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Electrophoretic deposition infiltration
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matrix composites of tubular shape
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Stainless steel (316L) fibre mats shaped into tubular geometry were used to reinforce
cordierite. The ductile phase-reinforced cordierite matrix composites were manufactured
by using electrophoretic deposition (EPD) and pressureless sintering. An EPD cell suitable
for the fabrication of tubular composites was designed. The relevant process parameters
required to infiltrate the fibre mats with nanosized cordierite powders and to obtain
homogeneous electrophoretic cordierite deposits on the inner and outer surfaces of the
fibrous substrate were optimised. EPD experiments were conducted under constant
voltage conditions (5 V dc) with varying deposition times. The sintered composites having
internal and external deposit thickness of about 1 mm were free of surface cracks when a
deposition time of 2.5 min was used. The developed metal fibre reinforced cordierite
composites may constitute a promising alternative for manufacturing damage-tolerant
tubular components for applications at intermediate-temperatures (up to ∼900◦C).
C© 2002 Kluwer Academic Publishers

1. Introduction
Cordierite (2MgO-2Al2O3-5SiO2) and cordierite-
based glass-ceramics are of interest for microelec-
tronic applications, such as multilayered substrate
materials, because of their low dielectric constant
(4–6 at 1 MHz), low dielectric loss [1], relatively
low coefficient of thermal expansion (1–2 × 10−6/◦C
from 25 to 1000◦C) and high volume resistivities
(>104 � cm) [2]. Due to its low thermal expansion
coefficient and consequently high thermal shock re-
sistance, cordierite has been also considered to be
a candidate material for structural applications in-
volving high temperatures [3]. However, the use of
cordierite in load-bearing applications remains lim-
ited due to its relatively poor mechanical properties
(flexural strength <200 MPa and fracture toughness
<2 MPa · m1/2).

The mechanical properties of cordierite can be en-
hanced by forming a composite material, i.e., by incor-
porating particles, whiskers, platelets or fibres into the
cordierite matrix [4, 5]. In the case of fibre reinforce-
ment mostly ceramic fibres, e.g., SiC-based, have been
used to fabricate cordierite composites [6].

Due to the lack of availability of suitable low-
diameter and temperature-resistant metallic fibres, the
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development of metal fibre reinforced ceramic matrix
composites has not been extensively considered in the
past. This situation however is changing in recent years
due to the increasing commercial availability of fine
metallic fibres and fibre fabrics with potential to be
used as reinforcement in brittle matrices [7]. Thus, re-
search on continuous fibre reinforced glasses and ce-
ramics, including 2-dimensional reinforced compos-
ites, has gained some renewed impulse in the last few
years [7–13].

Some advantages arise when using metallic fibres to
reinforce brittle matrices. These include an increased
resistance to damage during composite processing due
to the intrinsic ductility of metallic fibres and the pos-
sibility of exploiting their plastic deformation for com-
posite toughness enhancement [7].

Fabrication of ceramic composites with 2-
dimensional (2-D) and 3-dimensional (3-D) fibre
reinforcement is a challenge because it is difficult to
achieve complete infiltration of the matrix material
into the fibre tows, where the openings are of the order
of 100 nm [8]. Thus, to obtain the desired properties
through a controlled composite microstructure, it is
crucial to develop reliable processing techniques to
fully infiltrate the tight spaces of 2-D and 3-D fibre
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preforms. The fabrication technique should be also
simple and cost-effective.

Recently, preliminary studies have demonstrated the
feasibility of infiltrating metallic woven fibre mats with
very fine boehmite sols (50 nm) and silica sols (40 nm)
using electrophoretic deposition (EPD) [8–10]. EPD
relies on the presence of small charged particles in a
liquid, i.e., a sol, which, on the application of an electric
field, will move to and deposit on an oppositely charged
electrode [14]. This technique requires only low-cost
equipment and offers new possibilities for the design of
ceramics monoliths and films, fibre-reinforced compos-
ites and graded materials with uniform microstructures
[14–19]. However, application of the EPD technique
for the manufacturing of fibre-reinforced composites
has been limited so far to the fabrication of simple pla-
nar and prismatic shape components [17].

The objective of the present work is to explore the
possibility of using the EPD technique for the fabri-
cation of metal fibre reinforced cordierite matrix com-
posites, focusing on the manufacture of components of
non-planar shape (three-dimensional components). In
particular, a previously developed EPD cell [20] was
modified in order to produce composite tubes using a
single step forming process. Microstructural character-
isation of the composite was carried out.

2. Experimental work
2.1. Materials
High purity stoichiometric α-cordierite
(2MgO · 2Al2O3 · 5SiO2) powder (Baikowski Chemie,
France) was chosen as matrix material. As-received
powders were first dispersed in distilled water at a pH
value of 3 and then ball-milled in a plastic container
for 2 days using high purity TZP (tetragonal zirconia
polycrystals) balls as milling media. The ball-milled
cordierite suspension was then vacuum filtered using
a filter paper having 200 nm pore size. The powders
that passed through the filter paper were collected
for particle size analysis. Powders having an average
particle size of 120 nm were re-dispersed in distilled
water with the addition of 0.5 wt% B2O3 powder. B2O3
was added to increase the sinterability of the cordierite
powder. Ultrasonic agitation was then employed at
15 kHz for 8 h for further dispersion of the particle
agglomerates that might have been present. Kinetically
stable and well-dispersed suspensions were obtained
at a pH value of 3. At this pH value, cordierite
powders had positive surface charge, as determined
by surface charge analyser (Delsa 440 Analyser). The
solids-loading of the suspension was kept at 20 wt%.
This suspension was suitable for the EPD experiments
as explained below.

The metallic reinforcement used in this work was
made of stainless steel fibres (14 µm in diameter) laid-
up in a 3D labyrinth architecture and sintered to form
a filter felt, which is commercially available (Bekipor�

ST, Bekaert Fibre Technologies, Belgium). This par-
ticular fibre preform was chosen on the basis of its
suitability to be infiltrated by nanosized particles us-
ing EPD, as shown below. This grade of stainless steel
fibre (316 L) can be used up to 900◦C in an oxidising

atmosphere [9] and its thermal expansion coefficient
(20–700◦C) is 16.8 × 10−6/◦C. Due to the relatively
low thermal capability and oxidation resistance of the
metallic fibre used, it must be ensured that the cordierite
material used for the matrix be consolidated at
temperatures <∼900◦C.

2.2. Composite fabrication: electrophoretic
deposition and sintering

The flow chart for the manufacturing of tube shaped
composites is schematically shown in Fig. 1. The plain
metallic fiber mat was formed into a tubular shape of
diameter 45 mm. The EPD cell used is schematically
shown in Fig. 2. This EPD cell was constructed on the
basis of a previously developed EPD technique [20].
Both positive electrodes, i.e., the central rod electrode
and the cylindrical electrode surrounding the tubular
fiber mat were made of stainless steel. The distance
between the deposition electrode (fiber mat) and both

Figure 1 Flow chart showing the steps for the fabrication of 3-D tubular
shape ceramic composites.
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Figure 2 Schematic representation of the EPD cell used to produce stainless steel fiber-reinforced cordierite matrix composites of tubular shape.

positive electrodes was adjusted to be 12.5 mm. All
experiments were carried out under constant voltage
conditions (5 V d.c.) and the deposition time was varied
to optimise the deposited ceramic thickness in terms of
avoidance of microcracking development and final fibre
volume fraction. The applied voltage was kept constant
at 5 V d.c. because using a higher voltage would lead
to decomposition of water in the suspension and thus
to the evolution and entrapment of bubbles (porosity)
into the green body compact.

The EPD-formed green compacts were first kept in
a humidity chamber (80% relative humidity) for 1 day,
then in a second chamber (50–60% relative humidity)
for another day and subsequently they were exposed to
normal air for another day. This careful drying process
was necessary to avoid possible crack formation due to
the rapid removal of the water from the green body. The
dried samples were then pressureless sintered in air at
900◦C for 2 h using 5◦C/min heating and cooling rates.

2.3. Microstructural observations
High-resolution field emission gun scanning electron
microscopy (FEG-SEM, Hitachi S-4000, Japan), which
achieves resolutions of 2–5 nm at 30 kV, was used to ob-
serve the as-received and as-filtrated cordierite powder.
The microscope was also used to investigate the struc-

ture of the metallic fibre mats and to examine the quality
of the electrodeposited material. This was investigated
in terms of extent and homogeneity of deposition, de-
posit thickness and degree of densification and micro-
cracking formation after sintering. For microstructural
observations, the green samples were embedded in resin
using a vacuum impregnation equipment but not pol-
ished in order to avoid damage (e.g., spalling) of the
ceramic deposit. Sintered samples were polished using
a 3 µm diamond paste.

3. Results and discussion
SEM microstructures showing the as-received and
vacuum-filtered α-cordierite powders are shown in
Fig. 3a and b, respectively. The as-received powders
are in a heavily agglomerated state and show a wide
range of particle sizes, as shown in Fig. 3a, whereas
the vacuum-filtered powder exhibits a homogeneous
dispersion and uniform particle size with an average
diameter of 120 nm (Fig. 3b). The powder microstruc-
ture obtained after vacuum filtering is ideal for EPD as
the particles are spherical and almost of the same diam-
eter. The particles in suspension in the EPD cell have
therefore similar mobility, meaning that they will move
and deposit onto the deposition electrode with the same
speed.
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(a)

(b)

Figure 3 FEG-SEM micrographs showing: (a) as-received cordierite powders in highly agglomerated state and (b) agglomerate-free cordierite powder
after ball-milling and vacuum filtration. Note in (b) the homogeneous particle size distribution with average particle size of about 120 nm.

The microstructure of the stainless steel (316 L) fibre
mats used is shown in Fig. 4a and b at low and high mag-
nifications, respectively. The SEM images demonstrate
that individual fibers are continuous and multidirec-
tional. The fibre preform shows also the ideal architec-
ture to be infiltrated by nanosized powders using EPD,
as the fibre openings are about 200 nm.

Cordierite nanoparticles in aqueous suspension at
pH 3 will have an overall positive charge under the ef-
fect of an electric field. This charge is produced by the
adsorption of H+ ions, which in turn results in a dou-
ble layer surrounding the particle. The applied electric
field causes the positive and negative portions of this
double layer to displace relative to each other and this
in turn causes the particles to migrate towards and de-
posit on the tubular fibre mat acting as cathode (Fig. 2).
FEG-SEM images indicating the green and sintered
microstructures of EPD-formed stainless steel fibre-
reinforced cordierite matrix composites are shown in
Fig. 5a and b, respectively. These deposits were ob-

tained using a voltage of 5V and a deposition time of
2.5 min. The green microstructure after drying shown
in Fig. 5a confirms that the cordierite sol particles have
been attracted to and deposited onto the tube-shape fibre
mat, thus producing a green body composite compact.
It is also seen that the dried microstructure contains no
microcracks. The sintered microstructure (900◦C for
2 h) indicates the dense nature of the cordierite matrix
with no sintering flaws formed (Fig. 5b).

The thickness of individual layers in multilayered
ceramic composite components is a critical parameter
affecting the composite performance under mechanical
and thermal loads [21]. Moreover deposit thickness is a
limiting factor in relation to the possibility of producing
crack-free green bodies, since the likelihood of micro-
cracking development upon drying of ceramic deposits
or gels strongly depends on their thickness [22].

In this work, special attention was given to con-
trol the thickness of the EPD-formed cordierite deposit
by altering the deposition time. The thickness of the
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(a)

(b)

Figure 4 FEG-SEM micrographs of 316L stainless steel fibres showing: (a) the general 3-D labyrinth architecture suitable for EPD infiltration and
(b) a detailed high-magnification image confirming individual fibre diameter to be 14 µm and fibre interspaces of ∼200 nm.

T ABL E I The effect of the deposition time during EPD, at a voltage
of 5 V dc, on deposit thickness and microcracking development after
drying

EPD time EPD deposit thickness State of deposit
(Min.) (µm) surface

0.5 310 Crack free
1 540 Crack free
1.5 705 Crack free
2 920 Crack free
2.5 1010 Crack free
3 1060 Extensive cracks
3.5 1090 Extensive cracks
4 1105 Extensive cracks
4.5 1115 Extensive cracks

EPD-formed layer as a function of deposition time is
given in Table I. A significant increase in deposit thick-
ness was recorded for deposition times up to 2.5 min. As
the deposition time is increased from 2.5 min to 4.5 min,
only a limited increase in thickness is observed. In EPD

experiments carried out under constant voltage condi-
tions, such as in the present study, the current increases
with time as the electrical resistance of the deposited
layer continually increases. It has been shown that the
deposition rate decreases with time as the potential dif-
ference across the layer decreases according to the fol-
lowing equation [23]:

d n

d t
= NZ (Vappl − Vfilm)

D
(1)

where n is the number of particles deposited per unit
area, N is the particle density of the sol, Z is the elec-
trophoretic mobility (which depends on: dielectric con-
stant and viscosity of the liquid, a geometrical shape pa-
rameter and the zeta potential of the suspension), Vappl

is the applied voltage, Vfilm is the potential across the
deposited film and D is the separation between the elec-
trodes. Under the EPD conditions used in this work (5 V
d.c.), it is found that the ideal deposition time is 2.5 min,
resulting in a deposit thickness of 1010 µm for the
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(a)

(b)

Figure 5 FEG-SEM micrographs of cordierite matrix composites showing: (a) green microstructure after drying and (b) sintered microstructure after
sintering at 900◦C for 2 hr. Samples were produced by EPD using an applied voltage of 5 V dc and a deposition time of 2.5 min. Note the complete
infiltration of cordierite powder and the crack-free microstructure in both the green and sintered stages.

particular fibre architecture and cordierite powder used.
Optimal EPD conditions are strongly dependent on the
ceramic suspension and type of fibre used. In a recent
work on EPD using woven fibre mats of the same stain-
less steel 316L used here but with boehmite nanopar-
ticles, the optimised voltage and deposition time were
4 V and 2 min, respectively [24].

The microstructure of a sintered composite sample
produced using a deposition time of 4.5 min is shown in
Fig. 6. The microstructures of deposits taken from the
internal and external surfaces of the tubular composite
are shown in Fig. 6a and b, respectively. Both pictures
show the presence of microcracks, which are thought
to develop during the drying of the EPD deposits and
which are not “healed” during sintering. However, the
extent of microcracking formed in the internal surface
of the tubular composite (Fig. 6a) is higher than that
created at the external surface (Fig. 6b). The cross-
sectional SEM image of the same sample confirms that

the cracks, created either on the inner or outer surfaces
of the tubular composite, propagate in the cordierite ma-
trix through the thickness of the composite, as shown
in Fig. 7. On the other hand, a sintered sample pro-
duced using a deposition time of 2.5 min has a deposit
thickness of 1010 µm (see also Table I) and contains no
cracks, as shown in Fig. 5b. There are two main mod-
els published in the literature to account for the origin
of drying cracks in ceramic deposits [22]. According
to the most widely accepted approach, during drying,
crack formation occurs due to differential shrinkage of
the ceramic matrix network generating tensile stresses
at the surface and causing catastrophic growth of micro-
scopic flaws. Drying produces a pressure gradient in the
liquid phase of the matrix because as liquid evaporates
from the surface, more liquid diffuses from the centre
of the matrix to the surface to replace it. The external
region of the matrix thus shrinks faster than the interior
as a result of this pressure gradient, producing tensile
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(a)

(b)

Figure 6 FEG-SEM micrographs of a sintered composite sample produced by EPD using an applied voltage of 5 V dc and a deposition time of
4.5 min, showing extensive microcracking: (a) at the inner and (b) outer surfaces of the tubular composite.

Figure 7 FEG-SEM micrograph of the cross section of a sintered composite sample showing that the cracks created on the inner and outer surfaces
of the tube progress through the cordierite matrix.
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stresses throughout the matrix network that are larger at
the exterior. Contraction is inhibited by the slower con-
traction of the internal region where liquid tension is
lower. The network at the interior is stretched, this pro-
moting cracking by growth of pre-existing microscopic
flaws.

It can be concluded from the results presented in
Table I and in Figs 5–7 that the maximum deposit thick-
ness exhibiting a crack-free microstructure is about
1 mm for the fibre mat type and cordierite powder used
in this work. As mentioned above, the nature of the
cracks created at the inside and outside surfaces of
the tube are very different, as shown in Fig. 6a and b.
The crack configuration formed in the internal surface
consists of a main wide (6 µm in width) crack with
smaller curved cracks intersecting the main crack, as
shown in Fig.6a, with an inter-crack spacing of about
250 µm. The cracks formed at the outer surface of the
tube composite (Fig. 6b) show a different morphology.
It is seen that there is one curved main crack (2 µm in
width), which propagates on the surface with an inter-
crack spacing of about 50 µm. In order to eliminate
the microcrack formation, if a deposit thickness higher
than 1 mm is required, alternative drying systems with
even slower liquid extraction rate, such as freeze drying,
should be examined.

It should be mentioned that two other sources for
microcracking may exist during manufacturing of the
composites: (i) during sintering due to constrained den-
sification of the cordierite matrix as it shrinks in the
presence of a rigid (i.e., non-sintering) fibre perform,
and ii) upon cooling from the sintering to room tem-
perature due to the different thermal expansion char-
acteristics of the matrix and fibres. Considering the re-
sult that for ceramic deposit thickness <∼1000 µm
no microcracking was observed, both before and af-
ter sintering, it was assumed here that all microcracks
originated during the drying stage in deposits of large
thickness, as mentioned above. The crack pattern shown
in Fig. 7, however, may well be a combination of both
“non-healed” drying microcracks and cracks developed
due to both constrained sintering shrinkage and thermal
expansion mismatch stresses.

It must be finally pointed out that densification of a
stoichiometric crystalline cordierite powder compact is
a difficult task [2]. Sintering aids, such as B2O3, P2O5 or
lead borosilcate glass are usually added to reduce the
viscosity at a given temperature and thus to increase
the sinterability of cordierite powders [2, 25]. The ap-
proach followed here, addition of 0.5 wt% B2O3 to the
starting cordierite powder, allowed sufficient densifica-
tion of the cordierite matrix at a temperature of 900◦C,
achieving porosities <∼5%.

An alternative approach, which does not involve the
addition of sintering aids, is the “glass-ceramic route”
[26]. In this method, amorphous powders of cordierite
composition are used and densification takes place by
exploiting the viscous flow of the glassy phase before
crystallisation. The densified amorphous body is then
submitted to a crystallisation heat-treatment to obtain
the desired α-cordierite microstructure. The fabrication
of cordierite composites reinforced by metallic fibre

mats using this approach is the focus of current re-
search.

4. Conclusions
Stainless steel fibre mats shaped into tubular geom-
etry can be fully infiltrated and coated by nanosized
cordierite powders (120 nm) using EPD under constant
voltage conditions (5 V d.c). The optimised processing
parameters used in this work resulted in the formation
of dense deposited layers of about 1 mm in thickness
with no drying or sintering cracks. However, if the de-
posit thickness is increased above this value by using
longer deposition times, extensive microcracking oc-
curs both on the inside and outside of the tubular com-
posite. These microcracks were thought to be the result
of stresses arising during the drying of the deposits. Mi-
croscopic observation revealed that microcracks, once
formed in the green body, cannot be closed during the
sintering stage. The experimental approach presented
here shows a simple processing method to manufacture
metal fibre reinforced cordierite matrix composites of
non-planar shape. To the best of the authors’ knowl-
edge, this is the first report on the manufacturing of
fibre reinforced cordierite matrix composites of tubular
shape. Work is in progress to characterise the thermo-
mechanical behaviour of the composites. They are ex-
pected to show non-catastrophic fracture behaviour as
a result of energy dissipation by plastic deformation of
the metallic fibres.
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