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bstract

ulk Si2N2O/�-cristobalite composites have been fabricated by a hot-pressing method using Si3N4, SiO2 and Li2CO3 as starting materials. �-
ristobalite in the as-sintered composites is successfully stabilized to room temperature through incorporating N and Li into its structure. The

ntroduction of �-cristobalite significantly improves the dielectric properties. Si2N2O/62 vol.% �-cristobalite composite shows a low dielectric

onstant 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
-cristobalite content. When the �-cristobalite content is up to 62 vol.%, the flexural strength of the composite reaches 212 MPa. The bulk Si2N2O/�-
ristobalite composites show the combination of low density, excellent mechanical performance, low dielectric constant and loss tangent, indicating
hat they are promising high-temperature structural/functional materials.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon oxynitride (Si2N2O) is a promising structural mate-
ial for high-temperature applications due to its high strength
t high temperatures, excellent oxidation resistance, good ther-
al shock resistance, low density and high thermal stability

up to 1750 ◦C).1,2 However, as a high-temperature functional
aterial, dielectric properties of Si2N2O are expected to further

mprove.3,4 This can be achieved by introducing other phases
ith low dielectric constant. Among the high-temperature
ielectric materials, including fused SiO2, BN, Si3N4, Al2O3
nd AlN, fused SiO2 is preferred because of its very low dielec-
ric constant and loss tangent as well as good thermal shock
esistance.5–8 However, it has some shortcomings, such as low
exural strength and fracture toughness, and the degradation of
echanical properties resulting from softening and crystalliza-

ion of amorphous SiO2 above 1100 ◦C.8,9

Compared with fused SiO2, �-cristobalite possesses an obvi-

us advantage: it can keep its structure stability up to the
elting point of SiO2 (about 1700 ◦C). In addition, it has good

hermal shock resistance and a very low expansion coefficient

∗ Corresponding author. Tel.: +86 24 23971765; fax: +86 24 23891320.
E-mail address: yczhou@imr.ac.cn (Y. Zhou).
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hat even decreases at above 1000 ◦C.10–12 Recently, based on
b initio calculations, Xu and Ching13 predicted that it pos-
esses the lowest dielectric constant in all the crystalline phases
f SiO2. However, �-cristobalite undergoes � → � displacive
hase transition from 170 to 270 ◦C, depending on the crystal-
ization conditions.14 This transition is accompanied by 3–5%
olume change which often generates great thermal stress and
esults in the cracking of samples. Thus developing a method
o stabilize �-cristobalite to room temperature is of virtual
nterest.10–12,15–18

Adding Al3+, and Na+, Ca2+, Sr2+ or Cu2+ by sol–gel
oute is an effective way to inhibit the phase transition of �-
ristobalite. The hindering mechanism was explained as follows:
arge univalent or divalent cations (Na+, Ca2+, Sr2+ etc.) were
tuffed into big interstitial sites of silicate structures to charge-
ompensate the substitution of Al3+ for Si4+ in the framework,
nd the presence of aforementioned cations in the interstices sup-
ressed the contraction of the structure which normally occured
uring the � → �-cristobalite transition, consequently stabi-
izing the cubic �-cristobalite structures.10–12 In addition, the
ncorporation of AlPO4 could also successfully stabilize the

-cristobalite to room temperature. The mechanism was pro-
osed that the formation of AlPO4-tridymite stacking faults
ithin the �-cristobalite structure interrupted the 〈1 1 0〉 chains
f corner connecting tetrahedral and inhibited the concerted rota-

mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.051
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Table 1
The reflection (h k l), 2θ and relative intensity of diffraction peaks associated
with cristobalite in Fig. 1a

Samples Reflection (h k l) 2θ (◦) Iα/Iα(1 0 1) (%) or
Iβ/Iβ(1 1 1) (%)

I
�-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

II
�-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

III
Cristobalite 21.80 100.0

28.24 4.3
31.20 4.5
35.88 11.4

IV
�-Cristobalite 111 21.72 100.0

220 35.76 13.0
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ion of these chains, resulting in the preservation of overall
-cristobalite cubic character.10 However, the materials pro-
uced by the aforementioned two methods contained much
lassy phase, and a large amount of �-cristobalite formed when
he temperature was above 1200 ◦C.10–12,15,16 In addition, up
o now, bulk �-cristobalite has not been obtained, which pre-
ents further investigation on the properties of �-cristobalite
nd the application of �-cristobalite as a structural/functional
aterial.
In this paper, bulk Si2N2O/�-cristobalite composites were

abricated by a hot-pressing method using Si3N4, SiO2
nd Li2CO3 as starting materials. � → �-cristobalite dis-
lacive phase transition was successfully suppressed. The
indering mechanism was investigated. The mechanical and
ielectric properties of Si2N2O/�-cristobalite composites were
easured. The results obtained in this paper are bene-
cial to the understanding of properties of �-cristobalite
nd to the promotion of Si2N2O/�-cristobalite compos-
tes as candidates for high-temperature structural/functional
pplications.

. Experimental procedures

Si3N4 powders (average particle size <0.36 �m, oxygen and
otal metallic impurity contents were 1.5 wt.% and less than
50 ppm, respectively. Sinoma Advanced Materials Co. Ltd.,
hibo, China, SiO2 powders (99.99% pure, Sinopharm Group
hemical Reagent Co. Ltd., Beijing, China) and Li2CO3 pow-
ers (99% pure, Sinopharm Group Chemical Reagent Co. Ltd.,
eijing, China) were used as starting materials. The molar con-

ents of Si3N4, SiO2 and Li2CO3 were modified and listed
n Table 1 in order to investigate the influence of Si3N4 and
i2CO3 on the stabilization of �-cristobalite and to prepare the
i2N2O/�-cristobalite composites with various �-cristobalite
ontents. The mixtures of starting powders were ball-milled in
gate jars using Si3N4 balls with ethanol medium for 10 h. After
eing dried and sieved, the powders were put into a high-strength
raphite die whose inner surface was pre-sprayed with a layer of
N and then cold-pressed at 5 MPa. Thereafter, the green body

ogether with the die was heated in a nitrogen atmosphere at
heating rate of 10 ◦C/min to 1550 ◦C and hot pressed under

0 MPa for 1 h.
The X-ray diffraction (XRD) data of sintered bodies were col-

ected using a step-scanning diffractometer with Cu K� radiation
Rigaku D/max-2400, Tokyo, Japan). Prior to measurement, the
intered samples were milled and ground with an agar mortar
nd pestle to obtain fine powders with the particle size of less
han 20 �m. The scanning 2θ angle covered a range between
0◦ and 60◦ with a step size of 0.02◦ and a step counting of 5 s.
he measurement of all samples was taken under the same con-
itions. The quantitative phase analyses were performed using
he Rietveld method employing the DBWS code in the Cerius2

omputational program for materials research (Molecular Sim-

lation Inc., San Diego, USA).19

X-ray photoelectron spectroscopy (XPS) characterization
as performed using a X-ray photoelectron spectrometer

ESCALAB 250, Thermo VG, Massachusetts, USA) with

4
o
O
w

�-Cristobalite 111 21.72 100.0
220 35.76 12.7

l K� (1486.6 eV) X-ray resource. The measured bind-
ng energies were normalized by the peak energy of C 1s
284.6 eV).

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

The density of as-prepared samples was measured by the
rchimedes method. Three-point flexural strength was deter-
ined using rectangular bars (3 mm × 4 mm × 40 mm) in a

niversal testing machine at a crosshead speed of 0.5 mm/min.
racture toughness (KIC) was determined by an indentation tech-
ique with a load of 49 N and a dwell time of 15 s. The fracture
oughness was calculated using the equation proposed by Anstis
t al.20

The Young’s modulus and shear modulus at room tempera-
ure were evaluated in a RFDA-HTVP1750-C testing machine
IMCE, Diepenbeek, Belgium). The samples were rectangular
ars of 3 mm × 15 mm × 40 mm in size. The Young’s modu-
us and shear modulus were calculated according to the ASTM
tandard E 1259-94.

The dielectric constant and loss tangent were determined
sing 4294A Impedance Analyzer and 16451B Dielectric Test
ixture (Agilent, California, USA). The frequency ranged from

0 Hz to 20 MHz. The microstructures of bulk samples were
bserved in a SUPRA 35 scanning electron microscope (LEO,
berkochen, Germany). Before SEM observation, the samples
ere etched in a 1:1 HF/HNO3 solution for 5 min.
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. Results and discussion

.1. Stabilization of β-cristobalite

Amorphous SiO2 without dopant and amorphous SiO2 doped
ith 2 mol% Li2CO3 and different amounts of Si3N4 were

intered at 1550 ◦C for 1 h. XRD patterns of the as-prepared
amples are presented in Fig. 1a. The magnifications of the cor-
esponding reflections in Fig. 1a in the range of 2θ = 17–37◦
re presented in Fig. 1b–e, to identify crystal structure charac-

eristic of cristobalite. The relative intensities and 2θ of peaks
n Fig. 1a associated with cristobalite are listed in Table 1. For
iO2 without dopant and doped with only 2 mol% Li2CO3, �-
ristobalite is the only crystalline phase (compositions I and II

t
s
t
(

ig. 1. X-ray diffraction patterns of as-sintered samples with different initial material
i3N4, (IV) SiO2 + 2 mol% Li2CO3 + 16 mol% Si3N4, (V) SiO2 + 2 mol% Li2CO3 +
θ = 21.2–22.4, 27.9–28.7, 30.8–32.0 and 35.2–36.8, respectively.
ramic Society 28 (2008) 1227–1234 1229

n Fig. 1a). Its main reflections in the range of 2θ = 17–37◦ are
t 22.00◦, 28.46◦, 31.48◦, 36.12◦ and 36.42◦ (composition II in
ig. 1b–e), corresponding to (1 0 1), (1 1 1), (1 0 2), (2 0 0) and
1 1 2), respectively. Their relative intensities are 100:8:9:13:4.

hen 6 mol% Si3N4 is added, the (1 1 2)� reflection disap-
ears (composition III in Fig. 1e) and the other four reflections
ssociated with cristobalite in the range of 2θ = 17–37◦ shift
oward lower angles (2θ = 21.80◦, 28.24◦, 31.20◦ and 35.88◦)
nd their relative intensities change to 100:4:5:11 (composi-
ion III in Fig. 1a–e), indicating that N is incorporated into

he structure of �-cristobalite and causes the increase of lattice
pacing. When 16 mol% Si3N4 is doped, the two characteris-
ic peaks of �-cristobalite (2θ = 28.24◦ and 31.20◦) disappear
composition IV in Fig. 1c and d) and the other two peaks

s: (I) SiO2, (II) SiO2 + 2 mol% Li2CO3, (III) SiO2 + 2 mol% Li2CO3 + 6 mol%
25 mol% Si3N4. (b)–(e) are the magnifications of corresponding reflections in
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Fig. 3. Schematic polyhedral representation of stabilized �-cristobalite doped
with nitrogen and lithium along (1 1 0) direction.

Fig. 4. XPS spectra of N 1s for the as-sintered samples doped with 2 mol%
Li2CO3 and different amounts of Si3N4: (a) 50 mol% Si3N4, (b) 16 mol% Si3N4

and (c) 6 mol% Si3N4.
ig. 2. Thermal expansion of as-sintered samples doped with 2 mol% Li2CO3

nd different amounts of Si3N4: (a) 0 mol% Si3N4, (b) 6 mol% Si3N4 and (c)
6 mol% Si3N4.

hift to 2θ = 21.72◦ and 35.76◦ (composition IV in Fig. 1b and
), respectively, which correspond to (1 1 1) and (2 2 0) of �-
ristobalite. This demonstrates that the introduction of 16 mol%
i3N4 can lead to the stabilization of the high temperature
hase, �-cristobalite, to room temperature. Further increasing
he Si3N4 content does not change the positions of (1 1 1) and
2 2 0) peaks (composition V in Fig. 1b and e). The stabilization
f �-cristobalite in the as-sintered sample doped with 16 mol%
i3N4 can also be confirmed by its thermal expansion behavior.
ts dimension continuously changes with temperature (Fig. 2c).

hereas the unstabilized cristobalite, obtained by sintering SiO2
ith 2 mol% Li2CO3, shows large discontinuous volume expan-

ion at 210–230 ◦C, associated with the characteristic first-order
→ � transition (Fig. 2a). The addition of 6 mol% Si3N4 greatly

educes the volume expansion because a part of �-cristobalite is
tabilized to room temperature (Fig. 2b).

It can be seen from Fig. 1a (III) that in the presence of
mol% Li2CO3, doping 16 mol% Si3N4 into SiO2 yields the
ixtures of Si2N2O and chemically stabilized �-cristobalite at

oom temperature, indicating that a part of nitrogen in Si3N4
eacts with SiO2 to form Si2N2O and the other may dissolve
nto the structure of �-cristobalite and contribute to its stabiliza-
ion. Nitrogen atom has a similar radius to oxygen and the Si–N
0.174 nm) and Si O (0.170 nm) bond lengths are very close,
mplying the easy substitution of nitrogen for oxygen atom of
iO4/2 tetrahedron in cristobalite.21,22 To compensate charge
or the substitution, Li+ is probably stuffed into the big inter-
titial sites formed by six-membered rings of SiO4/2 tetrahedral
n the cristobalite structure. Fig. 3 shows the schematic struc-
ure of stabilized �-cristobalite by nitrogen and Li along (1 1 0)
irection.

In order to further confirm that nitrogen atoms substitute
xygen atoms in cristobalite structure, X-ray photoelectron
pectroscopy (XPS) was used to analyze the as-sintered sam-
les doped with 2 mol% Li2CO3 and different amounts of Si3N4
Fig. 4). For the as-prepared sample with 50 mol% Si3N4 in start-

ng material, its only crystalline phase is Si2N2O (see Fig. 5e).
nd its N 1s binding energy are 397.7 eV (Fig. 4a), which is in

greement with that measured by Finster et al.23 When the molar
ontents of Si3N4 in the starting materials are decreased to 16%

Fig. 5. X-ray diffraction patterns of as-sintered samples with SiO2 + 2 mol%
Li2CO3 + different amounts of Si3N4 as starting materials: (a) 16 mol% Si3N4,
(b) 25 mol% Si3N4, (c) 30 mol% Si3N4, (d) 40 mol% Si3N4 and (e) 50 mol%
Si3N4.
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Fig. 6. Scanning electron micrograph of Si2N2O/62 mol% �-cristobalite com-
posite. The sample was etched by a 1:1 HF/HNO3 solution for 5 min.
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nd 6%, the as-sintered samples are composed of Si2N2O and
ristobalite (III and IV in Fig. 1a). Their N 1s core level spectra
re shown in Fig. 4b and c, respectively, and deconvoluted using
Gaussian function. Both peak I in Fig. 4b and peak III in Fig. 4c
re centered at 397.7 eV, which are attributed to Si2N2O. Peak II
n Fig. 4b and peak IV in Fig. 4c show a remarkable difference:
heir binding energies are 398.2 eV and 398.4 eV, respectively,
hich are close to that of N1s in oxynitride glasses.24 The two
eaks can be assigned to cristobalite. N1s peak for cristobalite
n the sample doped with 16 mol% Si3N4 shifts 0.2 eV to the
ower binding energy range compared with the sample doped
ith 6 mol% Si3N4. This is due to the fact that more nitrogen

toms are incorporated into the structure of cristobalite with the
ncrease of Si3N4, resulting in the change of local charge. The
imilar phenomenon was found in oxynitride glasses and vapor-
eposited oxynitride films: the binding energy of N 1s slightly
ecreases when more oxygen atoms in oxynitride structure are
eplaced by nitrogen atoms.24,25

.2. Preparation and microstucture of bulk
i2N2O/β-cristobalite composites

SiO2, 2 mol% Li2CO3 and different amounts of Si3N4 were
sed as starting materials and hot-pressed at 1550 ◦C to prepare
ulk Si2N2O/stabilized �-cristobalite composites. Fig. 5 shows
RD patterns of the as-sintered samples. It can be seen that the

s-prepared samples are well crystallized and only �-cristobalite
nd Si2N2O are identified. No peak for other crystalline phases
an be detected via XRD. The intensity ratios of �-cristobalite
1 1 1) to Si2N2O (1 1 1) increase with the decrease of Si3N4
ontent. When the Si3N4 content in starting materials is less
han 16 mol%, much crack is observed in the as-sintered sample
ecause the amount of Si3N4 is not sufficient to effectively sup-
ress the phase transition of � → �-cristobalite and high thermal
tress is generated. The true contents of �-cristobalite in the as-
intered samples are calculated using the Rietveld method and
re shown in Table 2.

The microstructure of Si2N2O/�-cristobalite composite with

2 vol.% �-cristobalite is presented in Fig. 6. Si2N2O and �-
ristobalite have similar contrast and can not be distinguished in
EM. However, it can be seen that grains of the composite exhibit
late-like shape with an average size of 3–5 �m. The similar

able 2
he molar ratio of composition in starting materials and the �-cristobalite con-

ents in as-sintered samples calculated by the Rietveld method

he molar ratio of composition in
tarting materials

The calculated contents
of �-cristobalite

i2CO3 Si3N4 SiO2 vol.% wt.%

.02 0.50 0.48 0 0

.02 0.35 0.63 27 22

.02 0.25 0.53 44 38

.02 0.20 0.78 53 47

.02 0.16 0.82 62 56

.02 0.06 0.92 – –

.02 0 0.98 – –
0 1 – –

s

F
f

ig. 7. Density of Si2N2O/�-cristobalite composites as a function of �-
ristobalite content.

rain morphology was also found in stabilized �-cristobalite by
dding Al2O3 and Na2O.12,17

.3. Mechanical properties of bulk Si2N2O/β-cristobalite
Figs. 7 and 8 display the density, Youngs’ modulus and
hear modulus of Si2N2O/�-cristobalite composites versus �-

ig. 8. Young’s and shear modulus of Si2N2O/�-cristobalite composites as a
unction of �-cristobalite content.
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Fig. 10. The frequency dependence of dielectric constant of Si2N2O/�-
cristobalite composites with various �-cristobalite content.
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where εα
1 , εα

2 and εα
r are the dielectric constants of material 1,

material 2 and the mixture of material 1 and material 2, respec-
tively, and V1 and V2 are the volume fraction of material 1 and
material 2, respectively, and α is a constant. The equation is
ig. 9. Flexural strength and fracture toughness of Si2N2O/�-cristobalite com-
osites as a function of �-cristobalite content.

ristobalite content. These properties decline with the increase
f �-cristobalite contents. The density value of Si2N2O/62 vol.%
-cristobalite composite is 87% of monolithic Si2N2O. Young’s
odulus decreases by 44% from 228.6 GPa for monolithic
i2N2O to 129.3 GPa for Si2N2O/62 vol.% �-cristobalite com-
osite. The corresponding decrease in shear modulus is 40%
rom 100.5 to 60.5 GPa. The elastic properties of �-cristobalite
re not available in literature, however, it can be postulated from
he properties of Si2N2O/�-cristobalite composites that similar
o amorphous SiO2, �-cristobalite possesses low Young’s and
hear modulus.

Fig. 9 shows the strength and fracture toughness of
i2N2O/�-cristobalite composites versus �-cristobalite content.
he fracture toughness of the composites is between 2.0 and
.9. The flexural strength of the composites decreases with
he increase of �-cristobalite content. When the content of �-
ristobalite is 62 vol.%, the flexural strength of the composite is
12 MPa.

.4. Dielectric properties of bulk Si2N2O/β-cristobalite
omposites

Besides mechanical properties, dielectric constant is another
mportant parameter of structural/functional material. Dielec-
ric constant ε′ and loss tangent tg δ of Si2N2O/�-cristobalite
omposites with various �-cristobalite contents as a function
f frequency are determined and are shown in Figs. 10 and 11,
espectively. It can be seen that dielectric constant ε′ of the com-
osites slightly deceases with the increase of frequency. For
eramics with low dielectric constant, space charge polarization
s considered to be the main polarization mechanism and the
elaxation time � is relatively long.26 Therefore, as the frequency
ncreases, space charge polarization can not follow the chang-
ng electromagnetic field, resulting in the decrease of dielectric
onstant. Si2N2O/�-cristobalite composites exhibit the low loss
angent, which is below 0.007 in the frequency range of 40 Hz
o 20 MHz.
It can be seen from Fig. 10 that the introduction of
-cristobalite effectively lowers the dielectric constant. The
ielectric constants of the composites vesus �-cristobalite
ontent at 1 MHz are plotted in Fig. 12. The dielectric con-

F
f

ig. 11. The frequency dependence of loss tangent of Si2N2O/�-cristobalite
omposites with various �-cristobalite content.

tant decreases from 6.17 for monolithic Si2N2O to 4.81 for
i2N2O/62 vol.% �-cristobalite composite. The following equa-

ion is proposed by Wakino et al.27 and has been widely used to
alculate the dielectric constant of a composite:

α
r = V1ε

α
1 + V2ε

α
2 (1)
ig. 12. Dielectric constant of Si2N2O/�-cristobalite composites at 1 MHz as a
unction of �-cristobalite content.
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Table 3
Selected properties of several structural/functional ceramics

Properties Si2N2O Si3N4
28,29 Al2O3

28,30 AlN28 Hexagonal BN28 Fused SiO2
5,28 Si2N2O/62 vol.% �-cristobalite

ρ (g/cm3) 2.81 3.18 3.98 3.2 2.27 2.2 2.46
E (GPa) 289 320 416 330 77.9 72 129
σb (MPa) 513 700 380 280 89.6 50 212
KIC (MPa m1/2) 3.3 4.5 2.7 2.6 – 1.0 2.0
HV (GPa) 17 16.5 18 12 2 (Morse) 7 9.1
ε

t

u
t
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s
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t
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t
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S
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R

1

1

1

1

′ (1 MHz) 6.2 9 9.9 9.4
g δ (1 MHz) 0.0008 0.002 0.00023 0.002

sed to fit the relationship curve between the �-cristobalite con-
ent and dielectric constant of the composites at 1 MHz. The
ielectric constant of �-cristobalite at 1 MHz is determined to
e 4.07, which is higher than the calculated value by the firs-
rinciple method.13 The measured high dielectric constant may
e associated with the increasing polarization resulting from the
ubstitution of O by N and the stuffing of Li+ into the interstice
n �-cristobalite structure.

Table 3 lists the properties of some high-temperature struc-
ural/functional materials with low dielectric constant and
oss tangent.5,28–30 Si2N2O/62 vol.% �-cristobalite composite
xhibits lower dielectric constant than Si2N2O, Si3N4, Al2O3,
nd AlN. This composite has a density of 2.46 g/cm3, which is
ower than that of Si2N2O, Si3N4, Al2O3 and AlN and is close
o that of fused SiO2 and hexagonal BN. Its flexural strength
12 MPa is about twice higher than that of hot-pressed hexagonal
N and is comparable to that of AlN.

Fused SiO2 has received much attention as a high tempera-
ure functional material due to its excellent dielectric properties
nd excellent thermal shock resistance.5–8 However, its applica-
ion is limited because of unsatisfactory mechanical properties
nd softening and the crystallization of amorphous SiO2 above
100 ◦C.8,9 It can be seen from Table 2 that compared with
used SiO2, Si2N2O/62 vol.% �-cristobalite composite pos-
esses slightly inferior dielectric properties, however, its flexural
trength and fracture toughness are about four times and twice
n excess of those of fused SiO2, respectively. In addition,
i2N2O/62 vol.% �-cristobalite composite can keep chemi-
al stability up to the melting point of �-cristobalite (about
700 ◦C), indicating that it is a potential high temperature struc-
ural/functional material.

. Conclusions

. Bulk Si2N2O/�-cristobalite composites with various �-
cristobalit contents were synthesized using Si3N4, SiO2 and
Li2CO3 as starting materials by a hot-pressing method.

. The � → �-cristobalite first-order transition is effectively
hindered in the as-sintered composites doped with more than
16 mol% Si3N4 and 2 mol% Li2CO3.

. The density, Young’s and shear modulus, flexural strength

of the as-sintered composites decrease with increasing �-
cristobalite content. When the �-cristobalite content is
62 vol.%, the flexural strength of the composite reaches
212 MPa.

1

1

4.2 3.9 4.8
0.0002 0.0003 0.0009

. The introduction of �-cristobalite remarkably improves the
dielectric properties. Si2N2O/�-cristobalite composite with
62 vol.% �-cristobalite shows a low dielectric constant of 4.8
at 1 MHz.
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