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Zirconia (ZrO2) based composites are one of the most promising ceramic materials with 

possible applications in diver fields 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 (cutting tools, bearings, nozzle, brakes, i.e.). 

Nowadays, MWCNT reinforced ZrO2 composites are attracting growing interest, thanks 

to their ability of crack self-healing and the possibility to tailor the desired nanostructured 

properties. However, although the expansive interest in the research and development of 

ceramic composites with nano-fillers, only a very few new technologies and novel processing 

techniques have been discovered and properly implemented. Further, the clear understanding 

of the wear response and tribological features such as wear mechanism, friction and wear rates 

evaluation has been not yet achieved or well documented in the literature.  

Therefore, to get a deep insight into their behaviour and to completely benefit from their 

outstanding properties a deep understanding of the materialôs behaviour across length scales is 

required. Principally, the relationship between composition and preparation, and the 

compositeôs microstructure and its mechanical and tribological properties should be thoroughly 

investigated. 

2. LITERATURE OVERVIEW  

 

2.1 Ceramic Matrix Composites 

 

Due to their great potential and unique properties, ceramic matrix composites (CMCs) 

afford a new generation of technical applications with excellent efficiency. Typical 

applications are designed to withstand severe environment and to increase the worldwide clean 

energy demand. In fact, CMCs are extensively used for electrical energy generation either as 

an electrochemical power devices or as a thermal barrier coating in engines. In addition, CMCs 

are known to be robust, lightweight and highly wear resistant, which make them a proper 

material in automotive applications (oxygen sensors, brake systems), aerospace engineering 

(hot structures) and remarkable tribological applications [1ï3] .  
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Ceramics and their composites have shown a great advance in most of tribological 

applications and have replaced metals and conventional materials such as grey cast iron or 

carbon/carbon composites used in the fabrication of brake systems. High wear resistance allied 

with a low friction coefficient are desirable for reducing the losses in moving of the rotating 

parts and increasing the lifetime of the components respectively. A wide range of factors 

influence the wear properties of ceramic composites namely applied load, sliding speed, time 

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

roughness. 

Further, advanced ceramic composites are attractive because of their prominent 

properties namely: low density, chemical inertness, high stiffness, high strength, high hardness, 

and high-temperature stability [4,5]. However, although CMCs possess various 

interesting properties, they often present a brittle behaviour at the monolithic state, which 

constitutes a major issue [6]. To overcome this issue, several attempts have been developed to 

improve the fracture behaviour of CMCs and maintain all the other advantages of the 

monolithic ceramics. CMCs are produced from at least one nanophase embedded in a 

ceramic matrix as illustrated in Fig. 2.1 [7]. The nanophase can be one of the ceramic 

nanoparticles (SiC, Si3N4), nanotubes (carbon nanotubes (CNTs)), nanoplatelets 

(graphene) or hybrids of these materials.  

 

 

Fig. 2.1. Schematic of CMC classifications, the orange background represents the matrix and the 

front colours indicate reinforcing materials [7]. 
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Niihara et al. were the pioneers who introduced the concept of ceramic 

nanocomposites in 1991 [4,8,9]. Their work consisted on SiC nanoparticles incorporation 

as a second phase into (Al2O3, Si3N4, MgO) ceramic matrix. After reporting significant 

improvement, a series of research works have been succeeded with different 

nanoparticles including SiC, Si3N4, TiN, TiC, TiO2, ZrO2, Cr3C2b in various ceramic 

matrix, such as Al2O3, Si3N4, MgO, SiAlON, etcé).  

With the introduction of nanotechnology, reinforcing ceramic matrix with CNT has 

gained much interest after its discovery by Iijima [10]. Thanks to their one-dimensional 

nanostructure, CNTs provides incredible mechanical, electrical (107 S/m) and thermal 

properties (1800ï6000 W/mK) compared to nanoparticles [11]. 

Hence, CNT incorporation not only increased ceramic matrix toughness but also have 

added the advantage of improving their functional properties namely electrical and 

thermal properties.  

In order to produce CMC / CNTs 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 tend to agglomerate leading to stress 

concentration and 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 tribological and functional 

properties of the composites [4,8].   

YSZ nanocomposite is one representant of CMCs, which own an important interest 

during the last decades among all ceramic nanocomposite materials. In fact, YSZ 

nanocomposites are widely employed as a structural materials or functional materials as 

oxygen ion carriers mainly in power generation and environment protection. Besides 

its high thermal stability at high temperatures and proper mechanical properties, YSZ 

possess the advantage to present phase transformation from tetragonal to the monoclinic under 

applied stress, this mechanism is usually referred as transformation toughening zirconia. The 

resultant strain that is associated with the transformation relieves the stress field and 

therefore increases the intrinsic toughness [9].  
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2.2 Zirconia based ceramics 

 

Zirconium dioxide (ZrO2) named also zirconia is the mineral of baddeleyite and chemically 

is inert. In its pure form zirconia (ZrO2) exhibits a polymorphic configuration and exists in three 

distinct phases at ambient pressure. Monoclinic phase is stable at room temperature to 1170 ÁC.  

Tetragonal with distorted fluorite structure is stable at intermediate temperature between 1170 ÁC 

and 2370 ÁC while the cubic fluorite phase is stable at very high temperature from 2370 ÁC to its 

melting point (2750 ÁC)[12,13]. The crystal structures of these 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 the most studied ceramics material over the last decades and an important candidate 

for diverse areas of structural applications [14]. 

 

Fig. 2.2. Crystal cell of pure zirconia phases [15] (Red ï oxygen, green ï zirconium). 

 

The structure of the cubic zirconia can be represented by a face centered cubic (FCC) 

structure similar to fluorite. The eight oxygen ions occupy the tetrahedral (0:25, 0:25, 0:25) sites, 

and are surrounded by Zr4+ cations which occupy the summits of the cube and the centers of each 

faces (Fig. 2.2a). Tetragonal phase of zirconia is represented by a straight prism with rectangular 

sides (Fig. 2.2b).  Similarly, to the 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 phase is linked with the alternative oxygen ions displacement along the c-axis. 

Resulting in the formation of two tetrahedron planes where one is elongated and rotated by 90Á 

due to different distance of each four oxygen ions from Zr4+ (2.065¡ and 2.455¡ respectively)[16]. 
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In its natural form, zirconia exhibits the monoclinic phase at low temperature known as 

baddeleyite. Its contains about 2% of HfO2 (hafnium oxide) having high chemical and structural 

similarity to zirconia. In the monoclinic phase, Zr4+ ions are coordinated to seven oxygen ions 

residing in tetrahedral interstices (Fig. 2.2c). The Zr ions are coordinated to three and four oxygen 

at an average distance of 2.07 ¡ and 2.21 ¡ respectively. Therefore, one of the angles (134.3Á) 

differs considerably from the tetrahedral value (109.5Á) [17]. 

2.2.1. Phase diagram of zirconia 

Processing pure ZrO2 is quite critical due to its polymorphic configuration. Indeed, during 

cooling, phase transformation from tetragonal to monoclinic occurs at temperature between 850 

and 1000 ÁC. Consequently, a large volume expansion (5~7 vol%) is released which promotes the 

risk of brittle failure or generation of cracks and flaws within the ceramic matrix [18]. 

Therefore, the manufacturing of pure zirconia is not useful due to the impulsive failure. To 

retain the tetragonal form to room temperature after sintering, typical oxide dopants are added to 

pure zirconia, such as: yttria (Y2O3), calcium oxide (CaO) and ceria (CeO2). However, yttria is the 

most common stabilizing oxide employed since lower amount are needed [19]. The phase diagram 

of ZrO2 /Y2O3 presented in Fig. 2.3 illustrates the stability regions of different phases according to 

the amount of yttria added to stabilize pure zirconia. Itôs shown that the reverse phase transition 

from monoclinic to tetragonal occurring at approximately 1170 ÁC decreased to <600ÁC with the 

addition of ~ 4.8 mol% yttria. The coexistence of a multiphase structure (cubic + tetragonal, cubic 

+ monoclinic, cubic and tetragonal + monoclinic) is seen in the solid solution regions separated by 

the single phases. Hence, partially stabilized zirconia (PSZ) with cubic and tetragonal structures 

as major phase and monolithic precipitated in small amounts is produced [20]. These materials are 

stable at temperatures between 600 ÁC and 2000 ÁC with yttria content in the range of 3-8 mol% 

and manifest exceptional resistance to high thermal shock [17,21].  
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Furthermore, retaining the tetragonal phase at room temperature in tetragonal zirconia 

polycrystals (TZP) formed by single phase metastable structure or fully stabilized zirconia (FSZ) 

with full cubic structure, stable at high temperature with higher yttria content (approximately +8 

mol %) are the most useful state of zirconia [21]. Some studies claimed that the presence of small 

carbon fraction into cubic zirconia composite may boost its stability at room temperature [23]. In 

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 applications due to their high ionic conductivity [24,25]. 

2.2.2 Transformation toughening zirconia 

The concept of stress-induced transformation from tetragonal to monoclinic is mostly 

occurred in TZP and PSZ ceramics, where the tetragonal phase is in its metastable state at room 

temperature. This concept based on change in grain shape accompanied with volume increase has 

been discovered at the first time in mid 1970s by Garvie et al. and led to considerable fracture 

toughness enhancement of zirconia composites as pointed out earlier [21]. This mechanism is 

known as transformation toughening zirconia and involves microcracked process zone at the crack 

 

Fig. 2.3. Phase diagram of ZrO2-Y2O3 system [22] . 
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tip, as shown schematically in Fig. 2.4. As result of crack propagation, a stress field is procreated 

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 solids [17]. This phenomenon led in turn to 

the formation of transformed process zone constrained by the neighbour particles of a matrix. 

 

Fig. 2.4. Schematic view of transformation toughening process [26] . 

 

Indeed, the surrounding untransformed particles opposes to the dilated transformed zone and 

presses back with residual stresses that causes the generation of closure forces from each side of 

the crack tip and hence, retard crack extension. The transformation is called stress induced because 

an external applied stress is performed to help preceding the transformation due to matrix 

stretching. According to Wolten, phase transformation from tetragonal to monoclinic in zirconia is 

martensitic of nature similar to martensite transformation in quenched steels that is used to increase 

their hardness by particular heat treatments [27].  

In ceramic, martensitic transformation occurs between the parent tetragonal phase and the 

product through nucleation and structural growth. This transformation is generally adiabatic, a 

thermal and involves the atomic motion over distances less than an interatomic spacing, resulting 

in microscopic changes of shape of the transformed regions, which is associated with 

transformation toughening [28ï31]. Furthermore, transformation toughening in partially stabilized 

zirconia is critically constrained by the particle size, which should be ranged in between 0.2 Õm 

and 1 ɛm for 2 mol% to 3 mol%, yttria concentrations; otherwise the transformation to the 

monoclinic phase can be inhibited [32,33]. 
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2.2.3. Ionic conductivity of yttria stabilized zirconia (YSZ) 

Fully stabilized zirconia (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 pressure, 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 production. The dopant trivalent cations require a 

minimum activation energy. The cubic fluorite structure of zirconia becomes stable at room 

temperature with high Y2O3 addition and present high ionic conductivity at high temperatures [34ï

36]. The doping of ZrO2 with Y2O3, the Y3+ cations replace Zr4+ cations as shown in Fig. 2.5. This 

fact induces the formation of oxygen vacancies that maintain charge neutrality in the lattice. 

 

Fig. 2.5. Schematic structure of YSZ cubic fluorite [37] . 

 

Two types of interactions are established by the oxygen vacancies in the lattice. Repulsion 

with themselves and attraction toward the acceptor (Y3+cations). Since yttria has one less valence 

electron than zirconium, one oxygen vacancy is created for two substituted Y3+cations. 

Consequently, the oxygen ions are free to move from vacancy to vacancy in the lattice thereby, 

increasing the ionic conductivity of zirconia. The corresponding reaction in Kroger-Vink notation 

is described as follow [34]: 

9/ ự ς9 ȟ 6ȟȟ σ/  
(2.1) 

The maximum ionic conductivity is reached when doping zirconia with 8 to 9 mol% Y2O3. 

However, higher doping rates will result in reduced mobility of the oxygen vacancies and the 
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creation of complexes with positive effective charge due to the bonding between an oxygen 

vacancy and one cation according the following notation [35].  

9 ȟ 6ȟȟᴾ 9 ȟ6ȟȟȟ (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 formation of clusters and more 

complex associations as shown by the following Eq. 2.3 [36]. 

ς9ȟ 6ȟȟᴾ 9 ȟ6ȟȟ9ȟ       (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 discovered by Kroto, Smalley and Curl (Nobel 

prize in chemistry in 1996) [11]. 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 

neighbouring atoms (hexagonal rings) via 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 Japanese scientist  Iijima [10] discovered multiwall carbon 

nanotubes (MWCNTs) 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 with single wall carbon nanotubes (SWCNTs). 

SWCNTs tend to be curved rather than straight with a typical diameter in between 1ï2 nm. The 

different types of CNTs are presented in Fig. 2.6. Carbon nanotubes (CNTs) are cylindrical 

fullerenes with nanometric diameter and micrometer sized length, which lead to a high length to 

diameter ratio exceeding 107. Carbon nanotubes align themselves into chains by van der Waals 

forces, where the carbon atoms are sp2 bonded with length of approximately 0.144 nm. In 
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MWCNTs the interlayer distance between two successive CNT is similar to the interspaces 

between two successive graphene layers in graphite about 3.4 Aę.  

 

Fig. 2.6. Schematic diagrams showing different types of CNTs: single wall CNT and multiwall 

CNT (MWCNT)[38] . 

 

Since their discovery, MWCNTs open an incredible range of promising applications in 

nanocomposites, nano-electronics, medicine, energy and construction. Indeed, CNTs led to novel 

and unique properties, namely very high tensile (å100 GPa) and Youngôs modulus (å1500 GPa), 

high thermal conductivity and chemical stability and excellent electrical conductivity similar to 

silver and platinum [11, 40, 41]. 

Several carbon nanotubes structures can be produced depending on graphene sheet 

orientation on the rolling. The tremendous ways to roll fullerene into cylinders are specified by 

chiral vector ὧᴆ determined by two integers (n, m) and chiral angle (—) located between the chiral 

vector and zig-zag nanotube axis as shown in Fig. 2.6 and can be described in Eq. 2.4 and 2.5.  

Ãᴆ ÎÁᴆ ÍÁᴆ (2.4) 

ʃ ÔÁÎÍЍσȾÍ ςÎ (2.5) 

where, a1 and a2 are the unit cell vectors of the two-dimensional lattice formed by the 

graphene sheets. 

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

and can be calculated according to Eq. 2.6. 
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Ãᴆ ȿ#ȿ ÁÎ ÎÍ Í  (2.6) 

The length a is calculated based on the length of carbonïcarbon bond acc generally 

approximated to 0.144 nm for graphene sheet as given by the following relation: 

Á ȿÁȿ ȿÁȿ ÁЍσ (2.7) 

The diameter can be deduced from the chiral vector c length as follow: 

Ä ÃȾʌ   (2.8) 

 

 

Fig. 2.7. Schematic diagram showing chiral vector and angle used to deýne CNT structure on 

hexagonal sheet of graphene [40] . 

 

CNTs can be classified either as armchair, zig-zag or chiral tube according to the pair of 

integers (n, m) in the chiral vector relation (Fig. 2.7).  In armchair and zig-zag 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 carbon tube is 

characterized by non-symmetric structure and therefore, the mirror symmetry is not realized. These 

three different structures and enrolment of graphene sheet to form carbon nanotubes are shown in 

Fig. 2.8. Furthermore, the values of the integers (n, m) influence the optical, mechanical and the 

electronic properties of CNTs. CNTs are considered as semiconductors when ȿὲ άȿ σὭ ρ   

and metallic whenȿὲ άȿ σὭ[11,40]. 



 
 

19 

 

 

Fig. 2.8. CNT structure based on the chirality. The structure of CNT is easily determined by 

the terminations so called caps or end caps. (A) armchair structure, (B) zig-zag structure, (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. High-temperature evaporation methods such as arc discharge or pulsed 

laser deposition (PLD) yield to considerably manufacture low defect CNTs with high mechanical 

properties. However, these methods require a lot of puriýcation from unwanted carbonaceous 

impurities and are generally operating at the gram scale, hence drive a quite expensive process. 

Nevertheless, scientists are researching more economical ways to produce CNT without 

complicated purification steps and easy to scale up. Chemical vapour deposition (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 

manufacture, both in academia and in industry and satisfy the low 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 should be taken into account when interpreting the 

CNTs performance in a given application [41]. 

Carbon nanotubes were initially detected in 1991 during an arc discharge which was planned 

to produce fullerenes (Fig. 2.9a). This technique is quite simples and involves DC arc discharge 

between two graphite electrodes under a current of 100 A, in inert atmosphere with or without 

catalyst. At high temperature (3000 ÁC or 4000 ÁC), carbon particle sublimates then self-assemble 

at the negative electrode or the walls of the chamber (Fig. 2.9a). Pure graphite electrodes allows 
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the synthetization of  MWCNTs while SWCNTs requires a mixture of graphite and metal catalyst 

such as: Y, Mo, Fe, Co, Ni[10, 41]. The first growth of SWCNTs dates back to 1995 at Rice 

University, where SWCNTs with about (5ï20 Õm) in length and from 1 to 2 nm in diameter has 

been synthesized using PLD. In this method, carbon atoms are vaporized from a graphite pellet 

containing nickel or cobalt as catalyst material under laser beam (Fig. 2.9b). This process is 

maintained at high temperatures (about 1200 ÁC) under constant flow of inert gases. Generally, 

this technique is considered as an excellent method to synthesize SWCNTs with high purity and 

controllable size[42]. 

 
 

a) b) 

 

c) 

Fig. 2.9. Schematic illustration of the techniques used to synthesis carbon nanotube, a) arc 

discharge, b) pulsed laser deposition (PLD), c) chemical vapor deposition (CVD) [39,42]. 

 



 
 

21 

 

On the other hand, in CVD the carbon source contains hydrocarbons such as acetylene, 

ethylene or ethanol, while the metal catalyst particles are usually cobalt, nickel, iron or a 

combination of these such as cobalt/iron or cobalt/ molybdenum (Fig. 2.9c). The catalyst tends to 

decompose the carbon from the gas in the presence of plasma irradiation or heat (600ï1200 ÁC) 

and to assess the nucleation of CNTs. consequently, the free carbon atoms recombine in the form 

of CNTs on the substrates (commonly used are Ni, Si, SiO2, Cu, 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 major 

tool to produce homogeneous and uniform dispersion of advanced ceramic powders and their 

composites. Particle agglomeration prevention, homogeneous and uniform dispersion of 

MWCNT into structural ceramics matrix, presents a crucial challenge during the mixing process. 

In fact, the powder mixture features influence largely the final compositeôs properties such as: 

strength, density, wear resistance, friction é). Ball milling synthesis for ceramic matrix/ 

MWCNTs powder is the most popular approach due to its simplicity and energy efficiency that 

promote high grain refinement and particular phase homogenization. High milling energies are 

essential to break the interlayer Van der Waalôs forces between carbon surfaces that cause 

agglomeration and led to high MWCNTs surface energy. High rotational speed of the ball 

milling devices enables the balls to strike with the walls of the jar where high-energy collision 

arises [43]. The ceramic crystalline lattice undergoes severe mechanical deformation (fractures) 

and stress concentration (Fig. 2.10). The combined powders are reached after further milling 

time of grinding balls the combined powders tend to decrease until they are able to sustain 

deformation without any fracture. As the milling time increases, powder refinement takes place 

resulting in significant reduction of the particles size. Ball milling using liquid media proved 

higher efficiency in inhibiting agglomeration compared to dry media, as reported by several 

studies. 
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Fig. 2.10. Schematic illustration of the plastic deformation, fracture and welding of powder 

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

 

On the other hand, powder contamination can be an issue with ball milling. This is why a 

protective 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 powders [43, 44].  Decker et al. examined the 

influence of high-energy ball milling on Mg-PSZ-reinforced TRIP steel matrix composites at 

different rotational speed of 100 rpm and 250 rpm [45]. 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 deformation. It was suggested to 

further increase the milling time for better distribution of the Mg-PSZ particles. In another work 

[46] performed by Konga et al., a successful synthetization of nanosized Lead lanthanum zirconate 

titanate (PLZT) powders using high-energy ball milling and raw oxides as starting materials has 

been experimented. The PLZT powders with different dopant concentration exhibited a variety 

of ferroic phases such as ferroelectric(FE), antiferroelectric (AFE) and paraelectric (PE) 

phases and indicated superior sintering behaviour than those prepared via the conventional solid-

state reaction process. Further, Liu et al synthetized and studied graphene platelet / zirconia-

toughened alumina (GPL/ZTA) composites [47].  GPLïZrO2ïAl 2O3 powders were obtained by 

mixing graphene platelets and alumina powders using high energy ball milling and yttria stabilized 

ZrO2 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 during the cooling stage. Moreover, after 

10 h milling the composite powder was nanostructured with grain size range of 35ï60 nm and 25ï

54 nm for alumina and zirconia, respectively. 

2.4.2 Spark plasma sintering (SPS) 

Spark plasma sintering (SPS) is a powder metallurgy process enabling the rapid 

synthetization of wide range of advanced materials with small grain sizes and at relatively low 

temperatures. SPS uses high pulsating DC current to heat directly the specimens simultaneous 

with application of uniaxial pressure to consolidate powders into a bulk material [48,49]. The 

first SPS machine based on pulsed current was developed by Inoue et al. in the early 1960s [50]. 

Their invention was based on the idea of sintering under an electric current patented firstly in 

1906. However, reaching high efficiency with reasonable equipment cost was a critical point 

that limited its wider commercialization [51]. The advantages of SPS process over other 

traditional sintering methods such as hot-pressing and hot-isostatic pressing are the ability to 

consolidate high temperature ceramics, metals and composites in a few minutes with 1000 

ÁC/min heating rate, resulting in reduced duration and energy costs [48, 51], high thermal 

efficiency due the absence of any heating elements. SPS heats by passing a high- pulsed direct 

current through a graphite die and the sample to be sintered. Typical SPS configuration [52] is 

illustrated in Fig. 2.11. The powder is inserted into a conductive graphite die in a water cooled 

SPS chamber. During the sintering a uniaxial pressure is applied to the die by an upper and a 

lower punch. Then, a pulsated current is directed through the punch and the die for thermal 

heating under vacuum or protective gas evacuated and filled trough the water cooled chamber. 

Sintering temperature can be adjusted to high value 2400 ÁC using either thermocouples or 

axial/radial pyrometers. SPS process enable uniform Joule heating conditions especially for 

conducting sample. Further, the current enhance largely the mass transport mechanism through 

electro-migration, which contributes to obtaining dense samples with finer grain structures 

despite the low sintering times and temperatures [53ï55]. Furthermore, high mechanical 

pressure in the range of 50 - 250 kN can be applied to enhance the densification by increasing 

the contact between grains and breaking-down the agglomeration, especially for large particles 

[49]. 
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Fig. 2.11. A typical SPS chamber setup. 

 

In fact, considerable improvement of particle rearrangement can be obtained with uniaxial 

pressure due to superplastic flow generation via grain boundary sliding.  In this context, Anselimi- 

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

force for initial densification [53]. According to Eq. 2.9 the driving force for densification increase 

proportionally with the applied pressure [56]. 

$ÒÉÖÉÎÇ ÆÏÒÃÅɾ
0  Ò

ʌ
 

(2.9) 

where: ɔ is the surface energy, P is the applied pressure and r is the particle radius.  

However, based on experimental demonstration Skandan et al. proved that beneficial 

pressure effect on the densification occurs only if the 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 samples sintered 

with SPS technique is presented in Fig. 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 in the fabrication of dense zirconia 

samples [58]. 
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Fig. 2.12. Influence of sintering pressure on the temperature required for 95% TD in zirconia 

with corresponding grain size [54] . 

 

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 advocated mainly to the generation of weak plasma through the powder sintered 

under pulsed current and causes a phenomenon referred to as ñneckingò leading to high purification 

and joining of the densified particles. The detailed steps of the process are shown in Fig.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 of the process. 

 D. Robles Arellano et al  investigated the effect of sintering techniques on the densiýcation 

behaviour of 8 mol% yttria stabilized zirconia (YSZ) based composites with the addition of 11.6, 

21.6 and 30.5 wt% La2O3 [59]. Their work draw clearly the advantage of SPS to attain high 

densiýcation level (Ḑ92 ï 96%) in La2O3+YSZ composites at signiýcantly lower time, pressure and 

temperature process conditions (1500 ÁC, 50 MPa and 10 min) compared to pressureless sintering with 

lower relative density of about (82%) at 1600 ÁC held for 2 h and HIP sintering technique with relative 

density of 99.7% performed at 1500 ÁC, 196 MPa for 2 h. 
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Fig. 2.13. Detailed steps of neck formation during SPS due to the spark discharges [52] . 

 

In addition, M. Mazaheri et al investigated the processing features of yttria stabilized 

zirconia reinforced with multiwall carbon nanotubes sintered by SPS [60]. It was found that SPS 

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 enabled a 

strong bonding between MWCNT and the ceramic matrix, which is a prerequisite for enhanced 

mechanical properties. In a similar work performed by Karanam et al. regarding the investigation 

of densification behaviour in 0.2, 0.5, and 1 wt% 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 in YSZ / CNT ceramic composites was 

presented. Indeed, it was found that 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 enhanced mechanical properties. 




























































































































































