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Abstract

The effect of the crystallization of oxidation-derived SiO, on the properties of porous Si3N4—SiO, ceramics synthesized by oxidation was
studied over the range of oxidation temperature and time. The SiO, remains amorphous at the temperature lower than 1250 °C and starts to
crystallize as the temperature rises to 1300 °C. At the temperature higher than 1300 °C, the crystallization of SiO, impacts greatly the flexural
strength of porous SizN4—SiO, ceramics. A rapid crystallization of SiO, at 1350 °C decreases the bonding strength of the necks between Si3;Ny
particles, leading to a serious decrease of flexural strength. An appropriate crystallization of SiO, at 1300 °C strengthens the bonding necks
between Si;N, particles. The porous Si3N4—SiO, ceramics oxidized at 1300 °C for 3 h show the highest flexural strength value of 82 MPa.
The crystallization of SiO, has no effect on the dielectric property of porous SizN4—SiO, ceramics. Porous SizN4—SiO, ceramics demonstrate a
low dielectric constant of 3.0-4.0 and dielectric loss of 3.0-4.0 x 10~ due to their high total porosity and SiO, content.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The radomes and antenna windows used on carrier rockets,
airships, missiles and return satellites are made of excellent
electromagnetic wave transparent materials with good mechan-
ical and dielectric properties [1,2]. SiO, and SizN,4 are potential
materials for fabricating electromagnetic wave transparent
materials [3-5]. The dielectric constant of SiO, is smaller than
3.5, which satisfies the dielectric conditions of radomes and
antenna windows [6,7], but the low flexural strength and poor
shock resistance of SiO, are inadequate for advanced applica-
tions [8,9]. SizNy ceramics possess excellent mechanical
properties [10—12], but their relatively high dielectric constant
limits their functional applications [4,13,14].

Synthesizing porous SizN4,—SiO, ceramics is an effective
approach to combine good mechanical properties of SizN,4 and
good dielectric properties of SiO, [2,3,5,7], and meanwhile to
overcome the drawbacks of SiO, and SizN4. Oxidation
sintering, carried out usually at 1200-1400 °C, is a usual
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method to synthesize porous Si3N4—SiO, ceramics. The effect
of the oxidation temperature on the properties of porous
Si3N4—SiO, ceramics has been studied [2,15]. During the
oxidation process, the oxidation-derived SiO, is amorphous
and begins to crystallize when temperature is higher than
1300 °C [15,16]. Too much cristobalite may deteriorate the
mechanical properties of porous SizN,—SiO, ceramics, so the
suggested oxidation temperature is lower than 1300 °C [15].
However, the effect of the crystallization of SiO, on the
properties of porous SizN;—SiO, ceramics has not been clearly
identified, and the optimal oxidation temperature and time for
synthesizing porous SizN4—SiO, ceramics has not been
determined.

As revealed by our recent research, an appropriate crystal-
lization of SiO,, which occurs during the process of synthesizing
porous SizN4—SiO, ceramics, may increase the bonding strength
of the necks between SizN, particles and increase the flexural
strength of porous SizN,—SiO, ceramics as a result. In the
present paper, porous SizN4;—SiO, ceramics were synthesized by
oxidation of SizN, preforms. The effect of the crystallization of
oxidation-derived SiO, on the phase composition, SizN, oxida-
tion ratio, volume shrinkage, total porosity, flexural strength,
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microstructure and dielectric properties of porous SizN4—SiO,
ceramics were studied in detail, and the optimal oxidation
temperature and time for synthesizing porous SizN4—SiO,
ceramics were discussed.

2. Experimental procedure
2.1. Preparation of porous Si;N,~SiO> ceramics

SizN,; powder (o ratio >90 wt%, P ratio < 10 wt%) was
mixed with 5 wt% dextrin and 1 wt% carboxymethyl cellulose
(CMO) in distilled water into slurry. The slurry was ball-milled
for 20 h and dried for 10 h at 90 °C. The obtained powder blend
was crushed and passed through a 120-mesh sieve, and then
cold-pressed into cylindrical preforms of 30 x 50 mm? diameter
by using a circular steel die. Finally, the preforms turned into
porous Si3N,—SiO, ceramics by oxidizing in air at 1200-
1350 °C for 1-5h at a heating and cooling rate of 5 °C/min.
During temperature rising stage, the preforms were protected by
nitrogen.

2.2. Characterization and tests

The preforms were weighed before and after the oxidation
process to calculate the oxidation ratio of SizN4. The open
porosity and bulk density were measured by the Archimedes
method. The total porosity was calculated based on SizNy
oxidation ratio, open porosity and bulk density of the porous
Si3N4—SiO, ceramics. The shrinkage was estimated by mea-
suring the dimensions of the preforms before and after the
oxidation process. The phase analysis was conducted by X-ray
diffraction (XRD). The microstructure was observed by scan-
ning electron microscopy (SEM). The average value of the
flexural strength was obtained by testing five specimens of
3 x4 x40 mm®.

The dielectric loss was measured at 14 GHz by a resonant
cavity method using the TEy;5 mode [17]. During testing, the
cylindrical specimens of 4 x 15 mm? diameter were placed on
a 4 mm-high low dielectric loss sapphire spacer (dielectric
constant 4.4, dielectric loss 1.5 x 10™%) in a copper cavity with
a silver coating. The surface resistance of the copper has been
calculated from the Q of the TE(;; resonance of the empty
cavity to allow the results to be corrected for the loss from the
cavity walls. The TEj;s mode was examined using a vector
network analyzer (Hewlett-Packard Hp8720ES) with 1 Hz
resolution. The dielectric constant was measured the same
way without the sapphire spacer and with the cavity height
close to specimen thickness.

For the convenience of the following discussion, the porous
Si3N4—SiO, ceramics oxidized at different temperatures for
different times are named as SN—m—n (m stands for temperature,
and n for time).

3. Results and discussion

The oxidation of Si;N, takes place at the temperature higher
than 900 °C [2] and starts from the surface of SisN, particles [15].

During the oxidation process at 1200-1350 °C, although dense
Si0, coatings forms quickly around Siz;N, particles, oxygen could
still diffuse through the coatings and react with SizN4. As the
temperature rises, the oxidation rate of Si;N, becomes higher due
to the increase of oxygen diffusion rate, and the oxidation-derived
Si0; in porous Si3N4—SiO, ceramics show different phases. Fig. 1
shows the XRD patterns of SizN4 raw powder and the porous
Si3N4—SiO, ceramics oxidized at 1200-1350 °C for 3 h. As can be
seen, SiO, remains amorphous at the temperature lower than
1250 °C, and the amount of amorphous SiO, increases gradually
as the temperature rises from 1200 to 1250 °C. The crystallization
of amorphous SiO, is a two-stage process, which includes
nucleation (atomic rearrangement) and diffusion (crystal growth).
The nucleation incubation period is long (z=35 x 10* s) [18,19], so
the nucleation of cristobalite is theoretically difficult. Actually,
amorphous SiO, starts to crystallize as soon as the temperature
reaches to 1300 °C, and the nucleation of cristobalite is hetero-
geneous, which starts from the surface of SiO, and extends
inwards [16,19-21]. Once nuclei generates, cristobalite will soon
come into being from the rapid growing up of nuclei. As shown in
Fig. 1, the cristobalite peak appears when temperature is 1300 °C
and becomes strong as the temperature rises to 1350 °C, which
means an extensive crystallization of SiO, occur.

SizN, raw powder is composed of o- and p-SizN, (Fig. 1),
which are both hexagonal crystal structure with very similar atom
arrangements [22], ABAB... stacking with continuous channels in
the structure in the case of f-phase and ABCD... stacking without
such channels in the case of a-SizN,. This crystallographic
difference gave rise to speculation on the better oxidation resistance
of the a-SizNy [23,24]. As shown in Fig. 1, as the temperature
rises, the peaks of B-SizN, decrease rapidly but the peaks of o-
Si3N, decrease slowly. Since the oxidation rate of -SizNy is
higher than that of o-Si3Ny, the SizN, particles in the porous
Si3N4—SiO, ceramics oxidized from the Si;Ny preforms with
higher content of B-SizN, may be strongly bonded by more
oxidation-derived SiO,.

Fig. 2 shows the Si3;N, oxidation ratio of the porous SizN,—
SiO, ceramics oxidized at 1200-1350 °C for 3 h. As the
temperature rises from 1200 to 1250 °C, the oxidation ratio of
Si3Ny increases slightly from 35.6 to 38.7% because of the good
sealing effect of dense SiO, coating around SizN, particles. As

—o— ¢-SisN4
—0— [3-Si3N4
o® —o— Cristobalite
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1250°C,
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Fig. 1. XRD patterns of SizN, raw powder and the porous SizN4—SiO,
ceramics oxidized at 1200-1350 °C for 3 h.
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the temperature rises to 1300 °C, SiO, starts to crystallize from
the surface of SiO, coating [16,19-21], and cristobalite accu-
mulates gradually at the surface of SiO, coating with oxidation
time. The coefficient of thermal expansion (CTE) of cristobalite
is 14.5 x 107%/°C [25], which is by far larger than that of SisN,
(1.4 x 10°%/°C) [5] and amorphous SiO, (0.5 x 10°%/°C) [2].
Due to the CTE mismatch between cristobalite and amorphous
SiO,, there inevitably appear lots of microcracks at the surface
of SiO, coating during the oxidation process. The microcracks
provide channels for oxygen diffusion, so the oxidation ratio of
SizNy increases obviously from 38.7 to 51.2% as the tempera-
ture rises from 1250 to 1350 °C.

Fig. 3 shows the volume shrinkage of porous SizN,—SiO,
ceramics as a function of oxidation time. At the beginning of
the oxidation process, the oxidation-derived SiO, is in molten
state [7,8], and the molten SiO, draws the SizN, particles
closely with each other. With the increase of oxidation
temperature and time, the drawing effect becomes obvious
when more SiO, produces, resulting in an increase of volume
shrinkage of porous SisN4—SiO, ceramics. Taking the porous
Si3N4—Si0, ceramics oxidized for 3h as an example, the
volume shrinkage increases from 1.7 to 3.7% as the tempera-
ture rises from 1200 to 1350 °C. Taking the porous SizNyu—
SiO, ceramics oxidized at 1250 °C as another example, the
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Fig. 2. SizN4 oxidation ratio of the porous SizN4—SiO, ceramics oxidized
at 1200-1350 °C for 3 h.
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Fig. 3. Volume shrinkage of porous SizN4—SiO, ceramics as a function of
oxidation time.
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volume shrinkage increases gradually from 1.6 to 2.7% with
the increase of oxidation time from 1 to 5 h.

At the temperature higher than 1300 °C, the volume
shrinkage of porous SizN,—SiO, ceramics is co-affected by
the oxidation ratio of SizN, and the -crystallization of
oxidation-derived SiO,. Taking the porous Si;N,—SiO, cera-
mics oxidized at 1350 °C as an example, at the beginning of
the oxidation process, SizNy particles are drawn closely with
each other by SiO,, so the volume shrinkage increases from
2.5 to 3.7% with the increase of oxidation time from 1 to 3 h.
As time increases to 3h, a large amount of cristobalite
accumulates at the surface of SiO, coating and forms rigid
crusts around SiO, coating. As a result, the drawing effect of
molten SiO, is restricted seriously by rigid cristobalite crusts.
In addition, as oxidation time increases further, the volume of
rigid cristobalite crusts expands gradually because the oxida-
tion of Si3Ny is a volume expansion process. Due to above two
reasons, the volume shrinkage of the porous SizN4—SiO,
ceramics oxidized at 1350 °C decreases on the contrary from
3.7 to 3.5% as oxidation time increases from 3 to 5 h.

Fig. 4 shows the total porosity of porous SizN,—SiO,
ceramics as a function of oxidation time. Generally, the total
porosity of porous SizN4—SiO, ceramics decreases with the
increase of oxidation temperature and time, and the variations
of SizN,4 oxidation ratio and volume shrinkage have strong
impacts on total porosity. Because of the gradual increase of
SizN, oxidation ratio and volume shrinkage, the total porosity
of the porous Si3N,4—SiO, ceramics oxidized at the temperature
lower than 1250 °C decreases slowly with oxidation time.
Taking the porous Si;N4—SiO, ceramics oxidized at 1250 °C
as an example, the total porosity decreases from 45.6 to 36.6%
with the increase of oxidation time from 1 to 5h. When
temperature is higher than 1300 °C, Si3N, oxidation ratio and
volume shrinkage of porous SizN4;—SiO, ceramics increase
with oxidation time, and therefore the total porosity of porous
Si3Ny4—SiO, ceramics decrease rapidly. As oxidation time
increases further, the total porosity decreases slowly due to
the decreases of volume shrinkage. Taking the porous SizNy—
SiO, ceramics oxidized at 1350 °C as an example, the total
porosity decreases rapidly from 40.5 to 29.6% as oxidation
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Fig. 4. Total porosity of porous SizN4—SiO, ceramics as a function of
oxidation time.
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time increases from 1 to 3 h. However, it remains almost
unchanged with the increase of oxidation time from 3 to 5 h.

Fig. 5 shows the flexural strength of porous SizN,—SiO,
ceramics as a function of oxidation time. SiO, remains amorphous
during the oxidation process at the temperature lower than
1250 °C, and therefore the flexural strength of porous SizN,—
SiO, ceramics is co-affected by Si;N, oxidation ratio and total
porosity. During the oxidation process, SizN, particles are bonded
by SiO,, and the bonding strength of the necks between SizNy
particles is the key factor affecting the flexural strength of porous
Si3N,4—SiO, ceramics. The bonding necks become strong with the
increase of SiO,, so the flexural strength of porous SizN,—SiO,
ceramics increases with oxidation time. As shown in Fig. 5, as
oxidation time increases from 1 to 5 h, the flexural strength of the
porous SisN4—SiO, ceramics oxidized at 1250 °C increases from
20 to 54 MPa.

At the temperature higher than 1300 °C, the crystallization
rate of SiO, increases gradually with the increase of oxidation
temperature and time. Now, the flexural strength of porous
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Fig. 5. Flexural strength of porous SizN4—SiO, ceramics as a function of
oxidation time.

Si3N4—SiO, ceramics is co-affected mainly by SizN,4 oxidation
ratio and crystallization rate of SiO,. The flexural strength of
the porous Si3N,—SiO, ceramics oxidized at 1300 °C increases
rapidly from 44 to 82 MPa with the increase of oxidation
time from 1 to 3 h due to the increase of Si;N, oxidation ratio.
The crystallization of SiO, is a negative factor that decreases
the bonding strength of the necks between SizN, particles [15].
As oxidation time increases from 3 to 5h, although the
bonding necks become thicker with the increase of SizNy
oxidation ratio, the bonding strength of the necks actually
decreases because of the large cristobalite generation at the
surface of SiO,. Therefore, the flexural strength of porous
Si3N4—SiO, ceramics decreases on the contrary from 82 to
62 MPa. At 1350 °C, the negative effect of SiO, crystallization
on the flexural strength of porous Siz;N,—SiO, ceramics occurs
earlier and more obviously. As shown in Fig. 5, the flexural
strength of the porous SizN,—SiO, ceramics oxidized at
1350 °C reaches to the highest value of 63 MPa when
oxidation time is 2 h, and then decreases rapidly to 38 MPa
as oxidation time increases to 5 h.

From the results shown in Fig. 5, the optimal oxidation
time for synthesizing porous Siz;N,4—SiO, ceramics is 5 h at
the temperature lower than 1250 °C, 3 h at 1300 °C and 2 h
at 1350 °C. Fig. 6 compares the SEM micrographs of SN-m
1200-n5, SN-m1250-n5, SN-m1300-n3 and SN-m1350-
n2. As shown in Fig. 6, the size of Si3Ny particles increases
gradually as the temperature rises because of the stronger
drawing of SiO,. The porous Si3N4,—SiO, ceramics oxidized
at 1300 °C for 3 h show the most uniform microstructure
and have the strongest bonding necks between SizNy
particles and micro-sized pores among Si3N, particles.
Due to above reasons, the porous Si;N,—SiO, ceramics
oxidized at 1300 °C for 3 h certainly possess the highest
flexural strength, which is consistent with the results shown
in Fig. 5.

Fig. 6. SEM micrographs of (a) SN-m1200-n5, (b) SN-m1250-n5, (c) SN-m1300-n3 and (d) SN-m1350-n2.
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Fig. 7. Dielectric constant and loss of (a) SN—m1200-n5, (b) SN-m1250-n5,
(¢) SN-m1300-n3 and (d) SN-m1350-n2.

The dielectric constant of porous materials (¢') is lower than
that of dense materials (¢). When e'<e, an approximation
equation can be used to calculate €', [27,28] as shown in

;o 3P(e—1)
& _g(l_TH) (1)

where P is the total porosity. As known from Eq. (1), the
increase of total porosity leads to a smaller dielectric constant.
Fig. 7 compares the dielectric constant and loss of SN-m1200—
nS, SN-m1250-n5, SN-m1300-n3 and SN-m1350-n2. Among
the four ceramics, SN-m1200-n5 has the highest total porosity
while SN-m1300-n3 has the lowest one, so SN-m1200-n5 is
supposed to possess a dielectric constant much lower than SN—
m1300-n3 according to Eq. (1).

For a well-distributed two-phase composite, dielectric con-
stant can be calculated according to Lichtencker's logarithmic
equation [15]

Lne =viLney +voLney 2)

where €; and &, are the dielectric constant of SizN, and SiO,
respectively, v; and v, are the volume fraction of SizNy
and SiO, respectively. The dielectric constant of SiO, (3.4)
is much lower than that of Si;N, (8.0), and the oxidation
ratio of SizNy in SN-m1300-#3 is much higher than that in
SN-m1200-n5. Therefore, though SN-m1300-13 has a much
lower total porosity than SN-m1200-n5, SN-m1300-n3
shows the lowest dielectric constant of 3.37 among the four
ceramics shown in Fig. 7.

So far, some researches support the point that dielectric loss
decreases with the increase of porosity. However, the dielectric
loss of a material is co-affected by many factors [15,26-29].
As to the four porous SizN,—SiO, ceramics shown in Fig. 6,
the total porosity decreases in general and the oxidation ratio
of SizN, increases as the temperature rises from 1200 to
1350 °C. The dielectric loss of SiO, is about 0.4 x 10~ which
is much lower than that of SisNy (2.0 x 10*3) [2]. Therefore,
co-affected by the variations of total porosity and oxidation
ratio of SizNy, the four porous SizN,—SiO, ceramics show
irregular dielectric loss. Due to the high total porosity and SiO,
content, the four porous Si3N4—SiO, ceramics demonstrate low
dielectric loss in the range of 3.0-4.0 x 107,

4. Conclusions

The effect of the crystallization of oxidation-derived SiO, on
the mechanical and dielectric properties of porous SizN4;—SiO,
ceramics was studied in detail. At the temperature lower than
1250 °C, SiO, remains amorphous during the oxidation process,
the flexural strength of porous Si;N,—SiO, ceramics increases
slowly with oxidation time due to the gradual strengthening of
bonding necks between SizN, particles. At the temperature higher
than 1300 °C, the crystallization of SiO, has a big impact on the
flexural strength of porous SizN,—SiO, ceramics. An appropriate
crystallization of SiO, at 1300 °C strengthens the bonding necks
between Si;N, particles, and therefore increases the flexural
strength of porous SizN4—SiO, ceramics positively. A rapid
crystallization of SiO, at 1350 °C decreases the bonding strength
of the necks between SizN, particles, leading to a serious decrease
of the flexural strength of porous SizN,—SiO, ceramics. The
dielectric property of porous SizN;—SiO, ceramics has nothing to
do with the crystallization of SiO,. Porous SizN,—SiO, ceramics
demonstrate low dielectric loss in the range of 3.04.0 x 10~ due
to their high total porosity and SiO, content.
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