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Abstract 

SiC-based ceramic fibers have numerous applications as reinforcement materials. Herein, 

the in situ thermal stability of four types of SiC-based ceramic fibers from three generations 

was investigated in terms of elastic modulus and electrical conductivity at temperatures up 

to 1800 °C in a vacuum under low pressure (<10–4 Pa). A specific tensile test device 

(MacaSiC) for single fibers was used. Mechanical and physical properties were monitored 

during heating and cooling at 1200, 1500, and 1800 °C for 10 min. Fibers exposed at 1200, 

1500, and 1800 °C for 10 min were evaluated by measuring tensile strength retention, and 

correlating them with fiber crystallinity and microstructural evolution. Third-generation 

fibers exhibited excellent thermal stability at temperatures up to 1800 °C. The strength 

degradation of the third-generation SiC fibers was associated with the enlargement of 

apparent β-SiC crystallites and carbonization caused by the release of Si in the annular 

region of the fibers. 

 
Keywords: Silicon carbide; Ceramic fiber; Mechanical property; Physical property; 

Microstructural analysis 

 

1. Introduction 

The organic-to-inorganic conversion process is typically used to manufacture 

continuous ceramic fibers by heating organic fibers. Numerous ceramic fibers have been 

created through the organic-to-inorganic conversion process, such as carbon fibers from 

polyacrylonitrile and Si-C-N fibers from carbosilazanes. The SiC-based ceramic fibers are 

industrially manufactured through the conversion of polycarbosilane (PCS) via the process 

developed by Yajima et al. during the 1970s and 1980s [1]. SiC-based ceramic fibers have 
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developed rapidly from the first generation—which had excess of carbon and a high 

oxygen content and was amorphous—to the third generation, which is nearly stoichiometric 

and polycrystalline [2]. Nippon Carbon Co. Ltd. (Japan) has industrially manufactured first-

generation (Si-C-O) fibers from PCS as continuous fibers. Subsequently, UBE Industries 

Ltd. (Japan) has industrially manufactured first-generation (Si-Ti-C-O) fibers from 

polytitanocarbosilane. Conventional (first-generation) SiC-based ceramic fibers, sold under 

the names of Si-C-O fibers (NL-202 of Nicalon) and Si-Ti-C-O fibers (Lox-M of Tyranno), 

are heat-resistant up to 1200 °C and have been used as a reinforcement material for glass-

ceramic matrix composites and aluminum wire materials [3–6]. Over the last few years, 

research has been conducted to enhance the high-temperature resistance of polymers 

converted to SiC ceramics and the thermal stability of the fibers at temperatures above 

1300 °C. These studies revealed that a decrease in the oxygen content of the fiber was 

essential. Okamura et al. developed a new fabrication process known as radiation curing 

[7]. These studies have successfully produced new SiC-based ceramic fibers with a low 

oxygen content. The second-generation fibers are Hi-Nicalon, Tyranno Low-E, and Low-

ZE, which have a high thermal resistance of approximately 1500 °C [3, 8]. Recently, SiC-

based ceramic fibers with extraordinary thermal resistance at temperatures above 1700 °C 

have been produced on an industrial scale, and these fibers have a nearly stoichiometric 

composition of SiC with a highly crystalline structure. The third-generation fibers, such as 

Sylramic, Hi-Nicalon Type S, and Tyranno-SA, are employed as reinforcements for SiC 

matrix composites, i.e., SiC-fiber-reinforced SiC matrix (SiCf/SiC) materials [9–15]. 

SiCf/SiC composite materials have the potential to be used as high-performance structural 

materials/components in next-generation nuclear fission and fusion reactors [16]. For 
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example, these materials could be used for accident-tolerant fuel assemblies, applied to the 

fuel cladding and channel box of light water reactors, or for the blanket first wall or flow 

channel insets (FCIs) of fusion reactors [17–20]. FCIs are important components serving as 

electrical and thermal insulators, which are proposed to mitigate the magnetohydrodynamic 

pressure drop and increase coolant outlet temperature, employing liquid LiPb as both the 

breeding material and coolant in a dual coolant blanket concept for fusion reactors [17, 18]. 

Additionally, SiCf/SiC composite materials are being developed for use in gas turbines for 

aerospace/aircraft and power generation applications, such as combustors, transition ducts, 

nozzles, flame holders, and exhaust liners [21–24]. To enable the successful development of 

SiCf/SiC composite materials for these applications, the effects of high temperature on their 

mechanical and physical properties must be elucidated. It is well-known that the thermo-

mechanical/physical performance of the composites is heavily reliant on the characteristics 

of the reinforcing fibers employed. Therefore, SiC-based ceramic fibers used as 

reinforcements should be thermally stable and maintain their approximate 

mechanical/physical properties even at elevated temperatures. Also, electrical conductivity 

must be kept as low as possible (less than 100 S/m) for FCI applications [17, 18]. However, 

information on the thermo-mechanical/physical and electrical properties of SiC-based 

ceramic fibers as a reinforcement at elevated temperatures has been scarce thus far owing to 

the difficulty in the measurement of these properties. Consequently, the ability to retain the 

original values (at room temperature, 25 °C) of tensile strength/elastic modulus, electrical 

conductivity, and microstructural changes after high-temperature exposure determines the 

heat resistance of the SiC-based ceramic fibers, as previously discussed. This study 

explored a novel technique to investigate the heat resistance of SiC-based ceramic fibers by 
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utilizing in situ measurement of the elastic modulus and electrical conductivity of a single 

fiber at elevated temperatures. Additionally, this research helps to improve our 

comprehension of the thermo-mechanical/physical stability of fuel-cladding tubes and the 

thermo-electrical performance of FCIs in service. Furthermore, the microstructural 

characteristics and tensile strength of the fibers after heat treatment were studied and 

compared to previously reported results under similar test temperature conditions. 

  

2. Experimental procedure 

2.1. Materials 

This study evaluated four types of commercially available SiC-based ceramic 

fibers from three generations. The fibers used were Nicalon (N) with low electrical 

resistivity, Hi-Nicalon (HN), Hi-Nicalon Type S (HNS) from NGS Advanced Fibers Co. 

Ltd. (Toyama, Japan), and Tyranno-SA grade-3 (TySA3) from Ube Industry Ltd. (Ube, 

Japan). The characteristics of the fibers as provided by the manufacturer are outlined in 

Table 1. Typical properties of various SiC-based ceramic fibers are described in the recent 

reviews provided by Bunsell et al. and Wang et al. [2, 10]. The diameter and elemental 

composition of the fibers, which were provided by manufacturers, were almost identical to 

those in the reviews, but the tensile properties were slightly higher.  

 

Table 1. Characteristics of various SiC-based ceramic fibers (data provided by 

manufacturers). 

 Nicalon Hi-Nicalon Hi-Nicalon Tyranno-SA 3rd
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with low electrical 

resistivity (N) 

(HN) Type S 

(HNS) 

(TySA3) 

Diameter (m) 14 14 12 7.5 

Density (g/cm3) 2.4 2.65 2.85 3.1 

Atomic 

composition 
SiC1.34O0.36 SiC1.39O0.01 SiC1.05 SiC1.08, O, Al<0.01

Crystal state Amorphous Micro crystal Crystalline Crystalline 

Tensile strength 

(GPa) 
3.1 3.2 3.1 2.51 

Tensile modulus 

(GPa) 
190 270 380 409 

 

2.2 Experimental device set-up and in situ measurement at elevated temperatures 

A specific device, named MacaSiC, was used to perform the in situ tensile tests of 

single fibers from room temperature (25 °C) to elevated temperatures (approximately 

2000 °C). Fig. 1 illustrates a schematic of MacaSiC. The fibers were heated by an electrical 

current circulating through the fibers in a vacuum under a total pressure of less than 10−4 

Pa. A pyrometer was used to measure the temperature of the fibers at temperatures above 

1200 °C. Owing to the small diameter of the fibers (approximately 7.5 m for TySA3 

fibers; approximately 14 m for N, HN, and HNS fibers), the pyrometer could only be used 

to measure the temperature of the fibers at temperatures above 1200 °C. When the 

temperature is below 1200 °C, the fiber temperature (T*) (in K) can be estimated by the 
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following equation. 

   𝑃elec = 𝜎𝜀𝐹𝑆 ൈ ൫𝑇∗ସ െ 𝑇ோ
ସ൯,    (1) 

where Pelec is the supplied electrical power; σ is the Stefan constant; ε is the fiber emissivity 

(equal to 1 in our case); F is the shape factor (equal to 1 in our case); S is the surface area of 

the specimens; and TR is the room temperature in K (25 °C). The temperature profiles show 

that the temperature was uniform over more than 95% of the gauge length. Above 1200 °C, 

the discrepancy between the estimated and measured temperatures was under the conditions 

of <50 °C, and this is comparable to the measurement uncertainty attributed to the 

pyrometer. Before the tests, sizing agents were removed from all fibers under 600 °C for 30 

min in a vacuum. In situ measurements of the elastic modulus and electrical conductivity of 

the various fibers during heating to elevated temperatures of up to 1800 °C were conducted 

via tensile tests of a single fiber with a gauge length of 25 mm. The fibers were attached to 

graphite grips using commercially available UCAR-grade C-34 carbonaceous cement. The 

section area of the fibers was circular, so that the mean diameter of the fibers (five 

measurements along the fibers) was measured before the tests using a laser diffraction 

technique [25]. At each temperature, two successful tensile tests were conducted for each 

fiber up to approximately 300 MPa at a strain rate of 10−4 1/s. The mean elastic modulus 

was evaluated from the stress–strain curves in the elastic range between 20 and 300 MPa. 

The electrical conductivities of the fibers (θ) at different temperatures can be calculated 

from the current and voltage values of the electrical power supply used to heat the fiber 

using the following equation. 

    𝜃 ൌ
ଵ

ఘ
ൌ

ூ

௏
ൈ

௅బ

ௌబ
,    (2) 
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where ρ is the resistivity of the fiber; I is the electrical current; V is the electrical voltage; L0 

is the length of the fiber; and S0 is the cross-sectional area of the fiber. In situ measurements 

of the elastic modulus and electrical conductivity of the fibers during heating and cooling 

treatments at maximum temperatures of 1200, 1500, and 1800 °C for a holding time of 10 

min were performed in a vacuum under a total pressure of less than 10−4 Pa. The tensile 

strengths of the various fibers after heating and cooling at 1200, 1500, and 1800 °C were 

evaluated by tensile testing at a strain rate of 10−4 1/s. Furthermore, the four types of fibers 

were thermally exposed in an electric furnace on a high-purity alumina boat to maximum 

temperatures of 1200, 1500, and 1800 °C for a holding time of 10 min in a vacuum under a 

total pressure of less than 10−4 Pa. The weight changes of the different fibers before and 

after exposure were measured on an electric balance (AP224X, Shimazu, Japan) with an 

accuracy of 0.0001 g. The microstructural evolution of the fibers on the cross-section and 

surface before and after exposure was observed through field emission scanning 

microscopy (FE-SEM; S-4700, Hitachi, Japan) with energy dispersive X-ray spectroscopy 

(EDS). The crystalline phase was analyzed by X-ray diffraction (XRD; MiniFlex, Rigaku, 

Japan) using Cu-K radiation. The scans were conducted for 2 values of 10–90. The 

apparent size of the β-SiC crystallites was calculated from the half-value width of the (111) 

peak using Scherrer’s formula. This apparent size of the β-SiC crystallites is likely 

considerably smaller than the actual grain size of the fibers because of the heavy twinning 

of the SiC crystals. 
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Fig. 1 Schematic of the specific tensile test device for a single fiber, referred to as 

MacaSiC. 

 

3. Results 

3.1. In situ measurement during heating up to 1800 oC 

The mean diameter was 15.0 m for N, 14.9 m for HN, 12.7 m for HNS, and 

7.63 m for TySA3. Fig. 2 shows the (a) elastic modulus and (b) normalized elastic 

modulus values of the SiC-based ceramic fibers when heated up to 1800 °C. At room 

temperature (25 °C), the elastic modulus was measured to be 179 3.89 GPa for N, 271 

4.48 GPa for HN, 356 1.84 GPa for HNS, and 396 4.33 for TySA3. The mean values 

were obtained from the measurements obtained for at least 10 fibers. Fig. 3 shows the (a) 

electrical conductivity and (b) normalized electrical conductivity values of the various SiC-

based fibers when heated up to 1800 °C. At room temperature (25 °C), the electrical 
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conductivity was measured to be 0.87 7.27 S/m for N, 52.7 0.01 S/m for HN, 80.3 

0.13 S/m for HNS, and 315 0.18 S/m for TySA3. The mean values were obtained from 

the measurements obtained for at least 10 fibers. The elastic modulus and electrical 

conductivity values before testing (at room temperature, 25 °C) were the highest for TySA3 

and the lowest for N. The elastic modulus values of the SiC-based ceramic fibers remained 

linear up to 1200 °C for N, 1300 °C for HN, 1300–1400 °C for HNS, and 1400 °C for 

TySA3. The electrical conductivity of the SiC-based ceramic fibers at elevated 

temperatures is strongly related to the elastic modulus. The elastic modulus of the N fiber 

exhibited a steep decline, whereas its electrical conductivity increased from 1200 °C. Thus, 

the electrical resistivity of the fiber was extremely low to induce resistive heating over 

1400 °C; hence, conducting in situ measurements was difficult owing to the sudden rupture 

of the fiber. HN also exhibited a rapid decrease in the elastic modulus and an increase in 

electrical conductivity at approximately 1200 °C; however, the data were scattered owing to 

the instability of the fiber, thus avoiding the sudden rupture of the fiber over 1400 °C. The 

normalized electrical conductivity values of HN were smaller than those of N. The elastic 

modulus of HNS began to decrease gradually at 1400 °C, and the fiber retained 

approximately 40% of its original values (those at room temperature, 25 °C) even at 

1800 °C. The behavior of the elastic modulus of HNS was comparable to that of TySA3 

when heated near 1800 °C. The electrical conductivity values of HNS and TySA3 were 

lower than those of N and HN up to 1800 °C. However, the normalized electrical 

conductivity values of HNS were significantly higher than those of TySA3 at up to 

1800 °C. 
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Fig. 2 (a) Elastic modulus and (b) normalized elastic modulus values of the various SiC-

based ceramic fibers when heated up to 1800 oC. 

 

 

 

Fig. 3 (a) Electrical conductivity and (b) normalized electrical conductivity values of the 

various SiC-based ceramic fibers when heated up to 1800 oC. 

 

3.2. In situ measurement during heating and cooling at 1200, 1500, and 1800 oC 
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Fig. 4 shows the variation in the elastic moduli and normalized elastic moduli of 

the SiC-based ceramic fibers during the heating and cooling treatments at the maximum 

temperatures of 1200, 1500, and 1800 °C for a holding time of 10 min. Solid and open 

symbols indicate the heating and cooling treatments, respectively. At 1200 °C, the elastic 

moduli of all the fibers during cooling were almost identical to those during heating 

without a sudden decline, which reacted reversibly. At temperatures higher than 1200 °C, 

the normalized elastic modulus values of N decreased rapidly, and the fiber underwent 

sudden rupture at around 1400 °C during heating. At 1500 °C, the elastic moduli of HN 

during cooling were higher than those during heating, and significantly increased during the 

holding time of 10 min at 1500 °C. Although the elastic modulus values of HNS and 

TySA3 began to gradually decrease at 1400 °C during heating, they were still comparable 

to the values observed during cooling. The normalized elastic modulus values of HNS and 

TySA3 remained at approximately 40% of the original values (those at room temperature, 

25 °C) even at 1800 °C, and exhibited a marginal decrease after the heating and cooling 

treatments at 1800 °C. The elastic modulus of HNS and TySA3 after heating and cooling at 

1800 °C for a holding time of 10 min was approximately 96% of the original values (those 

at room temperature, 25 °C). 
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Fig. 4 Elastic moduli of the SiC-based ceramic fibers during heating and cooling treatments 

at the maximum temperature of (a) 1200, (c) 1500, and (e) 1800 oC for a holding time of 10 

min; (b), (d), and (f) show the corresponding normalized elastic modulus values. 

 

Fig. 5 shows the electrical conductivity and normalized electrical conductivity 

values of the SiC-based ceramic fibers during the heating and cooling treatments at the 

maximum temperatures of 1200, 1500, and 1800 °C for a holding time of 10 min. The 
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electrical conductivities of all the fibers increased gradually during heating up to 1200 °C, 

and the values during cooling were almost identical to those during heating. At 1200 °C, the 

normalized electrical conductivity of N during cooling was marginally higher than that 

during heating. The normalized electrical conductivity values of N increased sharply above 

1200 °C, and the fiber underwent sudden rupture at around 1400 °C during heating. At 

1500 °C, the normalized electrical conductivity of HN during cooling was higher than that 

during heating and the normalized electrical conductivity increased significantly during the 

holding time of 10 min at 1500 °C. The electrical conductivities of HNS and TySA3 began 

to increase gradually during heating and increased marginally during cooling. At 1800 °C, 

the electrical conductivity of HN increased significantly during the holding time of 10 min, 

and then increased marginally during cooling. The electrical conductivities of TySA3 and 

HNS increased gradually during heating up to 1800 °C. The normalized electrical 

conductivity values of HNS were greater than those of TySA3 during heating above 

1200 °C. Nevertheless, during cooling below approximately 900 °C, the normalized 

electrical conductivity values of HNS were lower than those of TySA3. 
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Fig. 5 Electrical conductivity of the SiC-based ceramic fibers during the heating and 

cooling treatments at the maximum temperature of (a) 1200, (c) 1500, and (e) 1800 oC for a 

holding time of 10 min; (b), (d), and (f) show the corresponding normalized electrical 

conductivity values. 

 

3.3. Weight and strength changes after heating and cooling at 1200, 1500, and 1800 

oC 
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After exposure to 1200 °C, weight losses of N and HN were 3.63% and 1.21%, 

respectively, whereas the others showed almost no change. After exposure to 1500 °C, 

weight losses of N, HN, HNS, and TySA3 were 25.6%, 2.93%, 0.815%, and 0.778%, 

respectively. After exposure to 1800 °C, weight losses of 21.9%,19.1%, and 19.8% were 

observed for HN, HNS, and TySA3, respectively. Fig. 6 represents the (a) tensile strengths 

and (b) normalized tensile strengths of the SiC-based ceramic fibers after heating and 

cooling at 1200, 1500, and 1800 °C for 10 min. The tensile strength, determined using the 

single filament tensile test technique at room temperature (25 °C) using five fibers, was 

measured to be 2.81 0.65, 2.85 0.55, 2.68 0.35, and 2.24 0.56 GPa for N, HN, HNS, 

and TySA3, respectively. The tensile strengths were slightly lower than the strengths 

provided by manufacturers as listed in Table 1. This may be due to the removal process of 

sizing agents; however, the measured values were mostly consistent with the data reported 

by Bunsell et al. and Wang et al. [2, 10]. Fig. 6 also shows the previously reported strength 

retention of HN, HNS, and TySA3 after exposure to various extremely low oxygen partial 

pressure conditions in Ar, Ar–O2, and vacuum for 1 or 10 h [8, 26–28]. The tensile strength 

of N decreased at 1200 °C and subsequently declined until almost completely failing at 

1500 °C. The tensile strength of HN decreased marginally at 1200 °C, and thereafter 

significantly decreased to approximately 40% of the original value (that at room 

temperature, 25 °C). HNS and TySA3 showed excellent strength retention up to 1500 °C. 

At 1800 °C, the tensile strength of HNS was marginally higher than that of TySA3.  
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Fig. 6 (a) Tensile strength and (b) normalized tensile strength values of the SiC-based 

ceramic fibers after heating and cooling at 1200, 1500, and 1800 oC for 10 min. 

 

3.4. Characterization of the fibers after exposure at 1200, 1500, and 1800 oC 

3.3.1 Crystalline phase 

Fig. 7 shows the XRD patterns of the SiC-based ceramic fibers before and after 

exposure at 1200, 1500, and 1800 °C for a holding time of 10 min in a vacuum. The XRD 

patterns of the fibers before exposure (at room temperature, 25 °C) show three main peaks, 

which were assigned to the (111), (220), and (311) planes of cubic SiC (-SiC). The XRD 

patterns of N before exposure are very broad and exhibit a relatively high oxygen content, 

thus indicating that N has a low degree of crystallinity and is mainly composed of an 

amorphous phase. Thus, N has a mixture of nano-crystalline β-SiC with a calculated 

apparent crystallite size of 2.1 nm, free carbon, and an amorphous (Si-C-O) phase. The 

phases present in HN were nano-crystalline β-SiC with a calculated apparent crystallite size 

of 4.4 nm and free carbon. In comparison, the XRD patterns of HNS and TySA3 indicated 

the presence of highly crystalline β-SiC, and the calculated apparent crystallite sizes were 
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12.1 nm and 34.3 nm, respectively. The XRD patterns of HNS and TySA3 showed β-SiC 

peaks with planar defects (stacking faults and microtwins) at 2 = 35 owing to their very 

high fabrication temperature (approximately 1600 °C for HNS and 1800 °C for TySA3). 

After exposure at temperatures greater than 1500 °C, three peaks were observed and the 

peak height increased with an increase in the exposure temperature. The observed peaks are 

indexed as the (111), (200), and (222) crystal planes and are visible in the patterns of HN. 

The diffraction peaks in N and HN became more distinct and narrower when the 

temperature was higher than 1200 °C, whereas they were not so clear for HNS and TySA3. 

A carbon peak at 2 = 26 was detected in the XRD pattern of HN after exposure to 

temperatures greater than 1200 °C. The highly intense diffraction peaks of β-SiC in HNS 

and TySA3 before exposure (at room temperature, 25 °C) suggested that these fibers 

already had a highly crystallite structure owing to their very high fabrication temperature 

(approximately 1600 °C for HNS and 1800 °C for TySA3). When exposed to temperatures 

greater than 1500 °C, gradual crystallization of β-SiC occurred in HNS and TySA3. A plot 

of the apparent β-SiC (111) crystallite size as a function of the exposure temperature is 

shown in Fig. 8. Evidently from the plot, the grain growth in N and HN began at 1200 °C. 

Moreover, the apparent crystallite size of β-SiC in HNS and TySA3 stayed nearly the same 

at temperatures below 1500 °C, whereas exposure to higher temperatures caused a 

continuous increase in the apparent crystallite size of β-SiC in HNS. It appears that the 

apparent crystallite size of β-SiC in TySA3 fibers is not significantly affected by exposed 

temperatures. The apparent crystallite sizes of β-SiC in HN, HNS, and TySA3 after 

exposure at 1800 °C for a holding time of 10 min were 20.6, 23.9, and 38.7 nm, 
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respectively. In addition, the XRD pattern of TySA3 after exposure at 1800 °C revealed a 

carbon peak at 2 = 26. 

 

 

Fig. 7 XRD patterns of the SiC-based ceramic fibers before (25 oC) and after exposure to 

temperatures of 1200, 1500, and 1800 oC for a holding time of 10 min in a vacuum: (a) N, 

(b) HN, (c) HNS, and (d) TySA3.  
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Fig. 8 Plot of the apparent β-SiC (111) crystallite size as a function of the exposure 

temperature. 

 

3.3.2 Microstructural evolution 

Fig. 9 shows the microstructural evolution of N before and after exposure to 

temperatures of 1200 and 1500 °C for a holding time of 10 min in a vacuum. The N fiber 

exposed at 1200 °C had a slightly porous structure in an annular region (Figs. 9(c)). 

Noticeable changes in appearance were observed in the fibers exposed at 1500 °C. The 

fibers showed a completely porous microstructure and its surface underwent coarsening 

(Fig. 9(e) and (f)). Fig. 10 shows the microstructural evolution of HN before and after 

exposure to temperatures of 1200, 1500, and 1800 °C for a holding time of 10 min in a 

vacuum. The HN fiber exposed at 1200 °C had a smooth surface and was largely identical 

to the fiber before exposure (Fig. 10(d)). Exposure to temperatures over 1500 °C caused a 
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coarsening of the fiber surface (Fig. 10(f)). Fig. 11 shows the microstructural evolution of 

HNS before and after exposure to temperatures of 1200, 1500, and 1800 °C for a holding 

time of 10 min in a vacuum. The microstructure of the HNS fibers exposed to temperatures 

below 1500 °C was comparable to that of the fibers before exposure (Fig. 11(d)). After 

exposure at 1800 °C, the fiber surface caused slight coarsening, and no structural 

degradation was observed at the core (Figs. 11(e) and (f)). Fig. 12 shows the 

microstructural evolution of TySA3 before and after exposure to temperatures of 1200, 

1500, and 1800 °C for a holding time of 10 min in a vacuum. Compared to other SiC fibers, 

the TySA3 fibers exhibited remarkable thermal stability in the microstructure and no visible 

structural damage up to 1500 °C (Figs. 12(c)–(f)). Nevertheless, the TySA3 fiber exposed at 

1800 °C had a rough surface and a porous structure near the fiber surface; nonetheless, the 

central parts of the fibers still had a relatively dense structure (Fig. 12(g)). Fig. 13 shows 

the EDS elemental mapping of TySA3 in the cross-section after exposure at 1800 °C for a 

holding time of 10 min in a vacuum. TySA3 was covered with a 1 m-thick layer of carbon 

at the edge portions and SiC remained at the core.  
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Fig. 9 Morphology of N: (a), (b) before exposure; (c), (d) after exposure to 1200 oC (e), (f) 

after exposure at 1500 oC. Holding time, 10 min in a vacuum. 
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Fig. 10 Morphology of HN: (a), (b) before exposure; (c), (d) after exposure at 1200 oC; (e), 

(f) after exposure at 1500 oC; (g), (h) after exposure at 1800 oC. Holding time, 10 min in a 

vacuum. 
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Fig. 11 Morphology of HNS: (a), (b) before exposure; (c), (d) after exposure at 1200 oC; 

(e), (f) after exposure at 1500 oC; (g), (h) after exposure at 1800 oC. Holding time, 10 min 

in a vacuum. 
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Fig. 12 Morphology of TySA3: (a), (b) before exposure; (c), (d) after exposure at 1200 oC; 

(e), (f) after exposure at 1500 oC; (g), (h) after exposure at 1800 oC. Holding time, 10 min 

in a vacuum. 
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Fig. 13 EDS elemental mapping profile of TySA3 at the cross-section after exposure at 

1800 oC for a holding time of 10 min in a vacuum. 

 

4. Discussion 

Recently, Snead et al. proposed an empirical law to describe the elastic modulus 

(E) as a function of the temperature (Eq.3) [29].  

𝐸 ൌ 𝐸଴ െ 𝐵 𝑇 𝑒ି
೅బ
೅ ,     (3) 

where B (GPa/K) and T0 (K) are constants, T is the temperature (K), and E0 is the elastic 

modulus at 0 K (assumed to be identical to that at room temperature). From the results of 

the experiments on bulk polycrystalline SiC, Snead et al. recommended 460 GPa for E0, 

0.04 GPa/K for B, and 962 K for T0. Considering the uncertainties associated with Snead's 

model, predictions and experimental data are in good agreement between room temperature 

and 1500 °C. Snead’s model followed by Eq. 3 was in good agreement with our 

experimental data obtained on third-generation fibers (HNS and TySA3). In general, the 

mechanical/physical and electrical properties, such as elastic modulus and electrical 

conductivity are determined by the microstructure, and are particularly related to the 

crystallinity and grain size within fibers [30]. The first-generation (Si-C-O) fibers such as 

N, produced from the melt-spinning of PCS, thermal oxidation curing, and thermal 
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pyrolysis, are classified as amorphous (SiC1+xOy), and contain a high oxygen content and 

excess carbon. When the fiber is heated to temperatures greater than 1200 °C, it crystalizes 

to -SiC, which is accompanied by the release of CO and SiO gases, as indicated by the 

following equation. 

𝑆𝑖𝐶ଵା௫𝑂௬ሺ𝑠ሻ ൌ 𝛽 െ 𝑆𝑖𝐶ሺ𝑠ሻ ൅ 𝑆𝑖𝑂ሺ𝑔ሻ ൅ 𝐶𝑂ሺ𝑔ሻ   (4) 

The tensile strength of fibers is greatly reduced owing to the structural destruction 

(porous structure) caused by the release of these gases and the growth of -SiC grains. This 

phenomenon has been reported in numerous studies [28, 30–32]. In situ measurements of 

the properties of fibers such as N at elevated temperatures was difficult owing to the severe 

degradation of tensile strength, which resulted in a sudden rupture of the fiber at around 

1400 °C. The complete decomposition of the amorphous (SiC1+xOy) phase involves a heavy 

weight loss of approximately 26% for N [28]. After exposure to 1500 oC, the weight loss of 

N reached 25.6%, indicating that complete decomposition occurred. Consequently, a 

technique was devised to cross-link the PCS-based fibers through electron-beam irradiation 

without the use of oxygen. The fibers produced by this technique are classified as second-

generation fibers such as HN, which have considerably enhanced heat resistance, elastic 

modulus, and electrical conductivity in the temperature range of 1200–1500 °C. The 

substantial increase in heat resistance may have been caused by the reduction in the 

quantity of the amorphous (SiC1+xOy) phase containing oxygen, as shown in Figs. 4(c) and 

(d) and 5(c) and (d). According to the XRD results shown in Figs. 7 and 8, considerable 

growth of the apparent -SiC crystallites was observed in HN at the temperature range of 

1200–1500 °C. The growth of the apparent -SiC crystallites can be attributed to the 

coalescence of β-SiC nanocrystals from the decomposition of the amorphous (SiC1+xOy) 
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phase or the diffusion of Si and C atoms at the grain boundaries when exposed to high 

temperatures. The primary cause for the growth of apparent -SiC crystallites would likely 

be the complete decomposition of the amorphous (SiC1+xOy) phase. The weight loss of HN 

reached 2.93% after exposure to 1500 oC, indicating that almost complete decomposition 

occurred (amorphous phase: approximately 3%) [28]. For bulk materials with pristine grain 

boundaries, grain growth occurs through the absorption of small grains by larger grains via 

grain boundary diffusion. In particular, grain boundary diffusion is much more efficient for 

small grains. Compared with TySA3, the growth of apparent -SiC crystallites observed in 

HN and HNS is more obvious after exposure than before exposure (TEM images show that 

the grain size is approximately 5 nm for HN, 20 nm for HNS, 200 nm for TySA3) [33–35]. 

However, the residual trace oxygen may contribute to the Si and C grain boundary transport 

by accelerating diffusion since oxygen is not completely eliminated from the fiber, even in 

the HNS and TySA3 fibers, which are fabricated at very high temperatures [34, 36]. Taking 

into account the temperature for growth initiation of -SiC crystallites (Fig. 8), the apparent 

-SiC crystallite size might be primarily linked to the maximum temperature at which the 

fibers were fabricated. The fabrication temperatures of the HN, HNS, and TySA3 fibers are 

1350, 1600, and approximately 1800 °C, respectively [37]. Furthermore, grain boundaries 

are defects that impede the movement of carriers, thus reducing their mobility. 

Consequently, larger grains lead to a lower density of defects and increased conductivity. 

This effect is especially noticeable when the grain size reaches the mean-free path of the 

carrier; a further increase in the grain size would lead to a significant increase in the 

conductivity. Evidently from Fig. 8, as expected, the apparent -SiC crystallite size 
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increased when the exposure temperature was greater than the fabrication temperature, 

thereby resulting in an increase in the electrical conductivity. For HN, the degradation of 

mechanical/physical properties related to the growth of apparent -SiC crystallites occurred 

at a relatively low temperature owing to the decomposition of the amorphous (SiC1+xOy) 

phase at approximately 1200-1500 °C, as shown in Figs. 2 and 3. As mentioned before, the 

initial -SiC crystallite size in HN is considerably small; this is expected to induce high 

diffusivity at grain boundaries and result in significant growth of -SiC crystallites upon 

exposure to high temperatures. Third-generation fibers with high crystallinity, a low oxygen 

content, and a nearly stoichiometric composition provided an extremely low quantity of the 

amorphous (SiC1+xOy) phase (approximately 1%) [28]. Hence, the thermal decomposition 

of the amorphous (SiC1+xOy) phase is largely negligible in HNS and TySA3. However, an 

unexpected phenomenon was observed between HN and HNS. Despite being the third-

generation fiber, the apparent SiC crystallite size of HNS underwent larger growth than that 

of HN at 1800 °C, as shown in Fig. 8. This can be attributed to the excess carbon in HN. 

Takeda et al. investigated the properties of PCS-derived SiC fibers with various C/Si 

compositions and reported that the microstructure and mechanical properties depend 

considerably on the C/Si composition [38]. The increase in the amount of excess carbon in 

SiC contributed to the moderate growth of the apparent -SiC crystallites for HN at 

1800 °C. In other studies, growth inhibition due to excess carbon and the coalescence of the 

SiC microcrystals were also observed [39, 40]. Consequently, as shown in Fig. 5, the 

normalized electrical conductivity of HNS is almost the same as that observed during 

heating at the maximum temperature until 1500 °C owing to almost no grain growth. This 
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is in good agreement with the previous study [28]. Shimoo et al. reported that SiC 

crystallites in HNS with an extremely low quantity of the amorphous (SiC1+xOy) phase 

(1%) exhibited no growth at 1350–1450 °C for 1 h in a vacuum under a reduced pressure of 

1 Pa because the growth of the -SiC crystallites was primarily responsible for the 

decomposition of the amorphous (SiC1+xOy) phase [28]. In this study, the decomposition of 

the amorphous (SiC1+xOy) phase in third-generation fibers would not be completed at 

1500 °C because the weight loss was 0.815% for HNS and 0.778% for TySA3. Hay 

reported that the amorphous (SiC1+xOy) phase in HNS was still observed using TEM after 

exposure to 1500 °C for 1 h in Ar–O2 (PO2 = 3.7 ppm) [27, 45]. TySA3 originally has very 

large SiC grains with an apparent crystallite size of 34.3 nm. In previous studies, TySA3 

was reported to have a carbon-rich core, which results from the production process [36, 41, 

42]. The grain size of SiC in the fiber core is considerably smaller than that in the edge 

region. This may be because carbon inhibited the growth of the apparent -SiC crystallites. 

Additionally, this fiber contains a small amount of alumina (less than 1 wt%) as a sintering 

additive, which inhibits the significant growth of the apparent -SiC crystallites as well. As 

a result, the TySA3 exhibited remarkable thermal stability in a vacuum below 1500 °C as 

well as HNS. We now consider the surface degradation of TySA3 when exposed to 1800 °C 

(Fig. 12(g) and (h)). As shown in Fig. 13, after exposure at 1800 °C, TySA3 consists of two 

distinct parts: the core and annular region. The microstructure of the core was unaffected; 

EDS elemental mapping revealed that the annular region was composed of pure carbon. In 

addition, the formation of carbon only after exposure to 1800 °C was confirmed through the 

XRD patterns, as shown in Fig. 7(d). The diameter of the fiber remained almost unchanged. 
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These findings indicate that Si volatilized. In this study, exposure was carried out in the 

chamber under a pressure lower than 10−4 Pa, which was lower than that of Si (g) at 

temperatures above 1400 °C [43]. This was in good agreement with results reported by 

Sauder et al., who investigated the creep properties of third-generation SiC fibers above 

1400 °C [44]. For TySA3, this may be the reason for the gradual increase in electrical 

conductivities during heating and the marginal increase in electrical conductivities during 

cooling after exposure at 1500 and 1800 °C. In this study, based on the XRD and SEM 

results, the carbon layer was not detected in the annular region after exposure at 1500 °C; 

this is probably owing to the brief holding time of 10 min. Although the carbon layer was 

not observed for HNS owing to the larger fiber diameters or lower fiber roughness than 

those of TySA3, the release of Si from the fiber surface (i.e., Si sublimation) was likely 

caused by the exposure to 1800 °C. This is because the normalized electrical conductivity 

during cooling was higher than that during heating at 1800 °C, as shown in Fig. 5(f). It is 

quite important to strive to identify the optimal fabrication temperature that will yield both 

superior thermal stability and excellent mechanical strength. Hence, the upper limits of the 

fabrication temperatures are typically determined by the temperatures at which the fibers 

start to undergo performance degradation. Numerous studies have reported that fiber 

strength is affected by various factors: test temperature, holding time, total pressure, 

oxygen partial pressure, as well as dry and wet conditions [8, 9, 26–28, 45–47]. For 

instance, Takeda et al. found that HNS was chemically quite stable after exposure to Ar at 

1600 °C for 10 h because structural decomposition did not occur, and HNS exhibited a high 

strength of approximately 1.9 GPa [8]. The strength retention of HN and HNS after 10 min 

exposure in a vacuum was marginally lower than that after 1 h exposure in Ar reported by 
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Sha et al.; however, the strength retention behavior of TySA3 was markedly different [26]. 

Shimoo et al. reported that the strength retention of SiC-based ceramic fibers after exposure 

at 1350–1450 °C decreased with the reduced total pressure [28]. HN and HNS after 

exposure to 1450 °C in a vacuum under a total pressure of 1 Pa had tensile strengths of 1.2 

and 0 GPa, respectively [28]. The strength retentions of HN and HNS after 10 min in a 

vacuum were higher than those after 1 h in a vacuum. It is suspected that the active 

oxidation of SiC associated with holding time at a maximum test temperature causes severe 

degradation in strength. At high temperatures and low oxygen particle pressures, SiC is 

oxidized in an active oxidation regime via the following reactions: 

𝑆𝑖𝐶ሺ𝑠ሻ ൅  
ଵ

ଶ
𝑂ଶ  ൌ  𝑆𝑖𝑂ሺ𝑔ሻ ൅  𝐶ሺ𝑠ሻ ,    (4) 

𝑆𝑖𝐶ሺ𝑠ሻ  ൅ 𝑂ଶሺ𝑔ሻ  ൌ  𝑆𝑖𝑂ሺ𝑔ሻ  ൅  𝐶𝑂ሺ𝑔ሻ,    (5) 

𝑆𝑖𝐶ሺ𝑠ሻ ൅
ଷ

ଶ
𝑂ଶሺ𝑔ሻ ൌ  𝑆𝑖𝑂ሺ𝑔ሻ ൅  𝐶𝑂ଶሺ𝑔ሻ.    (6) 

Because the oxidation product SiO is a volatile material, the active oxidation of 

SiC causes significant weight loss and no oxide film is formed. Shimoo et al. reported that 

significant weight loss of 47.3% for HN and 62.7 % for HNS due to the decomposition of 

the amorphous (SiC1+xOy) phase followed by the active oxidation of SiC occurred after 1 h 

exposure to a vacuum at 1450 °C, resulting in severe strength degradation [28]. In this 

study, the weight loss for HN, HNS, and TySA3 at 1500 °C was insignificant, i.e., 2.93%, 

0.815%, and 0.778%, respectively, owing to the extremely short holding time of 10 min in a 

vacuum. This indicated that the little active oxidation with insignificant weight loss 

occurred at 1500 °C, resulting in improved strength retention. Thus, microstructural 

evolutions and property changes based on the holding time at high temperatures should be 
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studied to further enhance lifetime. At 1800 °C, all the fibers showed significant weight 

loss of approximately 20%, which exceeded the complete decomposition of the amorphous 

(SiC1+xOy) phase, resulting in noticeable strength degradation, as shown in Fig. 6. Active 

oxidation may have occurred, but strength degradation was not significant. Thus, it was 

suspected that the strength degradation at 1800 °C was caused by the increased surface 

roughness during active oxidation and Si sublimation [27, 47], as shown in Figs. 10–12(h). 

The strength retention of TySA3 after 10 min exposure in a vacuum was considerably 

limited in relation to that after 1 h exposure in Ar. In addition, this limitation of tensile 

strength retention could be due to the formation of pure carbon in the annular region, with 

the volatilization of Si from the fiber surface as a major factor. The volatilization of Si from 

the fiber surface was limited to a high vacuum environment at 1800 °C, so it is not a critical 

issue for dense composites or composites with dense coatings, where the fiber 

reinforcements are not exposed in the advanced nuclear fission, fusion, nor aircraft 

applications below 1500 °C. Conversely, for FCI applications, expected at immediate 

temperatures of approximately 1000 °C, third-generation fibers such as HNS and TySA3 

exhibited excellent strength stability and microstructures with small thermo-

mechanical/physical and electrical property changes even at 1500 °C, as shown in Figs. 4 

and 5(c) and (d). Although SiC is generally a fairly strong gap semiconductor, the electrical 

conductivity of various SiC-based ceramic fibers as a function of test temperature was 

considerably lower than that in pure SiC semiconductors, as shown in Figs. 3 and 5. The 

electrical conductivities of various SiC-based ceramic fibers negligibly depend on the 

electron transfer inside the SiC grains; however, it might suggest that it is affected by the 

amorphous phase within the fiber, grain boundaries, and/or free carbon networks. The 
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findings of this study are valuable for the future design and application of SiC-based 

composite materials and provide valuable insights into the strength stability and 

microstructure of SiC-based ceramic fibers at elevated temperatures.  

 

5. Conclusions  

The heat resistance of four commercial SiC-based ceramic fibers from three 

generations was evaluated using the single fiber tensile test device (MacaSiC) over a high-

temperature range of 25–1800 °C in a vacuum under a pressure of less than 10−4 Pa. The in 

situ mechanical/physical and electrical properties, namely, elastic modulus and electrical 

conductivity, of the three generations of the SiC fibers were monitored during heating and 

cooling at 1200, 1500, and 1800 °C for 10 min. The findings were discussed in relation to 

fiber crystallinity and microstructural evolution. The key findings of this study are 

summarized as follows.  

(1) The first-generation fibers (N), which are amorphous and have a high oxygen content 

and excess carbon, became porous with crystallization to the amorphous (SiC1+xOy) phase 

when heated above 1200 °C. The elastic modulus rapidly decreased and the electrical 

conductivity increased above 1200 °C, and the fiber then suddenly ruptured at around 

1400 °C.  

(2) The second-generation fibers (HN), which have low crystallinity, low oxygen content, 

and excess carbon, exhibited a considerable increase in heat resistance, elastic modulus, 

and electrical conductivity in the temperature range of 1200–1500 °C in relation to N. The 

considerable increase in heat resistance may have been due to the reduction in the quantity 

of the amorphous (SiC1+xOy) phase containing oxygen, but the mechanical properties 
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began to deteriorate owing to the low crystallinity at temperatures above 1200 °C. At 

temperatures at 1500 °C, the electrical conductivity increased rapidly owing to the 

accelerated growth of the apparent -SiC crystallites involving the almost complete 

decomposition of the amorphous (SiC1+xOy) phase. Thus, the behavior of the elastic 

modulus and electrical conductivity during cooling was considerably different from that 

observed during heating at 1500 °C and 1800 °C.  

(3) The third-generation fibers (HNS and TySA3), which have a high degree of 

crystallinity with low oxygen content and nearly stoichiometric composition, exhibited 

remarkable thermal stability to enable the measurement of the elastic modulus at up to 

1800 °C; the elastic modulus was approximately 40% of its original value (that at room 

temperature, 25 °C). The electrical conductivity gradually increased up to 1800 °C. The 

normalized electrical conductivity value of HNS was higher than that of TySA3 during 

heating because of the gradual growth of the apparent -SiC crystallites above 1500 °C. 

Despite TySA3 exhibiting almost no grain growth up to 1800 °C, the electrical conductivity 

of TySA3 during cooling was much higher than that during heating. This could be due to 

carbonization caused by the release of Si from the fiber surface after exposure at 1800 °C. 

 This study demonstrates the third-generation fibers such as HNS and TySA3 

exhibited excellent strength stability and microstructures with small thermo-

mechanical/physical and electrical property changes even at 1500 °C because the 

volatilization of Si from the fiber surface was limited to a high vacuum environment at 

1800 °C. These findings contribute to the future design and application of SiC-based 

composite materials at elevated temperatures.  
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Table Captions 

 

Table 1 Characteristics of various SiC-based ceramic fibers (data provided by 

manufacturers). 

 

 

Table. 1 Characteristics of various SiC-based ceramic fibers (data provided by 

manufacturers). 

 

Nicalon 

with low electrical 

resistivity (N) 

Hi-Nicalon 

(HN) 

Hi-Nicalon 

Type S 

(HNS) 

Tyranno-SA 3rd 

(TySA3) 

Diameter (m) 14 14 12 7.5 

Density (g/cm3) 2.4 2.65 2.85 3.1 

Atomic 

composition 
SiC1.34O0.36 SiC1.39O0.01 SiC1.05 SiC1.08, O, Al<0.01

Crystal state Amorphous Micro crystal Crystalline Crystalline 

Tensile strength 

(GPa) 
3.1 3.2 3.1 2.51 

Tensile modulus 

(GPa) 
190 270 380 409 

 

 


