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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
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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
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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].
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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]
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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

19



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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