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bstract

he addition of carbon nanotubes (CNTs) is expected to increase the fracture toughness of ceramic matrix composites, but an uniform dispersion
f the nanotubes in the matrix is essential. This is a complex issue in aqueous medium because of the nanotubes hydrophobicity. In this work,
he stability and rheological behaviour of nanozirconia concentrated suspensions, from 20 to 33 vol% solids, with and without multiwall carbon
anotubes (MWCNTs) was optimised in order to obtain homogeneous green samples by slip casting. The manufacture of nanozirconia/MWCNTs

omposites was performed using a heterocoagulation process in which the CNTs were homogeneously coated by the ceramic particles through
trong electrostatic attractive forces between the two phases and further consolidation by a slip casting route. After sintering, the effect of the

WCNT on the hardness and fracture toughness of the nanostructured zirconia samples was evaluated.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Many applications of ceramic matrix composites involve
ggressive working environments or load solicitations so that
echanical properties such as fracture toughness or resistance

o crack growth are of greatest importance. The incorporation
f carbon nanotubes (CNTs) into a ceramic matrix is aimed
o enhance the toughness of the material,1 as in the case of
bre-reinforced ceramics. Since they were described by Iijima,2

NTs have become suitable reinforcing agents for many materi-
ls, including ceramics, due to their high aspect ratios and their
nique mechanical properties. CNTs seem to be very attractive
n the reinforcement of zirconia used for prostheses fabrication,
mproving the stiffness and avoiding the slow crack degrada-
ion and hence increasing the lifetime and reliability of the new

aterial. Submicron-sized zirconia-based ceramics are widely

sed due to their excellent mechanical3 or electrical properties4

epending on the Y2O3 content. Partially stabilised zirconia
as demonstrated to provide superior mechanical properties at

∗ Corresponding author. Tel.: +34 91 735 58 40; fax: +34 91 735 58 43.
E-mail address: cruz@icv.csic.es (I. Santacruz).
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oom temperature. Such properties could be further enhanced
y tailoring suitable nanostructures or by adding high efficiency
einforcing agents, such as the CNTs. However, both an uniform
ispersion of the nanotubes and a homogeneous nanostructured
atrix are essential. The great tendency to agglomeration of

oth the nanosized ceramic powders due to their high surface
rea, and the CNTs, on one hand, and the different aspect ratio
etween the nanotubes and the nanoparticles, on the other hand,
trongly affect the preparation of a homogeneous mixture of the
wo phases within the nanocomposites. Nevertheless, the sys-
em YTZP/multiwall carbon nanotube (MWCNT) is receiving
ncreased attention and several reports on this subject have been
ecently published.5–8

The colloidal processing approach allows to obtain well-
ispersed CNTs-ceramic concentrated suspensions and the
roduction of complex-shaped parts with a decreased number
f flaws and smaller pores and higher reliability.9 However,
ost wet forming routes, such as slip casting, in situ coagula-

ion moulding, gel casting or tape casting, require stable slurries

ith high solids loading and low viscosity,10–15 which are diffi-

ult to achieve with nanosized particles16–18 and becomes more
nd more difficult as the shape factor increases, as in the case of
NTs.

mailto:cruz@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.014
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Hence, the control of the interparticle forces and the mod-
fication of the particle surface are necessary to allow a good

ixture of the two phases. This can be achieved by changing
he surface charge, by coating the particles with an organic bar-
ier layer or through the combination of the two, by means of
olyelectrolytes.19,20 The saturation adsorption and efficiency
f polyelectrolytes strongly depend on their dissociation degree
ontrolled by the pH.21–23 It is known that changing the pH of
tabilized concentrated suspensions from a pH regime with high
urface potential towards the IEP through the addition of urea
ith catalyzers or lactones11,24,25 produces the destabilization
f the suspension; this procedure is the basis of the so-called
irect Coagulation Casting (DCC)26–28 and is a method for the
roduction of complex-shaped, high strength, high reliability
eramic components.

When two different species coexist in the suspension, each
ne showing a different isoelectric point, there is an interme-
iate pH zone where the two different species are oppositely
harged. At this pH range, electrostatic attraction between them
ill occur thus leading to heterocoagulation.29 This can lead

o agglomeration when particles have similar size and shape.
owever, it has been demonstrated to be a suitable procedure

o obtain core–shell structures and to coat bigger particles with
maller ones.28,29 The coating of big non-spherical particles,
uch as the CNTs, in this way can be a valid option to maintain
hem stable and well-dispersed in a ceramic matrix.

The aim of this work was the manufacture of YTZP materi-
ls reinforced with a second phase of MWCNTs by a colloidal
rocessing route based on the strong attractive interaction of the
wo phases by heterocoagulation.

. Experimental procedure

As ceramic powder a commercial 3 mol% yttria tetrago-
al zirconia polycrystalline (YTZP) nanopowder from Inframat
dvanced Materials (USA) was used. It has a primary parti-

le size of 30–60 nm, and specific surface area of 41.7 m2/g, as
easured by one point nitrogen adsorption (Monosorb, Quan-

achrome, FL, USA).
MWCNTs supplied by Sunnano (China) were synthesized by

hemical Vapour Deposition (CVD) and had an average diam-
ter between 10 and 30 nm, a length of 1–10 �m and a purity of
ver 80%, with a low metal content (0.85% Fe, 0.82% Ni and
.07% Al). Atomic force microscopy (AFM) images of the pow-
ers were performed in a Digital Instruments Multimode AFM,
eeco, Santa Barbara, CA, with a Nanoscope III controller using

apping mode.
The zeta potentials of MWCNTs and YTZP were mea-

ured by laser Doppler velocimetry using a Zetasizer NanoZS
Malvern, UK) apparatus, although the authors know that this
echnique is not suitable for non-spherical particles. Measure-

ents in this case were taken with cautions for comparison
urposes. Suspensions were prepared to concentrations of

.001 wt% using 10−2 M KCl solutions as electrolyte.

Concentrated ceramic suspensions were prepared according
o the procedure reported elsewhere.30 As deflocculant, aqueous
olutions of an ammonium salt of polyacrylic acid-based poly-

F
O
f
u
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lectrolyte (PAA, Duramax D3005, Rohm & Haas, USA) were
repared in deionised water to concentrations of 1.0–3.0 wt%.
he amount of deflocculant added is expressed in terms of the
ctive matter present in the dispersant with respect to suspen-
ion solids loading. Then, suspensions ranging from 60 wt%
o 75 wt% (20–33 vol%) of nanosized YTZP were prepared.
etramethylammonium hydroxide, TMAH (Aldrich-Chemie,
ermany), supplied as a 25 wt% aqueous solution was added

o the suspensions in order to obtain the desired value of pH
8.0 ± 0.1) although it also contributes to a better stabilisation
f the suspensions.26,30,31 The suspensions were homogenised
sing mechanical agitation with helices for 30 min and dispersed
sing a 400 W ultrasound probe (UP400S, Hielscher Ultrason-
cs GmbH, Stuttgart, Germany). Suspensions were cooled in
n ice-water bath during ultrasonication (US) in order to avoid
xcessive heating. Ultrasonication was applied on small amounts
f suspensions each time, 20 mL, for total times of 2–8 min using
min steps separated by 15 min mechanical stirring. The rheo-

ogical behaviour of the suspensions with different solid loadings
nd different ultrasonication times was studied in order to opti-
ize the solids loading and to reach increased green densities.
he measurements were performed using a rheometer (Model
S50, Thermo Haake, Karlsruhe, Germany) with a double-cone
nd plate system (60 mm in diameter, 2◦ cone angle) provided
ith a solvent trap to reduce evaporation. A three-stage measur-

ng program with a linear increase in the shear rate from 0 to
000 s−1 in 300 s, a plateau at 1000 s−1 for 120 s, and a further
ecrease to zero shear rate in 300 s was used. The maximum
acking fraction of the nanosized YTZP was predicted using
he Krieger–Dougherty model.

To obtain the composites, nanosized YTZP suspensions were
repared to 65 wt% solids adding 0.3 wt% of MWCNTs with
egard to the YTZP mass, that is a volume fraction of 0.24
1.0 vol% of MWCNTs).

The dispersion state of the MWCNTs was improved by the
dsorption of a cationic dispersant, namely poly(ethylenimine)
PEI), which provides a positive charge to the MWCNTs at
he working pH (8.0 ± 0.1). The suspensions were prepared
y adding 20 wt% PEI (Aldrich Chemical Company, USA) to
eionised water prior to the addition of the MWCNTs and son-
cation for 2 min. Then, the desired amount of polyelectrolyte
nd the YTZP powders were added and the new suspension was
ltrasonicated for further 8 min.

The rheological behaviour of the YTZP/MWCNTs suspen-
ion was studied in the same way as the YTZP suspensions.
lip-cast samples of YTZP with and without MWCNTs with
mm in diameter and 10 mm in thickness were obtained and
ere left to dry for 24 h at room conditions.
The green densities of the cast bodies were measured by

he Archimedes’ method in mercury. Theoretical densities of
.10 and 6.06 g cm−3 were considered for the YTZP and the
TZP/MWCNTs, respectively. Green fracture surfaces were
bserved by field emission gun scanning electron microscopy,

EG-SEM (LEO 1530VP, LEO Elektronenmikroskopie GmbH,
berkochen, Germany). Dynamic sintering tests were per-

ormed on the YTZP and YTZP/MWCNTs samples in Argon
p to 1500 ◦C with a heating rate of 5 ◦C/min using a differential
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ilatometer (Setaram, Setsys TMA-18, Caluire, France). The
pecimens were sintered at 1350 ◦C/1 h. The final densities were
easured using the Archimedes’ method in water. The fracture

urfaces were observed by SEM (JEOL JSM-5910-LV, Tokyo,
apan) and the grain size was measured on SEM pictures.

The hardness and the fracture toughness of the samples were
easured using the Vickers indentation method. The indenta-

ion tests were performed with a load of 5 kg, according to
he UNE-EN ISO 6507-1:2006 standard. The fracture thresh-
ld (KI0) was calculated by measuring the crack length some
ays after the indentation, once the crack had reached the Grif-
th equilibrium, as it is a more “intrinsic” value of the material.
or ceramic joint prostheses, this threshold determines a safety
ange of use: the higher the threshold, the higher the reliability
nd consequently the lifetime.32 It was determined according to
he Lawn’s expression33:

I0 = χ P c
−3/2
0 (1)

= C

(
E

H

)1/2

(2)

here P is the applied force (N), c0 is the crack length (m). χ is
constraint factor defined by Anstis et al.,34 where C is a geo-
etric constant that takes the value of 0.016, H is the Vickers

ardness (GPa) and E is the Young’s modulus (GPa). As a basic
pproach, the Young’s modulus was assumed to be E = 220 GPa
or all the samples, irrespective of their composition. Although
ndentation toughness method is controversial, especially in
NT composites,35–37 it is still a very common method used

or zirconia ceramics and zirconia composites.5,7,8,32

. Results and discussion
Fig. 1 shows AFM micrographs of the starting nanosized
TZP powders and MWCNTs. The YTZP seems to be free of

gglomerates. The nanotubes show an average width of nanome-
ers and a typical length shorter than 1 �m.

w
(
fi
c

Fig. 1. AFM images of the of the YT
ig. 2. Comparison of the zeta potential as a function of pH for YTZP, MWC-
Ts, YTZP with 2% wt PAA and MWCNTs with 20 wt% PEI.

Fig. 2 shows the evolution of the zeta potential with pH
or YTZP and MWCNTs with and without their correspond-
ng deflocculants (PAA and PEI for the ceramic particles and
he nanotubes, respectively). From that figure, it can be seen
hat when no surfactant or polyelectrolyte are used, there is a
arrow range of pH (from 6 to less than 8) where heterocoag-
lation can occur, making difficult the controlled adsorption of
he nanoparticles on the nanotubes. When using dispersant with
ifferent surface charge, it is possible to increase the range of
eterocoagulation to near 7 units of pH, viz. from pH 3 to pH 10,
hus allowing a simple control of the heterocoagulation process.

The zeta potential values of diluted YTZP suspensions with
.0, 2.0 and 3.0 wt% polyelectrolyte were −37 ± 6, −37 ± 9,
nd −35 ± 12, respectively. A concentration of 2.0 wt% defloc-
ulant was selected to prepare the concentrated suspensions,
n order to assure complete coverage. YTZP suspensions
ere prepared in concentrations ranging from 60 to 75 wt%
20–33 vol%). The influence of the addition of TMAH was
rst studied on 60 wt% suspensions. Fig. 3(a) shows the flow
urves of the suspensions at that solids loading with and without

ZP (a) and the MWCNTs (b).
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Fig. 3. Flow curves of 60 wt% suspensions with 2 wt% PAA with and without
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sintered samples are shown in Fig. 8, where the YTZP sam-
ple (Fig. 8a) shows larger grain size than the YTZP/MWCNTs
sample (Fig. 8b). This is believed to be a consequence of the
incomplete densification of samples containing nanotubes, in
MAH with no ultrasonication (a), and evolution of the viscosity with ultrason-
cation time for the concentrated YTZP suspensions (60–75 wt%) with 2 wt%
AA and TMAH. Shear rate: 100 s−1 (b).

MAH prepared with PAA and without ultrasound treatment.
oth suspensions were thixotropic although the viscosity of the

ormer decreased due to the better stabilization.30,31,38–40 For
his reason, TMAH was added in the preparation of the nanozir-
onia suspensions. The suspensions with PAA and TMAH were
omogenized by using an ultrasound probe for a few minutes.
he evolution of the viscosity of the 60, 65, 70 and 75 wt%
uspensions with different US times was studied by taking the
iscosity value of each suspension at 100 s−1 from the up-curves.
his evolution is shown in Fig. 3(b), where the viscosity of the
uspensions after ultrasonication decreased due to the stabiliza-
ion achieved when the agglomerates break down, even after
nly 2 min US. The optimum viscosity and thixotropy were
eached for ultrasonication times of 6–8 min. The deflocculant
ontent of the concentrated suspensions (75 wt%, 33 vol%) was
ater increased up to 2.7 wt%, but the viscosity of this suspen-
ion was very high, even after 8 min ultrasonication, so that
wt% PAA was maintained as the most effective concentration
f polyelectrolyte even for the concentrated YTZP suspensions.

The variation of the relative viscosity as a function of the
olume fraction of solids and the time of ultrasonication mix-
ng was studied. The experimental data were fitted to the cross

odel that provides the high shear limiting viscosity (η∞). The
volution of viscosity with volume fraction of solids was then fit-

ed to the Krieger–Dougherty equation, to predict the maximum
acking fraction (φm),41 as it is shown in Fig. 4 for different US
ixing times. As expected, from 0 to 6 min, the higher the ultra-

onication time the higher the value of φm. Without ultrasound
F
Y

ig. 4. Limit viscosity (η∞) as a function of the volume fraction and the ultra-
onication time.

reatment, φm was 0.34, but ultrasonication times of up to 6 min
esulted in φm = 0.4.

Once the dispersion of the YTZP was optimised, the MWC-
Ts were added to the suspensions. It can be expected that after

he addition of the nanotubes to the suspensions the maximum
acking fraction would be reduced, due to the dimensions/shape
f the MWCNTs. Fig. 5 shows the flow curves of the 65 wt%
TZP suspension (with 2 wt% PAA and 6 min ultrasound) with

nd without MWCNTs. The addition of the nanotubes has
strong effect on the viscosity and a broad hysteresis cycle

ppears. The density values of the corresponding green samples
re shown in Table 1.

FEG-SEM fracture surfaces of the green YTZP and
TZP/MWCNTs samples are shown in Fig. 6. From these
icrographs it can be seen that homogeneous green bodies were

btained in both cases. For the YTZP/MWCNTs green sam-
les, the carbon nanotubes are homogeneously distributed and
o bundles or agglomerates are observed.

In order to select the sintering cycle, dilatometric tests were
erformed for both samples, Fig. 7. The micrographs of the
ig. 5. Flow curves of 65 wt% YTZP suspensions with 2 wt% PAA and 65 wt%
TZP/MWCNTs.
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Table 1
Physical and mechanical properties of the YTZP and YTZP/MWCNTs samples.

Density Grain size/nm Vickers hardness/
GPa ±0.1

Fracture threshold (KI0)/
MPa m1/2 ±0.1

Green ± 0.2 Sintered ± 0.1 Min. Max. Average

YTZP 2.8 g cm−3 (45.9%TD) 5.9 g cm−3 (96.7%TD) 180
YTZP/MWCNTs 2.6 g cm−3 (42.9%TD) 5.8 g cm−3 (95.7%TD) 100
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to the interfacial bonding. Furthermore, as they are coated, they
will not behave as a source of defects in the matrix and good
final densities are expected. This issue will be studied in future
work.
ig. 6. Green nanostructure of slip cast nanosuspensions: (a) YTZP and (b)
TZP/MWCNTs.

greement with the dilatometry (Fig. 7), which shows that the

aximum shrinkage is smaller for the composite. In Table 1

he final densities and the grain sizes of the sintered samples
re presented. The obtained density is larger for the YTZP,
early 97% TD, while that of YTZP/MWCNTs is nearly 96%

Fig. 7. Dilatometries of YTZP and YTZP/MWCNTs.
F
Y

770 435 12.5 3.8
370 220 11.0 4.0

D. The values of the Vickers hardness and fracture tough-
ess are also presented in Table 1. With the addition of the
anotubes, a decrease of the hardness of 12.5% is produced,
hich is explained by the lower density of the nanocomposite

nd the addition of a softer phase to the system. On the other
and, it is observed that a small amount of carbon nanotubes
1 vol%) leads to an increase of the fracture toughness of 6.4%.
lthough this is not a great enhancement it opens the path for
new kind of nanocomposites with better fracture toughness.
nyhow, it will be necessary to obtain final YTZP/MWCNTs

omposites with a density above 97% if we want to use them
or load bearing applications that require good mechanical prop-
rties. In previous works42 we have described the procedure to
btain nanozirconia partially coated MWCNTs, where the for-
ation of Zr–C compounds is reported. These coated MWCNTs

ffer a better wettability in the zirconia matrix and ensure a good
oad transfer among the zirconia matrix and the nanotubes due
ig. 8. Sintered nanostructure of slip cast nanosuspensions: (a) YTZP and (b)
TZP/MWCNTs.
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. Conclusions

YTZP and YTZP/MWCNTs aqueous nanosuspensions with
p to 33 vol% solids loading have been prepared by ultrasoni-
ation and the addition of different deflocculants. The selected
eflocculants were successfully adsorbed onto the particles and
anotubes, and hence, the heterocoagulation process seems to
elp in obtaining green samples. The maximum volume fraction
ncreases with increasing ultrasonication time under the range
f study. The presence of MWCNTs in the ceramic nanosuspen-
ions affects homogenisation since both viscosity and hysteresis
ycle increases; hence it is necessary to reduce the solids load-
ng of the suspension. The addition of carbon nanotubes affects
lso the total densification of the samples, because they act as
source of defects in the matrix, and a decrease of the hard-

ess occurs. Since the fracture toughness slightly increases, it
uggests that carbon nanotubes could be strengthening agents
or zirconia-based materials. To preserve the hardness of the
eramic matrix and increase the toughness it will be necessary
o ensure a good load transfer among the zirconia matrix and
he nanotubes. This goal may be achieved by using nanozirco-
ia partially coated carbon nanotubes that offer an interfacial
onding between the zirconia and the MWCNTs. This subject
ill be studied in future work.
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