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Eight commercially available polysiloxane resins from 3 producers in the Czech Republic, Poland, and the U.S.A. were scru-
tinised by considering their weight loss after pyrolysis in inert atmosphere to 1200°C. For polymethylsiloxane resins the loss
did not exceed 14 % while for polymethylphenylsiloxane ones it amounted to 20, even 30 %. Selected resins were used as
matrix precursors in laboratory manufacture of ceramic matrix composites according to a polymer pyrolysis route. Rovings
of continuous R-glass (Vetrotex Saint Gobain), or Nicalon NL202 (Nippon Carbon) and Nextel 720 (3M) fine ceramic fibres
were used as unidirectional reinforcement of composites pyrolysed up to 750°C or 1000°C, respectively. Initial transformation
stages from a polymer to a ceramic matrix were monitored by measuring the dynamic Young's and shear moduli, which yield-
ed a pronounced minimum of the shear modulus for composites pyrolysed to 400-600°C manifesting a radical polymer recon-
struction in this temperature region. The temperature dependence of the static Young's modulus is almost flat up to 600°C or
1000°C for composites reinforced with R-glass or ceramic fibres, respectively; at higher temperatures, however, a rapid fall
of modulus takes place. Microscopic observation of the composites subjected to 2 h oxidation in air at 1200°C revealed that
the polymethylphenylsiloxane-based matrix is more prone to damaging than its polymethylsiloxane counterpart. The observed
splitting after oxidation of initially continuous matrix to segments is accompanied by a decrease of the shear modulus.

INTRODUCTION

Ceramic matrix composites reinforced with ther-
mally stable fibres are prospective structural materials
for use in hostile (hot, oxidative) environments. Various
fibre types resistant to oxidation at elevated tempera-
tures are available commercially: R-glass and basalt
fibres for medium thermal load, fine ceramic fibres like
silicon carbide and oxide (e.g., alumina) fibres for high
thermal load. The ceramic matrix of fibrous composites
is mostly manufactured by CVD, sol-gel, or polymer
pyrolysis routes. The last one is relatively simple and it
has potential for manufacturing inexpensive composites
by pyrolysing their "green" precursors, i.e., composites
with polymer matrix, in inert (e.g., nitrogen or vacuum)
environment.

Various polymers have been used as matrix precur-
sors: polycarbosilane [1,2], silazane [3], or polysiloxane
[4-8]. Several studies [9-12] focused to the commercial
polysiloxane polymer Blackglas™, which possesses a
high ceramic yield (82 %) upon pyrolysis, resulting in
formation of a silicon oxycarbide glass. The latter is a
modification of silica glass in which some pairs of oxy-
gen atoms are substituted by carbon atoms. The pyroly-
sis temperature affects the properties of this glass, par-

ticularly its resistance to oxidation: increasing the
pyrolysis temperature and duration increases resistance
to subsequent mass loss when heated in air because of
the improved formation of Si—C and Si—O bonds.

Mechanical properties of the pyrolysed composites
depend on processing parameters (e.g., heat treatment
temperature, densification) as well as on spatial arran-
gement and nature of reinforcing fibres. For composites
with the polysiloxane-derived matrix reinforced with
unidirectionally arranged Tenax HTA 5411 carbon
fibres [4] the 4-point flexural strength and the Young's
modulus were 248-413 MPa and 143-168 GPa, respec-
tively, after pyrolysis to 750°C but only 142-252 MPa
and 64-122 GPa, respectively, after pyrolysis to 900°C
(the range of values corresponds to 0-2 densification
cycles).

In the present study, suitability of selected commer-
cially available polysiloxane resins as pre-ceramic
matrix precursors was pursued with attention to the
amount of their pyrolysis yield. Various polysiloxane
resins made by Lucebni zavody Kolin (Czech Republic),
Silikony Polskie (Poland), and Dow-Corning (USA)
were scrutinised and some of them also utilised as matrix
precursors in composites reinforced unidirectionally
with R-glass, Nicalon™ NL202 or Nextel™ 720 fibres.
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EXPERIMENTAL

Absorption infrared spectra of the polysiloxane
resins were measured using the Fourier Transform
Infrared Spectrometer Nicolet 740. Thin film specimens
were deposited onto a KBr window and the measure-
ment commenced after evaporation of the solvent. The
spectra were accumulated 128 times with a 2 cm™ reso-
lution.

Thermogravimetric analysis of the resins was per-
formed using a Netzsch STA 409 apparatus at heating
rate 10°C/min to 1200°C. Approximately 50 mg speci-
mens were placed in a platinum crucible; the flow of
argon was adjusted to 75 ml/min.

Specimens of unidirectionally reinforced fibrous
composites were manufactured by stacking and mould-
ing 8-12 prepreg sections (length 160 mm) consisting of
2-6 parallel roving sections soaked with the resin solu-
tion. For making the prepreg, the winding machine with
a rotating drum perimeter 2 m and a p-processor con-
trolled step motor driving the soaking carriage was
employed. The gap width between the roving
leading/soaking rollers was adjusted to yield approxi-
mately a 45 wt.% content of resin in the dried prepreg.
The stacked prepregs were heated and cured 4 hours at
200°C after compressing to the thickness 1.5-2.0 mm by
application of a uniaxial pressure up to 1 MPa.

Treatment at 200°C is not sufficient for complete
curing of the investigated resins. Further treatment at
250°C for 2-4 hours under no pressure yielded speci-
mens of polymer matrix composites, which were pyrol-
ysed in nitrogen at a rate of 5°C/h or 50°C/h to the tar-
get temperature, denoted hereafter as HTT (heat treat-
ment temperature). During pyrolysis the polymer matrix
was gradually transformed into a more or less inorganic
matrix (silicon oxycarbide glass), which was accompa-
nied with release of volatiles, mass loss, and void for-
mation. In some cases the already pyrolysed composites
were densified by impregnation with the resin and repy-
rolysed. The lack of a perfect curing of the precursor
composite was - at least partly - overcome during the

pyrolysis.

Table 1. Investigated polysiloxane resins.

The dynamic Young's and shear elastic moduli of
the pyrolysed composites (E,., and G,,) were measured
at room temperature by means of the resonant frequen-
cy method [13]. The modulus E,., was determined from
the basic longitudinal resonant frequency of a beam
with free ends. The shear modulus G, was obtained
from flexural vibrations. The resonant frequencies were
measured using an electrodynamic resonant frequency
tester Erudite (CNS Electronics Ltd., London, UK) at
frequencies up to 100 kHz.

The static Young's modulus was measured in a
four-point flexural arrangement (thickness to span ratio
(1.5-2.0)/40) at room and elevated temperatures. A test-
ing machine INSPEKT (made by Hegewald-Peschke,
Germany) with a 5 kN load cell with high-temperature
facility for flexural tests PMA 04/06 and furnace (both
up to 1500°C, made by Maytec, Germany) were
employed. The sample deflection measurement was per-
formed wusing a high-temperature extensometer
PMA-06/V6 (up to 1500°C, made by Maytec) with re-
solution 0.1 pm.

RESULTS AND DISCUSSION
Characterisation of the resins

The investigated polysiloxane resins are listed in
table 1. An attempt was made to characterise semiquan-
titatively the studied resins by occurrence in them of
groups decisive for the curing kinetics and for the ther-
mal stability of pyrolysed polysiloxanes (silicon oxy-
carbide glasses). It was found elsewhere [14] that two
phases are formed by a controlled pyrolysis of poly-
siloxanes: oxycarbide glass SiO,C,.» and a highly con-
densed polyaromatic system close to carbon. The pro-
portion of the two structures depends on the precursor
type and temperature of pyrolysis. Presence of phenyl
groups in the precursor resin leads to formation of large
interconnected clusters of a free carbon phase, which
implies a higher proneness to oxidation of the pyrolysis
product.

Resin Trading name Producer Type Solvent
1 Lukosil 901 Lucebni zavody, methylphenyl toluene
2 Lukosil M130 Kolin, Czech Republic methyl xylene
ilak® M101 thyl 1 loh 1
3 Si .a ! 0 Silikony Polskie., methy xylene, cyclohexano
4 Silak® 032 N S Poland methylphenyl xylene
. owa Sarzyna, Polan
5 Sarsil® H-50 W Y methyl petroleum ether
6 Dow Corning® 208 Iphenyl 1
ow orn%ngh Dow Corning Corporation, propy’pheny xyene
7 Dow Corning® 804 . methylphenyl toluene
L Midland, MI, USA
8 Dow Corning® 805 methylphenyl xylene
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The IR absorption spectra of polysiloxane resins —» T(°C)
contain distinct bands corresponding to hydroxyl 0 300 600 900 1200
groups (3800-3400 cm™), stretching vibrations of ali- 0 L '

phatic and aromatic C—H bonds (3100-2800 cm™), and
other stretching and deformation vibrations.

Table 2 describes relative contributions (i.e., per-
centage fractions of the absorption band area) to the
absorption due to silanol groups, aliphatic and aromatic
bonds, respectively. Aromaticity (i.e., the relative -10
occurrence of aromatic CH bonds) is given by the band
area ratio Acuaomaic/Acnaiiphaic; While the ratio of phenyl/
methyl groups is expressed by the relative intensity
a3/ l1260 Of Si—C¢Hs and Si—CH; vibrations. While the
resins 2, 3, and 5 contain no aromatic groups (table 2)
the other resins reveal aromaticity in some degree (max- .20
imum aromaticity is detected in the resin §), and the
content of silanol groups in the resins 6 and 7 prevails
over the others.

The relative weight loss established during a ther-
mogravimetric analysis is plotted in figure 1 for almost
all studied resins (the resin 4 was omitted because the 30
specimen reached a gel state prematurely). The resins 2,
3, and 5 reveal ultimate weight loss 12-14 % the major Figure 1. Relative weight loss of the dried resins 1, 2, 3, 5, 6,
part of it being located at 650-750°C. On the other hand, 7, and 8 (heating rate 10°C/min, argon).

Am (%)

—

Table 2. Semiquantitative structure parameters of polysiloxane resins (the resins are lined up by their increasing aromaticity).

. 11430/[1260
0, % 0, % %
Resin % OH % CH,, % CH, Actal Acta Si-C,H./Si-CH,
2 61.5 0.0 38.5 0.00 0.00
3 74.5 0.0 25.5 0.00 0.00
5 69.2 0.0 30.8 0.00 0.00
6 87.2 3.2 9.6 0.37 3.82%*
4 51.8 16.0 323 0.48 0.75
7 92.0 3.2 4.7 0.71 1.21
1 61.0 16.0 23.0 0.77 0.32
8 64.5 23.2 12.3 2.10 0.94
* Relative fraction of the absorption band area of hydroxyl groups, aromatic and aliphatic C-H bonds.
** The value is influenced by the presence of propyl groups.
Table 3. Basic properties of the used reinforcing fibres.
Trading Producer Composition Diameter Density Tensile strength ~ Young's modulus
name (Wt.%) (pm) (g/em’) (MPa) (GPa)
) Saint-Gobain >8-60 Si0,
Stratifil RC10 23-25 AL,04 10 2.53 3400 86
Vetrotex
14-17 CaO+MgO
. 57 Si
. Nippon
Nicalon NL202 32C 14 2.55 2000 190
Carbon
110
Nextel 720 M 85 A1.203 12 3.40 2100 260
15 SIOZ
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the major loss of weight of the resins 7, 6, 7, and &
occurs beneath 550°C and their ultimate weight loss
amounts to 16-20, even 30 % (resin 8). The poly-
methylsiloxane resins 2, 3, and 5 are the most promi-
sing for good performance at elevated temperatures
because a large solid residue after pyrolysis is a prereq-
uisite for integrity of the pyrolysed composites. They
were chosen for further research together with the poly-
methylphenylsiloxane resin /, which was included for
the sake of comparison.

The selected resins were employed as polymer pre-
cursors for matrices of unidirectional composites. The
choice of reinforcement resulted from the presumed
upper temperature limit of the composite utilization.
R glass rovings (Stratifil RC10 800 with silane type siz-
ing P109) were designated for temperature up to 750°C
while Nicalon™ NL202 or Nextel™ 720 rovings were
appointed for temperatures up to 1200°C. Their basic
properties are listed in table 3. The composite batches
are labelled by a combination of a character (R, A, or X
for R-glass, Nicalon, or Nextel, respectively) and a digit
(1 for Lukosil 901 etc., see table 1). The constituents of
particular investigated composites are listed in table 4.
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Composites reinforced with R-glass
(R1, R2, R3, and RY)

Initial transformation stages of the polysiloxane
matrix to a ceramic one were monitored by measuring
(at room temperature) the dynamic Young's and shear
elastic moduli (E,., and G,,) of R-glass reinforced com-
posites pyrolysed up to 750°C.

Mean values of the moduli £, and G, measured at
room temperature with two different batches of com-
posites either cured at 250°C or pyrolysed to HTT
between 400 and 750°C are plotted in figure 2. The dif-
ference in volume fraction of fibres V; (77 % and 54 %
for the batches R1 and R2, respectively) is the reason of
the mutual shift of £, and G,., values. Obviously, the
shear modulus experiences pronounced changes with a
minimum around HTT = 400-600°C above which the
composite material becomes sufficiently stiff in shear.
On the other hand, the Young's modulus reveals only a
moderately growing tendency with increasing HTT.
While the Young's modulus of composite is mainly con-
trolled by the modulus of fibres (and their volume frac-
tion in the material), the shear modulus is governed by

20

L

Ges (GPa)

—
|
pH >

T T
0 200 400 600 800
—  HTT(°C)

b)

Figure 2. Young's modulus £, (a) and shear modulus G, (b) at room temperature for two different types of composites (B - R1,

A - R2) heat-treated in nitrogen to 250-750°C.

Table 4. Labelling of the composites.

Resin
Fib
1ore 1 (Lukosil 901) 2 (Lukosil M130) 3 (Silak M101) 5(Sarsil H-50)
Stratifil RC10 R1 R2 R3 RS
Nicalon NL202 Al A2 - -
Nextel 720 X1 X2 ; -
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the properties of fibre—matrix interface and by the over-
all matrix integrity. Figure 2 thus manifests a stability of
the R-glass fibre and a radical polymer reconstruction
during pyrolysis.

The Young's moduli of the composites R1, R2, R3,
and R5 measured at the room temperature (Egs) increase
with increasing temperature of pyrolysis 600-750°C
(figure 3). Typically, the increments reach approximate-
ly 10% between HTT 600 and 750°C, which corre-
sponds to the gradual stiffening of the transforming
matrix during pyrolysis.

The temperature dependence of the static Young's
modulus was measured in air up to 750°C in order to
establish the upper temperature limit for the composite
utilization. In figure 4 the decreasing temperature
dependence of this modulus (£7) between room temper-
ature and 750°C is plotted (for the sake of clarity the
plot reveals the values normalised with respect to the
room temperature modulus Eyr, i.e. ratios E/Egr). In
order to check the material stability the results of con-
secutive tests at increasing temperatures were complet-
ed with a repeated room-temperature test, which did not
differ from the initial value by more than 5 %. It follows
that while the HTT affects significantly the room-tem-

Exr (GPa)

—

R1

HTT(°C) 750

Figure 3. Room-temperature Young's modulus Ey; of the com-
posites pyrolysed to HTT = 600, 700, or 750°C (fibre volume
fraction 77, 54, 74, and 75 % for the composites R1, R2, R3,
and RS, respectively).

perature value of the Young's modulus (figure 3) the rate
of its decay with increasing temperature of measure-
ment does not depend on the HTT (figure 4). For all
composite batches R1, R2, R3, and R5 the Young's
modulus at 600°C is by 10-12% less than its room-tem-
perature value, and a rapid fall of the modulus takes
place above this temperature. Because the softening
point of the R-glass (986°C [15]) is well above the max-
imum reached temperature the detected decay of E; can
hardly be attributed to the first indications of fibre soft-
ening. More conceivably the matrix itself or its interface
should be made responsible.

It can be concluded that the resins /, 2, 3 and 5 do
not differ significantly in their mechanical performance
up to 750°C, irrespective of their composition.

Appearance of the fracture surfaces of the speci-
mens broken during a room-temperature 3-point flexur-
al test (figure 5) depends on the HTT. A tendency
towards higher brittleness of those pyrolysed to the
higher temperature (HTT 750°C) is manifested by
occurrence in them of extended flat areas without frac-
ture steps while frequent fracture steps accompanied
with some fibre pull-out and other energy-dissipating
mechanisms can be seen in those pyrolysed to 600°C.

O HTT 600
JJ; @ HTT 700
B HTT 750

T T T T

RT 200 400 600
—» T7(°C)

Figure 4. Temperature dependence of the mean values of the
static Young's modulus E; (normalised to its room-temperature
value Egr) for the composites R1 pyrolysed to HTT = 600, 700,
and 750°C.

Table 5. Weight loss of the composites during annealing in air at 1200°C and typical values of room temperature Young's modulus.

Composite Volume fraction Relative weight loss Young's modulus (GPa) measured by
of fibres (%) after 1" annealing (%) 4-point bending (Err) resonant frequency (E.,)
Al 66 8.0 121 - 128 138 +4
A2 58 2.2 124 - 127 141 +4
X1 72 4.4 183 - 187 187 £5
X2 57 2.4 150 - 165 157 +4
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Nevertheless, the stress-strain curves recorded during
the flexural tests reveal a principally brittle fracture in
all cases.

Composites reinforced with ceramic fibres
(A1, A2, X1, and X2)

Performance of the pyrolysed polysiloxane resins
at higher temperatures was pursued by monitoring high-
temperature elastic properties of their composites rein-
forced with heat-resistant silicon carbide fibres
Nicalon™ NL202 or alumina + mullite fibres Nextel™
720. The composites were made by a similar process

like those with R-glass reinforcement. After pyrolysis to
1000°C the specimens were twice subjected to the
impregnation/pyrolysis cycle in order to partially heal
the voids (open porosity) created by egress of volatiles.
Prior to measurement of the flexural modulus the spec-
imens were annealed in air to 1200°C (2 oxidation
steps, duration 1 h each) in order to eliminate any mate-
rial maturation or degradation during measurement. A
higher proneness of the composites with polymethyl-
phenylsiloxane-based matrix / to oxidation-induced
damage if compared to their polymethylsiloxane coun-
terpart 2 is obvious from the table 5. Eventually, all the
specimens were annealed in air at 1300°C for 2 hours
but no additional weight loss was detected.

b)

Figure 5. SEM micrographs of the fracture surfaces of the R1 composite pyrolysed to a) 600 and b) 750°C.

Figure 6. Polished cross-sections of the composites Al (a) and X2 (b) after 2 oxidation steps at 1200°C.

150

Ceramics — Silikity 49 (3) 145-152 (2005)



Properties and performance of polysiloxane-derived ceramic matrix in heat resistant compositesreinforced with R-glass or fine ceramic fibres

Figure 6 displays the differences in the matrix
appearance in the composites subjected to oxidation at
1200°C. It is apparent that the polymethylphenylsilox-
ane based matrix in the A1 composite suffers from more
intense degradation than the polymethylsiloxane based
one in the X2 composite.

Splitting of the initially continuous matrix to seg-
ments is perhaps one of the mechanisms leading to the
observed decrease of the shear modulus after composite
oxidation [16] which reveals similar sensitivity to the
type of initial resin: the decrease of shear modulus after
oxidation is significantly higher with the A1&X1 com-
posites than with the A2&X2 (figure 7).

At room temperature, the values of both 4-point
bending (static) and Young's (from resonant frequen-
cies) moduli (table 5) follow roughly the pattern of the
tensile moduli and of the volume fractions of fibres.

The temperature dependence of the Young's modu-
lus E; is plotted in figure 8 (for the sake of clarity the

40

O unoxidised
| @ ox 900°C
1200°
o
e
5 _
O 204
T 10 -
G T T T

A1 A2 X2
Figure 7. Mean values of the shear modulus of the specimens
Al, A2, X1, and X2 (unoxidised and oxidised 1h in air at 900
or 1200°C).

1.2

o A1

o A2
m X2

— ElE: (1)
(=]
(s3]

" 1000 ' 1100 = 1200 1300

—  T(°C)

RT 900

Figure 8. Average values of the ratio E+/Exr (Young's modulus
measured at temperature T/Young's modulus at room tempera-
ture).

plot reveals normalised values, i.e. ratios E/Exr). The
decrease of the Young modulus is almost negligible up
to the temperature of measurement 900°C. Up to
1100°C its relative decrease with respect to the room
temperature modulus does not exceed approximately
10 %. Only above 1200°C the deterioration of the mod-
ulus deviates significantly and the upper limit of the
potential structural application is exceeded. Moreover,
in the same temperature region, the flexural modulus
depends also on the strain rate [17].

CONCLUSION

Polysiloxane resins can be used as matrix precur-
sors for heat resistant composites. These were manufac-
tured in laboratory by pyrolysis in nitrogen of unidirec-
tional composites with polysiloxane matrix reinforced
with R-glass, Nicalon or Nextel fibres. The silicon oxy-
carbide glass matrix, which is formed gradually above
600°C, is for the polymethylsiloxane precursor more
stable in air than the polymethylphenylsiloxane derived
matrix. The Young's modulus of the composites is gov-
erned by the reinforcing fibres and is not much influ-
enced by the oxidation. The shear modulus, however, is
a measure of the matrix integrity and it monitors both
the transformation of the polymer to a ceramic and the
oxidation-induced damage to the matrix.
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VLASTNOSTI A CHOVAN{ KERAMICKE MATRICE
ODVOZENE Z POLYSILOXANU V TEPELNE
ODOLNYCH KOMPOZITECH VYZTUZENYCH VLAKNY
R-SKLA NEBO JEMNYMI KERAMICKYMI VLAKNY
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Byly stanoveny hmotnostni ubytky pii pyrolyze (do
1200°C v inertnim prostfedi) vzorkd 8 komeréné dostupnych
polysiloxanovych pryskytic od 3 vyrobeti z CR, Polska a USA.
U polymetylsiloxanovych pryskyfic Gbytky nepfesahly 14 %,
zatimco u polymetyl-fenylsiloxanovych dosahovaly 20 az
30 %. Vybrané pryskyfice byly pouzity jako prekurzory matrice

pii laboratorni pfipravé kompozitd s keramickou matrici
metodou pyrolyzy polymernich kompoziti. Jako jednosmérna
vyztuz kompozith pyrolyzovanych do 750°C byly pouzity pra-
mence vlaken R-skla (Vetrotex Saint Gobain), pro kompozity
pyrolyzované do 1000°C pramence vlaken Nicalon NL202
(Nippon Carbon) nebo Nextel 720 (3M). Pocate¢ni faze trans-
formace polymerni matrice na keramickou byla sledovana
métfenim dynamického Youngova a smykového modulu vzorka
kompoziti. Vyrazné minimum smykového modulu u kompo-
ziti pyrolyzovanych do 400-600°C poukazalo na piestavbu
polymeru v této teplotni oblasti. Teplotni zavislost statického
Youngova modulu je u kompoziti s R-sklem zcela nevyrazna
do 600°C a u kompoziti s keramickymi vlakny az do 1000°C,
ale nad témito teplotami dochazi k prudkému poklesu modulu.
Mikroskopické pozorovani kompozitd vystavenych dvouhodi-
nové oxidaci ve vzduchu pii 1200°C ukazalo, ze poly-
metylfenylsiloxanova pryskytice je nachylnéjsi k poskozeni,
nez pryskyfice polymetylsiloxanovd. Pozorovany rozpad
puvodné spojité matrice na oddélené useky po oxidaci je
doprovazen poklesem smykového modulu vzorkd kompoziti.
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