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Abstract

The pyrolysis process of poly[2,4,6-tri(methylamino)borazine]-based fibers has been studied in detail. The condensation of

polymer leads to infusible fibers with a three-dimensional polymeric network from 70 to 400 8C. A polymer�/mineral transition

occurs since 400 to give amorphous hydrogenated fibers at 1000 8C. The chemical conversion process is complete at 1400 8C and

the BN fibers crystallize up to 1800 8C. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hexagonal boron nitride (h-BN) is known as aniso-

tropic material with interesting thermal and electric

properties, good resistance to oxydation and high

mechanical properties [1]. This ceramic is predominantly

produced via powder-metallurgical process. Difficulties

inherent to this traditional powder-based technique for

manufacturing complex forms of h-BN (fibers-rein-

forced composites, nanocomposites and coatings) can

be overcome by the use of preceramic polymers [2�/4].

They offer several important advantages such as a low

impurity level, homogeneous element distribution and

flexible forming methods.

There are two majors polymeric precursors for the

fabrication of boron nitride fibers: polyborazylenes and

polyborazines. Concerning the former, Sneddon and co-

workers [5] have studied the conversion process of

polyborazylene into boron nitride ceramic and shown

that a spinnable oligomer can be obtained by linking

dipentylamino groups to the polymer backbone. BN

fibers with poor mechanical properties were produced

[6]. For the latter, Kimura et al. have prepared BN fibers

with high mechanical properties from a mixture of

tri(methylamino)borazine and laurylamine [7].

Following a similar approach, a particularly useful

family of preceramic borazine-based polymers, polyalk-

ylaminoborazines, was investigated as precursors of BN

fibers in our laboratory [8,9]. In this paper, a poly[2,4,6-

tri(methylamino)borazine] (PolyMAB) schematically il-

lustrated in Fig. 1 is prepared by thermal condensation

of 2,4,6-tri(methylamino)borazine (MAB) as it was

detailed in Section 3.

The polymer is spun by conventional melt-spinning

technique into crude fibers which are pyrolyzed under

specific conditions into BN fibers. The fiber diameter

reduces by half after the pyrolysis process up to 1800 8C
as shown in Fig. 2.

Up to now, the mechanisms which govern both the

fabrication of the ceramic fibers and the evolution of

their behavior during pyrolysis annealing are not well-

established. In this study, the conversion of polybor-

azine fibers into ceramic fibers is studied by TGA, GC�/

MS, FTIR and XRD analysis to provide an under-

standing of the obtaining of carbon-free boron nitride

fibers.
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2. Results and discussion

2.1. Characterization of polyMAB-based fibers pyrolysis

process

The thermogravimetric (TG) and concomitant methy-

lamine (CH3NH2) evolution curves during the pyrolysis
of polyMAB-based fibers are shown in Fig. 3. The

thermal behavior of polyMAB is characterized by a

continuous weight loss over the entire temperature range

30�/1400 8C. The thermogram shows that the thermal

degradation is particularly important during two ranges

of temperature, from 70 to 400 8C and between 400 and

1000 8C. The first weight loss up to 400 8C is about 20

wt.% and the elemental analysis results are in agreement
with the TG interpretations although the data are

approximate. The analytical composition of the residue

derived from the data at 400 8C summarized in Table 1

is about C0.30N1.41BH2.38 at 400 8C. The total loss at

400 8C is thus about C0.41N0.12H0.72 with respect to the

starting polyMAB. These results show that the weight

loss up to 400 8C corresponds to an important and

main evolution of carbon contaminants: a carbon loss of
about 60 at.% occurs up to 400 8C, in contrast to only a

23 at.% of hydrogen loss and a 8 at.% nitrogen loss. The

second important weight loss is about 23 wt.% whereas

the total weight loss is close to 43 wt.% at 1000 8C. At

this temperature, samples are typically found to corre-

spond to the analytical formula C0.09N1.06BH0.25 which

can be associated to a total loss of C0.21N0.35H2.13

between 400 and 1000 8C. The carbon evolution is

Fig. 1. Thermal condensation of 2,4,6-tri(methylamino)borazine into two possible models of polymer.

Fig. 2. Typical SEM images of polymer fibers (a) and BN fibers (b) cross-section prepared from polyMAB.

Fig. 3. TG and CH3NH2 elimination curves for polyMAB (heating

rate: 0.8 8C min�1 under an NH3�/N2 mixture up to 1000 8C and in

a pure nitrogen flow from 1000 to 1500 8C).

S. Bernard et al. / Journal of Organometallic Chemistry 657 (2002) 91�/9792



about 70 at.% whereas the nitrogen and hydrogen losses

increase up to almost 25 and 90 at.%, respectively. At

this stage, the resulting fibers contain nitrogen and

hydrogen excess. The remaining nitrogen and hydrogen
atoms are then evolved between 1000 and 1500 8C. The

total weight loss is about 46 wt.% at 1500 8C which give

a pyrolysis yield of 54%. At this stage, the white fibers

are typically found to contain boron and nitrogen

weight percents, respectively, of 54.3 and 45.7% demon-

strating that the stoichiometry of the resulting ceramic is

approaching that of h -BN. During the TG analysis, the

main gaseous specie observed by GC�/MS is CH3NH2.
The gas evolution from polyMAB-based fibers char-

acterized by a continuous loss from 30 to 1100 8C is

divided in two distinct steps corresponding to two main

weight losses (Fig. 3). While the CH3NH2 loss is

important from 20 to 400 8C as shown the CH3NH2

release curve, it seems that others products are evolved

above 400 8C as attest the elemental analysis results.

These data evidenced that the hydrogen and nitrogen
losses increased in the second stage compared with the

first one while the carbon contaminant loss is practically

constant. To complete these analysis and data, we have

obtained the FTIR spectra of the polymer and its solid

pyrolysis products as a function of temperature.

2.2. FTIR study up to 400 8C

The changes in FTIR spectra of fibers during the
heat-treatment up to 400 8C are shown in Fig. 4. The

FTIR spectrum of polyMAB-based fibers (Fig. 4(a))

exhibits a characteristic sharp band at 3430 cm�1

assigned to the stretching of N�/H and characteristic

C�/H stretching observed in the 2900 cm�1 region.
Additional signals at around 1460, 1120 and 730 cm�1

are, respectively, characteristic of the borazine B�/N

stretching coupling with CH3 deformation in methyla-

mino groups (�/NHCH3), C�/N stretching coupling with

the NH deformation and B�/N ring deformation. After

the first important weight loss, the FTIR spectrum at

400 8C (Fig. 4(b)) displays absorptions characteristic of

the initial polyMAB-based fibers. It was observed by
GC�/MS analysis that the first weight loss of the

polyMAB is related to the important CH3NH2 loss

with the temperature increase. This fact is also sup-

ported by the IR spectra of the condensate at 400 8C.

Indeed, during the heat treatment, no significant

changes in the position of the peaks are observed but

the decrease in intensity of the N�/H, C�/H and C�/N

relative to the intensity of the BN ring absorption is
clearly visible. Moreover, a band with a very low

intensity appears at �/3210 cm�1 and can be assigned

to the stretching vibration of NH2 groups. Unfortu-

nately, we could not identify the nature of the reactions

associated with CH3NH2 evolving from polyMAB and

NH2 groups appearance. Nevertheless, it is probable

that the CH3NH2 release occurs via the formation of

intermacromolecular processes as shown in Scheme 1
[7,10]. The presence of NH2 groups means that the

borazine rings are not fully preserved as the structural

unit of the resulting material. The NH2 groups are

certainly formed from intramacromolecular mechanisms

with borazine ring openings presented in Scheme 2 and

postulated by Paciorek [10], Toeniskoetter [11], Rye [12]

and Kimura [13]. However, the reader should not

conclude that the structures depicted in Schemes 1 and
2 are necessarily formed during pyrolysis of the poly-

MAB-based fibers.

As shown in Scheme 1, the �/NHCH3 groups pertain-

ing to two borazine rings react together with subsequent

elimination of CH3NH2. This develops �/N(CH3)-

bridged-bonds between macromolecules in the resulting

fibers. There exists also a possibility of direct B�/N

linkage establishment when the �/NHCH3 groups react
with hydrogen atoms of the ring nitrogen atom by a

similar mechanism. The intermacromolecular process as

shown in Scheme 1 in the low temperature step (B/

400 8C) due to the considerable CH3NH2 loss therefore

creates gradually a three-dimensional polymeric net-

work.

In Scheme 2, the initial step results from a breaking of

rings B�/N bond followed by B�/N bond rotation and
ring closure with subsequent hydrogen atom shift from

the ring nitrogen to amino nitrogen. The amount of

�/NH2 groups increases with the increasing borazine ring

openings. The consolidation of borazinic rings occurred

Table 1

Carbon, nitrogen, hydrogen and boron content (wt.%) of polyMAB

and pyrolyzed polyMAB-based fibers up to 1500 8C

Elemental content (wt.%) Carbon Nitrogen Hydrogen Boron

PolyMAB 19.4 49 7 24.6

Resulting fibers at 400 8C 10 54 6.5 29.5

Resulting fibers at 1000 8C 3.8 55 1 40.2

Resulting fibers at 1500 8C 0 54.3 0 45.7

Fig. 4. FTIR spectra of polyMAB-based fibers at 20 8C (a) and

400 8C (b).
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with CH3NH2 evolution by transfer of a hydrogen atom

to the �/NHCH3 groups. The transfer of a second

hydrogen atom to the �/NH2 groups formed would

then permit loss of NH3 molecules. However, the

borazine ring opening process seems minor up to

400 8C as shown by the low intensity of the �/NH2

band compared with B�/N and N�/H stretching bands at

1460 cm�1 (Fig. 4(b)). The first stage can be described

as a dominating further condensation of the polyMAB

with branching (Scheme 1) and the resulting solid at

400 8C may be consequently considered as a thermally

cross-linked polymer fiber.

2.3. FTIR study from 400 to 1000 8C

Fig. 5 shows FTIR spectra of fibers corresponding to

the second important weight loss. Further heating up to

1000 8C results in a gradual decrease of N�/H (3430

cm�1), C�/H (2920�/2840 cm�1) and C�/N (1120 cm�1)

stretching absorptions. However, the intensity of the

absorption band assigned to the stretching vibration of

�/NH2 groups at 3210 cm�1 increases at 500 8C (Fig.

5(a)) compared with the spectrum at 400 8C (Fig. 4(b))

and it is particularly significant in the FTIR spectrum

corresponding to a treatment up to 800 8C (not

Scheme 1. Evolution of CH3NH2 via the formation of intermacromolecular bonds.

Scheme 2. Borazine ring opening process with formation of NH2 groups.
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produced) and 1000 8C (Fig. 5(b)). The �/NH2 groups

proportion increases from 400 to 800 8C then becomes

stable up to 1000 8C while the amount of �/NHCH3

groups decreases continuously since 400 8C. This means

that a considerable amount of intramacromolecular

rearrangements by borazine ring opening processes

occurred (Scheme 2) whereas, in the same time,
CH3NH2 always evolved due to intermacromolecular

reactions.

The important presence of �/NH2 groups in the

resulting fibers can cause the further loss of NH3. In

the FTIR spectrum at 1000 8C (Fig. 5(b)), the C�/H

bands disappearance and the absorption bands at 1410,

1120 and 800 cm�1 become well-defined peaks.

The intermediate temperature step from 400 to
1000 8C can be seen as a polymer�/mineral transition.

Fused ring structures displaying �/NH2 groups are

gradually formed in the second stage from intramacro-

molecular rearrangements due to borazine ring open-

ings. A slightly hydrogenated ceramic fiber is fabricated

at 1000 8C.

2.4. FTIR study above 1000 8C

FTIR spectra of fibers corresponding to 1500 and

1800 8C are presented in Fig. 6. The absorption bands

ascribed to �/NH2 groups decrease in intensity with

increasing temperature above 1000 8C. The high-tem-

perature step starting around 1000 8C occurred with a

probable loss of NH3 from resulting material with
intermacromolecular reactions. At 1500 8C (Fig. 6(a)),

the amino stretching bands are weak demonstrating that

the borazine-ring openings are entirely accomplished.

The thermal analysis completed by elemental analysis

and FTIR data indicate that the formation of planar BN

units is complete at 1500 8C. At 1800 8C (Fig. 6(b)),

the infrared spectrum shows a strong and broad

absorption band centered at 1370 cm�1 and a sharp
weak band at 805 cm�1 which are characteristic of

specific types of chemical bonds B�/N of h -BN [14]. The

bands are assigned to plane ring vibration at 1370 cm�1

(E1u mode) and out of the plane ring vibration at 805

cm�1 (A2u mode), respectively [15]. These two bands

change position with the increase of the pyrolysis

temperature from 20 to 1800 8C due to the modification

of the atomic environment and the crystallization
process studied by X-ray diffraction techniques.

2.5. X-ray diffraction of polyMAB-based fibers pyrolyzed

up to 1800 8C

X-ray diffractograms of fibers pyrolyzed up to

1800 8C are presented in Fig. 7. As evidenced in Fig.

7, the X-ray diffractograms of the pyrolyzed fibers from

1000 to 1800 8C show that the diffraction peaks

sharpen above 1300 8C. The crystallization of the
amorphous polyMAB-based fibers becomes apparent

in the temperature range 1300�/1500 8C while a varia-

tion of the peak width and position angle are clearly

observed. The peaks obtained at 1800 8C are character-

istic of h -BN material [16].

The Table 2 summarizes the microstructural para-

meters calculated from the diffractograms. The micro-

structural parameters such as the crystallite size in the c-
axis (/L̄c) and the interplanar spacing (d002) strongly

increase in the temperature range 1300�/1500 8C. This

Fig. 5. FTIR spectra of polyMAB-based fibers at 500 (a) and 1000 8C
(b).

Fig. 6. FTIR spectra of polyMAB-based fibers at 1500 and 1800 8C.

Fig. 7. X-ray diffractograms of polyMAB-based fibers from 1000 to

1800 8C.
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behavior may be attributed to the progressive crystal-

lization of the BN fibers from 1400 to 1800 8C.

3. Experimental

Standard inert atmosphere techniques are used in the

syntheses and manipulations of all compounds. The

melt-spinning process is realized under inert atmo-

sphere.

3.1. Preparation of the ex-polyMAB BN fibers

The polyMAB is prepared by thermal condensation

of MAB [9,17]. Its exact structure is not well known but

it seems that the condensation products present the two

structural models schematically illustrated in Fig. 1.

MAB (44.2 g; 263 mmol) was heated up to 200 8C
during 58 h and a yellow solid was obtained (33.6 g).

The condensation degrees of oligomeric MAB conden-
sates are described in terms of weight loss between initial

monomer (MAB) and final polymer (polyMAB). They

can vary as a function of the final reaction temperature

and the thermal cycle of the MAB condensation. Degree

of condensation (wt.%): 24. Second-order transition (Tg

(8C)): 84. Anal. Found (wt.%): C, 19.4; H, 7; N, 49; B,

24.6. FTIR (cm�1): 3430 (nN�H), 2920, 2840 (nC�H),

1460 (nB�N�/dC�H), 1120 (nC�N�/dN�H), 730 (BN out-of-
plane bending).

The polyMAB is spun in the molten state under

nitrogen atmosphere as continuous fibers by a labora-

tory scale apparatus. The continuous polyMAB-based

fibers winded around a reel are heated under a pure

ammonia atmosphere from 25 to 1000 8C and heated

up to 1800 8C under a flow of pure nitrogen. Anal.

Found at 400 8C (wt.%): C, 10; H, 6.5; N, 54; B, 29.5; at
1000 8C: C, 3.8; H, 1; N, 55; B, 40.2; at 1500 8C: N,

54.3; B, 45.7. Calc. for h -BN: N, 56.4; B, 43.6%. FTIR

(cm�1) at 400 8C: 3430 (nN�H), 3210 (nNH
2
), 2920, 2840

(nC�H), 1460 (nB�N�/dC�H), 1120 (nC�N�/dN�H), 760 (BN

out-of-plane bending); at 500 8C: 3430 (nN�H), 3210

(nNH
2
), 2920, 2840 (nC�H), 1460 (nB�N�/dC�H), 1120

(nC�N�/dN�H), 770 (BN out-of-plane bending); at

1000 8C: 3430 (nN�H), 3210 (nNH
2
), 1410 (nB�N), 1120

(dN�H), 800 (BN out-of-plane bending); at 1500 8C:

3430 (nN�H), 3210 (nNH
2
), 1400 (nB�N), 805 (BN out-of-

plane bending), at 1800 8C: 1370 (nB�N), 805 (BN out-

of-plane bending). XRD (2u (8)) at 1000 8C: (002)

25.15, (10) 42.8; at 1300 8C: (002) 25.21, (10) 42.9; at

1500 8C: (002) 26.1, (10) 42.3, (004) 54.3; at 1800 8C
(JCPDS card): (002) 26.62 (26.76), (10) 42.06 (41.6),
(004) 54.49 (55.16).

3.2. Characterizations

DSC analyses are performed on a TA8000 Mettler-

Toledo apparatus.

The pyrolytic yield of the polyMAB-based fibers are

obtained by heating samples at 0.8 8C min�1 under an

ammonia�/nitrogen mixture (1:1) from 20 to 1000 8C
thus, from 1000 to 1500 8C in flowing nitrogen (TGA

92 16.18 by SETARAM).

Fourier transform-infrared (FTIR) spectra of the

fibers heated from 20 to 1800 8C are obtained using a

Nicolet Magna 550 Fourier transform-infrared spectro-

meter in the range of 4000�/500 cm�1. The fibers are

pulverized, mixed with KBr powder and finally pressed

as pellets.
The identification of pyrolysis products is performed

by a GC system (Hewlett�/Packard model Agilent

micro-GC M200) connected to a high resolution mass-

spectrometer (Agilent 5973 network Mass selective

detector). The coupling of the two apparatus permits

to assess qualitatively to the nature of the gas evolved

during the TG analysis.

Elemental analysis are performed by The Service
Central de Microanalyse du CNRS (Vernaison, France)

on the crushed polyMAB-based fibers from 20 to

1500 8C.

X-ray diffraction (XRD) is carried out on fibers in a

temperature range of 1000�/1800 8C. The specimens are

placed in the position so that the fiber-axis is perpendi-

cular to incidence plane. A Phillips X-ray diffractometer

is used with Cu�/Ka1 radiation of wavelength 0.15406
nm and a scan range from 20 to 608 with a step size of

0.03. Interplanar spacing d002 is calculated using the

Bragg equation. The stacking size (/L̄c; stacking height

layer planes) is calculated using the Scherrer relation, L̄c/

�/0.9l /(B2�/B ?2)1/2 cos u .

4. Conclusion

The TGA/GC�/MS, FTIR and DRX techniques used

in this work are suitable to identify changes taking place

in poly[2,4,6-tri(methylamino)borazine]-based fibers

during pyrolysis. The conversion process into BN fibers

can be divided in three major temperature ranges. In the

first stage 20�/400 8C, weight loss occurs due to the

principal evolution of CH3NH2. The concentration of
cross-linking increases by formation of a considerable

amount of branching (interborazinic direct and bridged-

bond). The second stage is transitional toward hydro-

Table 2

Microstructural parameters of pyrolyzed polyMAB-based fibers ob-

tained by X-ray analysis

1000 8C 1300 8C 1500 8C 1800 8C

/L̄c (nm) 1.2 1.2 6 10

d002 (nm) 0.353 0.353 0.342 0.334
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genated ceramic fibers around 1000 8C: a polymeric�/

mineral transition is occurred with numerous intrama-

cromolecular rearrangements. In the three stage up to

1800 8C, a crystallization process with increase of grain
size leads to carbon-free BN fibers at 1800 8C.
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