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Abstract Biomorphic o/f-SizN4 composites were produced
from natural sea sponge via replication method. The
sponges were impregnated with a Si-containing slurry via
dip-coating. After coating, the sponges were submitted to
oxidation at 600°C for 1 h to decompose the bio-polymers
followed by burning out of carbon, leading to a Si-skeleton.
Subsequent thermal treatment at 1,450°C for 5 h under
flowing nitrogen promoted the nitridation of the Si result-
ing in a/f-SizN, with an o/f fraction of 67%. The ceramic
composite maintained the original morphology of the sea
sponge and exhibited a porosity of 88%. The microstruc-
ture comprised whiskers, small irregular shaped particles
and rod-like hexagonal grains.
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1 Introduction
1.1 Silicon nitride ceramics

Silicon nitride is a very interesting structural ceramic due
to its excellent properties, such as high fracture toughness,
low thermal expansion coefficient (3 x 10" per °C), high
strength at high temperatures, high elastic modulus
(320 GPa), and high corrosion resistance [1, 2]. These
properties make SizN, ceramics potential candidates for
applications at severe conditions [3].

Two well-known crystal structures of silicon nitride are
of engineering interest: o-SisNy and [-SizNy. The
mechanical properties of silicon nitride-based-ceramics are
strongly dependent on their microstructure. It is well know
that the presence of large, elongated f-SizN, grains with
high aspect ratio enhances the toughness, by deflecting the
propagation of cracks. However, for the toughness mech-
anisms to be effective, the energy of the grain/liquid
interface should be adapted and in that way the composi-
tion of the liquid phase (and therefore, of the sintering
additives) is decisive [4-8]. The developed microstructure
of the silicon nitride is directly related to the o/f ratio in the
raw material, to the composition of the sintering additives,
and to the applied sintering method [4, 9].

Silicon nitride can be fabricated by different methods,
such as hot pressing, hot isostatic pressing, pressure less
sintering or direct nitridation of Si-powder (reaction
bonding). The direct nitridation of metallic Si was one of
the first methods to produce Si;N4 powders as well as solid
parts (reaction-bonded silicon nitride) and it is still the
most commonly used processes to produce silicon nitride
with low cost raw materials and low processing tempera-
tures [10-13]. This method allows near-net shaping of
complex structures.
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Although direct nitridation is a relatively simple and
inexpensive process, the quality of the produced powder is
difficult to control, particularly with respect to the o/ff
phase ratio. The powder usually contains about 92% of
o-SizNy [14], which is considered as not desirable for many
applications. The formation of the a-phase occurs between
1,200 and 1,400°C, with its kinetic increasing with tem-
peratures up to close to the upper limit. On the other hand,
as the melting temperature of Si (1,410°C) is very close to
this limit and considering that the presence of a liquid
phase favors the f-phase formation, the exothermic char-
acter of the reaction acquires a rigid control of the reaction
temperature, which is fundamental to control the relation of
the formed o/ff phases.

1.2 Cellular ceramics

In the recent years the interest in porous materials with
cellular structures, such as foams, reticulated and biomor-
phic materials has increased due to their specific properties
such as low density, low thermal conductivity, thermal
stability, high-surface area, and high permeability [15-17].
These properties make porous ceramics suitable for a wide
range of technological applications, including, catalyst
supports, filters for molten-metals and hot gases, thermal
insulators, refractory linings, and biomaterials [18, 19].
Various processing routes have been proposed for pro-
duction of porous ceramics, including polymeric sponge
[20-22] and direct foaming and foaming agents [23, 24].
The fabrication method determines the range of porosity,
the pore size distribution, and the pore morphology. The
polymeric sponge method [20] is a simple, inexpensive and
versatile way for producing ceramic foams. This method
consists in the impregnation of a polymeric sponge with
slurries containing appropriate binders, followed by a heat-
treatment to burn out the organic template (foam) and to
sinter the remaining skeleton.

The anatomical features of naturally grown materials are
an attractive template for the design of porous cellular
ceramics and ceramic composites, where the morphology
of the native tissue is maintained in the ceramic product
[25-27]. The main innovative characteristic of this meth-
odology is the possibility to design macro- and microcel-
lular parts, which could not be produced by other
conventional techniques. In the recent years, different
biotemplating technologies were developed for the con-
version of biological templates such as wood, cellulosic
and fibrous materials into biomorphic ceramics [27].

The previous work on biotemplating was mainly
focused on the manufacturing of biomorphic carbide and
oxide-based ceramics from natural lignocellulosic struc-
tures by different reactive processing routes. The synthesis
can be generally distinguished by the way of incorporating
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precursors into the in natura or carbonized biological
template, e.g., metal melt [28] or vapor infiltration [29-31],
sol-gel process [32-35], dip-coating of metal/ceramic or
pre-ceramic polymers [36-38].

Up to now, there is no established processing technology
for manufacturing of cellular nitride ceramics. The poly-
meric sponge method requires a carbon-based template to
produce the sponge. The burning out of carbon leads to a
powder skeleton that collapses during handle. This work
reports a one-step process to obtain cellular biomorphic
SizN,4 ceramics. The replication method is applied using an
oxidation—nitridation process.

2 Experimental

The biomorphic SizN, sponges were prepared by the rep-
lication method. An open-porous, natural sea sponge
(Hippiospongia Lachne) was used as starting material for
the preparation of the porous Si;N, sponges. The sponge
anatomy is characterized by regular cells formed by elon-
gated struts. Typical diameters of the cells range from 200
to 250 um. The cells form a network, which give rise for
large interconnected pores with sizes ranging from 1 to
3 mm, Fig. 1.

The sponge was cut in samples of ~3 X 3 x 3 cm’, dried
at 130°C for 2 h in air and infiltrated by dip-coating with a
metallic Si-slurry. The slurry was prepared with isopropyl
alcohol containing 80 vol.% Si-powder (>98%) and
5 vol.% bakelite as binder. The infiltrated sponges were
oxidized at 600°C for 30 min to decompose the bio-poly-
meric chains and to burn out the carbon, leading to a fragile
Si-skeleton and subsequently nitrided at 1,450°C for 5 h in
flowing pure N, atmosphere (1.5 /min). No sintering aids
were used.

Fig. 1 Digital photograph of the natural sponge (Hippiospongia
Lachne)
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Thermogravimetric analyses (TGA) was applied to
evaluate the weight gain of the Si-infiltrated sponges during
oxidation (Du Pont Thermo Analyze, 951, Paris, France).
The phase composition of the ceramized sponge was deter-
mined by X-ray diffractometry (XRD) (Siemens D 500,
Munich, Germany) working with monochromated CuK,
radiation. The microstructure was characterized by scanning
electron microscopy (SEM) (FEI, Quanta 200, Brno, Czech
Republic). The skeleton density was measured by He-pyc-
nometry (Micromeritics, Accu Pyk 1330, Neuss, Germany).
The open porosity was estimated by the relation between the
skeleton and the geometrical densities. Micro-computer
tomography (uCT) operating at 40 kV and 80 uA at a wave
length of 0.024 nm was applied to characterize the cellular
microstructure of the biomorphous ceramic sponges. The
specimens were scanned in a near isotropic resolution of
37 x 37 x 38 um>. A CCD line array was used to detect the
transmitted intensity through the sample. X-ray source and
detector were covered with slit collimators. The object was
rotated over 360° with one step per degree and the raw data
were recorded as sinugrams. A more detailed description of
foam structure characterization by uCT was reported by
Zeschky et al. [39].

The strength under compression of a set of three samples
with nominal dimensions of 7.5 x 7.5 x 0.5 + 0.1 mm®
was determined at room temperature using an universal
testing device (Instron, Model 4202, Instron Corp., Canton,
MA, USA). The speed of the crosshead was set constant to
1 mm/min. Representative dense parts (excluding the large
pores) of the samples were cut and prepared for the
mechanical tests.

3 Results and discussion

Figure 2 shows the TGA curve of the Si-powder up to
1,100°C in air. Up to 600°C, only a minor weight gain due
to start of the oxidation is observed (~0.9 wt.%). The
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Fig. 2 Thermogravimetric curve of silicon powder up to 1,100°C at
10°C/min in air
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Fig. 3 X-ray diffractogram of the biomorphic sponge after nitrida-
tion

temperature of 600°C was chosen as the oxidation
temperature because all carbon is already oxidized [35] and
a minor oxidation occurs on the Si-surface.

3.1 Phase evaluation

Figure 3 shows the X-ray diffraction pattern of the ceramic
product after nitridation. The diffraction peaks related to f§
(JCPDS: 33-1160) and o (JCPDS: 09-0250) phases of
Si3N, indicates a full conversion of the Si into SisNy.
Among the possible reactions that may form SizN,, direct
nitridation of metallic Si was the dominant reaction:

3Si + 2N, — Si3Ny AGL#°C = —173 .4 KJ/mol. (1)

The diffusion mechanism for further formation of SizN4
during nitridation of Si is extensively discussed in the
literature [40—43]. Zhu et al. [44] synthesized SizN4 on
Si-wafers using pure flowing N, at 1,100°C. Once the first
SisNy layer is formed on the Si-surface, N, diffuses
through the Si/Si3N4 to form subsequent Si;Ny layers [41].

No Si or SiC was detected by XRD. The absence of SiC
phases can be related to the low reaction temperature,
which favored the oxidation of carbon into CO prior than
SiC formation. Also, the flowing N, allows the rapid
escape of the CO formed from the sample, further pro-
moting the formation of SizN, prior to the formation of SiC
[45]. Additionally, carbothermal reduction of surface SiO,
by carbon residue with subsequent nitridation under normal
(room) conditions is thermodynamically impossible at
1,450°C as shows Eq. 2 [45]:

3Si0; + 6C + 2N, — Si3Ny + 6CO AGL* = 20.1 KJ/mol.
(2)

This reaction starts to be thermodynamically possible at
temperatures above 1,475°C (AGL*77°C = _0.3 KJ/mol).
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Fig. 4 SEM micrographs of the
biomorphic SizN4 sea sponge
with different magnitudes

Beside the native oxide layer on the Si surface, thermal
oxidation of silicon is achieved by heating the substrate to
temperatures typically higher than 800°C in oxidative
atmosphere. As the specimen was first exposed only to an
oxidation process at 600°C, it is not expected the Si-par-
ticles to exhibit a thick SiO, layer in their surface, which
could decrease the reaction rate or even hinder the SisNy
formation.

The relative /o fraction was estimated using the rela-
tion between the intensities of the (210) diffractions of both
phases, according to Gazzara and Messier [46]:

(210)

1
(210)ﬂ 210) ° 3)
179 4 1§

dp =

A relative fraction of 33% of the f-phase was obtained,
indicating the predominance of «-SizN, after 5 h at
1,450°C. During the early stages of nitridation at temper-
atures lower than 1,400°C the formation of o-SizN, is
dominant. As the nitridation temperature and time increase,
the relative f-SizN, fraction increases [42]. The funda-
mental difference between o- and -SisN,4 formation is that
o-SizNy results from silicon complexing with molecular
nitrogen and the latter results from complexing with
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essentially atomic nitrogen [40]. Most surface reaction
produces ®-SizN4, which is explained by the removal of
active (atomic) nitrogen by oxygen. N, will diffuse by
Knudsen diffusion and form f-phase in the inner Si-layers
[42]. Besides the reaction mechanisms involved, the sur-
face area or free reaction surface is also an important factor
to take into account. Due to the high porosity and relatively
high surface area of the Si-infiltrated sponge template, the
a-Si3Ny reaction was preferentially dominant, leading to a
phase mixture with relatively high o/f fraction [40].

3.2 Microstructure and macro-morphology

Figure 4 shows SEM micrographs of the Si;N, sponge.
Large voids surrounded by relatively dense ceramic walls
confirm the reproduction of the anatomy of the sea sponge
(Fig. 4a). Pores with sizes varying from 50 to 200 um form
the pore network of the Siz;N,4 sponge (Fig. 4b).

The microstructure of the biomorphous SizN, is shown
in Fig. 4c—f. SizN, elongated grains of low aspect ratio are
embedded in a matrix composed by particles with sizes in
the range of 1-5 um. Long o-SizN,4 whiskers are also dis-
tributed within the interparticle spaces (Fig. 4c, d). The
whiskers exhibit widths of 500 nm in average and high
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Fig. 5 Macromorphology of
the biomorphic Si3;N, sponge: a
Digital photograph; b
Reconstructed 3D image
obtained from micro-computer
tomography

aspect ratios (higher than 20) were formed by a vapor—
liquid—solid mechanism (VLS), where Si-vapor reacts with
molecular nitrogen at the surface, forming the first SizN,
layers as discussed in the last section. Furthermore, as no
sintering additive was used, the SiO, formed after oxida-
tion could promote the coarsening of the width and short-
ening of the length of the SizN, grains [45]. At 1,450°C,
typical elongated hexagonal f5-SizN4 grains with widths in
the range of 0.1-0.5 um were formed, resulting in a porous
interconnected fibrous network (Fig. 4e, f).

Figure 5 shows comparatively a photograph (Fig. 5a)
and a pCt image (Fig. 5b) of the biomorphic Si;N, sponge.
The macropores (around 2-3 mm) of the sea sponge were
well reproduced in the SizN,4 ceramics. The porous struts
are also visible in the macro photograph. The uCT analysis
built with a relatively good accuracy the macrostructure of
the biomorphic Siz;N,4 ceramic, as can be seen in Fig. 5b.

Table 1 summarizes the microstructural properties of
the biomorphic Si;N4 sponge, derived from He-pycnome-
try and p-CT analysis.

The connectivity density (CD) was computed from CT
data using the ConnEulor principle as explained in detail in
[47, 48]. Reconstructed two-dimensional CT data images
of two neighbored slices are compared by the Boolean
““Exclusive-Or’’ operator. The result is superimposed to
the original pictures and analyzed. All new connections
(B), holes (H) and islands (/) are counted and CD is cal-
culated by:

S>H+>1->B
CD = —
2h-A

; (4)

Table 1 Physical properties of the biomorphic SizN4

Biomorphic SizNy

Pre (g/em’) 0.225 + 0.005
Parur (g/em’) 2.62 + 0.05
Porosity (%) 88 + 1

CD (1/mm?) 71.32
Anisotropy 1.11 = 0.05
Compressive strength (MPa) 315

prel relative density, CD connectivity density, pg, strut density

where & is the distance of the two slices (h = 38 um)
and A the examined image area. In the case of determining
the CD of the pores, B and I denote cell windows and cells,
respectively. The value is identical if CD is calculated for
the strut material, where B denotes new struts, H equal cells
and [ isolated struts, respectively. Compared with other
u-CT analysis of different scaffolds presented in the liter-
ature [31, 49], the biomorphic Siz;N, sponge exhibits a low
degree of anisotropy (close to 1) and a high connectivity
density (above 70 mm'3).

The strut density of the biomorphic SisN, sponge is
2.62 g/em®, which is lower than the theoretical density of
hot pressed SizN4 (3.1-3.3 g/cm3 ), but in the range of the
RBSN (2.3-2.7 g/em®). The relative density is very low
(0.22) and hence the biomorphic SizN, sponge exhibit a
total porosity of 88%. Direct nitridation of Si produces only
a small volume change in the samples [42], which explains
the fact that no visible shrinkage occurred after the process.

3.3 Mechanical properties

Figure 6 shows the compressive stress-strain curves of the
biomorphous SizN, derived from sea sponge.

Gibson and Ashby [50] developed a generic model to
explain the failure mechanism in cellular solids (honey-
combs and foams). In the case of brittle foams like
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Fig. 6 Strength under compression of the biomorphic Si;N4 sponge
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ceramics and glasses, they collapse by brittle crushing.
Three basic stages in the stress-strain curve of brittle foams
are relevant. They exhibit a linear elastic deformation,
characterized by a critical stress (maximum), followed by a
long collapse plateau (cells crashing at a constant stress).
This plateau is truncated by a densification process, when
the cell walls touch each other (stress increasing). The
biomorphic Si3N4 bodies appear to fail by catastrophic
collapse of the cells, as predicted by Gibson—Ashby, in
which the three distinct stages are observed. The whole
porous sample can be described as a cellular material with
different cell geometries formed by the fibrous network. A
mean strength under compression of 31 MPa was obtained.
Although the biomorphous a/f-SizN, exhibits high poros-
ity, this strength is relatively high compared to other por-
ous Si3;Ny. Fine fibrous f-grains contributes to the strength
and elongated, coarser f-grains enhance the fracture
toughness [51, 52].

4 Conclusions

Biomorphic SizN,4 sponges were produced by replication of
natural sea sponge. Nitridation of silicon skeleton at
1,450°C resulted in the formation of both f- and «-SisNy
phases, where the a-phase was the majority one. The final
biomorphic ceramic maintained the original anatomy of the
sea sponge down to the micrometer level. A high strength
under compression was achieved despite the relatively high
porosity.

Highly porous, light weight o/f-Si3N, composites with a
good mechanical strength are potentially useful for appli-
cations in medicine as scaffold structures or as porous
support for catalysts. Fibrous like o/f-Si3N4 composites
may be also useful for applications in hot gas filtration
systems.
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