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Phase evolution and crystallization in Si–B–C–N ceramics derived from
a polyborosilazane precursor: microstructural characterization
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Abstract

Amorphous Si–B–C–N ceramic powder samples obtained by thermolysis of polyborosilazane{B[C2H4Si(H)NH]3}n were isothermally
annealed at different temperatures (1400–1800◦C) and hold-times (3, 10, 30, 100 h). Scanning electron microscopy (SEM) of annealed powders
as well as polished cross sections of large powder particles from selected samples were carried out to study surface morphology, crystallization
and associated microstructural changes. Microstructural and phase evolution were additionally investigated using high-resolution transmission
electron microscopy (HRTEM) and energy filtering TEM (EFTEM). Higher surface areas of the powders were found to promote vapor-phase
decomposition reactions resulting in SiC whisker growth. In coarser powders the influence of surface is manifested as a skin-core effect,
where the ‘skin’ has undergone a higher degree of decomposition accompanied by an increased SiC crystal growth, compared to the ‘core.’
Crystallization of SiC occurs already at 1400◦C, although Si3N4 crystallization occurs only at 1700◦C, after more than 3 h of annealing.
© 2004 Elsevier Ltd. All rights reserved.

Keywords:Precursors-organic; Nanocomposites; Whiskers; Electron microscopy; Si–B–C–N

1. Introduction

Quaternary Si–B–C–N ceramics synthesized by thermol-
ysis of suitable organometallic precursors frequently possess
an enhanced thermo-chemical stability at temperatures ex-
ceeding 2000◦C.1–11 It is supposed that due to the forma-
tion of a turbostratic B–C–N phase12–14 thermodynamically
expected decomposition reactions15 are kinetically retarded.
Recent publications by Müller et al.7,16 have reported in
detail on the influence of the chemical composition of this
phase, i.e., the Si:B:N ratio, on the crystallization and de-
composition of Si–B–C–N ceramics derived from different
boron-modified polysilazanes.

In a previous paper, we reported the overall phase evo-
lution and crystallization in amorphous Si–B–C–N ceramic
powder samples obtained from thermolysis of polyborosila-
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zane{B[C2H4Si(H)NH]3}n, subjected to high-temperature
annealing.17 Apart from the annealing temperature and
isothermal hold-time, the strong influence of the surface
area of the powders on the crystallization and decomposition
reactions was reported. Here, we present the microstruc-
tural characterization of the same materials, in an attempt to
understand the local compositional and structural changes
associated with the above reactions.

2. Experimental procedure

2.1. Materials

Thermolysis of {B[C2H4Si(H)NH]3}n (referred to as
MW33) in alumina Schlenk tubes in a flowing Ar atmo-
sphere at a heating rate of 1◦C/min to the final temperature
of 1400◦C yielded an amorphous ceramic residue.6 This
was further crushed and sieved into four powder size frac-
tions: >315, 80–315, 32–80, and<32�m; code named as
MW33VC, MW33IC, MW33C, and MW33F, respectively.
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The powders were isothermally annealed at various temper-
atures from 1400–1800◦C in steps of 100◦C in a nitrogen
atmosphere (1030 mbar) using carbon crucibles in a graphite
furnace (heating rate: 10◦C/min up to 1400◦C, thereafter
at 2◦C/min up to the final hold temperature). Hold-times
were 3, 10, and 30 h.

2.2. Scanning electron microscopy (SEM)

SEM investigations were carried out on as annealed pow-
ders as well as on polished cross sections of large powder
particles from selected samples. As annealed powders were
examined using a digital scanning microscope model ZEISS
DSM 982 Gemini. EDX analyses were performed using an
EDX system model Link-ISIS 300, Oxford Instruments with
an ultra-thin window and a high-resolution Germanium de-
tector. Powders were dispersed on double side adhesive car-
bon tapes. A JEOL JSM 6300F was employed for observing
polished cross sections of large powder particles. Samples
were prepared using standard metallographic techniques.

2.3. Transmission electron microscopy (TEM)

Samples annealed at lower temperatures were studied by
high-resolution (HR) TEM using an analytical electron mi-
croscope (AEM) model JEOL JSM 4000 EX. Electron spec-
troscopic imaging (ESI) using an energy filtering technique
(EFTEM) was used to characterize the phase evolution, el-
emental distribution and overall microstructure of samples
annealed at higher temperatures using an energy filtering
TEM model ZEISS 912�. Elemental distribution maps for
silicon, carbon, nitrogen, and boron were obtained using the
“three window technique.”18 TEM samples were prepared
by fixing annealed powder particles (∼1–2 mm) inside a cop-
per ring by gluing, followed by grinding, dimpling and ion
milling. Fragile particles were glued into a slit contained in
3 mm diameter alumina cross-section holders, from which
thin discs were obtained by mechanical sectioning. These
discs were then further prepared using the standard proce-
dure.

3. Results and discussion

3.1. Scanning electron microscopy investigations of
annealed powders

3.1.1. General observations on whisker growth
Optical microscopy and SEM observations showed con-

trasting features between VC, IC, C and F powders annealed
at different temperatures. VC powders, which have the high-
est particle size among the investigated samples, showed
no surface features at any temperature. An SEM image of
MW33VC annealed at 1800◦C/10 h is shown inFig. 1. In
other powders, annealing at 1600◦C and above resulted in
a change in the color of the annealed powder mass from

Fig. 1. SEM image of MW33VC sample annealed at 1800◦C/10 h/
1030 mbar N2. Surface of as annealed powder is devoid of whisker growth.

black to dull gray/dull green. At 1700◦C, the top layer of
the IC and C powder changed to light green/light yellow.
Under optical microscope, a dense network of whiskers was
observed in these regions. At still higher temperatures the
color changed back to dull gray and black, signifying a re-
duction in the amount of whiskers. The extent of whisker
growth and the temperature for maximum growth varied
with the particle size of the annealed powders. Very coarse
powders showed no whisker growth at any temperature. In
intermediate coarse (IC) powders nucleation of whiskers
started at 1600◦C. Growth was highest at 1700◦C and de-
creased at 1800◦C. In coarse (C) powders whisker growth
started as early as 1600◦C for 3 h annealing and was high-
est in the temperature range of 1600–1700◦C. At longer
annealing times at 1700 and 1800◦C, growth decreased.
In our earlier report,17 we have shown by thermogravime-
try (TG) and XRD analyses that the onset of decomposi-
tion and crystallization processes begin at lower annealing
temperatures and proceed rapidly to completion, in powders
of progressively decreasing particle size (increasing surface
area). Observation of a higher amount of whisker growth
in finer powders indicates that in this regard decomposi-
tion of silicon nitride plays an important role. Intermedi-
ate coarse (IC) powder samples, which have a particle size
between those of VC and C powders were chosen for de-
tailed investigations. SEM images of MW33IC powders an-
nealed at 1700 and 1800◦C/10 h are given inFigs. 2(a–d)
and 3(a–d), respectively. While the whiskers have nucle-
ated and grown on the surface of large powder particles,
the surface of the particles themselves is smooth and de-
void of any surface crystallization. ComparingFigs. 2(a)
and 3(a), it is clear that the amount of whiskers is less in
the 1800◦C sample than in the 1700◦C sample. EDX anal-
yses of whiskers at different locations clearly show peaks
at 1.75 and 0.25 keV corresponding to silicon and carbon,
respectively, indicating that the whiskers are silicon carbide
(Figs. 2(e) and 3(e)).
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Fig. 2. SEM images of whisker growth on the surface of MW33IC powder sample annealed at 1700◦C/10 h/1030 mbar N2. EDX analysis confirms that
whiskers are SiC.
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Fig. 3. SEM images of whisker growth on the surface of MW33IC powder sample annealed at 1800◦C/10 h/1030 mbar N2. Note that the amount of
whiskers is less as compared to the 1700◦C/10 h/1030 mbar N2 annealed powders.
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3.1.2. Whisker morphology
SEM images at higher magnifications reveal the morphol-

ogy of the whiskers. Whiskers from the 1700◦C sample have
a hexagonal cross section although a considerable amount

Fig. 4. SEM micrographs from MW33VC sample annealed at 1800◦C/10 h/1030 mbar N2—polished cross-section showing the layered microstructure. A
comparison of EDX analysis indicates the progressive increase in carbon content from core to surface.

of whiskers show rectangular and rounded cross-sections.
Also, the majority of whiskers show axial discontinuities
and stepped growth. Some whiskers have a knotted struc-
ture with side branching. Whiskers in the 1800◦C sample
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are mostly of hexagonal cross section, with hexagonal
platelets stacked in the growth direction. In some whiskers
regularly stacked platelets are interrupted by regions of
rounded/irregular cross section where side branching occurs.

3.1.3. Growth mechanism and structure
Generally SiC whiskers are known to grow from a gas

phase. Present observations (Section 3.1.1) indicate that SiC
whisker growth occurs concomitant with the decomposi-
tion reactions. Although the carbothermal reduction reaction
Si3N4+3C = 3SiC+2N2 can result in the formation of sili-
con carbide (which in fact does occur as will be discussed in
Section 3.2), growth in the form of whiskers requires mass
transportation through a liquid or a gas phase. SEM im-
ages of the whiskers could not detect any liquid phase at the
tip of whiskers catalyzing the growth by vapor–liquid–solid
(VLS) mechanism. However, qualitative EDX investigations
of whiskers from the 1700◦C/10 h sample pointed to a small
quantity of oxygen, apart from silicon and carbon (Fig. 2(e)).
Considering the fact that powders of higher surface area
show maximum whisker growth, the role of adsorbed oxy-
gen on the surface of the powders becomes important. Such
low quantities of oxygen in an otherwise inert atmosphere as
in the present case, leads to active oxidation of Si–B–C–N
material (either in amorphous or crystalline state). The re-
sultant silicon monoxide and carbon monoxide then feed
the homogeneous (gas–gas) or heterogeneous (gas–solid)
reactions.19

SiO(g) + CO(g) = SiC(s) + O2(g) (1)

SiO(g) + 2C(s) = SiC(s) + CO(g) (2)

Growth is initiated at a screw dislocation, where atoms
are added at the dislocation step, and is promoted along
the dislocation axis, which is generally [0 0 0 1] for �-SiC
whiskers and [1 1 1] for�-SiC whiskers. For whiskers
with hexagonal cross-section, it is presumed that these
are of �-type although�-SiC whiskers, having differ-
ent cross-sections, are present. Indeed, XRD investi-
gations indicate crystallization of�-SiC at and above
1700◦C.17

3.2. SEM investigations of polished cross sections of
annealed MW33VC powders

3.2.1. General comments
The preceding discussion and also our earlier studies17

indicate that surfaces provide active reaction sites for de-
composition and crystallization reactions. Although this
is not obvious from the SEM images of as annealed VC
powder surfaces, it is expected that the increased ex-
tent of such reactions at surface and near-surface regions
rather than in the powder core, should be reflected in the
microstructure of the respective regions. To verify this,
cross sections of annealed powders MW33VC powders

of size ranging from 1 to 2 mm were examined under
SEM.

3.2.2. Skin-core effect
Cross section of the 1800◦C/10 h sample shows a layered

structure at the surfaces and cracks covering the entire par-
ticle. SEM micrograph of the layered structure at a crack tip
is given inFig. 4(a). The outermost dark layer is followed
by two porous layers and finally the core structure. Micro-
graphs of the interfaces between the single layers and finally
with the core are given inFig. 4(b–d), respectively. They
show a progressively increased degradation of the material
from the core to the surface. Similar layered structure sug-
gesting enhanced degradation at the surface regions were
also observed in samples annealed at 1700◦C/10 h, although
with lower layer thickness and resolution. A comparison of
EDX analysis of the layers (Fig. 4(e)) suggests a progressive
increase in carbon towards the surface. The dark layer (X1)
finally shows only the carbon peak. Such a skin-core effect
has been previously reported for Si–C–O and Si–C–N–O
fibers,20–22 where carbon enrichment accompanied by de-
pletion of silicon, nitrogen and oxygen has been observed.

Fig. 5. SAD pattern (a) and high-resolution TEM image (b) of MW33VC
sample annealed at 1400◦C/10 h/1030 mbar N2.14
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In such oxygen-cured systems, thermal degradation of the
material involves removal of silicon and carbon in the form
of SiO and CO, respectively. As the ceramics investigated
here are oxygen-free, decomposition reactions involving
SiO and CO should have taken place only with the aid of
adsorbed oxygen on powder surfaces, as discussed above
(compare discussion on whisker growth). While extent of
decomposition arising from the active oxidation is lim-
ited by the amount of adsorbed oxygen, the carbothermal
reduction reaction (Si3N4(s) + 3C(s) = 3SiC(s) + 2N2(g))
due to the presence of “free” carbon is still favoured at
the surface and near surface regions,15 where the gaseous
by-product nitrogen can be easily removed to carry the reac-
tion forward. The decomposition-assisted crystallization is
evidenced from the formation of large SiC grains observed
in the layer lying just below the carbon layer, resulting
from the above reaction. The number and size of SiC grains
decrease proceeding towards the powder core. In the core
of the powder, this reaction is kinetically hindered, due to
the longer diffusion distance for nitrogen. Longer diffusion
pathways are directly connected with an increasing nitrogen
partial pressure, which shifts the onset of Si3N4 decomposi-
tion to higher temperatures.15 These observations are further
confirmed by TEM investigations as will be discussed in
Section 3.3.2.

Fig. 6. SAD pattern (a), conventional bright field, (b) and high-resolution TEM images (c and d) of MW33VC sample annealed at 1500◦C/10 h/1030 mbar
N2.

3.3. Transmission electron microscopy

3.3.1. Conventional and high-resolution TEM
Two samples of MW33VC annealed for 10 h at

1400◦C14 and 1500◦C were studied under conventional and
high-resolution TEM. The results are presented inFigs. 5
and 6, respectively. In the bright field images (BF), here
only the 1500◦C sample is shown inFig. 6(b), crystallites
of SiC appearing as dark spots in a predominantly amor-
phous matrix with sizes ranging from 2 to 10 nm could be
observed. The population of finer crystallites was higher
in 1400◦C/10 h sample (not shown). The corresponding
diffraction ring patterns are given inFigs. 5(a) and 6(a),
respectively. The inner most diffused ring corresponds to
the B–C–N layers having a turbostratic structure. The next
bright ring is comprised of reflections from (1 1 1)�-SiC,
(1 0 2)�-SiC, and (1 0 3)�-SiC. Bright spots appear along this
ring at a 1/d value corresponding to the (1 1 1)�-SiC reflec-
tion (3.97 nm−1; d = 2.516 Å), indicating the presence of
�-SiC crystallites. This is further confirmed by the obser-
vation of two characteristic rings at 6.49 and 7.61 nm−1

(d = 1.540 and 1.314 Å, respectively) corresponding to the
(2 2 0)�-SiC and (3 1 1)�-SiC reflections. Also a faint ring at
4.59 nm−1 is observed which corresponds to the (2 0 0)�-SiC
reflection. Presence of�-Si3N4 crystallites in the sample
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Fig. 7. Conventional and energy filtering TEM analysis of MW33VC powder sample annealed at 1700◦C/3 h/1030 mbar N2. BF images in (b) show the
difference in the extent of crystallization between core and surface regions (inset). Elemental maps (d–g) show the associated chemical segregation in
regions near the surface.
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Fig. 8. Bright field image and elemental maps of the core region of MW33VC powder sample annealed at 1800◦C/10 h/1030 mbar N2. SiC and Si3N4

crystals are equally distributed in a B–C–N matrix phase.
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Fig. 9. Bright field image and elemental maps of the near surface region of MW33VC powder sample annealed at 1800◦C/10 h/1030 mbar N2. BF image
obtained at lower magnification (4000×) shows the layered microstructure. Elemental maps obtained at a higher magnification (10 000×) from the area
enclosed in the box in BF image show the chemical concentration gradients from surface to the core.
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can be excluded due to the absence of (dotted) diffraction
rings at 3.03 nm−1 (3.293 Å) and 2.63 nm−1 (3.80 Å) corre-
sponding to the(2 0 0)�-Si3N4 and(1 1 0)�-Si3N4 reflections.
Fig. 6(c and d)are the high-resolution images of two SiC
crystallites obtained at a magnification of 400K×. Mea-
surement of the ‘d’ spacing between them indicates that
they are (1 1 1)�-SiC planes with an interplanar distance of
2.516 Å. The images also show the turbostratic B–C–N
layers12,13 with an interplanar spacing of∼3.64 Å. No pre-
ferred orientation of SiC planes with respect to the B–C–N
layers could be observed from the images.

3.3.2. Energy filtering TEM
XRD investigations17 show that silicon nitride does not

crystallize below annealing temperatures of 1700◦C. At
1700◦C/10 h annealing, peaks of Si3N4 were observed un-
equivocally. XRD pattern of sample annealed at 1700◦C/3 h
shows only a small shoulder on the left of (1 1 1)�-SiC, pos-
sibly from the(1 0 1)�-Si3N4 planes, while corresponding re-
flections from (2 0 0)�-Si3N4 or (1 1 0)�-Si3N4 planes were
missing. Thus, the 1700◦C/3 h sample was chosen to ex-
amine the onset of Si3N4 phase separation. However, no
crystalline Si3N4 could be detected from the SAD pattern
(Fig. 7(a)). Fig. 7(b)shows the BF image of the sample ob-
tained from the powder core while the inset shows the BF
image from near the powder surface. Microstructures of the
two regions are strikingly different, with the region near the
surface containing relatively coarse grains in large numbers
while the core region is predominantly amorphous with rel-
atively finer grains in smaller numbers. This observation is
in accordance with the previous results from SEM investi-
gations.

Additionally, the BF image of the core region shows a
dark heterogeneity extending across the middle of the image.
A portion of the same in higher magnification (31 500×) is
given inFig. 7(c). In order to further investigate this hetero-
geneity, electron spectroscopic imaging was employed. Ac-
cordingly, elemental maps of silicon, carbon, nitrogen and
boron were obtained and are given inFig. 7(d–g). In the
silicon map, the heterogeneity appears as a brighter area in-
dicating that it is rich in silicon compared to the surround-
ing matrix. However, central regions in the silicon map of
the heterogeneity that appear dark are bright in the carbon
map. This may indicate that carbon rich central regions are
surrounded by regions rich in silicon and carbon, presum-
ably in the form of SiC. From the silicon map it is further
observed that a dark layer surrounds silicon rich (bright) re-
gions. This layer appears bright, both in nitrogen and boron
maps indicating boron nitride enrichment. In total, the varia-
tions in elemental concentration can be thought of as regions
of phases C, SiC+ C, SiC+ BN, BN and finally the ma-
trix containing SiC, amorphous Si–C–N and B–C–N phases,
moving outwards from the center of the heterogeneity. This
is probably a location, where a crack or surface pore par-
tially extends into the bulk of the powder particle, near the
region of examination.

In samples annealed at 1800◦C/10 h, again two regions
were studied: one, the core region and the other, the sur-
face region. BF image from the core region is given in
Fig. 8(a) and corresponding elemental maps of Si, C, N
and B are given inFig. 8(b–e). The microstructure shows
a homogeneous distribution of approximately equally sized
nano-crystals of SiC and Si3N4, embedded in an amorphous
matrix. From the images the size of the grains is estimated
as around 80 nm both for SiC and Si3N4.

BF image from the near surface region is given in
Fig. 9(a). The image shows large grains (appearing as dark
areas) embedded in a gray matrix. Elemental maps of Si,
C, N and B obtained from a region at the lower left of
the BF image are given inFig. 9(b–e). The top portion of
the carbon map is completely bright and the corresponding
areas in other three maps are dark. This indicates that the
region contains almost pure carbon. From silicon and car-
bon maps the large grains are identified as SiC embedded
in the carbon matrix. Moving further downwards, a rather
sharp reduction in carbon content is observed around the
middle of the carbon map. Nitrogen and boron maps show
a more gradual increase in nitrogen and boron except for
the dark pockets, which are evidently SiC grains. However,
no silicon nitride grains could be observed in the observed
region, although they are present further downwards mov-
ing towards the matrix region. Thus, a layered structure
is observed starting with a layer of pure carbon followed
by layers of carbon and large SiC grains, intermediate SiC
grains embedded in amorphous B–C–N phase and finally
the matrix material consisting of nano-crystals of SiC,
Si3N4 and amorphous B–C–N phase. A schematic picture
of this layered phase distribution is depicted inFig. 10.
The above result confirms the earlier SEM observations
of the surface regions in MW33VC sample, annealed at
1800◦C/10 h. All the above findings clearly indicate the
progressively increased depletion of nitrogen boron and
silicon by decomposition and active oxidation reactions,
respectively, at higher annealing temperatures, and also the
increased extent of such reactions near the surface regions.

Fig. 10. Schematic picture of the phase distribution from surface to the
core of the powder particles, forming a layered structure.
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4. Conclusions

Phase evolution of an amorphous precursor-derived ce-
ramic as a function of the particle size was investigated.
Phase segregation occurred already at 1400◦C, with the for-
mation of turbostratic B–C–N phase and crystallization of
SiC nano-crystals. However, chemical modification of the
inter-granular phase to initiate Si3N4 crystallization only
takes place in coarse-grained ceramics at 1700◦C above 3 h
of annealing. Specific surface area of the starting amorphous
powders controls the crystallization and decomposition re-
actions. Because of their higher surface areas, finer powders
most probably adsorb oxygen and/or water more easily than
coarse-grained ceramics. Presence of oxygen aids in vapor
phase decomposition reactions. In fine powders, this directly
leads to SiC whisker growth, wherein the extent of whisker
growth varies with the particle size. In coarser powders ac-
tive oxidation and/or decomposition of the material occur,
which is pronounced along the surface regions. This leads
to a layered microstructure with a gradient in chemical com-
position from the surface to the core.
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