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Introduction

Within the past 20 years, the scientific and engineering comrmsitiiive paid
great attention to carbon nanotubes (CNTs) due to their atggmperties. CNTs can
show a Young’s modulus up to 1.2 TPa, a tensile strength around a hundeed tim
higher than steel and an elevated resilience. They also possesde surface
properties, well-defined hollow interiors, and can be either ireetal semiconducting
depending on diameter and chiralfiy.Based on these fascinating properties, many
potential applications such as scanning probe tips, drug delivery systiusonic
devices, sensors and actuators, high-strength composites, catapsort, field
emission displays, transparent conducting films, and so on were pdifos these
years, both the research articles and patents on this areasied rapidly. Recently,
Zhanget al® analyzed the publications topic tendency from 2001 to 2011, showing the
study of composites with CNTs to be one of the emerging areasamvititrease from
13 to 27% of the total publications. Interest in these compositémdsd on the
possibility of transferring some of the attractive properties RT€to the resulting
composite$

Among advanced ceramics, yttria-doped zirconia is considered a tegiuadly
interesting material due to its superior mechanical propertied good ionic
conductivity’® In recent years, several works were devoted to the study of
zirconia/lCNTs composites, pursuing an enhancement of the medhprogerties.
However, up to date, this enhancement has not been clearly dereshgrdecrease of
Vickers hardness when increasing CNT content was reported byediffauthors;*?
even for composites with low CNT vol%2° Although some authors related this effect
to the observed decrease in composite density when increasing@ieht, g it has

been also reported for fully densified composites with SWNT contgnts 10 vol%:



O©CO~NOOOTA~AWNPE

The decreasing trend was also linked to higher presence of agglom@nitat in
composites with high amount of nanotubes, since it is assumed gijlaimaration

becomes more relevant due to dispersion difficulties during piogé&sHowever,

recent investigations on ADs/SWNT composites have pointed out that the presence of

agglomerates does not play a fundamental role on the decrelaarliess® On the
contrary, it was rather explained by the presence of highétTSgvantities at the grain
boundaries. The detachment between SWNTs within thick bundles has beed paoint
as the origin of the lower fracture toughness obtained for higiN'BWontent
3YTZP/SWNT composites when compared to monolithic ceraiitthis context, the
study of low SWNT vol% composites, in order to asses whether a BW®&IT content
at the grain boundaries results in an enhancement of the mechmomaities, appears
as a challenge.

The study of the electrical properties of ceramic/CNT compok#gsrecently
also come into focus, as adding CNTs to a ceramic matrix abslifyrthe electrical
conductivity of the resulting composite. Most of the studies have focosethe
analysis of the electrical percolative behavidf;*>*since a step raise in electrical
conductivity is the common trend observed in composites once pesootditthe CNT
network is achieved. Percolation thresholds from 0.64 to 5.5 vol% hamephbished
for composites with alumina or zirconia matx®?*?*This wide range of reported
values can be related to the different processing techniques usge:pare the

materials. Shin and LiaAg?>and Fonsecat al?*

reported percolation thresholds of 5.5
and 3 vol% CNTs for 3 mol% 03-ZrO,/MWNT and 8 mol% YOs-ZrO/SWNT
composites, respectively. In these studies, composite powaeesprocessed by ball

milling the mixture of CNTs and ceramic powdBecently, composites obtained from

powders prepared in a similar way have been shown to presegit arhount of CNT
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agglomerated’ which would result in a lower CNT content at the ceramic grain
boundaries than the nominal one. Thus, a higher amount of CNT would bedeiqui
order to achieve a percolating network, resulting in an overestimpércolation
threshold. These results highlight the need to correlate the agjgilbmerate density
and the percolation threshold in ceramic/CNT composites.

Regarding the ac conductivity on ceramic/CNT composites, the published

|24 |26

studies are scaré&?® Only Fonsecaet al?* and Gonzalez-Juliaet al?® reported
electrical properties in ac conditions in a wide temperatarge. A mixed ionic-
electronic conductivity was described for 8 mol%O¥-ZrO,/SWNT composite§’

Charge transport along the nanotube shells and hopping conduction across nanotube-
nanotube junctions were suggested as the two contributions to elamridaictivity in
SisN/MWNT composite<® To the best of our knowledge, studies on ac conductivity
and charge transport contributions in 3YTZP/SWNT composites have mat be
published up to date.

In this paper, 3 mol% yttria doped zirconia composites containing \MMTS
content (0.5, 1 and 1.5 vol%) were prepared by a combinationuefoas colloidal
processing and Spark Plasma Sintering, with the aim of obtainingmeogeneous
SWNT distribution throughout the ceramic matrix and minimizing the poesef
agglomerates. The SWNT agglomerate density was charactenzkdelated to the
evolution of hardness and fracture toughness with SWNT vol%. iEgiroperties of
the composites were characterized in a wide temperature . rabgeductivity
measurements at room temperature allowed determination of it@agtien threshold.

Modelling of the impedance properties of the composite with aof@ing SWNT

network was carried out, and an equivalent circuit which sepgatht individual
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SWNT bundles resistance contribution from the resistance due tbopmbdetween

bundles was proposed

2. Experimental procedure
Raw materials and processing

Monolithic polycrystalline 3YTZP and SWNT/3YTZP composites witHedgnt
carbon nanotube content (0.5, 1 and 1.5 vol%) were prepared from 3 maol&o ytt
stabilized tetragonal zirconia powder (3YTZP, 40 nm particle arm 99% purity)
supplied by Nanostructured and Amorphous Materials [Rouston, TX) and HIP-co
purified SWNTs provided by Carbon Solutions Inc. (Riverside, CA). Aeidtment of
the SWNTs was carried out using a mixture of concentrated sukard (98%) and
nitric acid (70%) in the ratio 3:1, with the aim of disentarajld cut the raw SWNTs
ropes?® This treatment also introduces carboxyl groups on the walls and ends of
SWNTs enabling their dispersion in basic medium. SWNTs wepeadsd in the acid
mixture for 24 h at room temperature and the suspension was sdrima8eh.SWNTs

were collected on20 nm pore alumina filter membranes, washed in high purity ethanol

for several times and freeze-dried in order to avoid passi#hgglomeration.

Colloidal processing of composite powders with the different SWbitents
was carried out using ammonia solution as a basic mediGeramic powder and acid-
treated SWNT suspensions were subjected to ultrasonic agitafion aisonication
bath before and after mixing. Composite powder blends were drieal loot plate
assisted by stirring, and pH and homogeneity were controlled duringrtuoess.

Finally, composite powders were homogenized in an agate mortar

Ceramic sintering
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SPS (Model 515S, SPS Dr Sinter Inc., Kanagawa, Japan) wasousmter the
materials in a 15-mm diameter cylindrical graphite die/punclupseh vacuum
atmosphere. The sintering processes were carried out at C2kllh°a hold time at
peak temperature of 5 min, under uniaxial pressure of 75 MPaingleatd cooling
rates were 300 and 50 °C/min, respectively. Bulk densitieee wneasured using
Archimedes’ method, with distilled water as immersion mediliimeoretical density
values for composites were calculated by the rule of mixtures asga@nsity values

of 6.10 g-crit for 3YTZP and 1.80 g-cffor SWNTSs.

Microstructural, mechanical and electrical characterization

Structural integrity of SWNTs in the composites after SPS rangtewas
assessed by Raman spectroscopy on fracture surfaces using aveispérsoscope
(Horiba Jobin Yvon LabRam HR800, Kyoto, Japan) equipped with a 20 mW He-Ne
green laser (532.14 nm). The microscope used a 100x objective ansheat@iihole
of 100um. The Raman spectrometer was calibrated using a siliatar.w

Microstructural studies of composites fracture and polished ssrfasze
performed by high-resolution scanning electron microscopy (HR-SEM), usiiitgehi
S5200 microscope (Hitachi High-Technologies America Inc., USA)artalyze the
distribution of SWNTs in the 3YTZP matrix, and to charactetlz ceramic grains
morphology. Distribution and morphology of SWNT agglomerates were chagct
by low magnification conventional SEM (Model JEOL 6460LV, JEOL U84 | MA,
USA). Cross section slices, i.e. surfaces parallel toSA8 pressing direction were
polished with diamond paste up to 1 um for morphological studies. Additipnall
polished surfaces devoted to characterize the 3YTZP grainsthermaally etched at

1200 °C for 20 min in air to reveal grain boundaries. The morphology chézatita
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was made measuring 200 grains or agglomerates, respectivelyato thigt equivalent

planar diameter as size parametr(or D)=2(areat)?

, and the shape factof,(or
F)=(4r-area)/(perimetet) Standard deviation of distributions was also evaluated.
Hereafter, lowercase letters will refer to 3YTZP grgiasameters and uppercase letters
to agglomerates ones. Agglomerate surface density was edhfuain the area fraction
covered by them in low magnification SEM micrograghsageJsoftware was used for
morphological analysis.

Vickers indentation tests were carried out to evaluate tienbsas and fracture
toughness of sintered 3YTZP and composites at room temperatwsts Were
performed on sample surfaces polished torildiamond paste using a Vickers indenter
with a range of loads up to 2 kgf (Duramin Struers, Germany)lvewadents were
made on each sample avoiding boundary effects (i.e. keeping the apprdmsiahce
from sample edges and between indentations marks) and were anabingda
confocal microscope LEICA DCM 3D. Vickers hardneds, was calculated from the
indentation loadP, and the diagonal of Vickers imprints,H,=1.854p/a?).

Fracture toughnesKc, was calculated by using the equation given by Amtis
al.?® wherec is the crack length measured from the centre of the imprintEatig

elastic modulusThe crack length was measured 24 h after the indentation, og the

cracks were fully developed.

K =0.0l{£j ( sz
HV C (l)

Electrical characterization was carried out by Imped&pectroscopy using an

Agilent 4294A analyzer in the frequency range from 100 to 2¥0 at temperatures
from 25 to 450 °C. Measurements were carried out in argon atmespheavoid

oxidation of the samples and subsequent degradation of the SWNTs therimptess.
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Colloidal silver paste was applied on both sides of the samplesesttbdes were fired
at 600 °C for 30 min under argon flow. Equivalent circuit approachadapted for the

data analysis with fitted curve using Z-view software andvedgmt circuit model.

3. Results and discussion
3.1 Microstructural characterization

Table 1 displays the density values together with the globalltse®f
morphological parameters of as-sintered samples. A full derigficavas obtained in
all the sintered materials. Similar mean grain size (~28Pand shape factor (~0.75)
were measured in the different composites and no significantetitfes were observed
compared to monolithic zirconia grains, except for slightly narroveer distributions
(smallero<gs).

Fig. 1 shows the Raman spectra measured in the composites, morMitidP
ceramic and as-received SWNTs. The composites spectra SWOWT characteristic
radial breathing mode (RBM) band near 150-200*camd G-band near 15001600
cm™. In the G-band it can be observed the lower-frequency broadshoulder
centred around 1570 cm (Breit-Wigner-Fano or BWF lineshape), which is
characteristic of metallic SWNT*®. The composites spectra are very similar to the
SWNT spectrum before processing of the composites, clearlyroang the absence of
significant damage to SWNTs during powder processing and sintériggbhand shift
towards higher frequencies, by~20 cm?, is observed in the three composites,
which can be attributed to residual stresses in the SWNST imposed by the
constraining ceramic matrix’>. D-band (centred on 1350 cly associated to
disordered graphite and crystalline defects, is also obsep/kdrdtio calculations give

similar values for the three composites (6.6, 6.5 and 7.2% forlOamd 1.5 vol%
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SWNT, respectively) pointing to a similar amount of crystallibefects in the
nanotubes. On the other hand, peaks at 165, 260, 320, 465, 610, and 648ecm
observed in the spectra acquired in the composites, corresponding $ox tRaman
bands theoretically predicted for tetragonal zircdfia.

HR-SEM micrographs of characteristic fracture surfacesqi@fcomposites are
presented in Fig. 2. SWNT bundles are located at the ceignaiic boundaries and
debonded CNTs from the matrix can also be observed. Whereas TP 3)fains
surrounded by SWNT bundles are scarce in the composite with 0.5SMB6T (fig
2(a)), the amount of SWNT bundles at the grain boundaries increaesdomposites
with higher SWNT vol% (figures 2(b) and 2(c)). CNTs are maingll wistributed on
the 3YTZP matrix; however, some agglomerates are also found & higgsresolution
observations. The presence of these agglomerates or clustetzedraspreviously
reported in CNT/ceramic matrix compositég?2"-3132

Low-magnification SEM micrographs (Fig. 3) illustrate the arramget and

morphology of SWNT agglomerates in the studied composites. The maximum

agglomerate size ranges from 30 to 8@ (Table 2), which is similar to previously
published values for ADsMWNT composites also prepared by colloidal proces$éing
Although it is assumed that the tendency of forming agglomeratdseido Van der
Waals interactions between nanotubes, they are not expectattol such important
agglomerate sizes in composites with a rather low SWNT cdhtestin this study.
Other forces that might play a key role in the behaviour of thEZBPYSWNT powder
mixtures have been suggested, and it was shown tihenmodynamic considerations
that long, thin rods mixed with spheres can induce phase sepaaati demixiotr.
Similar mean agglomerate size, about T#8, and a marked elongation (F ~

0.45)are found for the three compositéeese morphological characteristics are similar
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to those reported by Morales-Rodriguezal'® for Al,Os/SWNT composites prepared
by a similar processing route. These authors showed that SWNT a&ggtem are
flattened structures strongly aligned on the direction perpendidolathe SPS
compression axis.

An increase in the agglomerate surface densjtis observed when increasing
SWNT vol% (Table 2). Nevertheless, this fact does not implyirerease of the
percentage of the total SWNT content that is agglomerated A&%tuming that the area
fraction covered by agglomerates in SEM micrographs is equalvolitshe fraction in
composites =0, Delesse’s principle of stereology), this percentage cantibeates
as:

A% = 1000/SWNT vol% 2)

Despite the increase in agglomerate volume fraction for highadTSwbl%,
similar percentages of agglomerated SWNTs (~ 30%) from tlaé SWNT content
have been found in the three composites. So an increase in SWNTNtaomes not
imply an increase in agglomeration.

The SWNT vol% contained in the agglomeratasSfWVNT) and distributed at

the grain boundariesGB-SWNT) can be directly inferred from agglomerate volume

density as:
A-SWNT =p, 3
GB-SWNT = SWNT vol% -A-SWNT 4)

As it is shown in Table 2, after colloidal processing and sintetimg,real
content of nanotubes at the grain boundaries are estimated to bed.G82and 1.1
SWNT vol% for composites with 0.5, 1, and 1.5 nominal SWNT voégpectively.

It is interesting to note that low&-SWNT vol% has been achieved in these

materials in comparison with &Ds/SWNT composites with similar SWNT contént.

10
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Whereas 60% of the SWNT are contained in agglomerates (s/Alvol% SWNT
composites? only 26% of SWNT are agglomerated in our 3YTZP composites with the
same SWNT content. Although similar processing routines were odeoth studies,
SWNT freeze-drying after acid-treatment was introduced in tesept work with the
aim of obtaining a more homogeneous SWNT distributidi. It is clear that, although

it is not possible to reduce the maximum or the mean agglomerateysfreeze-drying

the nanotubes instead of drying on a hot plate, a decrease of teertpgecof the CNT

content that are agglomerated is achieved.

3.2 Mechanical properties

Similar Vickers hardness$j,, values within the experimental error are obtained
for the three composites and the monolithic 3YTZP ceramic (Tabl€o3)he best of
our knowledge, absence of decrease or increase of hardness wahsimgr CNT
content in ceramic matrix composites has only been reportedl$0; Avith 1 vol%
SWNT composited? since most of the authors report a decrease of hardness,oeven f
composites with low CNT contefit!**® The decreasing trend reported by previous
authors for 3YTZP/CNT composites is shown in Figure 4(a). This tegderusually
linked to a decrease in the composite dertSigy increase in nanotube agglomerdtion
or a weakening of interfacial bonding when the grains are wrapped Ay aOM,
therefore, the direct contact area and bonding force among grainsaske with
increasing CNT conterit® In this study, fully densified composites have been
obtained, and the increase in the surface density of aggl@séiable 2) does not play
a fundamental role in the evolution of hardness when increasing SWNantohhus,

it is clear that the incorporation of low SWNT content in themic matrix minimizes

11
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the SWNT weakening effect on interfacial cohesion betweeméegrains observed in

composites with high SWNT contefit.

Regarding the fracture toughness values, in recent years, dte have been
different arguments about the validity of the Vickers indentation technique to
characterize fracture toughness of CNT-ceramic matrix compates, and it has
been suggested that it should be measured by the singige notched beam
(SENB) method1°*3¢ Some authors have compared the results obtained in
ceramic matrix composites using the indentation method wit the ones obtained
with the SENB test and, although the absolute values of &K measured by both
tests differ (higher values obtained from indentation measwments), a similar
trend was observed when measuring using the two techniqui&s® Taking this
result into account, and considering also the simplicity ofhie indentation test and
the difficulty of obtaining bars for SEBN test from SPS di&s in several studies, it
has been proposed that, although the K values obtained from indentation tests
are not fully quantitative, they can be used to compare diffent compositions
tested in a same study, or for comparison purpose with préaus works.

Figure 4(b) shows that the obtained I data follow a increasing trend for

the composites with increasing SWNT vol.%. These values arémslar **41°t

0
previously published results (also obtained from Vickers identation tests) for
3YTZP composites with low SWNT contentThis slight enhancement is consequence

of toughening mechanisms present in the composites, such as &¥Tbcidging and

pull out, and CNT ropes debundling and uncoiling, as described by previthars’

3.3 Electrical properties

12
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A room temperature conductivity of 6x10S-cm® was measured on the
composite with 1.5 vol% SWNT (Table 3). On the contrary, monolBNMETZP ceramic
and composites with 0.5 and 1 vol% SWNT were found to be electrisalating with
a very high room temperature resistivity. The percolation thrdshblthe carbon
nanotubes in the 3YTZP matrix is therefore between 1 and 1.5 vol%ertNeless,
considering the agglomerates characterization presented above Q@)alilee real
percolation threshold would be between 0.74 and 1.1 vol% SWNT @¢&dlTScontent
at grain boundaries), values that are comparable to those publishiéerature for
AlL,O/MWNT composites (0.64-1 vol9sf:?12>32

The percolation threshold obtained in this study is lower than the pubbsieed
by Shin and Liantf?® for 3YTZP/MWNT composites (~5.5 vol%). This is probably
consequence of the processing efforts devoted in this study to izertine presence of
SWNT agglomerates in the composites, which lead to a higheurdnof SWNT
distributed in the ceramic grain boundaries.

Impedance complex plane plots corresponding to the composite witlol%5
SWNT from room temperature up to 180 °C, are shown in Fig. 5@hgle impedance
arc can be observed until 180 °C, when a second arc appearseatfiegquency.

According to Garretet al®’

the impedance properties of a SWNT percolating network
can be modelled with an equivalent circuit consisting of twG Bements in series. It
has been published that the resistance of the carbon nanotube bundlesrasdtance

of the junctions between these bundles are the two major contributioB8VNT
network resistanc®&**°and it is well established that the resistance aguossions is
higher than the resistance through the bundles thems&f7€8.Thus, the lower

resistance element in the equivalent circuit model can be addigiiee CNT bundles

whereas the higher resistance one can be assigned to therjancti

13
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In this context, we have modelled the single impedance arc odbtora room
temperature to 160 °C (arc not shown) using an equivalent cirodielniinset in Fig.
5(a)) similar to the described one by previous autfidfsconsisting of a R-C element
connected in series with a R-CPE (constant phase elembrtCRE is generally used
to represent a distribution of relaxation tinfé<itting parameters are displayed in
Table 4. Capacitance values similar to the reported onesfgle svall carbon nanotube
networks’ were obtained.

Fig 5(b) shows the evolution of SWNT bundles and junctions resistiwiiés
temperature from room temperature to 160 °C. A significantrdiffee between them in
the whole range of temperatures, with quite higher resistidiltyeg for the junctions, is
observed. It has been shown that the junction resistargteorsgly dependent on the
size of the interconnecting bundles, with the smallest valuesiatesbavith individual
tubes® Thus, the high junction resistivity observed in this study is clearlytipgi to
junctions involving large diameter bundles or SWNT agglomerates, whitkaoamtrol
the overall conductivity properties of the composite, as remark@devjous authord’
Decreasing the bundle diameter will reduce the junction nagiseind will increase the
composite conductivity. Future works will be devoted to further SWdbundling.

It is also observed that whereas the SWNT bundles regisgvatimost constant
with temperature, a remarkable decrease of junctions’ resjisiviobserved with
increasing temperature. This behaviour is in good agreement witly’Shbrory of
fluctuation-induced electron tunnellif§model that has been successfully applied to
describe the primary conduction mechanism across nanotube-nanotubenginuoti
CNT composite$®?* Briefly, a system of SWNTs, such a rope or mat, can be
considered as containing many conducting regions separated by snudditings

barriers. In such a system, these tiny barriers will be very susceptibleharge

14
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fluctuations, resulting in electric field fluctuations acrossttieling junctions. These
fluctuations increase with increasing temperature, and thensygiaductivity can be

described by Sheng’s formula

=0, ex;{ mil j (5)
T+T,

where gy is a preexponential constant, angldhd T, are the tunneling parameters,

which has previously been used to explain conductivity behaviour for carbotube
system&3%*

Figure 6 shows impedance complex plane plots corresponding to the demposi
with 1.5 vol% SWNT from 200 to 400 °C. Two impedance arcs can bevelsevhich
behave surprisingly in a very different way. Whereas the ardigiter frequency
decreases monotonously with temperature, the arc at loweefregincreases up to
350 °C (arc not shown) and decreases for higher temperatures.

Two impedance arcs were also obtained when characterizing thelittmon
3YTZP ceramic and the composites with 0.5 and 1 vol% SWNT (not shdvenhigher
frequency one corresponding to conductivity through the ceramic bulk and the lower
frequency one corresponding to conductivity through the grain boundaries. étpirev
these two composites the conductivity evolution with temperasutkei typical of an
ionic conductor, and both arcs decrease monotonously when increasingateneper
resulting in an increase of conductivity both through the bulk and through the grain
boundaries.

In the case of the composite with 1.5 vol% SWNT, the akigiter frequency
would contain the ionic contribution to conductivity through the ceramic bullabad
the electronic one through the SWNT network. The second arc woutddbedr to the

ionic conductivity through the grain boundaries, but in this case thehaicatgreat

15



O©CO~NOOOTA~AWNPE

fraction of the grain boundaries is covered by SWNTs reduces thedonductivity
resulting in an increase of the grain boundary resistivity for ¢eatpres up to 350 °C,
and thus, an increase of the arc. For higher temperaturesféluisie overcome and the
grain boundary conductivity increases with temperature. Equivaileniit approach of
these data in order to obtain conductivity values for the differentilbotibns presents
a high complexity and will be addressed in future studies.

Figure 7 shows the Arrhenius plots for total conductivity in the studied
composites, together with monolithic zirconieotal resistivity was calculated from
resistance values obtained from intercepts on the real, Zgxis. The slope of these
diagrams was used to calculate the activation energy of the ¢ompapecies (Table
3). For composites with 0.5 and 1 vol% SWNT, as well as monotiittgonia, a value
close to 0.8 eV was obtained. This result is consistent téhactivation energy for
oxygen vacancy conduction in zirconia-based ceramic ofidé&® Thus, these two
composites behave as ionic conductors without SWNT percolatiorth&aromposite
with 1.5 vol% SWNT, a completely different behaviour was observét, activation
energy of 65 meV, revealing that SWNT contribution to charge transpaindtes for
temperatures up to 350 °C. In this case, an ionic-electronidroo@ductor is obtained
due to the percolated SWNT network. A similar result wasnted for composites of 8

mol% Y,04/ZrO, with SWNT<£*, with activation energy of 30 meV.

4. Conclusions

Fully dense 3 mol% yttria doped zirconia matrix composites containingl0.5
and 1.5 vol% SWNT, with equiaxed grain microstructure and alnmagb@ous ceramic
grain size (250 nm), were prepared by colloidal processing and SNNTs were
homogeneously distributed at grain boundaries and also into large Suygiomerates.

Similar agglomerate mean size and shape were found for the t¢breposites.

16
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Increasing SWNT vol% leads to similar percentage of thel tBYWNT content
contained in agglomerates (~30%), and an increasing SWNT contehé ajrdin
boundaries.

Similar Vickers hardness and slightly enhanced fracture toughwess
obtained for the composites in comparison with the monolithic 3Y@&@mic. The
increase in the surface density of agglomerates does not play anfemtdérole in their
evolution when increasing SWNT content.

Percolation threshold of the carbon nanotubes in the 3YTZP matrix was
estimated to be between 0.74 and 1.1 vol% SWNT corresponding to haoients
of 1 and 1.5 vol%, respectively. Composites with 0.5 and 1 vol% SWKaved as
ionic conductors without SWNT percolation, with ~0.8 eV actoragnergy.

Room temperature conductivity in the composite with 1.5 vol% SWNTatede
the existence of a percolated SWNT network in this matevisich presented a mixed
ionic-electronic conduction with 65 meV activation energy. Modellingngbadance
properties in this composite using an equivalent circuit allonegghration of the
individual SWNT bundles contribution to resistance from the resistdne to junctions
between bundles. The existence of junctions involving large diaimatelles or SWNT
agglomerates resulted in higher junction resistivity in comparisdh the SWNT
bundles resistivity. The remarkable decrease of junctionsstingy with increasing
temperature up to 160 °C was successfully described in tertims thfictuation-induced

electron tunnelling across nanotube-nanotube junctions.
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Figure captions

Figure 1. Raman spectra measured in the composites including the R&jehcy
range and the D and G-Bands frequency range. Raman spectra theasuhe

monolithic 3YTZP ceramic and in the SWNTs have been inclfimiecomparison.

Figure 22 HRSEM micrographs of fracture surface of the composites witareint

SWNT contents (a) 0.5 vol%, (b) 1 vol%, and (c) 1.5 vol%.

Figure 3: SEM micrographs showing the SWNT agglomerate distribution on the-cros

sections of composites with different SWNT contents (a) 0.5 vyal vol%, and (c)

1.5 vol%.

Figure 4: (a) Vickers Hardness and (b) fracture toughness for monolithi&ZBYand

SWNT/3YTZP composites and comparisons with the bibliography values.

Figure 5. (a) Impedance plots acquired in the composite with 1.5 vol% S\Wimh
room temperature to 180 °C and (b) SWNT bundles and junctions régigtivthis
temperature range. The inset in (a) shows the equivalenttcused to fit the

impedance data.

Figure 6. Impedance plots acquired in the composite with 1.5 vol% S\ivdim 200 to

400 °C.
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Figure 7. Arrhenius plots of the electrical conductivity for monolithic 3YTARd

3YTZP/SWNT composites.
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Table 1 Theoretical and relative density and morphological parametersefamic

grains in monolithic 3YTZP and SWNT/3YTZP composites.

Pth pr <d> O<d>
SWNT vol% f
(g-cm®) (%) (nm) (nm)
0 6.1C 10C 215 85 0.75+0.0¢
0.5 6.0¢€ 10C 23C 80 0.74+0.0¢
1 6.06 100 215 75 0.73+0.06
1.5 6.04 99.4 240 80 0.76+0.05
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Table 2 Surface density of SWNT agglomerates, percentage of carbonubanot
content in agglomerates and at grain boundaries calculated forceagosite and

morphological parameters of agglomerates.

SWNT A-SWNT GB-SWNT <D> O<D> Dmax
ps(%) A (%) F
vol% vol% vol% (Um)  (um) (um)
0.5 0.18 £ 0.07 36 0.18 0.32 9 7 60 0.4+0.3
1 0.26 £ 0.03 26 0.26 0.74 7 4 30 0.5+£0.2
1.5 0.40 £ 0.05 27 0.40 1.10 8 5 40 0.5+0.2
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Table 3 Mechanical and electrical properties measured for theestudaterials.

SWNT vol% Hv (GPa) Kic (MPa-m*?) orT (S-cm) Eact (€V)
0 12.7+0.4 4.3+0.3 0.8620.02
0.5 13.4+0.3 4.2+0.3 0.84+0.08
1 12.6+0.2 4.4+0.2 0.7€+0.07
1.5 12.+0.% 4.€0.3 6x1C° 0.065+0.002
23
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Table 4 Equivalent circuit values for the fitting of the impedance prtgs of the

composite with 1.5 vol% SWNT.

T (°C) Py (kQ-cm) Cy (pPF) ps (kQ-cm) Cs (PF)
25 158+13 27243 10.4+0.9 137+3
40 135+11 2793 9.1+0.8 139+4
60 113+10 293+4 7.840.7 139+4
80 93+7 302+4 6.9+0.5 137+4
100 83+6 318+4 6.4+0.5 136+4
120 7616 3406 6.5+0.6 132+4
140 705 35145 6.1+0.4 132+4
160 666 40048 6.4+0.6 13544
180 5615 475+1 6.6+0.6 12845
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Figure Captions
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Figure 1: Raman spectra measured in the composites including the RBM frequency
range and the D and G-Bands frequency range. Raman spectra measured in the

monolithic 3YTZP ceramic and in the SWNTs have been included for comparison.

Figure 2: HRSEM micrographs of fracture surface of the composites with different

SWNT contents (a) 0.5 vol%, (b) 1 vol%, and (c) 1.5 vol%.

Figure 3: SEM micrographs showing the SWNT agglomerate distribution on the cross-
sections of composites with different SWNT contents (a) 0.5 vol%, (b) 1 vol%, and (c)

1.5 vol%.

Figure 4: (a) Vickers Hardness and (b) fracture toughness for monolithic 3YTZP and

SWNT/3YTZP composites and comparisons with the bibliography values.

Figure 5: (a) Impedance plots acquired in the composite with 1.5 vol% SWNT from
room temperature to 180 °C and (b) SWNT bundles and junctions resistivity in this
temperature range. The inset in (a) shows the equivalent circuit used to fit the

impedance data.

Figure 6: Impedance plots acquired in the composite with 1.5 vol% SWNT from 200 to

400 °C.

Figure 7: Arrhenius plots of the electrical conductivity for monolithic 3YTZP and

3YTZP/SWNT composites.



