror symmetry in both axes (longitudinal and transverse) due to the
arrangement of hexagons around the circumference. Whereas, the chiral ta#vbors
characterized by nesymmetric structure and therefore, the mirror symmetry is not realized. These
three different structures and enrolmengaphenesheet to form carbon nanotubes are shown in
Fig. 2.8 Furthermore, the values of the integersr) influence the optical, mechanical and the
electronic properties of CNTs. CNTs are considered as semiconductorsgwheéns c¢Q p

and metallic wheg as o{11,40]

18



Fig. 2.8. CNT structure based on the chirality. The structure of CNT is easily determine
the terminations so called caps or end caps. (A) armchair structure, @agigtructure, (C)

chiral structure[11].

2.3.1 Synthesis of CNTs

There are diverse synthetic routes to produce carbon nanotubes in which the quality depends
on the preparation method. Higgimperature evaporation methods such as arc dischaogksed
laser @position(PLD) yield to considerably manufacture low defect CNTs with high mechanical
properties.However, these methods requae | o't of puriycation from
impurities and are generally operating at the gram scale, lieiveeaquite expensive process.
Nevertheless, scientists are researching more economical ways to produce CNT without
complicated purificationstepsand easy to scale up. Chemical vapoepasition (CVD) or
catalytic growth processes operate at lower temperatures and enables high CNT purity with
controllable orientation and density. This method favourites large scale production for composite
mandacture, both in academia and in industry and satiefiow cost production. However, CNT
produced by CVD usually present a lack of prefect structure which often degrades the intrinsic
properties. Hence, the diverse synthetic routes shoutakba intoaccountwhen interpreting the
CNTs performance in a given applicatidri].

Carbon nanotubes were initially detected in 1991 during an arc discharge which was planned
to produce fullerened=(g. 2.93. This technique is quite simples and involves DC arc discharge
between two graphite electralender a current of 100 An inert atmosphere with or without
catalyst. At high temperature (3080@r 4000A §, carbon particlsublimates then sedssemble
at the negative electrode or the walls of the chanfiigr 2.93. Pure graphite electrodedaals
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the synthetization of MWCNTs while SWCNTSs requires a mixture of graphite and metal catalyst

such as: Y, Mo, Fe, Co, N0, 41] The firstgrowth of SWCNTs dates back to 1995 at Rice
University, whereSWCNTSs with about (2 0 O rflehgthiamd from 1 to 2 nm in diameter has

been synthesized usim)D. In this method, carbon atoms are vaporized from a graphite pellet
containing nickel or cobalt as catalyst mateuader laser bear(Fig. 2.9b) This process is
maintained at high tempeat ur es (about 1200 AC) wunder cons:t
this technique is considered as an excellent method to synthesize SWCNTs with high purity and

controllable sizp2].
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Fig. 2.9. Schematic illustration of the techniques used to synthesis carbon nanotube, ¢
discharge, b) pulsed laser deposition (PLD), ¢) chemical vapor depo$iidD)[39,42].
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On the other hand, in CVIEhe carbon source&ontainshydrocarbonssuch as acetylene,
ethyleneor ethanol, whilethe metal catalyst particles are usually cobalt, nickel, iron or a
combhation of these such as cobalt/iron or cobatilybdenum(Fig. 2.99. The catalyst tends to
decompose the carbon from the @ashe presence of plasma irradiation or heat {@200A T
and to assess the nucleation of CNTs. consequently, the free ctrfmsnracombine in the form
of CNTs on the substrates (commonly used are Ni, Sk, 8I@ Cu/Ti/Si, stainless steel or glass)
[39].

2.4. Powders processing techniques

2.4.1 Dispersion of MWCNT into YSZ matrix using ball milling technique

Powder metallurgy techniques including ball milling method are considered as a
tool to poduce homogeneous and uniform dispersion of advanced ceramic powders a
composites. Particle agglomeration prevention, homogeneous and uniform disper:
MWCNT into structural ceramics matrix, presents a crucial challenge during the mixingspi
In fact, the powder mixture features ir
strengt h, density, wear resistance, fr
MWCNTs powder is the most popular approach due to its simpéiniyenergy efficiency the
promote high grain refinement and particular phase homogenization. High milling enerc
essenti al to break the interlayer Van
agglomeration and led to high MWCNTs surfamergy. High rotational speed of the b
milling devices enables the balls to strike with the walls of the jar whereemigigy collision
ariseg43]. The ceramic crystalline lattice undergoes sererchanical deformen (fractures)
and stress concentratioRig. 2.1Q. The combined powders are reached after further mi
time of grinding balls the combined powders tend to decrease until they are able to
deformation without any fracture. As the milling tinmereases, powder refinement takes pl
resulting in significant reduction of the particles size. Ball milling using liquid media pr
higher efficiency in inhibiting agglomeration compared to dry media, as reported by <

studies.
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Fig. 2.10 Schkematic illustration of the plastic deformation, fracture and welding of powt

between the balls. The black arrow shows the repetition of the three processes.

On the other hand, powder contamination ba an issue with ball milling.his is why a
protedive atmosphere and ceramic milling jars and balls are recommended when milling hard
ceramic particles. A good example of ceramic milling jars and ball is tungsten carbide which
demonstrated almost no contamination in the final powd&314]. Decker et alexamined the
influence of highenergy ball milling on MgPSZreinforced TRIP steel matrix composites at
different rotational speed of 100 rpm and 250 f@8]. It was found that at the rate of 250 rpm
intensive deformation of the steel powder and mechanical interlocking between the steel and
ceramic powder have been occurred, while the milling process at 100 rpm resulted in a
homogeneous distribution without significant powder particles deformatisrasitsuggested to
further increase the milling time for better distribution of the-R&YZ particles. Immother work
[46] performed byKonga et al, a successful synthetizationr@naized Lead lanthanum zirconate
titanate (PLZT) powders using higimergy ball millingand raw oxidegsstarting materials has
been experimented. The PLZT powders with different dopant concentration exhibaedeay
of ferroic phasessuchasferroelectriqFE), antiferroelectric (AFE) and paraelect(lRE)
phases and indicated superiorteringbehaviourthan those prepared via thenventionakolid-
state reaction process. Furthéiu et al synthetized and studied graphene platélgrconia
toughened alumina (GPL/ZTA) composifgs]. GPL ZrOzi Al.Os powders were obtained by
mixing graphene platelets and alumina powders using high energy ball milling andattiliaed
ZrO balls at 300 rpm. It was proved that the ball milling process provides the positive

thermodynamic driving force to reverse martensitic transformation i.e. monoclinic to tetragonal
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transformation, which provokes a cracking phenomenon durengdoling stage. Moreover, after
10 h milling the composite powder was nanostructured with grain size rangie60f 3% and 26

54 nm for alumina and zirconieespectively.

2.4.2 Spark plasma sintering (SPS)

Spark plasma sintering (SPS) is a powder metl process enabl the rapid
synthetization of wide range of advanced matsmaih small grain sizes and at relatively Ic
temperatures. SPS uses high pulsating DC current to heat directly the specimens simt
with application of uniaxial presselito consolidate powders into a bulk matefd&,49] The
first SPS machine bad®n pulsed current was developediyue et alin the early 1960(50].
Their invention was based on the idea of sintering under an electric current patented f
1906. However, reaching high efficiency with reasonable equipment cost was a critice
that limited ts wider commercializatiof51]. The advantages of SPS process over o
traditional sintering methods such fast-pressing and hasostatic pressingre the ability to
consolidate high temperature ceramics, metals and compositefeywn minuteswith 1000
A C/ rheating rateresulting in reduced duration and energy c¢48& 51], high thermal
efficiencydue the absence of any heating elements. SPShhepassing a highpulsed direct
current through a graphite die and the sample to be sintered. Typical SPS configbedtsr
illustrated inFig. 2.11 The powder is inserted into a conductive graphite die in a water ¢
SPS chamber. During the sintering a uniaxial pressure is applied to the die by an upp
lower punch. Then, a pulsated @nt is directed through the punch and the die for the
heating under vacuum or protective gas evacuated and filled trough the water cooled c
Sintering temperature can be adjusted
axial/radial yrometers. SPS process enable uniform Joule heating conditions especii
conducting sample. Further, the current enhance largely the mass transport mechanisn
electremigration, which contributes to obtamg dense samples with finer grain sttwres
despite the low sintering times and temperaty& 55]. Furthermore, high mechanic
pressure in the range of 5@50 kKN can be applied to enhance the densification by incre
the contact between grains and brealdogvn the agglomeration, especially for large partic
[49].
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In fact, considerable improvement of particle rearrangement can be obtained with uniaxial

pressure due to superplastic flow generation via grain boundary sliding. In this cAnsstimi

Tamburini et al.elucidated the pressure effect on the densified specimens based on the driving

force for initial densificatiof53]. According to Eg2.9the driving force for densification increase

proportionally with theapplied pressurgb6].
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However, based on experimental demonstratiiandan et alproved that beneficial

appl i

pressure effect on the densification occurs onthéf pressure effect exceeds that of the surface

energy[57]. In other words, the small are the particles the high is the pressure required to enhance

densification. The effect of temperature and pressure on the grain size of zirconia sangrkss

with SPS technique is presented kig. 2.12 It is shown that applying high pressure

simultaneously with low temperature is efficient to produce grains with minimal size. Hence the

optimization of pressure and temperature is a key factor ifatbrécation of dense zirconia

sampleg58].
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Fig. 2.12 Influence of sintering pressure on thenfgerature required for 95% TD in zirconi.

with corresponding grain siZ&4] .

The apparition of spark discharges caused by alternative switching on and off the DC current
creates hot regions where the impurities located between particles are melted and vaporized. This
process has been ambated mainly to the generation of weak plasma through the powder sintered
under pulsed current and causes a phenomenon r
and joining of the densified particles. The detailed steps of the process are isHegy.2.13
However, the concept of plasma still remains not adequately understood, without providing direct
justification of its existence. Thus, plasma generation represent an important objective of struggle

to establish an implicit understanding bétprocess.

D. Robles Arellano etainvest gat ed t he effect of satont ering
behaviour of 8 mol% yttrigtabilizedzirconia (YSZ)based composites with the addition of 11.6,
21.6 and 30.5 wt% &3 [59]. Their work drawclearly the advantage @&PSto attain high
densi yc aboRiod6%)in bayOetVSZ(compositests i gni ycantl y lasdwer t i
temperature process conditions (180050 MPa and 0 min) compared to pressureless sintering with
lower relativedensity of about (82%) 4600A @eldfor 2 h and HIP sintering technique with relative
density of 99.7% performed 25600A €196 MPa fol h.
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Fig. 2.13 Detailed steps of neck formation during SPS due to the spark discifa2yes

In addition, M. Mazaheri et alinvestigated the processing features of yttria stabilized
zirconia reinforced with multiwakkarbon nanotubes sintered by Bg. It was found thaSPS
is an efficient way to produce fully dense composites with the ability to reduce CNTs structural
damages at high temperature contrary to the conventional sintering methods. It also @nabled
strong bonding between MWCNT and the ceramic matrix, whiehpserequisite foenhanced
mechanical propertiefn asimilar work performed byaranam et alregarding the investigation
of densification behavig in 0.2, 0.5, and 1 Wb YSZ / CNT ceramic composites processed via
SPS[61]. The detailed interpretation of the advantageous role of SPS process and CNT in
enhancing the hardness and resistance to crack propagation irCK8Zeramic compositesas
presentedindeed, it was founchat the presence of CNTs within YSZ matrix led to a delayed
densification and grain growth during SPS processing, which in turn reduce the density of the
composite. However, during SPS processing CNTs helps to pin grain boundaries which resulted

in enhancd mechanical properties.
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2.5 Mechanical behaviar of ceramic matrix composites (CMC)

2.5.1 Stress straiturves of pure ceramics via CMC

The strength of ceramic materials is most commonly measured using tensile test, where the
external forces tend to eloatg the specimen$ypical streskstrain curves comparing the tensile
behaviourof pureceramics withdifferent types of reinforced CMCs is depictedFig. 2.14.1n
pure ceramic§llustrated by thdlack curve, brittle fracture generally arises befdnedccurrence
of plastic deformation. Irfact, in pure ceramic materiathe binding orbital of electrons are
localized around the corresponding ion cores restricting the movement of electrons. As a result,
very high energy is required to genertéiie movenent of dislocations and therefore make the
plastic deformation possib[62, 63].

Contrary to pure ceramics, ceramic matenforcement with the help of fibers suchcasbon
nanotubegCNTS), boron nitride nanotubes (BNNTs) or whiskers of titanium carid€),
silicon carbide (SiC), silicon nitride (i), boron carbide (EC) led to a significant enhancement

in fracture toughnessyear resistancand strength behawio[64]. Indeed, atower applied stress

as shown irFig. 2.14 both pure ceramics and CMC shares similar elastic mechanical response

which means that the material regains its initial state when the stresses are removed

Interfacial e. Fiber reinforced
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s
: i h a.
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Fig. 2.14. Schematic ofypical stress strain curves of pure ceramics and diftegres of
reinforced CMCg7] .
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This region is characterized by thlasticmodulus most commonly designatedczand can
be determined mechanically from the linear region where the stress and strain exhibit a
proportional relationship E is mechanically reversie and can be characterized by the ratio of

stress to strain that is equal to lasticmodulusconstant according tdooke's Law65].

A %R (2.10)

wherell is the measured stress (F&)s elasticmodulus(Pa), andJis thestrain(mm/mm)
[661 68].

In addition E can be determinedlsousing the sonic techniqué&his methodnvolves a
piezodectric transducer that meassitbe time of flight of transverse and shear waves. As a result,
the recorded voltage as a function of time can be pldiee to the minimal sensitivity to internal
defectgthe sonic techniquis mainly employed to distinggh between the materids9, 70].

When theapplied stress increases, a plastic deformation occurs due to matrix cracking. As a
results, thestresgstrain curveof CMC follows a nonlinear behawvio as can be seen froFig.

2.14 At even higher stresghe crackgeachthe sturation and remains nearly constant. The end
of the final stegs characterizetty material failurewhere thestresgstraincurvefollows linear

behaviar but with lower tangential modulus compared to initial modulus.

In fact, the fibers and whiskersfo an additional resistance barrier when the stress is applied
resulting in puHlout, crack bridging and crack deflectigidl]. As a consequenceheses
mechanisra lead to crackself-healing strong bounding within the ceramic matrix. Thus higher
tensile strength is achieved in CMC compared to pure cesa@enerally thetensile strength of
ceramics composites is much lower than their compressive strength t@bdtiotes). This is due
to the external forces applied during the compressive test that tend to decrease the specimen
volume and then limiting the flaw propagation. Indeedn compressive loading plastic
deformation such as glide bands and the-giefdislocations at grain boundaries, micro cracks
take place at very high loading to conduct to the fradi®®2e63] Consequently, ceramics are

usually used in applications where loads are compressive.
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2.5.2Ceramic matrix compositechallenges

Despite, the major advantages and uniqup@rties achieved with the fabricatiohCMC
materiak, the recent literatures reported sevelissimilarities of the namaaterials effectiveness
dispersedvithin the ceramic matrixr at the grain boundarieideed, this has been suggested to

be in lirk with several issues due tize choiceof synthesis techniques or sintering treatment.

A. GallardoL - pet. al prepared3 mol% yttria tetragonal zirconia polycrystals (3YTZP)
composites with 1, 2.5, 5 and 10 vol%maoal contents of graphene nahatelets (GNPs)72].
The mixture was synthesized using ultrasonimbp agitation ofSNPs Fully dense composites
were obtained afte8PSs i nt eri ng at 1250 AC for 5 min. Fur
GNP content from 13.9 GPa in 3YPZo 8.1 GPan 3YTZP with 10 vol% GNPs. Moreover,
significant hardness anisotropy was obtained in the perpendicular plane to the sintering compared
to the cross section. This anisotropy augmented withSGidRtent.Zahedi et.al compared the
effectiveness of CNT digpsion in wet and dry media to avoid agglomerati{@33$. The density
of the samples prepared in wet media was generally higher contpatsdmedia samples. This
was attributed to high CNT homogéyefound in wet media methodvielka et.al studied
tetragonal zirconia polycrystals doped withn®l% vyttria (3Y-TZP) and multiwall carbon
nanotubes (MWCNTSs) content from 0.5 to 4w{%]. A strong increase in the electrical
conductivity for the sintered composite with 0.5 wt% MWCNTSs content has been cla{met!.
al. used boron nitride nanotubes (BNNT) instead of CNT or graptioeingrove zirconia fracture
toughnes$75]. BNNTswith0.5,land 2 wt % were added to zirconi
strength and fractur@ughnessvere found in the composite with 1 wt% of BNNT (1143.3 MPa
and 13.13 MPaf? respectively).Duszova efal. studied the effect of CNTs content on the
mechanical and electrical properties of monolithic zircdii@]. The addition of the CNTs
decreased the hardness and indentation toughness from 1297%kg/i880 kg/mmand from
8.01 MParfi°to 5.6 MParfi® respectively. This fact was attributed mainly to the residual porosity
remained in the material after sintering. CNT and graphene can be easily damaged by the high
sintering temperature and therefore, react with the oxide nmpaijixSpark plasma sintering (SPS)

has been emphasized by all to enable high ceramic consolidation with minimal d@&jage
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2.53 Fracture toughnesf ceramic composites

The use of ceramscand composites in any successful application requires a careful
investigation and design of the crack propagation mechanism and its occurrence. The spontaneous
extengon of cracks can be described bgth Gr Irwinyctitérion (Eq.2.11) and refers to the
stress intensity factor (SIF) (KjPanf-®) described as the material ability to adhere the loading at

the presence of intrinsic flavyg9,80]

+  A9VIAA (2.11)
where,, (MPa) is the stress in the uncracked bodys a dimensionless geometric factor

describes the preexisting flaw geometry and the specimea @ngis the crack length.

Failure occurs if the stress intensity factor (SIF) reachexceeds the fracture toughness

Kic (which is the resistance of the material against crack extension).

+ 4+ (2.12)

The determination ofr&cture toughness based on conventional methods such as single edge
notched beam (SENB), the single edgendfchel beam (SEVNB), Chevron notched beam,
surface crack in flexure (CNB and SCF), single edgecmeked beam (SEPB), and other
conventional methods is hardly assessed on the brittle ceramics or composites because of their
notable brittleness (the hapthaseand high elastic modulus) and the difficulty to create a sharp
precracked specimen. In addition, these methods requilaous sample preparation and a
particular notch geometry control to get only one result for each sample. Therefore, a significant

time consumption and expensipeoceduresrecrucial [81i 84].

2.54 Hardnessof ceramic composites

The hardness of materials is considered as a key parameter in the field of material science,
engineering design and analysisstructures. The principal aim of the hardness test is to develop
more sophisticated devices and machines suitable for a given application or a particular treatment.
As a general definition, hardness refers to material quality rather than a physicatypaoplés
defined as the resistance to plastic deformation or penetration namely by indentation, wear,
abrasion or scratch. In 1900, the Swedish engiBagell was the first who invented an effective

and modern method using hard steel ball as the indémtmeasure the hardness of a given
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material. His method entitled Brinell hardness testing presented an alternative to: 1. Traditional
resistance test, which used to measure the scratch resistance in Mhos. 2. The destructive and high
time-consumption ofhe tensile test, besides, its difficulty to be performed on several small sized
new materials. Therefore, Brinell hardness testing using a hard steel ball as the indenter has been
often the only solutiof63, 67,85, 86].

Meanwhile, several authors discussed taslhess testing on ceramics through discussion
of indentation fracture or as a fundamental description. Among them, the most influencing ones
were McColm (1990), Lawn (1993) Tabor (1951) andChandler (1999) [85]. Today, several
hardness testing variants existiere the most comon are Rockwell and Brinell test usually used
to evaluate the hardness of soft to medium hard metals and material wHbnifmm
microstructuresOn the other hand, other hardness testing methods such as Vickers and Knoop are
usually applied on ceramig¢67, 80]. According to the applied loads on the indenter, hardness
testing can be dided into two groups: macileardness and mictloardness. When the applied
load exceeds 1 kg, the test is knowsnmaacrehardness and usually performed on large sized
material such as testing tools, dies etc. Below 1 kg applied ltaeldest is considered as
microhardness, mainly devoted to small scale material which includes thin films, small parts and
individual constituents of material63,86] The geometry of the indenter, load, dwell time besides
the means of result interpretation are kieg factos to differ between the mentioned hardness

testing methods

136 ° Between
opposite faces

e
/

G

Fig. 2.15 Hardness test) Vickers inderttion unde 19.6 N load in SPS sintereifconia
[84], b) Schematic of Vickers hardness prineipl
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Vickers hardness test is the most prefeaedue to several advantages. Indeed, in addition
to the extremely high precision Vickers hardness tess osly one tyg of indenter that is
adaptable to all types of matesa@icluding the softest and hardest oneig(2.15. However, the
Vickers machine is more expensive than the Brinell or Rockwell macligd/]. Generally, in
ceramics hardness is closely relategitdd strengttae nd can refl ects the mat
wear. The most cited empirical equation in the literaf®®388], that describes Vickers

hardnessl/yield strength relatiship follows approximately the form as below:

( o8 (2.13)

whereA is theyield strength.

2.55 Indentation fracture bughnessof ceramic composites

To overcome these difficulties several simple techniques have been established for this
purpose. The most attractive one is referred imdeantationfracturetoughness that involves the
measurements of the emanated crack lengths from the corners of Vickers indentation diagonals.
This method basically enableasy, fast and cheap experimental procedure in addition to the non
destructive test sae only small sample size is requirédickers and Knoopndentatiorhardness
tess are the most commonly used techniques to create an indentation mark on the well and
smoothly polished sample. In these methtite indenter is forced into the surfacénigh testing
load until a plastically deformed region is formed below and around the indentation, resulting in
cracks emanated from the four corners of the impression zone and residual stresses according to
the material features. The indentation fractuneghness method involves the crack length and
shape, load, impression size, hardness, calibration constant and sometimes the elasti¢@hpdulus
897191]. Numerous studies performed on polycrystalline ceramics describe the Palmqgvist crack
as thefour independentadial crackswvhich do not connect to each other under the indentation.
This type of crack isnostly formed at low and intermediate load. Above a charactegestierally
quite highthreshold load, the crack merge to a median type where the cracks are interconnected in
the sample dept79, 95, 96].
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The two models referring to Palmqviahd median crack under Vickensdentation are
illustrated inFig. 2.16 Indeed, the geoetry of the crack can be affected by crack growth
mechanism that is associated with the presence of a complex residual stress network around the
indentation in some material. Therefore, in some cases it can be hard to approve if the median
crack shape israextension of Palmqvist cracks due to residual stress or its formed directly at the
begnning from the indentef40]. The two crack shapes can be identified by several methods. A
formal commonly used criterion relies on measuring the eewyth/indent diagonal ratio.
Indeed, vinen the ratio is larger than 2 the crack geometry is attributed to the median shape, else it
is Palmqvist. Other experimental techniques known as decof@i®th02], process and serial
sectioning techniqu9, 83, 103,104] are widely usedThe decoration of the indentation cracks
method proposed hjones et alrequires a saturated lead acetate solution which is soaked into the
polished tensile surface of flexural specimg@¥%]. In this method, the crack path can be obskrve
under SEM micrographs after fractographic test (taking into consideration the original indentation
crack as failure origin) and the completed drying of the excess lead acetate solution usually by

using an oven.

In addition, the crack shape can be deteet by serial sectioning method based on layer

by-layer material removal by ceramographic polishing. At the end of surface polishing, the cracks
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remainconnected to the inverted pyramid of the indentation in case of median shape, while the

Palmquist crack exhibits a detached radial crack as displayédgn2.16

2.56 Vickers indentation fracture dughnessof ceramic composites

By far, most of the studies cited in the literature use the Vickers indenter to determine the
fracture toughness directly froimdentation mark. Different models (more than 30 equations) have
been developed by a large number of authors either by empirical or experimentalgysoass
of which involves the Young and Poisson modulus in addition to the hardness test result$. Most
the equations are a reformulation of the previous equations with novel calibration constants

depending on the crack type (Palmqvist or radhallian), crack length, and material properties.

As mentioned earlier,he conventional techniques are hardigplicable to large scale
sampla due to the laborious crack measuring, robust equipment and the requirement of a very
precise notch geometry contf@D6]. Furthermore, the raised residual stresses and the hard surface

preparation can influence largely the final results.

As consequencen il970,EvansandCharleswere the pioneer who developed the Vickers
indentation fracture technique to assess the fracture toughness of senadhibeir composites
In 1976,they publisheda short communication, where they presented a normalized calibratio
curve fitting to correlate the crack length (c) and indentation size (a) to estimate the indentation
fracture toughness. In their paper, a generated equation has been provided that seems to be used
regardless the crack shape (Palmqgvist or with medialiystsated belowj40,106}

+ ™® e§A 8 ( 8 (2.14)
Afterwards, the indentation method has successively received much interest because of its

expediency. However, the indentation fracture

important to establish new models for each crack type tonodtaurate fracture toughness values.

Consequently, in 198Marshall and Evans[107] simplified and corrected the formula of
indentation given byvansand Charlesapplied to median crack, whilénstis et al proposed
additional modifications to the proposed etiuaas presented beldd08]:

Marshall and Evang07,109]
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+ T8t 0% 02A 8 AA 8 (2.15)
Antis, Chantikul, Lawn, and Marshll08, 109].

% 80 (2.16)

Other reformulations of the previous equations for median crack were established by

Lauginer, Casselas and Nihara as cited below:
Lauginer[81, 109].

8 0 (2.17)

Cassela$81, 109}

% ° 0 (2.18)
+ "'[8'[ — —
Nihara,Morena, and Hasselm§81, 109]:
% 8 0 (2.19)

The models assume that the residual stress formed underneath the indentation in the
plastically damaged zone procsess expanding cavities that pulls the median cracks apart.
Subsequently, different authors successivgcribed the Palmqvist cracks models to estimate
the indentation fracture toughness. All the equations applied to Palmqvist crack type use the Exner
crack resistance (W§3], defined by the ratio between indentation load (P) and the sum of the

cracks length at the corners of the Vickerslhass impression using the following Equation:

0 (2.20)

The most commonly cited equations to describe the Palmqvist crack type are presented as

follows:

Warren and Matzke modgg1, 109

+ ToPg( & (2.21)

Nihara, Morrena, and Hasselman md@&dl, 109]:
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+ mWicBH( | 8( & (2.22
Shetty, Wright, Mincer, and Clauer mod@&Ll, 109]:

+ TSy @e & (2.23)
However, the different proposed equations result in large standard deviatianresits.
In addition, when the properties are not homogeneously distributed along the sample surface, this
method may not repsent accurately the indentation fracture toughness due to the small indented

zone. Therefore, several tests must be carried out on the same specimens for a better precision.

2.6 Tribological properties of ceramic matrix composites

The optimization bwear resistance and friction coefficient is considered as a preliminary
step during the design of a new tribological system, able to withstana seeenomechanical
environment. Reinforced ceramic composites appears nowadays commercially compétiive t
traditional materia for example grey cast iron or carbon/carbon used in the fabrication of brake
systems which require reduced f[Irll@ tnfact,nancc oef y ci
conductive parti s (MWENTsowdraptehekarvesbeen in seydrat works
endowed as a secondary phase intccsiral ceramics such as: ytts#abilized zirconia (YSZ),
silicon nitride (S¢Na4), silicon cabide (SIiC) or aluminium oxid€Al>Oz) to improve their
mechanical as welhs tribological properties. The major advantages of reinforced structural
ceramics reside in their greater strength, reduced density, high abrasion/wear resistance and high
temperature stabilitjl11]. Indeed, reinforced structural ceramics demonstrated high tribological
performance at lab as well as industrial scale, which enable their wide comizatioiafor short
and long operational lifetime applications. Advanced nozzle jet vanes used in missiles or hot
structures for spacecraft are good examples of short life time applications where mostly melt
i nyl trated c oBi@ coatedtwighsaaramickserfac€ praection take a pdri2].

Other typical applications requiring spdcigear resistance performances for longer structural
lifetime are devoted to terrestrial applications including brake systems in cars, trains, aircraft or
elevators. In this context, several ceramic matrix composites have been investigated for these
purpo®s[110,113,114] Kasperski etl prepredZrO, / MWCNT compositedy SPS Several
amounts of MWCNT.5, 1, 1.68, 3.24 and 5.16 w) #tave been added to zirconia maffis5].
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The wear test investigation has been performed under a load of 5 and 10 N using alumina ball as
a counterpart. The frictional propertie®re reducedvith increasing MWCNT amount from 0.5

to 3.24 wt%. Howevethe friction coefficient and the wear resistance were significantly improved
with 5 wt% MWCNT addition, which was in line with the fainter track and the higher lubricating
effect observed on the worn areas. On the other hand, the highest average anthughtiess

was attributed to the composite with 5 wt% of MWCNT about 0.11 compared to the other
composites, where the roughness was located in the rafi@®®f0.03 causing easier zirconia

grains pulout during polishingHvizdos et alinvestigatedhe tribological properties dBNPs

with 1 and 3 wt% additions into $8i4 matrix under5 N) load and maximum sliding distance of

300 m[116]. Steadystateof friction coefficient were recorded at short sliding distance followed

by more or less higher fluaition depending on the composite content. According to the results,
the best friction coefficient and wear resistance have been obtained in the composite with 3 wt%
graphene addition to $h4 matrix illustrated by remarkable wear rate decreased (about)60 %
compared to SN4 reference. The microstructural features analysis was related closely to the wear
damage mechanism. In fact, brdirmed a strongsNPsinterfacial bonding to silicon nitride
matrix. This hgh integration ofGNPsinto the microstructur@rohibited finding a significant
lubrication effect during wear test. On the other hand, intensive milling process for more than 10
h played an important role to achieve large distance between graphene multilayers and therefore

acquire the expected tribgjizal properties.

Latifa et alstudied the friction and wear behami®f spak plasma sintered 3 mol% vyttria
stabilizedtetragonal zirconia (3YTZP) reinforced with up to 2 wt% MWCNTS using zirconia ball
with 10 mm diameter as a countergdt7]. In their study, the friction adficients(COF9 were
evaluated in macrecratch testing with a sliding Rockwell indenter at increasing loads. Strong
oscillations have been recorded in the COF beyond a critical load relatively higher. The oscillations
appeared earlier for the composiath larger amount of MWCNT provoking brittfeacture and
chipping trend. The origin of the brittle fracture and chipping were supposed to be resulted from
the weak zirconia and MWCNTSs interface or due to the tensile stresses appeared during the scratch
test. However, the effect of MWCNTs addition on COF under low applied loads resided in
considerable increases reflecting low wear rate. In another $tddye i npuence of the
and sliding speed on the friction and wear behavad ZrO, with 1.07 wt% carbon nangber
(CNFs) composite has been investigatedizdos et a[118]. A slight variation of the friction
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coefficient (0.22 0.27) for various sliding speeds 2.5, 5, 10, 15 ¢rhas been fouh In addition,

a significant increase in the friction coefficient with respect to the applied load from (0.25 to 0.35

via 1 N to 5 N) respectively has been observed. A low amount 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 pult to the worn surface were observed. In fact, the mixture
formed a transferred ylm which | ed to attain

enhanced theibological properties of the composite.

2.7 Application of yttria stabilized zirconia in energy sector

Fuel cells are electrochemical devices that allow the direct conversion of chemical energy of
the reactants into electrical ener@yig. 2.19. Fuel lls, are one of the most promising
technologies and environmental friendly power generation devices which are recently an attractive
area of continuous development simultaneously with the increasing renewable energy supply. Fuel

cells can be classifiedtimtwo differentaspects

Oxidant %

02- 0% 02 02
l ' ' —» Electrolyte

—p Cathode

=& Anode

Fuel J \ H,O

Fig. 2.17. Structure and operating principal of a solid oxide fuel ¢E119].

The firstaspect of categorizatida the nature of the fuels usedifpower generatiofi20]
which can be hydrogefi121], methanol[122], fossil fuels [121] or biomasslerived materials
[123]. The secondaspect isthe catalysts compounds used to speed up the electrochemical
processesegarding the different possible working temperature of thgXT2l). Sdid oxide fuel
cells (SOFC) are one of the most commonly used and efficierd aypiee fuel cels that operates
at high temperatur e [1P5]. SOFCS drisistsAdC a deose dedt®lfte A C
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sandwiched between two porous electrqdesde and cathode). State of the art electrolyte, anode
and cathode are ZBY203 (YSZ), Nii YSZ cermet and.SMi YSZ (Lanthanum Strontium
Manganite, LS, respectively126].

TPB at
electrolyte/anode
interface

TPB at anode
interior

Electrolyte

Fig. 2.18 A schematic diagram of triple phase boundary (TPB) at the anod§ldigle

On the cathode side tloygenfrom air is @mbined withelectrorfrom the external circuit
to produce @ions. The @ ionsconductorarethen travelling through the YSZ electrolyte towards
the anode. On the anode side, thadds react with the Fo produce water. Electrons are released
as a esult of this reaction and travel through the external circuit towards the cathode to repeat the

same process. These reactions are summarized below:
Cathode reaction:

I tA ol (2.24)

Anode reaction:

q( ¢/ O¢(/! TA (2.25)

High anodic porosity is required to afford a proper way of gas diffusion throughout the
anode. The point where Ni, YSZ and pore connect each other istcglleghasebounday (TPB)
where the above electrochemical reactions take flage2.18. The produced water molecule is
transferred outside of the anode through the p[28]. The cmstruction aim is to provide a

maximum possible number of TPBs to obtain as results the large number of reactions. Besides the
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high porosity required for the anodic material, the anode must exhibit highicetestductivity,
chemical and mechanical statyiland compatibility with the other components. Among the most
available metallic and ceramic materials that fulfil these requirements is the common Ni and YSZ
cermet. This material is constructed in such a way that YSZ particles areapagcaround ta

Ni particles.Ni / YSZ anode is considered as the most efficient anaaterial for SOFC for many
rea®ns, first the wide availability of the raw materials Ni and YSZ makes this anode broadly
commercialized and decrease the high cost of SOFC. On thehathe, in term of efficiency
Ni/YSZ cermet proved high active elecitatalytic properties for hydrogen oxidation at high
temperatures. Moreover, Ni has a higher thermal expansion coefficient as compared to YSZ which
restricts its use as an anode matéoaB5OFCs. Agglomeration of Ni is prevented by YSZ particles
that tend to provide a similar expansion coefficient as that of electrolyte during the high
temperature operating conditiofi24, 128, 129]. Therefore, a suitable microstructure not only
guarantees a high operating voltage but also augments the lifetime. The optimization of the amount
and size ofhe two particles Ni and YSZ is often the main key factor toward achieving such a
microstructure. Ni YSZ cermet enables to reform various kinds of hydrocarbon fuels with steam
at high operating temperature. Methane reforming can be fulfilled eitherahyeonexternally in
SOFC. In the external reforming, the methane is converted to CO apefdie these gases are
supplied to the fuel cell compartment. While, in case of the internal reforming the methane
conversion to CO and Hoccur inside fuel cell ampartment. In fact, this concept has been
considered as a more promising and advantageous design because of reageras:the
elimination of prereformer as well as the possibility of recuperating the thermal heat resulted from
the endothermic steamfoeming reaction during the charge transfer reactions that is responsible
of electrical energy productidti29,130] The hydrocarbons aheterogeneously reformed within

the anode structure by reacting with steam andtG& are produced by electrochemical charge
transfer processes according to the followkeg 226 [130]:

#( (19#1 o (2.26)

#( #10q¢#/ ¢ (2.27)

In steam reforming process the ldvels are higher because the additional steam produced

from the reaction can participate in the reforming process. Thés@@ailable to participate as a
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dry-reforming reactant. The kinetics of g@forming of CH on Ni catalyst can be modelled
within the framework of classical Langmiuifinshelwood kineticsResults claimed that the
maximization of the rate of the reforming reaction onto the anode results in maximization of the
H2 and CO concentrations at the anodic cell compartment. However, the internal reforming of
methane often accompanies impurities sasltarbon deosition denoted as cooking arlghur
deposition remain the major issues responsible for the fast aeteigoration. The presence of
sulphur and intensive carbon deposition contributed to the delamination of anode layer and block
the nickelgrains. This fact caused the limitation of the hydrogen atoms movement and thus leads
to a significant decrease of the cell efficiet@1]. Chenget al. found that the formation of
sulphide (Ni¢Sz, NiS)canb e | i mi t ed by a hi gh [3; Whléthercagbomr at e
deposition orthe porous anode can occur in different forms such as fibers, whiskers or graphitic
carbon causing micro morphological changes of the anode resulting in deactivation or breakdown
of the catalyst§l 32]. Many recent studies proved that the temperature of isigtisran important
parameter in obtaining a small grained structure for a better performance of SOFC electrolyte
[133].

The active sites of the anode are covered with deposited carbon that can conduct to its deactivation,
loss of cell performance and reduced SOFC reliability. High operating temperatuoghisrdrig

issue in SOFC and can cause many problems in terms of-alemlyté cathode degradation

and lifetime of the cells. The main challenge is the decrease of the high working temperature of
fuel cells. Liu et al.identified and analyzed the massues responsible for cathode degradation

in SOFC[134]. Thestructural changes at the interface of LSM (&rax)yMnOzs) / YSZ cathode

and YSZ ¢ectrolyte introduced a reduction of the LSM craters and the formation of new phases
of the insulating zirconate. The lack of oxygen content in the air introduced to the cathode gas was
attributed as a major factor responsible of LSM craters reductidmough, the high advantages
arising from the development of fuel cells in term of sustainability and environment protection.
We must not neglect the waste generated from hydrogen production during the calculation of the
overall environmental impact of fueklls compared to conventional energy sources. Therefore,

the process of hydrogen manufacturing generally involves fossil fuels, biomass, or water. This
manufacture costs time, capital, and energy. Then the hydrogen must be transported and stored.

This al® requres dedicated infrastructure.
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Solid oxideion conductors are considered as vital components for various energy and
environmental technologiedMajor applications include solid oxide fuel cells (SOFCs), gas
sensors, oxygen sensors for control obedtive emissions, dexidation of steel, combustion
cortrols for furnaces and engineBriving towards owning high efficient energy production and
low air pollution, YSZ is regarded as one of the most reliable solid @ardeonductors due to its
ability to create oxygen ion vacancies and hence enabling the transport of oxygen at high dopant
amount (810 mol%, fully stailized into cubic structure)Furthermore, YSZ is the most
commonly effective material used as thermal barrier coatings (TBCs) for therotection in
various technologies such as modern gas tushioembusbn engine components and hot
structure (aerospace). The ceramics coatings with low thermal conductivity are good insulators
and protect engine components from sewanditiors namdy high temperature/pressure and

corrosive environment and thereby improves the engines efficiency and dufabili®p, 136].

2.8. Aim of PhD work

Nowadays, MWCNT reinforcedrD. composites are attracting growing interest, thanks to
their ability of selfhealing of the crack and the possibility to tailor the desired nanostructured
propertiesThe PhD work are based on the following aims and motivations:

1 Synthesis of 8YSZ contaiing 1, 5 and 10 wt% MWCNTsand analysg the criticalrole
of milling conditions and spark plasma sinterprgpcess in the control of the grasize,
density and MWCNT dispersion.

1 Analysing and characterizing of the MWCNT direct and indirect effect on the
microstructure and funer on the sintered 83YSAMWCNT composites at 14

1 Qualitative and quantitative examinations to reveal the composites phase evolution at
powder and sintered states and to further discern whether SPS process has affected
MWCNT dructure and integrity with respect to its concentration.

{ Evaluation of composités mechanical propertiesmainly Vickers hardness, indentation
fracture toughnesand 3p bending testes.

1 Analysng the compositesbility of self-healing by limiting the cack propagation
(toughening mechanism) with respect to MWCNT content after surface indentation and

fractographic test.
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1 A new interpretation of the complex wear mechanismeported in 8YSZ /| MWCNT
composites has been well outlined in function of MWCNT aoiterear conditions and
the variation of the applied sliding speed.
1 Understanding thecomplex wearmechanismsobserved in the studied composites at low
V1= 0.036 m/sand highV2= 0.11 m/ssliding speedsdry sliding conditions based on
analytical studiewolving SEM and EDS investigations inside and outside the wear track.
Based on the obtained results, the studied composites can be extended towards technical
applications where low wear rate associated with good strength and resistant to crack
propagatio are essential.
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3. MATERIAL Sand EXPERIMENTS

This chapteprovides a detailed overview thife compositesynthesis procedure based
on high energy balimilling and SPS sintering process. It also entdiie experimental
techniques formechanical and tribofpcal testing as well ageviews the various

characterization methods such XRD, SEM, TEM and Raman spectroscopy.

3.1 Materials

The powder precursor composscommercially available 8 mi yttriastabilized zirconia
(8YSZ, Sulzer Metco AMDRY 6643, Fi@.1laandFig.3 1c) wi th an average g
was used as base material in the current study. The chemical composition ah8¥8#ed using

energydispersive spectroscopy (EDS) is provided @b. 3.1.

Tab. 31. Chemical composition of the asceived 8YSZ powder.

Elements Composition in wt%
0 F 31.23
Fe F 0.45
Y F7.49
Zr (58.45
Hf F2.38

Catalytic chemical vaporggposition (CCVD) process has been employeddaufacture the
MWCNTs with average wall numbeof eight, inner / outer diameter of 3.8 nm / 9.13 nm and
averagd engt h @MWCHNT, type REB100TM, Nanocyl)The phots (Fig. 3.1b)as well

asSEM micrographs (Fig..3.d), illustrate the as received materials.
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Fig. 3.1. Shape of as received zirconia powdephptographic pictureb) SEMmicrograph
and MWCNTSs bundles photographic pictured) SEMmicrograph

3.2Powder milling and sintering

As a first step of composite preparation, appropriate amounts of MWCNTs corresponding
to 1 wt%, 5 wt% and 10 wt%T@ab. 32) wereweighed outby electronic balance and added to
zirconia powderln order to obtain high MWCNTSs dispersion and to increase the surface area of
the grains by decreasing their sitee composites mixturesere milledfor 5 h running at a
velocity of 4000 rpm usingigh efficiency attrition milling (Union Process, type-#iD/HDDM).
Each batch with 80 g ynal pr Jtwldotgethand andd8x e d
mL zirconia balls (each of 1 mm di ameter).
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for 25 mnutes. Finally, the powdeni xt ur e was sieved by 100
are summarized iRig. 32.

Tab. 3.2.Percentage of 8YSZ and MWCNTs in ZR1ZRR5 and ZR10 composites.

Sample 8YSZ (wt%) MWCNT (wt %)
ZR 100
ZR-1 99 1
ZR-5 95 5
ZR-10 90 10

Fig. 3.2. Preparation of 8YSZ/MWCNTSs powders ustigtor milling technique in wet
media.a) high efficiency attrition millingp) zirconia balls, c) ethanol), d) powder drying ar
e) powder sieving.
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After powder procesing, the consolidation of ogposite powder was assessed by spark
plasma mitering (SPS, HD P5 equipment FCT GmbRig( 338 at1400AC using a graphite die.
An optical pyrometer positioned on the upper graphite punch has been applied for temperature
con rol. The powder mixtures were then h'édated U
with on/off current pulses of 3/1 ms, 2.2kA and 5V. A uniaxial pressure of 50 MPa was maintained
during sintering cycle with a dwell time of 5 min. The final sintiepellets size was 30 mm in
diameter with a thickness of 5Smiig. 348). The pellets were grounded and polished using silicon
carbide papersvith abrasive grain sizer om 80 Om to 1200 Om. Addi i
polycrystalline diamond suspension lhaen applied for some samples to ensure the total removal
of the graphite foil and to reveal their microstructure. Finally, the specimens were sawed into bars
of about (4.8 mnh 4.4 mmi 30 mm)(Fig. 3.40) by diamondsaw(Struers secotoss0, Fig. 33b).

Fig. 3.3.a) Spark Plasma Sintering machine (HD P5 equipment FCT GmbH) and b) dia

cutting machine (Struers secotdil) used in this work.
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ZR-10

4
ZR-5 :
v v

Fig. 3.4. Sintered samples) Asreceived samples after sintering (diameter/ thickness of

mm / 5mm repectively), and b) the samples after a hard polishing and cutting process
of 4.8mml 4mmi 3r0n).

3.3 Microstructural analysis, density and porosity measurements

The apparent and bulk densities of the composites were measured using Archimbdds met
(Eqg. 3.1 and 3.2 respectively) with distilled water as the immersion medierbulk density is
the mass divided by bulk volume. The later involves the volume of solid as well as the volume of
open and closed porosity. While apparent solid densitiidsmass divided by apparent solid
volume.Composites with high surfacemsity containing 5 and 10 % (open pores) have been
immersed into water + lubricant (soap) for at least 3 days to ensure the total filling of the pores.
Further, the apparent paites is defined as the massopen pore volumdivided by apparent
solid volume. The apparent porosities of the composites were calculated according to (Eqg. 3.3)
[138].

oo A AT B LA <&@ AOWAT DI A (3.1)
! R E0O0AT DB & AEAA AOORAD| A
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" ORAT 6 LA x 8 AOWAI DI A (3.2)
<8 & ADRA DX & AEAR AR A

L x @ & ADRA DixB AODAI DI A (3.3)
G ADRA DB & AEAA A CORAY A"

!DDA@A@@O?@

where, m is water density equal to 1g/émat room temperaturewt.) refers to the

weight in Q).

3.4 Mechanical and tribological testing methods

3.4.1 Vickers hardness and indentation fractureughness

Vickers hardness tester (Leltizetzi AR Germanykig. 35) has beemised to indent the well
polished specimens surfageth applied load of 19.61 N and 30 sdeell of time The mean
diagonals length (d) has been measured after removirtiaim®nd indenter which is in the form
of a squarébased pyramitith an angle of 136 degrees between the opposite. fagedents have
been performed throughout the sampseigace diagonal with a displacement step of 4 mm, to
investigate the hardness homogeneity. The Vickers hardness values were calculated according to
theEqg. 3.4 below:

( p YsPH (3.4)
—x

where,F is the applied load (N) is the diagonald n gt h (€ m) .
Indentationfracture toughnes¥(c) was obtained usinthpe validequation (5) foPalmqvist

crack proposetly Shetty

(& & (3.5)
+ T[8'[llJ(A)'6c_)[—\|

where, | (mm) is the length of the crack from the indentation corner.
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Fig. 3.5. Vickers hardness indentéreitzWetzi AR Germany) used in this work.

3.4.2 Bending strength

The 3point bending test is a classical mechanical testing method commonly used due to its
simplicity to determine the bending strength, stsisain behavior, and the elasticity modulus of
brittle material such as ceramics. The geometry of the tested sample and strain rate are so essential
for an easy result analysis. Therefore, the sample should be cylindrical rods or rectangular bars
since the sample geomgthas to be taken into account in the final calculation. Additionally, the
sample should be flat as much as possible to ensure avoiding its rotation when the loading pin
contacts the sampldn the 3-point bending teststhe barshaped sample is placed two
cylindrical rods (lower supports), whitbe third rod is placed on the middle of the upper surface
of the sample and cause a concentrated load apaond and reduced stress elsewhere. This
strength testing configuration creates a compression strégs concave side, tensile stress in the
convex side of the sample and shear forces along the middle plane. Hence, to prevent the
contribution of the shear stresses primary failure of the material rather from the compressions or
tensile stresses, therdool of the ratio between the span and depth (height of the sample) is
necessary to reduce shear strefk@d 141]. The theoretical model dfie3-point bendings given
in Fig. 36a.
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Fig. 3.6. 3-point bendingtest. a)schematic of th&-point bending test conducted on the be
shaped used in this work., Iipnding strength test set GINSTRON 5966)sed in this work

In this work, 3point bending test was conducted usingaaptus INSTRON5966~g. 3.6b),
a span of 20 mm and r at e g tmaxmurd §&r8s8 at break)svas T h e
calculated as follow

(3.6)

-0A

N
.2l

where F is the load at the fracture point (N), L is the length of theosugpan (mm), b is
the width (mm) and h is the thickness (mm) of the specifftegelasticnodulus(E) is determined
mechanically from the linear region where $tieess and strain exhibit a proportional relationship.
In that region, theelastic modulusconstant inthe 3-point bendingstrengthcan be calculated
according tdHooke's Law65].

£ %R (3.7)

where( is the measured stress (PR), s Youngo6s mdlithé displacéniert ) , an

(mm/mm).In 3p-bendingstrengthtest, theelasticmodulus constant can be expressed as follow:
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A& (38)

% ~
0 R T K]

where) is the deflection coasponding to the load.

3.4.3 Wear test

The analysis of the wear behawicand friction deteanination has been conducted on high
temperaturertbomete THT (CSM, Switzerland) usinggtl on disk technique at room temperature
(25 AC, aii65u) @ign.8)i Thiy meth6d most commonly used in tribology as an
important tool to investigate the maturity of a givertenal (in term of friction andvear) enables
in fact setting up various parameters such as: time,
temperatureyelocity, contactpressurelubrication, and humidity, as similar as the real conditions
for which the material is designed for.

Friction Place of
cudﬁutnt the Iud

Adjustabl y
\\'ei;:ls  Tribometer b) SisNa Balls C)
5

arm
\ N Wear track
=V \ radius
adjustment
7
Rotative
motion R

e\ b
. %\ holder
X

Rotative wear

\
Sample stage
r track

Fig. 3.7.a) High temperature tribometer THT (CSM, Switzerland) machine used in this \
b) schematic of baibn-disk method, and c) $l4 balls ugd as counterpart against the

composites surfaces.
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The frictionalforcesbetweerthe samplen rotation and the ball are measured with the help
of a strain gage sensor on theem Fig. 2.80. Commercially available 8\4 balls Fig. 2.8) with
5mm indameter, Hio= 1300 N/ mm] i n hardness and Ra = 0.
counterparts against the sintered 8YSZ and 8YSBENVCNT composites surfaces. The friction
coefficient (&) has been recor deldzatfikedrounglh o ut
load (5 N) and total sliding distance of d = 400 m. The speed velocity has been set up at V1= 0.036
m/s then V2= 0.11 m/® study its influence on triiim formation and friction behavig. The
wear rates (W) were measured based ewttume loss (V) per total sliding distance (d) according

to the following Eq3.9:

—
—

(3.9)

> O

3.5. Structural characterization of samples

3.5.1 Scanning electron microscopy

The scanning electron microscoffyEM) principle is based ousing the electromatter
interactions mechanism to visualize and produce-hegblution images. SEM is equipped with
electron gun system (to produce higinergy electron beam which enters the electron column),
electromagnetic lenses (condenser lensggctibe lenses and scanning coils), vacuum system
and cetector The electromagnetic system allows successive interventions to control the beam size,
focus and scan the beam on the sample in a small spot. The vacuum system is necessary to avoid
contaminatia and collision, while the detectaeceives thecurrent of secondary electrons
emerged during thdeamsample interactianin addition, diaphragms of optimum aperture
diameter are placed to reduce or exclude dispersed beam electrons. The incidentkedaatron
interacts with the orbiting electrons of the atoms at the surface of the specimens in a variety of
ways giving rise to various signals that carry informatdout the sample namelsecondary
electronspackscattered electrons, Auger electronstlaylX-rays The various types @fpecimen

out comingderived from electron specimen interaction are then collected different the
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detectos depending on the types of the generated radiation. The latter, acenkerted to signal
that is sent to a seen similar to a television screen to form the final im&gge 8.83. The analysis
of these alternative energy forms release information about the specimen such as topology,
morphology, chemical composition, crystallography and grains orientation.

The nost important key advantages of this methoegits ability to image bulk samples up
to many centimeters in size, besides its great depth of field allowing imaginedthreresional
shapes. Another advantage of SEM is its variety called environmentalirsgaglectron
microscope (ESEM), which can produce images of sufficient quality and resolution with the

samples being wet or contained in low vacuum ol 4% 146].
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a) b)
Fig. 3.8 Scanning electron microscope (SEM). a) operating principal, b) working set

The microstructural characterization of the studied composites such as: the MWCNTs
disperson, zirconia grain size and morphology, surface porosity and prelimireantpgraphic
examination were investigated by a field emission scanning electron microscope (LEO 1540 XB)
equipped with EverhafThornley and InLens secondary electron detectorsitidddlly, the SEM
equipped with ultrathin window Rontec Si (IEDSdetector and Bruker Esprit 1.9 software, was
used for visualizing MWCNT agglomeration and dispersion into the matrix based on elemental
maps as well as employed upon the Vickers indemtatnpression of each sintered sample to
confirm the presence of different toughing mechanisms (MWCNTFqui)lcra& bridging, crack
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deflectior). A Thermo Scientific Scios 2 (SEMig. 3.8 equipped with BSE detector and Oxford
X-Max EDS detector were ad up orthe wear track profile to anakyshe wear mechanism and
to identify the chemical composition evolution after the wear test.

3.5.2 Transmission electron microscopy

Transmission electron microscopy (TEM) device is constructed by six main contgionen
electron beancathodggenerallytungsten lanthanum hexaboride (LaB6f t en cal | ed Al
field emission gun (FEG)magnetic condenser lenses, objective lens, projective lenses, apertures
and fluorescent screen. Every component plays an immabée in produéng images with a
higher resolution and magnification as it is describeBign 3.9 The role of the condenser lens
system is to focus the electron beam onto the specimen. The electron beam passes through the
specimen and carries inforn@t about its structure at atomic scale. Then, the emerged beam is
collected and focused by the objective lens, which is followed by several projection lenses used to
focus, magnify, and project the image onto the viewing device at the bottom of the cdhenn
entire electron path from gun to camera must be under vacuum otherwise the electrons would
collide with air molecules and be scattered or absorbed. On the way from the source to the viewing
device, the electron beam passes through a series of apenitin different diameters. These
apertures stop those electrons that are not required for image formation (e.g., scattered

electrong]146i 148].

Originally, TEMs used a fluorescent screen, which emitted light when impacted by the
transmitted electrons, for reime imaging and adjustments; modern instruments rely primarily
on solid state imaging #liees, such as a CCD (chargeupled device) camera, for image capture.
They may still include a fluorescent screen, but it may be observed by a video camera.
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Fig. 3.9. TEM operating principal and the real device used in our laboratory.

The feature®f the dispersed MWCNTSs in 8YSZ powder at different concentratiears
examined in detail usingansmissiorelectron microscopy (Philips Ci0) and high resolution
transmission electronisroscopy (JEOL 301@ith 300 kV accelerating voltage and-Csrrected
Themis with 200 kV accelerating voltgg@&he evaluation of S8ED images was done process
diffraction software with the help of a free crystallographic database

Only the powder samples were studied by TEM. The Cu grid was used for sample

preparatio.

3.5.3 Digitalmicroscopy

KEYENCE VHX-950F digital microscope equipped with a hggmsitivity, highspeed
CMOS camera with a framerate of 50 frames/sec was used to evaluatedhérack profile of
samples after the wear teBtepth composition imagesere obtained of the uneven surfaces by
compiling images at different focal planes. Thereftire average arithmetic roughness (Ra) could
be measured.
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3.6. Phase analysis of samples

3.6.1 XRay Diffraction

X-ray diffraction (XRD) technique is mon-destructivemethod toanalyse and charactese
all kinds of matters (fluids, powders and crystals). In faeta)diffraction technique allows an
easy and rapid identification of a specific phase, the orientation of grains or single crystals, atomic
arrangement (material structure)aigr size or internal stres¥hese important features enable
researchers to understand a behaviand function of aspecific or unknown material. The
principle of X-ray diffraction lies on the elastic scattering of acident Xray beam by atoms in
a periodic structure. The-Kay beams are diffracted at speci
constructively or destructively{Constructive interference occurs when the scattered rays have a

pathdifference ofS n & ( nnteges), sa&alled in phase. Otherwise, the scattered rays interfere

X-rays
Source

e =, .3 \ 1. ‘ Y £ -
4 1 s w o
- : 3 o BN
Atoms ~ S | S
— . | 3 Detector

] ©
~0-1-0- -8~ E)Q__
-0---0--0--0

a)

Fig. 3.10 XRD measurement. a) Pdiple of the XRay diffraction techniquk) Picture of
X-Ray device used during this worBruker D8 discovein the Bentano configuration
usingCukal pha radiation (&= 1.5

destructively when they have atp difference ofS n pthe secalled out of phaselhe only
considered scattered-védy beams are the constructively diffractednes which denotes the
crystallographic structure of the matter by reflecting all the parallel planes of atoms intersecting

the axes of the crystallographic unit cell, symbolized by the Miller indices (hkl) as illustrated in
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Fig. 3.10aln fact, the constructive interference oétieflected r ays onl 'y occur s wk
law is satisfied according to the followify. 3.10:

11 cogl (3.10)

where n is an integer called t hrays,disidteer of r
planar spacing arfdis the angle between the incident beam and the normal to the reflecting lattice
plane. Based on this relationship, theer-planar spacingl can be calculated after measuring the
angleq under which the constructively interferingrays leave the crystal. The corresponding d
values together with the relative intensities of the recorded diffraction pattern are themeztbmpa
with known standards line patterns in the JCPDS database. Further, a prior knowledge of the
chemical features and the class of the tested material can be valuable. On the other hand, the peak
angles and profilesan beused to quantify the average dajtite size and degree of crystallization

as well as micro strain.

The Scherrer equation relates crystaliize to the peak width at half maximum according

to the followingEq. 3.11.:

+1 (3.12)
rAT[O
where 0 is the crystallite sizé, is the xray wavelengthy is the peak width at half

maximum, K is a constant which is often taken as Jadi 151].

In this study, Xray diffraction (XRD) was carried out on the composites at powder as well
as sintered state to identify the existent phases and to quantify the ¢eysiadliand pase
composition For this, XRDwithparallé beam geometry and Cu KU radi
D8 Discover dif fr act-minmeadneascirgil@tion detpciodhasbeen isedG° b e |
The corresponding XRD equipment is illustrated=ig. 3.10b Furthermore, therystallite size
and amant of phasesxiting in the composites has been preceded based on A standard less
guantitative analysis of the composites was performed using the Bdifkarct. EVA software
based on the ICDD JCPDS 2003 database. Standardless quantitative analysissriztbed on
the comparison of the peak intensities of the identified phases to the intensities of a corundum
standard152].
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3.6.2 Raman spectroscopy

Raman spectroscopy provides qualitative and quantitative informatioim a host of
materials anddifferent physical states by exploring their molecular vibrations. The spectral
patterns ighe uniquefingerprintingof a given material which permit to find othe constituent
particles in a sample. In addition, further properties can be derived from Raman spectrum for
instance the quantityhich is proportional to peak intensitgtrain/stress states, and quality of

crystal.

Raman effect arises when the emic scattering of monochromatic light occurs. In other
words, when the frequency of the incident laser beam changes upon interaction with ald@mple.
interaction can be observed as a perturbation of the molecule's electric fialssaodted with a
change in vibrational, rotational or electronic energy of a moleGhleelastic scatteéng of light
known asRayleigh scatténg occurs when the excited electron within the material return back to
the same energy level and therefarethis case the scated photondave exactly the same
frequency as the incident photdviost of the samplaser beam interactions (about 99.999% of
all incident photons) undergo an elastic scattering (Rayleigh scattering) which is useless for Raman
chemical characterizatiohlowever, asmallfractionof the incident lightgpproximatelyd.001%)
produces the Raman effect by inelastic scatteaihgptical frequencies higher or lower than
original incident monochromatic frequency. Stokes frequency is the frequency of thex scatt
photon shifted to lower value compared to the incident photon, whileShoiies frequency is the
inverse situation when the resulted frequency of the scatter photon is shifted to higher values. The
Raman spectrum consists of a plot of intensity oftepad light versus energy difference the
incident and the scattered phot¢hS3].

In this work, Renishaw 1000 B micr®aman spectrometer attached to a Leica DM/LM
microscope was used to produce Raman spectra at room temperature in the wave number range of
1501 3500 cm*with 488 nm laser excitimn. The spectral resolution of the system is 2.5'and
the diameter of the excitation spot i©In

59



4. RESULTS

This chapter reports on the microstructural, mechanical and tribological characterization of
the 8YSZ compsites containing 0, 1, 5, 10 Wwtof MWCNTSs addition.In the first part, the role
of high efycient attrition milling on fhe mioc
MWCNTSs powder wasnvestigated in details. Further, the morphology and the distribution of
MWCNTsin these powder ixtures wasystenatically researchedAdditionally, the éect of SPS
process at400A Gind MWCNT content on the microstructural features including density, phase
transition, crystal size antbmposites cross sectional surfateseported.The second pawill
alsofocus on the mechanical characterization of the sintered Y8WCNTSs. The Vickers
hardnessand indentation fracture toughnessstribution was evaluated based on seven
indentationsalong the surface diagonal of the composites. Further, thek gpropagation
mechanism as well as the differetdughening mechanisms associateith MWCNT
reinforcement wadeeply identified and analgd. Fractographicharacterizatiobased on SEM
micrographs wasccomplished on the composites subjecte8-pmint bending test. Thehird
partpresentshe wear test results conducteghinst SiN4 balls at two differensliding speed
namely(V1=0.036 m/s and V2= 0.11 m/s).novel interpretation of the wear mechanism is

reported based SEM and EDS investigations.

4.1 Structural properties of the milled 8YSZ / MWCNTSs powders

4.1.1 Structural study of the aeceived 8YSZ powder before and after milling

The characterization of the as received material before and after milling involves as a first
step the evaluation ahe grain size and their distribution, besides the determination of the
particleds morphology by SEM, TEM and EDS. Th:
mechanical technique used to obtain a reduced and homogeneous patrticles size andfatiape. In
the process acts as a good mechanical dispersive tool to achieve a uniform MWCNT dispersion
into matrix phase as well as minimizing their agglomeration especially when a fairly ductile binder

is used to broke these agglomeragiorhe milling paramters such as time, speed, ball to powder
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ratio and milling medium are of a great importance to control the microstructural features and

milling efficiency[154].

The asreceived 8YSZ powder presents generally a coarse microstructure with
inhomogeneous particle size: bigger particle with aver ag@. 65 8®&. 48dNan a
of 16 . 22 nHNase3of the smaih onies (Figld). Furthermore, it can be observed that
different morphologies are existing, but the majority of particle shapes seems to be irregular with
significant sharpness at the edges.sTparticle shape arrangement gives the evidence of high
separation between particles edges as well as a good dispersion. According to SEM micrograph
illustrated inFig. 41b, 8YSZ powder morphology has been modified after milling process. In fact,
the gran size falls moderately to naakystalline structure due to many factors resulted from high
milling speed during 5 h such as: grain dislocation, generation of graim stnd particles

fracturing.

Fig. 4.1. Structural investigation of 8YSZ $mmateriala) SEM micrograph of the as receivi

8YSZ before ank) after milling process.

The particles disintegrated into fine grains with an average size approximately about 400
nm. Further, the milled grains appear softer at edges compared torgmei@ed structure and

tend to form lowangle grain boundaries due to repeated welding during the milling.
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200 nm

a) b)
Fig. 4.2. TEM images 08Y SZ withSAED diffraction in detail. a3Y SZbefore milling, b)

8Y Szafter milling. The SAED confirmed the @uizirconia (111, 220, 200) in both cases.

Structural analysis conducted up on a fraction of 8YSZ powders before and after milling
(Fig. 4.2) confirmed the previous SEM observations residing in obvious particle size decrease
Additionally, thephase angkis (Fig. 42) of powdersndicates that milling effeaid not result in

phase transformatioriibic zirconia (111, 220, and 200) in both ca&es only grain decrease.

4.1.2 Structural analysis of 8YSZ reinforced MWCNT powder after milling process

In the composites containing MWCNTs the microstructure undergoes a substantial
modification from zirconia particle sizing view and their surface topology in comparison with the
milled reference (ZR) as discussed previouStyuctural investigations (SEM, Fi¢.3 andTEM,

Fig. 4.4) of the milled 8YSZ MWCNT powders (ZR1, ZR-5, and ZR10) showed the evidence

of higher grain refinement resulted from MWCNTs addition. Moreover, zirconia grains tend to
contact each other owing to the presence of MWCNT fiberba@indufaces. In ZR1 composite,

an enhancetMWCNT dispersion along the contact edges of the grains was observed. However,
small spherical particles with diameters of abdut 4 2 N cOrresponds o MWCNT
agglomeration that could not be suppresseddtiyilling were still visible. These agglomerations

of MWCNT were bigger in case of ZR and ZR10 composites abodt. 8 7 N afd23 8 &m
0 . 2 respactively.This resulted in the formation of small zirconia grains (< 100 nm) and

particles (> 200 nmgmbedded into MWCNTSs agglomerations and networks. The agglomeration,
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the damage or structural defect of MWCNTSs has been reporseghaficantissue responsiblier
areductionin the reinforcement of ceramitMWCNT compositesOn the other handhe curent

findings are in good accordance with the study perforinyddelkaetal [155]. The r eynement
the YSZ grain sizes up to 2 wt% of MWCNT used for powder mixture processing was confirmed.
Indeed, when the agglomeration of MWCNT occurs, the real amount of MWCNTSs located in the
grain boundaries is decreasing. Therefore, the agglordeZdNé&s introduce heterogeneity and in

most case decrease in the functional properties of the comja56e458].

Fig. 4.3. SEM micrographs of milled compositesZ&1, b) ZR-5 and ¢)ZR-10.

From the point of MWCNTSs structure, naestructive milling process is confirmed by
HRTEM image illustrated inFig. 44ac). The MWCNTSs appeared as fine fibers forming several
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bundles.The MWCNTSs havean average inner diameter 3.8 nm, an average outeetia9.13

nm and the number of layers \edifrom 7 to 9.

Fig. 4.4. Structure of milled composites. a) TEM images of MWCNZRH), ¢) ZR-5 with
detail of MWCNT and dYR-10.
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EDS elemental analysis illustrated the features of MWCNTSs distribution in zirconia matrix
(Fig. 45). This study confirmed the SEM and TEM results showing the incoag®VCNTs
agglomerations proportionally with concentration (ZR ZR-5- ZR-10) as well as their
dispersion into 8YSZ phase. The MWCNTSs agglomeratioae(} were surrounded by ultrafine

rounded zirconium (Zblue).

c)
Fig. 4.5. ElementaimappingshowingMWCNTdispersioninto 8YSZ. ayR-1, b) ZR-5 and c)
ZR-10. (Zr -blue, Ci red).
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4.1.3Phase analyss of 8YSZ /IMWCNTsmilled powders

Phase analysesf 8YSZ reference and 8YSZMWCNT composites after milling were
performedFig. 4.6). All milled composites indicate the presenceuddic zircona (JCP20-049
1642) as a main phasand monoclinic zirconia (JCR®-037-1484) as minor phase. Cubic
zirconia phase is approved by the main lines appeariggat? 3 0. 24 A, 34. 88A, 50.

While, the monoclinic phase is observed@t®f 28 . 36 A and 31. 12A.

¢ monoclinic zirconia (JCP2:00-037-1484)
¥ cubic zirconia (JCP2:00-049-1642)

= Si
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Fig. 4.6. XRD patterns of 8YSZ reference and 8YSZ /MWgdNvders after milling.

To confirm the structural integrity of MWCNT after millinfRaman spectroscopy
measurements were conducted up¥isZ /MWCNT powderss shown irFig. 4.7 Four Raman
spectra are shown in the 1568500 cm' wavenumber region, whiclvere measured on powder
mixtures with different MWCNT content (@, 5 and 10 wt% Typical yttria stabilized zirconia
fingerprint bands were scattered at 189 G268 cmit, 341 cm?, 380 cm?, 483 cm?, 633 cm?
in ZR composite powder as illustrated by the black line. These data were consistent with several
literature works as mentioned elsewhjdrg7, 158] Characteristic Raman peaks of 8YSZ are less
intensive or completely absent in the wavenumber region from 100 to 7é@arase oZR-1,

ZR-5, ZR-10 powder compositedRaman absorption signals associated with rwati carbon
nanotubes are observed1&90 cm! (G band) and 1355 c¢iM(D band)[161]. Theintensity of
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these bands aresed to indicat the CNT quality and purity. In fabe G band is associated with
the stretchindn-planevibration of the spC-C bonds anaarbon crystallinity. WhileD bandis
assigned to thstructural defecten carbon systems and activated by the presehceit plane

vibrations.This band is also visible in case of amorphous carbon.

Raman spectra also show a wide band at higher wavenumbers, the so called 2D band, which
appears at 2687 ¢y 2684 cm®and 2690 cit in case of 1, 5 and 10 Wb MCWNT content,
respectively. The 2D band featareriginate in a twghonon, secordrder Raman scattering

process in carbon nanotuljé$2].

The intensity ratio of D and G band(lG) has been widely used to investigate the structural
purity, structural defects or MWCNTs disordering namtidg presence of vacancies, grain
boundariesagglomerationsr other types of defedi1, 162] In principle, the larger the number
of defects, the higher the D band intensity. Peak positions and intensity of distinct scattering bands
were de¢rmined by Lorentzian fitting of Raman spectra. Although such procedure has some
uncertainty because of the number of free parameters, it can provide addstiucaliral
information about the 8YSZ / MWCNTSs powders.
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Fig. 4.7. Raman spectrasing a laer excitation wavelength at 488 nm conducted upon t
8YSZZR) and 8YSZ / MWCNTSs powddrR 1, ZR5, ZR10).
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According to the current results, thel ratio reached its highest val@@.8) with ZR-5
followed by (0.7) in ZR-10 composites an@.6) in ZR-1. The results suggest thalthough
MWCNTSs exhibits defects, their structure is preserved dib¢ks is <2 in all the composites.
This has been approved from the previous HRTEM images on the milled composite simwing
destructivemilling on MWCNTSs $ructure and increase of MWCNTs agglomeration with respect

to their content.

4.2 Structural properties of the milled and sintered 8YSZ / MWCNTs
composites

4.2.1. Density and microstructure of the sintered 8YAYWCNTs composites

The apparent and bulk detysmeasurements of the sintered composites are illustrated in
Fig. 4.8 The highest apparent density was achigmetR-1 (6.76 g/cnd) followed by6.02 g/cnd
found in ZR reference composite. However, the apparent density dropped to lower values with
increasing MWCNTSs contentnversely the bulk density showed a slight rise in the caZ&ked
andZR-10 composites compared to thaparent densitiyom 4.97 g/cmto 5.44 g/cmiand from
4.36 g/cnito 5.02 g/cm, respectively. However, the bulk densityZ#t-1 decreased to 5.80 g/ém
and standalonR composite maintained practically the same relative density. The increase in
bulk density at high amount of MWCNTSs could be attributed to the additjmorals volume
between and inside the particke&en into casideration during its evaluation. A detailed graph
considering theapparent porosityf the composites is illustrateéd Fig. 4.&. The apparent
porosityrevealed close results betwe&iR(/ ZR-1) composites on one hand and betwedR-%/
ZR-10) composite on the other hand. Therefothe fourcompositescan be divided into two

categories.

The first category is the soalled close porecompositesreferring to ZR and ZR
compositesand having minimdmaximalporosityof (~ 33 %, ~16.5 %) respectively. \lléy the
second category is considered as composites with open pdReS @nd ZR10) with
minimalmaximalporosityof (~ 41.6 %, ~ 50 %) respectively.
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Fig. 4.8. Summarized densitf ZR, ZR-1, ZR-5 andZR-10 composites.)adApparent dasity,

b) Bulk densityc) Apparent porosity.

Morphological investigations performed on the polished cross sections surface for both
category of samples with closed and open pore are depictéid.i®.Q The detailed surface
morphology in the inset imagevealed at first sight a smooth, homogeneous and tenacious surface
for standaloneZR (Fig. 4.9). The surface area afR-1 composite Kig. 4.9) was mainly
predominated by nanometric areas reflecting a good MWCNTSs distribution in 8YSZ matrix and a

highi nt er f aci al bonding resulting in a microstr
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100 nm ;

MWCNT Pores

Fig. 4.9. SEM micrographs showing the morphological differences between composiBs.
b) ZR-1 and ¢)ZR-10.

By contrast, it is most remarkable that the surface morpi@bgR-10 (Fig. 4.%) exhibits
a reduced interfacial bonding between 8YSZ and MWCNTSs, aslgepficialporosity and high
agglomeration of MWCNTsThese effects, led tehe formation of a rough surface and
discontinuous 8YSZ particles embedded in a géwkse composed by MWCNT agglomerations.
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4.22. Phase analysesf 8YSZ/ MWCNTSs sintered composites

XRD analysis was performed on the sintered samples to determine the phase composition.
XRD patterngFig. 4.10Q revealed the presence of cubic and tetnafyairconia phases in all the
composites including referenaead the monoclinic phase only in the composites with MWCNTSs.

The strongest peakan be identified as the peak loéth cubic (PDF89_9069) and tetragonal
(PDF80_2155) phase appearing #t@& 30.11 9 A and 30. 270A, respectiyv
intense peaks refer to the tetragonal phasggab? 50. 424 A and 59. 816A. (
phase with minor intensity were seen gt 2f 34 . 918A, 62.617A and ¢
monoclinic (PDF65_1023) pka was perceived mainly at high am@aoftMWCNTs ZR-5 and

ZR-10)with peakat2d o f 28. 06 A and 31. 3A.

Tab.4.1 Structural phases and crystal size parameters calculatedStéthdard less quantitative
analysis methotor ZR ZR-1,ZR-5 andZR-10 composies prepared by SPS at

Sample Cubic Crystal Tetragonal Cryst. Monoclinic  Cryst.
phase. Size  phase.(%) size  Phase.(%) size

(%) (nm) (nm) (nm)

ZR 24.8 50.4 75.2 43.4 0 0
ZR-1 346 41.8 63.1 41.9 2.4 37.1
ZR-5 284 41.7 67.3 36.4 4.3 24.6
ZR-10 374 48.7 58.4 53.2 4.2 27.4

At the powder form, the cubic phase was recorded as a main phase composingZR, ZR
ZR-5 and ZR10. The phase analysis investigations revealed the appearance of new phases namely
tetragonal ananonoclinicresulting from sirgringpr ocess by SPS at 1400 A
composite a huge percentage of phase transition from cubic to tetragonal was found24Bout
% cubic via75.2 %tetragonal. Theroportion ofcubic phase was higher, while tamount of
tetragonalphasedecreased in ZR, ZR5 and ZR10 compared to 8YSZ ceramielence, the
proportional increase of monoclinic phase with MWCNTSs content, is originatedtétoagonal
phase transition during cooling stage. The tigh m p has e t pramowdhe niskngft i o n

flaw and material crackindue tovolume expansida8].
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Fig. 4.10 XRD pattern foZR ZR-1, ZR-5 andZR-10 composites.
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4.2 3. Stability of MWCNTS in 8YSZ sintered composites

Raman spectroscopy measurements were conducted on the sBYSEd MWCNTs
composites awell as ZRcomposite for several raisarfarst,to show up the new spectral features
in ZR composite that confirm the growth of tetragonal phase as displayed by XRD after SPS, and
to further discern whether SPS process has affected MWCNT structure anlyinteégrrespect
to its concentration. The Raman spectrum of ZR sintered composites displayed. i4.1).
(black line)exhibits a sharp and narrowed bands with shifted position compared to milled powders
(Fig. 4.7). Typical bandsippeat 260, 318, 46, 625 and 641 cth Further, the peak positions at
260, 318, 461 and 641 chare found to be the main characteristic bands of tetragonala&O
reported i[165]. On the other hand, the bands at 625 amd 641 crtlargely overlap and shows
highly intense configuration with quite broad shape. These peaks belongs to cubic and tetragonal
zirconia phases respectivgly65,166] Hence, we conabe that the Raman spectrum of ZR are in
guite accordance with XRD experiments confirming the presence of tetragonal and cubic phases.

However, XRD analysis remains the most accurate in term of phase distinction especially when
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dealing with polymorphic zaoniaphasesSince not all the phases can be identified with Raman

but easily achieved by XRD as has been claimed else\&3¢
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Fig. 4.11 Raman spectra of the sintered composites confirming the structural integrity
MWCNTSs into 8YSZ matrix and quantitative evaluatibhl@/CNT damages during sinterin

process based on ID/IG ratio calculation.

Typical Raman spectrum bands are arising from mwdll carbon nanotubes ifR-1, ZR-
5 and ZR10 compositesas indicated iffrig. 4.11.The G band is observed around 1586 evhile
D band at 1349 crh G and D bandare assigned to crystal quality aMiVCNTs disordering due
to the presence of vacancies, grain boundarsgglomerationsor other types of defects
respectively(see chapted.1.3. Further,the 2D band originate in ®vo-phonon, secondrder
Raman scatteringrocessappearsat 2703cmt. The intensity ratio of D and G band (ID/IG)
increased by 0.1 after SPS process in2Z@R.9)and ZR10 (0.8)while ID/IG remain constant at

0.6 in case of ZR.. This increase isi0st Ikely related to CNT damage or structural defect during
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SPS process which is highly influenced by the temperatures and pressures applied during the SPS

or by residual thermal stresses of the matrix that appears during the coolifitesthge

4.2.4Conclusion

In this chapter, different characterization technigues such as SEM, TEM, EDS, XRD and
Ramanspectroscopy were used to examine the effect di kigergy milling,microstructural
featuresand phase transformation of 8YSZ composites contaihind0 wt% of MWCNTS at
powder as well as sintered state. The majority of the as received pure 8YSZ grains exhibited an
irregular particle shape with sigrifint sharpness at the edges and a coasestiucture with
mi xed particles size ranged from bigger size
wi th an aver ag erhepdwdel rborpBobgy lf p@&YSZ has imeen significantly
modified after wet milling to a refined and honemgous microstructure sized of approximately
400 nm with soft grain edges that tends to form-&wle grain boundaries due to repeated
welding, which was the aim of the milling. Further grain refinenmast been well recognized to
increasegroportionallywith MWCNT content. In case of ZR powders, the MWCNT fibers were
dispersed uniformly along the contact edge8Yd6Z grains, while the high MWCNT contert (
and 10 wt% results in the formation afmall zirconia grains of (< 100 nm) and particles (> 200
nm) embedded into MWCNTSs agglomerations and networks. Additiomakyworth noting that
minor MWCNT spherical agglomeratisrwith diameters of about . 4 2 [ mitas Heén
observedn the samplavith 1 wt% compared to ®t% and 10wt% where the aggloeratiors
increased tapproximateyl . 8 7 N afd2.3N\D Oe. nRespectively. The structural integrity
and nonrdestructive milling of MWCNT has been proved bgth Raman spectroscopy and
HRTEM images respectivelipensity measurements and microstruatinvestigation conducted
upon the cross section surfaces of the 4pelished and sintered composites, indicated an
extensive structural dissimilarity which draw a clear picture of MWCNTSs indirect effect on 8YSZ
matrix. In fact,density andoorositymeaurements showedraoderatemprovement from6.02
g/cnPto 6.76 g/cnd, and remarkable reductidrom 33 % to 16.5 % respectively in favor BiR-1
compositecompared to the monolithicomposite(ZR). Whereas, up to 5 wt% MWCNTs the
density dropped to loweralues and therefore the porosity followed inversely proportional trend.

In addition,ZR-1 compositéhasa smooth and homogeneous surface predominated by nanometric
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dark spag which reflects a good MWCNTSs distribution and a high interfacial bonding. lelyers

the interfacial bonding has been severely reduced at higher aandumtto the inevitable
agglomerations of MWCNTSs. Monolithic sintered composgteealedhe formation of new phase
(tetragonal) with high quantity (abor$.2 %)with only a small fratton of cubic phase round 24.8

%. This fact illustrates a clear influence of sintering process by SPS at high tempafrad0e

AC to enhance the growth of tetragonal phase
which the dominant phase was mgiclubic. Indeed, the tetragonal phase has been retained to
room temperature, thereby can influence the improvement of the comprehensive mechanical
properties of monolithic composite based on transformation toughening zirconia mechanism.
However,ZR-5 andZR-10 compositeshowed anricrease in the monoclinic phase. In fact, during

the coolingphaset r ansf or mati on fr om taYamevolume expansioas s 0 C i

which promoteshe risk of brittle failure.
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4.3. Mechanical properties d the sintered8YSZ / MWCNTSs composites

4.3.1. Crack propagation modes and toughening mechanisms in the sintered
8YSZ/MWCNTSs composites
Ceramic based conductimanosizednaterial resist differently to a compressive and uniform
stress as reported by the literature. Thenber of studies are currently available on zirconia
reinforced with MWCNTs, SWCNTgJoublewalled carbon nanotubeB\WCNTS) or graphene
Mi c h 8| astidie@ the radchanical properties aifmposites incorporated with vol% of
MWCNTSs into alumina, and amina/zirconia matriceld 68].

MWCNT
bridging

WCNT
pull-out

Fig. 4.12 Crack patterns and indentation produced by Vickersiness.
a) ZR b)ZR-1 and c¢)ZR-10.
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They found an increase of about 8 % and 35 % in fracture toughness for both composites
respectively, compared to the monolithic alumjh&8]. Shin. et. alfabricated jtria stabilized
zirconia (YSZ) ceramics reinforced with reduced graphene oxide (RGO) by spark plasma sintering
(SPS)[169]. The composite hardness deceghsith RGO addition, while the fracture toughness
underwentan increase fim 4.4 to 5.9 MP¥]169]. Kasperski et al. studied the mechanical
propertes of YSZ DWCNTs composites sintered 8PS) with carbon contents up to 6.3 wt%.

I n that study the hig®694MRa, knéNRae'f) wereaobtainpdfar per t i
the composite with lowt.2 wt.%carbon contentg #iand (Kc) refers to thdracture strength and

the singleedged notched beam fracture toughness respectively. However, the fracture toughness
was inferior to that of standalone 8YSZ cerafli€0]. The behaviar of zirconia matrix under a

certain applied compressive load changed with the addition of MWCNTSs. In fact, the matrix
dissipdes the applied stress to MWCBLTThis mechanism played amportant role in improving

the fracture toughness of the composites. MWCNT pulling crack bridging, crack deflection

and branching are among the typical phenomena resulting from toughening zirconia with
MWCNTs. The properties of MWCNTSs are consideesxcrucial factors that control the efficiency

of stress transferred from the matrix to the fiber.

The indentation and the crack propagation in the different categories of the samples namely
closed pore (8YSZZR-1) and open poreZR-5, ZR-10)sintereda 1400 AC, have be:¢
examined Fig. 4.12. MWCNTSs pulling-out and bridged region are visible ZiR-1 composite
(Fig. 4.1D). Two interesting observations were noticed during the crack propagation analysis
between the standalone matrix and thefoeced matrix with 1 wt% MWCNTs. Generally, the
average crack path length calculated from the indentaéinterwas more or less higher than that
of the unreinforced matrix about5 0 Om 4wi a&Om. Thi s could be attr
porosity indeed by the MWCNTSsKig. 4.1D). Further, the crack widths were narrowed to an
average 76 Om compared to thatl20f Omhe | sd@aedal drhe
bridged regions in the reinforced composite form an obstacle that protect the crackdobimg
a critical state and consequently prone to failure. Thus, the crack path appears more restrained and
tapered. On the other hand, the st of MWCNTsoccurs when the transferred stress exceeds
the interfacial shear stress, the latter dependelgrgn the number of MWCNT walls, their

thickness, elastic modulus, and volume fracfibfi].
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Crack deflection

Fig. 4.13 SEM micrograph showing crack deflection, créac&nching and the possibility of

phase transformation occurrenftetragonal to monoclinicin ZR-1 composite.

Conversely an inconsistent matrix was observegiardingopen porecomposite§ZR-5,
ZR-10). The incoherence in 8YSZ matrix containing 10 wt% MWCNTs compdsiieeated in
(Fig. 4.12c)wasattributed to discontinuity of zirconia particles and deep open porosity on surface.
Moreover the inset SEM micrograph in Fig. 4.1@@w clearly the aggregation of MWCNTSs that
degrades theesistance and lower tHeacture toughness resistance. Similesults have been
reportedn numerous studigd58,167,172]Indeed the dispersion of the stress ocxthroughout
the pores starting from the centertbé& indentation and ending after a long unrestrained path.

Hence theses composite&ZR-5, ZR-10) exhibited low mechanical properties.

The contribution of crack deflection and crack branching in thghtewing mechanismand
restoring the matrix aZR-1 composite wa shown in Fig. 4.13The crack deflection takes place
when the crack tends to follow the grain boundaries and therefore reflects the composite
microstructure[173]. Furthermore, the possibility of phase transformation occurrence from
mefastable tetragonal zirconia to monoclinic was highly believetRil composite Effectively,
the existence of microcrasklong the crack path axes as marikeig. 4.13provides the evidence
of lattice volumetric expansioim Addition, the differencefthermal expansion coefficient (CTE)

mi smatches between $%AQA) and MWGNT 162 .r 6 PAIGHMULD be3 T 1 0
taken into account during the estimation of the overall structural phenomenon involved in
improving the toughness of ceramic cagppes. Thermal expansion coefficient depends on
several properties of the composite constituent. For instance, micro structural phases, the

78


https://www.powerthesaurus.org/conversely/antonyms

distribution and the volume fraction of MWCNTSs into ceramic matrix, and finally the interaction
features between ¢hgrains and the fibers especially at large volume fracfibre]. Therefore,
thermal residual stress is often provoked during the cooling state of the composites at room
temperature as a result of (CTE) differenjdess].

4.3.2 Vickers hardness and indentation fracture toughneseasurementsf the
sintered 8YSZ MWCNTs composites
Vickers hardness results of 8YSZ / MWCNTSs
surface displacement are illustrated in Figl4}t.The variation ofVickers hardness with surface
displacemenivas practically homogenous and reached high valu&s49 GPan ZR composite
andc 12.44 GPan ZR-1.

—=—ZR  Composite
—e— ZR-1 Composite
—A— ZR-5 Composite

14 _ |=¥—ZR-10 Composite
==
12 4 I ? { 2 :' § §

Hardness, H (GPa)

o

Displacement in the surface, d (mm)

Fig. 4.14 Variation of Vickers hardness Wwisurface displacement f@aR ZR-1, ZR-5 and
ZR-10 composites.

The average hardness f0R-5 andZR-10 composites decreased sharply to low values
GPaand 2.7 GPa successively. Fluctuations reflecting themmmogeneity of Vickers hardness
were hidnly indicated inZR-5 and ZR-10 curves. The experimental hardness measurements

confirmed the previous microstructural investigation showign 4.9, Fig. 4.12. and Fig. 4.13
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—a— ZR-0 Composite
—e— ZR-1 Composite
4.0 1 —A— ZR-5 Composite

] —w— ZR-10 Composite

3,5 1

3,0 4

2,5

2,0

1,5

1,0 4

0,5

Identation fracture toughness, K|C(MPa.m0'5)

0,0

Displacement in the surface, d (mm)

Fig. 4.15 Variation of indentation fracture toughness with surface dispteent foZR ZR-1,
ZR5 andZR-10 composites.

The indentation fracture toughness at different positions of 8YSZ / MWCNTs composites
were comparable with referengZ® composite(Fig. 4.15. The fracture toughness variation line
of ZR-1 had initially arupward trend followed by a flat band region where the two variations lines
of ZR-1 and ZR were almost overlapping each other at an average ~ 3.2 MPdmmsome
positions, we noticed thZR-1 line slightly exceeslof ZR (3.2 MPa.m*via 2.6 MPa.rft°) before
it dropped back again to its initial value. On the other hand, the fracture toughness decreased
rapidly to low valueg 1.5 MPa.m® andx 1.3 MPa.m® when MWCNTSs content has been
increased to Wt% and 10 wt%espectively. The improvement of thedrare toughness in some
positions oZR-1 composites is originated from the previously discussed toughening mechanisms
(MWCNT pulling-out, crack bridging, crack deflectioncrack branching andphase
transformation) confirmed by SEM investigation assespea the composite surface before and

after the indentation.
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433 Migrostructure and fractographic test adhe sintered 8YSZ / MWCNTSs
composites
Morphologcal investigation was used to quantify the microstructural properties of 8YSZ

composite with different amourgof MWCNTSs (0- 10 wt%) after fractographic tesE{g. 4.16).
Structural observatianof the well milled and sinteredtandalonezirconia (ZR,Fig. 4.16a)
revealed a coarse microstructure waignificantly high grain sizeof approximately & 1 N
4.08t | . Subsequentlyas presented iffab. 5.1grain growth of the zirconia wadrastically
reduced t ol @ithahe adfitiordaf #\8t% MWCNTSThe later, induced a pinning
effect on zirconia grain boundaries wheéhe grainsappear mostly late shaped and sharp at
edges$Fig. 4.16b)Hence, the well pinned MWCNTSs led the formation of an additive force against
fracture propagation along the grain boundaesconsequencéigh amount of fracture energy
is required to propagate into the narighbair grain, displaying transgranular fracture mode as a
dominant mechanism. In this mode the fracture odtwesigh the grains and propagates from one
to another.This behavior is reinforced by the minimal apparent porosity.60 % and the
consideable flexural strength obtained in this compogaR-1).

By contrast,obvious microstructuratransformation induced by increasing MWCNTs
contentis observed iZR-5 (Fig. 416c) andZR-10 (Fig. 4.16d). Furthermore, the microstructural
modification wasllustrated mainlyby severe grain refinemeft54N0.04t 1 in ZR-5 and 0.28
NO0.01t I in ZR-10,simultaneously with the observation of a considerable increase in the residual
porosity to41.64 % via ZR5 and to 46.28 %ia ZR-10 resulting from inevitable agglomeration
of higher amount of MWCNTSs in matrilndeel, despite the high sintering temperatur&490:C
used during the composites consolidation process, the higher amount of MWCNTSs inhibited grain
growth and favaed intergranularfracture modeoccurrence especially for ZR and ZR10
compositesThe arrowsof dashed line madd inFig. 416c ard Fig. 416d show asignificant
random dispersion oMWCNTSs along the grain boundaries within the fine and granular
microstructure, suggesting relativelieaksurface bonding and easier fracture propagation along
theweakest areggrain boundarieggather than through the grains, therefiotergranulafracture

mode is more remarkable AR-5 and ZR10 composites

On the other hand, various possilligections of MWCNTsbesidesthe perpendicular

direction to sinteng pressurés claimed to be possible with an optimum amount added to the
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matrix. More importantly, diversdirectionsof MWCNTs are among the principal key factors
responsible of tougheningechanismsn 8YSZ/ MWCNTs compositeglikecr ack depect i
bridging and branchingas have been reported in the literaflig6]. FurthermoreDeclanet al.
havenumericallymodelledthe influence of second phase features inclusion into ceramics matrix

on toughening mechanisuosing the finite volume (FV) methdd77]. The dominance of crack
deflection was observed when the modulus of the second phase wasimgcmegsulting in

considerable strength enhancement.

The mechanical properties with some additional structural data of all the sintered composites
are summarized imab. 4.2 The 3-point bending test was carried out at room temperature for all
the specimes The flexural strength showsn increasan favor of ZR-1 compared to the
monolithic materia(ZR) from 464 MPato 502 MPa. Meanwhile, ZF and ZR10 expressypical
brittle fracture confirmed by critical decline of tflexural strength t263 MPa and 86 MPa
respectively, which is very consistent with the previously structural investigations. The measured
apparent density follows similar behaviar as thdlexural strengttvarying between a maximum
and a minimum of 6.75/4.36 g/émiespectivelyThe alculated hardness values showrfH,
Tab. 42) are the average of sevamdentsme asur ed on t he vitpemm menads
displacementHigher hardness values were achieved in both ZR commagi tol 3. 49 N 0. 2
GPaand ZR1composite of about 124 4  NGPdtonmpated to similar composition and testing
conditions[60, 117]. However, in casef ZR-5 andZR-10 the average hardness dropped to low
values confirming the influence of higMWCNTs content orthe overall strengtlof ceramic
composited153, 154]. The average indentation fracture toughndgg ¢btained along #
speci mends surfaces wi tsimgirdlentatiorecraek trength Sid&/@& T s C
also presented ifab. 4.2 The calculated indentatiofiacture toughness Kof standalone
composite ZRvas sl i ghtly MiPg Weian foraR-1q26 6 B M PG
It is worthnoting that, the latter manifested a fluctuated tendency along the tested surface diagonal,
where in some positions a slight improvement whtined[178]. Hence, this can be mainly
attributed togood dispersion of MWCN$¥ along the grain boundaries after high sintering
temperaturél 4 0@). Infour case, the [Kdecreased further by increase of MWCNTSs addition,
theZR5andZR1 0 present &P a®m2 8 1N 3@ P AE@abssal.
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In the same contexi/lelk et al. studied 3¥TZP composites withi® wt% MWCNTs
content with grain size in the range of 1748 nm, then compared their fracture toughness
obtained via single edge-iotch beam SEVNB) and via indentation size induced by Vickers
indenter[155]. As a results, the fracture toughness obtained via indentation increased with
MWCNTSs content and show relativelygher valuesn the range 08.57 4.97MP a & mwhile
the true fracture toughness measured using SEVNB varied independently of the composition, and
manifested lower values about MPa®m n a r el at i veMaygahesiietnal | ar %
reported higher fracture toughness using indentatiethod compared to single edgenwtch
bean (SEVNB) techniqug¢60]. However, to the best of my knowledge both methods led to obtain
the highest fracture toughness valud di . 9 M\P a0® pitedl in the literature when increasing
MWCNTSs content to 5 wt%The controversil resultsof toughnesslata reported by several
authors under similar composition and processing methods draw clearly the importance to
make compromises between accurdéiaye consurptionand the complexity of the experimental
procedure with regard to nmmstructural features of the composiesh agrain size and effective
crack lengthswhile choosing the fracturégoughnessesting methodas discussed in detail
elsewherd179i 181]. Therefore, the reliabilitand suitabilityof the empirical relationships
and differenttesting techniquesmust be carefultaken into consideration during the

interpretation of the final results devoted to tribological investigation.

Tab. 4.2 Mechanical properties of sintered 8YSZ / MWCNTs composites with some structural

data.
Sample MWCNT s Apparent  Density Average Bending  Average (IFT, Kic)  Grain size
notation content porosity  }, (g/cn) hardness strength, (MP a A9n HDO

(wt%) (%) Hv, (GPa) (MPa)

ZR 0 32.99 6.02 13. D23 N 464 3. 0®22N 6. 11 |
ZR-1 1 16.50 6.75 12. ©97 N 502 2. 6@62N 0.96 |
ZR-5 5 41.64 4.97 5.07 147 263 1.28 N 0. 0.54 |
ZR-10 10 46.28 4.36 2.53 N 166 1. 3@44N 0.28 |
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Fig. 4.16. Fracture surfaces of ZZR-1, ZR-5 and ZR-10 composites correspond to a), b),
and d) respectively at differemta gni ycati ons. I n (c) & (
micro-structural defects generated by agglomerations and porosity in the grain bounde

the arrows show MWCNTSs fibers emplacement and dispersion in the microstructur
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4.3.4Conclusion

This chapter aimeditfirst to exhibit a comparative evaluation of the Vickers hardness and
indentation fracture toughness between 8YSMIWCNTs andstandalone8YSZ composite
Further,fractographic analysis has been performed on the compositagdésurfaces
after the 3-point bending test to record the fracture modes with respect to the materials
microstructurelt was found that the variation of Vickers hardness with surface displacement
were practically homogenous and reached high valugs49GPa forZR andx 12.44 GPa for
ZR-1 compositesThe distribution of indentation fracture toughnesZRf1 was mostly equal or
higher than that oZR in other point positions. In fact, the analysis of the craopagation modes
confirmedthe presence ?WCNT pullout , crack bridging and crac
restrained and tapered crack path inZRel composite compared #R. These characteristics are
considered as toughening mechanisms and played a vitabnastore the matrix aniticrea
the composite resistance to crack propagation. In cadB-6fand ZR10, both Vickers hardness
and indentation fracture toughnebave undergone significant degradatiand fluctuated
distribution. This was mainly associated with incoherent and diswanis matrix due to the deep
open pores on the surface and a long unrestrained craciSpatbtural observations based on
fractographic testrevemdac oar se mi crostructure with an av
4.08t1 formonolithic8YSZ The | ater decreased tid iracaseopt i mi
of ZR-1. In these composites, the dominated fracture mode is transgranular indicating high
bonding energy between the grains and additional toughening mechanisra duentform
dispersion of MWCNTSs along the grains. As a resuftlight increaseof bendirg strengh from
464 MPato 502 MPahas been founéh favor of ZR1 over ZR. Meantime,ZR-5 and ZR10
exhibitedfurther grain refinement® . 5 4 N ahd 028 0t.i Orelspectively, along with
randomMWCNTs dispersiorfavoringintergranulafracture modeccurrence and critical decline

of theflexural strength t@€63 MPa and 166 MPa respectively
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4.4 Wear mechanism of sinteredMWCNTSs reinforced zirconia composites
under dry sliding conditions

44.1. Average friction coefficientand wear rate

The average friction coefficielit ecdrresponding to the sliding distance in the rangé of 0

40 m and 40400 m of the sintered composites tested uder 0.036 m/sV2= 0.11 m/ssliding
speeds, using ball on disc method &ntN4ballscounterpart are presentedriy. 4.17 Generally,
the steady state friction coefficightgrs) is attainedrom ~ 40 m of sliding distance in all the
compositeslts average values aregsented irfrig. 4.17 At low sliding speedV 1= 0.036 m/s
ears is seen to be significantly higkp.76 and quit similar to all the tested composites
regardlessheir specific micrestructural properties or MWCNTs content. However, the
tribotest carried at at V2= 0.11 m/s sliding speed revedlthe existence of proportional

relationship betweef &s) andthemechanical properties evolution as welttasgrain size.

V1=0.036 m/s
V2=0.11m/s

[

0.9

B 0.777 .
0.756 0.73 0.774 0.766

0.8

0.7

i 0.547 0.555

0.3

0.2

Average Friction Coefficient, u

0.1

ZR ZR-1 ZR-5 ZR-10

| 0-40m via V1 ™ 40-400mvia V1 #% 0-40m via V2 - 40-400m via V2

Fig. 4.17. Comparative graph presenting the average friction coeffidieedyiring ransitory
state (040m) and steady state (4@0m) for all the composites tested at fix normal load (¢
and different sliding rates (V1=0.036 m/s, V2=0.11 m/s).
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In fact, thisrelationship is manifested bgecrease irtars regarding the more brittle

compositespossessing lower grain size as well as mechanical progfrées via ZR5 and

0.649 via ZR10). WhereasZR and ZR1 compositewing higher grain size and particular

mechanical properties characterized majorly by transgrafraleture mode, thears recorded
at high sliding speed V®.777 via ZR and 0.726 via ZB were found to be quite high and

similar to the onesbtainedat lower sliding speedlhe wear rate resulfgerformed ornthe

surface of 8YSZ MWCNTs compositesat bothsliding speedsire illustrated with the red and

black curves as presentedrig. 4.18 Accordingto this measuremerdR composite exhibits

an obvious severwear behavior confirmed by its highest wear rate of about 5.563

mm/m recorded at V1 sliding speed. A casting trend is marked in ZRcomposite, where

a fascinating improvement of the wear rate was established at low-sgeggl 10° mm*/m

exceeding all the other composites. This tendency is attributed in fact to its highest flexural

strength and apparedénsity( ¥ 6.75 g/cm).

6.0x10™

5.0x10

4.0x10° 4

3.0x10° 4

2.0x10°

Wear rate, W (mm3/m)

1.0x10°

0.0

—&— Samples via V1
—e— SamplesviaV2 |

Further mor e,

sliding speed.

at

Samples

Fig. 4.18 Wear rate (W) of the investigated composites via V1=0.036 m/s and V2=0.1:

t he

same speed

qguantitat

recognized with the addition of wt% MWCNTSs. This value is seen to increase slightly in

ZR-10 composite but remains still lower compared to the severe wear observéd in Z

Applying high velocity (\2= 0.11m/$ resulted in detter wear resistanch fact, the wear
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rate results were closelynslar or occasionally high in all the composites, therefore the
influence of structural properties was not recognized as MWCNTs content increased. A
particulaty similar decreasing tendency of thvear rate andteady state frictioroefficient

( &s) in ZR-5 and ZR10 composites as the speed increase was observed (Fig. 4.17 and Fig.
4.18). This is obviously linked to the previous microstructural evolution due to MWCNTSs
content increase as reported previouslgcording to the current study | deck that grain

si ze, densi ty, mechanical properties or eve
adversely affect the tribological performance of the structural ceramic composites. Indeed,
these parameters vary dependently to MWCNTs contéheéimatrix, wherdigh content led

to a huge grain refinement and an obvious lubricant effect at the contacts areas between
ball/'surface Thus decreasinghe friction coefficientin fact, | conclude, that MWCNTSs plays

an indirect factor influencinghe overall tribological behavior of the composites. In
addition, another important factor which mostly reflects a direct insight into friction
behaviar consists in the evaluation of theerage arithmetic surface roughnéRa) of the

compositesnside thewear track after tribtest at bottsliding speed

In similar contextNietoet al.reported an inversely proportional relationship (at high
GNP content) between the applied load and surface roughB2kd he latter is supposed
to increase with the frictior-lowever, in their work the effect of surface roughness on
friction behavior was not evaluated with respect to sliding speed variation. Quite similar
approach is developed in the current stidiyat increased sliding speed instead of applied
load variatiorf183]. The corresponding results shownTiab. 4.3reveal a remarkable
decrease of Rllom 1.5 t00.2° d&in ZR-5 andfrom 0.7t0 0.2° d&in ZR-10inside the wear
track passing froiW1 sliding speed to V.ZTherefore, applying high sliding velocityrche
considered as anothkey factor also inversely proportional to the roughnes8YSZ /
MWCNTSs composites extensivelyl@agh MWCNTscontent5 wt%and 10 wt%)On the other
hand, the measured roughness inside the wear track of ZR decreased ahpyi byOow sliding
speed Vifrom its initial value after polishing process (§i6). Additionally, slightly higher
roughness decrease was also noticed iflZRm 0.6f I to 0.3 1 , which match well with the
proportional high friction tendency obtained rese two composites (ZR, ZR atthe speed of
V1.
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By contrastt he yne r oughnes-5and/ZR10 testexl aM2 overen d = i
systematically increased inside the wear track at lower spkdd &ffect,the high surface
fluctuation induced biMWCNTs agglomeratiorandcould not be suppressed at low sliding speed
V1 is supposed tariseanother factor responsible of roughness increbise measured values of
the roughness are in good agreement with the low friction respieigse (17.

Tab. 4.3 Average roughness measured inside and outside the wear track at V1 and V2 sliding
speed.

Sample notation Roughness Roughness Roughness
outside the track inside the track via V1 inside the track via V2
Ra (HDO) Ra (HD) Ra (HD)
ZR 0.6 0.5 0.3
ZR-1 0.6 0.3 0.4
ZR-5 0.6 15 0.2
ZR-10 0.6 0.7 0.2

4.4.2 Wear (W) damage mechanism

The wear mechanism and the induced damage remateedrgdo test carried out at V1
and V2 speed were assessed uSiBYl measurements presented iRig. 4.19 According to
the previous resultd={g. 4.17 and Fig. 4.28ZR composite manifested higiteady state
friction coefficient( &s) as well as hig wear rate at low sliding speed V1. This behavior is
effectively shown to be very coherent with the morphological features inside the wear track
profile shown in SEM micrograp(Fig. 4.193. Indeed, the morphological study illustrates
clearly the formatia of a fractured ultrathin tribofilm which appednighly incomplete and
abrasively damaged during the tribotest. Furthermore, zirconia grakouis]delaminated
areas, micro cracks and highly wear debris content are observed on the wear trackngrofile a
supposed to act as a maiassible wear mechanism in the monolithic material. In fact, the
wear debris resulting from tribofilm fracturing is assumed to react as a thirdabodsgive
particlebetween the rubbing surfaces, leading to a significantrrige friction and wear rate.
Moreover, the high wear rate obtained in ZR at V1 sliding spaede assigned tasikarge
grain sizg(6.11N4.08t | ) with a plate shape ard the dry sliding conditiortherefore affording

high friction behavior.The difference in the mechanical properties of phase composition is
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highly believed to act as another key factor, which can esitas concentratorscuoreates
abrasive grooves on the worn area as depicted in SEM micrographs of ZR composite tested
at high sliding speed VZF{g. 4.19¢. In the case oZR-1, a perfectly continuous and uniform
tribofilm was formedluring the test at both sliding spe€d4 as well as V2(Fig. 4.19h Fig.

4.19). Further, it can be clearly seen that neither severe film fragmentabomgear debris

or micro cracks are observed within the wear track, but only nplastic flows and light pits
Indeed,the high wear perforance manifested in ZR corresponds principally tMWCNTs-

induced toughening mechanismdthe creation of a protective thin tribofilm.
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Fig. 4.19 Comparative SEM micrographs inside and outside the weak peafile of

composites showing wear mechanism features and tribofilm formation during the tesi
V1=0.036 m/s correspond to a) ZR, b)-ZRc) ZR5 and d) ZR10, and via V2=0.11 m/s
correspond to e) ZR, f), ZRg) ZR5 and h) ZR10, respectively.

MWCNTs-induced toughening mechanisnfluencedthe wear performanas our material
by dissipating energy through deformatiorack bridging crack branching and crack deflection.
These mechanisms restrain cracking on both the track surface asdriade.The existence of
these toughening mechanisms were confirmed and well explaicadpterd.4.1. [178]. Similar
observations have been obtained_bgt al. during the wear test of ZBEDGNP compositegL84].
On the other hand, the granular structure ofodiested at V1 sliding speethibited the formation
of continuous tribblm (Fig. 4.19¢ where only tick (islandg are observed besides severe peeling
that cause surface removal on the track. This specific bamwasgiattributed to the increased
agglomeration of MWCNTSs and the supeid! porosity which could not be suppressed under the
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applied load and low speedhang et al.have reported similar observations with graphene
nanoplatele{GNP)-reinforced alumingAl>0s) compositeg185]. However, in the current study
MWCNTSs pullout were also noticed in some areas of the wear tfagk4.19¢, which is acting

as an intrinsic lubricant suggesting the reported improvement in the weahratee of ZR 10,

the formed tribolayer appears coherent character. However, some delaminated areas, wear debris
and micro cracks were also observadsking the obtained slight wear rate increase in this

composite compared to ZR

d)
Fig. 4.20 Digital microscope micrographs illustrating theear track profileafter tribotest at
V1=0.036 m/s sliding speed. a) ZR A0 1, c) ZR-5 and d)ZR-10 composites.
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The combined effect of applied load and high speed V2 were bendéicehable the
formation of dense, smooth and continuous lubricant areas on the worn suiZ&eé ahd
ZR-10 compositesHig. 4.19gandFig. 4.19h. Additionally, under load of 5 N the small and
rounded particles with a size afout 0.54 an@.28; | , respectivelywere expected to coalesce
easily in the asperity valleys, which systematically diminish shperficial porosity and
thereby permit the typical established improvemefriétion and wearl investigated the wear

tracks at both sliding ggds V1 and V2sing digital microscope

Fig. 4.21 Digital microscope micrographs illustratintpe wear track profilafter tribotest at
V2=0.11 m/s sliding speed. a) ZR,41}1, c) ZR-5 and d)ZR-10 composites.
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From the obsemtions, itis shown an obvious increase in the width of the wear track
simultaneously with MWCNT content. The abrasive wear mechanism and amount of wear debris

manifested in ZR composite at low sliding speed is confirmefidpy4.2@.

4.4.3 Elemental conposition of wear track in 8YSZMWCNT composites

In order to identify the microstructural evolution and correlated with the observed wear
mechanisms mainly from chemical point of view, EDS analysis was employed inside the worn and
unworn surfaces of 8YSZnd 8YSZ / MWCNTs composite&if. 4.29. The analysis of EDS
spectra conducted mainly to the following resuliis peakis observed to decrease significantly
during the fiction test performed at low speed in ZR composite while, the intensity pea®
remained practically identical. In fact, the high hardness and large grain size enable the matrix to
support more theontact load during surface rubbing (ball/composite). This led in turn to high
abrasiorof the matrix As consequence, the latter undergemsere pull out followed by scattering
along the worn and unworn track profile to form wear debris as seen in the pheyahapter
4.6.2 corresponding with structural observations. As a result, the intensitypdakdecreased
sharply (Fig. 4.223 accompanied with high wear and friction response. Contrasting elemental
composition tendency is recognized at high speed for ZR compegjte}(22¢ . Thus, i tods
believed that dévounding between O and Zr atoms occurred in the monolithic matestied! tat
high speed, manifested by high increase in O peak and slight decrease in Zr peak inside the wear
track, accompanied with appearance of Si peak. The decreased Zr peak intensity is attributed to
the possibility of zirconium atonscatteredutside tle track, while the O atoms resulted from de
bounding remained inside the track to cluster with Si transferred from the counterpart and therefore
enhance the formation of thick Si@yer that which improve the wear performanceZR-1
composite the presea of Si peak after tribotest is confirmed by EDS spe€i 4.221) despite
the low sliding speed. Eventually, in this case neither the zirconia matrix nor MWCNTSs have
experienced severbrasive wear, this is well validated by the observation of ndeorease of
Zr which systematically induced as light increase of O peak due to zircorbaudeing
mechanism. From structural view of carbon, nemarkable damage is expected to occur after
friction test as confirmed by the unreduced intensity of C pesmkonsequence, the form&ibo-
layer at V1 consists mainly @&i particles and minor fraction d. These results are in good

agreement with structural investigation showing the formatioa @kerfectly continuousnd
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uniform tribofilm without any remdable surface damag8imilar tendency is approved with
increasing speed, howevBr and O peaksbecomemore intense and therefore peak lowered

due tothe supposede-bounding mechanism

V1= 0.036 m/s ZR Outside the wear track k V1=0.036 m/s ZR-1 Outside the wear track
- 0 ] -ﬂ':
O 1R Inside the wear track . (O ZR-1 Inside the wear track
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