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Abstract

The oxidative behavior of amorphous Ti- and B-containing SiC-based fiber exposed to air flowing at 1100- 1300 °C
for 2—300 min was investigated. The results showed that the strength of the SiC-based fiber slightly decreased when
the fibers were exposed to air for 2 min at 1000 - 1300 °C. When the exposure time was lengthened to 300 min or the
exposure temperature was increased from 1000 °C to 1300 °C, the strength of the SiC-based fiber did not change
significantly. The morphology studies with SEM revealed that defects on the fiber surface were generated at the
beginning of oxidation, while they were healed by the growth of a smooth oxide layer during further oxidation. This
study showed that the amorphous Ti- and B-containing Si-C-O phase displayed better oxidation resistance than the
well-known amorphous Si-C-O phase. Thus, the resulting SiC-based fiber is able to maintain its amorphous structure

and its strength in air up to 1300 °C.
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I. Introduction

Silicon carbide (SiC) fibers are commonly used as a re-
inforcing material in ceramic matrix composites (CMCs)
because of their high strength, low density, oxidation re-
sistance and excellent high-temperature performance 1-4.
Generally, CMCs reinforced with SiC fibers were de-
signed for use in air at high temperature. In this regard,
the reinforcing SiC fiber is required to possess excellent
anti-oxidative ability at high temperature >-8. Howev-
er, the oxidation behavior of SiC fibers is very compli-
cated and depends on their oxidative temperature 911,
annealing time %1213, oxygen partial pressure 14-18  ox-
idizing atmosphere 1920, and even their chemical com-
position 2125, For example, Kim et al. found that the
strength of Nicalon fibers is strongly affected by the ex-
posure atmosphere and temperature 20. When the tem-
perature is higher than 1200 °C, the first-generation SiC
fiber (e.g. Nicalon fiber) decomposes, accompanied by the
growth of 3-SiC nano-crystals, which leads to a loss in
strength 26-29,

In our previous studies, we prepared an amorphous Ti-
and B-containing SiC-based fiber 39:31 as a microwave-
absorbing material 32-34. The obtained SiC-based fiber
showed good strength and could maintain its amorphous
structure up to 1300 °C 30,31, To further explore its poten-
tial application, in this work, we studied its oxidative be-
havior in air at up to 1300 °C for five hours.
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II. Experimental and Characterization

The Ti- and B-containing SiC-based fiber was pre-
pared according to our previously reported pro-
cedure3% 31, The obtained SiC-based fiber was
named PTBCS ceramic fiber. For comparison, we
prepared a SiC-based fiber without titanium and
boron from commercial preceramic polymer, poly-
carbosilane (PCS) 1,235, The resulting SiC fiber was
named as PCS ceramic fiber (similar to the Nicalon
fiber 26-29),

To evaluate their performances, the as-received PT-
BCS and PCS ceramic fibers were then treated in air for
2-300 min at 1100, 1200 and 1300 °C, respectively. The
strength of the monofilament was measured using a uni-
versal testing machine (AG-X plus, Shimadzu, Japan) 3.
The gauge length was 25 mm and the crosshead speed
was 1 mm/min. For the strength test, at least 25 effec-
tive samples were collected. The contents of Ti and B
were determined with inductively coupled plasma opti-
cal emission spectroscopy using an ICP-OES (IRIS In-
trepid XSP, Thermo fisher, USA) spectrometer. Scanning
electron microscopy (SEM, SU-70, Hitachi, Japan) was
used to observe the fracture and surface morphology.
And their structures were characterized with a powder
X-ray diffractometer (XRD, D8 Advance, Bruker, Ger-
many). Auger electron spectroscopy (PHI 660, Physical
electronics, USA) was used to investigate the composi-
tion of the samples’ surface after etching for 1-5 min
each time with Ar*. The etched depth was calculated
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from the etching durations, assuming an etching rate of
30 nm/min.

III. Results and Discussion

(1) The influence of exposure time on strength and mi-
crostructure of SiC-based fibers

To investigate the effect of exposure time on the me-
chanical property of the SiC-based fibers, we measured
the strength of the fiber samples after oxidation. For nor-
malization, we calculated the strength loss rate (SLR%)
of the fiber samples according to the following formula
(Equation1):

SLR% = (P,-Py)/P, (1)
where Py is the initial strength of the fiber sam-
ple, P, is the strength of the fiber sample after ex-
posure to air at a desired temperature for a defined
period.

The strengths of both SiC-based fibers after exposure
to air at 1300 °C are shown in Table 1 and Fig. 1a. At the
beginning of exposure (2 min), the strengths decrease
to 1.00 GPa for the PTBCS ceramic fiber and 0.94 GPa
for the PCS ceramic fiber (SLR% =16 % for the PT-
BCS ceramic fiber and SLR% = 31 % for the PCS ce-
ramic fiber in Fig. 1b and Table 2). At the beginning of
oxidation, the formation of an oxide layer showed a
different thermal expansion coefficient than that of its
inner fiber core3’, which led to the generation of de-
fects in the interface between the outside oxide layer and
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the inner fiber core. It was the generated defects that
caused the decline in strength. Interestingly, when the
exposure time was lengthened to 30 and 300 min, the
strength of the PTBCS ceramic fiber only slightly de-
creased to 0.93 and 0.90 GPa, respectively. In contrast, the
strength of the PCS ceramic fiber decreased to 0.54 GPa
(SLR% = 60 %) when the exposure time was lengthened
to 300 min.

To understand why our SiC-based fiber can maintain
its strength at 1300 °C in air for a long time, we stud-
ied its morphology using scanning electron microscopy
(SEM). The surfaces of PCS and PTBCS ceramic fibers
after exposure to air at 1300 °C for 2 —300 min are shown
in Fig. 2. The results revealed that the surface of our SiC-
based fibers (PTBCS) became smoother (Fig.2, B1-B3)
when the exposure time was longer, despite that the PT-
BCS ceramic fiber had a rough surface before oxida-
tion. Meanwhile, the oxide layer thickness was slight-
ly increased from approx. 0.5 pm to approx. 0.8 um for
the PTBCS ceramic fiber (Fig.3) when it was exposed
to air for 2-300 min at 1300 °C, indicating the very
slow diffusion of oxygen at 1300 °C after the forma-
tion of the initial oxide layer 15:38. For the PCS ceram-
ic fiber, the oxide layer thickness increased from approx.
0.5 pm to approx. 1.5 um (Fig.3). The results showed
that the oxide layer thickness of the PTBCS ceramic
fiber was significantly thinner than that of the PCS ce-
ramic fiber when the exposure time was lengthened to
300 min.
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Fig. 1: Tensile strength (a) and strength loss rate (b) of PCS and PTBCS ceramic fibers at 1300 °C for 2-300 min.

Table 1: The strength of PCS and PTBCS ceramic fibers exposed to air at 1300 °C for 2—300 min.

Exposure As-received 2 30 300
time (min)
PCS ceramic fiber 1.361+0.07 0.94+0.05 0.82+0.04 0.54+0.04
Strength
(GPa) PTBCS ceramic fiber 1.19+0.06 1.00+0.06 0.93+0.05 0.90+0.05
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Fig. 2: The surfaces of the PCS ceramic fiber (AQ: as-received; Al: exposed to air for 2 min; A2: exposed to air for 30 min; A3: exposed to air
for 300 min at 1300 °C) and PTBCS ceramic fiber (B0: as-received; B1: exposed to air for 2 min, B2: exposed to air for 30 min, B3: exposed to
air for 300 min at 1300 °C) observed with SEM.
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Table 2: The strength loss rate (SLR %) of PCS and PTBCS fibers exposed to air at 1300 °C for 2 —300 min.

Exposure time (min) 2 30 300
Strength loss rate PCS ceramic fiber 31 40 60
(SLR%) PTBCS ceramic fiber 16 22 24

151 e pcS The cross-sections of PCS and PTBCS ceramic fibers are

—e—PTECS shownin Fig. 4, in which the fracture sections contain mir-
ror, mistand hackle regions 3% 40, This result indicates that
the fracture behavior of SiC-based fiber pertains to brittle
fracture, mainly due to the presence of flaws on the surface.
A linear relationship between the flaw size and the mirror
size had been established 40,41, The flaw size of the PCS
ceramic fiber has the largest average mirror size, which is
in agreement with the lowest strength of the ceramic fiber.
In addition, a large number of holes, appearing in the PCS
0 S a0 a0 0 om0 a0 fiber interface with the increase in exposure time, may ac-

) ~ Exposure time (min) o count for the decrease in the strength.
Fig.3: Oxide layer thickness of PCS and PTBCS ceramic fibers

exposed to air at 1300 °C for 2-300 min.
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Fig. 4: The fracture sections of the PCS fiber (A’1: exposed to air for 2 min; A"2: exposed to air for 30 min; A’3: exposed to air for 300 min at
1300 °C) and PTBCS fiber (B’1: exposed to air for 2 min; B"2: exposed to air for 30 min; B’3 exposed to air for 300 min at 1300 °C) observed
with SEM.
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(2) The influence of exposure temperature on strength
and microstructure of SiC-based fibers

Next, we investigated the influence of exposure tempera-
ture on the mechanical properties of the fibres. Table 3 and
Fig. 5 show the strengths of both SiC-based fibers exposed
to air at 1100, 1200 and 1300 °C for 300 min. For exam-
ple, the PCS ceramic fiber strength decreased to 0.89 GPa
(SLR% = 35 %, Table 4) when it was exposed to air for
300 minat 1100 °C. In contrast, the strength of our PTBCS
ceramic fiber decreased to 1.04 GPa, its SLR% was only
13 % when it was exposed to air for 300 min at 1100 °C.
These results indicate that the incorporation of titanium
and boron into SiC-based fiber is beneficial to its oxida-
tion resistance.

Fig. 6 shows the fracture sections and the interfaces of
PCS and PTBCS ceramic fibers after exposure to air at
1100-1300 °C for 300 min. There are many pores in the
interface between the oxide layer and fiber core in the PCS
ceramic fibers after oxidation. Apparently, the increase in
exposure temperature leads to the increase in the thickness
of the oxide layer of the PCS ceramic fiber, resulting in the
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difficult diffusion of gas 16,4244 generated i situ and thus
leading to the formation of pores or holes, which impairs
its strength considerably.

For comparison, no appreciable pores are observed in
our PTBCS ceramic fibers, explaining the maintenance
of its strength after oxidation. To further understand this
result, we studied their structures with X-ray powder
diffraction (XRD). As shown in Fig.7, no appreciable
peaks are observed in XRD spectra for PTBCS ceramic
fibers after exposure at 1100 - 1300 °C for 300 min, which
reveals that the PTBCS ceramic fiber is mainly amorphous
and highly disordered. In contrast, the PCS ceramic fiber
shows a typical crystalline peak at 35.6° (Fig. 7), which is
attributed to B-SiC, after exposure to air at 1300 °C for
300 min. The peak at approx. 22° is identified as a-cristo-
balite, indicating the formation of SiO, during the oxida-
tion. Itis well-known that Nicalon fiber can only maintain
its mechanical property below 1200 °C, since the amor-
phous Si-C-O phase would decompose above 1200 °C ac-
companying the growth of 3-SiC nano-crystals 26 =29, Ob-
viously, the incorporation of Tiand B helps to stabilize the
amorphous Si-C-O phase.
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Fig. 5: The strength (a) and strength loss (b) of PCS and PTBCS ceramic fibers exposed to air for 300 min at different temperatures.
Table 3: The strength of PCS and PTBCS ceramic fibers exposed to air at 1100-1300 °C for 300 min.
Exposure As-received 1100 1200 1300
temperature (°C)
PCS 1.36£0.07 0.89£0.04 0.77£0.04 0.5440.04
Strength ceramic fiber
(GPa) PTBCS 1.19+0.06 1.04£0.05 0.95+0.04 0.9040.05
ceramic fiber
Table 4: The strength loss rate (SLR %) of PCS and PTBCS fibers exposed to air at 1100-1300 °C for 300 min.
Exposure temperature (°C) 1100 1200 1300

Strength loss rate
(SLR%)

PCS ceramic fiber 35 43 60
PTBCS ceramic fiber 13 20 24
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Fig. 7: XRD spectra of PCS and PTBCS ceramic fibers exposed to

air at different temperatures for 300 min.

(3) Understanding the oxidation of SiC-based fibers

To understand what reaction occurred during the heat
treatment, we performed AES characterization of the
PTBCS ceramic fiber exposed to air at 1300 °C for
2-300 min. As shown in Fig. 8, the AES depth profile
of the PTBCS ceramic fiber, which was exposed for
30 min (for 2 min and 300 min, see Fig. 9 and Fig. 10,
respectively), shows that there are three phases (chemical
compositions) presented in the oxidized PTBCS ceramic
fiber. The amorphous Phase-I, which is the chemical
composition of the original PTBCS ceramic fiber (or its
inner core), is composed of approx. 43 % Si, approx. 38 %
C, approx. 16 % O, approx. 2.2 % Ti, and approx. 0.8 %
B (Fig. 8, I). The result reveals that the Phase-I can be
viewed as Ti- and B-modified amorphous Si-C-O phase.
The amorphous Si-C-O phase has been proven to be
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Fig. 6: SEM images of the PCS ceramic fibers (M1&M'1: at 1100 °C; M2&M2: at 1200 °C; M3&M’3: at 1300 °C for 300 min) and PTBCS
ceramic fibers (N1&N’1: at 1100 °C; N2&N'2: at 1200 °C; N3&N’3: at 1300 °C for 300 min).

thermally unstable when the temperature was higher than
1200 °C in the presence or absence of oxygen 14:45,46,
Interestingly, our Ti- and B- modified Si-C-O phase
was stable up to 1300 °C on the basis of our previous
experimental observation ? and would not decompose at
1300 °C (or lower) in the absence of oxygen. However,
when the Ti- and B-modified Si-C-O phase (Phase-I)
stayed in air at 1300 °C, the oxidative reaction occurred
quickly to form Phase-II, as shown in Fig. 8.

The main composition of the amorphous oxide layer,
defined as Phase-II, comprises approx. 43 % Si, 4-38 %
C,16-50% O, 2.1-2.6 % Ti, and 0.4-0.9% B (Fig. 8,
IT). When the exposure time was 2, 30, and 300 min,
the thicknesses of the Phase-II were approx. 0.57, 0.64,
and 0.82 pm, respectively, which were consistent with
the SEM observations (Fig.4, B’1-B’3). In comparison
with Phase-I, the increase of oxygen and the decrease
of carbon in Phase-II suggested an oxidative reaction as
presented in Equation (2). The reaction led to the gain of
oxygen and the consumption of carbon, suggesting that
it produced gaseous carbon oxides (CO or CO,) during
the heat treatment.

Phase-I(s) + O,(g) — 2
Phase-II(s) + CO(g) + CO,(g)

Interestingly, the content of carbon in Phase-II was in a
gradient distribution: less on the outside and more in the
inside; while the content of oxygen in Phase-II was the re-
verse: more on the outside and less in the inside. This re-
sult suggests that the diffusion of oxygen is prevented by
the consumption of carbon, which may form gaseous car-
bon oxides (CO or CO,). Again, titanium and boron play
animportantrole in changing the decomposition behavior
of the amorphous Si-C-O phase.
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Fig.8: AES depth profile of the PTBCS fiber exposed to air at

1300 °C for 30 min.

As expected, the PCS ceramic fiber, which contained
amorphous Si-C-O phase as its chemical composition, de-
composed quickly to give silica and gaseous carbon ox-
ides 24,38,47-49 leading to the damage on the fiber surface
and resulting in the formation of a silica layer and holes
(Fig. 6, M3).
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Fig.9: AES depth profile of the PTBCS fiber exposed to air at
1300 °C for 2 min.

When a closer look is taken at the surface of the oxidized
PTBCS ceramic fiber, another amorphous Phase-III (ap-
prox. 60 nm, Fig. 8, IIT) was found to be present on the
fiber surface. As shown in Fig. 8, the amorphous Phase-
III is composed of approx. 43 % Si, 2-5 % C, 50-54 %
O, 1-2 % Ti. Surprisingly, no boron was found in Phase-
II1. The content of carbon in Phase-III was also in a gradi-
entdistribution: less on the outside and more in the inside.
These results suggested the formation of gaseous boron
oxide (e.g., B,O3) and carbon oxides (CO or CO,) dur-
ing the oxidation, which can be described in the reaction
(3). The disappearing boron may open the channels and
help to release gaseous carbon oxides (CO or CO,) easily
from the inside of the fiber to the surface, accounting for
the result that no holes were found in our PTBCS ceramic
fiber. Moreover, the possible generated boron oxide (e.g.,
B,03) may serve as the defect healing (to form the smooth
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Phase-111) carrier and make the PTBCS ceramic fiber sur-
face smoother. In this regard, boron played an important
role in healing the defects.

Phase-II(s) + O,(g) — 3)

Phase-III(s) + B,O3(g) + CO(g)
Thus, thanks to the presence of titanium and boron that
helps to stabilize the amorphous Si-C-O phase and to
achieve better resistance to oxidation, our PTBCS ceramic

fiber presents a new SiC-based fiber that can be used in air
up to 1300 °C for 5 h.
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Fig. 10: AES depth profile of the PTBCS fiber exposed to air at

1300 °C for 300 min.

IV. Conclusions

In summary, the titanium- and boron-containing SiC-
based fiber was treated in air at 1100-1300 °C for
2-300 min. The influences of exposure time and tem-
perature on the morphology, structure, composition, and
mechanical property of the ceramic fiber were investigat-
ed. The results showed that the exposure time and temper-
ature significantly affected the structure and properties of
the titanium- and boron-containing SiC-based fiber. The
fiber strength did not change significantly even when the
exposure time was lengthened to 300 min or the exposure
temperature was increased from 1000 °C to 1300 °C. The
results indicated that the incorporation of titanium and
boron helped stabilize the amorphous Si-C-O phase and
displayed better oxidation resistance. Our amorphous ti-
tanium- and boron-containing SiC-based fiber presents a
new SiC-based fiber, which can be used in air at 1300 °C
for up to 5 hours.
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