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bstract

ue to the outstanding mechanical and thermal properties of carbon nanotubes (CNTs), they are considered suitable reinforcement for structural
aterials. In this study, for the first time, electrophoretic deposition (EPD) was used to deposit (multi-walled) CNTs onto SiC fibres (SiCf) to

orm an effective CNT interphase layer for SiCf/SiC composites. This deposition was followed by electrophoretic infiltration of the CNT-coated
iC fibre mats with SiC powder to fabricate a new CNT-SiC-fibre-reinforced SiC-matrix (SiCf/SiC) composite for fusion applications. In these
PD experiments, a commercial aqueous suspension of negatively charged CNTs and an optimized aqueous suspension of negatively charged SiC
articles were used. The CNT-coatings on the SiC fibres were firm and homogenous, and uniformly distributed nanotubes were observed on the

bre surfaces. In a following step of EPD, a thick SiC layer was formed on the fibre mat when the CNT-coated SiC fibres were in contact with

he positive electrode of the EPD cell; however, spaces between the fibres were not fully filled with SiC. Conversely, when CNT-coated SiC fibres
ere isolated from the electrode, the SiC particles were able to gradually fill the fibre mat resulting in relatively high infiltration, which leads to
ense composites.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Continuous SiC-fibre-reinforced SiC composites have been
ecognized as promising materials for use in the structural parts
f future fusion reactors due to the high thermal stability of SiC
ffering the possibility of high temperature operation of the reac-
or and hence more economic energy production.1 In addition,
ue to the low neutron activation of pure SiC, these composites
epresent a way to minimise the amount of radioactive waste
enerated during reactor operation in comparison with ferrous
aterials. To ensure sufficient fracture toughness and reliabil-

ty of the material, SiC is proposed to be used in the form of
ontinuous SiC-fibre-reinforced SiC ceramics, i.e., a (SiCf/SiC)
omposite.1–3 The composite is composed of SiC fibres woven
n a 2D or 3D architecture, filled with a matrix material that is

ither pure SiC produced by chemical vapour infiltration or by
nfiltration of a polymer precursor, or with a particulate com-
osite of a liquid phase sintered SiC. The fibres are coated with
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n interphase layer, typically pyrolitic carbon of 100–500 nm
hat is usually deposited by a chemical vapour deposition (CVD)
rocess, and has the main task to protect the material from catas-
rophic fracture by deflecting the propagating crack and inducing
bre pull-out, which is the most efficient toughening mechanism

n this class of composites.4

However, no state-of-the-art material meets all of the
ighly demanding requirements for use in fusion reactors. The
eramic composites, for example, are associated with several
till unresolved issues, including gas permeability, insufficient
echanical properties at high temperature, too high neutron

ctivation, too low thermal conductivity, and instability of the
bres at high temperatures. The thermal conductivity and the
echanical properties of a composite are highly dependent on

he chemical composition of its three constituents (the matrix
aterial, the fibres, and the interphase layer), and on its porosity.
Among the strategies to improve the overall performance of

iCf/SiC composites, in particular to increase their mechani-
al strength and thermal conductivity, incorporation of carbon

anotubes (CNTs) is highly promising, due to their outstanding
echanical and thermal properties. The CNTs are characterised

ot only by a very high thermal conductivity (>2000 W/mK)5–7

nd ability to increase the toughness of intrinsically brittle

mailto:sasa.novak@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2009.07.027


1 an C

m
e
s
C
t
r
r
d
t
h

d
t
c
a
h
c
b
a
d
s
t
fi
a
s
(

S
C
g
o
t
f
a
f
m

2

(
1
T
t
0
o
s
U
a
s
h
f
t
w
a
s
b

p
c
p
v
(
(
p
2
m
f
fi
T
t
u
w
s
w
a
d
H
3
o
s
s

3

p
n
s
t

3
c

Before performing the EPD experiments, we analysed the
electrokinetic properties of the SiC powder and the CNTs sus-
pensions (with solids contents of 25 and 1 wt.%, respectively).
132 K. König et al. / Journal of the Europe

aterials, probably through “bridging” and “pull-out” tough-
ning mechanisms,8–11 but also by a relatively high thermal
tability in non-oxidising atmospheres. The potential benefit of
NTs in ceramic matrix composites which arises from their

ubular three-dimensional structure, has prompted significant
esearch in the field, with CNTs and CNT-reinforced mate-
ials being among the most studied materials within the last
ecade.12 The results from these studies strengthen the belief
hat CNTs will enable a breakthrough in the development of
igh-performance structural materials.13

Carbon nanotubes have been incorporated into many
ifferent inorganic matrices, ranging from glass and bioac-
ive glass–ceramic14–18 to various polycrystalline engineering
eramics (e.g., Al2O3, BaTiO3, TiN, Si3N4, SiC).19–25 There
re also a few reports on CNTs grown on ceramic fibres;26–29

owever, due to a lack of quantitative data available no firm con-
lusion can be drawn about the property improvement achieved
y the in situ synthesised CNTs. Since the as-prepared CNTs
re intrinsically inert and uncharged, it is known that they are
ifficult to disperse in liquids. Acid treatment and use of specific
urfactants enable a relatively good dispersion based on a cer-
ain surface charge. This in turn enables processing in an electric
eld to form deposits on different substrates.31–33 Recent papers
lso report on composite deposits fabricated by co-deposition or
ubsequent deposition of CNTs with different ceramic powders
e.g., SiO2, Fe3O4, TiO2, and HA).34–38

To the best knowledge of the authors, the use of EPD to coat
iC fibre mats with CNTs has however never been reported;
NTs have been electrophoretically deposited on ITO glass,
raphite and metallic substrates, as reviewed elsewhere30 and
n carbon fibre paper.39 In this study, we report on the elec-
rophoretic deposition of CNTs onto SiC fibre mats, thereby
orming a continuous interphase layer on the fibres, followed by
n infiltration of the coated-fibre mat with SiC powder, which
orms a new CNT-SiCf/SiC grade of fusion-relevant composite
aterial.

. Experimental

An aqueous suspension of multi-walled carbon nanotubes
Aquacyl), with average diameter 9.5 nm and average length
.5 �m, was provided by Nanocyl S.A. (Sambreville, Belgium).
he solids content in the as-received suspension was 1 wt.%. In

his study, we used a SiC powder with an average grain size of
.5 �m (SiC BF12, H. Starck, Germany). The zeta-potential (ZP)
f the SiC powder and of the CNTs was measured in undiluted
uspensions using a ZetaProbe analyser (Colloidal Dynamics,
SA). A ZetaPals instrument (Brookhaven, USA) was used to

nalyse the ZP of the crushed SiC fibres in diluted aqueous
uspensions. The pH levels were adjusted using 1 M sodium
ydroxide (NaOH) and 1 M hydrochloric acid (HCl). The sur-
ace charge of the SiC particles for EPD was modified with
etramethyl-ammonium hydroxide (TMAH, Sigma–Aldrich),

hereas the commercial CNT-suspension already contained

nionic surfactant. The suspensions were homogenised using a
trong probe-type ultrasound (Hielscher Ultrasonics, Germany),
efore the ZP measurement and EPD.
eramic Society 30 (2010) 1131–1137

The EPD experiments were performed with (1) aqueous sus-
ensions containing 0.0625–0.5 wt.% of carbon nanotubes at a
onstant dc voltage of 2.8 V for 10 or 20 min, and/or (2) sus-
ensions containing 60 wt.% of SiC powder at a constant dc
oltage of 30 V for 5 min. Electrodes made of steel, copper
both of dimensions: 20 mm × 10 mm × 0.2 mm), or graphite
20 mm × 5 mm × 2 mm) were vertically immersed in the sus-
ension in the EPD cell. The distance between electrodes was
cm. In the CNT- and SiC-coating processes, the SiC-fibre
at (Tyrano SA, Ube Industries, Ltd., Japan) was placed in

ront of the electrode, whereas for the SiC-infiltration, the SiC
bre mat was electrically insulated from the electrode with a
eflon® spacer, as described elsewhere.40 Before deposition,

he electrodes were thoroughly cleaned in acetone using an
ltrasonic treatment, washed with distilled water, and dried
ith compressed air. The SiC fabric was pre-treated with a

odium dioctyl-sulfosuccinate (SDOSS) solution to improve
ettability.41 After the deposition, the samples were dried in

ir at room temperature, vacuum-infiltrated by an aluminium
ihydrogen phosphate (Al(H2PO4)3) aqueous solution (TKI
rastnik, Slovenia), and sintered at 1300 ◦C in argon (Ar) for
h. The microstructures of the green and sintered samples were
bserved using field emission gun scanning electron micro-
copes (FEG-SEM, LEO 1525, and Zeiss SUPRA 35VP). The
intered samples were inspected by EDS.

. Results and discussion

The scanning electron micrograph in Fig. 1 shows the mor-
hology of the carbon nanotubes used in this study. The carbon
anotubes have a high aspect ratio and a random and curled
tructure, which is typically associated with CNTs produced by
hermal chemical vapour deposition (CVD).9

.1. Electrokinetic properties of SiC fibres and
haracteristics of suspensions
Fig. 1. SEM micrograph of the used CNTs.
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Fig. 2. Zeta-potential vs. pH of the materials investigated.

ince an appropriate net surface charge of fibres is very impor-
ant for efficient electrophoretic infiltration,42 we also analysed
he ZP of crushed SiC fibres. The ZP vs. pH relationship is
resented in Fig. 2. The as-received CNT-suspension is alkaline
pH 11), and due to the presence of anionic surfactant, the CNTs
re negatively charged (ZP = −45 mV). The natural pH (pH 4) of
he as-received SiC-powder suspension nearly matches the iso-
lectric point, resulting in a very unstable suspension. Titration

ith hydrochloric acid is not efficient at increasing the zeta-
otential (described elsewhere42); conversely, titration of the
iC suspension with an appropriate amount of NaOH or TMAH

ncreases the negative ZP up to −50 mV at a pH value of 10.

n
s
a
i

Fig. 4. SEM micrographs of (a) non-coated, (b–d) coated SiC
ig. 3. SEM image of a CNT-coating made on a graphite electrode by EPD
2.8 V, 5 min).

In addition to the appropriate surface charge of the fibres,
ood wettability by the suspension is also an important charac-
eristic for the infiltration of the fibre mats. Consequently, we
ecreased the natural wetting angle of the alkaline aqueous sus-
ension at the SiC fibre bundle (∼80◦) by pre-treating the fibres
ith the surfactant SDOSS, to approximately 30◦. As shown

n Fig. 2, the zeta-potential of the SDOSS-treated SiC fibres is
egative over a wide range of alkaline pH values. Hence, as pre-

ented, the pre-treated SiC fibres, the SiC powder, and the CNTs
re characterised with a relatively high negative zeta-potential
n the alkaline pH region.

fibres with carbon nanotubes at different magnifications.
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Fig. 5. (a and b) SEM micrograph of the fracture surface of a CNT-coated S

.2. Electrophoretic deposition of carbon nanotubes on
etallic electrodes and SiC-fibres

The EPD experiments were first performed using a CNT-
uspension with a solids content of 0.5 wt.%, on steel, copper,
r graphite electrodes. Due to the negative ZP of CNTs in suspen-
ion, the deposits were always formed on the anode. Initially we
erformed an EPD experiment on a steel electrode. At voltages

igher than 2.8 V, the electrolysis of water apparently limited the
eposition, whereas at lower voltages, no deposit of carbon nan-
tubes was observed after 10 min. With a copper electrode, the
ubble formation was suppressed due to the oxidation of cop-

a
b
w
c

ig. 6. Schematic representation of the EPD cell used for infiltration of SiC fibre fa
iC-fabric is not in contact with the electrode.
bre after SiC deposition by electrophoresis at two different magnifications.

er. A solid CNT-coating was also formed on a graphite anode
t 2.8 V in 5 min. From the higher magnification image in Fig. 3,
t is evident that the CNTs form a fairly uniform coating and that
hey are evenly distributed on the graphite electrode.

In further EPD experiments, the SiC fibre mats were attached
o the front side of the anode and were coated with a layer of
NTs at an applied voltage of 2.8 V for 10 min. In these exper-

ments, the SiC fabric was in contact with the anode so that it

cted itself as the electrode. A similar result could be obtained
y using the fibre mat directly as an electrode, as shown else-
here on the SiC/mullite system,43 however, due to the lower

onductivity of the SiC fibres compared with a metal electrode,

bric with SiC particles: (a) SiC-fabric is in contact with the electrode and (b)
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ig. 7. (a) Macroscopic view of a green SiC fibre fabric, which was first coate
b, c, e) and (f) SEM micrographs of the sintered part (1300 ◦C in Ar) at differ
pectrum of the matrix between the CNT-coated SiC fibres.

he applied voltage needs to be higher to achieve the same effect.
nother reason for using the solid rectangular electrode in this

tudy is that it results in a more homogenous electric field. SEM
icrographs in Fig. 4a and b show the SiC fibres before and

fter deposition with the CNTs, respectively. From Fig. 4b it is
vident that the fibres are completely covered with a thin layer
f CNTs. The high-magnification SEM micrographs in Fig. 4c
nd d show a fairly uniform layer of CNTs (estimated thickness
p to 400 nm) on the SiC fibre. Due to their very small size and
ell-dispersed state, the carbon nanotubes were able to penetrate

nto the spaces between the fibres in the 2D fabric. By observing
he cross-section of the sample we confirmed that the SiC-fibres

n the central region of the fibre mat were also efficiently coated
y the CNTs. This can be clearly seen in Fig. 7e and f, which
how CNT-coated fibres inside the central region of the sintered
NT-SiC/SiC composite.

o
T
fi
f

CNTs and then infiltrated with a SiC particle suspension by electrophoresis;
agnifications and different zones in the central part of the composite; (d) EDS

.3. Electrophoretic infiltration of CNT-coated SiC fibre
ats with SiC particle suspension

In the next step, we electrophoretically infiltrated the CNT-
oated fibre mat with a suspension of SiC powder. As reported
lsewhere,40–42,44 SiC powder can be deposited either from
thanol or water. However, higher ZP values can be obtained
n aqueous suspensions, resulting in deposits with higher parti-
le packing density. In the present investigation, we deposited
iC particles onto the SiC fibres from a suspension containing
0 wt.% solids and including TMAH, at 30 V for 5 min. In the
rst EPD trials, the CNT-coated fibre mat was placed in front

f the anode so that it was in direct contact with the electrode.
his caused deposition of the negative SiC particles onto the SiC
bres, which acted as the anode. As expected, the SiC particles
ormed a firm deposit on the CNT-coated SiC fibres. Fig. 5a and b
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llustrates the fracture surface of the CNT-coated silicon carbide
bre tow after the deposition with SiC. It is clear that the uni-
ormly distributed nanotubes on the SiC fibres are coated by SiC
articles, while the gaps between them are not filled with parti-
les. Obviously, when the SiC fibres were attached directly to the
node and therefore acted as the deposition electrode, the parti-
les formed a coating on the fibre fabrics, which prevented any
urther infiltration of the gaps close to the electrode. Eventually,
his effect led to the formation of inaccessible voids between the
bres, which could no longer be filled with the depositing SiC
articles. This behaviour is schematically described in Fig. 6a.

To enable the deposition of SiC particles in these spaces
etween the fibres, the infiltration of the CNT-coated SiC-fibre
at with SiC powder was performed by placing the mat in front

f the anode but not in direct contact with it, as described in our
revious work.40 As shown schematically in Fig. 6b, the fabric
as attached to a cellulose membrane and was separated from

he anode using a Teflon® spacer. According to a mechanism
roposed elsewhere,45 with this configuration the SiC particles
re forced to move through the negatively charged fibre mat to
each the electrode; thus, they first deposit on the membrane.
ext, they gradually fill the fabric in front of the membrane,

nd finally, the deposit is additionally formed on the front side
f the fabric. The macroscopic view of the green SiC infiltrated
ample, which formed in 5 min on the graphite anode at 30 V, is
resented in Fig. 7a. It is evident that the particles are deposited
n both sides of the SiC fibre mat, indicating that the particles
ere able to migrate through the fabric.
In order to verify the effectiveness of the EPD of CNTs

nto SiC-fibres, and the infiltration of the CNT-coated fibre
ats with SiC powder, the samples were subsequently infiltrated
ith an Al-phosphate solution and sintered at 1300 ◦C for 3 h in

n argon atmosphere. The Al-phosphate provided a secondary-
hase precursor that enables the low-temperature densification
f SiC.44,46 After sintering, the matrix phase filling the gaps
etween the CNT-coated fibres is composed of SiC particles
mbedded in an aluminium-containing secondary phase. The
DS spectrum of the SiC-based matrix material is presented in
ig. 7d.

The fracture surfaces of the composite illustrated in Fig. 7c
nd e reveal that even the narrow spaces between the fibres
re filled with the SiC matrix, as desired. A few unfilled gaps
till remain, however, which could be addressed by a further
mprovement of the process. Moreover, from the higher magni-
cation image in Fig. 7f, it is evident that the CNT-coating is
till present on the fibres after the high-temperature treatment.

. Conclusions

The aim of the work was to produce a new grade of
NT-coated SiC-fibres-reinforced SiC-composite by using
lectric-field-assisted processes for the coating and infiltration.
his was done in two steps: firstly, the SiC fibres were coated

y CNTs and, secondly, the coated fabric was infiltrated with a
iC-powder suspension.

High-quality, uniform, and reproducible CNT and CNT-SiC
oatings on SiC fibres were produced for the first time using the
eramic Society 30 (2010) 1131–1137

PD technique and aqueous suspensions. Since the SiC fibres
ere shown to be negatively charged within a wide range of
H values, we used negatively charged CNTs and SiC particles
or the EPD experiments. Steel, copper, and graphite electrodes
ere employed. Using steel electrodes at voltages greater than
.8 V, meant bubbles disturbed the deposition, while using cop-
er and graphite deposition electrodes successfully suppressed
he bubbles’ formation, which is a requisite for the formation of
olid pore-free deposits.

In the electrophoretic deposition of CNTs onto SiC fibres in
ontact with the positive electrode, a continuous layer of CNTs
as formed on the fibres. The subsequent deposition of the SiC
articles on the CNT-coated fibres yielded a thick SiC layer on
iC fibres; however, the spaces between the fibres through the

hickness of the fibre mat were not completely filled and the
nfiltration of the fibre mat was not achieved. A more efficient
nfiltration of the CNT-coated SiC fibres was achieved by placing
he fibres close to the anode, but not in direct contact with it. In
his way the particles migrated to the electrode through the fibre

at and gradually filled it.
We demonstrated that EPD is a highly efficient method to coat

iC fibres with a layer of CNTs, which results in a nanostruc-
ured interphase layer in the SiC-fibre-reinforced SiC ceramics.
uture work will determine whether or not the presence of CNT
oating will lead to enhanced thermal conductivity and fracture
oughness of these composite materials.
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