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Abstract

Fibered Si—C-N-O-based ceramics from a poly-
carbosilazane precursor (copolymer) are studied,
then compared to other ceramic materials previ-
ously prepared and described in other papers. The
emphasis is upon the structural and textural
features as observed by high-resolution transmission
electron microscopy and their evolution with an in-
creasing heat-treatment temperature up to 1600°C.
Both argon or nitrogen atmospheres were used.
Specifically, the peculiar behavior of the material
during the amorphous to crystalline transition
until degradation is revealed. The consequences on
the nucleation and the growth of the SiC grains,
and the electrical and mechanical properties are
discussed.

Faserverstdirkte Si—-C-N—-O-Keramiken, hergestellt
aus einem neuen Polykarbosilizanvorliufer ( Copoly-
mer ) wurden untersucht und mit anderen Keramiken
verglichen. Der Schwerpunkt liegt auf der Unter-
suchung der Struktur und Textur mittels hochauf-
losender Transmissionselektronenmikroskopie und
ihrer Entwicklung mit zunehmender Wdrmebehand-
lungstemperatur bis zu 1600°C in einer Argon- oder
Stickstoffatmosphdre. Speziell das eigentiimliche
Verhalten des Materials wihrend des Ubergangs
vom amorphen in den kristallinen Zustand bis
zur Degradation konnte aufgekidrt werden. Die
Auswirkungen auf die Keimbildung und das Wachs-
tum der SiC-Korner und die elektrischen und me-
chanischen Eigenschaften werden diskutiert.
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On étudie des céramiques de géométrie filamentaire
appartenant au systéeme Si-C-N-O et élaborées a
partir d'un précurseur copolymere de type poly-
carbosilazane. L'accent est mis sur les caractéris-
tiques structurales et texturales révélées par micro-
scopie électronique par transmission a haute résolu-
tion, et sur leur évolution au cours d'un traitement
thermique croissant jusqu'a; 1600°C. En particulier,
le comportement du matériau durant la transition
amorphe—cristal jusqu'a dégradation s'avére trés
spécifique, et ses comséquences sur la nucléation
puis la croissance des cristaux de SiC, ainsi que
sur les propriétés électriques et mécaniques sont
discutées

1 Introduction

The limitation of the thermal stability of the poly-
mer-derived Si—C-O-based ceramic fibers, either
commercial (Nicalon NL-200 type) or laboratory
made, has resulted in the need to look for new
developments. Searching for new oxygen-free
reticulation routes has been among the possible
routes for research. Another main direction has
been to look for new polymeric precursors includ-
ing chemical elements hopefully able to allow the
oxygen curing step to be avoided, or able to im-
prove the thermal stability at least. In this regard,
nitrogen-containing polymers have been tried.'”
Unfortunately, incorporating nitrogen does not
succeed in preventing the fibers from melting,
after spinning during the ceramization step.
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Therefore, a curing step is still necessary. More-
over, nitrogen in ceramics from the Si-C-N
system has been found to play a similar role to
oxygen. Specifically, nitrogen is present in a
SiC,N, intergranular phase (together with a poly-
aromatic carbon network) between SiC crystal.!
When the SiC,N, phase thermally degrades, it is
also able to induce a chemical degradation of the
carbon phase. However, in spite of their similar
behavior, Si—-C-N-based ceramics appear thermally
more stable than Si-C—O-based ceramics.!® There-
fore, it was important to check how stable the
Si—-C-N-O-based fibers derived from a polycarbo-
silazane precursor were, compared to Si—-C-O-
based fibers, and, more generally, to understand
their thermal behavior and to determine their way
of thermal degradation.

This paper reports part of a wider study in
which many physical and chemical aspects have
been investigated by several laboratories. The
authors own work is focused on the structural,
micro- and nanotextural features of the ceramics,
as obtained from high-resolution transmission
electron microscopy (HRTEM),!®'? and their rela-
tionships with some subsequent physical properties.

2 Experimental

2.1 Samples

Samples were prepared from a polycarbosilazane
(PCSZ) copolymer route described elsewhere.?
Briefly, the PCSZ precursor was prepared by the
Laboratoire de Chimie Organique et Organomé-
tallique (Bordeaux, France) from the condensa-
tion of various proportions of dichlorosilane and
dimethyldichlorosilazane (in toluene, with sodium)
to give a polysilasilazane (PSSZ) with various x
values (Fig. 1). Thermolysis (350-500°C) of the
PSSZ allows CH, groups to insert between two
Si atoms, changing it into a polycarbosilazane
(PCSZ). The fibers studied here were prepared
from the PSSZ precursor with x = 0-5 following a
melt spinning route. The as-spun fibers were cured
by using a mixture of gaseous nitrogen and oxy-
gen at a temperature below 200°C."* The materials
were then heat treated up to 850°C under argon
(300°C/h). At this temperature the weight loss
has become negligible and the ceramization of
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Fig. 1. Molecular structure of the polymeric precursor
(PSSZ) from this study.

the material is achieved. The chemical changes
occurring during the ceramization stage have been
studied elsewhere.’> At 1000°C, the chemical com-
position of the ceramized fiber is SiCygNy4Oq-
The thermal stability of the fibers was then inves-
tigated through further heat treatments under
pure nitrogen or argon flow at various tempera-
tures 7, up to 1600°C at 3600°C/h. (15 min,
isothermal).

2.2 Analytical procedures
TGA analysis (SETARAM TAG 24) were per-
formed at 600°C/h on the starting material (i.e.
the 850°C ceramized fiber) in a graphite crucible
under purified argon flow.

Elemental analysis was performed with an
electron probe microanalysis (EPMA, with a
CAMEBAX 75) on a polished metallographic
cross-section. The hydrogen contents were not
able to be estimated by this technique.

The electrical conductivity o was measured
from room temperature up to 6 = 600°C under
helium atmosphere. The measurements were per-
formed on 10 monofilament tow sets on alumina
plates. The electrical contacts were secured with a
silver lake. Because of the semiconductor behavior
of the materials, electrical properties were mainly
followed through the variation of the apparent
activation energy E, with T, (calculated from the
slope of the log,, o = F(1/0) graphs). The ¢ values
given in Table 1 are taken at 6 = 230°C rather
than at room temperature to avoid any possible
machine effect. Because only the shape factor of
fibers was able to be known, only the conductivity
values of fibers can be compared in Table 1.

Before HRTEM examination (Philips EM 400,
120 kV) samples were embedded in epoxy resin
then sliced with a diamond knife (cross-sections)
using a LKB microtom. Convenient thicknesses of
samples thus prepared were around 50 nm. The
sample foils were gathered on a copper grid
coated with either a holey or continuous thin film
(<10 nm) of amorphous carbon. The principles of
the HRTEM investigations have been previously
described.'"!* Briefly, in addition to the bright
field (BF), electron diffraction (SAD) and lattice
fringe (LF) modes, which were used following
common procedures, a specific dark field (DF)
procedure was performed. By displacing radially
or azimuthally the diffraction pattern relative to
the objective aperture, successive dark field images
may be obtained, providing information on the
relative location and orientations of the various
phases of which the material is made. To sum-
marize, position 1 (DF1) will specifically image
a carbon phase (if any) made of polyaromatic
layer stacks seen edge-on, and position 2 (DF2)
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Table 1. Electrical conductivity o (measured at 6 = 500K) and apparent activation energy E, versus increasing 7T, (argon
atmosphere) for Si-C-0'*?" and Si-C-N-O fibers

T, (°C)
850 1000 1200 1250 1400 1450
Si—-C-N-O
o (Q.cm)’! — 10°% 106 — 1023 1073
E, (eV) 1-100 0-770 — 0-055 0-040
Si-C-0
o (Q.cm)’ 3x10° — 63 X 107 1 15 —
E, (eV) 0-660 — 0-330 0-050 0-010 —

will image SiC crystals (if any) oriented so as to
provide a 111 or 200 reflection (for the cubic
structure).

3 Physicochemical

The weight loss (Ar atmosphere) for the ceramized
fibers is reported in Fig. 2, as compared with
ceramized Si-C-O- (fibers) or Si-C-N- (bulk)
based ceramic materials. The weight loss is very
low up to about 1450°C, then it reaches 50% be-
yond 1500°C. This behavior is sustained by the
chemical composition (Table 2) which remains un-
changed up to 1450°C for heat treatment under
argon. However, the elemental analysis data are
obtained from EPMA measurements, carried out
on the center part of the fibers. In fact, SEM and
TEM images (see later) show that a skin/core
effect occurs between 1200 and 1450°C and pro-
ceeds with the increasing temperature. At 1600°C
under argon, the fibers have lost almost all their
oxygen and nitrogen content, and the overall com-
position tends towards the SiC stoichiometry.

In contrast, at 1600°C under nitrogen, the nitro-
gen content is maintained in the material, and the
oxygen loss is less (Table 2). This goes with a
lower weight loss.!” The fact that only the N con-
tent increases consecutively to the oxygen loss
suggests a concomitant release of SiO and CO.

Considering on the one hand the thermal stabil-
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Fig. 2. Weight losses recorded from TGA for the Si-C-N-O
system (fibers) compared to the Si-C-O (fiber) or Si-C-N
(bulk) systems.

Table 2. Elemental analysis (from EPMA) for the Si-C-N-O

fibers with the increasing heat-treatment temperature 7T,,. At

1400 and 1450°C, and 1450°C, due to the occurrence of

a sheath at the outer part of the fibers, the analysis was
performed on the core only

Atmosphere T, Si C o N
(°C) (at.%) (at%) (ar.%) (at.}s)

Ar or N, 1000 36 29 21 14
1200 36 28 22 14
1400 36 28 22 14
1450

Ar 1600 49 50 0-5 0-5

N, 1600 36 31 7 26

ity of crystallized Si;N,, and on the other hand the
initial N/Si atomic ratio of the bulk which is by
far very low relative to the N/Si atomic ratio for
Si;N, (0-38 compared to 1-33), the data in Table 2
already indicate that the occurrence of Si;N, crys-
tals has probably not been possible in the fibers

a b

Fig. 3. Selected area diffraction (SAD) patterns (a) from the

Si-C-N-O fiber for T, = 1200 (bulk), 1400 and 1450°C

(core); (b) from an amorphous Si-C-N phase derived from

a polyvinylsilazane;'? (¢) from an amorphous Si-C phase
derived from a polycarbosilane."
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Fig. 4. Bright field image of a cross-section of the outer part of the fiber. T, = 1400°C. The fiber skin is on left. The elongated
morphology in the fiber core is a microtomy artifact.

(at least under argon heat treatment). Likewise,
the low initial C/Si atomic ratio (0-8) leads to the
supposition that the free carbon phase is not, or
will not be, well developed compared to other
systems.

Comparing the weight loss of the Si-C-N-O
system with Si—-C-N and Si-C-O systems (Fig. 2)
indicates on the one hand that nitrogen-containing
systems are more stable than nitrogen-free systems,
and on the other hand that oxygen-free systems
lose less weight than oxygen-containing systems.

3.1 Structural and textural (HRTEM)

3.1.1 Heat treatment under argon

Up to T, = 1200°C at least, the fiber exhibits a
nanometric porosity as in other polymer-based ce-
ramic materials.’®!>!%7 The material is amor-
phous (Fig. 3(a)) and closer to a Si—C-type phase
(Fig. 3(c)), i.e. characterized by a diffuse plateau
or a halo ending at about 3-9-4 nm™' (in addition
to a faint halo at 6:87 nm™), than to a Si-C-N-
type phase (Fig. 3(b)) characterized by a diffuse
plateau ending at 5 nm™'.

At T, = 1400°C, a core/skin effect occurs, as
revealed by an obvious microtextural discrepancy
(Fig. 4). The sheath, the thickness of which is
about 02 um, now exhibits a pore size much
larger than that of the inner part. This textural
modification undoubtedly reveals the beginning of
the chemical modification involving the degrada-
tion of the SiC,N,O, continuum of which the
material is mainly made, referring to previous
work on other polymer-based ceramic materi-
als.’*?! The degradation subsequently induces the
high weight loss observed through TGA measure-
ments (Fig. 2).

Surprisingly, the textural difference does not
go with structural changes, and the overall SAD
patterns of the core or the skin as well remain
similar to that of Fig. 3(a). However, a carbon
phase has occurred, the quantity of which is too
low and the structural organization of which is

too poor to be detectable on the SAD patterns.
The occurrence of small polyaromatic stacks of
carbon clusters either in the core or in the skin is
attested to by a focus series in the DF1 image
mode, as already performed for other polymer-

Fig. 5. Lattice fringe image of the sheath of the fiber. Arrows
indicate some altered BSUs. Note the overall nanoporous
texture.
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Fig. 6. SEM image of a fiber for T, = 1450°C. The thickness
of the skin has increased, and the skin easily desolidarizes
from the core.

based ceramic materials.!* Nevertheless, the nano-
texture of carbon in the outer part is somewhat
different from the inner part. In the latter, carbon
is present as BSUs (basic structural units, i.e.
small stacks (almost isometric ~1 nm) of 2-3 poly-
aromatic layers piled up face-to-face), which are
the common primary form of carbon in polymer-
based ceramic materials.!""!>'® In the former,
carbon seems to be altered into a porous and
channeled nanotexture (Fig. 5), as encountered
in some carbon fibers activated through a ‘soft’
oxidation procedure.?

At T, = 1450°C, the skin/core effect has pro-
ceeded quickly, so as to be revealed by mere SEM
examinations (Fig. 6). The core of the fiber is
structurally and texturally identical to the core of
the 1400°C heat-treated fiber, i.e. mainly amor-
phous but containing BSUs. The thickness of the
sheath may vary from at least 0-3 to 3 um from
one fiber to another or along the same fiber as
well. Such a wide range of thickness values reveals
a fast kinetic rate and may possibly be explained
by the location of the fibers relative to each other
within the oven and/or an interaction effect be-
tween neighboring fibers, inducing local differ-
ences in gas partial pressures, heat transfers, etc.
Contrarily to the 1400°C heat-treated fiber, SiC
crystals are now numerous (Fig. 7(a) and (b)), but

FRAGMENTS OF
THE FIBER CORE

Fig. 7. Images of the fiber skin (cross section) for T, =
1450°C. (a) Bright field image. (b) Position 2 dark field image
(DF2).

in the outer part (skin) only. When the skin is
thick (3 um for instance), it clearly appears that
the crystal sizes are distributed following a de-
creasing gradient from the fiber surface to the
skin/core interface (Fig. 7(b)). The gradient of
crystal sizes induces changes in the SAD patterns.
Diffraction rings from a zone close to the fiber
surface are sharper and dotted (Fig. 8(a)) while
diffraction rings from a zone close to the skin/core
interface are broader and continuous (Fig. 8(b)).
Both (Fig. 8(a) and (b)) indicate a SiC phase from
the B structure. However, some marks of polytyp-
ism occur for the biggest crystals, i.e. close to the
surface (Fig. 8(a), arrow). In the outer part of the
skin, maximal sizes for SiC crystals are 45 nm,
while only 10 nm in the inner part of the skin. In
both cases, the size range is wide.

Since the occurrence of the skin reveals the be-
ginning of chemical changes in the fiber, the thick-
ness of the skin and the mean crystal size increase
as the chemical changes proceed. This is a re-
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Fig. 8. SAD patterns from the fiber skin for 7, = 1450°C
(a) close to the surface; the arrow indicates a polytype SiC
crystal; (b} close to the skin/core interface.

minder of similar behavior observed for Si-C-O-
based ceramic fibers.'*'® However, a discrepancy
between Si—C-O fibers and the present Si-C-N-O
fibers lies in the crystal shapes. Although mainly
from the B structure in both samples, the SiC
crystals are always isometric in Si-C-O fibers,
while their in-plane projection often exhibits a tri-
angular shape in Si-C-N-O fibers (Fig. 9(a) or
(c)). It should be noted that free carbon, as altered
BSUs similar to that described in the skin of the
1400°C heat-treated fiber, is no longer dispersed
but—of course—concentrated around the SiC
crystals (Fig. 9(b)). Close to the skin/core inter-
face, because SiC crystals are very small the
microtexture is porous and channelled, as for T, =
1400°C (Fig. 10). On the contrary, intact BSUs
are visible in the non-altered core of the fiber (Fig.
10, arrows).

EELSs measurements bring some information on
the chemical changes occurring from the fiber
periphery (Table 3). The good agreement between

Table 3. Some atomic ratios from EELS measurements for
Si-C-N-O-based fibers heat-treated under nitrogen or argon

Atmosphere T, (°C) Atomic ratio
O/Si N/Si  C/Si
1450 Core 0-6 0-3 07
Argon Skin 0-34 0 2
1 600 Bulk 0 0 1-1
1 400 Core 0-8 0-5, 1-8
Nitrogen Skin 0-5 0-7 1-7
1 600 Bulk 0 0-44 1-5,

Fig. 9. Outer part of the fiber skin (cross section) for T, =

1450°C. (a) Bright field. (b) Position 1 dark field image re-

vealing altered carbon (bright dots) around the SiC crystals.
(c) Position 2 dark field image revealing some SiC crystals.

the atomic ratio values O/Si, N/Si and C/Si ob-
tained from the fiber core by EELS (0-6, 0-3 and
0-7 respectively) and by EPMA (0-61, 0-38 and
0-77 respectively, see Table 2) for T, = 1450°C
validate the reliability of the measurements. As
mentioned in Section 3.1, the chemical composi-
tion has not changed compared to 7, = 1200°C,
indicating that the fiber core is stable. On the
contrary, nitrogen has completely disappeared in
the skin, together with only a part of the oxygen.
Correspondingly, the skin is relatively enriched in
carbon. However the C/Si ratio (and maybe O/Si)
given in Table 3 (C/Si = 2) is possibly overesti-
mated due to a contribution of the embedding
epoxy resin somewhat filling the porosity. Any-
way, the O/Si value indicated for the skin at T, =
1450°C (Table 3) is in fact a mean value, since the
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Fig. 10. Lattice fringe image. Skin/core interface of the fiber for T, = 1450°C. Arrows indicate unaltered BSUs.

real value has been found to decrease continu-
ously from the skin/core interface to the fiber
surface. This effect has to be related with the
increasing size of SiC crystals. Such a direct rela-
tionship between the decrease in oxygen content
and the increase in SiC grain size has already been
found in Si-C-O fibers.'’

For T, = 1600°C, the fiber has become homoge-
neous and the chemical degradation has invaded
the whole fiber (Fig. 11). The overall grain growth
has proceeded (Fig. 12). The modal size (i.e. the
most frequent) is 15-20 nm, with maximal values
around 90 nm. Triangular shapes for crystals are
still present but seldom (Fig. 13), and most of the
crystals have become isometric. Free carbon is
absent or rare. N/Si, O/Si and C/Si atomic ratios
from EELS are given in Table 3. Again, the agree-
ment with EPMA measurements is good, and
both analyses (Tables 2 and 3) indicate that O and
N have been removed and that the overall com-
positions tend toward the stoichiometry of SiC,

Fig. 11. SEM view of a fiber for T, = 1600°C. The skin/core
effect is no longer visible.

through the probable loss of gaseous moieties
such as CO and SiO, among others.

3.1.2 Heat treatment under nitrogen

At T, = 1400°C, features are identical to the fibers
heat-treated under argon, although the skin thickness
is thinner (0-1-0-15 wm). The main discrepancy is
chemical, since EELS measurements confirm the bulk
data obtained from EPMA and indicate that nitrogen
is still present in the skin. The N/Si ratio is even

Fig. 12. Bright field image of part of the fiber (cross-section)
for T, = 1600°C.
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Fig. 13. Position 2 dark field image of part of the fiber
(cross-section) for T, = 1600°C. Crystals are SiC.

higher in the skin than in the core, probably because
of the relative increase due to the oxygen release as
SiO and probably CO as well. However, only the
tendencies have to be considered, since the accor-
dance with EPMA data (Table 2) is rather poor.

M
o
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Fig. 14. Experiments under nitrogen. Outer part of the fiber (cross-section) around the skin/core interface for T, = 1450°C. (a)

For T, = 1450°C, the chemical degradation has
proceeded and the skin thickness has increased to
0-4-0-5 pm (Fig. 14(a)). However, this thickness
remains lower than the thickness of the argon
heat-treated fibers. The main difference is now
structural. Contrarily to the argon experiments,
the SiC crystallization has not yet occurred in the
skin (Fig. 14(b)).

For T, = 1600°C, the fiber has become homo-
geneous since the skin has invaded the whole
volume (Fig. 15). The SiC phase has finally
crystallized (Fig. 16(a)). The modal size of crystals
is 1-2 nm, for a maximal size at 4 nm (Fig. 16(b)).
A reverse grain size gradient is observed, com-
pared to argon experiments, i.e. SiC crystal sizes
slightly decrease from the core to the fiber surface.
The carbon phase is now degraded everywhere.
EELS measurements are reported on Table 3.
They show that nitrogen is just starting to
leave the system, while oxygen is now no longer
present. Another specificity of the 1600°C heat-
treated fibers under nitrogen is the occurrence of
numerous needle-like crystals, the locations and
proportions of which are related to the position
of the fibers relative to furnace geometry (Fig.
17(a) and (b)). TEM images indicate a conical
morphology and a fault-free structure (Fig. 18),
actually different from that of a SiC whisker.
EELS measurements identify them as Si;N,
crystals (atomic N/Si ratio = 1-4), the structure
of which has been determined through DEAS
patterns as «-S;;N, (a can be distinguished
from B by the presence of reflections at 0-432
and 0-259 nm, and the absence of reflection at
0-267 nm). These crystals are electron (or heat)

4 P SR
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Bright field. (b) SAD pattern revealing the amorphous structure.
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Fig. 15. Experiments under nitrogen. Overall view of the
cross-section of the fiber. T, = 1600°C. The skin/core effect is
no longer visible.

sensitive and sublimate as soon as the electron
beam is highly focused on them.

4 Discussion

Briefly, the thermal behavior (inert atmosphere)
of the PCSZ-derived fiber may be summarized as
follows:

Stage 1 (<1400°C): The material is amorphous,
and the overall structure is close to that of
amorphous SiC. A carbon phase occurs as
BSUs. O and N are involved in an amor-
phous SiC,N,O. continuum.

Stage 2 (1400-1600°C): Oxygen and (mainly)
nitrogen escape progressively as gaseous
species, following a chemical reaction which
proceeds from the fiber surface to the fiber
core. In the meantime, the carbon phase is
altered and the SiC crystals nucleate, then
grow up. The material tends to be made of
SiC crystals, altered carbon, and a residual
SiC,N,O. intergranular phase.

Stage 3 (= 1600°C): The material is poly-
crystalline and no longer has any oxygen or
nitrogen content. Its overall chemical compo-
sition tends towards stoichiometric SiC.

Fig. 16. Experiments under nitrogen. T, = 1600°C. (a) SAD
pattern exhibiting the B-SiC features. (b) Position 2 DF
image revealing the small size of SiC crystals.

Thus, the degradation reaction of the chemical
bonds involving O and N controls the thermal
evolution of the material. Since the degradation
reaction produces gaseous species (CO, N, and
probably SiO), 1t is controlled by the partial
pressure of gases. Of course, the degradation reac-
tions will occur more quickly at the fiber surface
where the partial pressures of gases remain low,
than in the fiber core where gas diffusion is con-
trolled by the porosity. Therefore, as for Si-C-O-
based fibers,!*!¢?* the thermochemical degrada-
tion of the material and the subsequent grain
growth will proceed from the outer part to the
inner part of the fiber, inducing a core/skin texture
for a while.

4.1 Comparison with polymer-based ceramics from
ternary systems (Si—~C—-N and Si-C-0)

Adding oxygen (Si—-C-N-O system) clearly delays
the SiC nucleation from 200-300°C relative to a
Si—C-N-based ceramic from the same polymer.'
Relative to a Si-C-O-based ceramic,'® adding
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Fig. 17. Experﬁnents ;ader x;trogerT (a) and (b) SEM views
of fibers for T, = 1600°C.

nitrogen also seems to delay the SiC nucleation,
but less efficiently (from about 100°C only). In all
the systems, the degradation of the amorphous
continuum (810,C,, SiC,N, or SiC,N,0,, depend-
ing on the system) is controlled by the partial
pressures of the gases released. However, the
Si-C-N-O system is the only system for which
the degradation of the continuum starts before
the SiC nucleation. This could explain why
the SiC grain growth also seems to follow a
different mechanism. Indeed, in any Si-C-O or
Si—-C-N ceramic material derived from PCS or
PCSZ until now,'®" (including Nicalon fiber'¢7),
the grain growth is following two paths. The first
path is slow, the grain growth being controlled by
the possibilities of structural rearrangements at
the grain boundaries or within the continuum
surrounding the crystals. The second path is fast
and consecutive to the degradation of the con-

_04um

Fig. 18. Experiments under nitrogen. 7, = 1600°C. Bright
field image of the outer needle-like Si;N, crystals coating
some parts of the fiber.

tinuum. The quick disappearance of both the
intergranular phases (the continuum and the
carbon phase) then allows the SiC grains to
coalesce by impingements. The resulting crystals
have always in-plane projections which exhibit
isometric shapes, suggesting crystalline forms
belonging to a combination of tetrahedral {111},
inverse tetrahedral {111}, cubic {100} and rhom-
boidal dodecahedral {110} types. In contrast, the
mechanism of crystal growth is different in
Si-C-N-O fibers, as suggested by the occurrence
of a gradient of grain size within the skin (not
found in Si-C-O laboratory-made fibers' or
Nicalon fibers'®). Moreover, in-plane projections
of crystals often exhibit triangular shapes (Fig.
9(a) and (c) and Fig. 13), revealing crystalline
forms from the {111} (tetrahedral) type. The
growth mechanism is thus able to respect the
relative expansion rate of the various crystal faces
of the face centered cubic, promoting the ‘slow’
faces (111) to the detriment of the ‘fast’ faces
(100) and (110). Such a feature is specific from a
slow rate growth such as a nucleation-then-growth
mechanism, which is possibly close, due to the
high temperatures (>1400°C), to an Ostwald
mechanism (atom-by-atom growth).

4.2 Influence of a nitrogen atmosphere

The thermal behavior of the fiber is different from
that of argon experiments and may be summa-
rized as follows:

Stage 1 (< 1400°C): Assumed to be identical to
the argon experiment (samples have not been
investigated).

Stage 2 (1400-1600°C): Skin/core effect similar
to the argon experiment. However, only
oxygen escapes (together with Si and C, as
gaseous SiO and CO). The structure is amor-
phous both for the skin and the core. Carbon
is present as BSUs in the core, and is altered
in the skin.

Stage 3 (21600°C): The oxygen loss is achieved
and the nitrogen loss is only starting. In the
meantime, 3-SiC crystals nucleate, then grow
up in the bulk, while a-Si;N, needle-like
crystals occur at the fiber surface.

Thus, using a nitrogen atmosphere prevents the
release of the intrinsic nitrogen from the fiber,
which confirms that gaseous N, is involved as by-
product from the degradation reactions of the
fiber.”” Elemental analysis data also suggest the
release of gaseous SiO (and CO'"). As oxygen is
leaving the system, the inhibition of the Si nucle-
ation is insured by the presence of nitrogen atoms
as a reticulating agent in the residual continuum.
This explains why the SiC nucleation is controlled
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Fig. 19. Apparent activation energy E, for conductivity
versus increasing 7, for the ceramics fProm (¢) Si-C-0O,
(H) Si-C-N and (%) Si—-C-N-O systems.

by the release of gaseous N, from the material,
itself influenced by the presence of a N, atmo-
sphere. Such a control effect is sustained by the
occurrence of a gradient of crystal sizes, which
decreases from the core to the surface for 7, =
1600°C (i.e. the gradient is inverse from the argon
experiments). Indeed, the control effect by the N,
atmosphere necessarily also follows a decreasing
gradient from the outer part to the inner part of
the fiber since it depends on its diffusion through
the porosity. The N/Si atomic ratio is never high
enough (0-48 for the highest) to allow Si;N, crys-
tals to nucleate within the fiber. On the contrary,
the occurrence of Si;N, whiskers at the fiber sur-
face suggests a vapor growth mechanism following

reactions such as:?*2¢

3 8i0,, + 3 CO
or

3 Sigy + 2 Ny = SisNy,

+ 2 Ny = Si3Ny) + 3 COy,

(g)

or

3 810, + 2 Ny, = Si3Nyyy + 3/2 Oy,

4.3 Relationships with electrical and mechanical
properties

Compared to the Si-C-N and Si—C-O systems,
the behavior of which is commented on in related
papers,'®'*!* the main change in conductivity of
the Si—C-N-O fibers (as followed by the apparent
activation energy F,, see Section 2.2.) also occurs
between 1200-1250°C and 1400°C (Fig. 19). As
previously discussed,?’ this corresponds to a semi-
conductor/semi-metallic transition. Again, the
only structural change which could explain this
behavior is the nucleation of the carbon phase,
though only at the BSU state. The fact that BSUs
have not the time to associate into a network be-
fore. the overall degradation of the fiber could
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Fig. 20. (a) Ultimate strength values and (b) elastic modulus

values for both argon or nitrogen heat-treated Si-C-N-O
fibers or argon heat-treated Si-C-O fibers versus increasing 7,,.

explain that the conductivity values are lower than
the values for the Si-C-O fiber (Table 1).

Figure 20(a) indicates that the ultimate tensile
strength values decrease in the 1200-1400°C tem-
perature range for both fibers heat treated under
argon or nitrogen. Obviously, this is due to the
occurrence and development of the porous skin at
the fiber surface, the mechanical properties of
which being very poor. Conversely, Fig. 20(b)
shows that the elastic modulus values are not
affected in the same temperature range, but later.
In fact, testing fibers with such a porous skin
equals testing fibers with smaller diameters. This
affects the ultimate tensile strength value but not
the modulus. The sudden decrease in the modulus
value (Fig. 20(b)) from 7, = 1400-1450°C can be
related to the overall SiC crystallization. This does
not match with the behavior of the Si-C-O-based
fiber from this work?’ or the Nicalon fiber,'® for
which the decrease in modulus is rather related to
the intergranular phase degradation. This can be
explained by the fact that the SiC crystallization
follows the SiO,C N. intergranular phase degrada-
tion in the former, while it occurs prior to the
SiO,C, intergranular phase degradation in the
latter. As far as crystals are linked one to each
other through the intergranular phase, both
moduli are able to be added.'® As soon as they are
dispersed in a surrounding phase being degraded,
they act as heterogeneities prejudicial to the
stiffness of the material.
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5 Conclusion

The study has shown what were the similarities
and the discrepancies between nitrogen-free and
nitrogen-containing ceramics, with regard to their
respective thermal behavior. As for any ceramic
material taken within the Si-C-N-O system,
carbon BSUs nucleate first. The chemical degrada-
tion i1s led by the thermostability of the amor-
phous continuum (intergranular) phase and
controlled by the gas diffusion. Obviously, nitro-
gen—particularly when added to oxygen—is able
to improve the thermostability of this phase and
also to delay the SiC crystal nucleation by hinder-
ing the structural rearrangements. Consequences
are that weight loss is prevented for a while and
that mechanical properties of Si-C-N-O fibers are
maintained longer than for mere Si-C-O fibers.
The basic difference between the Si-C-N-O
system compared to the ternary systems (Si—-C-O,
Si-C-N) is that the SiC crystal nucleation and
the subsequent grain growth are delayed enough
to occur at high temperature, after the beginning
of the thermochemical degradation of the con-
tinuum. This induces a specific mechanism of
grain growth. Using a nitrogen atmosphere
helps to demonstrate that N, is one of the main
gaseous species involved in the degradation
mechanism.
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