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A B S T R A C T

It is demonstrated that 0.1 wt% of multi-walled carbon nanotubes (MWCNTs) or single-

walled carbon nanotubes (SWCNTs) added to zirconia toughened alumina (ZTA) composites

is enough to obtain high hardness and fracture toughness at indentation loads of 1, 5, and

10 kg. ZTA composites with 0.01 and 0.1 wt% of MWCNTs or SWCNTs were densified by

spark plasma sintering (SPS) at 1520 !C resulting in a higher hardness and comparable frac-

ture toughness to the ZTA matrix material. The observed toughening mechanisms include

crack deflection, pullout of CNTs as well as bridged cracks leading to improved fracture

toughness without evidence of transformation toughening of the ZrO2 phase. Scanning

electron microscopy showed that MWCNTs rupture by a sword-in-sheath mechanism in

the tensile direction contributing to an additional increase in fracture toughness.

" 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Although the discovery of hollow and nanometer tubes com-
posed of graphitic carbon has been attributed to Sumio Iijima
[1], Rudushkevich and Lukyanovich [2] published clear images
of 50 nm diameter tubes made of carbon and subsequently
Oberlin et al. [3] showed hollow carbon fibres with nanome-
ter-scale diameters using a vapor-growth technique and
Abrahamson et al. [4] reported evidence of carbon nanotubes
at the 14th Biennial Conference of Carbon at Penn State Uni-
versity [5]. The combination of small size, low density, large
aspect ratio of the carbon nanotubes, commonly abbreviated
as CNTs, either single-walled (SWCNT) or multi-walled
(MWCNT), with their outstanding mechanical properties

should be ideal reinforcing/functionalizing elements for com-
posites. The mechanical and physical properties depend in
great measure of factors as synthesis method and defects
introduced during nanotube purification [6]. The combination
of impairments introduced during sample preparation as well
as inadequate measurements has lead to obtain a variety of
nanotube tensile strengths [7]. Reports on mechanical proper-
ties described in the open literature, are all focused on multi-
walled carbon nanotubes obtaining lower values for fracture
strengths and failure strains. For example, Yu et al. [8] reported
mean fracture strength of 28 GPa in arc-discharge-grown
MWCNTs, failure strains ranging from 2 to 13%, tensile
strength of !11–63 GPa and a modulus values between 270
and 950 GPa. Meanwhile, Barber et al. [7] demonstrated
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multishell failure at low failure strains (approximately 5%) in
multi wall carbon nanotubes produced by chemical vapor
deposition (CVD). The experimental results by Peng et al. [6],
displayed strengths around of 100 GPa and fracture strains
close to theoretical predictions. Yamamoto et al. [9] obtained
tensile strengths ranging from 2 to 48 GPa (mean 20 GPa) in
10 pristine MWCNTs while for 10 acid-treated MWCNTs with
channel-like defects, the tensile strengths were 70% lower
than those of the pristine MWCNTs (!1–18 GPa, mean 6 GPa).
As already noted, catalytically produced MWCNTs are much
less perfect in structure than arc grown tubes, and are there-
fore considerably less stiff. CNTs defects-free could reach a
Young‘s moduli in the order of 1 TPa, high failure strains
(!15–30%), and tensile strength higher than 100 GPa [10,11].

Nowadays, research is devoted to the possible incorpora-
tion of CNTs in a polymer [12], metal [13,14], or ceramic
[15,16] matrix in order to improve the performances of these
materials [17,18]. In particular, the extreme brittle nature of
ceramics restricted them from numerous advanced structural
applications and therefore, the addition of CNTs to ceramic
matrix composites has been conducted to improve their frac-
ture toughness [19,20]. Although the role of CNTs in the sinter-
ing of ceramic composites is not completely clarified in
literature, some interesting work has been performed. For
example, An et al. [21] studied the influence of the CNT content
on the tribological properties of CNT/Al2O3 composites and re-
ported a 30% increase in microhardness compared to pure
Al2O3; Siegel et al. [22] reported a 24% increase in fracture
toughness of alumina with additions of 10 vol% MWCNTs.
More recently, Zhan et al. [15] prepared 100% dense Al2O3 + 10 -
vol% SWCNTs at 1150 !C during 3 min using spark plasma sin-
tering (SPS) resulting in a fracture toughness of 9.7 MPa m1/2

being nearly three times that of nanocrystalline alumina, but
the results have not been reproduced up to now.

Wang et al. [23] prepared alumina reinforced with 10 vol%
SWCNT using the SPS technique obtaining a fracture tough-
ness for SWCNT/alumina similar to that of graphite/alumina
applying the single-edge notched beam (SENB) technique sug-
gesting a poor connectivity between the SWCNTs and alumina
matrix. Until now, very little or no improvements with respect
to toughening were reported in CNT reinforced ceramics [17].
Generally, the negative effects of the additions of CNTs could
be imputed to problems such as inhomogeneous dispersion
in the ceramic matrix caused by agglomeration of carbon
nanotubes which in turn can be resources of cracks.

Alumina based composites represent a new generation of
ceramic materials as an alternative to biomedical-grade alu-
mina and zirconia and the most promising candidates for
replacing metallic bearing parts in arthroplastic applications
[24] requiring an important control of the resulting microstruc-
ture, superior and reliable mechanical properties as well as
high bio-inertness and biocompatibility [25]. Zirconia tough-
ened alumina (ZTA) composites have many applications in
which wear resistance and mechanical strength are required.
To improve their mechanical properties, sintering by hot-
pressing (HP) and hot isostatic pressing (HIP) are frequently
used [26]. The use of HIP in ceramic composites for biomedical
applications minimizes the residual stresses within ceramic
pieces and gives composites with a density close to the theo-
retical one, improving both strength and reliability of the prod-

uct [27]. HP on the other hand is limited to the formation of
simple geometries and moderate sizes. A comparatively new
sintering process at low temperature with short holding time,
denominated spark plasma sintering (SPS), also commonly
known as pulsed electric current sintering (PECS), has been di-
rected towards the development of metallic materials, struc-
tural ceramics, oxide superconductors, ceramic composites
and functionally graded materials [28,29].

SPS has been demonstrated to enable the consolidation of
ceramic materials within minutes avoiding exposing the pow-
der compacts to high temperatures for a long duration. Taking
into account that SPS has been used as mentioned above to
produce metal and engineering ceramics, there are few re-
ports on the application of this technique to produce dense
ceramics for different biomedical applications.

Although the main part of the reported SPS applications are
still in the area of material development, several opportunities
for industrial implementation have been generated [30] in or-
der to realize a manufacturing process with optimum cost effi-
ciency. Current developments are related to the industrial
production of more complex geometries as well as further
optimization of quality and costs [31–36]. In the present work,
we developed ZTA composites with an optimized amount of
SWCNT or MWCNT additions showing a combination of high
hardness (!22 GPa) and high fracture toughness (up to
8.2 MPa m1/2). Although MWCNTs can be considered to be less
efficient concerning a mechanical reinforcement, SWCNTs
form aggregates of bonded and aligned CNT bundles which
are difficult to separate and infiltrate with the matrix affecting
notably the mechanical properties as was demonstrated by
Bocanegra et al. [37] who found that the fracture toughness
of pressureless sintered MWCNT-reinforced ZTA was 41%
higher than for the ZTA matrix material and 44% higher than
for the SWCNTs reinforced equivalent. This appreciation can
also be supported with results by Yamamoto et al. [38] in
MWCNT/Al2O3 composites. In this context, the present inves-
tigation is taken up to study in depth the densification and
mechanical properties of MWCNT and SWCNT reinforced zir-
conia toughened alumina composites using SPS as a process-
ing tool. Taking advantage of the electrical conductivity and
chemistry of carbon nanotubes, these composites could find
applications in smart multifunctional orthopaedic implants
with the capacity for monitoring implant interactions with
extracellular matrix components. Besides this, lower concen-
trations of carbon nanotubes and higher purity have shown
to reduce notably the cytotoxicity towards T lymphocytes
[39]. Following this, the lower amounts of SWCNTand MWCNT
added to our ZTA composites will enable more complicated de-
signs and shapes and will open the door to several applications
in the field of orthopaedic implants considering that with low
ZrO2 additions to the composite, aging by low temperature
degradation could be reduced or avoided.

2. Experimental procedure

2.1. Starting materials

High purity Baikalox SM8 Al2O3 (>99.99, 100% a), ZrO2 + 3 mol%
Y2O3 (thereafter abbreviated as TZ-3Y), monoclinic ZrO2 and
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MgO were used as starting powders. Their characteristics pro-
vided by the suppliers (particle size, surface area and theoret-
ical density) are presented in Table 1. MWCNTs (Catalysis
Laboratory of CIMAV S.C. [40]), diameter 70–110 nm, length
120–160 lm, purity >95%, surface area 25 m2 g"1, and high pur-
ity SWCNTs (HELIX Material Solutions), diameter !1.3 nm,
length 0.5–40 lm, purity >90%, and surface area >300 m2 g"1

were used as reinforcement.

2.2. Mixing procedure

Homogeneous mixtures of Al2O3 + 0.025 wt% MgO + 13 wt%
TZ-3Y + 2 wt% ZrO2(m) (thereafter abbreviated as C2) with
additions of 0.01 and 0.1 wt% of MWCNTs or SWCNTs were
prepared. A composite without additions of CNTs was also
prepared for comparison. The as-received MWCNTs and
SWCNTs were carefully dispersed in 500 mL ethanol with an
ultrasonic probe for about 2 h. The nanopowders and the dis-
persed MWCNTs or SWCNTs alcohol media were vigorously
stirred with a 5 · 1 cm magnetic bar at 40 !C until most of
the ethanol had evaporated and subsequently the mixture
was dried at 100 !C for 12 h. Finally, the agglomerated powder
mixture was judiciously ground in an agate mortar.

2.3. Sintering procedure

Sintering experiments were performed on a FCT FAST device
(Type HP D 25/1, FCT Systeme, Rauenstein, Germany), which
is a Spark Plasma Sintering (SPS) furnace equipped with a
250 kN uniaxial press. The process chamber can be evacuated
down to 0.05 Pa. The power supply can provide a pulsed DC up
to 8000 A at a voltage up to 10 V through the electrodes to the
tool set-up that contains the specimen. Conical graphite pro-
tection plates are placed between the punches and the water
cooled electrodes (Fig. 1). A pulsed as well as a constant DC
with on/off cycles of 0–255 ms (on-time)/0–255 ms (off-time)
can be generated. A pulse–pause combination of 10–5 ms
was used throughout all the experiments. A preset time–
temperature profile is generated by controlling the power,
which is done by controlling the voltage difference over the
electrodes. In this way, the current flowing through the speci-
men-punch-die set-up is controlled.

A 30 mm diameter graphite die (FE 779 grade, Schunk, Ger-
many) with a die wall thickness of 8.5 mm was used, while
5 mm thick samples were prepared. In order to minimize
the radiation heat losses from the die wall, it was surrounded
by 10 mm thick porous carbon felt. During the experiments,

the temperature was measured by a central pyrometer with
a focus point at the bottom of the central borehole inside
the upper punch, 5 mm from the top of the powder compact
(Fig. 1). SPS experiments were performed at 1520 !C, applying
a heating rate of 100 !C/min. The pressure was gradually
increased from 7 to 40 MPa during the heating stage, while a
maximum pressure of 80 MPa was applied at the sintering
temperature. The density was measured by means of a
Quantachrome Multipycnometer (by Quantachrome Instru-
ments, USA) using Helium as displacement gas for the as-
sintered composites. The surfaces of the obtained samples
were ground on a diamond wheel and polished by SiC paper

Table 1 – Characteristics of commercial starting powders.

Powder Primary particle size (lm) BET surface area (m2 g"1) Theoretical density (g cm"3)

Baikalox SM8 Al2O3
a 0.050 10.0 3.98

3 mol% Y2O3–ZrO2 (TZ-3Y TOSOH)b 0.075 17.2 6.05
MgO 500Ac 0.053 31.9 3.58
Monoclinic ZrO2

d <50 nm 15–35 5.89
a Supplied by Baikowski (USA).
b Supplied by TOSOH (Japan).
c Supplied by UBE Chemical Industries (Japan).
d Supplied by Sigma Aldrich (USA).
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Fig. 1 – Schematical representation of the PECS sinter set-up
used for densification of the zirconia toughened alumina
(ZTA) composites reinforced with MWCNTs and SWCNTs. A
30 mm graphite die with a die wall thickness of 8.5 mm was
used. Porous carbon felt insulation was used to reduce the
radiation heat losses from the graphite die wall.
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and polished to a mirror finish by diamond pastes of both 0.5
and 0.25 lm. Samples were thermally etched at 1370 !C for
30 min, following the procedure described elsewhere [37].

2.4. Characterization

The polished and fracture surfaces were characterized by
scanning electron microscopy (SEM: JEOL JSM 5800 LV, Japan,
and FEG SEM: JEOL JMS 7000F, Tokyo, Japan) using an accelerat-
ing voltage of 2 kV. The average grain size in pure ZTA (C2),
C2 + 0.01 wt% MWCNTs or SWCNTs, and C2 + 0.1 wt%
MWCNTs or SWCNTs composites was measured using the lin-
ear intercept technique using 400–500 grains for each sample.
In order to study the preservation of the carbon nanotube
structure at the sintering temperature, Raman spectra were
obtained with a Thermo Nicolet Almega XR Dispersive Raman
Spectrometer (kex = 532 nm and maximum power 20 mW).

2.5. Mechanical properties

Vickers hardness measurements were carried out on sintered
samples using a microhardness tester FM-7 (Future-Tech,
Tokyo, Japan). Approximately 10–20 indents per ceramic grade
were made on polished surfaces applying a load of 1, 5, and
10 kg held for 15 s and an average hardness was determined.
The separation between neighboring indentations was more
than four diagonal lengths of the indentation impression fol-
lowing the standard ASTM C1327-99 for Vickers indentation
hardness of advanced ceramics [41]. The corresponding inden-
tation sizes and crack lengths were measured with the help of
an optical microscope Olympus PMG3 (by Olympus Co., Japan)
soon after indentation to prevent the slow crack growth associ-
ated with the stress field that acts after removal of the indenter
and the environment. The indentation fracture toughness (KIC)
was derived from the average crack length. For a ratio c/a > 2.5
(present study), where c is the crack length and a the half diag-
onal length of the indentation impression, KIC was calculated
using the equation derived by Evans and Charles [42].

3. Results and discussion

The sintered MWCNT and SWCNT reinforced zirconia tough-
ened alumina composites exhibited relative densities higher
than 98% as can be seen in Fig. 2. On the whole, the relative
density decreases as the fraction of CNTs increases, but the
ones with MWCNTs always had higher densities than the
ones with additions of SWCNTs. From this Fig. 2 it is clear that
the minimum density corresponds to ZTA composites with
0.1 wt% of SWCNTs which could be associated to the presence
of CNT agglomerates, their dispersion in the matrix is difficult
resulting in a lower sintered densities [43]. In fact, the density
reduction of the ceramic composites with increasing amount
of carbon nanotubes content in the matrix is a well-docu-
mented phenomenon [44,45]. Nevertheless, even if the carbon
nanotubes are well-dispersed, their addition can have adverse
effects on the sintering kinetics [45]. Intuitively, one would
the density expect to decrease with increasing CNT addition
from 100% TD for the ZTA to a lower absolute density due
to the internal porosity that is intrinsically linked to CNTs

that are embedded in a dense matrix (the internal pore chan-
nel of the CNT should be reflected as a lower density of the
composite). The theoretical density of CNT’s only concerns
the carbon sheets and does not take into account the internal
pore channel, which is present and contributes effectively to
a lower overall density of the composite.

The polished and thermally etched surfaces of pure ZTA
(Fig. 3a) and ZTA composites containing 0.01 wt% MWCNTs
and SWCNTs (Fig. 3b and c, respectively) and 0.1 wt% MWCNTs
and SWCNTs (Fig. 3d and e, respectively), all SPSed at 1520 !C,
are compared in Fig. 3. As shown in the micrographs, all sam-
ples were crack-free with submicrometer sized equiaxed
grains. A lower magnification of the dense samples shown in
the Fig. 3a–e is presented in Fig. S1 in Supplementary material.
The mean Al2O3 and ZrO2 grain size in the CNT free composites
was 0.86 ± 0.37 and 0.29 ± 0.12 lm respectively, while for the
composites with additions of 0.01 wt% MWCNTs and SWCNTs
and 0.1 wt% MWCNTs and SWCNTs, the mean Al2O3 grain size
was 0.73 ± 0.32, 0.68 ± 0.28, 0.68 ± 0.28 and 0.78 ± 0.33 lm
respectively, whereas the ZrO2 grain size was respectively
0.25 ± 0.09, 0.24 ± 0.09, 0.30 ± 0.11 and 0.32 ± 0.14 lm, as sum-
marized in Table 2, which in turn confirms that the reduction
in grain size can be attributed to grain pinning by the presence
of CNTs. CNTs have a greater effect on the grain size retarda-
tion mechanism and dimensionalities of the CNTs because
they are mainly located at the grain boundaries forming a
strong entangled network preventing the grains closing during
densification and offering fine grains in the final composite by
grain pinning [16,45]. The grain growth is observed to decrease
with increasing CNT content.

On the other hand, it is important to point out that the
presence of zirconia particles (white spots phase) slows down
the movement of the grain boundaries of alumina so that the
grain size of the alumina matrix is decreased [46]. The local
absence of zirconia particles located at the grain boundaries
induces alumina grain growth as can be seen in Fig. 3c. Table
2 summarizes the sintered densities and mean grain sizes of
alumina, zirconia of each composite.

The Vickers hardness of MWCNT and SWCNT reinforced
ZTA composites is compared with pure ZTA sintered under
the same SPS treatment conditions in Fig. 4 as a function of
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the indentation load. The hardness results reflect the influ-
ence of two microstructural parameters, the indentation load
as well as the CNT content. A clear decrease in hardness up to
5 kg indentation load is observed, after which the hardness
tends to level off. Higher hardness values result in improved
wear and scratch resistance which in turn is a favorable con-
dition for applications in orthopaedic implants, although it
generates additional difficulties during final machining. For

all indentation loads, the composites with additions of
0.1 wt% MWCNTs reached a maximum hardness, while com-
posites with additions of 0.1 wt% SWCNTs exhibited an even
lower hardness values compared to the pure ZTA, suggesting
an agglomeration of the SWCNTs. This behavior is in good
agreement with the report by Zhang et al. [47]. As pointed
out by Correa de Sá e Benevides de Moraes et al. [48], the
indentation load affects the indentation size and the crack

Fig. 3 – Typical SEM micrographs of polished and thermally etched surfaces of as-SPSed (a) pure ZTA (C2), (b) C2 + 0.01 wt%
MWCNTs, (c) C2 + 0.01 wt% SWCNTs, (d) C2 + 0.1 wt% MWCNTs, and (e) C2 + 0.1 wt% SWCNTs composites SPSed at 1520 !C.

Table 2 – Relative density and measured grain sizes for the experimented composites.

Sample Relative density (% TD) Grain size Al2O3 (lm) Grain size ZrO2 (lm)

C2* 99.62 ± 0.07 0.86 ± 0.37 0.29 ± 0.12
C2MW0.1 98.91 ± 0.03 0.68 ± 0.28 0.30 ± 0.11
C2SW0.1 98.10 ± 0.02 0.78 ± 0.33 0.32 ± 0.14
C2MW0.01 99.58 ± 0.02 0.73 ± 0.32 0.25 ± 0.09
C2SW0.01 99.16 ± 0.02 0.68 ± 0.28 0.24 ± 0.09

* C2: Al2O3 + 0.025 wt% MgO + 13 wt% ZrO2 (Tosoh 3Y) + 2 wt% ZrO2(m).
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length, being both dependent on the sample dimension and
microstructure of the material. However, most ceramic com-
posites show a hardness decrease with increasing load,
known as the indentation size effect (ISE) [49,50].

It is observed that the scatter and standard deviation on the
measurements decreases with increasing indentation load,
making the reported data also more statistically reliable. Our
results are in agreement with these observations, as shown
in Fig. 4. Although there is a well-known dependency of hard-
ness on load, a full characterization by hardness-load relation-
ships is rather uncommon for ceramics [51]. It can be asserted
that the toughness values obtained by the indentation tech-
nique in structural ceramics are fundamentally different from
the fracture toughness KIC obtained by conventional method
and therefore, have some drawbacks. The validity of the IF
technique to determine KIC of CTN-ceramic composites has
been specifically questioned in the literature [52]. In spite of
this, indentation fracture can be used to rank CNT composites
effectively, for well densified material (sintered densities great-
er 98%) with a good nanoscale dispersion [53], taking into
account that all the models employed in the KIC calculations
are essentially based on the same parameters and the differ-
ences are related to equation coefficients. Nevertheless, in
many cases, these coefficients have been determined consider-
ing experimental studies in which KIC has been compared with
measurements carried out by conventional procedures [54].

The variation of the fracture toughness, KIC, calculated
from the Vickers indentation crack size measurements at dif-
ferent loads is illustrated in Fig. 5. The fracture toughness for
each composition slightly varies as a function of the indenta-
tion load. It is noteworthy that for the composites with a coar-
ser microstructure (ZTA without addition of carbon
nanotubes, Table 2) the fracture toughness is relatively higher
as compared to the composites doped with both SWCNTs and
MWCNTs for all indentation loads. On the other hand, when
fracture toughness is plotted vs CNT content for indentation
loads of 1, 5, and 10 kg (Figs. 6 a–c, respectively), a decrease
in fracture toughness is observed upon addition of 0.01 wt%
carbon nanotubes, for both SWCNTs and MWCNTs, this
behavior always being more notorious with additions of
MWCNTs. For CNT contents higher than 0.01 wt%, the

fracture toughness is increased for composites doped with
MWCNTs, whereas the general trend is inverse for compos-
ites doped with SWCNTs, suggesting enhanced stress transfer
capability from the alumina matrix to the MWCNTs for CNT
contents above 0.01 wt%, probably due to the improved dis-
persion of MWCNTs and to a better bond with the Al2O3 ma-
trix. When looking at Fig. 6(c), one would prefer to add
SWCNTs instead of MWCNTs, but the data might be fooled
due to the agglomeration of the SWCNTs with a concomi-
tantly lower reduction of the fracture toughness (see Fig. S2
in Supplementary material). SWCNTs tangle and interact
with each other through van der Waals forces, which makes
it difficult to obtain a homogeneous dispersion of CNTs in a
ceramic powder [47]. Due to their great flexibility and high
surface energy, SWCNT tend to aggregate into large bundles
with properties generally inferior to those of isolated SWCNT
which forms a serious hurdle for real applications [55]. On the
other side, in both MWCNT and SWCNT, the toughness of the
0.01 wt% composites is lower than that of the ZTA matrix, due
to grain size reduction of the matrix, but increases again up to
the level of the ZTA when adding 0.1 wt% CNTs. The grain size
reduction of the ZTA matrix is therefore the primary cause for
the drop in fracture toughness at 0.01 wt% CNT levels.

On the other hand, the degradation of the fracture tough-
ness in composites with additions of SWCNTs could be pri-
marily attributed to severe agglomeration of the SWCNTs
themselves, affecting the load-carrying ability [56]. Compared
to other results [47,56–59], describing CNT addition to mono-
lithic alumina, our composites present a more effective
improvement of the mechanical properties for CNT contents
below 0.5 wt%. The obtained ZTA composite with 0.1 wt%
MWCNT additions reached a maximum fracture toughness
of 8.17 ± 1.23 MPa m1/2 (indentation load of 1 kg) which is sta-
tistically comparable to 7.92 ± 0.84 MPa m1/2 obtained for the
ZTA composite at the same indentation load. This fracture
toughness is however higher than reported for pressureless
sintered equivalents [43,60]. For a better understanding, Table
3 summarizes the mechanical properties of the composites
(diagrams Figs. 4–6). It is well known that the hardness of
ceramic composites is usually affected by the intrinsic defor-
mability of the ceramic and microstructural parameters such
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as multiphases, grain size and orientation, porosity as well as
boundary constitution and therefore, the size of the cracks
formed under indentation test depends on the nature of the
elastic–plastic damage response of the material under inden-
ter limiting in some cases the cracking or even no cracking
[61] around the indentation which leads severely to overesti-
mate the fracture toughness when is measured by the stan-
dard indentation method according to the pointed out by
Wang et al. [23] and Sheldon and Curtin [62]. Although the
absolute toughness values obtained by the indentation meth-
od might be overestimated, indentation and long crack tough-

ness tests such as the Chevron notch test [53] or the single-
edge V-notch beam (SEVNB) technique [63] proved to be able
to provide consistent evidence of the toughening role of
CNTs. The article by Mazaheri et al. [63] illustrates that for
CNT content lower than 0.5 wt% in MWCNT/nanostructured
zirconia composites (up to 0.1 wt% CNT content in our study)
the calculated fracture toughness for both indentation frac-
ture method and single-edge-V-notched beam one is practi-
cally the same. For CNT content higher than this value, the
fracture toughness could be overestimated due to the size of
the cracks formed under indentation. This appreciation can
be supported with the Fig. S3 in Supplementary material for
our ZTA composite reinforced with 10 vol% (!5 wt%) of
MWCNTs and pressureless sintered [37], where the classical
radial cracks in the indentation impression are absent sug-
gesting elastic recovery at the indentation sites, showing a
flexibility of nanotube as was reported by Sato et al. [61].

The radial crack (corresponding to the arrow mark in
Fig. 7a) of an indented ZTA composite with 0.1 wt% MWCNTs
(highest fracture toughness, Fig 6a) is shown in detail in Fig. 7.
A predominantly intergranular crack path with a high rough-
ness of the fracture lines/surface is observed, indicating that
the crack deflection (zigzag nature) occurred at the grain
boundaries being the predominant mechanism for the higher
toughness (8.17 ± 1.23 MPa m1/2). The ZrO2 transformation
toughening mechanism does not seem to work for these com-
posites taking into account that the small grain size of zirco-
nia particles reduces their ability to transform under applied
stress. Generally it is known that toughening mechanisms
are directly related to the ZrO2 grain size and stabilizer con-
tent [60]. The very low phase transformation to m-ZrO2 during
cooling to room temperature from peak sintering temperature
generates few microcracking in the alumina matrix surround-
ing the zirconia grains as shown in Fig. S4 in Supplementary
material. This appreciation has been supported by X-ray dif-
fraction (not shown here). The very limited presence of mono-
clinic ZrO2 phase in as-sintered, polished and fractured
surfaces, indicates that the contribution of the transforma-
tion toughening and microcrack toughening must have been
almost irrelevant in the present ZTA composites.

It is assumed that the higher toughness must be a result of
the true intergranular fracture in these MWCNTs reinforced
ZTA composites [64,65]. Crack bridging (see high magnifica-
tion inserts of squares in Fig. 7b) was also observed and
may contribute as a source of toughening. On the other hand,
in the SEM micrographs of a fractured cross-section corre-
sponding to the ZTA/0.01 wt% MWCNTs (see arrow in en-
larged square in Fig. 8a) and ZTA/0.1 wt% MWCNTs
composites (Fig. 8b), it is observed that MWCNTs were pulled
out from the ceramic matrix which in turn could further dis-
sipate fracture energy, this being another possible reason for
the additional strengthening and toughening of the ZTA/
0.1 wt% MWCNTs by the presence of these MWCNTs [59]. This
energy dissipation mechanism can be attributed to the work
done by the elastic extension of carbon nanotubes over a dis-
tance at either end of the CNTs [45,66].

It is scarce to find MWCNTs in the composite with addi-
tions of 0.01 wt% due to their low concentration. The preser-
vation of CNTs after SPS sintering at 1520 !C was confirmed
by Raman spectroscopy (see Fig. S5 in Supplementary
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Fig. 6 – Fracture toughness as a function of CNTs (wt%)
content (a) indentation load 1 kg, (b) indentation load 5 kg,
and (c) indentation load 10 kg.
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material). The typical Raman absorption signals for MWCNTs
and SWCNTs appear in their correspondent spectra, taken
from fracture surfaces. This result contrasts with the study
of Thomson et al. [67] where SWCNT-reinforced alumina
composites revealed that the carbon nanotube structure
was preserved in Al2O3 composites SPSed up to !1250 !C,
whereas it was almost completely broken down after SPS at
1350 !C for only 5 min. The fracture surfaces (hereafter corre-
sponding to samples that were indented with 1 kg of load) of
pure ZTA, ZTA reinforced with 0.01 wt% MWCNTs and
0.01 wt% SWCNTs as well as ZTA reinforced with 0.1 wt%
MWCNTs and 0.1 wt% SWCNTs composites, are shown in
Figs. 9a–e, respectively. From these fracture surfaces, some
important features can be observed. For the composite with-
out carbon nanotubes, the fracture is mostly intergranular
and characterized by a small number of deviations yet

exhibiting large angles and consequently a very tortuous
path, explaining the high efficiency of the deflection mecha-
nism and high fracture toughness value (7.92 ± 0.84 MPa
m1/2). Some MWCNTs were deformed elastically until failure
(arrow black and arrow white in Fig. 9b and d, respectively),
in a ‘‘sword in a sheath’’ mode (an axial fracture mechanism)
where the outer nanotube fractures followed by pullout of the
interior walls.

This sword-in-sheath breaking mechanism is a common
failure mechanism for MWCNTs loaded in this way [8], which
is not present in SWCNTs. On the other hand, the white arrow
marks in the insert of Fig. 9b indicate that the diameter of the
pullout MWCNT drastically slenderized towards their tip. Ax-
ial tensile tests on MWCNTs carried out in an atomic force
microscope show that they tend to fracture by a sword-in-
sheath mechanism [8]. For fractured nanotubes, a critical

Fig. 7 – SEM micrograph of the polished and thermally etched surface of the ZTA (C2) + 0.1 wt% MWCNs composite showing,
(a) the Vickers impression at 1 kg of load, and (b) the arm at higher magnification of the crack marked by an arrow in (a).
Squares in (b) are explained in text.

Table 3 – Summary of mechanical properties of the experimented composites.

Sample Hv1 HV5 Hv10

Vickers
hardness
(GPa)

Fracture
toughness
(MPa m1/2)

Vickers
hardness
(GPa)

Fracture
toughness
(MPa m1/2)

Vickers
hardness
(GPa)

Fracture
toughness
(MPa m1/2)

C2* 20.74 ± 0.28 7.92 ± 0.84 19.28 ± 0.31 7.48 ± 0.98 18.75 ± 0.27 5.64 ± 0.23
C2MW0.1 21.65 ± 0.71 8.17 ± 1.23 20.00 ± 0.19 6.64 ± 0.63 19.39 ± 0.15 5.21 ± 0.22
C2SW0.1 20.27 ± 0.33 6.04 ± 1.27 19.07 ± 0.21 6.07 ± 0.67 18.66 ± 0.17 5.58 ± 0.32
C2MW0.01 20.51 ± 0.45 4.52 ± 0.85 19.73 ± 0.28 4.41 ± 0.51 19.13 ± 0.25 4.18 ± 0.43
C2SW0.01 20.31 ± 0.29 7.66 ± 0.58 19.75 ± 0.16 7.11 ± 0.63 19.54 ± 0.06 5.05 ± 0.48

* C2: 84.975 wt% Al2O3 + 0.025 wt% MgO + 13 wt% ZrO2 (Tosoh 3Y) + 2 wt% ZrO2(m).

Fig. 8 – Fracture surfaces of the ZTA (C2) composites with additions of (a) 0.01 wt% MWCNTs, and (b) 0.1 wt% MWCNTs.
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force is required to pull the fractured wall ends through the
outer wall(s). Therefore, a uniformly applied force exercised
on the outer MWCNT wall leads to both stick–slip behavior
and an increase in the pullout force for fractured nanotubes
[68]. Failure of nanotubes by this fracture mechanism sug-
gests good interfacial stress transfer [69].

When a MWCNT axis is nearly perpendicular to the tensile
direction, it is believed that it tends to rupture by transversal
shear fracture as can be observed in Fig. 9d (CNT identified
with black arrow). This observation is consistent with results
reported by Qian and Dickey [10]. It is noteworthy that the
composite shown in Fig. 9d (ZTA + 0.1 wt% MWCNTs) exhib-
ited the highest fracture toughness of 8.17 ± 1.23 MPa m1/2

due to the high deflection angles increasing the tortuosity of
the crack path. The microstructures of the ZTA composites
reinforced with 0.01 wt% and 0.1 wt% SWCNTs (Fig. 9c and
e, respectively) look different, since the SWCNTs are localized

mainly parallel to the fracture surface and within the grains
(arrow marks in Fig. 9c) implying few pullouts. However, an
isolated pullout of SWCNT bundles was observed and the
diameter of bundles was observed to decrease toward their
tips (arrow marks in enlarged square in Fig. 9e. These results
could indicate that the failure in the SWCNTs occurred by in-
tra-bundles sliding due to the weak cohesive bonds between
SWCNTs within and between the bundles according to obser-
vations by Yamamoto et al. [70] suggesting that the detach-
ment between SWCNTs within and between the bundles is
a factor of paramount importance in the fracture process of
ceramic composites. The interaction between SWCNTs can
be further enhanced by the addition of inter-tube bridging
and this method is well described by Kis et al. [71].

Taking into account that the nanotubes in general are ran-
domly dispersed in the alumina matrix, many of them must
be bent under severe angles acquiring the shape of the matrix

Fig. 9 – SEM of fracture surfaces of as-SPSed (a) pure ZTA (C2), (b) C2 + 0.01 wt% MWCNTs, (c) C2 + 0.01 wt% SWCNTs, (d)
C2 + 0.1 wt% MWCNTs, and (e) C2 + 0.1 wt% SWCNTs composites SPSed at 1520 !C. Arrow marks and circle are explained in
text.
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grains at the grain boundary (SWCNT circled in Fig. 9e) and
once the CNTs break or are pulled out of the matrix, they elas-
tically spring back to their original conformation. A clear
example of this is illustrated in Fig. S6 in Supplementary
material, where a multiwall carbon nanotube is observed to
debond from the alumina matrix leaving the ‘‘footprint’’ on
the fracture surface and subsequently the CNT tends to re-
turn to a straight configuration [69], supporting the crack
deflection mechanism, which is consistent with the micro-
structure of Fig. 7b. Fig. 10a shows the alumina matrix at-
tached to a tip of a MWCNT which has been slenderized
towards the fractured portion, similar to that observed in bro-
ken MWCNTs under tensile load. The different nanotube
diameters along the fragment of the carbon nanotube are
shown in Fig. 10b, which is a high magnification of the square
indicated in Fig. 10a. The arrow in Fig. 10b indicates that the
MWCNT was slightly torn which can be attributed to the
strong interlayer bonding, indicating an enhancement of
effective frictional resistance between individual MWCNTs
and the alumina matrix leading to an increase in fracture
toughness. The diameter change is clearly shown in
Fig. 10b. On the other hand, the hole highlighted by the circle
in Fig. 10a could be attributed to a CNTwhich was completely
pulled out from the fracture surface during bridging [72].

In general, the increase in fracture toughness at 0.1 wt%
CNT additions could be associated with a suitable adhesion
strength of the well-dispersed CNTs to the matrix resulting
in a more effective load transfer from the matrix to the CNTs
[10]. Comparing the influence of the addition of MWCNTs and
SWCNTs on the fracture toughness in ZTA composites, the
experimental results reveal that MWCNTs are more effective
to toughen ZTA composites prepared by SPS (present work) or
conventional pressureless sintering [37]. This observation is
in disagreement with the results reported by Sun et al. [73]
claiming that the addition of CNTs had a negative influence
on the hardness of the composites and no influence on the
fracture toughness in 0.1–1.0 wt% MWCNT and SWCNTs/3Y-
TZP composites. Compared to pressureless sintered mono-
lithic Al2O3 [37], a 244% increase in fracture toughness was
realized for the SPSed ZTA composite with 0.1 wt% MWCNTs
addition.

4. Conclusions

In this work, relative densities higher than 98% were attained
by SPS with and without additions of multi-walled carbon
nanotubes (MWCNTs) and SWCNTs. A higher relative density
was reached with composites free of CNTs. On the other hand,
the Vickers hardness of the ZTA and ZTA-CNT ceramics was
found to decrease with increasing indentation load. The high-
er hardness of the ZTA-CNT composites is attributed to a grain
refinement of ZTA matrix. Meanwhile, the fracture toughness
also decreases with increasing indentation load. The 10 kg
indentation toughness of the ZTA ceramic substantially de-
creases upon adding 0.01 wt% MWCNTs and SWCNTs, but in-
creases again to the value of the matrix ceramic at 0.1 wt%
CNT addition. Due to the grain growth inhibiting effect of
the CNTs, the fracture toughness of the ZTA is lowered com-
pared to that of the ZTA ceramic. At higher CNTs content how-
ever, the additional toughening mechanisms induced by the
nanotubes, i.e. CNT pull-out and crack bridging, restore the
original toughness of the matrix. A predominantly intergran-
ular crack path with a high roughness of the fracture lines/sur-
face was observed in the MWCNTs reinforced ZTA composites
indicating that the crack deflection (zigzag nature) occurred at
the grain boundaries being the more predominant mechanism
for higher toughness (8.17 ± 1.23 MPa m1/2). Likewise, pull-
outs of a small amount of carbon nanotubes and the bridging
effect of CNTs during crack propagation, are the other possible
mechanisms that contributed to the improvement in fracture
toughness. SEM studies provide direct evidence of MWCNTs
rupturing in a sword-in-sheath mechanism in the tensile
direction suggesting a strong interfacial stress transfer that
would equally contribute to a moderate enhancement in frac-
ture toughness. In closing, undoubtedly, the influence of both
MWCNTs and SWCNTs on the fracture toughness in ZTA com-
posites is dependent on the dispersion method used, matrix
nature, particle size distribution, diameter and length of CNTs.
Taking this into account, there is a controversy whether either
MWCNTs or SWCNTs are the better reinforcement agents.
One should also take into account the Al2O3 and ZrO2 grain
size reducing effect of the CNT addition, which has a substan-
tial effect on the mechanical properties of the matrix material

Fig. 10 – SEM of fracture surface of ZTA (C2) composite with additions of 0.1 wt% MWCNTs showing, (a) a broken CNT (square),
and (b) higher magnification of the square in (a). Circle in (a) and arrow in (b) are explained in the text. Arrow marks in (a)
indicate footprints on the grain boundaries after pull-out of the CNT.
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might need to be initially compensated by the additional
toughening mechanisms incorporated by the CNT addition.
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Maria Elena Llanos Serrano from Instituto Mexicano del
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