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Abstract

Dense Si;N,O was successfully synthesized using 2 mol% Li,O as an additive by a hot-pressing method at 1500 °C. Compared to other metal
oxide additives, Li,O can significantly decrease the sintering temperature of Si;N,O, which is ascribed to the lower melting point of Li,O-SiO,
and the formation of less viscous liquid phase. Increasing Li,O content has no apparent influence on the mechanical and dielectric properties of
dense Si,N,O, which is due to the easy evaporation of Li,O at sintering temperature. The mechanical properties of Si,N,O with Li,O additive
are comparable to those of Si;N,O synthesized with other additives. The as-prepared bulk Si,N,O with 2 mol% Li,O additive exhibits both low
dielectric constant (6.17 at 1 MHz) and loss tangent (0.0008 at 1 MHz) and combines good mechanical performance, indicating it is a potential

high-temperature structural/functional material.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon oxynitride (Si;N;O) is a unique compound in the
Si0,-Si3Ny system and exhibits many intrinsic properties
which make it a promising high-temperature structural ceramic
material.!"® It can keep excellent oxidation resistance in air up
to 1600 °C and high flexural strength up to 1400 °C without
degradation.!3= In addition, it possesses very low theoretic den-
sity (2.81 g/cm3), high hardness (Hy: 17-22 GPa),? low thermal
expansion coefficient (3.5 x 107 K~"),2 good thermal shock
resistance and high thermodynamic stability temperature (about
1800°C).6

Recently, based on ab initio calculations, Ching’ predicted
that Si;N,O possessed low dielectric constant, which is one of
the most important physical properties for insulators. The good
dielectric property of SioN>O is mainly due to its bonding prop-
erties and special electronic structure which results in large band
gap. However, there is no experimental result to test this con-
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clusion mainly due to the fact that the synthesis of bulk SioN,O
is difficult.

The reaction sintering process of SioN,O is similar to the
sintering of Si3Ny, i.e. both materials have strongly covalent
bonds and low diffusion coefficient, requiring high sintering
temperatures. This usually implies that oxide additives are
needed to form a liquid phase with a eutectic melting point
low enough to permit sintering without excessive dissocia-
tion. However, a high sintering temperature (>1700°C) and
long holding time are still required even when various types
of metal oxides (MgO, Al,O3, ZrO; and Ln;O3, where Ln
represents Nd, Sm, Gd, Dy, Er, Yb, Y and Ce) additives are
employed.'® Compared to the aforementioned metal oxides
additives, Lio O is a promising additive owing to the lower melt-
ing point of LipO-SiO; and the formation of less viscous liquid
phase. In the cases of sintering SizN4 with LiYO, additive
and AIN with Li,O+CaO + Y,0O3 additive, high density was
obtained at a relatively low temperature because LiyO-rich lig-
uid phase could enhance the dissolution of reactants, accelerate
the solution-diffusion—precipitation process, and facilitate the
filling of pores.>® In addition, the easy evaporation of Li,O
results in the low content of residual Li in as-sintered sam-
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ples, which will be beneficial for high-temperature mechanical
performance.

Due to easy evaporation of Li;O at high temperature and
enhanced sintering of Si3N4 and AIN,310 i, O was selected as
a sintering additive to prepare bulk SipN>O in this work. The
effect of LioO on the synthesis/sintering and densification of
Si;N>O was investigated. The mechanical and dielectric prop-
erties of as-prepared bulk samples were measured. The results
obtained in this paper are beneficial for the understanding of
synthesis/sintering and properties of Si;N>O and for the pro-
motion of SipN»>O material as a candidate for high-temperature
structural/functional material.

2. Experimental procedures

SizN4 powders (average particle size <0.36 pm, oxygen and
total metallic impurity contents were 1.5 wt.% and less than
350 ppm, respectively, Sinoma Advanced Materials Co., Ltd.,
China) and SiO; powders (99.99% pure, Sinopharm Group
Chemical Reagent Co., Ltd., China) were used as starting mate-
rials. To obtain an equimolar mixture of SizN4 and SiO;, the
amount of Si3Ny4 was increased to compensate for its surface
oxygen content. LiCO3 powders (99% pure, Sinopharm Group
Chemical Reagent Co., Ltd., China) as sintering aids were added
to the equimolar Si3N4/SiO» mixture at 0.5-5 mol%. The mix-
ture was ball-milled in agate jars using Si3N4 balls with methanol
medium for 10 h. After being dried and sieved, the powders were
put into 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 and hot
pressed under a pressure of 30 MPa at the temperatures of 1400,
1450, 1500 and 1550 °C for 1 h, respectively.

The density of as-sintered samples was measured by the
Archimedes method. The XRD data of sintered bodies were
collected using a step-scanning diffractometer with Cu Ko
radiation (Rigaku D/max-2400, Japan). The quantitative phase
analyses were performed using Rietveld method employing the
DBWS code in the Cerius? computational program for materials
research (Molecular Simutation Inc., USA).!! The intensity is
represented by

IRiewela(260) = b(20) + S Lk | Fx *$(26; — 20x)Px Ag (1)
K

where b (260) is the background intensity; S the scale factor; Lg
contains the Lorentz polarization and multiplicity factors; ¢ the
profile function; Pk the preferred orientation function; Ag the
absorption factor; Fy is the structure factor. The index K rep-
resents Miller indices for the Bragg reflections. In the Rietveld

method, the mass fraction of a phase g, Wy is given by!>13
_ SqMqVq )
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where S is the Rietveld scale factor for the phase q; M the molar
mass; V is the volume of the unit cell. The advantages of the
Rietveld method include, viz. the calibration constants are com-
puted rather than measured by experiments; all the peaks in the

pattern play a part in the analysis; the use of a continuous fitting
function provides a much improved background fit, and finally,
the effects of preferred orientation and extinction are reduced.
Three-point flexural strength was determined at room tem-
perature using rectangular bars (3 mm x 4 mm x 40 mm) in a
universal testing machine at a crosshead speed of 0.5 mm/min.
The Vickers hardness was measured at a load of 10N with a
dwell time of 15 s. Fracture toughness (Kjc) was determined by
an indentation technique with a load of 49 N and a dwell time of
15 s. The fracture toughness was calculated using the equation

proposed by Anstis et al.!#
EN'"*( P
Kic = 0.016(H) (C3/2> 3)
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where E is the Young’s modulus, P the applied indentation load,
C the surface radial cracks length, H the Vickers hardness and a
is the indentation half-diagonal length.

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 used were rect-
angular bars of 3 mm x 15 mm x 40 mm in size. The Young’s
modulus and shear modulus can be calculated according to the
ASTM standard E 1259-94:
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where m is the mass of the bar; b, L, and ¢ the width, length,
and thickness of the bar, respectively; f; the fundamental flex-
ural resonant frequency of the bar; 77 is the correction factor
for fundamental flexural mode to account for factors such as
the finite thickness of bar, and the Poisson’s ratio. B and A are
correcting factors depending on the width—thickness ratio.

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 sample
was etched in molten NaOH for 30s.

Inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Thermo Electron Corporation, Massachusetts, USA)
was used to quantitatively determine the residual Li content in
as-prepared samples.

3. Results and discussion
3.1. Sintering of SioN,O with Li> O addition

In the presence of a liquid phase obtained by the addition of
metal oxide (Me,Oy), the formation reaction of SioN>O can be
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Fig. 1. X-ray diffraction patterns of as-sintered samples with 2mol% Li,O
content in starting materials vs. synthesis/sintering temperature for 1 h holding
time.

descried as the following reaction’>:

SisNy + Si0y 9281, N,0 0

The synthesis/sintering process of SioN,O involves a liquid
phase sintering mechanism. A liquid phase is formed by reac-
tion of the metal oxide additives and SiO;. And then Si;N,O
is formed through a process whereby SizNy is dissolved and
reacted with the SiO, component of the liquid phase. Generally
speaking, the type and amount of metal oxide additives deter-
mine the formation temperature, the quantity and viscosity of
the liquid phase. They also determine the temperature at which
SipN,O forms and densification commences and its rate dur-
ing sintering.>~> Compared to other additives,!™ it is expected
that LioO can lower the synthesis and sintering temperature of
SizN>O.

Fig. 1 shows the phase evolution of sintered bodies with
2 mol% Li,O additive after heating at 1400-1550 °C. The con-
tent of Si;N;O was calculated using the Rietveld method (shown
in Fig. 2). It can be seen that the starting temperature to form
SioN>O ranges from 1400 to 1450 °C. At 1500 °C, the fraction
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Fig. 2. The relative density and the fraction of Si;N>O in as-sintered samples
with 2 mol% Li;O in starting materials vs. sintering temperature for 1 h holding
time.
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Fig. 3. The relative density and fraction of SipN,O in samples sintered at
1550 °C for 1 h vs. Li;O content in starting materials.

of SioN;O reaches the maximum and the density of as-prepared
sample is close to the theoretical value. Further increase of sin-
tering temperature does not improve the content of SioN>O and
density of the resulting specimen.

Fig. 3 shows the effect of Li,O content in starting materials
on the relative density and fraction of SioN,O in as-sintered
samples at 1550 °C. Both the relative density and the fraction of
SioN>O increase with increasing Li> O contents. When 2 mol%
Li;O is added, almost fully dense sintered body with 98 wt.%
SipN»O is obtained. And with further increasing Li;O content
in the starting materials, the density of as-prepared sample and
fraction of SioN;O are not improved.

Based on the above results, it can be concluded: (1) the addi-
tion of 2mol% LiyO is enough to prepare the dense and pure
Si2N>0; (2) LixO significantly lowers the synthesis and sin-
tering temperature of SioN,O, which is attributed to the lower
melting point of Li;O-SiO, and the formation of a less viscous
liquid phase at the sintering temperature. The eutectic point of
Li>0/Si0 is about 1255 °C,8-1% which is much lower than that
of other metal oxide additives/SiO, (>1540°C).">~17 The pres-
ence of LioO will lead to a less viscous liquid phase. This liquid
phase improves the wetting and dissolution of SizNy, accelerates
the precipitation and growth of SipN,O grains, and results in the
rapid densification of SioN>O at a relatively low temperature.

3.2. Mechanical properties of as-prepared SiN,O

The microstructure and properties of Si;N,O with Li; O addi-
tive are studied and compared to those employing other metal
oxides in order to investigate the effect of Li>O. Fig. 4 shows the
microstructure of SioN>O synthesized at 1550 °C using 2 mol%
Li;O as a sintering additive. It displays similar morphology to
microstructures of SipN>O prepared using other metal oxide
as sintering additives.!™ Si;N,O grains exhibit plate-like and
rod-like shape with the average size of about 1-3 pm.

Table 1 exhibits relative densities, mechanical properties and
residual Li content in as-prepared samples. When the Li,O
content in the starting material is above 2 mol%, the influence
of the LiO content on the mechanical properties of the as-
prepared sample is not pronounced, which is attributed to the
easy evaporation of LioO during firing. In the starting mate-
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Fig. 4. Scanning electron micrograph of a SioN,O sample sintered at 1550 °C
for 1 h. The sample was etched by molten NaOH.

rial, the initial contents of Li element are designed to be 0.14,
0.21 and 0.35wt.% Li (equivalent to 2, 3 and 5mol% Li,O
content, respectively). After the green compacts are sintered at
1550 °C for 1 h, the residual Li contents drop to 0.06, 0.07 and
0.09 wt.%, respectively. In order to further lower the Li content,
the as-sintered sample with 2mol% LiyO in starting material
was annealled at 1550 °C for 2 h. Its residual Li content were
measured to be 0.05 wt.%. The vapor pressure of LioO reaches
about 5 Pa at 1550 °C.° Therefore, the Li»O is easily volatilized
from the specimen at the firing temperature and the residual
Li»O content remains low in the as-prepared samples. In the case
of pressureless sintering of AIN and SizNy, the residual Li,O
content in as-sintered samples was measured to be 1/100 and
1/20 of starting materials, respectively.®~10 In the present work,
more amounts of Li are retained even when the as-prepared sam-
ple is annealled for 2h, which is due to the lower sintering
and annealling temperature, shorter holding time, higher rela-

Table 1
Properties of sintered SioN,O with various LioO content in starting materials

tive density and less diffusion channels. It can also be seen in
Table 1 that the residual Li slightly increases with the increas-
ing of Li contents in the starting materials. Since the residual Li
may lower the softening temperature of grain boundary and is
deleterious to the high temperature properties,'® 2mol% Li,O
content is assumed to be an appropriate value to prepare dense
and pure SipN;O and annealling is helpful to further lower the
residual Li content.

Table 2 compares the properties of dense SioN,O with var-
ious metal oxide additives.!™ The result demonstrates that the
mechanical properties of dense SioN,O with Li>O additive are
comparable to those of Sip N, O synthesized by other method and
additives. But the sintering temperature is greatly decreased and
the firing time is shortened.

3.3. Dielectric properties of as-prepared SioN2O

Besides mechanical properties, dielectric constant is the
important performance parameter of structural/functional mate-
rial. Figs. 5 and 6 show dielectric constant ¢’ and loss tangent tg 8
of as-prepared SipN,O with various Li; O content, respectively.
It can be seen that the dielectric constant decreases continuously
with increasing frequency. The loss tangent is below 0.006 in the
frequency range of 40 Hz to 20 MHz. When the Li>O content in
starting materials is above 2 mol%, the effect of Li;O content
on the dielectric constant and loss tangent is not pronounced.

Generally, the dielectric constant of materials decreases while
loss tangent increases with the improvement of relative den-
sity, respectively.19 Therefore, SipN, O with 1 mol% Li; O shows
lower dielectric constant than that with above 1 mol% Li,O.
However, for the as-sintered sample with 1 mol% Li, O, 10 vol.%
pores has no obvious influence on its loss tangent.

Properties The content of Li, O (mol%)

1 2 3 5
Relative density (%) 90.7 99.6 100 100
Bending strength (MPa) 162+ 15 513+17 502+15 497 +£20
Kic (MPam'”2) 1.840.1 33403 29402 28403
E (GPa) 192 229 229 228
G (GPa) 85 100 99 98
Hardness (GPa) 9.5+04 17.1+£04 16.8+£0.4 16.6 £0.8
The Li content in starting material (wt.%) 0.07 0.14 0.21 0.35
Residual Li content in as-sintered sample (wt.%) - 0.06 0.07 0.09
Residual Li content after annealling for 2h (wt.%) - 0.05 - -

Table 2

Comparison of properties of SioN,O with various metal oxide additives

Properties 2mol% LiO 2mol% (MgO) 20 mol% (Al,03) 1.5mol% (Y,03) 1.5 mol% (Sm,03) HIP (no additive)
o (g/em?) 2.81 2.82 2.86 2.87 2.90 2.84

Fraction of Si;N,>O (wt.%) 97.9 98 98 91 99 91.1

op (MPa) 513 493 480 655 638 490

Kic (MPam!?) 33 2.5 24 5.1 3.2 3.1

Sintering temperature (°C) 1550 1700 1700 1700 1700 1950

Holding time (h) 1 2 2 2 2 4
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Table 3
Selected properties of several structural/functional ceramics
Properties SiN,O SizNy Al,O3 AIN Hexagonal BN Fused SiO;
p (g/em?) 2.81 3.18 3.98 32 227 22
E (GPa) 289 320 416 330 77.9 72
op (MPa) 513 700 380 280 89.6 50
Kic (MPam!’?) 33 45 2.7 2.6 - 1.0
Hvy (GPa) 17 16.5 18 12 2 (Morse) 7
¢ (1 MHz) 6.17 9 9.9 9.4 5.16 3.9
tgé (1 MHz) 0.0008 0.002 0.00023 0.002 0.0002 0.0003
CTE (10-6°C71) 33 3.2 8.2 4.3 6 0.75
References This work, 4 20,21 2022 20,23 20 20,24
rior while its mechanical properties are much better. Fused SiO»
—~ 6.2 receives much attention due to its low coefficient of thermal
N expansion, excellent thermal shock resistance and good dielec-
E 6.1 —¥—1mol.% Li,CO, tric properties,”> however, fused SiO, as a high-temperature
2 —O—2mol.% Li,CO, structural ceramic has some shortcomings, such as its poor flex-
§ 6.0 ——3mol.% Li,CO, ural strength and fracture toughness and the further degradation
< —e—5mol.% Li,CO, of mechanical properties resulting from softening and crys-
*S 5.9 tallization of amorphous SiO5 at above 1100°C.2® Compared
% with fused SiO;, SipN,O possesses slightly inferior dielectric
a 5.8 - properties, however, its flexural strength and fracture tough-
ness are about 10 and 3 times higher than that of fused SiO»,

I M 1 M 1 M 1 M 1

4 8 12 16 20
Frequency (MHz)

Fig. 5. The frequency dependence of dielectric constant of as-prepared Si;N,O
vs. LioO content in starting materials.

The effect of Li»O content in starting materials on dielec-
tric properties can be ignored because of the volatilization of
Li;O during firing. This trend is similar to the influence of
LioO content in starting materials on mechanical properties of
SiaN»O.

Table 3 lists some properties of high-temperature structural
ceramics with low dielectric constant and loss tangent. The
dielectric constant of SioN»O is lower by about 3—4 than that
of SizNy4, Al,O3 and AIN, and its flexural strength and frac-
ture toughness obviously excels Al,O3 and AIN. In comparison
with BN, the dielectric properties of SipN,O are slightly infe-

0.006 -
)
&
= 0.004 -
=
&
50
5
= 0.002 - * 1mol.% Li,CO,
8 Vv 2mol.% Li,CO,
- O 3 mol.% Li,CO,
0.000 O 5mol.% Li,CO,
1 1 Ll Ll 1 M 1
0 4 8 12 16 20
Frequency (MHz)

Fig. 6. The frequency dependence of loss tangent of as-prepared SioN,O vs.
various Li>O content in starting materials.

respectively, and it can keep satisfied chemical stability up to
1750°C.

4. Conclusions

(1) In comparison with other metal oxide sintering additives,
Li;O is more effective in synthesizing pure and dense
SipN»O. The synthesis/sintering temperature is greatly low-
ered and the firing time is shortened.

Dense SipN>O with Li O additive exhibits similar mechan-
ical properties to those using other additives. The content
of LiyO in starting materials shows little influence on the
mechanical and dielectric properties of Si;N>O due to the
evaporation of most Li;O at high temperatures.

SioN>O combines good mechanical and dielectric per-
formance, indicating it is a promising candidate for
high-temperature structural/functional material.
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