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Abstract

Thermal diffusivity,a, and thermal conductivity,κ, between room temperature and 600 K were investigated for SiC composites containing
0–50 mass% of Tyranno® Si Al C (SA) fibre (mean length: 394�m) hot-pressed at 1800◦C for 30 min under a pressure of 31 MPa. The
monolithic SiC specimen possessedκ of 32.1 W m−1 K−1 at room temperature; no significant changes were found for the SiC composite
containing≤20 mass% of SA fibre addition. However, further increases in the amount of SA fibre to 50 mass% improvedκ to a maximum of
56.3 W m−1 K−1. The value ofa for the SiC composite containing 40 mass% of SA fibre was 0.185 cm2 s−1 at room temperature and decreased
t 2 −1 m were
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o 0.120 cms at 600 K. In addition, SiC composites using 40 mass% of SA fibre with a carbon interface of approximately 100 n
abricated. The effect of this interface ona andκ was marginal.

2005 Elsevier Ltd. All rights reserved.

eywords: Hot pressing; Composites; Thermal properties; Thermal conductivity; SiC

. Introduction

Monolithic silicon carbide (SiC) ceramic possesses sev-
ral important characteristics, including excellent chemical
nd wear resistance, high hardness, and high thermal con-
uctivity, that have favoured its use under severe environmen-

al conditions. Despite these advantages, the relatively poor
racture toughness of monolithic SiC, e.g., 2.4 MPa m1/2,1

as limited its scope for many structural applications. One
ethod to increase the fracture toughness of SiC is to incor-
orate a reinforcement phase that promotes crack deflection
t the interface. For example, fracture toughness values of
p to 40 MPa m1/2 have been reported2 for continuous fibre-
einforced (CFR) SiC composites containing 3-D woven
yranno® Si Ti C O fibres.

Whilst CFR-SiC composites are known to exhibit excel-
ent mechanical properties under a variety of test conditions,3

he most common manufacturing techniques, namely chemi-
al vapour infiltration (CVI)4 and polymer impregnation and

∗ Corresponding author. Tel.: +81 3 3238 3373; fax: +81 3 3238 3361.

pyrolysis (PIP),5 have disadvantages including process
times on the order of weeks or months, high cost, and
atively high residual porosity (typically > 5%). In contr
to this, discontinuous fibre-reinforced (DFR) SiC comp
ites are significantly cheaper to produce and also po
enhanced mechanical properties,6–9 albeit not to the sam
extent as for CFR-SiC composites. Whilst work on D
SiC composites was originally concerned with amorph
fibres, e.g., Tyranno® Si Ti C O,10 these fibres are su
ceptible to thermal decomposition and crystallite growt
elevated temperature, resulting in reduced mechanica
formance. However, recently developed near-stoichiom
Tyranno® Si Al C (SA) fibre is able to maintain a tens
strength of >2.5 GPa in inert and air atmospheres up to
and 1000◦C, respectively.11

In light of this, the present authors have investigated12 the
mechanical properties of hot-pressed SiC composites
taining SA fibre (mean length: 394�m), and found the frac
ture toughness to reach a maximum of 4.0 MPa m1/2 for a SiC
composite containing 30 mass% of SA fibre and 5.8 MPa1/2

for a SiC composite containing SA fibres with a car

E-mail address: itatani@sophia.ac.jp (K. Itatani). interface (thickness: approximately 100 nm). In addition, an
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investigation on the effect of mean fibre length13 resulted in
a fracture toughness of 6.0 MPa m1/2 being achieved for a
composite containing 40 mass% of SA fibre (mean length:
706�m) with a carbon interface; this value is believed to be
the highest so far achieved for DFR-SiC composites.

In addition to superior mechanical properties, CFR- and
DFR-SiC composites are often required to possess a high
thermal conductivity,κ, in order to reduce mechanical
stresses that arise due to the presence of thermal gradients
within the component. For example, the thermal shock resis-
tance of any brittle material can be characterised by the
classical parameter,R′, with14:

R′ = κ
σ

αE
(1 − ν) (1)

whereσ is the strength,α is the coefficient of thermal expan-
sion,E is Young’s modulus, andν is Poisson’s ratio.

The values ofκ for single-crystal SiC15and polycrystalline
SiC16 are 490 and (up to) 270 W m−1 K−1, respectively. In
contrast to this, values ofκ for CFR-SiC composites mea-
sured in the transverse direction are often <20 W m−1 K−1 at
room temperature, although values as high as 75 W m−1 K−1

have been reported as shown inTable 1.17–22 The value of
κ for composite materials is known to depend on the indi-
vidual values of the fibre,κ , matrix,κ , and interface layer,
κ t and
m ve
b
m and
s

κ

1

κ
= Vf

κf
+ (1 − Vf )

κm
(3)

whereVf is the volume fraction of fibres. A more sophisti-
cated approach is that derived by Kingery et al.27 and based
on the Maxwell-Eucken equation28 with the assumption that
the fibres are well dispersed and not touching one another:

κ = κm

{
1 + 2Vf ((1 − κm/κf )/2(κm/κf ) + 1)

1 − Vf ((1 − κm/κf )/(κm/κf + 1))

}
(4)

Whilstκ has been determined for ceramic matrix compos-
ites reinforced with SiC powder or whiskers,23,29–31there is
a relative dearth of data available concerning the range ofκ

values expected within DFR-SiC composites.7 The present
work is thus concerned with an investigation on the thermal
properties of a SiC composite containing chopped SA fibre,
whose manufacture and resulting mechanical properties have
been the subject of previous work by the authors.12,13

2. Experimental procedure

2.1. Fabrication of the SiC composite containing SA
fibre

Hot-pressed compacts in this work utilised ultrafine
S ne
( at
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i , together with the processing parameters and amoun
orphology of any porosity.20,23–26Several approaches ha
een taken towards predicting the value ofκ for composite
aterials with the simplest methods being the parallel

eries models as follows:

= Vf κf + (1 − Vf )κm (2)

able 1
ransverse thermal conductivity (TC) of various continuous fibre-rein

omponent Fibre configuration Po

ibre Matrix

icalon® SiC (CVI) 3-D woven 10

VR of SiCa SiC (CVR) 1-D 15

i-Nicalon® Si C Ob 2-D woven Not

i-Nicalon® SiC (CVI) 2-D woven 6–1

yranno® SA SiC (NITE) 2-D woven 3–6

yranno® SA SiC (CVI) 3-D woven <10

i-Nicalon® Type S SiC(CVI) 3-D woven <10

VI: chemical vapour infiltration; CVR: chemical vapour reaction; NIT
a SiC was obtained from Toray® T-300 carbon fibre.
b Si C O was derived from polycarbosilane.
iC powder obtained via the pyrolysis of triethylsila
(C2H5)3SiH: AZmax Co. Ltd., Ichihara, Japan) in argon
100◦C, using a chemical vapour deposition (CVD) te
ique. The resulting SiC powder (specific surface area (S
3.4 m2 g−1; mean particle size: 43 nm) was further hea

n air at 500◦C for 2 h in order to eliminate any resi
al carbon. In addition, aluminium carbide (Al4C3) was
tilised as a sintering aid and prepared from the pyro

SiC composites at room temperature (RT) and elevated temperature

%) Temperature (◦C) TC (W mi−1 K−1) References

RT 11.5–12.5 Giancarli et al.17

800 6.5–7.5

RT 75 Kowbel et al.18

1000 35

le RT 5–11 Yoshida et al.19

1000 5–15

RT 13 Youngblood et al20

1000 9

RT 17–29 Katoh et al.21

1000 15–20

RT 40–50 Yamada et al.22

1000 24

RT 36 Yamada et al.22

1000 20

o-infiltration and transient eutectic-phase.



K. Itatani et al. / Journal of the European Ceramic Society 26 (2006) 703–710 705

of trimethylaluminum ((CH3)3Al: Nippon Aluminum Alkyls
Ltd., Tokyo, Japan) in argon at 1100◦C using a CVD tech-
nique; the SSA and mean particle size were 58.0 m2 g−1 and
39 nm, respectively.

The required amount of SiC powder was first mixed with
5 mol% of Al4C3 powder7 in the presence of hexane using an
alumina mortar and pestle. Following this, the powder was
mixed with 0–50 mass% of SA fibre (Ube Industries, Ltd.,
Ube City, Japan) that had been ultrasonically dispersed in
the presence of hexane and then dried in air. Approximately,
1.5 g of the mixture was first uniaxially pressed at 50 MPa
and then isostatically pressed at 100 MPa to form a disk with
a diameter of 20 mm and a thickness of 2 mm. Finally, the
disk was hot-pressed at 1800◦C for 30 min under a uniaxial
pressure of 31 MPa in an argon atmosphere.6

Two types of SA fibre were used in the present work. As
shown in the SEM micrographs (Fig. 1), the standard SA fibre
possessed fibre diameters in the range of 5–10�m and length
distributions in the range of 200–600�m (Fig. 1a); the mean
length and diameter of the SA fibres were 394 and 7.5�m,
respectively. The higher magnification SEM micrograph of
the standard SA fibre (Fig. 1b) indicated the surface to be
essentially smooth, whilst that of the SA fibre with a carbon
interface (SA/C) obtained by treatment in a CO atmosphere
at 1700◦C for 1 h was relatively rough in nature (Fig. 1c).
According to the Auger depth profiles for the SA/C fibre
( face
t

2.2. Characterisation

The relative density of hot-pressed compact was calcu-
lated by dividing the bulk density by the true density. The
bulk density was measured on the basis of mass and dimen-
sions, whilst true density was measured picnometrically at
25.0◦C using n-hexane as a replacement liquid after the
hot-pressed compact was pulverized using a zirconia mortar
and pestle. Crystalline phases within the hot-pressed com-
pact were examined using an X-ray diffractometer (XRD;
Model RINT2100V/P, Rigaku, Tokyo, Japan; 40 kV, 40 mA)
and monochromatic CuK� radiation. The microstructure of
the hot-pressed compact was analysed using a field-emission
scanning electron microscope (FE-SEM; Model S-4500,
Hitachi, Tokyo, Japan), following coating of the surface with
Pt–Pd using an ion coater (Model E-1030, Hitachi, Tokyo,
Japan) in order to avoid charging effects; some of the hot-
pressed compacts were etched using Murakami’s reagent
(10 g of NaOH and 10 g of K3Fe(CN)6 in 40 cm3 H2O at
110◦C for 20–30 min), after polishing the surfaces of com-
pacts.

Thermal properties of compacts in the direction paral-
lel to hot pressing, i.e., transverse direction, were inves-
tigated using either laser-flash or photo-flash techniques;
plate-like specimens with dimensions of approximately
10 mm× 10 mm× 1 mm were used for the laser flash tech-
n an)
a with
data provided by Ube Industries Ltd.), the carbon inter
hickness was estimated to be 100 nm.
Fig. 1. SEM micrographs of the chopped SA fibre. (a) Overvie
ique (Model TC-7000, Ulvac-Riko, Yokohama, Jap
t room temperature, whereas cylindrical specimens
w; (b) Surface of SA fibre; (c) SA fibre with a carbon interface.
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diameter and thickness of 20 and 1 mm, respectively, were
used for the photo-flash technique (Compotherm Messtech-
nik GmbH, Syke, Germany) between room temperature and
600 K. These specimens were polished to a 0.5�m finish,
prior to being coated with a thin layer of gold and then carbon
in order to aid energy absorption and transfer to the speci-
men. The experimental accuracy of the thermal conductivity
measurements was estimated to be within±5%. The ther-
mal conductivity of each specimen was calculated from the
thermal diffusivity data, using the following equation32:

κ = aρ Cv (5)

wherea is the thermal diffusivity,ρ is the density, andCv is
the heat capacity at constant volume. Values forCv of 0.73
(SiC matrix)33 and 0.669 J g−1 K−1 (SA fibre)34 were used
in the present work withCv for specimens being calculated
according to the respective proportions of the components.
It is known that the value ofκ in SiC composites is strongly
dependent on the level of porosity.19 One relationship that
has been used to take into account this factor is35:

κExp = κIdeal

(
1 − P

1 + 11P2

)
(6)

whereκExp is the value ofκ for the composite containing
porosity,κIdeal is the value ofκ for a composite containing
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Fig. 2. Typical XRD pattern of a SiC composite containing 40 mass% of
SA fibre hot-pressed at 1800◦C for 30 min under a pressure of 31 MPa. (©)
�-SiC; (�) �-SiC; (�) �-Al2O3.

ite. Typical SEM micrographs of etched surfaces parallel and
perpendicular to the direction of loading are shown inFig. 3.
The SA fibres were found to be preferentially aligned perpen-
dicular to the direction of uniaxial loading. The preferential
alignment of SA fibres in the SiC matrix is thought to have
originally occurred during uniaxial pressing of the powder
mixture; the alignment of fibres may have been further pro-
moted due to uniaxial pressing during hot pressing.

3.2. Effect of chopped SA fibre amount with and without
carbon interface on the thermal conductivity at room
temperature

As shown inFig. 3, the preferential alignment of SA fibres
in the SiC matrix should also exhibit anisotropic thermal
behaviour. In the present work, however, only the thermal
properties parallel to the direction of loading, i.e., transverse
direction, have been considered due to (i) the difficulty in
preparing a specimen of sufficient thickness to test in the
direction perpendicular to loading, and (ii) previous research
having tended to concentrate on thermal properties in the
transverse direction,19,20as this is the limiting factor in many
applications, e.g., fusion power blankets.39

Thermal conductivity data in the transverse direction has
been shown inFig. 4, together with estimates for the theo-
retical thermal conductivities according to Eqs.(2)–(4). The
p -
i f
6 e
e fibre
p A
fi in
t e
S
t

w dicted
v re all
o ss%
o porosity, andP is the fractional porosity. Unless otherw
tated, all values ofκ mentioned in this work were correct
sing Eq.(6) in order to obtain the intrinsic (i.e.,κIdeal) value;

his correction increasedκ by an average of 7% for the ma
ials under investigation.

. Results and discussion

.1. Relative density, phase composition and
icrostructure anisotropy

The effect of processing parameters on the relative de
i.e., bulk density/true density) and mechanical propertie
hese composites has been discussed in detail elsewher12,13;
t is noted here that the relative density exceeded 95% f
pecimens. The amount and position of the porosity
ound to depend on the amount of SA fibre. For ex
le, the SiC composite containing 50 mass% of SA fi

ended to possess the majority of its porosity within the fi
gglomerates.12 The crystalline phases of the compos
ere examined using XRD with a typical result being sh

n Fig. 2. All of the composites were comprised of mai
- and�-SiC, together with a small amount of�-Al2O3. The
resence of�-Al2O3 is derived from the reaction of Al4C3
ith atmospheric moisture36 and/or that of Al4C3 with the

ayer of SiO2 often found on the surface of SiC particles.37,38

The use of uniaxial pressure during powder compac
nd hot pressing was expected to significantly influenc
rrangement of chopped SA fibres within the SiC com
orosity-corrected value ofκ for the monolithic SiC spec
men (32.1 W m−1 K−1) was used forκm with a value o
4.6 W m−1 K−1 being assumed forκf

40. Regarding th
xperimental data, the addition of up to 20 mass% of SA
roduced no increase inκ; however, a further increase in S
bre amount to 30 mass% led to a significant increaseκ
o 43.4 W m−1 K−1. The maximumκ value achieved for th
iC composite containing SA fibres was 56.3 W m−1 K−1 for

he case of 50 mass% of SA fibre.
Whilst the general trend of increasingκ with increasingVf

as consistent between the experimental data and pre
alues from the different models, the predicted values we
verestimated for SiC composites containing 10–20 ma
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Fig. 3. Schematic diagram of the hot pressing configuration, together with typical SEM micrographs of the surface perpendicular and parallel to the direction
of loading for a SiC composite containing 30 mass% of SA fibre hot-pressed at 1800◦C for 30 min under a pressure of 31 MPa.

of SA fibre and underestimated for the SiC composite con-
taining 50 mass% of SA fibre. The relatively lowκ value for
the monolithic SiC specimen is attributed to (i) significant
phonon scattering at grain boundaries where a large number
of defects are present, and (ii) the presence of small grains.
Whilst the value ofκ for the composite would have been
expected to increase with the addition of up to 20 mass%
of SA fibre (due toκf >κm), one explanation for the actual

Fig. 4. Effect of SA fibre amount on the thermal conductivity (room tem-
p a
p poros-
i eory
(

trend would be the change in pore geometry for compos-
ites containing small additions of fibre. A further increase
in SA fibre amount to 40 mass% led to an increase inκ to
40.5 W m−1 K−1, which is attributed to the decrease in poros-
ity. The maximumκ value achieved for the SiC composite
containing 50 mass% of SA fibre, 56.3 W m−1 K−1, is higher
than that achieved for most of the CFR-SiC composites shown
in Table 1. This phenomenon may be explained in terms of the
percolation threshold41 being passed, i.e., the fibres forming
a continuous network throughout the specimen.

In previous work by the authors it was found that utilising
SA fibres with a carbon interface led to a significant increase
in mechanical properties.12,13In order to determine any sim-
ilar effect on the thermal properties, a SiC composite was
fabricated using 40 mass% of SA/C fibre. The results of this
comparison are shown inFig. 5. For botha andκ, the addition
of 40 mass% of either SA or SA/C fibre produced a significant
increase ina andκ on the order of 30–40% compared to the
case of the monolithic SiC specimen; however, there was only
a marginal difference in values between these two compos-
ites. The influence of interfaces on the thermal conductivity
of SiC composites was first investigated by Hasselman and
Johnson42 with recent work focussing on SiC composites in
particular.20,43 The similarity of the results for the compos-
ites with and without the carbon layer is consistent with that
predicted for SiC composites containing thin interface layers
w r-
a ume
f 3%.
erature) for a SiC composite hot-pressed at 1800◦C for 30 min under
ressure of 31 MPa. (a) Present data; (b) present data corrected for

ty; (c) theory (two-phase parallel); (d) theory (two-phase serial); (e) th
Maxell-Eucken).
ith high thermal conductivity.43 Moreover, from conside
tion of the thickness of the carbon layer, the total vol

raction of the carbon layer was estimated to be less than
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Fig. 5. Effect of SA fibre addition and fibre type on the thermal diffu-
sivity (room temperature) and thermal conductivity for a SiC composite
hot-pressed at 1800◦C for 30 min under a pressure of 31 MPa. (a) Mono-
lithic SiC specimen; (b) SiC composite containing 40 mass% of SA fibre;
(c) SiC composite containing 40 mass% of SA/C fibre.

Taken together, these facts suggest that the effect of a carbon
interface onκ may be marginal.

3.3. Effect of chopped SA fibre amount with and without
carbon interface on the thermal conductivity at elevated
temperature

The effect of test temperature (295–600 K) on thermal
diffusivity was determined for the cases of the monolithic
SiC specimen and the SiC composites containing 40 mass%
of SA and SA/C fibres. The results are shown inFig. 6.
Whilst the value ofa for the monolithic SiC specimen was
0.134 cm2 s−1 at room temperature, this decreased grad-
ually to reach 0.091 cm2 s−1 at 600 K. The trends ina
for both composites were similar with an initial value of
0.18 cm2 s−1 decreasing to 0.11–0.12 cm2 s−1 at 560–580 K.
The temperature dependence ofa for both composites was

F ence
o
u osite
c ass%
o

similar and both greater than that of the monolithic SiC
specimen.

If the heat transport within the material is mainly due to lat-
tice vibrations (i.e., phonon conduction) thena can be given
by44:

a = 1

3
νsltot (7)

whereνs is the mean phonon velocity andltot is the total
mean free path of the phonons. It has been shown thatltot
is dominated by extrinsic scattering events (i.e., defects and
grain boundaries) at low temperature and phonon–phonon
scattering at high temperature. Recent work by Bruls45 and
Bruls et al.46has indicated that the temperature dependence of
a can be closely approximated by the following relationship:

a−1 = A′T + B′ for T >
θ̃

b
(8)

with

θ̃ = θ

n1/3 (9)

where T is the temperature,̃θ is the reduced Debye
temperature47, b is a constant (≈2)44, θ is the Debye tem-
perature (1.2× 103 K for SiC)48, and n is the number of
atoms per primitive unit cell (4–12 for SiC depending on
t era-
t bove
θ ich
v e of
A that
o ac-
t re.

data
w d
w f

F pen-
d ed at
1 imen
( SA
fi s%
o

ig. 6. Effect of SA and SA/C fibre addition on the temperature depend
f thermal diffusivity for a SiC composite hot-pressed at 1800◦C for 30 min
nder a pressure of 31 MPa. (a) Monolithic SiC specimen; (b) SiC comp
ontaining 40 mass% of SA fibre; (c) SiC composite containing 40 m
f SA/C fibre.
he polytype).49 The above equations indicate the temp
ure dependence to be valid in SiC for temperatures a
/bn1/3, i.e., 262–378 K depending on the polytype, wh
alidates the present investigation. Whilst the magnitud
′ is solely determined by intrinsic lattice characteristics,
f B′ is determined, in addition to the intrinsic lattice char

eristics, by the presence of impurities and microstructu45

In order to apply the above theory, the present
as converted toa−1 versus T coordinates and fitte
ith a straight line, as shown inFig. 7. The slope o

ig. 7. Effect of SA and SA/C fibre addition on the temperature de
ence of reciprocal thermal diffusivity for a SiC composite hot-press
800◦C for 30 min under a pressure of 31 MPa. (a) Monolithic SiC spec
a−1 = 1.14× 10−3 T + 4.13); (b) SiC composite containing 40 mass% of
bre (a−1 = 0.97× 10−2 T + 2.74); (c) SiC composite containing 40 mas
f SA/C fibre (a−1 = 1.12× 10−2 T + 2.26).
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the straight line, i.e.,A′ in Eq. (8), was in a range of
0.97–1.14× 10−2 cm−2 s K−1. The slope was similar for
each of the composites and specimens within an experimental
accuracy of±20%.45,46As mentioned earlier, the value ofA′
is determined by the intrinsic lattice characteristics and thus,
with the matrix being essentially identical for each of the
composites and specimens, it was not surprising that the val-
ues ofA′ should be similar. One possible explanation for the
slight difference inA′ between specimens might be the pres-
ence of reactions between the fibre surface, SiC and Al4C3
matrix components during hot pressing.

In contrast to the similarity inA′ values, the value ofB′
was significantly different for the monolithic SiC specimen
(B′ = 4.13 s cm−2), compared to that of the SiC composites
containing 40 mass% of fibre, i.e.,B′ = 2.74 s cm−2 for the
case of SA fibre addition and 2.26 s cm−2 for the case of SA/C
fibre addition. As mentioned previously, the value ofB′ is
determined by the presence of impurities and the microstruc-
ture (in addition to the intrinsic lattice characteristics),45 so
that large differences might naturally be expected between
the monolithic specimen and composites. The present inves-
tigation has thus shown theA′ andB′ parameters to be able
to easily distinguish between a monolithic SiC specimen and
DFR-SiC composites and yet be sensitive to the underlying
similarities in the matrix components.
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temperature value of∼0.185 cm2 s−1 decreasing to a
value of∼0.120 cm2 s−1 at 600 K; these values being
significantly higher compared to that of the monolithic
SiC.

(iv) Calculation of theA′ and B′ parameters noted by
Bruls et al. indicated theA′ values to be similar
(0.97–1.14× 10−2 cm−2 s K−1) for the composites and
monolithic SiC whilst theB′ values were similar for the
composites (2.74 and 2.26 s cm−2) but different from
that of the monolithic SiC (4.13 s cm−2). These results
were explained in terms of the similarity in matrices
(A′) and the difference in microstructure (B′) between
the composites and monolithic SiC.
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. Conclusions

The transverse thermal conductivity,κ, and thermal diffu
ivity, a, between room temperature and 600 K was inv
ated for a discontinuous fibre-reinforced SiC/SiC compo
ontaining 0–50 mass% of chopped Tyranno® Si Al C (SA)
bre with a mean length of 394�m. The composites ha
een manufactured using the uniaxial hot-pressing me
1800◦C/30 min/31 MPa) and utilised nano-sized silicon
ide (SiC) powder for the matrix, together with 5 mol%
luminium carbide (Al4C3) as a sintering aid; the relative de
ities being >95% for all specimens. The main conclus
f this work were that:

(i) The value ofκ was 32.1 W m−1 K−1 for the monolithic
SiC with almost no change for composites contain
20 mass% of SA fibre. However, further increase
fibre content resulted in a maximum of 56.3 W m−1 K−1

for the composite containing 50 mass% of fibre.
(ii) The influence of carbon interface (∼100 nm) on the

fibre, SA/C, was investigated for a composite contain
40 mass% of fibre. Compared to the composite con
ing standard SA fibre, the composite containing S
fibre showed only a marginal increase inκ anda and
it was concluded that the use of fibres with a car
interface had negligible effect on the thermal proper

iii) The effect of temperature ona was investigated wit
the relationship being similar for the composites c
taining 40 mass% of SA and SA/C fibre with a ro
echnique).
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