Effect of graphene and CNFs addition on the mechanical and electrical properties of dense
alumina−toughened zirconia composites
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ABSTRACT
Fully dense carbonƒalumina−toughened zirconia composites were prepared by using a
combination of aqueous colloidal powder processing and spark plasma sintering
technique (SPS). Various carbon elements were introduced in alumina−toughened zirconia
matrix (ZA) as filler; carbon nanofibers (CNFs) and graphene oxide (GO). The influence of
the addition of different carbon forms on the microstructure and on the mechanical and
electrical properties was investigated. ln the case of the ZAGO composites, the SPS
technique allowed, in one−step, the in situ reduction of the graphene oxide during the
sintering process. The fracture toughness increases for ZAGO composites in comparison to
the ZA material while the hardness decreases slightly with carbon elements addition. The
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electrical conductivity of the ZA composite drastically increased with the addition of
graphene oxide, and it reached f0 ·cm at 2 vol.%.

Keywords: Colloidal processing; Nanocomposites; Graphene; Functional properties; Spark
plasma sintering

f. lntroduction
During the last few years new ceramic matrix composites reinforced with carbon
nanotubes (CNTs) or carbon nanofibers (CNFs) have been developed and a great number
of authors have reported improved mechanical and functional properties for those
composites as compared to the monolithic ceramic counterparts [f−3]. However, the
application of carbon materials as fillers in ceramic matrices is still limited, mainly due to
the difficulty of dispersing nanotubes or nanofibers homogeneously throughout the
matrix, on one hand, and the damage experimented by the carbonaceous elements during
high temperature processing, on the other hand [4,5].
Nevertheless, in recent years, the emergence of graphene, a monolayer of sp 2−hybridized
carbon atoms arranged in a honeycomb lattice, has attracted increasing interest due to its
impressive properties that open a wide number of opportunities for the manufacture of
ceramic matrix composites. ln addition, the two−dimensional (2D) nature of graphene can
contribute to improve the electrical and mechanical properties of a large range of
materials such as inorganic nanostructured composites, polymer composites, organic
crystals and biomaterials due to a higher contact area between the layers in comparison
with that provided by CNTs or CNFs [6−8].
Up to date, most of the investigations focused on the structural reinforcement of single
and multi−wall carbon nanotubes (SWCNT and MWCNT, respectively) on yttria−doped
zirconia and other ceramic matrices; however, the establishment of improved processing
strategies allowing better reliability and higher uniformity of graphene reinforced ceramic
composites, and their derived functional properties is still a challenge. SWCNTs present
better mechanical properties than MWCNTs and CNFs as it is possible to avoid the inter−
wall sliding that can take place in MWCNTs, with inner graphitic walls being extracted
from outer walls in a ”sword and sheath” failure [f,9]. However, SWCNTs tend to
agglomerate easily due to Van der Waals interactions, which strongly difficult the
adequate processing of those composites. Several approaches, including different powder
processing and sintering methods have been proposed in literature. Physical mixing under
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wet conditions by ultra−sonication, ball milling or attrition milling has been conducted to
disperse the carbonaceous phase inside alumina or zirconia matrices [f0−f2]. Other
approaches include colloidal processing strategies like heterocoagulation, stabilization
with polymeric dispersants or electrostatic repulsion, which have been widely discussed in
the literature [4, f3−f5].
The first report on a grapheneƒalumina composite was published in 2009 [f6]. A few years
later, bulk grapheneƒalumina composite sintered by spark plasma sintering (SPS) was
described by Wang and co−workers [f7]. Recently, a few publications on graphene
reinforced yttria−stabilized zirconia composites obtained by SPS have been reported [f8].
Shin et al. obtained fully densified graphene−YSZ composites with improved electrical
conductivity and fracture toughness, but the hardness decreased with graphene content.
Liu and co−workers [f9] reported the preparation of graphene plateletsƒzirconia−
toughened alumina (GplateletƒZTA) composites in which an addition of 0.8f vol.% Gplatelet
into the ZTA composite resulted in a 40% increase in fracture toughness. They also found
that the hardness decreased with the introduction of Gplatelet as a minor phase. ln previous
works, the preparation of large sized ZTA composites with and without graphene oxide by
an aqueous tape casting process has been reported. Moreover, the manufacture and
mechanical behaviour of multilayers comprising alternate layers of those composites has
been also described [20,2f].
The aim of the present investigation is to establish a simple methodology to produce
composites of alumina−toughened zirconia (ATZ, which we be named in the following ZA,
since Z is the major phase) and carbon nanostructures by colloidal processing and
subsequent spark plasma sintering and to evaluate the potential of these new structural
materials. For such purposes the effect of CNFs and graphene oxide in the rheological
behaviour of ZA suspensions and the final properties of the composites is compared. The
homogeneous mixture of the components allowed obtaining a great enhancement of the
electrical conductivity while improving slightly the mechanical properties through the
addition of very low amounts of carbon nanodispersoids.

2. Experimental Procedure
ln this study the following powders were used as starting materials: (a) a commercial
nanosized powder of zirconia doped with 3 mol.% of Y2O3 (TZ−3YE, Tosoh Co., Japan) with
a mean particle size of f00 nm, surface area of f4.5 m2·g−f and density of 6.05 g·cm−3; (b) a
colloidal suspension of −alumina (Aerodisp W630X, Degussa−Evonik, Germany) with pH
~4, a solids content of f0 vol.% (30 wt.%) and particles with an average diameter of ~f4
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nm and a surface area of f00 m2·g−f, according to the supplier; (c) commercial carbon
nanofibers CNFs (GANF − Grupo Antolin Carbon Nanofibers, Spain) with an average outer
diameter of 20−80 nm, lengths >30 m and surface area of f50−200 m2·g−f; and (d) a
monolayer graphene oxide GO (Nanoinnova Technologies, Spain) with average lengths
and thicknesses in the range of f−4 m and 0.7−f.2 nm, respectively, and a surface area
of ~f03 m2·g−f.
The zeta potentials were measured by laser Doppler velocimetry technique using a
Zetasizer NanoZS apparatus (Malvern, UK) at the experimental conditions described in
previous works [20,22−24]. The evaluation of the zeta potentials, measured in water and in
a mixture of water and ethanol (EtOH) with a weight ratio 90ƒf0, was used to prepare the
different concentrated suspensions by sequential addition. They were measured as a
function of pH of the TZ−3YE, alumina, CNFs and graphene oxide, and with the addition of
f wt.% (with regard to dry solids of CNFs) of Hypermer KD7 (Uniqema, Netherlands) as a
dispersing aid.
lnitially the rheological behaviour of zirconia−alumina (ZA) suspensions with different
solids loadings and different ultrasonication times was studied in order to optimize the
solids loading. Concentrated suspensions of ZA were prepared to solids loadings of 20, 23,
28, and 33 vol.% (i.e., 60, 65, 70 and 75 wt.%, respectively). The mixtures of zirconia and
alumina were always prepared at a relative volume ratio of 95:5 (97:3 wt.%). No
deflocculant was necessary because the zirconia is stable in water [22], and the colloidal
suspension of −alumina had organic additives that could help the stabilization and
impede the subsequent adsorption of other dispersants. Then, ceramic powders were
added in a mixture of deionized water and ethanol with a volume ratio 90:f0. This mixture
of solvents was used as a strategy to achieve a better dispersion of the CNFs when they
were added.
The suspensions with different solids loading were prepared by first adding the minor
phase (alumina) in waterƒethanol and subsequently the zirconia powder. The as−prepared
suspensions were ultrasonicated using a 400 W sonotrode (UP400S, dr. Hielscher,
Germany) in order to improve the dispersion state. Ultrasonication was applied for total
times of f−3 min using f min steps separated by f5 min mechanical stirring.
Rheological characterization was performed using a rheometer RS50 (Thermo Haake,
Karlsruhe, Germany) with double−cone and plate system. The flow behaviour was
measured at controlled shear rate (CR) conditions by loading the shear rate from 0 to
f000 s−f in 5 min, maintaining at f000 s−f for f min and downloading from f000 to 0 in 5
min. Temperature was maintained constant at 25 ºC.
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The variation of viscosity versus volume fraction of solids was used to predict the
maximum solids loading (m) at which the slurries remained stable, using the Krieger−
Dougherty model [25]:

y = ys (1 —

$
$m

y

[

where [ ], the intrinsic viscosity, is equal to 2.5 for uniform and spherical particles,  is the
volume fraction of particles, m is the maximum packing fraction, is the viscosity of the
suspension and s is the viscosity of the medium.
From these results, the effect of the addition of 2 vol.% of either CNFs or graphene oxide
on the rheological behaviour of ZA suspensions was then studied. For the preparation of
the suspensions with CNFs, these were initially added to a solution of deionized water and
ethanol containing f wt.% (with regard to dry weight of CNFs) of Hypermer KD7 (Croda,
USA) as a deflocculant, and the suspension was homogenized by applying sonication for 2
min. Once the CNFs were dispersed the alumina suspension was added and kept under
mechanical stirring for f5 min. Finally the zirconia powder was added to the mixture and
the suspension was homogenized also by sonication.
For the preparation of the composition with GO, a similar procedure was used adding first
the GO powder into the water and applying 2 min of sonication, to achieve the complete
dispersion of the graphene oxide sheets. Only water was used as liquid media as the GO is
well dispersed in this medium. Then the alumina suspension was added and the pH of the
suspension was adjusted to pH 9−f0 with tetramethylammonium hydroxide (TMAH) and
the mixture was maintained under mechanical stirring for 5 min. The TZ−3YE powder was
added the latest and the pH of the suspension was readjusted to the desired pH 9. The
final suspension with carbon derivatives and ceramic powders was maintained with strong
mechanical stirring f5 min more.
The rheological behaviour of the suspensions of zirconia−alumina with 2 vol.% CNFs
(ZACNF) and zirconia−alumina with 2 vol.% GO (ZAGO) were studied in the same way as
the ZA suspension. The optimized, well−dispersed suspensions were dried in a freeze
drying apparatus (TELSTAR−Cryodos, Spain) to obtain homogeneous mixtures of the
powders.
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The freeze−dried powder mixtures were placed into a graphite die with an inner diameter
of 20 mm and compacted. Then, they were sintered using a Spark Plasma Sintering (SPS)
apparatus HP D25ƒf (FCT SystemeGmbh, Rauenstein, Germany) at different temperatures
(f400−f500 ºC) and 80 MPa of pressure to obtain fully sintered bulk materials. The tests
were carried out under vacuum at a heating rate of f00 ºC·min−f with f min of dwelling
time at the maximum temperature.
Sintered samples were longitudinally cut in half cylinders with a diamond saw and were
polished (Struers, model RotoPol−3f) to 0.5 mm using SiC paper and diamond suspension.
The fracture surface was analyzed by using a field emission gun scanning electron
microscope (FE−SEM, HlTACHl S−4800, SCSlE of the University of Valencia).
Sintered density was determined by the Archimedes' method (lSO−3369) using
deionized water. Vickers hardness and fracture toughness assessments were carried out
using the indentation method. The hardness of the materials was determined using the
indentation technique (Buehler, model Micromet 5f03) with a conventional diamond
pyramidal indenter. The diagonals of each indentation were measured using an optical
microscope. Measuring conditions for the Vickers hardness, Hv, were an applied load of 5
N for f0 s using f0 indents for each composite and the standard specification ASTM E92−
72. The value of Hv is the relationship between applied load P and the surface area of the
diagonals of indentation [26]. To estimate the indentation fracture toughness KIC, 306 N
Vickers indentations were performed on the surface of the samples, inducing Palmqvist
cracks, from which the indentation fracture toughness was obtained by the method of
Niihara [27].
The electrical conductivity was measured at room temperature; the measurements were
carried out by fixing the intensity at 0.5 A current using a multimeter of fixed pegs (9.55
mm separation), determining the voltage drop. The electrical conductivity was also
measured along both directions. Finally the samples were studied by Raman spectroscopy.
Data acquisition was performed with a confocal Raman microscope (WlTEC Alpha300
GmbH, Germany) with wavelength of 532 nm, conducting sweeps of 5 m x 5 m,
distributed in 50 x 50 points. The acquisition time at each point was 2 s. From these
spectra collection, intensity maps of specific bands were built.

3. Results and Discussion
The colloidal stability of the starting ceramic powders and the CNFs in water is well
established, and has been previously reported as the variation of zeta potential as a
function of pH [22−24]. The results are presented in Table f showing the isoelectric point
6

(lEP) and the zeta potential at the working pH of the ceramic powders and the
carbonaceous nanodispersoids. Since ZACNF suspensions are prepared in a waterƒethanol
mixture, the table also includes the data measured in that solvent mixture. The stability of
the initial powders in waterƒEtOH is shown in Figure f, where the variation of zeta
potential versus pH for the powders used in the study is plotted.
The isoelectric point of TZ3YE in water was previously reported to occur at pH 3 [22],
whereas in waterƒethanol shifts to less acidic pH, around 4.3. The isoelectric point of the
alumina colloidal suspension occurs at pH f0, in good agreement with other values
reported in the literature for this suspension [23]; meanwhile in waterƒethanol it shifts to
slightly lower pH values. Despite this, the ZA suspension was prepared under neutral
conditions since colloidal suspension of −alumina had organic additives that could help
the stabilization.
The isoelectric point of CNFs has been recently reported to occur at pH  3.5 [24]. lt
experiences a large variation scrolling to basic pH, about pH 8.5, although at neutral pH it
has a range of low colloidal stability with small zeta potential values. However, the
addition of f wt.% (with regard to dry weight of CNFs) of Hypermer KD7 as a deflocculant
shifts the isoelectric point to pH 5 and enables the stabilization of the CNFs in the neutral
range of pH, as it can be seen in Figure f. Thus in the preparation of the ZACNF suspension
by sequential addiction, firstly a heterocoagulation process between the predispersed
CNFs and the −alumina occurs, allowing the CNFs to remain adhered to the alumna
particles, and later the zirconia powder is added to the mixture.
For GO, the zeta potential is always negative (by −35 mV) and the isoelectric point is not
reached at any pH, although values lower than 2 were not measured due to the large
errors produced by the excess of charge [20]. Thus the ZAGO suspension is prepared in
water, since in contrast to the CNFs, the GO is easily dispersed in this medium making it
possible the preparation of the suspension at pH f0 without the addition of any
deflocculant as the zeta potentials of all the components remain negative at these
conditions.
To optimize the preparation of the mixtures, the suspensions of ZA were first studied, and
subsequently the effect of the carbon nanodispersoid on the rheology of the suspension
was then studied. Figure 2 shows the flow curves of ZA suspensions prepared to solids
loadings of 20, 23, 28, and 33 vol.% solids and different sonication times. Suspensions
prepared by mechanical mixing without sonication present a broad thixotropic cycle, with
a high shear thinning behaviour and a strong time dependency. This indicates that
mechanical mixing does not provide the desired stabilization and suspensions exhibit a
complex behaviour in which particles develop a network structure at rest. The application
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of sonication promotes a reduction of viscosity and provides a Newtonian behaviour,
excepting for the most concentrated suspension (that with 33 vol.% solids), which
presents a small thixotropic cycle. This is an indication that a good desagglomeration of
the powders is reached, evidencing improved stabilization of the suspensions. For the ZA
suspensions with 20 and 33 vol.% solids, the application of only f minute of sonication
provides the lowest viscosity and for suspensions with 23 and 28 and vol.%, a sonication
time of 2 min is necessary to reach the lowest viscosity. The application of further
sonication does not lead to an improvement of the rheological behaviour and the
suspension viscosity increases.
lt is well established that viscosity increases exponentially with solids content until a
maximum particle concentration is reached at which viscosity tends to infinity, which
indicates that a compact structural network has been formed. The Krieger−Dougherty
model permits to predict the maximum packing fraction (m) of particles that can be
dispersed in the suspension, while maintaining the suspensions fluidity [25]. The effect of
the solids loading on viscosity is observed in Figure 3, in which the relative viscosities
measured in the high shear rate region (f000 s−f) are fitted according to the Krieger−
Dougherty model. The fitting parameter n obtained was 2.2, which indicates that the
particles in the suspension are spherical. The extrapolation of this fit to the upper bound
provides the m value, which is 0.39. The suspensions prepared with a solid content of 33
vol.% is near to this factor and presents too high viscosity to allow an easy handling.
Hence, the suspension with 28 vol.% solids was chosen as the most appropriate for the
addition of CNFs and GO, since it presents a solids content high enough and a low viscosity
to allow easy dispersion of CNFs and GO, which addition is expected to increase the
viscosity.
The flow curves of ZA suspensions with 2 vol.% CNFs (ZACNF) prepared to a solids loading
of 28 vol.% without sonication and with different sonication times are shown in Figure 4. lt
can be seen that without sonication, the suspension presents high viscosity, a broad
thixotropic cycle and significant yield point. The yield point disappears and the thixotropic
cycle strongly decreases when sonication is applied as well as the viscosity that reaches a
minimum value after 3 min of sonication, which indicates a homogeneous dispersion of
the powders in the suspension. Following the same procedure, Figure 5 shows the flow
curves obtained for the ZAGO suspensions prepared to a solids loading of 28 vol.% at
different sonication times. lt may be observed that with f min of sonication the
suspension viscosity decreases and the thixotropic cycle almost disappears, demonstrating
that stable suspensions are obtained.
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Comparing the flow curves of the suspensions ZA, ZACNF and ZAGO that presented the
best dispersing conditions, it is observed that the viscosity increases when either CNFs or
GO is added to the ZA suspension, as it could be expected for the addition of non−
spherical particles that make the surface contact to increase.
After the optimization of the rheological behaviour of the ZA, ZACNF and ZAGO
suspensions, they were freeze dried and the homogeneous mixtures of powders were
subsequently sintered using the SPS process. The sintered specimens were characterized
in terms of density, hardness and fracture toughness. Table 2 shows the values obtained
for samples sintered at f400 and f500 ºC. Although it is not reported here, a sample of
zirconia without secondary phase was prepared by SPS at the same conditions for
comparison purposes. The results obtained for the zirconia samples also are presented in
Table f. lt can be observed that the Vickers hardness and fracture toughness of ZA
materials have increased over that of Z alone and density is not affected by the addition of
alumina to the zirconia matrix, for both sintering temperatures f400 and f500 ºC. As also
observed in this table the relative density of the materials containing CNFs or GO have a
very slightly lower density, thus meaning that colloidal processing is suitable to produce
dense bodies. lt can be also observed that the hardness values are rather the same for
the two thermal treatments, and fracture toughness increases very slightly at f500 ºC, so
that sintering at f400 ºC is enough to obtain dense materials with CNFs or GO as a second
phase.
The electrical resistivity of the composites was measured at room temperature and no
significant changes have been found on the values of sintered composites at f400 or f500
ºC as its electrical resistivity only depends on the material composition and all of them
have near to theoretical densities. Ceramic matrix composites with very low electrical
resistivity have been produced; however, ZAGO material shows an electrical resistivity
value (f0  f.0 ·cm) four orders of magnitude lower than the ZACNF composite (2.5·f0 4
 0.5 ·cm) and nine−order lower than monolithic zirconia [28].
As a result of the reduction process occurring during sintering, non−conductive graphene
oxide is transformed into a conductive material. The addition of even very small amounts
of graphene into the zirconiaƒalumina matrix leads to an electrically conductive
composite. This can be explained by the intersheet connections along the a−b graphene
planes (orientation perpendicular to the pressure direction applied in SPS) [29]. This
behaviour is one of the advantages of using graphene in comparison to carbon nanotubes
or carbon nanofibers [30].
ln the case of CNTs or CNFs when the percolation limit is exceeded there is a strong
tendency to form agglomerates thus having a small contribution to the electrical
9

conductivity [28,3f]. ln addition, while the connection between CNTs is of a point to point
touch type that leads to a high resistance, graphene is a 2D material connected by an area
to area touch type that results in an increased probability of contacting each other and
consequently a lower electrical resistivity is observed.
FE−SEM micrographs of the fracture surface of the sintered materials are presented in
Figure 6. Nearly full densification was achieved by SPS. The relative density decreases
slightly when CNFs or GO are added, i.e. they impede the full densification of the
zirconiaƒalumina ceramic composites, but density maintains always above 98% of the
theoretical density. The fracture mode is mainly intergranular (grain boundary weakness
due to the presence of the CNF or GO promotes intergranular fracture along grain
boundaries, over transgranular fracture through the grains). Regarding the mechanical
properties of the composites, a decrease of the Vickers hardness values is found when
either CNFs or GO are added, whereas the fracture toughness increased slightly in the
ZACNF and ZAGO composites sintered at f500 ºC with respect to the ZA counterparts. The
same hardness behaviour has been reported in fully densified MWCNT−3YTZP, SWNT−
3YTZP, CNF−3YTZP and graphene−3YTZP composites with different carbon contents [32−
34,f8]. Therefore, this tendency is probably due to a decrease in the composite density.
This effect is probably associated to weak interfacial bonding between carbon reinforcing
element and ceramic grains. The significant drop of hardness has also been observed in
other ceramic composites with graphene, i.e. graphene−Si3N4 [35] whereas Centeno et al.
[29] showed that the Vickers hardness of Al2O3−graphene composites is very similar to that
of the monolithic alumina, which is characterized by a high hardness.
The homogeneous dispersion of all elements, carbon agglomeration and weak cohesion
bonding with ceramic grains is a big problem to reinforce these composites and increase
hardness values. Several approaches, including different powders processing and sintering
methods have been proposed in the literature [33], but at the present time, reinforcing
(increase of hardness) of monolithic ceramics andƒor composites with graphene has not
been yet reported.
The fracture toughness of ZrO2−Al2O3 composite sintered at f400 and f500 ºC was
relatively low (4.2 and 3.9 MPa·mfƒ2, respectively), but higher than the monolithic zirconia
material, due to a smaller grain size, thus demonstrating that at least it is not deleterious.
The addition of GO increased slightly the fracture toughness value to 4.5 MPa·m fƒ2 at f500
ºC and achieved a similar value at f400 ºC. The improvement of fracture toughness was
more significant (nearly 50%) in Al2O3−graphene composite [29], probably due to the fact
that crack bridging reinforcing mechanism is more significant in Al2O3 than in ZrO2 matrix,
since the grain growth by SPS is much lower [36]. Respect to CNFs addition, the fracture
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toughness behaviour of the composite is similar. ln conclusion, the composite material
with graphene has a fracture toughness value superior than those of the zirconia−alumina
material and the composite with CNFs; therefore, the addition of graphene in a ZA matrix
promotes a very important functionality as the enhancement of the electrical
conductivity, while slightly enhancing the fracture toughness.
Figure 7 presents the Raman spectrum of the ZAGO and ZACNF samples sintered at f400
ºC, the ZACNF samples sintered at f500 ºC and the two carbonaceous powders, CNFs and
GO. ln the composites, the tetragonal zirconia (3YTZP) and the a−Al2O3 bands are observed
in the spectral region of low wavelengths with peaks centred at 146 cm−f, 266 cm−f, 328
cm−f, 471 cm−f, 610 cm−f, and 649 cm−f for tetragonal zirconia [37,39], while alumina
bands remain masked by them.
ln the ZAGO spectrum the graphene layers are characterized by the D−band centred at
f365 cm−f and the G-band found at 1600 cm−f, The two bands with weaker intensity found
at 2714 cm−f and 2900 cm−f can be assigned to the 2D band and the G+D band respectively
[40,42]. The comparison with the raw GO spectrum which only displays the D and G bands
centred at 1360 cm−f and 1595 cm−f shows how there has been a clear narrowing of these
bands in the sintered sample, which together with the appearance of 2D band indicate a
clear reduction of graphene oxide [29]. The increase in ratio lDƒlG suffered by the sintered
sample at f400 ºC versus the initial GO also indicates the reduction that this has suffered
in the sintering process with the removal of some functional groups, and the subsequent
decrease suffered by the sample sintered at f500 ºC also indicates that the massive
reduction of the graphene oxide and the removal of carbonyl, carboxyl and epoxy groups
has occurred [43−45].
The figure also shows the Raman spectra of the raw CNFs powder and the ZACNF sample
sintered at f400 ºC, in which the D−bands, related with edge atoms on CNFs, appear at
f350 cm−f and f355 cm−f [46]. The G bands, which are common to all sp2 carbon forms,
are centred at f575 cm−f and f590 cm−f respectively, with the D' line looking as a shoulder
above f600 cm−f in both cases. The 2D bands appear at 2690 cm−f and 27f0 cm−f
correspondingly [47]. The increase that occurs in the lDƒlG ratio and the significant
increase in the intensity of the 2D band, along with the narrowing of all bands could be
explained as a result of increased crystallinity and reducing defects in the sintered sample
[48].
ln summary, colloidal processing allows to prepare homogeneous mixtures of
zirconiaƒalumina composites with and without carbonaceous nanodispersoids like CNFs
and GO. The SPS sintering of the optimized powders allows obtaining sintered materials
with near to theoretical density in which most GO is reduced to graphene so that the
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electrical conductivity strongly increases while maintaining or slightly enhancing the
mechanical performance of the carbonaceous−free composites.

4. Conclusions
ln this work the preparation and characterization of composites of alumina−toughened
zirconia (ZA) with carbon nanostructures (GO and CNFs) is reported. The composites were
produced by colloidal processing and subsequent spark plasma sintering.
ZA homogeneous, low−viscosity suspensions without and with the addition of 2 vol.% CNFs
(ZACNF) and 2 vol.% GO (ZAGO) were prepared to solid loadings up to 28 vol.% by
homogenizing the order of addition of the different components and the homogenization
time by sonication. Once optimized the preparation conditions of the suspensions
homogeneous mixtures of powders of the different compositions were obtained by
freeze−drying. The freeze−dried powders were fully densified to obtain ZACNF and ZAGO
composites by spark plasma sintering at f400 and f500 ºC.
The addition of CNFs and GO into ZTA composites resulted in a decrease of the hardness
values, whereas the fracture toughness increased slightly in the ZACNF and ZAGO
composites sintered at f500 ºC. The addition of graphene into the zirconiaƒalumina matrix
allowed a large increase of electrical conductivity.
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Figure captions:
Figure f. Variation of zeta potential with pH of alumina colloidal suspension in
waterƒethanol, CNFs in waterƒethanol with and without KD7 and GO in water.
Figure 2. Flow curves of ZA suspensions prepared to solids loadings of 20, 23, 28 and 33
vol.% and different sonication times.
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Figure 3. Variation of viscosity with solid volume fraction.
Figure 4. Flow curves of 28 vol.% ZACNF suspensions prepared at different sonication
times.
Figure 5. Flow curves of 28 vol.% ZAGO suspensions prepared at different sonication
times.
Figure 6. FE−SEM micrographs of fracture surfaces of: a) ZA, b) ZACNF, and c) ZAGO
composites obtained by SPS at f500 ºC.
Figure 7. Raman spectra of the GO and CNFs starting powders and ZAGO and ZACNF
composites obtained by SPS at different temperatures.
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