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Pyrolytic behaviour of Si-Ti—C-O fibre

in alumina powder
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In relation to the synthesis of a ceramic matrix composite reinforced by Si-Ti—C-0 fibre
(Tyranno), the pyrolysis of Tyranno in alumina powder was investigated at temperatures, T,
of 1773-1973 K under Ar or N, atmosphere. Using a Tyranno-alumina compact, pyrolytic
rates were determined with a thermobalance. The heat-treated fibres were examined by
X-ray diffraction (XRD) and scanning electron microscope (SEM) observation. Under

N, atmosphere and at lower temperatures, pyrolysis of Tyranno was retarded by the
formation of a nitrided case. The retardness effect disappeared in the presence of alumina
powder. At elevated temperatures, pyrolysis was suppressed by the presence of alumina
powder. Alumina was reduced to be nitrided into AIN by the gas-phase reaction between the
pyrolytic gas, CO and N,. In addition, Tyranno crystallized into 3-SiC and 2-SiC of type 2H.

1. Introduction

Polymer-derived SiC fibres are of interest as reinforc-
ing fibres with metal- and ceramic—matrix composites
['1,2]. The fibres contain substantial amounts of oxy-
gen, as well as carbon, beyond the stoichiometric ratio
of SiC, and are in an amorphous state. As the fibres
are thermodynamically unstable at elevated temper-
atures, they have a tendency to crystallize into p-SiC,
generating Si0O and CO [3-6]. Such pyrolysis, results
in remarkable reduction of fibre strength. In the syn-
thesis of ceramic composites, the fibre—ceramic pow-
der mixture is heated to high temperature. Before
sintering densely, the reinforcing fibres deteriorate;
probably due to pyrolysis. The pyrolytic behaviour of
the fibres in ceramic powder is considered to differ
from that of the fibre alone. Previously, an investiga-
tion has not been undertaken on this subject. The
authors have investigated the pyrolytic behaviour of
Si—C-O fibre (Nicalon) in alumina powder [7,8] and
Si—~C—O fibre (Nicalon) in SizN4 powder [9].

In the present work, pyrolysis of the Si-Ti-C-O
fibre in alumina powder was studied under both Ar
and N, atmosphere. Furthermore, the investigations
were performed with the nitridation of the fibre, the
evaporation of alumina and the formation of AIN,
which proceeded as side reactions simultaneously to
pyrolysis of the fibre.

2. Experimental procedure

The SiC fibre used 1s composed of Si-Ti—C-O fibres
(trade name: Tyranno) produced by Ube Industries
Co. It has a composition of SiTiy 5,C1 330044 and
mean diameter of 8.5 um. The fibre was heated at
1073 K for 3.6 ks under Ar atmosphere, in order to
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remove the sizing agent. The alumina powder used has
a purity higher than 99% and a mean diameter of
2.1 um. Some 0.5 g of Tyranno and 0.5 g of alumina
were mixed thoroughly in an alumina mortar. The
mixture was formed into a tablet of 15 mm diameter
by compacting at a pressure of 0.49 MPa.

The thermogravimetry thermobalance unit consists
of an analogue-type autorecording balance and a
carbon resistance furnace. When the desired temper-
ature was reached, Ar or N, was allowed to flow
from the bottom -of the furnace at a gas flow rate of
2.5%x107°m*s™'. The tablet was charged in a
graphite crucible of 16 mm inner diameter and
100 mm depth. The crucible was suspended in the hot
zone of the furnace after connecting a graphite rod
and a Kantal wire to the balance. The mass loss was
continuously recorded during each run. Using the
same procedure, thermogravimetric analysis (TGA) of
Tyranno alone was conducted as a comparative ex-
periment. After 3.6 ks, the sample was quenched by
raising the crucible to the low-temperature zone of the
furnace. The reaction products were examined by
XRD and by SEM observation.

3. Results

3.1. TGA curves

Fig. 1 shows the TGA curves for Tyranno alone and
for the Tyranno—alumina compact heated at 1773 to
1973 K under Ar atmosphere. W, and AW are the
initial mass of fibre and the mass loss determined with
a thermobalance, respectively. The mass loss is de-
rived essentially from the pyrolysis of Tyranno. The
pyrolysis of Tyranno is retarded by the presence of
alumina powder. The effect of retarding the pyrolysis
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Figure ] TGA curves for (——) Tyranno alone and (——-)
Tyranno-alumina compact heated under Ar atmosphere at 1773 K
(a), 1873 K (b), and 1973 K (c).

1s more significant with a decrease in heating temper-
ature. At 1973 K and in about 2 ks, however, the mass
loss becomes larger for the Tyranno—alumina compact
than for Tyranno alone. This is because alumina evap-
orates as Al,O, as discussed later.

Fig. 2 shows the TGA-curves for Tyranno alone
and for the Tyranno-alumina compact heated at
1773-1973 K under N, atmosphere. When Tyranno
alone is heated, the rapid mass loss occurs at an early
stage, and subsequently the gradual mass loss con-
tinues. It can be seen from comparison with Fig.1 that
the pyrolysis of Tyranno is suppressed under N, at-
mosphere. On the other hand, the Tyranno—alumina
compact gives a serious mass loss under N, atmo-
sphere. In particular, after heating for 3.6 ks at 1973 K,
the value of 100 x AW /W is nearly equal to 40 and is
roughly double that under Ar atmosphere. Further-
more, it is noteworthy that the mass loss is signifi-
cantly larger in N, than in Ar during heating at
1773 K. These results are attributed to the evapor-
ation of Al,O and the nitridation of Tyranno, as
discussed later.

3.2. X-ray diffraction

Fig. 3 shows XRD patterns of Tyranno and Tyranno-
alumina compact heated under Ar atmosphere. The
diffraction of the original fibre is broad and is almost
in an amorphous state. The diffraction pattern peaks
of B-SiC become sharper with rising temperature. The
fibre crystallizes highly into B-SiC in the absence of
alumina powder. In the Tyranno—alumina compact,
crystallization into B-SiC is retarded; though «-SiC, as
well as B-SiC, is identified.

Fig. 4 shows XRD patterns of Tyranno and the
Tyranno-alumina compact heated under N, atmo-
sphere. By comparing Figs 3 and 4, it is found that the
crystallization of Tyranno is relatively slower under
N, than under Ar atmosphere in the absence of
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Figure 2 TGA curves for (——) Tyranno alone and (——-)
Tyranno-alumina compact heated under N, atmosphere at 1773 K
(a), 1873 K (b), and 1973 K (c).
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Figure 3 X-ray diffraction patterns of Tyranno alone (a) and
Tyranno-alumina compact (b) heated for 3.6ks under Ar at-
mosphere. (i) Original fibre, (i) 1673 K, (iil) 1773 K, (iv) 1873 K,
(v) 1973 K, (vi) alumina: (O) B-SiC, (©) a-SiC.

alumina powder. In alumina powder, Tyranno cry-
stallizes into a o-SiC and B-SiC. Furthermore, it may
be noted that AIN is detected in the Tyranno—alumina
compact under N, atmosphere.
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Figure 4 X-ray diffraction patterns of Tyranno alone (a) and
Tyranno-alumina compact {(b) heated for 3.6 ks under N, atmo-
sphere. (i) Original fibre, (ii) 1673 K, (iii) 1773 K, (iv) 1873 K, (v)
1973 K, (vi} alumina: (O) 8-SiC, (@) «-SiC, (@) AIN.

3.3. Appearance of fibre

Fig. 5 shows SEM photographs of Tyranno heated at
1973 K. While SiC crystals are in a microcrystalline
state under N, atmosphere (Fig. 5b), they coarsen
significantly under Ar atmosphere (Fig. 5a). In
alumina powder, the fibre has a smooth appearance
under both Ar and N, atmospheres (Fig. 5c,d). It is
evident that the pyrolysis of Tyranno is suppressed
under N, atmosphere and in alumina powder. Fibre-
like deposits are observed on the surface of the
Tyranno—alumina compact heated under N, atmo-
sphere (Fig. 5). Under Ar atmosphere, however, the
deposit is never found on the compact (Fig. 5). These
deposits are assumed to be AIN, as discussed later.

4. Discussion

4.1. Pyrolytic behaviour of Tyranno

When Tyranno, which contains 13.6 mass % O and is
in an amorphous state, is subjected to elevated tem-
peratures, it tends to crystallize into B-SiC and TiC,
involving the generation of both SiO and CO. The
pyrolytic reaction is represented by Equation 1.

SiTig.02Cy.3300.44(5)
= 0.935SiC(s) + 0.02 TiC(s) + 0.065SiO(g)
+ 0.375CO(g) (1)

Under Ar atmosphere, the pyrolytic rate is well repre-
sented by an Avrami—Erofeev equation and is controlled

Figure 5 SEM photographs of Tyranno alone (a,b), Tyranno in
alumina (c, d), surface of Tyranno-alumina compact () and alumina
powder alone (f) heated for 3.6 ks at 1973 K under Ar (a,c) and
N, (b, d—f) atmosphere.

by the growth of B-SiC crystallites [3—6]. In the pres-
ence of alumina powder, pyrolysis of Tyranno is con-
sidered to proceed through the following steps

1. nucleation of B-SiC crystallites in Tyranno,

2. growth of B-SiC crystallites accompanying gen-
eration of SiO and CO,

3. transfer of SiO and CO from the core to the
surface of Tyranno,

4. diffusion of SiO and CO through interparticle
pores in the compact, and

5. transfer of SiO and CO from the surface of the
compact to the gas phase.

Owing to the sluggishness of step 4, pyrolysis was
retarded by the presence of alumina powder (Fig. 1), in
the same manner as Nicalon [7].

Under N, atmosphere, the pyrolytic behaviour was
complicated due to the progress of side reactions;
nitridation of Tyranno, evaporation of alumina and
formation of AIN. TGA measurement, XRD analysis
and SEM observation all indicate that pyrolysis for
Tyranno alone proceeds more slowly under N, than
under Ar atmosphere. A similar result was observed
also in the pyrolysis of Si-C-O fibres [7,8] and the
reason seemed to be because the nitrided case formed
on the fibre surface under N, atmosphere. Upon form-
ing the nitrided case, step 3 can be eventually divided
into the following two steps

(i) diffusion of SiO and CO from the core to the
nitrided case, and
(it) diffusion of SiO and CO through the nitrided case.
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Large resistance of step 3(ii) results in suppressing the
pyrolysis of Tyranno. Particularly at lower temper-
atures, the nitrided case is effective in suppressing the
pyrolysis of the core, as shown in Figs 1 and 2. In the
presence of alumina powder, however, this effect di-
minishes, since alumina powder disturbs the access
of N, to Tyranno, resulting in depression of its ni-
tridation. At 1773 K, therefore, the pyrolysis proceeds
faster for the Tyranno-alumina compact than for
Tyranno alone (Fig. 2). At elevated temperatures, low
partial pressure of N, can be achieved on the fibre
surface by vigorous generation of SiO and CO and
may lead to difficulty in nitriding the fibre. Therefore,
at 1973 K, pyrolysis for Tyranno alone is scarcely
dependent on the atmosphere. In this way, resistance
of step 3(ii) becomes relatively less, and the resistance of
step 4 appears sharply. Therefore, XRD patterns show
that the pyrolysis of Tyranno is retarded by the pres-
ence of alumina powder at 1973 K (Fig. 4), although
a vigorous mass loss is observed under N, atmosphere
(Fig. 2). Thus, under N, atmosphere, pyrolysis is re-
tarded by the formation of the nitrided case at lower
temperatures; whereas it is retarded by the presence of
alumina powder at higher temperatures. A similar
result was obtained in a Nicalon/Si;N, compact [9].

After heating at 1973 K for 3.6 ks, the mass loss is
larger for Tyranno—alumina than for Tyranno alone
(Figs 1 and 2). In particular, this tendency is pro-
nounced under N, atmosphere. The mass loss (100
x AW /W, =39.5) exceeds significantly the
stoichiometric value {100 x AW /W, = 23.3) cal-
culated from the pyrolytic reaction, Equation 1. This
indicates that evaporation of alumina and the forma-
tion of AIN occur simultaneously with the pyrolysis of
Tyranno, and consequently the mass loss is enhanced.

4.2. Evaporation of alumina

Alumina may be reduced by the pyrolytic gases of
Tyranno, SiO and CO, to produce a suboxide of alumi-
nium, Al,O, and Al,O. Thus, first, the reductions of
alumina through SiO and their standard free energy
change, AG®, are represented by Equations 2 and 3.

AL O5(s) + SiO(g) = ALO,(g) + SiOs(s) )
AG®/Tmol ™! = 414890 —39.92 T/K  [10]
ALOs(s) + 28i0(g) = AL,O(g) + 2Si04(g) (3)

AG®/Jmol ' = — 86780 + 139.87 T/K [10]

For instance, at 1973 K and SiO pressure of 1.01
x 10* Pa, the equilibrium pressures of Al,O, and Al,O
are calculated to be 1.27x107° and 9.88 x 1077 Pa,
respectively. Such low equilibrium pressure indicates
Equations 2 and 3 cannot proceed virtuaily. There-
fore, alumina is reduced by CO according to the
following reactions

AL Os(s) + CO(g) = AL, Ox(g) + CO,(g) 4)
AG®/Tmol ™! = 935580 — 21271 T/K  [10]
Al,O5(s) + 2CO(g) = AL, O(g) + 2CO,(g) (5)

AG®/Jmol ™! = 954620 — 20573 T/K  [10]
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From the equilibrium relation for Equations 4 and 5,
the partial pressures of Al,O, and Al,O are depen-
dent on the ratio of pco,/Pco

Pat,0, = Ka/(pco,/Pco) (6)

Pao =K 5/([7002/ F’co)2 (7)

where K4 and K5 are equilibrium constants of Equa-
tions 4 and 5, respectively. CO, reacts with the graph-
ite crucible and free carbon in the fibre to be repro-
duced in CO

C(s) + CO(g) = 2CO(g) ®)
AG°/Imol ' = 166570 — 171.00 /K [10]

Finally, the pco,/pco ratio of atmosphere is considered
to be defined by the equilibrium of Boudouard’s reac-
tion, Equation 8. Substituting the value of the equilib-
rium peo,/peo ratio in Equations 6 and 7, the values of
Pai,0, and pay,0 are obtained. Fig. 6 shows the rela-
tionship between pai,o,. Pano and temperature. At
1773-1973 K, the value of pay,o is four to five orders of
magnitude higher than pa,,. Therefore, alumina
evaporates practically as Al,O. Figs 4 and 5 indicate
that the evaporation of alumina is more vigorous
under N, than under Ar atmosphere. This is because
of the formation of AIN enhances the evaporation of
AL, O as discussed below.

AlIN is assumed to be formed on the surface of the
Tyranno—alumina compact by the gas-phase reaction
(Fig. 3). Thus, Al,O, which evaporates in alumina
powder, diffuses to the surface through interparticle
pores, and reacts with N, to produce AIN

AL O(g) + Na(g) + CO(g) = 2AIN(s) + COx(g)  (9)

If the evaporation of Al,O is controlled by diffusion
through the interparticle pores, then the evaporation
rate, nay,0, 18 given by Equation 10

a0 = kg(pA120 “Pfﬁzo)/RT (10)
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Figure 6 10gpa 1,0,, [0gP4 1,0 Versus temperature diagram for Equa-
tions 4 and 5: ( ) P, = 9-09 x 10* Pa, (——-) py, = 1.01 x 10* Pa.




where k, and R are the mass transfer coefficient and
gas constant, and pai,0 and pX,o are the pressure of
ALO in the Tyranno-alumina compact and that at
the surface of the compact. Under N, atmosphere,
pXio is very small, as Al,O is consumed by Equation
9. Thus, the value of pa;,0—pXi,0 as the driving force for
interparticle diffusion may be considered to be in-
creased, and consequently the evaporation of Al,O
seems to be enhanced.

4.3. Formation of AIN

On the surface of the Tyranno—-alumina compact,
fibre-like deposits were not observed under Ar atmo-
sphere, but were observed under N, atmosphere
(Fig. 5). In addition, XRD verified the formation of
AIN under N, atmosphere (Fig. 4). Therefore, the de-
posits observed on the compact may be regarded as
AIN, which is assumed to be produced by the gas-
phase reaction, as mentioned previously. Combining
Equations 5 and 9 gives the overall reaction of the
AIN formation

AL Os(s) + Ny(g) + 3CO(g) = 2AIN(s) + 3CO,(g)
(11)
AG°/IJmol™ ! = 190250 + 15991 T/K  [10]

CO, is reproduced into CO by Boudouard’s reaction,
Equation 8. The equilibrium pcg,/pco ratios of Equa-
tions 8 and 11 were calculated for partial pressures of
Pn, = 9.09 x 10* and 1.01 x 10* Pa. Fig. 7 represents
the relationship between log pco,/pco for Equations
8 and 11 and temperature. For the experimental tem-
perature range of 1773-1973 K, AIN is produced at
a partial pressure of py, = 9.09 x 10* Pa; while AIN is
not produced at a partial pressure of py, = 1.01 x 10*
Pa. Thus, thermodynamical consideration suggests
that high partial pressure of N, is necessary for the
formation of AIN. In the Tyranno—-alumina compact,
very low partial pressure of N,, as a consequence of
the generation of SiO and CO, prevents the formation
of AIN. On the other hand, high partial pressure of
N, is favourable for the formation of AIN on the
surface of the compact.

4.4 Crystallization to «-SiC

When Tyranno alone was heated, it crystallized essen-
tially into B-SiC. On the other hand, on heating in
alumina powder, Tyranno crystallized into «-SiC as
well as B-SiC under both Ar and N, atmosphere. In
particular, the XRD pattern of a-SiC was sharp under
Ar atmosphere. Identification of the XRD pattern
suggests the formation of a-SiC of either type 4H or
15R. While type 4H is stable at temperatures from
1873 to 2373 K, type 15R is unstable over the entire
temperature range [ 11]. In addition, reaction between
Al,0 and SiC forms the solid solution of SiC with
Al, and consequently a-SiC of type 4H is stabilized
[12]. From these considerations, therefore, a-SiC
produced by the pyrolysis of Tyranno is confirmed to
be of type 4H.

log {pcq, /Pco)

,—""’Equation 1
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Figure 7 1og(pco,/Pco) versus temperature diagram for Equations
8 and 11: ( ) P, = 9.09 x 10* Pa, (——-)py, = 1.01 x 10* Pa.

5. Conclusions

The pyrolytic behaviour of Tyranno alone and of the
Tyranno-alumina compact was investigated under Ar
or N, atmosphere at 1673-1973 K.

1. Under Ar atmosphere, pyrolysis of Tyranno was
suppressed by the presence of alumina powder.

2. Under N, atmosphere and at lower temper-
atures, the pyrolysis of Tyranno alone was suppressed
by the formation of a nitrided case. In the presence of
alumina powder, the pyrolytic behaviour was similar
to that under Ar atmosphere, because the formation of
the nitrided case was prevented. At elevated temper-
ature, the pyrolysis was suppressed by the presence of
alumina powder.

3. Alumina was reduced by the pyrolytic gas of
Tyranno, CO, to evaporate mainly as Al,O. The evap-
oration was more vigorous under N, atmosphere.

4. The fibre-like AIN deposited on the surface of the
Tyranno—-alumina compact by reaction between the
pyrolytic gas and N,.

5. When Tyranno pyrolysed in alumina powder, it
crystallized into both B-SiC and o-SiC of type 2H.
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