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polymer-derived Si,N,0-ZrO;
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Amorphous Si-Zr-N-O powders, obtained by nitridation in an NH; flow of zirconium modified
polycarbosilane, have been sintered to full density by hot pressing at 1500 °C. The resulting
ceramic shows an extremely fine-grained microstructure composed of Si,N,O and ZrO,
crystallites 20-30 nm in diameter. Thermal stability measured in air appears excellent up to
1300°C for 48 h. Mechanical characterization pointed out good values of flexural strength
(330 MPa), fracture toughness (4.1 MPam©®?®) and Weibull modulus.

1. Introduction

Highly covalent ceramics such as SiC and Siz;N, can
now be prepared by pyrolysis of metal-organic poly-
mers. This new method has been first applied to the
fabrication of silicon carbide fibres from polycarbosil-
ane [1]. Since then it has been exploited mainly in the
preparation of fibres of many different ceramic sys-
tems [2]. More recently, the polymer route has been
considered as a unique method to obtain amorphous
ceramic phases [3]. Indeed, the as-pyrolysed material
usually displays a disordered microstructure that
transforms into a microcrystalline ceramic upon in-
creasing the pyrolysis temperature [4]. Few studies
have been devoted to the use of these amorphous
materials as starting powders in the traditional
sintering of ceramics [5-7]. In fact, a higher sinter-
ability with the formation of a fine-grained micro-
structure at lower temperatures can be expected
compared to that of crystalline powders.

Recently, some of the present authors, have shown
that alkoxide-modified polycarbosilanes are suitable
precursors for silicon carbide and silicon nitride-based
ceramics [8, 9]. According to these results, an
amorphous Si-N-Zr—-O phase is obtained from the
pyrolysis, in flowing ammonia, of a polyzirconocar-
bosilane (PZC) synthesized reacting zirconium n-pro-
poxide and polycarbosilane [10]. By increasing the
temperature up to 1500 °C this disordered solid leads
to the formation of very fine tetragonal zirconia crys-
tals embedded into a silicon nitride matrix [10].

Silicon nitride and silicon oxynitride have been
identified as promising structural ceramics due to the
combination of various properties, such as excellent
strength and creep resistance over a wide range of
temperature, good corrosion resistance, low specific
weight and high electrical resistivity. Moreover, the
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addition of ZrO, increase the strength and fracture
toughness of both Si;N, [11, 12] and Si,N,O [13].
However, the sintering process of silicon oxynitride
and silicon nitride materials requires a high sintering
temperature and high nitrogen pressures to hinder
decomposition reactions. To overcome these prob-
lems, oxide additives giving a liquid phase are gen-
erally ‘used to allow the formation of fully dense
ceramics at lower temperatures via a liquid-phase
sintering process. Indeed, dense Si,N,O has recently
been produced either by pressureless sintering [ 14, 15]
using large amounts of sintering aids (10 wt % Y,0,
and 6% Al,0O;) or by glass-encapsulation hot isostatic
pressing (HIP) at 1950°C [16].

As with the addition of ZrO,, the main problem
associated with the fabrication of Si;N, and/or
Si,N,0-ZrO, composites, is the formation of zircon-
ium oxynitrides. Reaction between Siz;N, and ZrO,
may occur at high temperatures producing undesir-
able phases such as zirconium oxynitride and ZrN
[17]. Zirconium oxynitride readily reacts with oxygen
at low temperature (& 500 °C) to produce monoclinic
zirconia and gaseous nitrogen with a molar volume
increase of &~ 5% causing a severe degradation of the
material [12]. The formation of these nitrogen-con-
taining phases during densification can be suppressed
by using Y,0;-stabilized ZrO, as starting powder
[12] or by decreasing the sintering temperatures
[18, 19].

In this study, in order to decrease the processing
temperature of dense Si,N,0-ZrO, composite ce-
ramics and with the aim of obtaining a homogeneous
fine-grained microstructure, the use of highly-reactive,
polymer-derived amorphous Si-N-Zr—O powders has
been attempted. This paper describes the fabrication
of this material as well as its microstructural and
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mechanical characterization. Results are discussed
and compared with literature data on similar ma-
terials.

2. Experimental procedure
Polyzirconocarbosilane was prepared by reacting
polycarbosilane (Dow Corning) and zirconium n-pro-
poxide (Fluka) following a procedure described in
detail elsewhere [10]. PZC polymer was pyrolysed at
5°C min~! in a silica tube in flowing NH; at 1000 °C
for 1 h to obtain the amorphous Si—Zr-N-O phase.
The as-produced white powders were mixed with
AL, O; (5 wt %) as a sintering aid and attritor milled
in a plastic jar for 20 min in isobutyl alcohol. Disc
specimens (40 mm diameter x 7 mm width) were fabri-
cated by hot-pressing 30 g powder at 1500°C and
30 MPa for 20 min under vacuum in an induction-
heated - graphite die. Continuous shrinkage of the
sample was recorded during hot pressing.

Density measurements were performed by the
Archimedes’ method using distilled water as fluid.
Phase analysis was performed by collecting X-ray
diffraction (XRD) spectra on a spectrometer operating
at 20kV with a CuK, radiation and a nickel filter.
Crystal size was estimated from the width of the XRD
peaks using the Scherrer equation.

Specimens for oxidation tests were cut from
hot-pressed discs into square bars (2 mm x2 mm
x 12 mm); the oxidation resistance was measured by
heating samples in air and continuously recording the
weight changes by thermogravimetry. Specimens were
heat-treated in air at temperatures of 900 and 1300 °C
and holding times of 48 h were used.

The coefficient of thermal expansion was deter-
mined over the temperature range 20-1300 °C in air at
a heating rate 5°C min™!, on 3 mm x 3 mm x 15 mm
samples.

Hot-pressed specimens were machined for the pre-
paration of bend-test bars (25 mm x 3 mm x 3 mm).
One of the surfaces of the test bars was ground and
polished with diamond pastes up to 1 pm. Bend tests
were carried out using a universal mechanical testing
machine by three-point bending with a span of 20 mm.
Testing was conducted on 14 samples at room temper-
ature with a crosshead speed of 1 mm min~*. Fracture
surfaces analysis was performed by scanning electron
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Figure 1 X-ray diffractogram of the hot-pressed ceramic. ()
Si,N,0, () m-ZrO,, (¢) t-ZrO,, (@) ZrSiO,.
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microscopy in order to obtain information concerning
the nature and location of the strength-controlling
flaws.

Elastic modulus was evaluated by the resonance
frequency method. Vickers hardness, H, and critical
stress intensity factor, K¢, were evaluated by indenta-
tion techniques on polished surfaces. Hardness was
obtained using loads ranging from 5-100 N. The frac-
ture toughness expression proposed by Niihara et al.
[20] for indentation-generating median cracks was
adopted to estimate the K, value, using loads of 70
and 100 N.

3. Results and discussion

3.1. Densification and microstructure

A density of 3.38 gcm ™ was measured on the sintered
sample. Chemical analysis performed on the starting
polymer and on the HP ceramic gave Zr/Si = 0.14.
The XRD spectrum, shown in Fig. 1, reveals the pre-
sence of Si,N,0O and ZrO,; the latter both in the
tetragonal and monoclinic form. A SiZrO, phase was
also detected. No evidence of the formation of zircon-
ium oxynitride phases has been found from the XRD
analysis.

The structural evolution up to 1500°C of the
amorphous Si—Zr-N-O powders produced from
nitridation of PZC have been already extensively
characterized by means of XRD analysis and magic
angle spinning-nuclear magnetic resonance (MAS-
NMR) spectroscopy [10]. For samples heated at
1500°C, the diffraction spectra revealed mainly the
presence of crystailine B-Siz;N, and tetragonal ZrO,.
Moreover, ??Si MAS-NMR experiments suggested
the existence of a glassy silicon-oxynitride phase. The
formation of this glassy phase is due to the excess of
oxygen introduced in the polymer precursor via the
zirconium alkoxide (O/Zr = 4) and to the high re-
activity of the amorphous Si-Zr—N-O powders to-
wards ambient moisture which leads to an increase of
the overall oxygen content. In the present case the
complete absence, in the sintered sample, of Si;N, and
the formation of S8i,N,O and SiZrQO,, can be accoun-
ted for by an extensive oxygen pick-up during the
milling process. In fact, similar results concerning the
formation of pure Si,N,O ceramics from polysila-
zane-derived amorphous silicon nitride powders have
recently been reported in the literature [7].

From the measured value of Si/Zr, theoretical dens-

ity can be estimated by considering the density of
the pure phases (Psi,n,0 = 2.82, Pzr0, = 5.90, Psizro,
=467 gcm ™) and assuming that all zirconium
atoms, in a first case form ZrO, and in a second one,
SiZrO,. The calculated density values range from
3.26-3.31 gem ~ 3 respectively: These values agree well
with the experimental one and suggest the formation
of a fully dense material. SEM analysis, discussed
later, substantiates the pore-free nature of the hot-
pressed ceramic.

The densification behaviour during hot pressing of
the Si-Zr-N-O amorphous powders with the addi-
tion of 5wt% Al,O; is shown in Fig. 2. Relative
density is plotted against temperature up to 1500°C
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Figure 2 Densification curve during hot pressing as a function of
temperature and for the isothermal at 1500°C.

and then against time during the isothermal run at
1500°C.

The shrinkage starts at about 1000 °C from a green
density of ~43%. The densification rate increases
very slowly up to about 1300°C, then increases rap-
idly and reaches a maximum at 1500°C in corres-
pondence with the relative densities in the range
65%-75%. From the observed behaviour it may be
shown that densification proceeds via a liquid-phase
sintering mechanism, as proposed by Kingery et al.
[21], and which has been previously observed for
almost all the silicon nitride or silicon oxynitride
based materials [22-25].

Three stages of densification are recognized in the
Kingery model: initially the particle fragmentation
and rearrangement stage can be evaluated as a flux of
matter through the contact regions to the surface of
the neck between solid particles. When a liquid phase
forms, it wets and penetrates among the particles and
consequently a fast rearrangement of solid takes place
by sliding over one another with little friction among
them. In the second stage, material is dissolved from
the necks into the liquid, transported away from the
neck and reprecipitated elsewhere in areas of lower
stress. The equation governing this important second
stage is

AL/Ly = Kt )

where AL/ L, is the shrinkage at time ¢, K is a constant
and n assumes values which depend on the den-
sification mechanism and on the shape of starting
solid particles.

The third stage of densification is elimination of
closed porosity but it is small in extent and does not
significantly increase the final bulk density.

The applicability of the liquid-phase sintering
model may be assumed on the basis of Fig. 3, only
with reference to the second stage, as the first stage
occurs during heating up to 1500°C. In the second
stage, under isothermal conditions, as the starting
Si—Zr—N-O amorphous particles can be assumed to
be spheroidal, n has a value of 2 if solution is the rate-
controlling step, and 3 if diffusion through the liquid is
rate-controlling. Therefore, as n = 3, diffusion of ma-
terial from the interparticle neck through the liquid
can be proposed as the mechanism governing the
densification, in agreement with the results previously
observed for the densification of various silicon
nitride-based materials such as B'-SiAION and O’-
SiAION [24].

The liquid formation and its characteristics (com-
position and viscosity) are strongly influenced by

Al,O; which decreases the melting temperature by
forming an aluminium silicate melt. The liquid en-
hances the dissolution of the starting solid particles
and in this way, during the second stage, silicon,
aluminium, oxygen and nitrogen are removed from
the liquid and precipitate as Si,N,O and/or O'-
SiAION: this precipitation is rapid and completed
with depletion of liquid after a short time. Actually,
the presence of aluminium oxide plays a special role
because the simultaneous equivalent substitution of
Al-O for Si-N in B-SizN, and Si,N,O resulting in the
formation of §’-SiAION and O’-SiAlON, is well estab-
lished [26, 27]. Therefore, it can be assumed that in
our material, Si,N,O should contain in solid solution
almost all the added alumina. At the same time also,
part of the zirconia dissolves in the liquid and during
cooling forms some zircon as second phase. The re-
maining part of the zirconia is present in the dense
material in monoclinic or tetragonal form.

A study of the diffraction peaks according to the
Scherrer equation resulted in an extraordinarily fine
average crystal size of &30 nm for both Si,N,O and
SiZrO, and 20-25 nm for monoclinic and tetragonal
zirconia. In fact, the stability at room temperature of
non-stabilized tetragonal zirconia must be related to
its very small crystal size, lower than 30 nm [28].

Scanning electron micrographs obtained on frac-
ture surfaces agree with the density results showing a
fully dense, pore-free microstructure. Observations at
high magnification (Fig. 4) substantiate the nano-sized
nature of the crystalline phases revealed by the XRD
study.

3.2. Thermal properties .
Experimental results, reported in Table I agree well
with oxidation resistance properties by O’Meara et al.
[29] for pressureless sintered Si,N,O materials con-
firming the excellent oxidation resistance of this type
of ceramics. Moreover, this experimental evidence
also agrees with the XRD results showing the com-
plete absence, in the sintered ceramic, of the easily
oxidable zirconium-oxynitride phase.

The thermal expansion coefficient for the intervals
20-700 and 20—1300 °C was determined to be o = 6.1
x 1079 and 4.8 x 1079°C ™1, respectively.
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Figure 3 Shrinkage of the specimen during hot pressing under
isothermal conditions 1500 °C.
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Figure 4 Scanning electron micrographs of the fracture surface of
the hot-pressed ceramic.

TABLE I Weight gain of the hot-pressed ceramic after 48 h
isotherm treatment in air

Temperature (°C) Weight gain

per unit surface area (%)
(mg cm™?)
900 <0.1 <01
1300 1.47 0.44

TABLE II Vickers hardness at different loads for the hot-pressed
ceramic

Load (N) H (GPa)
5 147 £ 0.8
50 123+ 0.1
100 12.0 + 0.3

TABLE III Elastic modulus, E, fracture toughness, K., modulus
of rupture, MOR, and Weibull modulus, m, for the hot-pressed
ceramic

E(GP2) K, (MPam®%) MOR (MPa) m

191 41405 328 £35 10.9
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3.3. Mechanical properties

Experimental results are reported in Tables IT and IIT
and will be discussed in comparison with data corres-
ponding to related silicon oxynitride materials [7, 13,
16, 30-32].

Modulus of rupture shows a superior pérformance
in comparison to that of fully dense monolithic
Si,N,O (HIPed at 1570-1750°C with a pressure of
33 MPa) studied by Billy et al. [30] and compared
with polysilazane-derived Si,N,O by Sehrer and
Riedel [7]; on the other hand, it is comparable with
MOR values presented by Larker [16] for Si,N,O
HIPed at extremely high temperature and pressure.
Comparison of fracture toughness with data presented
in the previous papers seems to be hazardous, owing
to the high variability depending on the measure-
ment method. However, K, values in Table II indi-
cate a reasonable agreement with data proposed by
Billy et al. [30] and Rundgren et al. [13]. A clear
improvement is evident in comparison to values of
~3 MPa m®3 presented by Larker [16]. Both hard-
ness and elastic modulus seems to be lower than those
presented in other papers [16, 30-32]. Theoretical
Young’s modulus was estimated by the mixture rule
following the same procedure proposed for densities
calculations. The calculated elastic modulus values
range from 254-275 GPa suggesting the presence of a
glassy phase in the final well-densified material.

Scanning electron microscopy investigations of the
fracture surfaces failed in revealing any typical defect
such as pores, agglomerates or chemical inhomo-
geneity, suggesting that the hot-pressed ceramic has
an highl'y homogeneous nano-sized microstructure in
agreement with the high value of the Weibull modulus.

4. Conclusions

Highly reactive amorphous Si-Zr—N-O ceramic pow-
ders have been obtained from the nitridation process
in an NH; flow of a polycarbosilane modified with a
zirconium propoxide. These non-crystalline materials
have been used to fabricate, at relatively low temper-
atures, a nano-composite ceramic of the system
Si,N,0-ZrO,. XRD and SEM studies clearly indi-
cated that the grain-size dimensions are in the range
20-30 nm. The hot-pressed material showed an ex-
cellent oxidation resistance in the temperature range
900-1300 °C. Moreover, the homogeneous and fine-
grained microstructure resulted in promising values of
mechanical properties such as MOR (330 MPa), K¢
(4.1 MPam®?) and Weibull modulus.
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