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Abstract

The effect of pyrolysis atmosphere on products deriving from poly[(alkylamino)borazine] was studied. Pyrolysis in NH3 resulted in

BN with almost no carbon content while in Ar led to BNC materials. The crystallinity of the sample obtained in NH3 was higher than

that in Ar. BN fibers with almost no carbon impurity were obtained in NH3 and then in Ar, possessing good oxidation resistance and

low dielectric constant. The superior properties of BN fibers allow them to be promising in high-temperature, microwave-transparent

applications.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Due to its superior chemical inertness, high melting
point, low density, good oxidation resistance and dielectric
constant [1,2], hexagonal boron nitride (h-BN) has been
studied intensively as advanced ceramic matrix composites
in aerospace applications recently [3]. Although BN pow-
der can be easily prepared, it is difficult to fabricate BN in
forms of fibers, coatings, porous ceramics and so on. The
polymer-derived ceramics route [4], providing nonoxide
ceramics with tailored composition and microstructure,
has been an attractive method to prepare BN in complex
forms [5].

Poly[(alkylamino)borazine]s, possessing B3N3 hexagons
and plastic alkylamino-units, could be easily processed, heat
treated and transformed into BN [6,7]. The carbon in the
precursor can be effectively removed during pyrolysis in
NH3 while not in inert atmosphere [8]. As we know, carbon
impurity had great impact on the thermal stability in air and
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dielectric properties of polymer-derived non-oxide ceramics
[9]. But then only limited progress related to pyrolytic
carbon in polymer-derived BN has been made [10].
Lately, a novel processable poly[(alkylamino)borazine],

poly[2-n-propylamino-4,6-bis(methylamino)borazine]
(PPAB), has been synthesized from 2,4,6-trichloroborazine
(TCB) and n-propylamine/methylamine under mild condi-
tions [11]. Here, the effect of atmosphere on the structure,
composition and property of pyrolyzed PPAB was
researched. Besides, BN fibers with good properties were
prepared.

2. Experimental

All samples described here were manipulated in a dry
nitrogen atmosphere. The synthesis, spinning and curing of
PPAB have been described in Ref. [7,11]. Then, the cured
samples were pyrolyzed in Ar and NH3 at 1000 1C,
respectively (heating rate, 4 1C/min. holding time, 1 h).
Further heat treatment was achieved at 1800 1C in Ar for
1 h to investigate the crystallization behavior (heating rate,
5 1C/min).
Element contents of N, H and C were checked by Leco

TCH-600 N/H/O and Leco CS-600 C/S analyzers. The XPS
ll rights reserved.
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spectra were obtained by means of a VG ESCALAB MKP
instrument (AlKa excitation). FTIR spectra were recorded on
a Nicolet Avatar 360 spectrophotometer as KBr pellets.
XRD patterns were obtained using a powder X-ray diffract-
ometer (Siemens D-5005, CuKa radiation). SEM (JSM-6300,
JEOL) was used to study the composition of the sample.
TGA was conducted on a NETZSCH STA 449C instrument
in air (heating rate, 10 1C/min). Density was measured by
floatation in halogenated hydrocarbons. HRTEM images
were obtained using a Philips CM-200 microscope operated
at 200 kV. Raman spectroscopy was carried out using a RM
2000 spectrometer with an argon ion laser at an excitation
wavelength of 632.8 nm. The dielectric properties of the
powder of sample were determined by the cavity resonator
method. The average data were calculated from five tests.
The tensile strength was determined from failure tests
performed on 30 filaments with a gauge length of 25 mm
by using the statistical approach of Weibull [12].

3. Results and discussion

The trend of the weight loss curves of PPAB under Ar
and NH3 was similar though the curve obtained in NH3

displayed a lower ceramic yield. At 1000 1C, the ceramic
yields in NH3 and Ar were 61.2 and 70.1 wt%, respectively.

The samples pyrolyzed in NH3 and Ar at 1000 1C were
named as BNa and BNn, respectively. The densities of BNa

and BNn were 1.69 and 1.73 g cm�3, lower than the
theoretical density of 2.26 g cm�3 for h-BN. The reason
was mainly due to small pores produced during pyrolysis,
which was common for polymer-derived ceramics. While
the carbon content in BNa was obviously lower than that
in BNn. The difference in carbon content indicated that
pyrolysis of PPAB under NH3 resulted in BN with low
carbon content, due to the deamination reactions and
carbon thermal reduction [13]. While pyrolysis under inert
atmosphere led to BNC materials. The sample pyrolyzed in
NH3 was gray white while that obtained in Ar was black as
a result of the difference in carbon content.
Fig. 1. FTIR and Raman spect
FTIR and Raman spectra give more information on the
structural difference (Fig. 1). In Fig. 1a, the C-N bond
near 1109 cm�1 in BNn was clear while that was absent in
BNa, further suggesting the difference in carbon content.
The weak absorption at 3200 cm�1 caused by B3N3 ring
opening during pyrolysis was ascribed to N–H in NH2

groups.13 While the N–H bond in BNa was much stronger,
indicating the promotion of NH3 to the crosslinking of
PPAB. In Fig. 1b, BNa showed a diffuse peak near
1500 cm�1, which is a characteristic of amorphous BN.
BNn displayed two broad graphite carbon peaks attributed
to D peak around 1200 cm�1 and G peak near 1600 cm�1

[14], which were usually found for SiCN and SiBCN
containing free carbon [15]. The shift of D peak to lower
wavenumber may be due to presence of BN.
XPS analysis was conducted to track the chemical

environment of various atoms in two samples (Fig. 2).
The signal curves were fitted by peak addition using
Gaussian–Lorentzian peak approximations and Shirley
background reduction. In the wide scan spectra of both
samples, the B1s peak at 190.8 eV and the N1s peak at
397.7 eV confirmed BN [16]. However, the relative inten-
sity of C1s peak in BNa was much weaker than that in
BNn, implying a lower carbon content in BNa. The C1s
peak in BNn can be separated into two peaks attributed to
graphite carbon at 284.1 eV [15] and C–N at 285.2 eV [17].
But then the C1s peak in BNa can only be split into one
peak at 284.6 eV assigned to graphite carbon.
Fig. 3a displays the XRD patterns of two samples

further heat-treated at 1800 1C in Ar (called BNa-1800
and BNn-1800). The peak attributed to (002) plane of
h-BN was observed for both samples. In BNa-1800, an
obvious peak assigned to the (110) plane and a diffuse
hump attributed to the (004) plane were noticed, which
were absent in BNn-1800. Additionally, the full width half
maximum of the (002) peak of BNa-1800 was much narrower
than that of BNn-1800, indicating its relatively higher crystal-
linity. However, the unsolved (100) and (101) peaks of BNa-
1800 still indicated its turbostratic feature [18]. The XRD
ra of (a) BNn and (b) BNa.



Fig. 2. (a) Wide scan, C1s of (b) BNn and (c) BNa XPS spectra.

Fig. 3. (a) XRD patterns of two pyrolyzed samples, (b) typical SEM image of BN fiber, TEM images of (c) BNn-1800 and (b) BNa-1800.
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Fig. 4. Oxidation resistance (a) and dielectric properties (b) of two samples.
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results showed that pyrolytic carbon favored the stabilization
of the ceramic structure against crystallization during pyr-
olysis [10], just like SiCO and SiCN ceramics [19].

The typical surface SEM image of the BNa-1800 fiber
was given in Fig. 3b. The fiber with a tensile strength of
about 0.8 GPa has a smooth surface without any obser-
vable flaws though some dust particles were noticed. The
tensile strength of the BN fiber pyrolyzed in NH3 at
1200 1C was only 0.6 GPa, confirming the influence of
pyrolysis temperature on the tensile strength of polymer
derived fiber [20]. Furthermore, HRTEM was used to
further investigate the microstructure (Fig. 3c and d). For
BNn-1800, BN with a poorly-crystallized structure was
observed and the interlayer spacing of the (002) plane
(d002) was about 0.350 nm. Whereas for BNa-1800, the d002
was 0.340 nm. Hence, the HRTEM result also confirmed
the inhibition of pyrolytic carbon on BN’s crystallization
in BNC, corresponding to the XRD result.

The chemical reactivity of ceramics under special con-
ditions is of crucial importance in determining their
applications. Here, the oxidation behavior of two samples
was studied in air (Fig. 4). BNa-1800 displayed excellent
oxidation resistance with almost no weight loss until
900 1C (Fig. 4a). But then, for BNn-1800, the weight loss
above 250 1C was due to slow oxidation of carbon [21] and
the total weight loss was 3.9 wt% at 900 1C. Therefore, the
presence of residual carbon was detrimental to the thermal
stability in air. Moreover, both samples showed a weight
gain above 900 1C as a result of BN’s oxidation [22]. But
yet the weight gain of BNa-1800 was slower than that of
BNa-1800 due to better oxidation resistance. As we know,
the sensitivity of BN to oxygen is greatly affected by the
crystallinity [23]. Generally, BN possessing higher d002
showed higher reaction rates to oxygen, namely more
weight gain during oxidation. The BNa-1800, pyrolyzed
from PPAB under NH3, possessed better thermal stability
in air than that pyrolyzed under Ar due to its lower carbon
content and higher crystallinity.

Besides good oxidation resistance, composites used in
aerospace field, especially the radar-wave-transparent
materials, should exhibit low dielectric constant and loss
tangent [24]. Here, the dielectric properties of as-prepared
two BN samples were investigated. Fig. 4b reveals the
influence of frequency on the dielectric constant (e0) and
dielectric loss (tan d) of two samples. It is clear that both e0

and tan d of BNa-1800 were lower than that of BNn-1800.
The e0/tan d of BNa-1800 and BNn-1800 were 3.32/0.008
and 3.9/0.09 at 10 GHz, respectively. The e0/tan d of BNa-
1800 at 10 GHz were close to the that of Quartz fiber (3.12/
0.0036), which was one of the most commonly used
reinforcements in wave-transparent materials [25]. The
low carbon content and nearly stoichiometric composition
of BNa-1800 may contribute to the excellent dielectric
properties.

4. Conclusions

In conclusion, the effect of pyrolysis atmosphere on the
products from PPAB was researched. Pyrolysis in NH3

resulted in BN with almost no carbon content while in Ar
led to BNC materials. In BNn, carbon existed in form of C–
N and C–C bonds while only little carbon stood as graphite
in BNa. The crystallinity of the sample obtained in NH3 was
higher than that in Ar. Finally, the BN fiber prepared in
NH3 then in Ar showed better oxidation resistance and
lower dielectric constant/ loss tangent than that in Ar.
Combined with its good oxidation resistance and dielectric
properties, the BN fiber can be promising for application in
high temperature, microwave-transparent system.
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