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Abstract

Bulk Si,N,O/B-cristobalite composites have been fabricated by a hot-pressing method using SizN,, SiO, and Li,CO; as starting materials. 3-
Cristobalite in the as-sintered composites is successfully stabilized to room temperature through incorporating N and Li into its structure. The
introduction of B-cristobalite significantly improves the dielectric properties. Si,N,0/62 vol.% {3-cristobalite composite shows a low dielectric
constant of 4.8 at 1 MHz. In addition, the density, Young’s and shear modulus, and strength of the composites decrease with the increase of
B-cristobalite content. When the 3-cristobalite content is up to 62 vol. %, the flexural strength of the composite reaches 212 MPa. The bulk Si,N,O/3-
cristobalite composites show the combination of low density, excellent mechanical performance, low dielectric constant and loss tangent, indicating

that they are promising high-temperature structural/functional materials.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon oxynitride (SioN,O) is a promising structural mate-
rial for high-temperature applications due to its high strength
at high temperatures, excellent oxidation resistance, good ther-
mal shock resistance, low density and high thermal stability
(up to 1750°C)."> However, as a high-temperature functional
material, dielectric properties of Si;N,O are expected to further
improve.>* This can be achieved by introducing other phases
with low dielectric constant. Among the high-temperature
dielectric materials, including fused SiO,, BN, SizN4, Al,O3
and AIN, fused SiO, is preferred because of its very low dielec-
tric constant and loss tangent as well as good thermal shock
resistance.>~8 However, it has some shortcomings, such as low
flexural strength and fracture toughness, and the degradation of
mechanical properties resulting from softening and crystalliza-
tion of amorphous SiO; above 1100 °C.%?

Compared with fused SiO;, B-cristobalite possesses an obvi-
ous advantage: it can keep its structure stability up to the
melting point of SiO, (about 1700 °C). In addition, it has good
thermal shock resistance and a very low expansion coefficient
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that even decreases at above 1000 °C.10-12 Recently, based on
ab initio calculations, Xu and Ching!3 predicted that it pos-
sesses the lowest dielectric constant in all the crystalline phases
of SiO,. However, B-cristobalite undergoes 3 — o displacive
phase transition from 170 to 270 °C, depending on the crystal-
lization conditions.'* This transition is accompanied by 3-5%
volume change which often generates great thermal stress and
results in the cracking of samples. Thus developing a method
to stabilize B-cristobalite to room temperature is of virtual
interest,10-1215-18

Adding AP, and Na*, Ca2*, Sr?** or Cu?* by sol-gel
route is an effective way to inhibit the phase transition of 3-
cristobalite. The hindering mechanism was explained as follows:
large univalent or divalent cations (Na*, Ca®*, Sr>* etc.) were
stuffed into big interstitial sites of silicate structures to charge-
compensate the substitution of AIP* for Si** in the framework,
and the presence of aforementioned cations in the interstices sup-
pressed the contraction of the structure which normally occured
during the (B — a-cristobalite transition, consequently stabi-
lizing the cubic B-cristobalite structures.'~!2 In addition, the
incorporation of AIPO4 could also successfully stabilize the
B-cristobalite to room temperature. The mechanism was pro-
posed that the formation of AIPO4-tridymite stacking faults
within the B-cristobalite structure interrupted the (1 1 0) chains
of corner connecting tetrahedral and inhibited the concerted rota-


mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.051

1228 Q. Tong et al. / Journal of the European Ceramic Society 28 (2008) 1227-1234

tion of these chains, resulting in the preservation of overall
B-cristobalite cubic character.! However, the materials pro-
duced by the aforementioned two methods contained much
glassy phase, and a large amount of a-cristobalite formed when
the temperature was above 1200 °C.10-1215.16 I addition, up
to now, bulk B-cristobalite has not been obtained, which pre-
vents further investigation on the properties of -cristobalite
and the application of B-cristobalite as a structural/functional
material.

In this paper, bulk Si;N,O/B-cristobalite composites were
fabricated by a hot-pressing method using SizN4, SiO»
and LipCO3 as starting materials. 3 — a-cristobalite dis-
placive phase transition was successfully suppressed. The
hindering mechanism was investigated. The mechanical and
dielectric properties of Si;N,O/f-cristobalite composites were
measured. The results obtained in this paper are bene-
ficial to the understanding of properties of B-cristobalite
and to the promotion of SioNO/B-cristobalite compos-
ites as candidates for high-temperature structural/functional
applications.

2. Experimental procedures

Si3N4 powders (average particle size <0.36 pm, oxygen and
total metallic impurity contents were 1.5wt.% and less than
350 ppm, respectively. Sinoma Advanced Materials Co. Ltd.,
Zhibo, China, SiO; powders (99.99% pure, Sinopharm Group
Chemical Reagent Co. Ltd., Beijing, China) and Li,CO3 pow-
ders (99% pure, Sinopharm Group Chemical Reagent Co. Ltd.,
Beijing, China) were used as starting materials. The molar con-
tents of SizNy, SiO; and LioCO3; were modified and listed
in Table 1 in order to investigate the influence of SizN4 and
LioCOs3 on the stabilization of (3-cristobalite and to prepare the
SizN,O/B-cristobalite composites with various [-cristobalite
contents. The mixtures of starting powders were ball-milled in
agate jars using SizNy balls with ethanol medium for 10 h. After
being dried and sieved, the powders were put into a high-strength
graphite die whose inner surface was pre-sprayed with a layer of
BN and then cold-pressed at 5 MPa. Thereafter, the green body
together with the die was heated in a nitrogen atmosphere at
a heating rate of 10 °C/min to 1550 °C and hot pressed under
30 MPa for 1 h.

The X-ray diffraction (XRD) data of sintered bodies were col-
lected using a step-scanning diffractometer with Cu Ka radiation
(Rigaku D/max-2400, Tokyo, Japan). Prior to measurement, the
sintered samples were milled and ground with an agar mortar
and pestle to obtain fine powders with the particle size of less
than 20 wm. The scanning 26 angle covered a range between
10° and 60° with a step size of 0.02° and a step counting of 5s.
The measurement of all samples was taken under the same con-
ditions. The quantitative phase analyses were performed using
the Rietveld method employing the DBWS code in the Cerius?
computational program for materials research (Molecular Sim-
ulation Inc., San Diego, USA).]9

X-ray photoelectron spectroscopy (XPS) characterization
was performed using a X-ray photoelectron spectrometer
(ESCALAB 250, Thermo VG, Massachusetts, USA) with

Table 1
The reflection (h k1), 26 and relative intensity of diffraction peaks associated
with cristobalite in Fig. 1a

Samples Reflection (h k1) 20 (°) Io/Ia101y (%) or
Igllg1 11y (%)
1
a-Cristobalite 101 22.00 100.0
110 25.32 0.6
111 28.46 7.8
102 31.48 8.9
200 36.12 12.6
112 36.42 3.8
11
a-Cristobalite 101 22.00 100.0
110 25.32 0.6
111 28.46 8.1
102 31.48 9.1
200 36.12 14.3
112 36.42 4.2
11
Cristobalite 21.80 100.0
28.24 4.3
31.20 4.5
35.88 11.4
v
B-Cristobalite 111 21.72 100.0
220 35.76 13.0
A%
B-Cristobalite 111 21.72 100.0
220 35.76 12.7

Al Ka (1486.6eV) X-ray resource. The measured bind-
ing energies were normalized by the peak energy of C 1s
(284.6eV).

The thermal expansion coefficients of as-sintered samples
were determined with a dilatometer (DIL 402, selb, Germany)
under a nitrogen flow at a heating rate of 2 °C/min.

The density of as-prepared samples was measured by the
Archimedes method. Three-point flexural strength was deter-
mined using rectangular bars (3mm x 4mm x 40mm) in a
universal testing machine at a crosshead speed of 0.5 mm/min.
Fracture toughness (Kjc) was determined by an indentation tech-
nique with a load of 49 N and a dwell time of 15s. The fracture
toughness was calculated using the equation proposed by Anstis
et al.?"

The Young’s modulus and shear modulus at room tempera-
ture were evaluated in a RFDA-HTVP1750-C testing machine
(IMCE, Diepenbeek, Belgium). The samples were rectangular
bars of 3mm x 15 mm x 40 mm in size. The Young’s modu-
lus and shear modulus were calculated according to the ASTM
standard E 1259-94.

The dielectric constant and loss tangent were determined
using 4294A Impedance Analyzer and 16451B Dielectric Test
Fixture (Agilent, California, USA). The frequency ranged from
40Hz to 20 MHz. The microstructures of bulk samples were
observed in a SUPRA 35 scanning electron microscope (LEO,
Oberkochen, Germany). Before SEM observation, the samples
were etched in a 1:1 HF/HNOj3 solution for 5 min.
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3. Results and discussion
3.1. Stabilization of B-cristobalite

Amorphous SiO; without dopant and amorphous SiO; doped
with 2mol% Li,CO3 and different amounts of SizN4 were
sintered at 1550°C for 1 h. XRD patterns of the as-prepared
samples are presented in Fig. 1a. The magnifications of the cor-
responding reflections in Fig. la in the range of 260=17-37°
are presented in Fig. 1b—e, to identify crystal structure charac-
teristic of cristobalite. The relative intensities and 26 of peaks
in Fig. 1a associated with cristobalite are listed in Table 1. For
SiO, without dopant and doped with only 2 mol% Li;CO3, a-
cristobalite is the only crystalline phase (compositions I and II

1229

in Fig. 1a). Its main reflections in the range of 20 =17-37° are
at 22.00°, 28.46°, 31.48°, 36.12° and 36.42° (composition II in
Fig. 1b-e), corresponding to (101), (111), (102), (200) and
(112), respectively. Their relative intensities are 100:8:9:13:4.
When 6 mol% SizNy is added, the (112), reflection disap-
pears (composition III in Fig. 1e) and the other four reflections
associated with cristobalite in the range of 260 =17-37° shift
toward lower angles (20=21.80°, 28.24°, 31.20° and 35.88°)
and their relative intensities change to 100:4:5:11 (composi-
tion III in Fig. la—e), indicating that N is incorporated into
the structure of a-cristobalite and causes the increase of lattice
spacing. When 16 mol% Si3N4 is doped, the two characteris-
tic peaks of a-cristobalite (260 =28.24° and 31.20°) disappear
(composition IV in Fig. 1c and d) and the other two peaks
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Fig. 1. X-ray diffraction patterns of as-sintered samples with different initial materials: (I) SiO;, (II) SiO2 +2 mol% Li,COs, (III) SiO; +2 mol% Li;CO3 + 6 mol%

SizNy, (IV) SiO2 +2 mol% Li;CO3 + 16 mol% SizNy, (V) SiO2 +2mol% Li;CO3 + 25 mol% SizNy. (b)—(e) are the magnifications of corresponding reflections in
20=21.2-22.4,27.9-28.7, 30.8-32.0 and 35.2-36.8, respectively.
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Fig. 2. Thermal expansion of as-sintered samples doped with 2 mol% Li,CO3
and different amounts of SizNy: (a) 0mol% SizNy, (b) 6 mol% Si3Ny4 and (¢)
16 mol% Si3zNy.

shift to 20=21.72° and 35.76° (composition IV in Fig. 1b and
e), respectively, which correspond to (1 11) and (220) of B-
cristobalite. This demonstrates that the introduction of 16 mol%
SizNy can lead to the stabilization of the high temperature
phase, B-cristobalite, to room temperature. Further increasing
the SizNy4 content does not change the positions of (1 11) and
(220) peaks (composition V in Fig. 1b and e). The stabilization
of B-cristobalite in the as-sintered sample doped with 16 mol%
Si3Ny4 can also be confirmed by its thermal expansion behavior.
Its dimension continuously changes with temperature (Fig. 2c).
Whereas the unstabilized cristobalite, obtained by sintering Si0O»
with 2 mol% Li>COs, shows large discontinuous volume expan-
sion at 210-230 °C, associated with the characteristic first-order
o — B transition (Fig. 2a). The addition of 6 mol% SizNy greatly
reduces the volume expansion because a part of 3-cristobalite is
stabilized to room temperature (Fig. 2b).

It can be seen from Fig. la (III) that in the presence of
2mol% Li;CO3, doping 16 mol% SizN4 into SiO yields the
mixtures of SipN>O and chemically stabilized 3-cristobalite at
room temperature, indicating that a part of nitrogen in Si3Ny
reacts with SiO, to form SipN,>O and the other may dissolve
into the structure of $-cristobalite and contribute to its stabiliza-
tion. Nitrogen atom has a similar radius to oxygen and the Si—N
(0.174 nm) and Si—O (0.170nm) bond lengths are very close,
implying the easy substitution of nitrogen for oxygen atom of
SiOu/, tetrahedron in cristobalite.2!22 To compensate charge
for the substitution, Li* is probably stuffed into the big inter-
stitial sites formed by six-membered rings of SiOy/, tetrahedral
in the cristobalite structure. Fig. 3 shows the schematic struc-
ture of stabilized B-cristobalite by nitrogen and Li along (1 1 0)
direction.

In order to further confirm that nitrogen atoms substitute
oxygen atoms in cristobalite structure, X-ray photoelectron
spectroscopy (XPS) was used to analyze the as-sintered sam-
ples doped with 2 mol% Li»COj3 and different amounts of Si3Ny
(Fig.4). For the as-prepared sample with 50 mol% Si3Nj in start-
ing material, its only crystalline phase is SioN»>O (see Fig. 5e).
And its N 1s binding energy are 397.7 eV (Fig. 4a), which is in
agreement with that measured by Finster et al.>> When the molar
contents of Si3Njy in the starting materials are decreased to 16%
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Fig. 3. Schematic polyhedral representation of stabilized (3-cristobalite doped
with nitrogen and lithium along (1 1 0) direction.
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Fig. 4. XPS spectra of N 1s for the as-sintered samples doped with 2 mol%
LipCOs3 and different amounts of Si3Ny: (a) 50 mol% SizNy, (b) 16 mol% SizNy
and (c) 6 mol% SizNy.
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Fig. 5. X-ray diffraction patterns of as-sintered samples with SiO; +2 mol%
Li;CO3 + different amounts of Si3Ny as starting materials: (a) 16 mol% Si3Ny,
(b) 25 mol% SizNy, (¢) 30mol% Si3zNy, (d) 40mol% SizN4 and (e) 50 mol%
Si3Ny.
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and 6%, the as-sintered samples are composed of SioN>O and
cristobalite (IIT and I'V in Fig. 1a). Their N 1s core level spectra
are shown in Fig. 4b and c, respectively, and deconvoluted using
a Gaussian function. Both peak I in Fig. 4b and peak Il in Fig. 4c
are centered at 397.7 eV, which are attributed to SipN,O. Peak II
in Fig. 4b and peak IV in Fig. 4c show a remarkable difference:
their binding energies are 398.2eV and 398.4 eV, respectively,
which are close to that of N1s in oxynitride glasses.>* The two
peaks can be assigned to cristobalite. N1s peak for cristobalite
in the sample doped with 16 mol% Si3Ny4 shifts 0.2eV to the
lower binding energy range compared with the sample doped
with 6 mol% SizNg4. This is due to the fact that more nitrogen
atoms are incorporated into the structure of cristobalite with the
increase of SizNy, resulting in the change of local charge. The
similar phenomenon was found in oxynitride glasses and vapor-
deposited oxynitride films: the binding energy of N 1s slightly
decreases when more oxygen atoms in oxynitride structure are
replaced by nitrogen atoms.?*?>

3.2. Preparation and microstucture of bulk
Sio N, O/B-cristobalite composites

Si03, 2mol% Li,COs3 and different amounts of SizN4 were
used as starting materials and hot-pressed at 1550 °C to prepare
bulk SipN,O/stabilized -cristobalite composites. Fig. 5 shows
XRD patterns of the as-sintered samples. It can be seen that the
as-prepared samples are well crystallized and only B-cristobalite
and Si;N>O are identified. No peak for other crystalline phases
can be detected via XRD. The intensity ratios of B-cristobalite
(111) to SipN70 (111) increase with the decrease of SizNy
content. When the Si3N4 content in starting materials is less
than 16 mol%, much crack is observed in the as-sintered sample
because the amount of Si3Ny is not sufficient to effectively sup-
press the phase transition of § — a-cristobalite and high thermal
stress is generated. The true contents of [3-cristobalite in the as-
sintered samples are calculated using the Rietveld method and
are shown in Table 2.

The microstructure of SioN,O/B-cristobalite composite with
62 vol.% [-cristobalite is presented in Fig. 6. Si,N,O and f3-
cristobalite have similar contrast and can not be distinguished in
SEM. However, it can be seen that grains of the composite exhibit
plate-like shape with an average size of 3-5 wm. The similar

Table 2
The molar ratio of composition in starting materials and the B-cristobalite con-
tents in as-sintered samples calculated by the Rietveld method

The calculated contents
of B-cristobalite

The molar ratio of composition in
starting materials

Li,COs SizNy SiO; vol.% wt.%
0.02 0.50 0.48 0 0
0.02 0.35 0.63 27 22
0.02 0.25 0.53 44 38
0.02 0.20 0.78 53 47
0.02 0.16 0.82 62 56
0.02 0.06 0.92 - -
0.02 0 0.98 - -
0 0 1 - -

Fig. 6. Scanning electron micrograph of Si;N20/62 mol% {3-cristobalite com-
posite. The sample was etched by a 1:1 HF/HNO3 solution for 5 min.
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Fig. 7. Density of SipN,O/B-cristobalite composites as a function of B-
cristobalite content.

grain morphology was also found in stabilized B-cristobalite by
adding Al,O3 and Na,0.!>17

3.3. Mechanical properties of bulk SioN,O/B-cristobalite
composites

Figs. 7 and 8 display the density, Youngs’ modulus and
shear modulus of SioN,O/B-cristobalite composites versus f3-

240 15 1100
1|

= 220 _
5 190 &
< 200 T)
@ b
— 1 -
.E 180 , . 180 £
E [=}
> 160 .-
) i =
5 140 =
o Ny Jo

120 T T v T M T M T M T M 1

0 10 20 30 40 50 60
B-cristobalite content (vol.%)

Fig. 8. Young’s and shear modulus of SipN,O/B-cristobalite composites as a
function of B-cristobalite content.
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Fig. 9. Flexural strength and fracture toughness of SioN,O/B-cristobalite com-
posites as a function of 3-cristobalite content.

cristobalite content. These properties decline with the increase
of B-cristobalite contents. The density value of SioN>0/62 vol.%
[B-cristobalite composite is 87% of monolithic SioN>O. Young’s
modulus decreases by 44% from 228.6 GPa for monolithic
SizN>O to 129.3 GPa for SipN,O/62 vol.% B-cristobalite com-
posite. The corresponding decrease in shear modulus is 40%
from 100.5 to 60.5 GPa. The elastic properties of B-cristobalite
are not available in literature, however, it can be postulated from
the properties of SioN,O/B-cristobalite composites that similar
to amorphous SiO;, B-cristobalite possesses low Young’s and
shear modulus.

Fig. 9 shows the strength and fracture toughness of
Sip N, O/B-cristobalite composites versus [3-cristobalite content.
The fracture toughness of the composites is between 2.0 and
3.9. The flexural strength of the composites decreases with
the increase of 3-cristobalite content. When the content of 3-
cristobalite is 62 vol.%, the flexural strength of the composite is
212 MPa.

3.4. Dielectric properties of bulk Si;N,O/B-cristobalite
composites

Besides mechanical properties, dielectric constant is another
important parameter of structural/functional material. Dielec-
tric constant ¢’ and loss tangent tg§ of SipN,O/B-cristobalite
composites with various (-cristobalite contents as a function
of frequency are determined and are shown in Figs. 10 and 11,
respectively. It can be seen that dielectric constant &’ of the com-
posites slightly deceases with the increase of frequency. For
ceramics with low dielectric constant, space charge polarization
is considered to be the main polarization mechanism and the
relaxation time 7 is relatively long.2° Therefore, as the frequency
increases, space charge polarization can not follow the chang-
ing electromagnetic field, resulting in the decrease of dielectric
constant. SipN,O/B-cristobalite composites exhibit the low loss
tangent, which is below 0.007 in the frequency range of 40 Hz
to 20 MHz.

It can be seen from Fig. 10 that the introduction of
B-cristobalite effectively lowers the dielectric constant. The
dielectric constants of the composites vesus P-cristobalite
content at 1 MHz are plotted in Fig. 12. The dielectric con-
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Fig. 10. The frequency dependence of dielectric constant of SizN,O/B-
cristobalite composites with various -cristobalite content.
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Fig. 11. The frequency dependence of loss tangent of Si;N,O/B-cristobalite
composites with various B-cristobalite content.

stant decreases from 6.17 for monolithic Si;N,>O to 4.81 for
Si,N»0/62 vol.% [-cristobalite composite. The following equa-
tion is proposed by Wakino et al.”’ and has been widely used to
calculate the dielectric constant of a composite:

&% = Vie§l + Vaes (1)

where €7, 5 and & are the dielectric constants of material 1,
material 2 and the mixture of material 1 and material 2, respec-
tively, and V| and V; are the volume fraction of material 1 and
material 2, respectively, and « is a constant. The equation is

624w
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Fig. 12. Dielectric constant of SipN>O/B-cristobalite composites at | MHz as a
function of B-cristobalite content.
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Table 3
Selected properties of several structural/functional ceramics

Properties SiaN,0 Si3Ny 2829 Al,03%830 AINZS Hexagonal BN Fused Si0,°%8 Si;N,0/62 vol.% B-cristobalite
p (g/em?) 2.81 3.18 3.98 32 2.27 22 2.46

E (GPa) 289 320 416 330 779 72 129

oy (MPa) 513 700 380 280 89.6 50 212

Kic (MPam'?) 33 45 27 2.6 - L0 2.0

Hy (GPa) 17 16.5 18 12 2 (Morse) 7 9.1

¢ (1MHz) 6.2 9 9.9 94 42 3.9 4.8

tgs (1 MHz) 0.0008 0.002 0.00023 0.002 0.0002 0.0003 0.0009

used to fit the relationship curve between the 3-cristobalite con-
tent and dielectric constant of the composites at 1 MHz. The
dielectric constant of B-cristobalite at 1 MHz is determined to
be 4.07, which is higher than the calculated value by the firs-
principle method.'? The measured high dielectric constant may
be associated with the increasing polarization resulting from the
substitution of O by N and the stuffing of Li* into the interstice
in B-cristobalite structure.

Table 3 lists the properties of some high-temperature struc-
tural/functional materials with low dielectric constant and
loss tangent.s’zg‘30 SioN>0/62 vol.% [-cristobalite composite
exhibits lower dielectric constant than Si)N,O, SizNy4, Al,O3,
and AIN. This composite has a density of 2.46 g/cm?, which is
lower than that of SioN,O, SizNy4, AlO3 and AIN and is close
to that of fused SiO, and hexagonal BN. Its flexural strength
212 MPais about twice higher than that of hot-pressed hexagonal
BN and is comparable to that of AIN.

Fused SiO; has received much attention as a high tempera-
ture functional material due to its excellent dielectric properties
and excellent thermal shock resistance.”® However, its applica-
tion is limited because of unsatisfactory mechanical properties
and softening and the crystallization of amorphous SiO; above
1100°C.% 1t can be seen from Table 2 that compared with
fused SiO,, SioN0/62vo0l.% [-cristobalite composite pos-
sesses slightly inferior dielectric properties, however, its flexural
strength and fracture toughness are about four times and twice
in excess of those of fused SiOj, respectively. In addition,
SixN20/62 vol.% [-cristobalite composite can keep chemi-
cal stability up to the melting point of (-cristobalite (about
1700 °C), indicating that it is a potential high temperature struc-
tural/functional material.

4. Conclusions

1. Bulk Si;N,O/B-cristobalite composites with various _-
cristobalit contents were synthesized using Si3Ny, SiO; and
Li»COs3 as starting materials by a hot-pressing method.

2. The B — a-cristobalite first-order transition is effectively
hindered in the as-sintered composites doped with more than
16 mol% SizN4 and 2 mol% Li,COs.

3. The density, Young’s and shear modulus, flexural strength
of the as-sintered composites decrease with increasing 3-
cristobalite content. When the [-cristobalite content is
62vol.%, the flexural strength of the composite reaches
212 MPa.

4. The introduction of B-cristobalite remarkably improves the
dielectric properties. SioN,O/B-cristobalite composite with
62 vol.% B-cristobalite shows a low dielectric constant of 4.8
at | MHz.
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