Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

High-temperature oxidation behavior of SiBN fibers
in air

Xin Long (%= longxin10@nudt.edu.cn)
National University of Defense Technology College of Aerospace Science and Engineering

https://orcid.org/0000-0002-6284-9339

Zhenyu Wu
National University of Defense Technology College of Aerospace Science and Engineering

Changwei Shao
National University of Defense Technology College of Aerospace Science and Engineering

Xiaozhou Wang
National University of Defense Technology College of Aerospace Science and Engineering

Yingde Wang
National University of Defense Technology College of Aerospace Science and Engineering

Research Article

Keywords: microwave-transparent, SiBN fiber, high temperature, oxidation resistance
Posted Date: December 10th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-123799/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/19


https://doi.org/10.21203/rs.3.rs-123799/v1
mailto:longxin10@nudt.edu.cn
https://orcid.org/0000-0002-6284-9339
https://doi.org/10.21203/rs.3.rs-123799/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

SiBN fibers are one of the most admirable microwave-transparent reinforced materials for high Mach
number aircrafts. Currently, the detailed high-temperature oxidation behavior of SiBN fibers have not been
studied yet. In this work, we researched the high-temperature oxidation behavior of SiBN fibers with
different boron contents at the temperature range of 1000 ~ 1400°C in air. SiBN fibers started to be
oxidized at 1100°C, with Si;N, and BN phase oxidized to SiO, and B,0,, respectively. Due to the
gasification and the escape of molten B,05 at high temperature, amorphous SiO, could be remained at
the fiber surface. As the fiber further oxidized, the molten B,05 at the inside may infiltrate into the fiber
interior to react with SizN,, causing the precipitation of A-BN nanoparticles and the formation of SiO,/BN
layer. Finally, complex oxidation layers with two distinct concentric sublayers accompanied with two
transition sublayers could be formed after the oxidizing treatment.

1. Introduction

With the flight speed of aircrafts increased to a higher Mach number, the aerodynamic heating effect
could be more drastic, which caused huge challenge to the thermal protection of the components in hot
end, especially for the radomes that used as the communication windows [1, 2]. High temperature
microwave-transparent composites (MTCs) are one of the most admirable material system to prepare
radomes due to their high mechanical strength, low dielectric constant, high-temperature stability,
excellent oxidation resistance, et a/[3 ~ 5]. The reinforced fiber materials are the mainly component of the
MTCs, consequently, present the great bear on the high-temperature and microwave-transparent
properties of the MTCs.

At present, the developed reinforced fibers for preparing MTCs are quartz fibers [6], mullite fibers [7], Si3N,4
fibers [8], BN fibers [9] and SiBN fibers [10]. Among them, the application temperature of quartz fibers,
mullite fibers and Si3N, fibers was 900°C, 1200°C and 1300°C, respectively. BN fibers could be stable at
temperature higher than 1900°C, while showed poor oxidation resistance. SiBN fibers combining the
outstanding oxidation resistance of Si;N, fibers and the excellent thermal stability of BN fibers, are the
most promising wave-transparent reinforcement among these fibers [10, 11].

However, the preparation of high-quality SiBN fibers is still a huge challenge due to the complex
fabrication process and high sensitive of precursor [12, 13]. Thus, almsost all of the researches focused
on optimizing the fabrication process, while the researches related to the high-temperature properties of
SiBN fibers are still lacking, especially for their oxidation resistance at high temperature, which is very
important for their actual applications in reinforcing the MTCs that used in high-temperature oxidation
atomsphere. To our knowledge, the detailed investigation on the oxidation behavior of SiBN fibers have
not been studied yet. Nowadays, only the oxidation behavior of similar ceramic fibers such as Si;N, fibers
and SiBCN fibers have been investigated in detial. For example, Li and et a/ found Si3;N, fibers formed

complex sublayers after oxidizing in air [14]. Cinibulk and coworkers investigated the oxidation behavior
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of SiBCN fibers [15]. They also observed the complex sublayers with three distinct concentric layers, each
increasing in oxygen concentration from the core to the outer surface. The fibers suffered significant
strength degradation after the oxidation treatment. SiBN fibers showed different chemical composition
from Si3N, fibers and SiBCN fibers, thus, should present different oxidation behavior and oxidation layer
microstructures.

In recently, large-scale continuous SiBN fibers were prepared according to our previous works [16]. The
obtained SiBN fibers showed excellent high-temperature stability up to 1600°C in inert atmosphere. In
this work, these SiBN fibers with different boron contents were treated at the temperature range of 1000 ~
1400°C in air. The oxidation behavior as well as the microstructural evolution and mechanical properties
of the SiBN fibers at high temperature have been discussed through the whole paper.

2. Experimental Section
2.1. Materials

SiBN fibers were prepared according to our previous works [16 ~ 18]. Four kinds of SiBN fibers were
named as SNB-0, SNB-3, SNB-5 and SNB-7 fibers according to their boron contents. The chemical
composition and the mechanism properties are listed in Table 1.

Basic parameters for the chemicz;lrlaabr:z 1physical properties of SiBN fibers.
Fibers Chemical composition (wt%) Strength (GPa) Modulus (GPa) Diameter (um)
Si B N C 0
SNB-0O 604 023 367 077 215 1381025 1375 12.8+0.6
SNB-3 583 356 354 046 233 1.0910.21 1107 12.9+0.9
SNB-5 56.1 514 358 058 1.60 1.47+0.22 1355 12.8+0.7
SNB-7 56.2 681 347 051 174 1.41+0.28 123+ 6 13.4+0.7

2.2. High-temperature treatments of SiBN fibers in air

For evaluating the high-temperature oxidation resistance of SiBN fibers with different boron contents in
air, a 15 cm length fiber bundle supported by the firebricks was putted into a muffle furnace. The fibers
were then heated with the heating rate of 5°C/min and treated at the target temperatures for 1 hour. After
the oxidation treatment, all of the SiBN fibers were furnace cooled down to room temperature.

2.3. Characterization

The carbon content of SiBN fibers was determined by a Horiba carbon/sulfur analyzer EMIA-320V
(Horiba, Japan). The oxygen and nitrogen content was measured by a Horiba oxygen/nitrogen analyzer
EMIA-820 (Horiba, Japan). The boron content was analyzed by converting the boron into boric acid via
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solving the samples into molten NaOH, and finally titrating with standard base solution. The content of
silicon in the samples was calculated by the subtraction method in the percentage weight. X-ray
photoelectron spectroscopy (XPS) spectra were obtained by using an Escalab 250Xi electron
spectrometer (Thermo Scientific, USA) with Al Ka radiation. X-ray diffraction (XRD) studies were carried
out with a Bruker AXS D8 Advance diffractometer (Bruker, Germany) with Cu Ka radiation (k=1.54178
A°). The specimens were continuously scanned from 10° to 80° at a speed of 0.0167 °/s. Secondary ion
mass spectrometry (SIMS) was analyzed by TOF.SIMS 5-100 using the Bi* ion with energy of 30 keV as
the primary ion beam and Cs* ion with energy of 2 keV as the sputtering ion beam (the sputtering rate
was 0.244 nm/s that related to SiO,). Atomic force microscope (AFM) images were obtained in non-
contact mode using the Dimension Fastscan system. The morphology of the samples was examined
with a scanning electron microscope (SEM; HITACHI S-4800, Japan). High resolution TEM (HR-TEM)
images were taken using Titan G2 60—300 with image corrector. The tensile strength of the 25 mm-long
fibers was measured at room temperature using a universal strength machine (Testometric Micro 350,
UK) with a load cell of 5 N and a crosshead speed of 5 mm/min. Each tensile strength data point was the
average of 24 monofilaments.

3. Results And Discussion
3.1. Characters of SiBN fibers with different boron contents

Figure 1 showed the SEM micrographs of SiBN fibers with different boron contents. It can be seen that all
of the fibers showed rather smooth surface and dense cross sections, no obvious defects were detected.
However, the rough surface in nanoscale could be distinguished from the 3-dimensional AFM images
especially for SNB-0 and SNB-3 fibers, with surface roughness (Ra) of 3.84 nm and 4.78 nm, respectively.
While SNB-5 and SNB-7 fibers showed a rather lower surface roughness (Ra) of 3.25 nm and 1.85 nm,
respectively. According to the tensile strength values in Table 1, it can be conclude that SiBN fibers with
lower surface roughness present higher tensile strength values.

The microstructure of the obtained SiBN fibers was studied by XRD patterns, as presented in Fig. 2a. The
results showed that all of the fibers were totally amorphous, without diffraction peaks detected. The TEM
micrographs and the corresponding SAED patterns of SNB-5 fibers also presented the amorphous
characteristic of SiBN fibers (Fig. 2b). These experimental data agreed with the results that reported from
other research groups [12, 19].

For studying the chemical state of SiBN fibers, the fiber surface was analyzed by XPS, as presented in
Fig. 3. The XPS spectra showed that the SiBN fibers were mainly consisted of Si, B, N as well as small
amounts of C and O, which agreed well with the chemical composition analysis in Table 1. For different
SiBN fibers, the intensity for the signals of B could be obviously distinguished, indicating the different
boron contents for the fibers. The XPS spectra peaks of SNB-5 fibers were further analyzed by curve-
fitting with Gauss-Lorentz Equation, as shown in Fig. 3b ~ d. The Si2p peak could be fitted into two peaks:
the strong peak located at 101.8 eV was contributed to the Si - N bond in SizN, phase [20], while the very
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weak peak located at 100.0 eV was related to the C - Si - N bond in SiC,N, phase. The B1s peak could be
fitted with only one peak that located at 190.8 eV, indicating the boron in SiBN fibers was mainly existed
in the form of B - N bond in BN phase [21]. While the N1s peak could be fitted into two peaks that located
at 397.4 eV and 398.3 eV, which were related to N - Si bond and N - B bond, respectively [22]. Thus, all of
the results above indicated that the SiBN fibers were mainly consisted of Si;N, phase and BN phase.
Meanwhile, the Si - N-B networks that distributed between Si;N, phase and BN phase may also form in
the fibers [16].

3.2. Oxidation behavior of SiBN fibers with different boron
contents

According to the previous microstructure and composition analysis, SiBN fibers were mainly consisted of
amorphous SizN4, BN and properly Si - N-B networks. These components could be oxidized and formed
oxide such as SiO, and B,03, which finally caused the increasing of oxygen content for SiBN fibers after
the oxidizing treatment. Table 2 listed the oxygen content for SiBN fibers with different boron contents
after oxidizing at the temperature range of 1000 ~ 1400°C. When the oxidation temperature was 1000°C,
the oxygen content of SNB-0 and SNB-3 fibers showed almost unchanged, while SNB-5 and SNB-7 fibers
presented an oxygen content increment of about 2 wt%. These results indicated that the SiBN fibers with
higher boron content consequently higher BN content, were more easily to be oxidized. As the oxidizing
temperature increasing to above 1200°C, the oxygen content for all of the SiBN fibers increased
obviously. As for SNB-5 and SNB-7 fibers, although they were more easily to be oxidized, the increasing
rate for the oxygen content when the oxidizing temperature increasing was slower than SNB-0 and SNB-3
fibers, which may be contributed to the escape of amounts of B,03 at high temperatures.

Oxygen content of SiBN fibers after oxid-li-:illjwlge] zt different temperatures in air for 1 hour

Temperature (°C) Oxygen content (wt%)

SNB-0 SNB-3 SNB-5 SNB-7
As received 2.15 (/)* 2.33 (/) 1.60(/) 1.74(/)
1000 2.70 (0.55) 2.15(-0.18) 3.58 (1.98) 4.06 (2.32)
1200 3.24(1.09) 3.88 (1.55) 4.55 (2.95) 4.83 (3.09)
1300 4.35 (2.20) 5.29 (2.96) 5.44 (3.84) 5.06 (3.32)
1400 6.62 (4.47) 6.75 (4.42) 6.56 (4.96) 6.55 (4.81)

* The numbers in the parentheses are the oxygen-content increment that comparing with the as

received fibers.

For studying the microstructure evolution of SiBN fibers after oxidizing treatment, all of the fiber surface
after oxidizing at 1300°C for 1 hour was analyzed by XPS, as presented in Fig. 4. The results showed that
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the all of the fiber surface was mainly consisted of Si and O, while the B was not detected, indicating the
escape of boron in the form of B,05 gas at high temperature, which agreed well with the chemical
composition analysis. From the fitting cures for the Si2p peak of the oxidized SNB-5 fibers that located at
the position of 104.0 eV, the chemical composition of the fiber surface was determined to be SiO,, which
was formed by the oxidation of SizN, phase [23].

The microtopography of SiBN fibers after the oxidizing treatment was observed by SEM. Figure 5
presented the SEM micrographs of fiber cross section and surface for SiBN fibers with different boron
contents after oxidizing at 1300°C for 1 hour. The results showed that the oxidized SNB-0 fibers
presented an oxidation layer of 304 nm, with the formation of obvious cracks between the oxidation layer
and fiber interior. The thickness of the oxidation layer for SNB-3 and SNB-5 fibers was 274 nm and

318 nm, which was very close to SNB-0 fibers. However, the interface between the oxidation layer and
fiber interior showed rather dense, which is different from the interface of SNB-0 fibers. This phenomenon
may be contributed to the self-healing effect when part of the molten B,0; infiltrated into the oxidation
interface. As for SNB-7 fibers, the oxidation layer was showed the lowest thickness of 217 nm, which
should be caused by the excessive volatilization of B,05 gas at high temperature.

Figure 6 showed the SEM micrographs of SNB-5 fibers after oxidizing at 1000 ~ 1400°C for 1 hour. When
the oxidizing temperature reached 1000°C, there was no obvious oxidation layer observed on the fiber
cross section. As the oxidizing temperature increased to 1200°C, the oxidation layer with thickness of
about 185 nm was detected. When the oxidizing temperature reached to 1300°C and 1400°C, the
thickness of oxidation layer could increase to 318 nm and 512 nm, respectively. The increasing of the
oxidation layer thickness was corresponded with the increasing of oxygen content. From the SEM
micrographs of the fiber surface, it can be seen that SNB-5 fibers remained smooth surface even after
oxidizing at 1400°C, without detecting the obvious cracks that caused by the mismatch of thermal
expansion between the oxidation layer and fiber interior. The smooth surface may be benefit for fibers to
remain a rather high mechanical properties after the oxidizing treatment, which will analyzed in the
following discussion.

For analyzing the oxidation process of SiBN fibers, the microstructure of oxidation layer was first
investigated by the secondary ion mass spectroscopy (SIMS). Figure 7 showed the SIMS depth analysis
results of the surface for SNB-5 fibers after oxidizing at 1300°C for 1 hour. According to the intensity of
the sputtering oxygen ion signals, the thickness of the oxidation layer for SNB-5 fibers after oxidizing was
about 330 nm, which agreed very well with the thickness value that obtained from the SEM micrographs.
Meanwhile, the oxidation layer was followed by a 75 nm depth region with the oxygen ion signals gradual
decreasing, which indicated the formation of transitional oxidation layer between the oxidation layer and
the fiber interior. By analyzing the intensity of boron ion signals, the oxidation layer could be finely divided
into three refined microstructural layer: the outside layer with thickness about 150 nm showed very weak
boron ion signals, thus this layer was mainly consisted of SiO,, also indicating the escape of boron in the

form of B,05 gas at the fiber surface. The following layer was a transitional region with thickness of

Page 6/19



about 50 nm, where the intensity of boron and nitrogen ion signals increased gradually as the testing
depth increasing. Considering the boron content increased along with the nitrogen content, the boron
atoms and nitrogen atoms may exist in the form of BN phase, which could be precipitated from the
reduction between SizN, and the inspersed B,05. Previous reports also found the precipitated BN in the
oxidation layer of SiBCN fibers [15, 24]. With the depth analysis further increasing, the ion signals of
boron, nitrogen and oxygen remained stable at the layer with thickness of about 140 nm. This layer
presented rather high boron content may consist of more amount of BN could precipitate from the
oxidation layer, which finally formed the SiO,/BN layer.

The microstructure of the oxidizing layer was further studied by analyzing the FIB slice of SNB-5 fibers
after oxidizing in air at 1300°C for 1 h. From the TEM micrograph of the slice (Fig. 8a) as well as the
enlarged micrograph (Fig. 8f), the oxidation layer could be clearly divided into three layers: the outside
layer (X) with about 200 nm thickness was totally amorphous SiO,. The following layer (¥) with thickness
about 150 nm showed the precipitation of nanoparticles. The HR-TEM micrographs presented that the
nanoparticles was A-BN with interplanar spacing of 0.34 nm. Thus, these results showed the direct
evidence for the existence of SiO,/BN layer. Meanwhile, there is a thin interfacial layer (") with thickness
of about 60 nm, which distributing between the SiO,/BN layer and the fiber interior was the transition

region. The formation of three layers in the oxidation layer agreed well with the SIMS results in Fig. 7 (The
transition layer between SiO, and SiO,/BN layer was unobvious to be detected in the TEM micrographs).

According to the SIMS and TEM analysis, the microstructure for the oxidation layer of SiBN fibers could
be described by the model in Fig. 9a, in which the oxidation layer could be divided into SiO, layer and
SiO,/BN layer. Meanwhile, two different transition layer could also be observed, one was distributed
between the SiO, layer and SiO,/BN layer, the other was formed between the SiO,/BN layer and

unoxidized fiber interior. Based on the microstructural model of the oxidation layer, the oxidizing process
of SiBN fibers could be described as the schematic diagram in Fig. 9b. When SiBN fibers were oxidized in
the air at high temperature, the BN and Siz;N, phase in fibers could be oxidized to form the oxide such as

B,05 and SiO,, respectively (Reaction 1 and 3). In the fiber surface, the molten B,05 was easily to escape

as gas state at high temperature (Reaction 2). Thus, the fiber surface after oxidizing was mainly
consisted of remained SiO,. As the fiber further oxidized, the molten B,05 formed at the inside may

infiltrate into the fiber interior to react with SizN,, which finally caused the precipitation of A-BN
nanoparticles (Reaction 4), as consequently, formed the SiO,/BN layer. All of the layer with different

chemical compositions presented the formation of transition layer due to the diffusion-controlled
oxidizing process. The infiltration of molten B,05; may act as the self-healing composition, which is

benefit for reducing the cracks in the fibers.
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2BN(s) +1.50,(g) = B,03(I) + N»(9) (Reaction 1)
B,03(I) = B,05(9) (Reaction 2)

SigNy(s) +30,(g) = 3Si0,(s) + 2N,(g) (Reaction 3)

2B,05(1) + SigN4(s) =3SiO,(s) +4BN(s)  (Reaction 4)

Figure 10 calculated the changes of the standard Gibbs free energy of Reaction 1 ~ 4 in the temperature
range of 1000 ~ 2000°C. The results showed that the standard Gibbs free energy of Reaction 1, 3 and 4
was negative, indicating these reactions could occur at above 1000°C. As for Reaction 2 that related to
the gasification of molten B,0g, the standard Gibbs free energy was positive. However, when considering
the very low partial pressure of B,05 in the air, the Reaction 2 could occur to balance the equilibrium of
reaction. Thus, the calculated results confirmed the reactions that mentioned in the oxidation process
(Fig. 9b).

3.3. The tensile strength of SiBN fibers after the oxidation
tests

The tensile strength of SiBN fibers after the oxidation treatment is one of leading indicator to evaluate
their high-temperature oxidation resistance. Figure 11 presented the tensile strength and the strength
retention of SiBN fibers with different boron contents after oxidizing at 1300°C in air for 1 hour. As for
SNB-0 fibers, the remained tensile strength and strength retention was 0.6GPa and 44%, respectively,
while SNB-3, SNB-5 and SNB-7 fibers showed a rather higher tensile strength (~ 0.7GPa) and strength
retention (> 50%) after the oxidizing treatment. Thus, although SiBN fibers that consisted of BN phase
were easy to be oxidized, they showed enhanced oxidation resistance at high temperature, which may
contribute to the self-healing effects of molten B,05.

4. Conclusions

In this work, the oxidation behavior of SiBN fibers with different boron contents were studied after the
treatment at the temperature range of 1000 ~ 1400°C in air. SiBN fibers were mainly consisted of SigN,

and BN phase. After treating at above 1100°C, the Si;N, and BN phase in SiBN fibers started to be
oxidized, with the formation of SiO, and B,03, respectively. Meanwhile, at the fiber surface, the molten
B,0; was easily to escape as gas state at high temperature, causing the remaining of SiO, layer. As the
fiber further oxidized, the molten B,05 at the inside may infiltrate into the fiber interior to react with SizN,,
causing the precipitation of A-BN nanoparticles and the formation of SiO,/BN layer. Finally, complex

oxidation layers with two distinct concentric sublayers accompanied with two transition sublayers could
be formed after the oxidizing treatment in air. The infiltration of molten B,05; may act as the self-healing

composition, which is benefit for reducing the cracks in the fibers.
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Figure 1

SEM micrographs (a, b, c and d) and AFM images of the surface morphologies (g, f, g and h) for the SiBN
fibers with different boron contents: SNB-0 (a, e); SNB-3 (b, f); SNB-5 (c, g); SNB-7 (d, h).
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Figure 2

XRD patterns of SiBN fibers with different boron contents (a); TEM micrograph and corresponding SAED
pattern of SNB-5 fibers (b).
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XPS spectra of SiBN fibers with different boron contents (a); Si2p (b), B1s (c) and N1s (d) spectra of SNB-
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Figure 4

XPS spectra of SiBN fibers after oxidizing at 1300 °C in air for 1 hour (a); XPS spectra of Si2p for the
oxidized SNB-5 (b)

Figure 5
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SEM micrographs for the fiber cross-section (a, ¢, e and g) and surface (b, d, f, h) of SNB-0 (a, b), SNB-3 (c,

d), SNB-5 (g, f) and SNB-7 (g, h) fibers after oxidizing at 1300°C in air for 1 hour
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_

(h)

®

SEM micrographs for the fiber cross-section (a, c, €, g) and surface (b, d, f, h) of SNB-5 fibers after
oxidizing at 1000°C (a, b), 1200°C (c, d), 1300°C (e, f) and 1400°C (g, h) in air for 1 hour

Figure 6
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SIMS depth analysis of surface element content of SNB-5 fibers after oxidizing in air at 1300°C for 1 h
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The TEM micrograph for the slice of SNB-5 fibers after oxidizing in air at 1300 °C for 1 h (a, f); the HR-
TEM micrographs for region [l (b), i (g)
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Figure 9

The microstructure model of the oxidation layer of SiBN fibers after oxidizing at in air (a); schematic
diagram for the oxidation process of SiBN fibers (b)
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Figure 10

The calculated Gibbs free energy for the Reaction 1~4.
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Figure 11

Tensile strength and tensile strength retention of SiBN fibers with different boron contents after oxidizing
at 1300°C in air for 1 hour
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