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bstract

he thermal behaviour of a series of poly[B-(methylamino)borazine] prepared at various temperatures ranging from 140 to 200 ◦C is studied in
he present paper as potential BN fiber precursors. It was shown that the softening capability of poly[B-(methylamino)borazine] can be tailored by
ontrolling the temperature at which polymers were prepared to achieve melt-spinning and produce high quality green fibers. Thus as-spun fibers

◦ ◦
ould be next converted into boron nitride fibers using ammonia (25–1000 C) and nitrogen (25–1800 C) atmospheres. The quality of boron nitride
bers was shown to depend on the first part of the pyrolysis step (25 and 1000 ◦C; ammonia atmosphere) in which the great majority of the weight

oss necessary for boron nitride production occurs. Ideal poly[B-(methylamino)borazine] as BN fiber precursors are those prepared between 170
nd 180 ◦C. They display appropriate melt-spinnability and ceramic conversion capability.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The polymer-derived ceramics (PDCs) route has seen an
ncreasing interest during the past decade for the preparation of
on-oxide ceramics.1,2 Using this chemical approach, the chem-
stry and the polymerization of the starting molecular precursor

ay be tailored to adjust the composition and the viscoelas-
ic properties of the derived preceramic polymer and therefore
repare complex polymer shapes in a wide variety of non-
xide systems. Thus as-obtained green shapes may be merely
ecomposed into PDCs with retention of this shape by con-
rolling the further curing and pyrolysis processes which are
erformed under oxygen-free atmospheres. Because the prepa-
ation of ceramic fibers is one of the most demanding prospects,
great interest was focused on the synthesis of preceramic poly-

ers displaying a tailored melt-spinnability and an appropriate

hemical and thermal reactivity for the conversion of green fibers
erived therefrom into ceramic fibers.3–6

∗ Corresponding author. Tel.: +33 472 433 612; fax: +33 472 440 618.
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In our group, we showed that preceramic polymers of the
ype poly[B-(methylamino)borazine] are well suited to fill the
equirements for the preparation of boron nitride fibers.7–14

owever, a lack of reproducibility in the mechanical perfor-
ances of these fibers can be encountered if the viscoelastic

nd thermal properties of polymers are not defined.
It is therefore the aim of this work to help to the understand-

ng of the melt-spinnability and ceramic conversion capability
f preceramic polymers based on a thermal study dedicated to a
eries of poly[B-(methylamino)borazine] as BN fiber polymers.
n the present paper, we study the plastic deformation of such
olymers by means of thermo-mechanical analyses (TMA) in
rder to provide the synthesis conditions and structural features
hich allow us to develop stable and melt-spinnable polymers.

n addition, we focus our study on the transformation of the
erived green fibers into ceramic fibers through thermogravi-
etric analyses (TGA) in order to select the melt-spinnable

olymers which allow us to produce boron nitride fibers with

esired and reproducible final properties. This paper highlights
hat TMA and TGA are appropriate tools to predict both melt-
pinnability and ceramic conversion capability of preceramic
olymers as ceramic fiber precursors.

mailto:Samuel.Bernard@univ-lyon1.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.012
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In more detail, Fig. 2 identifies three distinct sets of thermo-
mechanical behaviours. First, polymers prepared at Tthermolysis
≤150 ◦C are seen to strongly shrink in thickness as illus-
trated by the large dimensional change which is measured
52 S. Duperrier et al. / Journal of the Eur

. Experimental procedure

.1. General comment

All syntheses were carried out in a purified argon atmosphere,
sing argon/vacuum lines, and Schlenk-type glasses. Ammonia
nd nitrogen were used in the as-received state (>99.999%).
hermal behaviour of polymers was investigated in a nitrogen
tmosphere (PN2 = 1 bar) by thermo mechanical analysis (Met-
ler Toledo TMA/SDTA 840) on polymer pellets (S = 0.25 cm2)
sing compressive load from 30 to 200 ◦C (300 ◦C/h). Thermo-
ravimetric analysis of the ceramic transformation was taken on
Setaram TGA 92 16.18 from 25 to 1000 ◦C (60 ◦C/h) under

mmonia atmosphere at PNH3 = 1 bar using silica crucibles.

.2. Fiber preparation

Synthesis procedure and characterization of the precur-
or, B-tri(methylamino)borazine (Fig. 1), have been described
lsewhere.12

B-tri(methylamino)borazine is thermolyzed at moderate
emperatures to yield preceramic networks, namely poly[B-
methylamino)borazine], with different chemical and structural
roperties.12 This thermolysis step is carried out in an argon
tmosphere (3 L/h) at PAr = 1 bar up to the desired temperatures
Tthermolysis) ranging from 140 to 200 ◦C. These polymers
re delivered as air- and moisture-sensitive glassy solids at
T. Seven polymers are studied in the present paper. All
oly[B-(methylamino)borazine] samples display the same
R bands and positions as well as NMR signals in FT-IR
nd NMR spectra.12 IR data (KBr pellets, cm−1): 3434 (m);
958 (w) 2928 (w), 2898 (w), 2820 (m); 1597 (s); 1515 (s);
460 (s); 1411 (s); 1178 (s); 1095 (m), 707 (w). 11B NMR
96.29 MHz, C6D6, ppm): 25.7 (br); 1H NMR (300 MHz,
D2Cl2, ppm): 1.86 br (–N(H)CH3); 2.47 vbr (–N(H)CH3);
.56 vbr (Bridging –N(CH3)–); 2.70–4.10 br (NH borazine).
3C NMR (75 MHz, CD2Cl2, ppm) 27.6, 27.9 (–N(H)CH3);
1.2 (Bridging –N(CH3)–). It should be mentioned that attempts
o have a precise idea of the molecular weight failed, since
he found values for all polymers are too close to distinguish
ach compound by their proper molecular weight.12 Comp.

◦
ound (referenced to B3.0): B3.0N4,7C2,7H11.6 (140 C);
3.0N4.5C2.4H10.1 (150 ◦C); B3.0N4,5C2,2H10.1 (160 ◦C);
3.0N4.5C2.0H9.3 (170 ◦C); B3.0N4.4C2.0H9.5 (180 ◦C);
3.0N4,3C1,9H9.2 (190 ◦C); B3.0N4.2C1.9H8.7 (200 ◦C). Oxygen

Fig. 1. Structure of the B-tri(methylamino)borazine.
F
T
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ontent is found to be lower than 2 at.% and was therefore
mitted.

For spinning, polymers are placed at RT into a piston-
xtrusion chamber set up in a nitrogen-filled glove-box, and then
eated to the spinning temperature Tspinning at which the polymer
elt flow is forced along the extrusion line through a spinneret
ith a single capillary of 200 �m in diameter. The emerging
olten filament is drawn by a take-up spool and continuously

ecovered onto the spool as a fine-diameter solid filament. Thus
s-spun fibers are subsequently heated in a silica tube furnace
nder ammonia atmosphere from 25 to 1000 ◦C (60 ◦C/h; dwell
ime of 2 h), then in a graphite furnace under nitrogen atmo-
phere from 25 to 1800 ◦C (100 ◦C/h; dwell time of 2 h) to yield
rystalline BN fibers.

. Results and discussion

.1. Thermo-mechanical behaviour

Once solid poly[B-(methylamino)borazines] have been pre-
ared, it is desired to assess their capability to form polymer
ber by melt-spinning. Thermo-mechanical analysis (TMA) has
een used in a nitrogen atmosphere to investigate the softening
apability of poly[B-(methylamino)borazine] using compres-
ive load through the observation of the dimensional changes
f the polymer upon heating. Fig. 2 presents the TMA curves
sing a compressive load of 0.1 N. For clarity, only five polymers
repared at different temperatures (Tthermolysis) ranging from 140
o 200 ◦C are presented in Fig. 2.

In a first approximation, Fig. 2 shows that the plastic defor-
ation of polymer is closely related to the temperature at which

hey are prepared, i.e., Tthermolysis. In particular, an increase of
thermolysis from 140 to 200 ◦C shifts the plastic deformation to
igher temperatures and reduces the dimensional change.
ig. 2. TMA curves for poly[B-(methylamino)borazines] isolated at different

thermolysis.
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c
rose above 120 ◦C due to the swelling of polymers. This phe-
nomenon appears when low values of load are used during
TMA experiments. As an illustration, Fig. 5 shows the gen-
eral thermo-mechanical behaviour of a polymer prepared at

Table 1
Proportion of –N(CH3)– and –N(H)CH3 units as a function of Tthermolysis mea-
sured by 13C solid-state NMR

Tthermolysis (◦C) Relative intensity (%) (±2)

δiso = 30.5 ppm δiso = 28 ppm

140 23 77
150 27 73
160 29 31
ig. 3. –N(CH3)– units and –N(H)CH3 groups identified in poly[B-
methylamino)borazine] by 1H and 13C liquid-state NMR.

∼85%). TMA curves obtained for these polymers show
hat softening starts to occur at ∼48 ◦C (Tthermolysis = 140 ◦C)
nd ∼70 ◦C (Tthermolysis = 150 ◦C) and is complete at ∼92 ◦C
Tthermolysis = 140 ◦C) and ∼115 ◦C (Tthermolysis = 150 ◦C). We
uggest that the appearance of two ranges of melting for
hese polymers is most probably caused by different molecu-
ar weight species which melt in different temperature ranges.
econd, the magnitude of the plastic deformation of poly-
ers synthesized at Tthermolysis ≤190 ◦C is reduced (30–35%

n dimensional change) and this partial softening occurs in an
ne-step process starting from ∼70 ◦C (Tthermolysis = 160 ◦C) and
80 ◦C (Tthermolysis = 180 ◦C). Third, the polymer obtained at

thermolysis = 200 ◦C remains almost dimensionally stable under
oad, i.e., no softening was observed in the temperature range
nvestigated here.

The thermo-mechanical behaviour can be understood by con-
idering the structural elements which compose the polymer
tructure.

Poly[B-(methylamino)borazines] are composed of at least
wo decisive structural elements, i.e., bridging –N(CH3)– units
nd –N(H)CH3 groups (Fig. 3), as determined by 1H (300 MHz,
D2Cl2, ppm; 1.86 br (N(H)CH3); 2.47 vbr (N(H)CH3); 2.55
br (NCH3)) and 13C (75 MHz, CD2Cl2, ppm; 27.6, 27.9
N(H)CH3); 31.2 (Bridging NCH3)) liquid-state NMR spec-
roscopy. The identification of these two structural elements

eans that polymerization occurs via methylamine condensa-
ion forming bridging –N(CH3)– units from two –N(H)CH3
roups. However, it is important to mention that 15N solid-state
MR shows that this major mechanism occurs in complement
ith minor mechanisms through establishment of inter-ring B–N
onds and the occurrence of ring-opening process.12

Experimental and simulated 13C CP MAS NMR spectra
Bruker Avance 300 spectrometer at frequencies of 75.47 MHz)
f three polymers prepared at 140, 160 and 180 ◦C (Fig. 4) con-
rm the formation of bridging –N(CH3)– units (δiso = 30.5 ppm)
nd the presence of –N(H)CH3 groups (δiso = 28 ppm) in poly[B-
methylamino)borazine]. The identification of a relatively high
ntensity signal for –N(H)CH3 groups means that these groups
re still present in the polymer, and therefore that the polymer-
zation remains incomplete even at Tthermolysis = 200 ◦C.

Although cross-polarization (CP) is not quantitative, i.e., the
elative amount of –N(H)CH3 groups is overestimated due to

he high amount of protons around the BN(H)CH3 site, the
stimation of the relative amount of –N(H)CH3 groups is a
ood indicator of the polymerization progress. As indicated in
able 1, a decrease of the relative amount of –N(H)CH3 groups

1
1
1
2

ig. 4. Experimental and corresponding simulated 13C CP MAS NMR spectra
or samples isolated during the thermolysis process at various Tthermolysis.

s observed going from 140 to 200 ◦C. The relative amount of the
N(H)CH3 groups and bridging –N(CH3)– units extracted from
he simulation of the 13C CP MAS NMR spectra are detailed in
able 1.

Based on data reported in Table 1, it is therefore reasonable to
ostulate that the shift of the polymer softening and the decrease
f the plastic deformation magnitude with increasing Tthermolysis
re attributed to the polymerization progress, i.e., a decrease of
he relative amount of unreacted –N(H)CH3 groups. Keeping
n mind that molecular weights are unchanged going from one
olymer to the other (see experimental section and Ref. [12]),
e suggest that thermolysis occurs via intramolecular condensa-

ion decreasing the free volume in the polymer network, thereby
educing the softening capability of polymers.

Besides, it is interesting to observe in Fig. 2 that the TMA
urves for polymers prepared at 160 ◦C ≤ Tthermolysis ≤ 180 ◦C
70 30 70
80 31 69
90 32 68
00 32 68
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As expected, an increase of Tthermolysis causing intramolec-
ular cross-linking involved an increase of the ceramic yield of
the corresponding polymer. Different thermal behaviours of the

Table 2
Ceramic yields of polymers prepared at different Tthermolysis

Tthermolysis (◦C) Ceramic yield (%)

140 47.9
150 50.8
160 52.5
ig. 5. TMA curves for a poly[B-(methylamino)borazine] (Tthermolysis = 180 ◦C)
sing different loads.

thermolysis = 180 ◦C using different values of load in the range
.01–0.5 N.

It is clearly observed that polymer swelling is reduced when
he load used during TMA experiments is increased from 0.01
o 0.5 N.

In addition, increasing the load from 0.01 to 0.1 N, and then
.5 N allows the polymer softening to be identified. Lastly, it is
bserved that the temperature at which softening is achieved, i.e.,
imensional change is maximum, increases. All these observa-
ions reflect the strong dependence of the polymer softening with
he value of the load used during TMA experiments. Spinning
xperiments reflect such findings.

Melt-spinning of poly[B-(methylamino)borazine] is gener-
lly carried out under load >30 daN for a polymer surface
f 1 cm2. Using such conditions, a polymer prepared at
thermolysis = 180 ◦C is extruded into a softened filament in

narrow range of Tspinning between 170 and 172 ◦C. In
omparison, the temperatures at which the softening of
his polymer is maximum (Fig. 5) are ∼140 ◦C (0.1 N)
nd ∼155 ◦C (0.5 N). Therefore, a very specific softening
emperature must be exceeded by ∼15 ◦C for spinning poly[B-
methylamino)borazine] compared with TMA results obtained
sing a load of 0.5 N. In accordance with the narrow temper-
ture range over which spinning occurs, this effect has to be
onsidered.

Fig. 6 reports the spinning temperature (Tspinning) of polymers
s a function of the temperature, i.e., Tthermolysis, at which they
re prepared.

In good agreement with the shift of the polymer soft-
ning to higher temperatures with increasing Tthermolysis
see Fig. 2), Tspinning is seen to increase with increasing
thermolysis. In addition, as found during TMA experiments,

here are three distinct sets of melt-spinning behaviours. Poly-
ers synthesized at 140 and 150 ◦C were easily extruded
t 115 and 138 ◦C, respectively. Several meters of fibers
ould be produced, but the derived softened filament emerg-
ng from the capillary exhibited a low viscosity which
aused capillary instability. Therefore, such polymers are

1
1
1
2

Fig. 6. Variation of Tspinning as a function of Tthermolysis.

ot appropriate candidates to produce high quality green
bers.

Poly[B-(methylamino)borazines] prepared below 190 ◦C
ere readily spinnable, since fine-diameter fibers (17.5 ≤ d

�m) ≤ 21) could be produced by stretching the emerging
oftened filament without spinning instability. In contrast, the
pinning of the poly[B-(methylamino)borazine] obtained at
00 ◦C was not successful, since the derived filament which
merged from the capillary with difficulty was highly viscous.
tretching was not possible. Such results can be linked to rhe-
logical experiments which have been achieved for the same
olymeric systems.13

.2. Polymer-to-ceramic conversion

Thermogravimetric analysis of the poly[B-(methylamino)
orazines] prepared between 140 and 200 ◦C has been car-
ied out under ammonia atmosphere up to 1000 ◦C (60 ◦C/h).
he ceramic yields of each polymer, which were deduced from

he overall weight losses recorded at 1000 ◦C, are reported in
able 2. It should be mentioned that 95% of the weight loss
ccurs in the temperature range RT-1000 ◦C as described in ref.
11] and [14].
70 53.1
80 54.5
90 57.3
00 58.2
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Macromolecules, 2007, 40, 1028–1034.
Fig. 7. Fibers derived from polymers prepared at 140–150 ◦C.

erived green fibers were therefore observed during their con-
ersion into ceramic fibers. It should be mentioned that fibers
re maintained around a spool during heat-treatment to prevent
he shrinking effects which are caused by the weight loss of
olymers and the density increase of fibers.

Green fibers derived from polymers prepared below 160 ◦C
roke during the first step of the conversion (25–1000 ◦C) under
mmonia atmosphere (Fig. 7).

This is caused by the very high overall weight loss, i.e., low
eramic yield, of the corresponding polymers which occurred
t 1000 ◦C (see Table 2). In contrast, it was observed that a
hermolysis above 160 ◦C was required to increase the degree
f cross-linking of poly[B-(methylamino)borazine] up to a cer-
ain level, thus enhance ceramic yields, and therefore preserve
he integrity of fibers during the whole ceramic transforma-
ion process (25–1800 ◦C). Reproducible tensile strength around
.4 GPa were obtained for the boron nitride fibers derived from
hese polymers.7

. Conclusion

The thermo-mechanical behaviour of a series of poly[B-
methylamino)borazine] has been studied in the present paper.
hermo-mechanical properties of such polymers can be tai-

ored by adjusting the temperature at which they are prepared in

rder to achieve melt-spinning and produce fine-diameter green
bers. The ceramic transformation of these green fibers into
oron nitride fibers was studied by TGA experiments in ammo-
ia atmosphere up to 1000 ◦C. The quality of the boron nitride

1

Ceramic Society 29 (2009) 851–855 855

bers depends on the control of the weight loss which occurs
n the temperature range 25–1000 ◦C. Fibers derived from poly-

ers prepared below 160 ◦C broke during heat-treatment due to
he important shrinking effects which occurs below 1000 ◦C. In
ontrast, polymers prepared between 170 and 190 ◦C are ideal
andidates as BN fiber precursors.
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