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ABSTRACT

Continuous SiC fiber-reinforced SiC composites (SiC
f
/SiC) were fabricated by electrophoretic deposition (EPD). Nine types of

slurries with different powder contents, binder resin amounts and slurry pH were deposited on TyrannoTM-SA fabrics by EPD at

135 V for ten minutes to determine the optimal conditions. Further EPD using the optimum slurry conditions was performed on

fabrics with four different pyrolitic carbon (PyC) thicknesses. The density of the hot-pressed composites decreased with increasing

PyC thickness due to the difficulty of infiltrating the slurry into the narrow gaps between the fibers. On the other hand, the

mechanical strength increased with increasing PyC thickness despite the decrease in density, which was explained by the

enhanced crack deflection with increasing PyC thickness. The SiC
f
/SiC composites showed the highest density and flexural

strength of 94% and 342 MPa, respectively, showing EPD as a feasible method for dense SiC
f
/SiC fabrication.
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1. Introduction

ontinuous SiC fiber-reinforced SiC composites (SiC
f
/SiC),

on account of their excellent thermal and mechanical

properties, are one of the most attractive materials for

applications under extreme conditions.1-4) These applications

include aerospace, gas turbines, advanced fission reactors,

and future fusion reactors.1-4) The fiber reinforcement of

these composites aims to reduce the brittleness of mono-

lithic SiC, which has impeded many practical applications.

The key factors for achieving a damage-tolerant composite

are the dense microstructure and the presence of a weak

interface, which is generally achieved by depositing pyro-

lytic carbon (PyC) on SiC fibers.5) 

SiC
f
/SiC composites are fabricated mainly by chemical

vapor infiltration (CVI), polymer impregnation and pyroly-

sis (PIP), and a nano-infiltrated transient eutectic-phase

(NITE) process.6-8) Compared with the slow, expensive, and

relatively porous CVI and PIP processes, the recently

introduced NITE process, which employs SiC slurry infiltration

into the gaps between the fibers, appears to be most

suitable for dense SiC
f
/SiC fabrication.8) The NITE process

employs nano-sized SiC particles and Al
2
O

3
-Y

2
O

3
 sintering

additives forming transient eutectics with SiO
2
 during hot

pressing at 1720~1800oC.8-10) The development of thermally

robust TyrannoTM SiC fibers, which do not show significant

degradation in strength or compositional changes in inert

atmospheres up to 1,900oC or in air up to 1,000oC, has

enabled the hot pressing of SiC
f
/SiC at high temperatures.11) 

 Since SiC
f
/SiC composites fabricated by the NITE process

still show some porosity,8-10) this study evaluated the feasi-

bility of electrophoretic deposition (EPD). EPD is known to

be a fast, simple and efficient colloidal process for ceramic

production, in which the charged particles dispersed in a

liquid medium are attracted and deposited onto a conduct-

ing substrate of opposite charge under a DC electric field.12)

However, there are only a few reports on EPD application

for SiC
f
/SiC composite fabrication, showing a density of 85~90%

and a flexural strength of 80~120 MPa using the 3-point

bending test.13-15) Since parameter optimization would be

very important for achieving high quality SiC
f
/SiC compos-

ites using an EPD, nine types of slurries were prepared in

this study by varying the powder content, amount of binder

resin, and slurry pH to determine the optimal conditions.

This paper also reports on the effect of the slurry zeta poten-

tial and the characteristics of the hot-pressed composites as

a function of the PyC thickness.

2. Experimental Procedure

Nano-sized β-SiC (D
m
=52 nm, 97.5% pure, 4620KE, Nano-

Amor Inc., USA) and 12 wt% of an Al
2
O

3
 (D

m
=150 nm, 99.9%

pure, Baikowski, Japan):Y
2
O

3
 (D

m
=220 nm, 99.99% pure, Acros

Organics, USA):MgO (D
m
=160 nm, 99.9% pure, Sigma-Ald-

rich, USA) mixture at a weight ratio of 6.4:2.6:1.0 were used

as the matrix phase and sintering additive, respectively. In

order to make the particle size of the additives comparable

to that of SiC particles, high energy milling (MiniCer,

Netzch, Germany) was performed using 0.8 mm ZrO
2
 beads

at 3,000 rpm for three hours. A mean additive particle size

of 100 nm was obtained using this method. Two-dimension-

ally woven TyrannoTM-SA grade-3 fabrics (Ube Industries

LTD., Japan) were used as reinforcements after being coated

C



448 Jong-Hyun Lee, Gun-Young Gil, and Dang-Hyok Yoon Vol. 46, No. 5

with a 200, 400, 600 and 800 nm-thick PyC layers through

the decomposition of CH
4
 at 1,100oC. The fabrics, which had

a 0/90o plain woven structure with 1,600 filaments per yarn,

were punched into 5 cm diameter discs. Polyvinyl butyral

(PVB) resin with a mean molecular weight of 55,000 g/mole

(Butvar B-98, Solutia, USA) was used as the binder phase.

After dissolving the PVB resin in a mixed toluene/ethanol

solvent at a ratio of 6/4, the nine types of slurries were

synthesized by adding the SiC powder containing the sin-

tering additive and 20 wt% of a polyester/polyamine co-poly-

meric dispersant (Hypermer KD1, ICI, UK) to the binder

solution, as shown in Table 1. The slurries were ball-milled

for 36 h using 6 mm SiC balls to minimize the level of con-

tamination. Suspensions containing 1 wt% of SiC, Al
2
O

3
,

Y
2
O

3
, and MgO in ethanol were prepared at the same time.

The zeta potential of these suspensions and the nine types of

slurries were characterized using an electroacoustic-type zeta

potential analyzer (Zeta Probe, Colloidal Dynamics, USA).

The pH of the suspensions was adjusted using NH
4
OH,

CH
3
COOH and HCl.

EPD was performed using the nine types of slurries for a

disc-shaped SiC fabric sample, which was dipped into the

slurry in the middle chamber under an applied voltage of

135 V for ten minutes, as shown in Fig. 1. The distance

between the SiC fabric and the stainless steel electrode was

20 mm; a dual electrode system was used for efficient

infiltration from both sides. The anode and cathode were

varied according to the sign of the zeta potential of the

slurry used because SiC particles move to the electrode with

an opposite charge. The degree of infiltration of each sample

was evaluated using the infiltrated green microstructure of

the composite after cryo-fracturing using liquid N
2
. Since

the conditions indicated by No. 4 in Table 1 were found to be

optimal, further EPD experiments were conducted for the

fabrics with four different PyC thicknesses using this

slurry. After drying the infiltrated fabrics at 70oC for three

hours, ten layers of fabrics were stacked and laminated uni-

axially under a pressure of 10 MPa at 80oC. Binder burn-out

at 400oC for two hours in air was performed for all samples.

Hot pressing was carried out at 1,750oC for three hours in

an Ar atmosphere under a pressure of 20 MPa.

The density of the composites was measured using the

Archimedes method. The hot-pressed samples were cut into

4×2×40 mm3 pieces and polished for the 3-point bending

test (UTM AG-50E, Shimadzu, Japan), which was performed

at a crosshead speed of 0.5 mm/min and a span of 30 mm.

The sample morphology was examined by scanning electron

microscopy (SEM; Hitachi S-4100) and high-resolution trans-

mission electron microscopy (HRTEM: H-7600, Hitachi).

3. Results and Discussion

Fig. 2 (a) shows a HRTEM image of the very fine β-SiC

particles, which have a strong tendency to agglomerate. The

dispersion of particles is essential because these fine parti-

cles need to be infiltrated efficiently by EPD into the narrow

gaps between the PyC-coated SiC fabrics, as shown in Fig. 2

(b)~(d). A systematic approach to the dispersion of SiC pow-

der can be found in a previous report.16) The woven fabrics

shown in Fig. 2 (c) contained large inter-bundle gaps as well

as small intra-bundle gaps between each fiber; the size of the

Table 1. Nine Runs of the Experimental Table for Slurry
Preparation

Run
Center 
point

Experimental factors and levels

Powder/solvent (wt) Binder/powder (wt) pH

1 1 0.10 0.01 3

2 1 0.20 0.01 3

3 1 0.10 0.10 3

4 1 0.20 0.10 3

5 1 0.10 0.01 10

6 1 0.20 0.01 10

7 1 0.10 0.10 10

8 1 0.20 0.10 10

9 0 0.15 0.05 6.5

Fig. 1. Schematic diagram of the experimental apparatus for
slurry infiltration using EPD.

Fig. 2. Images of (a) SiC particle, (b) 600 nm PyC-coated
fiber, (c) SiC fabric, and (d) SiC fabric disc used for
EDP.
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gaps narrowed as a result of the increasing PyC thickness.

Fig. 3 shows the zeta potentials of 1 wt% SiC, Al
2
O

3
, Y

2
O

3
,

and MgO suspensions in ethanol as a function of the pH

measured using an electroacoustic method. This method

measures the amplitude of sound waves generated by

charged particles when an MHz level AC field is applied to

the suspension and converts to the corresponding zeta

potential. All samples except for MgO showed a decrease in

zeta potential with increasing pH due to the effect of OH-

ions. Fig. 3 also shows the isoelectric points (IEPs). The

principal driving force for EPD is the charge and electro-

phoretic mobility of the particles under an applied DC elec-

tric field. Since the particles move to the electrode with an

opposite charge, not all constituents move in the same direc-

tion at high pH due to the different charge of MgO com-

pared to SiC and Y
2
O

3
. Moreover, Al

2
O

3
 would have a low

driving force for moving under an electric field due to its low

zeta potential at high pH. On the other hand, all constitu-

ents would move in the same direction at low pH due to

their positive zeta potentials, even though there might be

some difference in mobility. The difference in mobility

between the constituents can induce a non-uniform distri-

bution of each constituent of the deposit, generating a differ-

ent microstructure for the final products. This difference

can be minimized using a high viscosity suspension, which

can be achieved by adding a polymeric binder.12) The binders

can enhance the adhesion of the matrix phase to the fabric

as well as prevent cracks in the deposits. In addition, the

binder can provide steric stabilization of the suspension due

to the adsorbed polymeric layer.12) Fig. 4 shows the zeta

potentials of the nine types of slurries that contain a PVB

binder, dispersant and ceramic particles. The pH of sample

No. 1~4, 5~8 and 9 was 3, 10 and 6.5, respectively. Sample

Nos. 1~4 showed a positive zeta potential, while No. 5~8

showed a negative value, which is consistent with the

results shown in Fig. 3. It was expected that the particles in

sample No. 5~8 would move to the positive electrode, while

the others would show an opposite behavior. 

Fig. 5 shows SEM images of the fabrics infiltrated by EPD

using the nine types of slurries after cryo-fracturing in liq-

uid N
2
. EPD requires the optimization of many process

parameters, such as suspension stability, applied voltage,

deposition time, solid loading rate, slurry conductivity,

dielectric constant of solvent etc.12) The fabric infiltrated

using No. 4 in Table 1, which has a powder/solvent=0.20,

binder/powder=0.10 and pH=3, showed the highest infiltra-

tion. Therefore, further EPD was performed using this for-

mulation for SiC fabrics with four different PyC thicknesses.

Fig. 6 shows SEM images of the polished surface of hot

pressed SiC
f
/SiC fabricated using different PyC thicknesses.

Since TyrannoTM SiC fibers are stable in an inert atmo-

sphere up to 1,900oC,11) the fibers maintain their original

round shape after hot pressing at 1750oC. However, small

pores in the intra-bundle regions were observed, while the

matrix-rich region showed a highly densified morphology.

Fig. 3. Zeta potential of the SiC particles and sintering
additives in ethanol as a function of the suspension
pH.

Fig. 4. Zeta potential of the nine types of slurries used for EPD.

Fig. 5. SEM images of the fabrics infiltrated by EPD using
the nine kinds of slurries.
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The increase in porosity with increasing PyC thickness was

attributed to the difficulty of slurry infiltration due to the

narrower gaps between fibers.

Fig. 7 shows the typical stress-displacement curves of the

3-point bending test of the SiC
f
/SiC composites with different

PyC thickness. The displacement for failure and flexural

strength of the composite with a PyC thickness of 600 and

800 nm were much larger than those for 200 and 400 nm.

This was attributed to the different fiber pull-out behavior

depending on the PyC thickness, which is shown in Fig. 8.

The fractured surface image of the composite with a PyC

thickness of 400 nm in Fig. 8 (a) shows little fiber pull-out

from the composite, while the composite with a PyC

thickness of 600 nm has a much higher degree of fiber pull-

out, as shown in Fig. 8 (b). The key factor for achieving a

damage-tolerant composite is the presence of a weak inter-

face, which is generally achieved by depositing pyrolytic car-

bon SiC fibers.5) Therefore, it appears that a PyC layer

thinner than 400 nm does not produce a weak interface that

deflects crack propagation. When the interface is too strong,

cracks will propagate along the interface like those in a

monolithic ceramic, without increasing the toughness.

Table 2 summarizes the properties of the SiC
f
/SiC composites,

including the fiber volume fraction, density, and mechanical

strength, which were fabricated using different PyC thicknesses

after hot pressing.  Although the SiC fiber fraction decreased

with increasing PyC thickness due to the PyC volume, all

composites still contained more than 35 vol% of fiber. The

density of the composites also decreased with increasing PyC

thickness, indicating the difficulty in infiltration by EPD due to

the narrower gaps resulting from increasing the PyC

thickness. The composite density with 200 nm PyC was 94%

of the theoretical density (SiC powder=3.22 g/cm3, Tyran-

noTM-SA fiber=3.10 g/cm3), but was only 84% for 800 nm PyC.

However, the flexural strength increased with increasing PyC

thickness despite the decrease in density, which can be

explained by the enhanced crack deflection.

4. Conclusions

This study evaluated the feasibility of EPD for fabricating

dense SiC
f
/SiC composites. The deposition electrode was

determined by the zeta potential measurements of the SiC

particles and sintering additives, whereby the acidic slurry

pH was chosen for homogeneous deposition due to the posi-

tive zeta potentials for all constituents. The optimum condi-

tions for the slurry were found to be powder/solvent=0.20,

binder/powder=0.10, and pH=3 based on the preliminary

EPD tests using nine types of slurries. According to further

EPD experiments using the chosen slurry, fabrics with dif-

ferent PyC thickness showed an increase in porosity with

increasing PyC thickness due to the difficulty of slurry infil-

tration associated with the decreasing gaps between fibers.

However, the flexural strength increased with increasing

PyC thickness despite the decrease in density, requiring a

PyC coating layer thicker than 400 nm to produce damage-

Fig. 6. SEM images of the polished SiC
f
/SiC with various

PyC thickness after hot pressing.

Fig. 7. Typical flexural stress-displacement curves of SiC
f
/SiC

fabricated using different PyC thicknesses.

Fig. 8.SEM images of the fractured surface for SiC
f
/SiC fabricated

using different PyC thicknesses: (a) 400 nm and (b)
600 nm.

Table 2. Properties of SiC
f
/SiC Fabricated Using Different

Thicknesses of Pyrolytic Carbon

PyC
thickness

(nm)

Fiber
fraction
(Vol%)

Bulk
density
(g/cm3)

% density
Flexural 

strength (MPa)

200 50 2.97 94.3 244±13

400 45 2.89 91.6 276±22

600 42 2.77 87.7 301±18

800 39 2.65 83.8 342±32
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tolerant composites. The continuous SiC
f
/SiC composites

fabricated by EPD showed the highest density and the high-

est flexural strength, 94% and 342 MPa, respectively, which

values are quite improved compared to previously reported

ones. Overall, it was confirmed that the EPD is a promising

method for the fabrication of dense SiC
f
/SiC composites. 
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