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Effect of atmosphere on pyrolysis of Nicalon 
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The pyrolytic behaviour of Nicalon under a N2 atmosphere was investigated at temperatures 
from 1673 to 1973 K, and was compared with that under an Ar atmosphere. The pyrolytic rate 
was measured by thermogravimetry, and heat-treated Nicalon was examined by X-ray 
diffraction, scanning electron microscopy, Auger electron spectroscopy and tensile testing. 
The pyrolytic rate was smaller in N2 than in Ar. The nitrided case retarded the crystallization 
into 13-SIC and retained its high strength. The effectiveness of the nitrided case disappeared 
on heating in Ar. The strength was related to the size of the I3-SiC crystal in Nicalon. 

1. Introduction 
Polymer-derlved SiC fibres have been used as rein- 
forcing fibres for metal- and ceramic-base composites. 
Si C-O (Nicalon, Nippon Carbon) and S i -Ti -C-O 
(Tyranno, Ube Industries) fibres are produced com- 
mercially, and then the low oxygen fibres are prepared 
as trial products using an irradiation-curing method. 
On heating at higher temperatures, all these fibres, 
which are amorphous and contain oxygen, crystallize 
to 13-SIC while accompanied by the evolution of SiO 
and CO. This pyrolysis significantly reduces the 
strength of the fibre. Therefore, information on the 
thermochemical stability of these fibres is necessary to 
broaden their utilization as high-temperature mater- 
ials. Many investigators have worked on the changes 
in microstructure and mechanical properties of the 
SiC fibres in various environments including air, Ar, 
N> 02 and vacuum, and at various temperatures and 
pressures I-1-7]. However, the pyrolytic kinetics of the 
fibres has not been fully investigated. So far, the 
authors have reported the pyrolytic mechanism of the 
polymer-derived fibre under an Ar or an 02 atmosphere 
I-8-14]. In the present work, the pyrolytic behaviour of 
Nicalon was studied under a N2 atmosphere and were 
compared with that under an Ar atmosphere. 

2. Experimental procedure 
The SiC fibre used in this experiment is Nicalon 
NL202 (produced by Nippon Carbon Co. Ltd.) which 
is derived from polycarbosilane. This fibre has the 
molar composition of SiC1.2oOo.41 and mean dia- 
meter of 15 gm. Nicalon was heated in Ar at 1073 K 
for 3.6 ks in order to remove the sizing agent prior to 
measurement. 

The thermobalance unit used for thermogravimetry 
(TG) was composed of an analogue-type automatic 
recording balance and a carbon resistance furnace. 
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The experimental temperature w a s  measured with 
a 6%Rh/P t -30%Rh/P t  thermocouple positioned 
close to the sample. N2 was allowed to flow from the 
bottom of the furnace at a flow rate of 
2 . 5 x l 0 - S m 3 s  -1. Fibres, 1 g in mass and 3 cm in 
length, were placed in a carbon crucible 26 mm in 
inner diameter and 50 mm in depth. The carbon cru- 
cible was suspended in the hot zone of the furnace with 
a graphite rod and a stainless steel wire acting as 
a balance. The mass loss was recorded automatically 
during each experiment. Upon completion of ther- 
mogravimetry, the fibres were cooled rapidly by rais- 
ing the crucible to the low-temperature zone of the 
furnace. The pyrolysis products were identified by 
X-ray diffraction (XRD) and Auger electron spectro- 
scopy (AES), and the morphology of the fibres was 
observed by scanning electron microscopy (SEM). 
Furthermore, the tensile strength of the fibres was 
measured at room temperature in the following man- 
ner. Using a load cell with 100 g full scale range, tensile 
testing of a monofilament of 10 mm gauge length was 
carried out on a Tensilon-type machine (Toyo 
Measuring Instrument Co. Type UTM-II-20) at 
a crosshead speed of 3.33 x 10 .2  rams -1. 

3. Results  
3.1. TG c u r v e s  
Nicalon was isothermally heated at temperatures from 
1673 to 1973 K under an Ar or a N2 atmosphere. 
Fig. 1 shows the T G  curves. AW is the mass loss 
determined by a thermobalance and Wo is the initial 
mass of Nicalon. The mass loss is due to the genera- 
tion of both SiO and CO. The pyrolytic rates are 
smaller in N2 than in Ar. In particular, the pyrolysis is 
markedly suppressed in N2 below 1773 K. Addition- 
ally the final mass loss after completion of the pyroly- 
sis is smaller in N2 than in Ar. 
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Figure 1 Mass loss of Nicalon heated in N2 and Ar at various 
temperatures. Key: in Ar; . . . . .  in N2. 

In order to clarify the effect of atmosphere on the 
pyrolysis, Nicalon, which was heat-treated in N2 for 
3.6 ks, was successively heated in Ar for 3.6 ks at 
temperatures from 1673 to 1973 K. T G  curves are 
shown in Fig. 2. Below 1873 K, the change of atmo- 
sphere from N2 to Ar results in severe pyrolysis of 
Nicalon. At 1973 K, the mass remains unchanged 

3 0  I I I I I I I 

<---- N2 Ar 

~ ' ~ 7 3  K K 

/ / 
0 
0 

K 
10 

I ' I [ I 

O 2 4 6 8 

t (ks)  

Figure 2 Mass loss of Nicalon heated in Ar after heating in N2 at 
various temperatures. 

under an Ar atmosphere, since the pyrolysis is com- 
pleted before changing from N2 to Ar. 

3.2. X-ray diffraction 
The X-ray diffraction patterns of Nicalon heated un- 
der different atmospheres at 1673, 1773, 1873 and 
1973 K are shown in Figs 3-6, respectively. At 1673 K, 
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Figure 3 X-ray diffraction patterns of(a) original Nicalon, and (b) Nicalon heated in N2, (c) in Ar after heating in N 2 and (d) in Ar at 1673 K. 
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Figure 4 X-ray diffraction patterns of(a) original Nicalon, and (b) Nicalon heated in N2, (c) in Ar after heating in N2 and (d) in Ar at 1773 K. 
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Figure 5 X-ray diffraction patterns of(a) original Nicalon, and (b) Nicalon heated in N2, (c) in Ar after heating in N2 and (d) in Ar at 1873 K. 
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Figure 6 X-ray diffraction patterns of (a) original Nicalon, and (b) Nicalon heated in N2 and (c) in Ar at 1973 K. 

all heat-treated Nicalons have a broad diffraction pat- 
tern and are microcrystalline. At 1773 K, the diffrac- 
tion pattern of Nicalon heat treated in Ar is sharp. 
However, the diffraction pattern of Nicalon previously 
heat treated in Na still remains broad after heating in 
Ar. As stated later, a nitrided case is formed by 
the heat treatment in N2, and this is considered to 
suppress the pyrolysis of the core. At 1873 K, Nicalon 
remains microcrystalline in N2, although it crystallizes 
greatly in Ar. However, the subsequent heat treatment 
in Ar leads to crystallization into 13-SIC. Furthermore,  
Nicalon pyrolizes seriously even in N2 at 1973 K. 
Thus, X-ray diffraction suggests that the effect of the 
nitridation on the pyrolysis of Nicalon is lost at high 
temperatures. 

3 . 3 .  S E M  o b s e r v a t i o n  

Fig. 7 shows the morphologies of the surface and the 
cross-section of Nicalon heated at 1873 K. The fibre 
heated in N2 is smooth and featureless at SEM resolu- 
tions (Fig. 7a and b). The appearance of the fibre heat 
treated in Ar is coarse because of severe pyrolysis 
(Fig. 7c and d). Furthermore,  the fibre heated in N2 
and subsequently in Ar has two layers: a coarse- 
grained case and a fine-grained core (Fig. 7e and f). 

3 . 4 .  T e n s i l e  t e s t  

Fig. 8 shows the tensile strength of Nicalon as a func- 
tion of heating temperature. The tensile strength 
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3.5. AES analysis 
Figs 9 to 12 present depth profiles of Nicalon. The as- 
received fibre has a thin oxide layer on the surface 
(Fig. 9). After heat treatment in Ar, oxygen was 
depleted as a consequence of the pyrolysis (Fig. 10). 
The fibre treated in Nz exhibits a depth profile 
indicating that nitrogen is picked up on the surface 
(Fig. 11). Even after being heated subsequently 
in Ar, considerable nitrogen is retained in Nicalon 
(Fig. 12). The nitrided case is considered to be 
formed on the fibre and to suppress the pyrolysis. 
Consequently, there is a slight amount of 
oxygen in the fibre treated in N2. The oxygen-rich 
surface of the fibre treated subsequently in Ar (Fig. 12) 
is probably due to exposure in air after the heat 
treatment. 
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Figure 7 SEM photographs of Nicalon heated (a) and (b) in N2 for 
3.6 ks (c) and (d) in Ar for 3.6 ks, (e) and (f) and in Ar for 3.6 ks after 
heating in Nz for 3.6 ks at 1873 K. 
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Figure 8 Tensile strength of Nicalon heated in Nz for 3.6 ks (0), in 
Ar for 3.6 ks (O) and in Ar for 3.6 ks after heating in Nz for 3.6 ks 
(A) as function of temperature. 

decreases with increasing temperature. At 1873 K, 
Nicalon heat treated in N2 retains 42% of its 
original strength, while Nicalon heat treated in 
Ar loses all its strength. Below 1873 K, Nicalon heated 
in N2 is stronger than Nicalon heat treated in Ar. 
On changing fi'om N2 to Ar, the strength does 
not change at 1673 K, but decreases to the same 
level for Nicalon heat treated only in Ar at 1773 and 
1873 K. 
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Figure 9 AES depth profile of as-received Nica]on (sputter-rate 
14 nmmin- l :  SiO2). 
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Figure 10 AES depth profile of Nicalon heated in Ar for 3.6 ks at 
1873 K (sputter rate 14 nmmin-~: SiO2). 
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Figure 11 AES depth profile of Nicalon heated in N2 for 3.6 ks at 
1873 K (sputter rate 14 n m m i n - l :  SJO2). 
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4. diffusion of SiO and CO from the fibre surface to 
the bulk gas phase. 

The kinetic analysis showed that the rate-determining 
step of the pyrolysis was step 2 I-8, 9, 12]. The kinetics 
were described by an Avrami-Erofeev formula [-15]: 

- ln(1 - X) = kit TM (2) 

where k is a rate constant, and m is a parameter which 
is a function of the reaction mechanism, nucleation 
rate and geometry of the nuclei. X is the decomposed 
fraction of Nicalon and is given by Equation 3. 

S = mwt/mwf (3) 

AWt is the mass loss at some time t, and AWf is the 
final mass loss after completion of pyrolysis. By taking 
algorithms of Equation 2, the following equation is 
introduced. 

l n [ - l n ( 1  - X ) ]  = l n k +  mln  t (4) 

Fig. 13 shows the application of rate, Equation 4, to 
the kinetic data shown in Fig. 1. The plots of 
ln[ - ln(1 - X)] versus In t give straight lines, and the 
mean value of rn is estimated to be 1.4 from the slopes. 
This value is nearly equal to m = 1.5 obtained when 
the nuclei growth model satisfies the following condi- 
tions: zero nucleation rate, diffusion-control and 
three-dimensional growth [15]. 

On the other hand, the kinetic data in N2 does not 
obey an Avrami-Erofeev formula. Therefore, the py- 
rolytic rate in N2 is controlled by a step other than 
step 2. AES analysis suggests that Nicalon picks up 
nitrogen and that a nitrided case is formed during heat 
treatment in N2 (Figs 9 to 12). The coarse-grained 
case (Fig. 7f) is considered to be produced by the 
pyrolysis 0f the nitrided case. Nitrogen pick-up com- 
pensates the mass loss caused by the pyrolysis, as 
shown in Fig. 1. The nitrided case is considered to 
suppress the pyrolysis because of the restricted genera- 
tion of the pyrolytic gases, SiO and CO, as discussed 

Figure 12 AES depth profile of Nicalon heated in Ar for 3.6 ks after 
heating in N2 for 3.6 ks at 1873 K (sputter rate 14 nm min-  1: SiO2). 

4. Discussion 
Previously, the pyrolytic mechanism of Nicalon was 
investigated under an Ar atmosphere [8, 9, 12]. The 
pyrolysis leads to the crystallization of amorphous 
fibre into 13-SIC, involving the generation of both SiO 
and CO gases. 

SiC1.2000.41(s) = 0.895SiC(s) + 0.105SiO(g) 

+ 0.305CO(g) (1) 

This pyrolysis proceeds via the following steps: 

1. nucleation of SiC crystallites in fibre, 
2. growth of SiC crystallites accompanied by the  

generation of SiO and CO, 
3. diffusion of SiO and CO from the core to the 

fibre surface, and 
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Figure 13 Application of Avrami Erofeev equation to rate data 
shown in Fig. 1. 
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later. This is substantiated by the results of XRD (Figs 
3 to 5) and of the tensile test (Fig. 8). The suppression 
of the pyrolysis also decreases the mass loss in N2. 

The nitrided case is formed by the reaction of N2 
with SiO, CO or [3-SIC, the pyrolytic products of 
Nicalon. First of ali, SiaN4 is presented as the reaction 
product between Nicalon and N2. Nicalon may be 
roughly regarded as SiC fibre. The reaction between 
SiC and N2 results in the formation of Si3N4 under 
one atmospheric pressure of N2 (PN2 = 1.01 x 105 Pa) 
and below 1728 K, from thermodynamical calculation. 

3SiC(s) + 2N2(g) = Si3N4(s) + 3C(s) (5) 

AG~ tool -~) = - 504670 + 292.IT(K) 

There is also the possibility that Si3N4 is formed by 
the gas-phase reaction 

3SiO(g) + 3CO(g) + 2Nz(g) = Si3N4(s) + 3CO2(g). 

(6) 

CO2 is converted into CO by a solution loss reaction. 

CO2(g) + C(s) = 2CO(g) (7) 

The combination of Reactions 6 and 7 gives the fol- 
lowing overall reaction. 

3SiO(g) + 3C(s) + 2Nz(g) = Si3N4(s) 4- 3CO(g) (8) 

AG~ tool-  1) = _ 754460 + 305.3 T(K) 

SiC can also be produced in N2 by the following 
reaction: 

SiO(g) + 2C(s) = SiC(s) + CO(g) (9) 

AG~ tool-  1) = _ 83260 + 4.39 T(K) 

The dependence of the equilibrium pressure of SiO of 
Reactions 8 and 9, Pslo on the temperature is shown in 
Fig. 14. Psio was calculated for Ps~o 4- Pco = 104 Pa 
(PN2 = 9 x 104 Pa) and 102 Pa (PN2 = 9.99 x 104 Pa). It 
should be noted that Si3N4 is stable below 1680 K 
(Psio + Pco = 104Pa) and below 1740K (Psio + 
PCO = 102  Pa). 
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Figure 14 Log  psio versus  t empera tu re  d i a g r a m  for Reac t ions  8 
and  9. 
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The thermodynamic considerations confirm that 
the SigNr layer is not formed on the surface of Nicalon 
above 1773 K, even though the pyrolysis is suppressed 
in N2. Therefore, it is necessary to examine the possi- 
bility that the radical bond of silicon with nitrogen is 
produced: The pyrolytic reaction probably involves 
a radical mechanism. Both the SiO and CO gases 
evolved during pyrolysis arise from the radical break- 
age of - S i - O - S i -  and - = S i - O - C -  bonds in 
Nicalon: 

- Si-O-Si  - and 
= S i -O-C _= --, - Si + SiO(g) + CO(g) (10) 

It is considered that a radical - Si reacts with N2 to 
form the _= S i - N =  bond. 

-= Si + N2(g) --* - S i -N= (11) 

The - S i  N =  bonds are considered to form the ni- 
trided case around Nicalon. 

When Nicalon is perfectly surrounded by the ni- 
trided case, the pyrolysis proceeds via the following 
steps: 

1. nucleation of SiC crystallites in fibre, 
2. growth and coarsening of SiC crystallites accom- 

panied by the generation of SiO and CO, 
3. diffusion of SiO and CO from the core to the 

nitrided case, 
4. diffusion of SiO and CO through the nitrided 

case, and 
5. diffusion of SiO and CO from the fibre surface to 

the bulk gas phase. 

The retardation of the pyrolysis in N2 suggests that 
the nitrided case restricts the outward transport of the 
pyrolytic gases, SiO and CO. Therefore, the pyrolytic 
reaction in N2 may be controlled by step 4 or by both 
steps 1 and 4. As a result, this layer prevents the 
growth of 13-SIC crystallites and the reduction in the 
tensile strength of Nicalon. 

When the crystal size of the polycrystalline ceramics 
is small, its tensile strength is given by the equation 
[16] 

cy = a + b . d - a / z  (12) 

where d is the mean diameter of the crystal, and a and 
b are constants. This equation is equivalent to the 
Hall-Petch formula which is applied to the yield 
strength of metals. Fig. 15 indicates the applicability of 
this equation to the strength of Nicalon heated in Ar 
or N2. The plots approximately satisfy Equation 12. It 
may be noted that nearly identical strengths are 
achieved for the same crystal sizes, regardless of the 
heat-treatment atmosphere. 

The nitrided case is effective for the suppression of 
pyrolysis only under a N2 atmosphere. Therefore, the 
change in atmosphere from N2 to Ar leads to severe 
pyrolysis particularly at elevated temperatures, as 
shown in Fig. 2. As reported previously [17-19], an 
oxide film also suppressed the pyrolysis of the core 
under an 02  atmosphere. Unlike the nitrided case, the 
oxide film nearly completely prevented the pyrolysis 
of the core under an Ar atmosphere. When the fibres 
were subsequently heated in Ar, the nitrided case had 
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Figure 15 Relation between tensile strength of Nicalon and recipro- 
cal square root of SiC crystal size. Key: Q N2; ( 0 )  Ar; A N2 --+ Ar. 

a tendency to disappear gradually (Fig. 12), al- 
though the oxide film was retained for long periods 
[16-18]. 

5. Conclusion 
The pyrolytic behaviour of Nicalon was investigated 
in both N2 and Ar at temperatures from 1673 to 
1973 K. The following results were obtained. 

1. The pyrolytic rates were smaller in N2 than in 
Ar. For the fibre heated in N2, crystallization to [3-SIC 
was retarded and the tensile strength was maintained 
at a high level. This fibre retained 42% of its original 
strength even at 1873 K. 

2. AES analysis showed nitrogen pick-up on the 
surface of the fibre heat treated in N2. The nitrided 
case was effective in retarding the pyrolysis of the core 
in N2, but. not in Ar. 

3. In Ar, the pyrolytic rates obey an Avrami- 
Erofeev formula and is considered to be controlled by 
the growth of [3-SIC crystals. In Nz, the diffusion of 
SiO and CO through the nitrided case is the rate- 
controlled step of the pyrolysis. 

4. The strength was inversely proportional to the 
square root of the [~-SiC crystal size, regardless of the 
heat treatment atmosphere. 
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