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Microstructural Stability of Si-Ti-C-O Fibers at High Temperatures
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The thermal stability of Si-Ti-C-O fibers, STC (6H) and STC (6) prepared by the pyrolysis of polytitanocar

bosilane (PTC) was investigated. TEM study confirmed that STC (6H) contained larger ƒÀ-SiC nanocrystals 

and higher crystalline free-carbon units than STC (6). During the exposure tests to high temperatures under 

Ar atmosphere, the crystallinity of the free carbon in STC (6H) further developed around ƒÀ-SiC nanocrystals 

as if the free carbon formed nets for trapping ƒÀ-SiC nanocrystals to prevent their direct contacts. STC (6H) 

showed slower gas-release and grain coarsening rates than STC (6). After being exposed at 1600•Ž for 60

min, STC (6H) retained the tensile strength of as high as 0.6GPa, whereas STC (6) was too weak to handle 

for the tensile testing. The crystalline free-carbon had the excellent ability to retain the microstructural 

stability of Si-Ti-C-O fibers at high temperatures. [Received December 17, 1996; Accepted March 11 , 1997]
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1. Introduction

During the last quarter of a century great progress has 

been made in the development of high-performance ceram

ic matrix composites (CMCs) intended for use at high 

temperatures.1),2) One of the most important events that en

abled this progress to come about was the development of 

polymer-derived Si-C-O fibers by Yajima et al.3) The Si-C

O fiber was made by melt-spinning of an organosilicon poly

mer (polycarbosilane) into a precursor fiber, followed by 

heating at an elevated temperature. Advantages of the poly

meric route to ceramic fibers include the following: the abili

ty to control fiber purity; the ability to control the crystallini

ty; and the ability to prepare continuous fibers with fine di

ameter suitable for weaving and knitting unobtainable by 

other traditional methods.4) Following the commercializa

tion of the Si-C-O fiber (Nicalon; Nippon Carbon Co., Yoko

hama, Japan), polymer-derived Si-Ti-C-O fibers were 

produced by Ube Industries Ltd. (Ube, Japan) with the 

trade name Tyranno. The Si-Ti-C-O fiber has a fine di

ameter of 8 to 12ƒÊm, high tensile strength of 2.8 to 3.0

G Pa, and high Young's modulus of 200 to 220GPa.5)

However, the Si-Ti-C-O fiber shows operation limits at 

high temperatures. Above 1300•Ž under Ar atmosphere, 

the Si-Ti-C-O fiber undergoes carbothermic reduction 

(loss of oxygen) known as the thermal decomposition reac

tion to produce CO and some SiO.6),7) Simultaneously, 

coarse ƒÀ-SiC grains along with a small amount of TiC crys

tallites are formed. Such gas release and crystallization des

troy the fiber structure, resulting in a remarkable decrease 

in the fiber strength.6),8) The limited thermal stability of Si

Ti-C-O fibers has been considered to be related with a 

large oxygen content (13-18mass%).7) Most of the oxy

gen is incorporated during the curing process. The fiber is 

cured in air below 180•Ž by introducing chemical cross-

links of oxygen atoms, because this treatment renders the 

fiber infusible so that its' shape will be retained during the 

next process known as the pyrolysis process. As far as the 

thermal oxidation curing is performed in the manufacturing 

process of the fiber, the fiber necessarily has a large oxygen 
content of 13-18mass%; therefore, it has been expected 

that the oxidation curing method should be replaced by a 

new method. A main break-through concerns the curing of 

polycarbosilane fibers by Okamura et al.9),10) using ƒÁ-rays or 
electron beam irradiation under the presence of He gas. In 

this process, the cross-linkage between polymeric chains of 

the precursor was mainly achieved by forming Si-C bonds 

between polymeric chains, instead of Si-O-Si bridges as in 

the oxygen curing.

The electron-irradiation curing method permitted the 

preparation of the low oxygen grade (6 mass%) of the Si

Ti-C-O fiber. We reported that the gas release and the crys

tallization of the low oxygen grade at high temperatures 

proceeded fairly slowly, compared with those of convention
al grades.11) In addition, we found that the thermal decom

position process of the Si-Ti-C-O fibers was controlled by 
the growth of ƒÀ-SiC nanocrystals. Therefore, there is a pos

sibility that the thermal stability of the fiber is affected 

strongly by not only its oxygen content but also its crystal

linity. Generally, the fiber becomes microcrystalline from 

amorphous as the pyrolysis temperature for the preparation 

increases. In this study, two fiber specimens, which were 

prepared by different pyrolysis temperatures were, subject
ed to thermal exposure tests. This paper provides the infor

mation about the influence of the crystallinity of Si-Ti-C-O 

fibers on the thermal stability.† Now with Japan Science and Technology Corporation
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2. Exprimental procedure
The fiber specimens used in this study were the low 
oxygen Si-Ti-C-O fibers, STC(6H) and STC(6), produced by 

Ube Industries Ltd. Their precursor fibers were derived 
from polytitanocarbosilane (PTC), and then were cured us
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ing an electron beam accelerator at Takasaki Radiation Che

mistry Research Establishment of Japan Atomic Energy 

Research Institute (JAERI; Takasaki, Japan). The irradia

tion curing was attained in He gas stream with an overall ir

radiation dose of 15MGy. Subsequently, the cured fibers 

were subjected to a pyrolysis process at elevated tempera

tures under N2 atmosphere after a preheating under Ar at

mosphere. The final pyrolysis temperatures adopted for 

STC(6H) and STC(6) were 1500 and 1300•Ž, respectively. 

The chemical composition of the final products STC(6H) 

and STC(6) is given in Table 1. Both fibers have nearly 

identical composition, i.e., the oxygen content is approxi

mately 6 mass%. Besides these low-oxygen grades, 

STC(13) and STC(18) containing oxygen of 13 and 18 

mass%, respectively, were chosen to be reference fibers in 

this study.

The thermobalance for the experiment was composed of 

an analog-type automatic balance and a Tammann furnace. 

The graphite crucible (inside diameter: 26mm, depth: 50

mm) containing 1g of the fiber specimen was connected to 

the balance with rods made by stainless steel and graphite, 

and suspended in the constant-temperature zone of the fur

nace. The decrease in fiber mass by decomposition was con

tinuously measured up to 60min. The given temperatures 

were 1400, 1500, 1600 and 1700•Ž. The atmosphere in the 

furnace was Ar, which was let flow at a rate of 1.5•~10-3

m3/min from the furnace bottom. Upon completion of the 

measurement, the crucible was quickly moved upward into 

the upper section in the furnace to cool the specimen until it 

reached room temperature. The empty crucible was also 

heated in the same manner to find the blank value, by which 

the mass-loss curve was corrected.

Table 1. As-Received Si-Ti-C-O Fibers

The crystallinity of as-received and heat-treated fibers 

was determined by X-ray powder diffractometry (XRD) 

(Model RINT 1100, Rigaku, Tokyo, Japan) using Cu Kƒ¿ 

radiation with a Ni-filter. Specifically, Auger electron spec

troscopy detected that heat-treated fibers formed a thin car

bon rich layer (max<30nm) on the surface. For heat-treat

ed-fibers, therefore, the crystallinity of carbon phase which 

located near ƒÀ-SiC grains was evaluated by using a transmis

sion electron microscope (TEM) (Model JEM-2000FX, 

JEOL, Tokyo, Japan) to avoid the effect of the fiber sur

face; XRD was used not for the estimation of carbon crystal

linity but for that of ƒÀ-SiC grain size. TEM specimens were 

prepared by grinding fibers in ethanol, then a drop of the 
slurry was transferred to a copper grid, followed by vacuum 

drying. The microcrystallinity of fibers within a region of 

350nm diameter was determined by selected area diffrac

tion (SAD). Dark-field (DF) images were used to examine 

the distribution of ƒÀ-SiC grains in fibers. Lattice fringe 

(LF) techniques were used in order to describe the mano

meter scale structure. The LF images were made by the in

terference among an incident beam and C002- and/or 

SiC111-scattered beams. Grain-boundary phases around 

SiC were analyzed by energy dispersive spectroscopy 

(EDS) (Model QX200J, LINK, Bucks, England). The ten

sile strength of fibers before and after heat-treatments was 
measured at room temperature by a monofilament method 
using a universal testing machine (Model Tensilon UTM

-20 , Orientec, Tokyo, Japan). The applied load, the 
gauge length and the crosshead speed were 100g, 10 and 2
mm/min, respectively. Twenty specimens were tensile-test
ed in order to obtain an average value. The fractured sur
face of fibers was observed by a scanning electron micro
scope (SEM) (Model JSM-T20, JEOL, Tokyo, Japan).

Fig. 1. XRD patterns of as-received STC(6H) and STC(6).

Fig. 2. TEM photographs (SAD (inset) and DF images) of as
received (a) STC(6H) and (b)STC(6). A single arrow on the 
SAD(a) indicates a C002 ring.

Fig. 3. TEM photographs (LF images) of as-received (a) 
STC(6H) and (b) STC(6). Double arrows on the photo(a) show 
free-carbon layers.

3. Results and discussion

3.1 Microstructural stability

Figure 1 shows the XRD patterns of as-received 

STC(6H) and STC(6). The as-received specimens have 

broad patterns, indicating that they are microcrystalline. In 

comparison with STC(6), STC(6H) shows more distinct 

patterns which are centered at 2ƒÆ=36, 60 and 72•‹, each cor

responding to ƒÀ-SiC (111), (220) and (311), respectively. 

Corresponding to this result, TEM dark-field (DF) images 

from ƒÀ-SiC reflections at (111) show that STC(6H) has 

larger ƒÀ-SiC grains, which disperse over amorphous, than 

STC(6) (Fig. 2). The grain size of STC(6H) is of the order 

of 3-5nm, while STC(6) reveals an amorphous-like state 

of fine grains less than 2nm. The most noteworthy point is 

that STC(6H) alone shows a very weak reflection (a single 

arrow on the photo) besides the three rings due to ƒÀ-SiC in 

the SAD pattern. The corresponding LF image also
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confirms very short stacks of three to five wrinkled fringes 

(d=0.347nm, double arrows on the photo), as shown in 

Fig. 3(a). Each fringe corresponds to the projection of poly

aromatic carbon layers, in turbostratic order toward the 

(002) direction, which are commonly observed in other 

polymer-derived SiC materials such as Nicalon Si-C-O 
fibers too.12) Most of the materials have C/Si atomic ratios 

higher than 1 due to the polymer composition and structure. 

Therefore, the occurrence of a "free carbon" phase could be 

expected after heat treatments; we previously confirmed 

that the Si-Ti-C-O fiber with a C/Si atomic ratio of 0.99 

contained little free-carbon fringe, only having almost same 

size of ƒÀ-SiC grains as STC(6H).13)

The reason why the free-carbon layers of STC(6H) have 

such a curved structure can be explained by a speculation 

from the DF image of ƒÀ-SiC111, i.e., because they lie close to 

spherical ƒÀ-SiC nanocrystals. On the other hand, STC(6) 

shows almost no C002 ring in the SAD pattern, only showing 

the weak diffuse rings due to ƒÀ-SiC. The corresponding LF 

image also becomes a blur because of the weak scattered 

beams. According to SiC stoichiometric viewpoints, not 

only STC(6H) but also STC(6) should contain free carbon 

excess (Table 1). However, STC(6) did not show free car

bon on the TEM photos, presumably because the free car

bon was poor in crystallinity (amorphous) and thus the in

tensity in the SAD pattern was too low to be noticed. The 

wrinkled free-carbon layers observed in STC(6H) can be 

considered to be formed by thermal activation due to the 

higher pyrolysis temperature of STC(6H) than that of 

STC (6):

 Cfree (amorphous)•¨Cfree (wrinkle) (1)

In summary, STC(6H) contains larger ƒÀ-SiC nano

crystals and higher crystalline free-carbon layers than 

STC(6), although both of the fibers have almost the same 

chemical composition.

Fig. 4. Comparison of the mass-loss curves of STC(6H) with 

those of STC(6) at 1500, 1600 and 1700•Ž.

Figure 4 compares the decomposition induced mass-loss 

curves of STC(6H) with those of STC (6) at 1500, 1600 and 

1700•Ž. The mass-loss is considered to be caused by gas evo

lution of CO and SiO from the fibers.7) STC(6H) has slower 

mass-loss rates than STC(6) at all test temperatures. At 

1700•Ž, in particular, the two fibers demonstrate quite 

different mass-loss behaviors. The mass-loss of STC(6H) 

occurs constantly from the start, and it is not completed wi

thin 60min, whereas STC(6) finishes the mass-loss in a 

short holding time of 28min. This indicates that the onset

ting rate of the decomposition is quite different between the 

two fibers. To investigate such differences from microscop

ic viewpoints, both STC(6H) and STC(6) were heat-treat

ed at 1700•Ž for a short holding period of 10min, then they 

were subjected to TEM analysis. The TEM photographs 

are presented in Fig. 5. The C002 ring (a single arrow on the 

photo) of STC(6H) becomes more distinct than that of the 
as-received specimen. The corresponding free-carbon struc

ture also changes in the form from some wrinkles into con

tinuous networks (double arrows on the photo): 

Cfree (wrinkle)•¨Cfree (network) (2)

 Such textural change (crystallization) of carbon has been 

commonly observed in carbonaceous materials with increas

ing heat-treatment temperature:14) i.e., the adjacent basic 

columns of carbon became to get hooked to one another, 

edge to edge, forming the straight long-chained layers. 

However, the free carbon shown in Fig. 5 (a) demonstrates 

no straight structures but curving structures, suggesting 

that the ordering (crystallization) of free carbon has oc

curred preferentially around the peripheral faces of ƒÀ-SiC 

grains. Monthioux et al.15) have reported on the polymer

derived SiC ceramics containing free carbon that the electri

cal conductivity increased exponentially with increasing 

heat-treatment temperature. This observation seems to 

result from the perfection of free-carbon networks which 

should be electrical conduction paths.

Fig. 5. TEM photographs (SAD (inset) and LF images) of (a) 

STC(6H) and (b) STC(6) heat-treated at 1700•Ž for a short 

period of 10min. A single arrow and double arrows on the photos 

show a C002 ring and free-carbon layers, respectively.

On the other hand, the heat-treated STC(6) demon

strates no free-carbon network but coarse ƒÀ-SiC crystals 

(Fig. 5(b)). The SAD pattern also shows distinct spotty 

rings of ƒÀ-SiC only. Figure 6 shows the average crystallite 

size of ƒÀ-SiC in STC(6H) and STC(6) as a function of hold

ing time at 1700•Ž. The size was calculated from their XRD 

data by using the Scherrer's equation. The calculated size 

of the ƒÀ-SiC crystallite in STC(6) increases from 2 to 21nm 

within a short holding time of 10min. Finally, it reaches 

almost a saturated value of 33nm in a holding time of 60

min, indicating that a rapid crystallization occurred.

Fig. 6. Average crystallite size of ƒÀ-SiC in STC(6H) and STC(6) 

heat-treated at 1700•Ž for 10, 30 and 60min. These values were de

termined from their XRD data by using the Scherrer's equation.

For STC(6H) the crystallite size of ƒÀ-SiC gradually in
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creases at a constant rate with holding time. The value after 
a heat-treatment time of 60min is 25nm, which is close to 
the value of STC(6) after a holding time of 10min, i.e., the 
crystallization of STC(6H) was retarded significantly. A 
noteworthy point is that such crystallization curves are very 
similar in the appearance to the mass-loss curves (Fig. 4). 
This indicates that there is a close relationship between the 
gas evolution behavior and the crystallization behavior in 
the decomposition process of Si-Ti-C-O fibers, as shown:

 SiTixCyOz•¨ƒÀ-SiC+TiC+CO+SiO (3) 
But what makes the different decomposition behavior be

tween STC(6H) and STC(6)? STC(6H) contains larger 

SiC nanocrystals and higher crystalline free-carbon in the 

as-received state than STC(6). The following effects are 

considered to be the answer against the above question:

(i) initial size of ƒÀ-SiC nanocrystals

(ii) crystallinity of free-carbon

In the preceding paper,13) we have reported that the Si-Ti

C-O fiber with little free-carbon demonstrated a severe ther

mal decomposition like STC(6), although the fiber had 

almost the same grain size of ƒÀ-SiC as STC(6H). Rather 

than the parameter(i), therefore, the latter parameter (ii) 

seems to affect the fiber decomposition rate strongly. As 

shown in Fig. 3 (a), as-received STC(6H) has already con

tained the highly crystalline free-carbon. Such highly crys

talline free-carbon must have worked as an inhibitor against 

the abrupt crystallization of ƒÀ-SiC. Based on TEM observa

tion, the working mechanism is considered to be that the 

free carbon, first, formed nets around, ƒÀ-SiC nanocrystals in 

a short heating period, followed by trapping ƒÀ-SiC 

nanocrystals to forbid their direct contacts (Fig. 5(a)). 

These processes seem to have resulted in the slow grain 

growth of ƒÀ-SiC. Furthermore, the slow grain coarsening 

can lead to the slow gas release from the fiber. This is possi

bly associated with the fact that clear-cut grain boundaries 

are difficult to form during the slow grain coarsening, which 

can result in a slow progress of void formation required to 

work as paths for the gas release. Therefore, STC(6H) is 

considered to show a slower mass-loss behavior as well as a 

slower crystallization than STC(6), especially in the early 

holding period. However, the TEM observation confirmed 

that such carbon nets were not stable permanently but sub

sequently began to disappear with heat-treatment time af

ter 10min, presumably because the free carbon was grad

ually eliminated as CO gas during the fiber decomposition. 

ƒÀ-SiC grains grew as the free-carbon nets disappeared .

Fig. 7. TEM-EDS analysis of the grain boundary of a coarse ƒÀ-

SiC grain.

Figure 7 presents the TEM photograph in the neighbor

hood of such a coarse ƒÀ-SiC grain. EDS analysis was per

formed in a region perpendicular to the grain boundary of 

the ƒÀ-SiC grain over amorphous. Ti-rich regions form 

around the ƒÀ-SiC grain boundary, and they were found to be 

TiC from the XRD result. It has been reported that TiC 

does not form a solid solution with ƒÀ-SiC.16) Thus TiC 

seems to have accumulated around ƒÀ-SiC grains as they 

grew intensively with heat-treatment time, which may have 
formed a well-conductive path in the fiber by the so-called 

percolation phenomenon.15) In practice, it is possible that 

TiC around ƒÀ-SiC grains has already existed in sub-nanome

ters scale for the fiber heat-treated for a shorter period than 

10min, in other words, it was not until the pronounced 

grain growth of ƒÀ-SiC that TiC was noticed because of satis
fying the resolution of EDS probes. Yamamura et al.5) have 

observed that Si-Ti-C-O fibers retained its microcrystal

line state up to higher temperatures by 100•Ž than no Ti

containing fibers which were prepared using the same 

procedure as the Si-Ti-C-O fibers. Therefore, TiC as well 

as free-carbon nets may have the ability to control ƒÀ-SiC 

grain growth by hindering a direct contact between ƒÀ-SiC 

grains. However, it has been reported on the Si-Ti-C-O 
fibers with high Ti contents that large TiC crystallites were 

formed and ƒÀ-SiC grain growth also occurred quickly.17),18) 

In this case, a significant amount of TiC may have acted as 

nucleation sites around individual ƒÀ-SiC grains, thereby 

helping their rapid growth; further investigations on this 

point are being carried out.

Fig. 8. Tensile strength of STC(6H) and STC(6) heat-treated at 
various temperatures for 60min. The strength of the reference 
fibers, STC(13) and STC(18), is also shown.

3.2 Strength retention

The tensile strength of heat-treated STC(6H) and 

STC(6) was measured at room temperature to examine 

their strength retention after thermal decomposition. The 

fiber specimens heat-treated at temperatures from 1400 to 

1700•Ž for 60min were offered for the measurement. The 

tensile strength are shown in Fig. 8, including the result of 

the high oxygen grade fibers STC(13) and STC(18) too. 

Average tensile strengths of all the as-received fibers are 

nearly equal regardless of their different crystallinities and/

or oxygen contents. However, their tensile strength 

decreases in different manners with increasing heat-treat

ment temperature. The same strength-retention level shifts 

upward approximately 100•Ž interval in the order STC(18,
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13)<STC(6)<STC(6H). Both STC(6H) and STC(6) of 

low oxygen grades seem to have suffered less microstructur

al changes than STC(13) and STC(18) during the thermal 

exposure tests, since strength-controlling defects are 

caused by the release of oxygen-containing gases. Neverthe

less, STC(6H) is found to be furthermore stronger than 

STC(6), although both fibers have almost the same oxygen 

content. No further strength measurement could be made 

on STC(6) heat-treated at 1700•Ž. By contrast, STC(6H) 

after held at 1700•Ž retains 18% (0.6GPa) of its initial 

strength. This result reflects that the fiber crystallinity as 

well as the oxygen content is a very important factor for the 

microstructural stability resulted in the strength retention. 

Figure 9 presents the typical SEM photographs of the sur

face and the fractured surface of STC(6H) and STC(6) 

heat-treated at 1600•Ž for 60min. STC(6H) exhibits a mir

ror fracture, indicating that the place indicated by an arrow 

on the photo was the starting point of fracture. The fiber 

retains a tensile strength as strong as 38% of the initial 

strength (Fig. 8). On the other hand, STC(6) exhibits no 

well-defined mirrors but a severe grain coarsening of ƒÀ-SiC 

both along the surface (granular precipitates are presumed 

to be formed by the reaction of SiO gas with C) and the frac

tured surface, although as-received STC(6) as well as 

STC(6H) revealed a similar featureless smooth surface. 

The starting point of the fracture can be hardly presumed. 

The tensile strength retains only 17% of the initial value. 

The heat-treated STC (6) must have contained a lot of 

flaws, which determined the low tensile strength, due to the 

less thermal stability.

Fig. 9. SEM photographs of the surface and the fractured surface 

of (a) STC(6H) and (b) STC(6) heat-treated at 1600•Ž for 60

min.

4. Conclusions

The microstructural stability at high temperatures of 

polytitanocarbosilane-derived Si-Ti-C-O fibers, STC(6H) 

and STC(6), has been investigated. STC(6H) was pre

pared at a higher pyrolysis temperature at 1500•Ž than 

STC(6) at 200•Ž. STC(6H) contained larger ƒÀ-SiC 

nanocrystals and higher crystalline free-carbon than 

STC(6), although both of them had almost the same chemi

cal composition. STC(6H) showed a much slower crystalli

zation rate and had a smaller gas-release rate than STC(6) 

during heat treatments beyond 1400•Ž. STC(6H) also ex

hibited a higher retention in the tensile strength than 

STC(6). The TEM analysis on STC(6H) confirmed that 

the crystallinity of the free-carbon units was further en

hanced, and they formed networks around ƒÀ-SiC 

nanocrystals within a short heat-treatment time. The free

carbon behaved as if they were obstacles against the grain 

growth of ƒÀ-SiC. Such free-carbon texture seems to be the 

main reason for the good thermal stability of STC(6H). 

Thermal stability of polymer-derived Si-C system fibers 

has been discussed only in terms of the oxygen content. 

However, the present study let us expect that the thermal 

stability of Si-Ti-C-O fibers can be improved not only by 

lowering the oxygen content but also by the microstructural 

modification, that is, by making crystalline free-carbon 

units which work as an inhibitor against the grain coarsen

ing of the fibers.
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