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ABSTRACT

V

Composites of 3 mol% yttria doped tetragonal zirconia (3Y TZP) reinforced with multiwalled
carbon nanotubes (MWCNT) up to 2 wt% have been produced using spark plasma sintering
(SPS). The theoretical densities of the studied composites were found to be between 99.4
and 97.4%. The average grain size of the composites was decreasing with addition of
MWCNT content from 174 to 148 nm. The effect of MWCNTs on the mechanical properties
of 3Y TZP has been investigated. A novel method was used for the calculation of the true
fracture toughness and reported for the first time in this type of composites. It was based on
producing a shallow surface sharp notch machined by ultra short pulsed laser ablation on
single edge V notch beam specimens. Indentation fracture toughness was measured using
Vickers indentation and it was found to be increasing with the addition of MWCNT content
while the true fracture toughness is hardly increasing. It was concluded that the increase in
the resistance to indentation cracking of the composites cannot be associated to higher true
fracture toughness. Moreover, nanoindentation was measured using Berkovich
nanoindenter where the contact hardness and elastic modulus were determined by Oliver
Pharr method. It was found that both properties decrease with the addition of MWCNTs.
Additionally, the effect of MWCNT on the tribological properties of 3Y TZP was also
investigated. The friction coefficient (COF) was studied by performing nano and macro
scratches using diamond Berkovich and Rockwell indenters, respectively. Furthermore, the
COF and the wear rate were determined in reciprocating sliding where a zirconia ball was
used as a counterpart under dry conditions using a load of 5 N and sliding distance of 100 m.
The COF was found to be decreasing with increasing MWCNT content. However, in macro
scratch testing, there was a critical load over which brittle fracture sets in and its value
decreases as the MWCNT content increases. The wear resistance was found to be decreasing
slightly for less than 1 wt% MWCNT, while it increased strongly for the addition of 2 wt%
MWCNT under the conditions studied.
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Thesis Introduction

1.1. Introduction andmotivation

Ceramic materials have been widely used since the early age. The word ceramic originates
from the Greek word Keramos that means burnt earth. Ceramics are also defined as “of
having to do with pottery”. Many years back, people have mixed clay with some water,
shaped into desired form, dried them in the sun and then fired the clay bodies to form a
hard and brittle pottery. Nowadays, ceramics are defined as inorganic materials, crystalline,
chemically stable containing metallic or non metallic compounds. Non metallic ceramics are
often defined as oxide ceramics (e.g. ZrO2, Al2O3, Y2O3) or non oxide ceramics such as among
others carbides (TiC, ZrC, SiC, etc), nitrides (SiN3, BN, etc) and silicides. The chemical bonding
of a ceramic is generally a hybrid of covalent and ionic, which results in exclusive properties
compared to metallic materials, such as high melting point, high chemical stability, and high
elastic modulus, which results in high hardness. Nevertheless, the low dislocation mobility
because of different atomic bond types, leads to brittle fracture and then to low fracture
toughness. The latter remains as a drawback of ceramic materials and limit their use as
structural materials. Thus, large efforts have been conducted to improve the toughness of
ceramics [1].
Yttria stabilized zirconia ceramics, i.e. where zirconia is doped whith 3 mol% yttria (3Y TZP)
offers a unique combination of biocompatibility and high toughness (7 10 MPam1/2). Zirconia
presents a reinforcement mechanism by phase transformation that gives excellent
mechanical properties to the ceramic material. The enhanced fracture toughness in 3Y TZP is
attributed to the stress induces phase transformation from tetragonal (t) to the stable
monoclinic (m) phase in front of a crack tip. This phenomenon is known as transformation
toughening [2]. However, as stronger is the tendency for stress induced transformation, as
higher is the risk for premature spontaneous t m transformation on the external surface 
promoted by the presence of water molecules of the environment. This effect is referred to
as so called hydrothermal degradation, low temperature degradation (LTD) or ageing and it
is accompanied by surface roughness and microcracking and on the most severe cases
failure and loss of functionality. The ageing resistance could be increased by reducing
zirconia grain size to the submicron or nanometric level. This will result in less
transformation toughening which results in low mechanical strength and toughness [3], [4].



Objectives of the work

4

In order to improve the mechanical properties of zirconia, especially the fracture toughness,
a second phase in the form of grains, fibers or whiskers should be incorporated into the
zirconia matrix as a toughening mechanism.
Recently, there has been a great interest in adding carbon nanotubes (CNT) as
reinforcements to ceramic matrix due to their exceptional properties, such as their high
aspect ratio and outstanding mechanical properties for example high tensile strength, high
axial elastic modulus, and high electrical and thermal conductivities [5]–[9].

1.2. Objectives of the work

The addition of CNTs to 3Y TZP matrix attracts the attention of many research studies due to
the unique properties of CNTs.

On the other hand, it has been shown in the literature that there are still many difficulties
considered as challenges in the processing of defect free CNT zirconia composites.
Moreover, there is a “never ending controversy” about the fracture toughness
measurements of zirconia CNT composites and until now the “true” fracture toughness of
such a composite has not yet been determined. Additionally, the effect of CNTs on the
tribological and the electrical behaviour of zirconia matrix have not been fully exploited yet.

Therefore, the objectives of the thesis are:

(1) to successfully process 3Y TZP CNT nanocomposites using spark plasma sintering
(SPS). SPS is a newly developed technique for sintering process that combines the
use of mechanical pressure and microscopic electric discharge between the
particles. Hence, it can result in fully dense samples in short time (few minutes)
and avoid damage and oxidation of CNTs.

(2) to establish a good method for the measurements of the “true” fracture
toughness of zirconia CNT composites by producing a very sharp notch by pulsed
femtolaser ablation (PFA) in which the radius is in the submicron scale.
Measuring fracture toughness using indentation has always been a matter of
debate and it was reported that indentation tends to overestimate the fracture
toughness value. Thus, it is used only for comparison purposes. Fracture
toughness has been also measured by single edge V notch beam and it was
shown that the sharpness of the notch influences strongly the fracture toughness
results.
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(3) to reveal the effect of CNTs on the wear and friction behaviour of zirconia as well
as to establish the wear mechanisms responsible for wear rates and friction
coefficient results.
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Background

2.1. Zirconia ceramics

2.1.1 Zirconia structure

Zirconia (ZrO2) exhibits three different crystallographic structures depending on the
temperature. At ambient pressure and low temperature (< 950 °C) it exhibits a monoclinic
structure (P21/c). However, at intermediate (1200°–2370 °C) and high (2370 °C)
temperatures zirconia has a tetragonal (P42/nmc) and cubic (c) (fluorite) structure
respectively. Moreover, at high pressure, ZrO2 exhibits two different orthorhombic
structures (space groups Pbca and Pnam) and a third orthorhombic form (space group Pbc21)
structure (figure 1) [10].
The transformation from tetragonal (t) to monoclinic (m) in pure ZrO2 starts at 950 °C on
cooling. The (t) unit cell contains two ZrO2 units and is one half the volume of the c fluorite
and m unit cells, both of which contain four ZrO2 units. The (t) and (m) structures can be
described in terms of distortions of the fluorite structure, with the major distortion
associated with the transition from (t) to (m) corresponding to a shear of 9° parallel to the
basal plane of the t unit cell, to define a monoclinic b angle of 81° [10].

Figure 1. Schematics of the three polymorphs of ZrO2 and the corresponding space groups: (a) cubic
(Fm m) (b) tetragonal (P42/nmc) and (c) (P21/c) monoclinic [10]
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2.1.2 Transformation from (t) to (m)

The transformation from (t) to (m) in zirconia is martensitic in nature. The martensitic
transformation consists of the crystallographic correspondence between the parent
(tetragonal) and the product (monoclinic) phase, described by habit planes and directions
(shape strain) as shown in figure 2. The transformation from tetragonal to monoclinic occurs
at 950 °C on cooling in pure zirconia. The shear strain associated to the t m transformation is
around 0.16 and the volume expansion is about 0.05. The transformation is reversible at
around 1150 °C on heating [11] .
The thermodynamics of the martensitic transformation in zirconia was first described by
Lange [12] who considered the ideal configuration of a spherical tetragonal particle in a
matrix. This idealized shape does not take into consideration the presence of a free surface
or irregular shapes grains. The change of the total free energy ( t m) associated to the
transformation is given by equation (1):

t m= c SE S

where c (<0 at temperatures below the equilibrium s) is the difference in chemical free
energy between tetragonal and monoclinic phases. It depends on temperature and
composition. SE (>0) is the strain energy related to the transformation of a particle. This
depends on the surrounding matrix, the size and shape of the particle and the presence of
stresses. Finally, the term S (>0) refers to the change in the energy associated to the
creation of new interfaces or microcracking on the surface of the particle. In the case of

t m <0 the tetragonal phase is unstable. A transformation to monoclinic may occur while
t m>0 the tetragonal phase retains in the particle. A decrease in c and an increase in
SE followed by the addition of some oxides such as Y2O3 in Y TZP induce a decrease in the

driving force of the t m transformation and its temperature [4], [13].
The transformation from (t) to (m) in zirconia is the source of enhanced toughness. In order
to produce any transformation toughened ceramic (TTC) material it is necessary to keep the
t ZrO2 phase that transforms to m ZrO2 under stress. Therefore, the control of zirconia
composition is generally accomplished by the substitution of some oxides [10].
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Figure 2. Schematic illustration of crystallographic correspondence between the tetragonal (parent)
and the monoclinic (product) phases during the martensitic t m transformation [13]

2.1.3 Stabilization of zirconia

The oxides (dopants) such as MgO, CaO and Y2O3 contribute into the stabilization of zirconia
either in cubic or tetragonal form at any temperature. The different types of stabilized
zirconia are formed according to the cooling rates during sintering. Fully stabilized zirconia
(FSZ) is formed with full cubic structure. The two commonly types of stabilized zirconia are
the partially stabilized zirconia (PSZ) that consists of cubic zirconia matrix with a dispersion
of tetragonal precipitates, and the tetragonal zirconia polycrystals (TZP) in the form of full
tetragonal phase retained at room temperature [10].
The oxides Y2O3 and CeO2 are the most promising stabilizers. They retain the metastable t
ZrO2 at room temperature in the form of TZP with equiaxed fine grained (0.5 3 μm grain
diameter) according to a study carried out by Li et al. [14]. By using X ray absorption
spectroscopy they have shown the role of different stabilizer on the stability of tetragonal
and cubic zirconia. They explained that the oxygen overcrowding around the small zirconium
Zr4+ cation is the responsible behind the poor stability of the tetragonal zirconia. Hence, they
concluded that the stabilization of tetragonal zirconia with oversized trivalent cation (Y3+) is
more efficient than with undersized trivalent cations. Moreover, this explains why 10 mol%
of CeO2 is needed to stabilize tetragonal zirconia whereas only a 1.5 mol. % of Y2O3 is
sufficient for the stability [4], [10].
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2.1.4 The mechanism of toughening in zirconia

Transformation toughening

The transformation toughening in zirconia was first reported in 1975 by Garvie et al. [15]. It
was explained that the transformation from (t) to (m) is the key behind the enhanced
fracture toughness of zirconia ceramics. Usually zirconia ceramics contain cracks induced by
the processing and when the ceramic material is subjected to some stress, the pre existing
cracks tend to propagate. In zirconia, the presence of tensile stresses around the crack tip
induces a transformation from tetragonal to monoclinic which results in increased volume.
This larger volume generates compressive stresses around the crack which stops further
crack propagation [4], [10], [16]. All models used to explain transformation toughening
based on fracture mechanics agree on the development of a transformed “process” zone
associated with an advancing crack where a transformation of the metastable (t) phase takes
place at the crack tip [10].
One of the models developed was the model of McMeeking and Evans [16] in the beginning
of 1980s. Their model was based on the fact that the stress induced transformation
toughening leads to a shielding of the applied stress intensity factor as in the
following relation:

(2)

where is the stress intensity factor at the crack tip, is the applied stress intensity
factor and is the shielding factor. This means that the real stress intensity factor at the
crack tip is lower than the one applied by the external forces.

Three principal shielding mechanisms that decrease the stress intensity factor at the crack
tip have been identified: transformation toughening, transformation induced microcrack
toughening, and crack deflection. Previous studies show that the higher the applied stress
intensity factor, the larger the transformation zone and the larger shielding effect. See
equation (3) and (4):

(3)

E
(4)

where E is the elastic modulus, is the volume fraction of the transformable particles, is
the dilatational strain associated with the transformation, is the Poisson ratio and is the
critical stress leading to phase transformation.
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The toughness of zirconia depends directly on the critical local stress leading to
transformation . A material with low and/or has a low tendency of transformation,
requires a high , and it can be described as a weak transformer, while, a large sh (>>1)
results in strong transformation. The local stress transformation depends strongly on the
magnitude of the temperature of undercooling below the (t/m) temperature. As the
temperature of undercooling is below , should increase leading to an increase of ,
which results in large transformation toughening [4], [10].

Porter and Heur [17] reported in their early investigation of the transformation toughening
of 3Y TZP that the ellipsoidal t ZrO2 particles in Mg PSZ transformed into stack of twin
related m variants. Other studies on ZrO2 Al2O3 composites [18] confirmed the
transformation of ZrO2 particles to stacks of m twins. Since the twins were equal and
opposite, the shear strains were eliminated and only the dilatational components of the
transformation strains were left.

MacMeeking and Evans [16] have established a theoretical model based on this dilatant
strain assumption. They showed in their model that there is a cardioid shaped frontal zone
of transformation formed, associated with a stationary crack tip and induces no increase in
toughness (figure 3 (a)). However, this frontal zone induces a reduction of toughness in the
120° sector of the transformed frontal zone immediately ahead of the crack ( =±60° in
figure 3 (b)) and this is counteracted by an increase in the toughness in the remaining sector
( =±60° to =±300°) leading to no effect. Therefore, the fontal transformation zone leads to
an increase in toughness in two cases: either when the shape of the zone is altered to reduce
the transformation in the 120° sector ahead of the crack or when the crack tip moves
forward leaving a wake of transformed zone behind it.

Figure 3. a) Cardioid shaped transformation zone associated with a purely dilatant transformation at
a crack tip. Two dotted lines define a sector at the front of the zone with an included angle of 120°
(2 /3), which actually leads to a decrease in toughness. b) Transformation wake of half height hy

associated with the movement of the crack tip by a distance a
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Ferro elastic toughening

Crack propagation induced ferro elastic domain switching can also enhance the toughness of
zirconia ceramics, which is also referred to as ferro elastic toughening. Virkar and
Matsuimoto [19] were the first ones who reported the higher values found for toughness
related to the ferro elastic domain switching. The mechanism of the ferro elastic switching is
possible in tetragonal zirconia formed by cooling from the cubic phase. The stress induced
alignment of the c axis of the t phase along the maximum stress axis, induce a shape change
of a pure shear type. Six different crystallographic orientations of the c axis could be
generated when a cubic crystal is transformed to an individual t phase. Each grain formed
can be a single domain and the individual grains or portions within each grain can be
switched to a different orientation by an applied stress. This occurs when a stress is applied
or with the presence of a propagating crack [4].
Foitzik et al. [20] quantified the toughness enhanced by ferro elastic switching in 3Y TZP in
high solute containing the "nontransformable" tetragonal phase t’ between temperatures
200 1000 °C. They calculated the toughness contribution in the order of 3 4 MPa m while
the contribution of single phase cubic zirconia is around 2.4 MPa m.

2.1.5 Low temperature degradation (aging) of zirconia

Low temperature degradation (LTD) or ageing has first been observed in temperatures close
to 250 °C in humid atmosphere by Kobayashi et al. [21]. The authors revealed that the
interaction of 3Y TZP with water activates the surface t m transformation, which results in
microcrackings and loss of strength. In spite of the extensive research for more than 20 years
to limit these phenomena; the mechanism of LTD is still under discussion. In 2001, LTD
started to be a fundamental threat when several hundreds of hip failures made of 3Y TZP
were reported in a short time [22], [23]. Therefore, it was essential to study ageing at human
body temperature in order to avoid any health or economic issues of the use of zirconia.
The mechanism of ageing has been explained using several models. First attempt to explain
ageing was based on the reaction between water molecules H2O and Y2O3 to form Y (OH)3
but it was rejected and instead water diffusion inside the zirconia lattice due to internal
stresses was demonstrated [24], [25].

When zirconia is exposed to water humidity the oxygen is placed on vacancy sites and the
hydrogen is located on an adjacent interstitial site. In 3Y TZP, the trivalent character of Y2O3

has numerous vacancies which make the diffusion of water higher than in other zirconia
ceramics such as in CeO2 doped ZrO2.The diffusion of H2O leads to the contraction of the
zirconia lattice which induce some tensile stresses at the surface which results in t m
transformation [24].
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2.1.6 Application of zirconia

Zirconia ceramics, unlike other ceramics, have been mainly used in biomedical applications
due to its good mechanical properties such as high toughness, strength as well as good
compatibility with other materials.
TZP has been widely used as restorative material since 1985 as zirconia balls in total hip
prostheses. Over 30000 TZP ball heads were implanted in total hip replacements (THR)
surgeries and only a few failures of implanted femoral heads in 2001 were reported.
However, few studies have been done in order to explain the mechanism of failure. Later on,
the failures were attributed to the low thermal degradation explained in details in the
section 2.5 [13]. Moreover, zirconia ceramic has been successfully used in dentistry due to
its excellent bio compatibility and white colour. Therefore, especially 3Y TZP zirconia has
been used as crowns, bridges, and implant abutments in a variety of clinical situations [26].

Zirconia ceramics are known to have low thermal conductivity and high melting point which
make them relevant to be used as thermal barrier coatings (TBCs). Yttria stabilized zirconia
(YSZ) is used as TBCs to protect and insulate hot section metal components in gas turbine
and diesel engines [27].

Recently, there has been a growing interest in using carbon nanotubes (CNT) as
reinforcement in ceramic matrix materials. The exceptional properties of CNT are described
in the following section.
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2.2. Introduction to CNTs

Carbon nanotubes was first discovered by Iijima in 1991 [28] and an intensive research has
been conducted to study CNT. In 2010, the number of publications on CNT reached more
than 50000 publications (figure 4) due to their outstanding properties. They have a high
Young’s modulus (~1500 GPa), high tensile strength (~100 GPa), significantly higher than
steel and carbon fibers, high thermal conductivity which is higher than diamond and an
electrical conductivity similar to silver and platinum as well as high aspect ratio. The density
of CNTs is much lower than aluminium (table 1) [12][29].

Figure 4. CNT number of publications from 1993 till 2008 [29]
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Table 1. Properties of different engineering fibers [30]

CNTs exhibit different forms and structures. Each structure has advantages and
disadvantages depending on its application. More details are given in the next section.

2.2.1 Structure of CNT

In 1985, the studies carried out by Harold Kroto, Richard Smaley and Robert Curl (Nobel
prize in chemistry in 1996) has led to the discovery of a new form of carbon, called the
fullerenes [31] . Hence, many researchers all over the world have conducted their studies on
these new carbon allotropes. In 1991, multi wall CNTs (MWNTs) were observed for the first
time by Iijima [28] and later in 1993, he discovered single wall CNTs (SWNTs) [32]. Figure 5
shows different types of CNTs.
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Figure 5. Different types of CNTs based on their number of graphene cylinders: (a)
capped single wall CNT (SWNT); and (b) open multi wall CNT (MWNT) [29]

Depending on the number of graphene cylinders (x), SWNTs have x=1, double wall CNTs
(DWNT) have x=2 and multi wall CNTs (MWNT) have x> 2.

For MWNTs, the interspace between two successive CNTs is in the range from 0.344 0.36 nm
and the carbon nanotube bond length is 0.144 nm [29]. SWNTs can be visualized as a single
sheet of graphene wrapped up to form a tube and for most observed SWNTs, the diameter
of the cylindrical graphene sheet is <2 nm. The large aspect ratio (length/diameter) of the
CNTs cylinders can be 104 105 and by neglecting the ends of the CNTs, these nanotubes can
be considered as a one dimensional nanostructure [33].

Looking into the structure of a carbon nanotube, an orientation of the six membered carbon
ring (hereafter called hexagon) in the honeycomb lattice relative to the axis of the nanotube
is observed. Three examples of SWNTs are shown in figure 6. It can be observed that the
direction of the six membered ring in the honeycomb lattice is almost random and any
distortion can be seen except the distortion in the ends of the cylinder due to the curvature
of the carbon nanotube. Thus, many structures for carbon nanotubes are possible based on
the symmetry of the carbon nanotube bonds [33].
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Figure 6. The terminations of each of the three types of nanotubes. The
terminations are often called caps or end caps and consist of a “hemisphere” of

a fullerene. The figure shows as well the different types of CNT based on the chirality [33]

The classification of carbon nanotube is either achiral (symmorphic) or chiral (non
symmorphic). In an achiral carbon nanotube the cylindrical structure follows mirror
symmetry in both axes, longitudinal and transverse. Depending on the cross sectional ring
the achiral nanotubes can be armchair or zigzag nanotubes as shown in figure 6. In chiral
nanotubes, the mirror symmetry is not obeyed. The axial chirality is commonly discussed in
relation to optical activity [33]. There is another structure that comprises several truncated
conical graphene layers called cup stacked [33]. The numerous ways to roll graphene into
tubes are mathematically defined by the vector of helicity and the angle of helicity as
shown in figure 7 and can be described in equations (5) and (6):

(5)

and (6)

where and are integers and they can be grouped together to make lattice translational
indices ( . The verctors and are the vectors of the hexagonal lattice that
corresponds to a section of the nanotube perpendicular to the nanotube axis (see figure 7).
The angle of helicity is the tilt angle of the haxagons with respect to the rolling axis and
determines the spiral symmetry. Due to the six fold symmetry of the honeycomb lattice, the
value of angle of helicity falls in the range 0 30 . When , the nanotube is armchair
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type ( , when , then it is of the zigzag type and when it is chiral,
see figures 6 and 7.

The chirality of CNTs affects the optical, mechanical and the electronic properties. CNTs are
metallic when and they are semiconductors when where
is an integer [33].

Figure 7. Schematic showing how a hexagonal sheet of graphite is “rolled”
to form a carbon nanotube [34]

2.2.2 History of CNTs

In 1889, the first patent on the forming of carbon filaments was issued [35]. The patent was
published where they proposed the use of carbon filaments in light bulbs [36].The editors of
the “carbon” journal [36] were thinking that both authors Radushkevich and Lukyanovich
should be credited for the discovery of carbon filaments or CNTs [36]. The paper was
published in the journal of Physical Chemistry of Russia in 1952 in Russian language. The
access to that journal was not easy that time because of the cold war. Moreover, the Russian
language was difficult to understand. In 1959, Walker et al [37], synthesised carbon
filaments of hydrocarbon for the first time by thermal decomposition which is known
nowadays as chemical vapour deposition (CVD). Later, in 1972, Oberlin et al. [38] reported
for the first time SWNTs. However, they used a low resolution TEM and the SWNTs were not
discovered.
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2.2.3 Synthesis of CNTs

After the discovery of CNTs by Iijima [28], CNTs have begun to be used in many applications
due to their outstanding electrical, mechanical, optical and thermal applications. Several
methods are used to produce CNTs and their quality depends on the method of production,
see figure 8. Each method of synthesis has its advantages and disadvantages, which
predestines a choice of specific method of CNTs with requested properties [39].
The first techniques for the synthesis were based on high temperature preparation such as
arc discharge or laser ablation. However, nowadays these techniques are replaced by more
advanced techniques such as low temperature chemical deposition (CVD) where the
orientation, alignment, nanotube length, diameter, purity and density of CNTs are
controlled. There are other methods used which are non standardized like liquid pyrolysis
and bottom up organic approach. The synthesis of CNTs using these methods requires
supporting gas and vacuum but the preparation at atmospheric pressure has also been
reported. On the other hand, the use of gas phase methods is found to be the suitable ones
for some applications such as for composite materials due to the large quantities produced.
However, the disadvantages of gas phase synthesis are low cost catalyst yields and number
density and short catalyst lifetime [40].

All the methods used for the preparation of CNTs result in number of impurities. The powder
of CNTs produced contains carbonaceous particles such as nano crystalline graphite,
amorphous carbon, fullerenes and different catalysts (such as Fe, Co, Mo and Ni). These
impurities deteriorate the properties of CNTs. Hence, considerable efforts have been
conducted on the development of efficient and simple purification methods such as acid
treatment [41], [42].



Introduction to CNTs

19

Figure 8.Methods of CNTs production [39]

Arc discharge

As mentioned before, the arc discharge is a high temperature method (>1700 °C) used for
the growth of CNTs with few structural defects in comparison with other techniques.
For MWNTs, the arc discharge synthesis is considered very simple. Most of the used arc
discharge methods are based on the use of DC arc discharge between two graphite usually
water cooled electrodes with diameters between 6 and 12 mm in a chamber filled with
helium at subatmospheric pressure. Iijima [28] used He atmosphere for fullerene synthesis
in order to obtain first scale synthesis of CNTs. It has been showed by Wang et al.[43] that
different atmospheres strongly influence the final morphology of CNTs. In two studies of
Zhao et al. [44], [45] it was observed that the use of He and methane gases result in a very
different CNTs morphology. Another work carried out by Shimotani et al. [46] reported the
synthesis of MWNTs using arc discharge technique under various atmospheres (He, ethanol,
acetone and hexane) and pressures (from 150 to 500 Torr), where they observed that the
amount of MWNTs produced in ethanol, acetone and hexane are two times higher
compared to the amount of MWNTs produced in He atmosphere. Several studies reported
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the synthesis of MWNTs by arc discharge in liquid solutions. Jung et al. [47] reported the
synthesis of MWNTs in liquid nitrogen and they concluded that the liquid nitrogen results in
a high yield synthesis of MWNTs. Guo et al. [48] also synthesised MWNTS in a high yield
using water between pure graphite electrodes, see figure 9.

For SWNTs synthesis, their process of growth by arc discharge uses a composite anode in
hydrogen or argon atmosphere. The anode is made of a composition of graphite and a metal
(Ni, Fe, Co, etc) or mixture of a metal and other elements (Co Ni,Fe Ni,Fe No etc). The metal
catalyst has a significant influence on the process yield. In this process, unwanted elements
are produced such as MWNTs or fullerenes [39]. The synthesis of SWNTs were first described
by the works of Iijima and Ichihashi [32] who presented SWNTs with a diameter of 1 nm and
Berthune et al. [49] who reported the synthesis of SWNTs by Co catalysis with a diameter of
1.2 nm. Later, several studies have been performed on the synthesis of SWNTS using
different methods. Saito et al. [50] reported growing of SWNTs radially from Ni fine particles.
Zhou et al. [51] reported the synthesis of SWNTs using yttrium carbide. In 1996 Saito et al.
[52] investigated the use of platinum group metals (Rh,Pd, Os, Ir, Pt) in the synthesis of
SWNTs by arc discharge. Chen et al. [53], [54] presented a new approach where they
reported the preparation of SWNTs by a hydrogen DC arc discharge with evaporation of
carbon anode containing 1% Fe catalyst in H2 Ar mixture. This method is called ferrum
hydrogen and results in a high crystallinity of SWNTs. Fan et al. [55] presented a cheap
method for the synthesis of SWNTs in argon DC arc discharge from charcoal as carbon
source and FeS as catalyst. He successfully produced high purity SWNTs with diameter of 1.2
nm, see figure 9.

Laser ablation

The pulsed laser deposition (PLD) used for the preparation of CNTs depends on many
parameters such as: the structure and the composition of the target material, the laser
properties (energy fluency, peak power, continuous wave (CW) versus pulse, repetition rate
and oscillation wavelength), the chamber pressure and the chemical composition, flow and
pressure of the buffer gas, the substrate and the ambient temperature and the distance
between the target and the substrates. Laser ablation is considered as a crucial step of PLD,
which is one of the superior methods to grow SWNTs with high quality and high purity [39].
This method was first demonstrated by Smalley’s group in 1995 [56]. It is similar to arc
discharge but this time, the energy is provided by a laser hitting a graphite pellet containing
catalyst materials (nickel or cobalt). The lasers used for ablation have been Nd:YAG and CO2.
Some work [57], [58] has been carried out to synthesise SWNTs by continuous wave CO2

laser ablation without applying additional heat to the target. They reported that by
increasing the laser power, the average diameter of SWNTs produced by CO2 laser increased.
Kusaba and Tsunawaski [59] used laser with oscillation wavelength of 308 nm to irradiate a
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graphite containing Co and Ni at various temperatures and they concluded that the laser
ablation at 1623 K produced the highest yield of SWNTs with the diameter between 1.2 and
1.7 nm and the length > 2 um, see figure 9.

Chemical vapour deposition

Catalytic chemical vapour deposition (CCVD) is now the standard method for the CNTs
production. It is either thermal or plasma enhanced (PE). It is considered to be an
economical and practical process for large scale production, high purity and it is easy to
control compared to laser ablation. The CVD process for the growth of CNTs is still a matter
of debate [39]. The models presented by Fotopoulos and Xanthakis are based on the base
growth and the tip growth. They reported that SWNTs are produced by based growth where
the cap is formed first, and then the CNTs are fabricated by addition of carbon atoms at the
base [60].

The role of the catalyst in the CCVD process is the decomposition of carbon source by
plasma irradiation or heat and its nucleation to form CNTs. The most used catalysts are the
transition metals (Fe, Co, or Ni) [61]. The carbon source used in CVD is hydrocarbons.
Gaseous carbon is also used as a source for the growth of CNTs and it strongly depends on
the reactivity and concentration of gas phase [62]. Substrates commonly used are Ni, Si,
SiO2, Cu, Cu/Ti/Si, stainless steel or glass [63], [64].

The growth of CNTs in CVD is mainly influenced by the composition and the morphology of
the catalyst [65]. Flahaut et al. reported a study about the influence of catalyst conditions on
the synthesis of CNTs by CCVD. The catalyst were prepared using either urea or acid as fuel,
and they observed that the milder combustion conditions in the case of citric acid can either
increase the CNT synthesis with few walls or limit the formation of carbon nanofibers [66].
Lyu et al. have produced high quality and pure DWNTs with free amorphous carbon and low
defect level in the atomic carbon structure. They used benzene as an ideal carbon source
and Fe Mo/Al2O3 as a catalyst at 900 °C [67]. Cui et al. prepared thin walled, open ended,
and well aligned N doped CNTs on the quartz slides. They used acetonitrile as the carbon
source and the ferrocene as the catalyst. These films can be transferred easily which wider
their application in many fields. They also reported that the diameter and TWI (the ratio of
inner diameter and wall thickness of CNTs) increases when the temperature rises between
780 and 860 °C [29], see figure 9.
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Figure 9. a) Schematic diagrams of arc discharge method b) Vertical CVD furnace for mass production
c) Laser ablation method [29]

2.2.4 Market of CNTs

CNTs are nowadays considered as one of the most important classes of nanomaterial that
have a high potential to hint the next industrial revolution. In 2008, nanotubes and
fullerenes have already present a niche market with a global revenue that exceeds US$300
million as reported in [29]. It is predicted that market will exceed US$4.6 billion [29].
In 2011, it was reported that there are more than 100 companies all around the world that
manufacture CNTs. This number was expected to be increased to 200 in 2016. In the same
time, there are more than 1000 companies, which are dedicated to the research and
development (R&D) of CNTs [29].
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The market research report titled “Global Carbon Nanotubes Market” showed that the CNTs
market is highly consolidated and oligopolistic in nature. A few large suppliers operating in
multiple industry segments dominate it. The global production of CNTs turned over around
$668.3 million in 2010, where the value of CNTs production was around $631.5 million while
the production value of SWNTs was around $36.8 million. It is expected to grow to 10.5% of
the Compound Annual Growth Rate (CAGR) by 2016 with a value of $1.1 billion [29], see
figure 10.
Asia Pacific is considered as the major producer of CNTs mainly due to the large present
market of electrical and electronic market, which is dominated by Japan, South Korea,
Taiwan, China and Singapore. In 2010, US have become the first share of the CNTS market
[29].

Figure 10. Next five years forecast (2011 2016) for global CNTs market [29]
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2.3. Ceramics CNT nanocomposites

Since the discovery of CNT in 1991 by Iijima [28] large efforts have been conducted to use
CNTs as reinforcements in nanocomposites due to their unique and excellent properties,
which were discussed before. The majority of CNT studies have been focused on CNT
reinforced polymer nanocomposites. On the other hand, CNTs have recently been
considered as a promising reinforcement element for brittle ceramic matrix composites
(CMCs). However, the mechanical performance of this latter has not been fully exploited and
it still represents a subject of major on going research efforts.

2.3.1 Processing of ceramic CNT nanocomposites

Dispersion of CNTs

The dispersion of CNTs or de agglomeration of CNTs is a crucial step and a big challenge in
the preparation of ceramic CNT nanocomposites. The different synthesis methods of CNTs
result in their production with different diameters, lengths and they may have impurities
that should be removed before their use. Moreover, CNTs can be produced with a physical
entanglement of the nanotubes where individual particles are entwined, interwoven or form
loops around other nanoparticles. The “chemical” entanglement can also occur and it refers
to the surface surface attraction, adhesion, or self assembly. The agglomeration is
considered as a real impediment to most CNTs application. The high aspect ratio together
with the high flexibilities of CNTs increases rapidly the chance of entanglements. Besides
that, attractive Van der Waal’s forces between carbon surfaces increase the difficulty of
CNTs de agglomeration [29].
The dispersion of CNTs in a suspension is controlled by three destabilisation mechanisms:
electrostatic stabilisation, steric stabilisation and electrostatic stabilisation [68], [69]. It was
reported that the most processing routes for the dispersion of CNTs is the colloidal
processing route [70]–[72]. The common steps for the colloidal processing are summarized
in figure 11.
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Figure 11. Colloidal processing route for making ceramic – CNT nanocomposites [29]

Consolidation techniques

The most common consolidation techniques for the processing of ceramic CNT
nanocomposites are: hot pressing and spark plasma sintering (SPS). In hot pressing, there is
a simultaneous application of heat and pressure to a “green” body, which is responsible for
sintering ceramic powders. The heat can be applied directly by induction or resistance
heating or indirectly by convection or radiation. The pressure is applied statically or
dynamically to the heated component. A controlled atmosphere or vacuum is applied to
prevent the degradation of the ceramic powder during consolidation [73], see figure 12.
SPS (figure 12), unlike hot pressing, involves different mechanisms of heat transfer as well as
longer durations and higher temperatures. However, it was reported that SPS can damage
CNTs leading to a total loss of reinforcing effects without producing fully dense
nanocomposites [74], [75].
Milsom et al. reported the effect of CNTs on the sintering behaviour of 3Y TZP/CNT
composites. They concluded that the presence of CNTs lower the activation energy of the
rate limiting step in the sintering process [76].
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Figure 12. Sintering techniques for synthesizing ceramic – CNT nanocomposites: (a) hot pressing;
and (b) spark plasma sintering (SPS). Taken from [29]

2.3.2 The mechanical properties of CNT ceramic
nanocomposites.

A study by Hung et al. [77] claimed that a single CNT failed after 280% stretching at high
temperature. Lourie et al. [78] estimated that the stress required for producing buckling or
collapse of CNTs is around 100 150 GPa. Treacy et al. [79] reported individual CNTs with
Young’s modulus of more than 3 TPa. Therefore, it was evident that CNTs are the strongest
and the stiffest fibres ever found so far.

In order to transfer the outstanding properties of CNTs to the ceramic matrix, the processing
route is difficult. It was reported that CNTs can provide a multi axial damage tolerance to a
ceramic nanocomposite if they are very well dispersed within the ceramic matrix. Good
mechanical properties depend strongly on the agglomeration of CNTs. Moreover, high CNT
content leads to further agglomeration since the contact between CNTs and ceramic matrix
is limited results in serious impediment in the improvements of physical properties of the
CNTs nancomposites. Besides that, a good interfacial compatibility and a good bonding
ensure a good load transfer across the CNTs matrix interface, which improves the
mechanical properties of ceramic nanocomposite. A diffusion layer was found by high
resolution electron microscopy between SWNTs and Al2O3, which make the interfacial shear
strength as high as 1 GPa. The interfacial high strength was justified by the radial thermal
stress between SWNTs and Al2O3. Hence, the interfacial bonding is achieved by the residual
thermal stress and also to a chemical reaction that bond CNT to ceramic matrix forming an
intermediate diffusion layer [80]. On the other hand, Gonzalez Julien et al. [81] showed that
the functionalization of CNTs modifies the bonding and alters the interaction between CNTs
and a ceramic matrix.
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A literature review reveals that there is still a debate about the efficiency of CNTs in the
mechanical properties of the ceramic matrix nanocomposites. In 2002, Zhan et al. [75]
reported a notable improvement in indentation fracture toughness (9.7 MPam1/2) and a
decrease of 20% of hardness for SPSed alumina SWNT nanocomposites (figure 13 a)).
Two years later, Wang et al. [71] had a doubt about the reliability in using indentation
method for the measurement of fracture toughness. Therefore, they used single edge V
notch beam (SEVNB) on the same composites and they showed an improvement of only 3%
in fracture toughness (figure 13 b)). However, they used a razor blade where the notch
radius is not sharp enough. Hence, only a really sharp notch can be regarded as identical to a
pre existing crack for the purpose of meaningful long crack toughness testing [82].
Since that time, measuring fracture toughness by indentation has been a matter of dispute.
In 2007, Quinn and Bradt [83] suggested to not use the indentation method for the
evaluation of fracture toughness. This technique should not be used to determine fracture
toughness, as it tends to overestimate the value. They [71] also reported that alumina
graphite prepared by SPS are not tough, but they have a good contact damage resistance.
SWCNTs are highly shear deformable which induce an intensive confined shear field and
causes a redistribution of the stress under the indenter which prevents the formation of
cracks.

Figure 13. Fracture toughness of the SWCNT Alumina composites measured by (a) Indentation
technique measured by Zhan et al. [75] and (b) SEVNB technique measured by Wang et al. [71]

Estili et al. [84] reported an increase of 67% in fracture toughness of MWNT alumina
composites with the addition of 3.5 vol% CNTs. They concluded that the increase of fracture
toughness is due to the different toughening mechanisms such as: crack deflection, fiber
pull out and crack bridging. A study carried out by Mukhopadhyay et al. [85] showed that
the crack bridging provides a 150% of improvement in fracture toughness compared to
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monolithic material and no fibre pull out could be detected. However, the hardness and
elastic modulus were decreased with the incorporation of CNTs. On the other hand, An et al.
[86] reported an improvement in SiCN elastic modulus from 74 to 118 GPa and a hardness
value varies from 9.4 to 14.3 GPa by adding 6.4 vol% MWNT. They concluded that such
improvement in the modulus is due to the strong bonding between matrix and MWNTs.
Mo et al. used sol gel for the processing of alumina CNT followed by SPS. They showed a 7%
enhancements in Vickers’s hardness and 10% fracture toughness [87]. Fan et al. [88]
prepared alumina MWNTs by heterocoagulation of SWNTs into matrix grains. They showed
that the fracture toughness increased by 103% as well as the flexural strength with the
addition of 1 wt% SWNTs to alumina matrix.
In another study reported by Fan et al. [89], they found an improvement of 80% in the
fracture toughness of hot pressed alumina MWNTs nanocomposites and a decrease of 4% in
bending strength. Sun and Gao [90] reported that the addition of 1 wt% of MWNTs to
alumina matrix produced an improvement of 32% of fracture toughness, also the bending
strength improved by 10% compared to monolithic alumina. However, Sun et al. [91] found
that the addition of only 0.1 wt% CNTs in alumina nanocomposites increased the fracture
toughness from 3.7 to 4.9 MPam1/2. While, Chang et al. [92] reported that the addition of 10
vol% of MWNT induce an improvement of 24% of fracture toughness with a value of 4.2
MPam1/2 compared to the monolithic alumina. Siegel et al. [92] also reported an increase of
24% of the fracture toughness with the addition of MWNTs to alumina matrix.
Cha et al. [93] used molecular level mixing and SPS to produce alumina MWNTs. They
reported improvements of 15% and 30% of hardness and fracture toughness respectively.
Wei et al. [94] reported the addition of 3 vol% CNTs to alumina matrix and they found that
the fracture toughness and the bending strength increased by 79% and 13% respectively.
Balani et al. [95] produced alumina CNTs nanocomposites coating using plasma spray drying.
They reported a good densification of the nanocomposites due to better interfacial bonding
between MWNTs and alumina matrix, which resulted in enhanced hardness and fracture
toughness compared to pristine alumina.
Other investigations have used CNFs instead of CNTs reinforced alumina matrix. Maensiri et
al. [96] were the first ones who produced an alumina CNF composite. The reported an
improvement of 13% in fracture toughness with the addition of 2.5 vol% CNFs. But, they
found that there is a decrease in hardness and bending strength of the nanocomposites with
increasing volume fraction of CNF. In contrary, Hirota et al. [72] reported 25% and 5%
improvements in the bending strength and the fracture toughness, respectively using SPS for
the sintering of alumina CNF nanocomposites.
Regarding 3Y TZP matrix reinforced CNT composites, the mechanical properties of 3Y
TZP/CNT nanocomposites have been investigated by Sun et al. [97] and Ukai et al. [98]. They
showed that the addition of 1 wt% CNTs induces no improvements of fracture toughness,
fracture strength and hardness compared to the monolithic 3Y TZP. They explained the low
mechanical properties by the weak interfacial bonding between the matrix and the CNTs.
Duszova et al. [6] [99] studied hot pressed zirconia/carbon nanofiber composites. They
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attributed the poor mechanical properties found to low density of the composites compared
to monolithic zirconia. Garmendia et al. [100] used slip casting for better dispersion of
carbon nanotubes in zirconia matrix. Even though, they could only get small improvements
in fracture toughness and a low Vickers hardness.
Dusza et al. [101] used CNFs reinforced zirconia matrix and they used two different sintering
routes for the processing of 3Y TZP/CNF: hot pressing and SPS. The nancomposites sintered
by SPS showed higher fracture toughness and hardness than the ones sintered by hot
pressing. They concluded that using SPS for a short time (5 min dwell) can preserve the
nanotubes from oxidation and damage.

2.3.3 The tribological properties of ceramic CNT
nanocomposites.

The tribological behavior of alumina CNT composites was first studied by An et al. [102] in
2003. They reported a decrease of about 56% in the wear loss and an improvement of 30%
in the microhardness of the nanocomposites compared to the pure alumina. In 2008, Xia et
al. [103] reported an 80% reduction in the friction coefficients of the nanocomposites by
studying well aligned alumina MWNT nanocomposites .
Lim et al. studied alumina SWCNT nanocomposite produced by tape casting followed by hot
pressing. They reported a reduction of 71% of wear loss with the addition of 12 wt% SWCNT
content [104].

Regarding the tribological behaviour of zirconia–carbon nanofibres (CNFs) composites
Hvizdos et al. [105] studied the effect of CNFs on the zirconia sintered by hot pressing. They
reported good frictional properties by incorporating a low amount (1.07 wt%) of CNFs into
the microstructure of zirconia. Hvizdos et al. [106] used pin on disc technique in conditions
of dry sliding for studying the wear resistance of CNF zirconia composites. They showed that
the friction coefficient was lowered from 0.45 to 0.2, due to the formation of a carbon film
which acted as a solid lubricant and induced easy sliding. Shin et al. [107] studied 3Y TZP
reinforced with SWCNTs produced by SPS. They reported that the addition of SWCNTs
significantly improves the wear resistance of 3Y TZP CNT composites.
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Experimental Procedure

3.1. Materials and Methods

3.1.1 Materials

The starting materials used were high purity zirconia powder and carbon nanotubes. The
zirconia powder was partially stabilized with 3 mol% yttria supplied by TOSOH, Japan (TZ
3YSB E), see figure 14 a). The zirconia powder had an average crystalline size of 36 nm and a
theoretical density of 6,1 g/cm3. The powder was heat treated at 750 °C for one hour in
order to burn off the organic additives. The carbon nanotubes used were multiwalled carbon
nanotubes (MWCNTs) (Graphistrength C100) supplied from Arkema, France, with an outer
diameter 10 15 nm, inner diameter 2 6 nm and length 0.1 10 m, see figure 14 b). The
MWCNTs were dispersed in high pure (99, 9%) dimethyl formamide (DMF) supplied from
Sigma Aldrich.

Figure 14 a) as received zirconia powder b) as received CNTs

a) b) 
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3.1.2 Preparation procedure

After dispersing the MWCNTs in DMF the heat treated zirconia powder was added to the
CNT DMF solution. After that, the mixture was ball milled in a planetary ball milling
equipment at 300 rpm for 4 hours. Finally, the slurry was dried on a hot plate at 100 °C and
sieved through 250 μm sieve. The preparation steps are illustrated in figure 15.

Figure 15. Schematic of the powder processing steps of the composites
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3.1.3 Spark plasma sintering

Sintering is the next step after powder processing. Nowadays, spark plasma sintering (SPS)
has turned into the most popular sintering technique for the fabrication of CNT ceramic
nanocomposites. It involves rapid heating (up to 600 °C/min) of graphite dies by pulsed DC
electric currents combined with high pressure (up to 1 GPa) [29]. Therefore, it allows
sintering of fully dense composites at lower temperatures and shorter holding times which
preserves CNTs against any damage. Furthermore, as mentioned in the literature review
above, the use of hot pressing results in samples with high porosity, large grain size and poor
mechanical properties. Fully dense composites are required since there is a strong relation
between mechanical properties and residual pores after sintering.
In the present study, sintering of 3Y TZP/CNT composites was carried out using spark plasma
sintering (SPS) in an HPD 25/1 (FCT System, Germany) furnace at Queen Mary college,
London, UK, see figure 16. Composite powders with different MWCNT contents; 0.5, 1 and 2
wt% were produced. All the composite powders were sintered at 1350 °C with a holding
time of 5 min and heating and cooling rates of 100 °C/min. A pressure of 50 MPa was
maintained during the sintering cycle.

Figure 16. SPS facility by FCT Systeme, Germany: (a) SPS facility at Queen Mary,
University of London, UK; and (b) SPS at 1800 °C [29]
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3.1.4 Post characterization

The final samples had the shape of discs with 3 mm thickness and 40 mm diameter and they
were polished using series of diamond suspensions from 30 m down to 3 m before a final
polishing step with colloidal silica. The samples were thermally etched at 1100 °C with a
dwell time of 1 hour in order to reveal their microstructure. The average grain size of each
composite was determined using the line intercept method on scanning electron microscopy
(SEM) images.

Density

The bulk density of 3Y TZP/CNT nancomposites was determined using Archimedes method,
where an Archimedes density kit was used. Since there was no reaction between CNTs and
3Y TZP matrix, the theoretical density of the composites was calculated according to the rule
of mixtures. The theoretical density of zirconia is 6.1 g cm 3. However, the exact density of
MWNTs is not known because it depends on their purity, number of walls and external
diameter. Therefore, the value 1.8 g cm 3 was considered for the density of CNTs based on
literature data.

3.1.5 Mechanical characterization techniques

Nanoindentation

Nanoindentation tests were performed using a Nanoindenter XP (MTS) equipped with
continuous stiffness measurements (harmonic displacement 2 nm and frequency of 45 Hz),
using a pyramidal Berkovich diamond indenter. The strain rate was held constant at 0,05 s 1.
The nanoindentation curves were analysed using the Oliver and Pharr method [108] in order
to measure the nanoindentation hardness (HBerk) and the elastic modulus (EBerk). The
indenter shape was carefully calibrated for true penetration depths as small as 60 nm by
indenting fused silica samples of well known Young’s modulus (72 GPa). The indents were
organized in a regularly spaced array of 25 indentations (5 by 5) at a maximum penetration
depth of 2000 nm or until reaching the maximum applied load, 650 mN. Each indentation
was performed with a spacing distance of 50 μm in order to avoid any overlapping effect.

Macro hardness and indentation fracture toughness

The specimen’s surface was indented by a Vickers indenter producing cracks at the corners
of the residual indentation impressions. The crack lengths and the imprint area were then
measured to determine the Vickers hardness (HV) and the indentation fracture toughness.
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Taking into account the Palmqvist morphology of the indentation cracks, the expression
proposed by Niihara [109] for Palmqvist cracks is the most appropriate for determining the
indentation fracture toughness. Since in the literature, the equation of Anstis et al. [110] for
fracture toughness of median radial cracks is often employed independently of the shape of
the cracks, thus it was used in this study in order to compare the present results with other
published results as well as to compare the resistance to cracking by a Vickers indenter of
composites with different amounts of CNTs. This equation is as follows:

 (7)

where the calibration constant for the half penny radial crack, HP is 0.032, c refers to the
crack radius formed by the indentation, P to the indentation load, E to the elastic modulus
and H to the hardness; which was calculated from the half diagonal, a, of the imprint as
follows:

Equation (7) was originally obtained from the average behaviour of ceramic materials which
do not undergo change in volume under indentation. Indentation fracture toughness is not
considered to represent the true fracture toughness but rather the resistance to cracking by
sharp contact loading. Therefore, a new method was used for the determination of the
fracture toughness of the nanocomposites.

True fracture toughness

The femtolaser system used to produce the notch was a commercial Ti: Sapphire oscillator
(Tsunami, Spectra Physics) and a regenerative amplifier system (Spitfire, Spectra Physics)
based on chirped pulsed amplification. The femtolaser delivered 120 fs linearly polarized
pulses at 795 nm with a repetition rate of 1 kHz. The pulse energy used was 5 mJ and the
focusing system was an achromatic doublet lens with 50 mm focal length. The samples were
placed on a XYZ motorized stage and moved along one of the horizontal axis with a scanning
speed of 50 μm/s. Four passes were needed to achieve the desired notch depth ( 24 μm).
The stress intensity factor, , was obtained by using the following expressions (9) and (10)
proposed by Munz and Fett [111]:
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where S1 and S2 are the outer and inner spans respectively, B is the thickness,W the width, F
the applied load, a is the crack length, which is taken as the depth of the notch plus the small
damage region in front of the notch, = a/W and =1 . The tests were performed for 0,
0.5 and 2 wt% CNT. Additional tests were carried out in standard 3Y TZP with larger grain
size ( 330 nm). Finally, the notched bar specimens (4 mm x 2.5 mm x 40 mm) were tested in
a four point bending test device (DEBEN, Microtest, UK) in air with spans of 30/12 mm. The
average stress rate was 2.4 MPa/s. Three specimens were used for each composition.

3.1.6 Tribological characterization techniques

Nano scratch andmacro scratch

Nano scratch tests were carried out with a nano scratch attachment of the Nanoindenter XP
that allows lateral force measurements. A Berkovich indenter was employed to scratch the
surface under increasing load at a velocity of 10 m/s for a total scratch length of 500 m up
to a maximum load of 40 mN. Three different scratches were performed on each sample.
Lateral (friction) forces were calculated from the deflection of the loading column. The
coefficient of friction (COF) was determined by taking the ratio of the lateral force measured
by the equipment and the normal load applied on the material.
Macro scratch testing was conducted using a sliding Rockwell indenter with a diamond
spherical tip radius of 200 m (automatic Scratch Tester, CSM Instruments, Switzerland).
Both normal and tangential forces were recorded. Applied load ranged from 1 to 150 N over
a sliding distance of 7.5 mm at a sliding speed 5 mm/min.

Wear test

Tribology tests were performed on an automatic tribometer (Wazau TRM1000, Germany) in
reciprocating dry sliding conditions, using ball on disc geometry, at ambient temperature
and pressure. A zirconia ball with 10 mm diameter was used as a counterpart. All the tests
were carried out under a constant normal load of 5 N, a sliding velocity of 300 rpm and a
stroke length of 4 mm. The total sliding distance was 100 m. At least four tests were
performed for each condition and data represent their average.

The COF was calculated by taking the ratio of the tangential and normal forces and it was
reported versus the sliding distance. The volume removed was measured using a stylus
profilometer where a hundred profiles along the width of the track were recorded. The wear
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rate, W, was determined in terms of the volume loss V per distance L and applied load F
according to the following equation:

(11)

3.1.7 Thermal analysis techniques

Simultanous thermal analysis (STA)

In order to reveal the thermal behaviour of 3Y TZP/CNT composites, simultaneous thermal
analysis (STA) was used where the thermogravimetric (TG) and the differential scanning
calorimetric (DSC) signals are recorded. STA experiments were carried out in a Netzsch STA
449C Jupiter instrument equipped with a microbalance of sensitivity 0,1 μg. Two different
atmospheres were used; argon and technical air. The samples masses of 15 50 mg were
placed inside an alumina crucible of weight 170 mg and inner diameter 5 mm. Then, the
samples were heated up to 1350 °C with a heating rate of 10 °C/min and a cooling rate of 20
°C/min. The STA was connected to a mass spectrometer (MS) of type Netzsch 403C Aëolos
that records the composition of the exhaust gas.

3.1.8 Spectroscopy analysis

Raman spectroscopy

Raman spectroscopy (alpha300RA+ from WITec GmbH) was used at Universitat de Barcelona
(UB) to analyse the effect of MWCNTs on the tribological properties of the composites
where signals from both inside and outside the wear tracks were compared. Raman spectra
were recorded using the 532 nm laser wavelength excitation and an acquisition range from
100 to 3000 cm 1.

Wavelength dispersive spectroscopy (WDS)

Wavelength Dispersive x ray spectrometry (WDS) type JEOL JXA 8230 was used at a voltage
of 10 kV to obtain accurate trace element analysis specifically carbon from inside and
outside the wear track.
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3.1.9 Damage characterization techniques

Atomic force microscopy

Atomic force microscopy (AFM, Dimension D3100 from Bruker), was used in tapping mode
to observe the surface damage associated with residual nanoindentation imprints. All the
images were processed with the WSxM software [112].

Dual beam focused ion beam (FIB) / (SEM)

The fracture surfaces were characterized by field emission scanning electron microscope
(SEM) (JSM 7001F, JEOL, and Japan). Dual beam focused ion beam (FIB) /SEM Microscope
(Zeiss Neon 40) was used to investigate the subsurface damage induced during the
nanoindentation tests as well as in front of the notch tip by ultra pulsed laser ablation
(UPLA). A thin platinum layer was deposited on the sample prior to FIB machining in order to
minimize ion beam damage. A Ga+ ion source was used to mill the surface at a voltage of 30
kV. The final polishing of the cross sections was performed at 10 pA.
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Results and discussion

4.1. Summary of Appended Papers

Paper 1

The present paper gives a detailed investigation of the tribological behavior of 3Y TZP/CNT
composites with four different content 0, 0.5, 1 and 2 wt% MWCNT produced using spark
plasma sintering (SPS).

Nano scratch and macro scratch tests were performed under progressive and constant load
respectively in order to determine the friction coefficient (COF) as well as the critical loads at
which the damage started. A reciprocating sliding under dry condition using zirconia ball as
counterpart and a load of 5N was conducted to determine the COF and the wear resistance.
Nanoindentation and wavelength dispersive spectroscopy (WDS) were performed inside and
outside the wear tracks in order to determine the mechanical properties (hardness and
elastic modulus) and to measure the carbon content respectively.

During scratch testing and under high loads (1 150 N), the composites develop chipping and
brittle fracture as MWCNT content increases. While during reciprocating sliding under a
constant low load (5N), the addition of MWCNTs decreases the COF and the wear rate. In
particular, the addition of 2 wt% results in a drastic decrease of wear rate.

The low COF and low wear rate at small load is related to the formation of a carbon based
transferred film during reciprocating sliding as it was confirmed by Raman spectroscopy. The
onset of chipping at high loads is probably related to the weak interface between zirconia
and MWCNTs and to the tensile stresses developed during the scratch test.
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Paper 2

The fracture toughness (KIC) of 3Y TZP/CNT composites was measured with both indentation
and single edge V notch beam (SEVNB) methods. Indentation is an unreliable method
because it tends to overestimate the KIC value. However, in SEVNB, it is difficult to produce
sharp notches where the microcracks are proportional to the grain size and the notch tip
radius is smaller than the size of machining induced defects, especially in fine grain ceramics.
There is a big disparity of KIC results in the literature and the "true" KIC of 3Y TZP/CNT
composites is still unknown.

In this study we present a novel method for the measurements of the "true" KIC based on
producing a very sharp notch using ultra pulsed laser ablation (UPLA).

Multi walled carbon nanotubes (MWCNTs)/3 mol% yttria doped tetragonal zirconia (3Y TZP)
composites were produced by SPS with MWCNT contents ranging from 0 2 wt%. A
femtolaser system was used to produce the notch and four passes were needed to achieve
the desired notch depth ( 24 μm). Finally the notched bar specimens (4 mm x 2.5 mm x 40
mm) were tested in a four point bending test.
Fracture toughness was also measured using indentation method in order to compare the
results with the "true" KIC results. Nanoindentation test was performed using Berkovich
diamond indenter in order to measure the nanoindentation hardness (HBerk) and the elastic
modulus (EBerk) as a function of the penetration depth for each composition.

The results showed that there is a drop in HBerk and EBerk and that the indentation fracture
toughness increases with increasing MWCNT content, while the "true" KIC hardly increases
with the addition of MWCNTs. Therefore, it is concluded that the resistance to indentation
cracking of the composites by adding MWCNTs to 3Y TZP matrix does not indicate higher
"true" fracture toughness and this may be related to the drop of both hardness and elastic
modulus found using Berkovich indenter.



CHAPTER 5

40

Conclusions and Future Work

5.1. Conclusions

The conclusions from the tribological study are summarized as the following:

 The addition of MWCNTs and the use of SPS reduce the grain size of zirconia matrix
and results in nanocomposites with fine microstructure.

 During reciprocating sliding under a load of 5 N, the friction coefficient and the wear
rate decrease with the addition of MWCNTs.

 The addition of 2 wt% MWCNTs results in a drastic decrease of the wear rate due to
the formation of a carbon based tribo film over the contact area of the wear track.

 During scratch test under relatively high loads (1 150 N), the friction coefficient
increases and the composites develop chipping and brittle fracture with the added
MWCNT contents. The high friction coefficient is due to the weak interface between
the matrix (3Y TZP) and the reinforcements (CNTs).

The conclusions from the mechanical study are summarized as the following:

 The "true" fracture toughness is successfully measured using a novel method based
on producing a sharp notch by ultra short laser ablation.

 The "true" fracture toughness is relatively stable with the addition of MWCNTs while
the indentation fracture toughness increases with the addition of MWCNTs.

 The resistance to indentation cracking of 3Y TZP/CNT composites measured by
indentation method does not indicate higher "true" fracture toughness.
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5.2. Future Work

This study has shown the effect of CNTs on the mechanical and the tribological properties of
3Y TZP/CNT composites. However, the full potential of CNTs on ceramic matrix composites
has not yet been fully exploited. Therefore, it would be necessary to overcome the
challenges faced during the processing of the composites and to transfer other promising
properties of CNTs to 3Y TZP matrix.

1. The composites produced were sintered at 1350 °C and result in relatively low
densities between 99.4% and 97.4% for 0 and 2 wt% CNTs respectively. It would be
interesting to improve the density of the composites by increasing the sintering
temperatures using spark plasma sintering (SPS).

2. Dispersion of CNTs has always been a challenge due to the entanglement behavior of
CNTs. In this study, the composites were dispersed using ultrasonication and DMF as
a solvent. As a result, some agglomerations of CNTs were found in the composite
with the addition of 2 wt% MWCNT content. Thus, trying other solvents and
understanding the parameters to well disperse CNTs are needed to improve the
composite properties.

3. A deep study of the interfacial bonding between CNTs and zirconia matrix using high
resolution transmission electron microscope (TEM) which will lead to a better
understanding of the drop of the mechanical properties found by the addition of
MWCNTs.

4. As we succeed in measuring the "true" fracture toughness of the composites based
on producing a laser notch, a deep study of the damage produced in front of the
notch is needed to justify the low values of the "true" fracture toughness found with
the addition of MWCNTs.

5. CNTs have excellent thermal and electrical conductivities. It has been found the
addition of small amount of CNTs to an insulator ceramic can make it a good
conductor. Moreover, the predicted thermal conductivity of CNTs has a high
theoretical value of ~6600 W/m.k [113].Therefore, the thermal and electrical
conductivities of ceramic CNT nanocomposites should be investigated.
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Abstract

Composites of 3 mol% yttria-doped tetragonal zirconia (3Y-TZP) reinforced with multiwalled carbon nanotubes (MWCNT) up to 2 wt%
content have been produced using spark plasma sintering (SPS). The theoretical densities of the studied composites were found to be between
99.4% and 97.4%. The addition of MWCNT content resulted in reduction of 3Y-TZP grain size from 174 to 148 nm. The effect of MWCNT on
the friction coefficient (COF) was studied by performing nano- and macro-scratches using diamond Berkovich and Rockwell indenters,
respectively. Moreover, the COF and the wear rate were also investigated in reciprocating sliding against a zirconia ball under a load of 5 N. The
results showed that the COF decreased upon the increase in MWCNT content. However, in macro-scratch testing, there was a critical load over
which brittle fracture sets in and its value decreases as the MWCNT content increases. The wear resistance was found to be decreasing very
slightly for less than 1 wt% MWCNT, while it increases strongly for the addition of 2 wt% MWCNT under the conditions studied. The results
were discussed in terms of material properties, scanning electron microscopy observations of the wear track and nanoindentation tests.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Nanocomposites; C. Wear resistance; D. Zirconia; Carbon nanotubes; Coefficient of friction

1. Introduction

Tetragonal zirconia doped with 3 mol% yttria (3Y-TZP) has
an excellent combination of high hardness, strength and
fracture toughness. Regarding the wear behaviour, there is
experimental evidence that the tribological couple 3Y-TZP/
3Y-TZP has a high wear rate in comparison to other ceramic
pairs like alumina/alumina [1,2]. The reason for this has been
associated to surface fracture induced by microcracking during
tetragonal (t) to monoclinic (m) phase transformation [3] and
to the low thermal conductivity of zirconia which induces a
substantial increase in temperature in the contact zone and
weakens the material [4].

The addition of carbon nanotubes (CNT) or carbon nano-
fibers (CNF) to 3Y-TZP matrix using spark plasma sintering

(SPS) results in composites with significant reduction in grain
size. Thus, t–m transformation is strongly reduced and, in
principle, other mechanisms of toughening which are asso-
ciated to the high strength and large aspect ratio of CNTs could
be activated. At the same time, if the percolation is achieved,
which occurs with relatively low weight percentages of CNTs
(less than 2 wt%) [5], the higher thermal conductivity could
also influence the wear behaviour. Therefore, it is interesting to
assess the effect of CNTs on the tribological behaviour and to
compare the wear resistance of monolithic 3Y-TZP and 3Y-
TZP/CNT composites.
The studies of the wear behaviour of zirconia–CNT composites

are scarce and most of the work has been concentrated on
alumina–CNT. According to Wang et al. [6] single wall carbon
nanotubes (SWCNT)/alumina composites with 10 wt% SWCNT
are highly contact-damage resistant, as shown by the lack of
crack formation in indentation tests, but they also showed that
they are as brittle as dense Al2O3, as revealed by the low fracture
toughness determined by the single-edge V-notch beam method.
Regarding the tribological properties, it has been reported an
enhanced wear resistance in alumina–CNT composites for the
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addition of up to 2.25 vol% CNT content [7] or up to 4 wt% [8],
while Ahmad et al. [9] reported a low friction coefficient (COF)
and an improved wear resistance for 2, 5 and 10 wt% CNTs for
low and moderate sliding loads. However, for high sliding loads
(35 N), the nanocomposite with higher concentration of CNT
exhibited lower wear resistance.

On the other hand, it was reported in the literature that 3Y-
TZP/CNT and 3Y-TZP/CNF composites have lower COF than
3Y-TZP matrix. Hvizdos et al. [10] studied the friction and wear
behaviour of ZrO2þ1.07 wt% CNF composite and of monolithic
ZrO2 using the ball-on-disk technique with an alumina ball as
friction counterpart in dry condition at room temperature. They
found that the COF of the composite was significantly smaller
compared to monolithic zirconia, but the wear rate was slightly
higher. The main wear mechanism in the nanocomposite was
abrasion accompanied with pull-out of the carbon nanofibres
which acted in the interface as a sort of lubricating media.
Recently, Kasperski et al. [11] have reported that 3Y-TZP/CNT
composites with a carbon content of 5.16 wt% have a COF of
about 3.8 lower than that of monolithic ZrO2. In this study, the
low COF was explained by the exfoliation of the MWCNTs due
to the high shear stresses generated during sliding and to the
formation of a lubricating film over the contact area. However,
the wear rate was not studied in details. A similar study of the
tribological behaviour of composites of CNT and CNFs in Si3N4,
ZrO2 and Al2O3 matrices has shown a decrease in wear resistance
with the exception of Si3N4–5 wt% CNT [12].

The purpose of the present paper is to study the tribological
behaviour of 3Y-TZP/CNT composites produced by SPS. The
study is carried out by measuring the friction and the wear in
scratch tests under diamond tips and under reciprocating
sliding using a ball of 3Y-TZP as counterpart.

2. Experiments

2.1. Starting materials and sample preparation

Composites with four different MWCNT content (0, 0.5, 1 and
2 wt%) were investigated. The starting materials were high purity
zirconia powder (TZ-3YSB-E, Tosoh, Japan) with 36 nm crystal-
line size and MWCNTs (Graphistrength C100, Arkema, France)
with an outer diameter 10–15 nm, inner diameter 2–6 nm and
length 0.1–10 μm. The details of the processing route used are
described elsewhere [13]. The composites were sintered by spark
plasma sintering (SPS FCT HP D25I, FCT System Gmβh) at
maximum temperature of 1350 1C, dwell time of 5 min, and with
heating and cooling rates of 100 1C/min. A pressure of 50 MPa
was maintained during the sintering cycle.

The final samples had the shape of discs with 3 mm
thickness and 40 mm diameter and they were polished using
series of diamond suspensions from 30 to 3 μm before a final
polishing step with colloidal silica. Some of the polished
samples were thermally etched at 1100 1C with a dwell time of
1 h in order to reveal their microstructure. The average grain
size of each composite was determined using the line intercept
method on scanning electron microscopy (SEM) images and
the density was determined by the Archimedes method.

2.2. Characterisation techniques

Nanoindentation tests were performed using a Nanoindenter XP
(MTS) equipped with continuous stiffness measurements (harmo-
nic displacement 2 nm and frequency of 45 Hz), using a pyramidal
Berkovich diamond indenter. The strain rate was held constant at
0.05 s�1. The nanoindentation curves were analysed using the
Oliver and Pharr method [14] in order to measure the nanoinden-
tation hardness (HBerk) and the elastic modulus (EBerk). The
indenter shape was carefully calibrated for true penetration depths
as small as 60 nm by indenting fused silica samples of well known
Young's modulus (72 GPa). The indents were organised in a
regularly spaced array of 25 indentations (5 by 5) at a maximum
penetration depth of 2000 nm or until reaching the maximum
applied load, 650 mN. Each indentation was performed with a
spacing distance of 50 μm in order to avoid any overlapping effect.
Nano-scratch tests were carried out with a nano-scratch

attachment of the Nanoindenter XP that allows lateral force
measurements. A Berkovich indenter was employed to scratch
the surface under increasing load at a velocity of 10 μm/s for a
total scratch length of 500 μm up to a maximum load of
40 mN. Three different scratches were performed on each
sample. Lateral (friction) forces were calculated from the
deflection of the loading column. The COF was determined
by taking the ratio of the lateral force measured by the
equipment and the normal load applied on the material.
One method used to assess the response to contact loading

was by means of macro-scratch testing using a sliding Rock-
well indenter with a diamond spherical tip radius of 200 μm
(automatic Scratch Tester, CSM-Instruments, Switzerland).
Both normal and tangential forces were recorded. Applied
load ranged from 1 to 150 N over a sliding distance of 7.5 mm
at a sliding speed 5 mm/min.
Tribology tests were performed on an automatic tribometer

(Wazau TRM1000, Germany) in reciprocating dry sliding
conditions, using ball on disc geometry, at ambient tempera-
ture and pressure. A zirconia ball with 10 mm diameter was
used as a counterpart. All the tests were carried out under a
constant normal load of 5 N, a sliding velocity of 300 rpm and
a stroke length of 4 mm. The total sliding distance was 100 m.
At least four tests were performed for each condition and data
represent their average.
The COF was calculated by taking the ratio of the tangential

and normal forces and it was reported versus the sliding
distance. The volume removed was measured using a stylus
profilometer where a hundred profiles along the width of the
track were recorded. The wear rate, W, was determined in
terms of the volume loss V per distance L and applied load F
according to the following equation:

W ¼ V

LF
ð1Þ

The surfaces of the wear tracks as well as sections perpendi-
cular to the surface inside the tracks were analysed in detail using
a dual beam Focused Ion Beam (FIB)/SEM Microscope (Zeiss
Neon 40). For the observation of the cross sections a thin platinum
layer was deposited on the sample prior to FIB machining in order
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to minimise ion-beam damage. A Gaþ ion source was used to
mill the surface at a voltage of 30 kV. The final polishing of the
cross-sections was performed at 10 pA and the surface was
observed by SEM at regions below the wear track.

Wavelength Dispersive X-ray spectrometry (JEOL JXA-8230)
was used to compare the carbon content inside and outside the
wear track at a voltage of 10 kV.

Raman spectroscopy (alpha300RAþ from WITec GmbH) was
used to analyse the effect of MWCNTs on the tribological
properties of the composites where signals from both inside and
outside the wear tracks were compared. Raman spectra were
recorded using the 532 nm laser wavelength excitation and an
acquisition range from 100 to 3000 cm�1.

3. Results

Main properties of the composites together with code designa-
tion are given in Table 1. The increase in MWCNT content in the
composites diminishes the final density from 99.4% for 3Y-TZP to
97.4% for 2 wt% MWCNT. Regarding the grain size, the average
value is 177 nm in ZM0 (0 wt% MWCNT), which is nearly half
that of 3Y-TZP sintered conventionally at 1450 1C (�330 nm) [5].
In the composites, the average grain size of the zirconia matrix
decreases slightly with MWCNT content down to 148 nm for
ZM2 (2 wt% MWCNT).

The Vickers indentation response in terms of hardness and
indentation fracture toughness (KIc) has been studied elsewhere
[5]. Hardness diminishes and indentation KIc increases with
MWCNT content making the material more tolerant to damage
by contact loading as revealed by the higher indentation
fracture toughness (Table 1). However, we have recently
measured the true KIc on four point bending single edge
cracked specimens with a very sharp notch induced by ablation
with ultra-short laser pulses. The result shows that the true KIc

in ZM0 is smaller than in conventionally sintered 3Y-TZP and
it does not practically change with MWCNT content [5,16].
The COF measured in the nanoscratch test at very small

loads and with a diamond Berkovich tip always decreases with
increasing MWCNT content (see Fig. 1b).
The results of the COF in macro-scratch testing with a

sliding Rockwell indenter at increasing loads are shown in
Fig. 1(a). In general, the friction coefficients for the different
composites are not very different. Below about 40 N, the COF
is clearly smaller for the composites with higher MWCNT
content. While, beyond a critical load, about 120, 95 and 80 N
for 0.5, 1 and 2 wt% MWCNT respectively, it shows strong
oscillations except for ZM0. This transition starts earlier for the
composites with larger MWCNT content.
SEM pictures of the macro-scratch track are shown in Fig. 2

where the load is increasing from right to left. It can be seen that
brittle fracture debris are hardly observed in ZM0 near the scratch

Table 1
Properties of the 3Y-TZP/CNT nanocomposites.

Specimen code Specimen Relative density
(TD %)

Grain size (nm) H (GPa) HBerk (GPa) EBerk (GPa) KIc (MPa√m)a KIc (MPa√m)b

ZM0 3Y-TZP 99.470.2 177714 14.2170.09 20.070.4 26375 3.5770.09 2.770.1
ZM0.5 3Y-TZPþ0.5 wt% CNT 99.270.3 176710 12.9870.08 15.970.4 22474 4.0270.05 2.770.1
ZM1 3Y-TZPþ1 wt% CNT 98.270.3 161711 11.3270.10 15.970.7 21577 4.5670.08 2.870.1
ZM2 3Y-TZPþ2 wt% CNT 97.470.2 14879 9.5270.05 12.770.7 18176 4.9770.06 2.870.1

aIndentation method of Anstis et al. [15].
bSENB specimen with notch machined with UPLA.

Fig. 1. COF of the composites during (a) macroscratch test under an incremental load (1–150 N) and (b) nanoscratch test under a maximum load of 40 mN.
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tip, while for the composites ZM1 and ZM2 brittle fracture is
present at the tip as well as along the track in the region above the
critical load. The beginning of brittle fracture is located at
distances from the scratch tip of about 2.75 mm (80 N, for
ZM2) and of 3.5 mm (95 N, for ZM1) where oscillations in the
COF start to appear as can be observed in Fig. 1.

Fig. 3(a) shows that under reciprocating sliding conditions
using ball on disc geometry and a zirconia ball as a counter-
part, the COF increases with sliding distance.

In the first 20 m sliding distance, the average value of the COF
for all compositions is �0.45, with the exception of 3Y-TZP
matrix for which the COF increases from 0.36 to 0.54. With further
sliding, during the next 30 m, approximately, there is a strong raise
in the COF for all compositions, but the increase is smaller for the
composites with higher MWCNT content. After 50 m sliding
distance, there are only slight changes in the COFs with further
sliding. It is interesting to notice that after 100 m sliding distance,
the smaller COF corresponds to ZM2 (the highest MWCNT
content ) as it can be also appreciated in Fig. 3(b) where the
average values of the COFs are plotted for the different sliding

distance intervals mentioned before. COFs are finally in the range
between 0.85 (ZM0) and 0.57 (ZM2). Moreover, the COF of
conventionally sintered 3Y-TZP (with �330 nm grain size) was
found to be larger than the COF of ZM0 (spark plasma sintered
with �177 nm grain size).
With respect to the wear rate, the effect of CNTs is clearly

visible in the measured track profiles at half track length
(Fig. 4a). Once the wear rate is calculated and plotted (Fig. 4b)
it is observed that for ZM0.5 and ZM1 the change in wear rate
is relatively small with respect to ZM0, while a strong decrease
takes place for ZM2.
Fig. 5 shows the images of the tracks in reciprocating sliding

after 100 m sliding distance. Many flat patches were observed
and a clear decrease in the depth and the width of the track
profile of ZM2.
The appearance of the surface of the track in the SEM

at higher magnification is shown in Fig. 6. The main difference
observed is the presence of grain pull out and debris in
ZM0 together with flat patches in the composites with higher
CNT content.

Fig. 2. Tracks of the Rockwell scratch test in the composites for various MWCNT contents: (a) ZM0, (b) ZM0.5, (c) ZM1 and (d) ZM2.

Fig. 3. (a) COF versus sliding distance and (b) average values of COF in different sliding intervals in terms of MWCNTs content.
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One specimen of ZM2 was fractured perpendicularly to the
track in order to observe the surface just below the track
(Fig.7a). At higher magnification the track shows a similar
appearance as the lower part of Fig. 6(c), showing the presence
of small grains and debris (Fig. 7b). The surface just below the
track has a slight different appearance close and away from the
wear track (Fig. 7c and d). At long distances from the track,
the fracture surface has the usual appearance as that of four
point bending specimens of ZM2 with some agglomerates of

MWCNT which have not been affected by the sliding contact
forces. However, close to the track, the appearance of the
fracture surface shows that the composite is slightly more
compacted.
The centre of the track of ZM2 was milled by FIB in order

to study the cross-section just below the wear track. In some
places it was detected the presence of strong contrast by
electron back scattering as revealed by the white contrast in the
surroundings of the cut (see Fig. 8). After polishing, the zone

Fig. 4. (a) Wear track profiles measured at half track length and (b) wear rate of the studied nanocomposites.

Fig. 5. Wear track profiles after 100 m sliding (a) ZM0, (b) ZM0.5, (c) ZM1 and (d) ZM2.
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of white contrast of the cross section was analysed by both
imaging modes and by energy dispersive spectroscopy (EDS).
In comparison with the surroundings, no grain structure is
observed inside this region and the EDS chemical analysis
gives much higher (nearly twice) Zr content than the average
composition and O2 which indicates maybe the formation of an

amorphous phase of zirconia and which to the best of our
knowledge has not been shown before for CNT/ZrO2 compo-
sites, but warrants further studies.
A chemical analysis by wavelength dispersive spectroscopy

(WDS) was attempted for the determination of carbon amount
inside and outside the track of ZM2, because of its lower

Fig. 6. SEM images of the wear tracks for (a) ZM0, (b) ZM0.5, (c) ZM1 and (d) ZM2.

Fig. 7. High magnification of ZM2: (a) general view, (b) inside wear track, (c) fracture surface just below the wear track and (d) fracture surface far away
from track.
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friction coefficient and higher wear resistance. In any place
inside the wear track, the carbon content detected was
significantly higher than outside the track. This is shown in
Fig. 9 where the analysis was carried out in the zones indicated
in Fig. 9(a) and the results are shown in Fig. 9(b). The surface
inside the track was not flat enough in order to obtain absolute
values of the carbon content.

Nanoindentation tests were carried out inside and outside the
wear track in order to detect differences in the nanohardness
and the elastic modulus. Inside the wear track, the surface is
not perfectly flat so that large scatter is expected in the results.

Fig. 10 shows the nanohardness and elastic modulus. Inde-
pendently of the composition, these properties reach higher
values outside the wear track than inside.
Fig. 11 shows the variation of Raman spectra inside (worn

surface) and outside (unworn surface) of the wear track
in ZM2. Raman spectra show the typical D (�1350 cm�1),
G (�1585 cm�1) and G´ (�2700 cm�1) characteristic bands
of CNTs. The G band is associated with stretching vibrations
of C–C bond in graphene layers and indicates the formation of
well-graphitized carbon nanotubes [17]. The D-band is origi-
nated from atomic displacement and disorder induced features

Fig. 8. (a) FIB cross section in the middle of the wear track of ZM2 and (b) selected zone below the wear track (c) a high magnification of (b).

Fig. 9. Result of WDS analysis of carbon inside and outside the wear track. The carbon content at any point inside the track is higher than outside. (a) Points 1 and
2 where the analysis was carried out and the result is shown in (b).

Fig. 10. (a) Nano-hardness and (b) elastic modulus inside and outside the wear track.
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caused by lattice defect [18], and the G´ or (2D) band is an
overtone mode of the D-band [19]. The intensity of the G and
D bands are a commonly accepted indicator of the sample
crystallinity [20] and the broadening of the bands is related to
the amorphous character [21]. As one can see in Fig. 12(a), the
ratio between intensities of D and G bands, ID/IG, is larger
inside the wear track (1.17), where there is more damage, than
outside (0.49). Besides, inside the wear track, there is a
negative shift in the peaks of �36 cm�1 (D band), �3 cm�1

(G band), and �7 cm�1 (G´ band) indicating an increase of
defects in the nanotubes.

Fig. 12(b) shows a Lorentzian fitting analysis of the features
in the centre of the wear track. It is observed that the peaks
at 1395 cm�1 and 1595 cm�1 are the D and the G bands
respectively. However, a shoulder identified at 1544 cm�1

suggests the loss of the nanotube structure.
Fig. 13 shows Raman analysis of some regions in the centre

of ZM2 wear track where a broad spectra called “amorphous”
similar to that of carbon thin film [22]. The spectrum consists
originally of two peaks corresponding to D and G bands.
D band is centred at around 1360 cm�1 and G band at around

1570 cm�1 which confirms the presence of an amorphous
carbon film as it was reported in [23].

4. Discussion

Regarding the COF of the pair zirconia–zirconia, the main
results can be summarised as follows. Under the load studied
here, the COF for ZM0 is lower than for conventionally 3Y-TZP.
Similarly, the addition of MWCNT diminishes the COF of ZM0,
which is in the range 0.52–0.73 as compared to values reported in
the literature of 0.45–0.6 [11] for zirconia–CNT composites and
�0.4–0.5 for 3Y-TZP–1.07% CNF composites [10]. In both
cases, an alumina ball was used as counterpart. The analysis of
the different sliding distances shows that the COF of ZM1 after
25 m sliding distance is still far away from reaching a saturation
value. Then it looks as there is a progressive deterioration of the
material that increases the COF with sliding distance, except for
the compositions ZM0 that correspond to the 3Y-TZP matrix and
ZM2 where the MWCNT content has reached a percolation

Fig. 11. Raman spectra taken from inside (worn surface) and outside (unworn
surface) of the wear track of ZM2.

Fig. 12. (a) Raman spectra taken from the centre and outside the wear track of ZM2 and (b) Lorentzian fitting of the MWNTs D and G band related peaks in the
centre of the wear track.

Fig. 13. Raman spectra of the carbon film taken from the wear track showing
D peak is centred at 1360 cm�1 and G peak is centred at 1570 cm�1. The solid
lines are the Lorentzian fit to the experimental data.
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value. This could be related to a decrease in abrasion by an
increase in thermal conductivity with percolation and/or the
formation of some tribo-film during sliding which could be
related to the flat patches observed on the wear track. The flat
patches are still distributed on a relatively small fraction of the
area of the wear track, but it´s frequency increases with MWCNT
content. However attempts to measure the amount of carbon by
WDS on the flat patches of the wear track were unsuccessful
taking into account the probably small thickness of this layer.

Observations of flat patches on the wear track have been
seen before by Hvizdoš et al. [10] and Kasperski et al. [11],
and they have been associated to the existence of a smeared
carbon based-transferred film along the wear track due to the
exfoliation of MWCNTs which results in easy shear and lower
friction coefficient in the composites.

The minimum shear stress at the sample surface during
sliding can be calculated for 5 N load as it was reported in [11]
reaching values higher than 100 MPa which is very high
compared to the measured shear strength of 0.04 MPa for
MWNTs [24]. Broken (exfoliated) MCWNTs has also been
reported in CNT/copper composites and explained to contri-
bute to the formation of a mechanically mixed carbonaceous
layer which lower the friction coefficient [25]. However, full
evidence has not been given. In the present case additional
evidence is given for the existence of this tribo-film by raman
spectroscopy analysis, which could explain the low wear and
friction coefficient found for ZM2.

The hardness and elastic modulus for ZM2 are lower than in
ZM0 because of the existence of some clusters of MWCNT in
ZM2 and close to the surface as can be evidenced in Figs. 7 and
8. However, in both compositions these parameters inside the
wear track are smaller than outside. This may appear contra-
dictory as it seems to be some compaction below the wear track
(see Fig. 7). Thus, one expects the hardness to be higher. This
effect appears independently of the MWCNT content and could
be associated to the existence of a very thin layer of wear debris
and grains not fully attached to the wear track and that have
therefore higher compliance than the internal parts below the
wear track. It can be seen that, in spite of the large scatter in
the results, the difference in elastic modulus inside and outside
the wear track is smaller since now the elastic modulus is not as
much sensitive to the properties of this very thin surface layer as
it´s case of the hardness. On the other hand, the appearance of
microcracking below the track gives only an important contribu-
tion to the increase in compliance as compared to outside of the
wear track.

In the macroscopic scratch test, the load at which the COF
increases with MWCNT content coincides with the appearance
of brittle fracture on the scratch track. At small loads, the lower
COF of the composite with the highest MWCNT content may
be understood by the lubricating effect of MWCNTs trapped
just below the tip of the indenter.

It is interesting to note, that the composite in which brittle
fracture appeared at smaller loads in the macroscopic scratch
test (ZM2) is the one with the highest resistance to cracking
under Vickers static indentation [5]. This could be associated
to the high tensile stress perpendicular to the surface generated

behind the scratch test differently of the static Vickers
indentation where the tensile stress near the surface at the
contact are small. The tensile stress easily propagates the
lateral crack system and probably favoured by the presence of
more MWCNT agglomerates in the highest composition.
The decrease in wear rate for ZM2 under the conditions

studied here has not been reported before in 3Y-TZP-CNT
composites. The reason for this behaviour cannot be associated
to an increase in mechanical properties of the composites since
the true KIc does not suffer significant changes with addition of
MWCNTs [5]. If the expression developed by Evans for W is
considered [16]

W ¼ a
F1=8

K1=2
Ic H5=8

E

H

� �4=5

ð2Þ

where F is the applied load, KIc the fracture toughness, H the
hardness, a is constant independent of material type. As E/H and
KIc practically do not change and H decreases with increasing
MWCNTs, one should expect a higherW in the composites, which
is opposite to the present findings for ZM2. Therefore, the reason
for this behaviour should lie in the change of other parameters that
may affect wear. One of the parameters is the higher thermal
conductivity of the material for ZM2 since the percolation value is
reached and higher amount of heat transfer is possible. Moreover,
the tendency to phase transformation in the wear track of ZM2
diminishes due to the small grains size. However, in the present
case, the main difference between all the compositions is the
prominent appearance of flat patches in the wear track of ZM2.
The analysis by WDS of the flat patches of the track shows that the
C content in some few monolayers would be compatible with the
amount measured. Hvizdos et al. [10] also detected a small
increase in the wear rate by using an alumina ball as counterpart
with the addition of 1 wt% CNF to zirconia. However, the absolute
values of wear rate were lower than in the present investigation.

5. Conclusion

From the study of the COF and the wear of spark plasma
sintered 3Y-TZP reinforced with up to 2 wt% MWCNTs, it is
concluded that
Under relatively low loads, the addition of MWCNTs increases

the COF and clearly decreases the wear rate when the amount of
MWCNT reaches about the percolation value (2 wt% CNT).
While, under high loads, the composites develop chipping and
brittle fracture as MWCNT content increases. The low COF and
low wear rate at small load is related to the formation of a tribo-
film during reciprocating sliding. The onset of chipping at high
loads is probably related to the weak interface between zirconia
and MWCNTs and to the tensile stresses developed during the
scratch test.
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Abstract

Multi walled carbon nanotubes (MWCNTs)/3 mol% yttria doped tetragonal zirconia (3Y TZP)
composites were produced using spark plasma sintering (SPS) with MWCNT content ranging
within 0 2 wt%. In the present paper, it was shown that the addition of MWCNTs results in a
refinement of the composites microstructure. Moreover, nanoindentation tests were
performed in order to monitor the change in elastic modulus and hardness with MWCNT
content and it was found that both properties decrease with the addition of MWCNT
content. A novel method was used to measure the true fracture toughness of the
composites by producing a shallow surface sharp notch machined by ultra short pulsed laser
ablation on the surface of beam specimens. The true fracture toughness obtained on this
laser machined single edge V notch beam (SEVNB) specimens tested in four point bending
was compared to the indentation fracture toughness measured using a Vickers indenter. It
was found that the indentation fracture toughness increases with increasing MWCNT
content, while the true fracture toughness determined with SEVNB was practically
independent of the composition. Finally, it was concluded that the increase in the resistance
to indentation cracking of the composites with respect to 3Y TZP matrix cannot be
associated to higher true fracture toughness. The results were discussed in terms of
transformation toughening, damage induced in front of the notch tip, microstructure of the
composites, and fracture toughness of 3Y TZP.

Keywords: Ceramic matrix composites (CMCs); Carbon nanotubes; Mechanical properties;
Fracture toughness; short pulse laser machining.
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1. Introduction

In the last decades there has been growing interest in developing ceramic materials with
high fracture toughness (KIc) and strength for structural applications. In the specific case of 3
mol% yttria doped tetragonal zirconia (3Y TZP), KIc can be increased by promoting phase
transformation from tetragonal (t) to monoclinic (m) phase in front of a propagating crack
tip (so called transformation toughening) [1]. However, as stronger is the tendency for stress
induced transformation, as higher is the risk for premature spontaneous t m transformation
on the external surface in contact with moisture in the environment. This effect is referred
to as hydrothermal degradation or low temperature degradation (LTD) and it is accompanied
by surface microcracking. This phenomenon is the main drawback for the wider use of 3Y
TZP. It is more severe at higher temperatures, for larger grain sizes, and under the presence
of tensile residual stress or low concentrations of yttria [1].

The resistance to LTD can be strongly increased by reducing the grain size into the
nanoscale. However, this will reduce the transformation toughening capability, so that the
fracture toughness will diminish [2]. One strategy to counteract LTD is the incorporation of a
second phase as a toughening mechanism in the form of particles, grains, whiskers or fibres
into the nano grain zirconia matrix.

Recent investigations have been focused on the addition of carbon nanotubes (CNTs) as
reinforcements into a ceramic matrix because of their high aspect ratio and outstanding
mechanical properties [3]. Moreover, it was reported that the addition of CNT to TZP based
composites improves the fracture toughness without affecting the resistance to LTD [1].

On the other hand, there is still a debate about the efficiency of CNTs in the mechanical
properties of the ceramic matrix nanocomposites. Zhan et al. [4] reported an important
improvement in indentation KIC (KIC 9.7 MPa.m1/2) with addition of 10 vol% SWNTs to Al2O3

matrix, but Wang et al. [5] found a much smaller improvement (only 3 %) when KIC was
measured by the single edge V notch beam (SEVNB) method on the same nanocomposites.
A key observation made on these alumina composites is that they can be more contact
damage resistant than alumina, as it was shown by the lack of crack formation during
indentation tests, and, in the same time, they were brittle as dense Al2O3 with low KIc
measured by the SEVNB method [5]. Therefore, it was concluded that for the alumina
composites studied, a high tolerance to indentation loading does not necessarily represent
an increase in KIc.

Some studies about the incorporation of multi walled carbon nanotubes (MWCNTs) to
3Y TZP matrix reported an increase in indentation KIc using different techniques for the
processing of 3Y TZP/CNT composites [6–9]. Values up to 13 MPa.m1/2 have been reported
for the addition of 1 wt% SWNTs [10]. Other authors have found that the increase in
indentation KIc only occurs for the addition of relatively small CNTs content: 0.5 wt%
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([11,12]), 1.0 wt% [11]. However, an increase of KIc was also reported for the addition of 4
wt% of functionalized CNTs [12]. While, a decrease in indentation KIc was usually observed
for concentrations higher than 2 wt% CNT [11–15] and explained by the poor dispersion of
CNTs and the weak bonding between CNTs and zirconia matrix. Moreover, a decrease in KIc
was reported in 1.07 wt% CNF/CNT [16,17] as well as by adding a small fraction of 0.69 wt%
carbon nanofibers (CNF) [18].

Regarding the influence of CNT on the Vickers hardness to 3Y TZP, most of the studies
have concluded that with the addition of either small CNT content ( 0.5%) ([6,7,9]) or above
relatively high content, the hardness decreases with the addition of CNT or CNF to
monolithic zirconia [8,10,11,14–18]. One exception is the work of Mazaheri et al. [7], who
reported a slight increase for the addition of 5 wt% MWCNT.

The reason of the disparity of KIc results in the literature, mentioned in the previous part,
is probably related to the use of indentation method. It was reported [19] that the
indentation method can give unreliable results as shown before for SWNT Al2O3 composites
[5]. Thus, alternative methods to indentation are necessary to be used to measure the true
KIc.

Single edge V notch beam method has been used as a reliable method to measure KIC.
Fracture toughness values of 8.1 MPa m for 5 wt% 3Y TZP/CNT have been reported [7,20]. A
critical issue with this method is the sharpness of the notch tip. It is well known that notches
induce more moderate stress fields than cracks and this may lead to an overestimation of KIc,
However, since sharp microcracks are produced in front of the notch during machining, the
notch tip radius should be smaller than the size of machining induced defects in order that
the SEVNB method can be applied for the determination of KIc [21]. As the length of these
microcracks are proportional to the grain size, they can be long enough in coarse grain
structures, but in fine grain ceramics this condition is difficult to fulfil even by sharpening the
notch tip with a razor blade impregnated with diamond paste. This point was investigated
experimentally in a European round robin where it was concluded that the radius of the
starting notch in 3Y TZP (grain size 0.4 μm) should be less than about 1 μm [22]. Therefore,
in both 3Y TZP and 3Y TZP/CNT processed by spark plasma sintering (SPS) with grain size
even much smaller than conventionally processed 3Y TZP, the required notch tip radius is
too small to be introduced by honing. Recently, the effect of notch tip radius on KIc has been
studied by Fischer et al.[23] in 3Y TZP of 400 nm grain size. They obtained large values of KIc
ranging from 5.9 to 13.6 MPam1/2 for notch root radii between 18 and 167 m.

The purpose of this paper is to study the influence of MWCNT content on the mechanical
properties of 3Y TZP and to calculate the true KIc of 3Y TZP matrix and 3Y TZP/CNT
composites, both produced by SPS, by applying a novel method based on inducing a shallow
surface sharp notch machined by ultra short pulsed laser ablation (UPLA) and finally to
compare the results with those obtained by Vickers indentation on the same materials.
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2. Experimental procedure

2.1. Processing of nanocomposites

Composites with four different amounts of MWCNTs (0, 0.5, 1 and 2 wt%) were prepared.
The starting materials were high pure (99.9%) zirconia powder (TZ 3YSB E, Tosoh, Japan)
with crystalline size of 36 nm and MWCNTs (Graphistrength C100, Arkema, France) sintered
by SPS (SPS FCT HP D25I, FCT System Gm h, Germany). The details of the processing and
preparation of samples are described elsewhere [24]. All samples were sintered at a
temperature of 1350 °C with a dwell time of 5 min, with heating and cooling rates of
100°C/min. A pressure of 50 MPa was maintained during the sintering cycle. The final
samples were ceramic discs with 3 mm thickness and 40 mm diameter. The discs were
polished using series of diamond suspensions from 30 to 3 m then with colloidal silica.
Finally the discs were cut into bar (4 mm x 2.5 mm x 40 mm) specimens for mechanical
testing. The cut faces were ground and polished.

Some of the polished samples were thermally etched at 1100 °C during 1 hour in order to
reveal the microstructure. The average grain size was determined using the line intercept
method on scanning electron microscopy (SEM) images and the density was determined by
the Archimedes method.

2.2. Mechanical properties

The response to sharp contact loading was examined by indentation fracture testing
method. The specimen’s surface was indented by a Vickers indenter under 1 kg (9.81 N) load
and the Meyer hardness (H) and the indentation KIc were determined. Taking into account
the Palmqvist morphology of the indentation cracks, the expression proposed by Niihara et
al. [25] for Palmqvist cracks is the most appropriate for determining the indentation KIc.
However, since in the literature the equation of Anstis et al. [26] for indentation KIc of
median radial cracks is often employed independently of the shape of the cracks, it will be
used in this study in order to compare the present results with other published results.

As the grain size of the composites tested in this study is in the range 148 174 nm, a very
sharp notch is needed in order to ensure that microcracks left in front of the notch tip are
larger than the notch tip radius [21,27]. A novel method has been used for measuring KIc
based on introducing a sharp shallow surface notch by UPLA on the surface of prismatic bars
which was parallel to the original discs and determining KIc from the strength in four point
bending.

The femtolaser system used to produce the notch was a commercial Ti: Sapphire
oscillator (Tsunami, Spectra Physics) and a regenerative amplifier system (Spitfire, Spectra
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Physics) based on chirped pulsed amplification. The femtolaser delivered 120 fs linearly
polarized pulses at 795 nm with a repetition rate of 1 kHz. The pulse energy used was 5 mJ
and the focusing system was an achromatic doublet lens with 50 mm focal length. The
samples were placed on a XYZ motorized stage and moved along one of the horizontal axis
with a scanning speed of 50 μm/s. Four passes were needed to achieve the desired notch
depth ( 24 μm).

The stress intensity factor, KI, was obtained by using the following expressions proposed
by Munz and Fett [28]:

1 2
2

3 ( )
2I
F S SK Y a
BW

(1)

2 6
3/ 2

1.1215 5 5 1 3 6.1342exp( )  
8 12 8 8

Y (2)

where S1 and S2 are the outer and inner spans respectively, B is the thickness,W the width, F
the applied load, a is the crack length, which is taken as the depth of the notch plus the small
damage region in front of the notch, = a/W and =1 . The tests were performed for 0,
0.5 and 2 wt% CNT. Additional tests were carried out in standard 3Y TZP with larger grain
size ( 330 nm). Finally, the notched bar specimens (4 mm x 2.5 mm x 40 mm) were tested in
a four point bending test device (DEBEN, Microtest, UK) in air with spans of 30/12 mm. The
average stress rate was 2.4 MPa/s. Three specimens were used for each composition.

The method used in this study has recently been applied to conventionally sintered 3Y
TZP (330 nm grain size) [29] and the results for KIc were found to be similar to values
determined by other methods using sharp starting cracks.

Nanoindentation tests were performed using a Nanoindenter XP from MTS equipped with
continuous stiffness measurements (harmonic displacement 2 nm and frequency of 45 Hz),
using a pyramidal Berkovich diamond indenter. The strain rate was held constant at 0.05 s 1.
The nanoindentation curves were analysed using the Oliver and Pharr method [30] in order
to measure the nanoindentation hardness (HBerk) and the elastic modulus (EBerk) as a function
of the penetration depth for each composition where HBerk was defined as the ratio of load
and contact area at maximum load. The indenter shape was carefully calibrated for true
penetration depths as small as 50 nm by indenting fused silica samples of well known
Young’s modulus (72 GPa). The indents were organized in a regularly spaced array of 25
indentations (5 by 5) at a maximum penetration depth of 2000 nm or until reaching the
maximum applied load, 650 mN. Each indentation was performed with a spacing distance of
50 m in order to avoid any overlapping effect.



7

2.3. Damage

The surface damage associated with residual nanoindentation imprints was visualized by
atomic force microscopy (AFM, Dimension D3100 from Bruker), in tapping mode. All the
images were processed with the WSxM software [31].

The subsurface damage induced during the nanoindentation tests as well as in front of
the notch tip by UPLA were characterized using a dual beam Focused Ion Beam (FIB) /SEM
Microscope (Zeiss Neon 40) and the fracture surfaces were characterized by field emission
scanning electron microscope (SEM) (JSM 7001F, JEOL, Japan). A thin platinum layer was
deposited on the sample prior to FIB machining in order to minimize ion beam damage. A
Ga+ ion source was used to mill the surface at a voltage of 30 kV. The final polishing of the
cross sections was performed at 10 pA.

3. Results and discussion

3.1. Processing of nanocomposites

The measured bulk densities are given in Table 1 for the different composites where it can
be seen that they drop from 99.4% for 3Y TZP to 97.4% for the addition of 2 wt% CNT. For a
given composition, the theoretical density (TD) was calculated according to the rule of
mixtures. The zirconia TD was taken as 6.1 g cm 3 and that of MWCNTs as 1.8 g cm 3 since
their exact density was not known and it depends of purity, number of walls and external
diameter of CNTs [32]. The drop in density of the composites seen in Table 1 is related to the
presence of porosity connected to the CNT agglomerates.

Table 1. Properties of the 3Y TZP/CNT nanocomposites

*Indentation method of Anstis et al. [26]
**SENB specimen with notch machined with UPLA

Specimen Relative
density
(TD %)

Grain
size
(nm)

H
(GPa)

HBerk

(GPa)
EBerk
(GPa)

KIc*

(MPa m)
KIc **

(MPa m)

3Y TZP 99.4±0.2 177±14 14.21±0.09 20.0 ± 0.4 263 ± 5 3.57±0.09 2.7±0.1

3Y TZP+0.5
wt.% CNT

99.2±0.3 176±10 12.98±0.08 15.9 ± 0.4 224 ± 4 4.02±0.05 2.7±0.1

3Y TZP+1
wt.% CNT

98.2±0.3 161±11 11.32±0.10 15.9 ± 0.7 215 ± 7 4.56±0.08 2.8±0.1

3Y TZP+2
wt.% CNT

97.4±0.2 148 ± 9 9.52±0.05 12.7 ± 0.7 181 ± 6 4.97±0.06 2.8±0.1
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Fig. 1. Fracture surface showing the presence of porosity in the composite with 2 wt% CNT
content.

Fig. 1 shows the fracture surface of the composite with 2 wt% CNT content where some
pores related to the clusters of MWCNTs could be observed. Moreover, the low density
reported in this study is a common observation of practically all studies on 3Y TZP/CNT
composites [6–10] [14–18].

Fig. 2 shows the fracture surfaces of the sintered nanocomposites for all studied
compositions. The carbon nanotubes are well dispersed in the composite (black arrows) with
the addition of 0.5 wt% MWCNTs but increasingly agglomerated with the increase of
MWCNT content.

Fig. 2. Fracture surfaces of the sintered nanocomposites; (a) 0.5 (b) 1 (c) 2 wt% CNT
composites. 



9

Fig.3.Microstructure of (a) 0 wt% CNT, (b) 0.5 wt% CNT, (c) 1 wt% CNT, (d) 2 wt% CNT
composites after etching in air at high temperature.

Fig. 3 shows the final microstructure of the SPSed composites after etching at high
temperature in air. As MWCNT content increases, the microstructure reveals smaller grain
size. A refinement of the grain size was observed from 174 to 148 nm for 0 up to 2 wt% CNT
respectively (see Table 1). The decrease of grain size with adding MWCNTs content has been
attributed to the presence of MWCNTs in grain boundaries which slows [9] or hinders the
grain growth of zirconia grains [7].

3.2. Hardness and elastic modulus

Fig. 4 shows the Berkovich hardness and the elastic modulus of all composites in terms of
penetration depth. It is clearly seen that the values are stabilised for penetration depth
larger than 400 nm, while for lower penetration depths, these properties are affected by
surface defects and roughness. Moreover, both HBerk and EBerk of all composites are smaller
than for monolithic 3Y TZP (see Table 1). On the other hand, the Meyer hardness of 3Y
TZP/CNT diminishes in a similar way to HBerk, but with less scatter (see Table 1). Therefore,
the trend is the same whether a small or relatively large surface area is tested.
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Fig. 4. Berkovich hardness and elastic modulus of all composites in terms of penetration
depth.

Since the ratio (EBerk/H)1/2 practically does not change with MWCNT content and the
length of the indentation cracks is shorter with increasing MWCNT amount, the indentation
KIc increases (see Table 1). The value of KIc depends on whether the equation of Anstis et al.
[26] or Niihara et al. [25] is used. Values in the range of 3.5–5.0 MPam1/2 were found using
Anstis et al. [26] (see Table 1), while the values were about 20% higher if KIc was calculated
using the equation of Niihara et al. [25] Therefore, it was concluded that the indentation KIc
increases for the compositions studied independently of the equation used.

With respect to the 3Y TZP matrix, the observed contribution of 0.5 wt% MWCNT to the
indentation KIc, is in a good agreement with similar composition investigated by Mazaheri et
al. [7]. In the same direction, Ukai et al. [13] showed that the addition of 0.5 wt% CNTs
improves indentation KIc in about 0.5 MPam1/2, similar to the present results. However, our
absolute values of indentation KIc are noticeably smaller even for the starting 3Y TZP matrix.

3.3. True fracture toughness

Fig. 5 shows the morphology of the notch induced by UPLA in the composite with 0 wt%
CNT content.

In order to get a close overview of the notch, the top surface of the notch (surface on
which the notch was induced) was grinded step by step, then polished till approximately the
mid depth is reached. The damage zone below the notch is hardly seen before fracture.
However, the damage could easily be detected after fracture. See Fig. 6.
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Fig. 5. View of the notch induced by UPLA on specimen with 0 wt% CNT content.

Fig. 6. Fracture surface of notched specimens: (a) 0 wt% CNT, (b) 0.5 wt% CNT and (c) 2 wt%
CNT composites. A is the surface of the notch, B the microcracked region in front of the

notch and C is the final fracture.

Fig. 6 shows the fracture surface of the notched in four point bending specimens for 0,
0.5 and 2 wt% MWCNT, where three different regions are well differentiated. The first one
(region A), at the top, corresponds to the notch, region B has a length of about 24 m with
a different fracture surface appearance, and region C at the bottom has the usual common
surface fracture appearance of zirconia. The transition between regions B and C is clearly
defined by a relatively sharp straight border normal to the crack advance (see Fig. 7).
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Fig. 7. High magnification of the transitions between regions A, B and C.

The extension of region B increases slightly with the MWCNT content. This corresponds to
the laser ablation damage region in front of the notch tip [29]. The crack length used in the
calculation of KIc is easily identified as the notch length (region A) plus the length of the
microcracked damaged zone (region B) clearly observed on the fracture surface. The
effective length of the crack was taken as the length of the notch plus the length of region B
where the damage was observed. Therefore, the different appearance of region B is
associated, in the current study, to the coalescence of the damage induced by laser ablation
in front of the notch during fracture. The damage is restricted to the length of region B and
to a maximum average depth of 2 m below the fracture surface. This can be appreciated in
Fig. 8 where sections of region B (Fig. 8a) and of the border between regions B and C (Fig.
8b) are shown. On the left (region B) microcracking and porosity can be observed below the
surface while just to the right in region C no trace of microcracking is observed. Similar
observations using a notch tip induced by UPLA in conventionally sintered 3Y TZP have been
observed [29].
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Fig. 8. (a) FIB cross section of the fracture surface below region B: (b) fracture surface with a
trench at the border of regions B and C. The border coincides with the disappearance of

damage below the surface.

The true KIc values of the notched specimens using UPLA are given in Table 1, where it can
be appreciated that KIC values hardly change with the addition of MWCNT content.
Moreover, the true KIc of monolithic SPSed 3Y TZP is found to be smaller (KIc=2.7 MPam1/2)
than the conventionally sintered monolithic 3Y TZP of larger grain size ( 330 nm) where a KIc
slightly higher than 4 MPam1/2was reported previously by the present authors [29].

It is interesting to notice that the higher values of KIc reported in the literature using the
standard SEVNB method for the same composites include also a high KIc value for the
starting monolithic 3Y TZP matrix of about 6 MPa MPam1/2 [20]. It should be noticed that this
is a very high value for 3Y TZP with a grain size of 145 nm. Since the starting powder, grain
size and density of SPS 3Y TZP reported in [20] are very similar to the present study, the
difference regarding the KIc reported here could be associated to the sharpness of the
starting notches. The present low KIc for 177 nm grain size 3Y TZP (2.7 MPam1/2) is in line
with the results of Eichler et al.[33] where they reported values between 2.8 and 3.1
MPam1/2 for 3Y TZP with grain sizes in the range between 110 and 210 nm. Therefore, it may
be concluded that at least part of the low KIc values measured for the composites with
respect to [20] is related to the matrix and possibly to the sharpness of the notch and length
of microcracks induced in front of the notch.

As is shown above, here the damage in the form of microcracks in front of the notch is
clearly revealed on the fracture surface. It is much longer than the notch radius, and it ends
abruptly at some distance of the notch tip. This is the reason for taking the length of the
initial crack as the length of the notch plus the length of the microcracked zone as it has
been shown in [29]. If only the notch length was considered as the crack length, then even
much lower values of KIcwould be found. On the other hand, it is unlikely that the low value
of KIc is related to the short depth of the shallow starting notch since the R curve in nano
grain size 3Y TZP is relatively weak and very steep [33].

As seen in Table 1, the true KIc does not practically increase with MWCNT content.
However, the contact damage resistance measured by indentation KIc increases. There were
slight differences in the morphology of the crack paths with the addition of MWCNTs.
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However, the crack lengths are small and do not contribute significantly to the indentation
fracture toughness. We rather associate the enhanced contact damage resistance related to
a reduction in the driving force for indentation crack growth related to change in plastic
deformation behavior below the indentation. The intense confined shear under Vickers
indentation in the presence of shear deformable MWCNTs in the small agglomerates
increases irreversible deformation by this mechanism as well as by compaction of porosity
below the indenter instead of by plastic deformation. The reason for this behaviour is
probably related to the weak interfacial bonding between MWCNTs and zirconia matrix.

3.4. Damage

No fracture events like radial cracks at the corners of the imprints were detected under
the Berkovich indentations (see Fig.9). This indicates that the presence of fine grain
microstructure (see Fig.3) improves the damage tolerance under contact loading and it
blocks the deformation mechanisms induced during the indentation process, which is similar
to the behaviour reported in particle dispersion toughening of ceramic based
nanocomposites [34].

The amount of t m phase transformation below the indenter has not been measured in
the present study. It was reported in a previous work [6], that t m transformation is reduced
in 3YTZP/CNT composites because of the small grain size. With the addition of 2 vol%
MWCNT with grain size similar to the present study, t m transformation at the fracture
plane of Vickers indentation cracks was less than 5% at distances less than 2.0 μm below
the fracture surface. Therefore less transformation would be expected below the indenter
since the main stress state is compression.

Fig. 9. AFM topography image (3D view, 20 x 20 m2) of nanoindentation imprints
performed at maximum penetration depth on (a) 0 wt% CNT, (b) 0.5 wt% CNT, (c) 1 wt%

CNT, (d) 2 wt% CNT composites.
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4. Conclusions

True KIc of spark plasma sintered 3Y TZP/CNT composites was successfully calculated
using a novel method based on inducing a very sharp notch by UPLA. The true KIc for the
SPSed 3Y TZP matrix studied is smaller as compared to presureless conventional sintered 3Y
TZP. Moreover, the true KIc hardly increases with the addition of MWCNT while the
indentation KIc of the starting 3Y TZP matrix is higher and it increases with MWCNTs content.

It is concluded that the resistance to indentation cracking of the composites by adding
MWCNTs to 3Y TZP matrix does not indicate higher true fracture toughness. It is suggested
that this is related to the drop in hardness and elastic modulus with the addition of MWCNTs
content as it was detected using Berkovich nanoindentation.
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