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ARSTRACT.  The microwase diclectric properties of o powder ceramic, silicon
nitride SiN will be measured using two cavity perturbation technigues in (wo
dilferent places: King Abdulasiz Umiversity Jeddah K.5.A and Noitingham
Umversny UK The frequencies and the lemperaiure ranges of these technigues,
for the microwave diclectnic propertics are: 615 MH/z 1412 MHz. 2214 MH..
3017 MHy. 3820 MH/ and from 25 "C 1o 2000 "C respectively. Results of these
measurements will determine the changes ol the measured comples permittivity,
£, of SiN, at certain industrial microwave Trequency ranges and ac high
temperature. The temperature and frequency-dependent electrical conductiviry,
o. the acuvation energy. £ and the frequency exponent, . ol SiN will be
calculated using the imaginary part. €7, of the mcasured complex perminivity,
Studying the changes ol the measurimg and the calculating clectrical properties of
SIN at microwave  Trequency ranges and at high emperature will help
understand  the microwave muterial interacton, This understanding s very
important to control the microwave processing ol ceranucs,

Introduction

Microwaves lie hetween rudiowave trequencies {RF) and infrared [requencies in the
electromagnetic rudiation spectrunl. Microwaves can be rellected, absorbed und transmitied
by materals. Clark (1997) has shown that microwave energy is generaled i the Tarm of
heut inside the material as a result of microwave absorption witbin the material, i.¢ what 15
called self-heating. Microwave heating has been successfully used for u wide range of
applications such as drying. polymerization, food pusteurization and cooling. ete. Shawn ¢t
al., (2003) and Xu.. ¢ ¢l., (2001} have shown that microwave processing ol materials 15 a
technology that can provide the ceramic maleridd processor with a new, powerful. and
significantly different ool to process malerials that may not be amenable (o conventional
means of processing; or (o tmprove Lthe performance characteristics of existing malerials.
Several advantages over conventional heating techniques are reilized hecause microwave
energy is coupled dircetly into the inside of the ohjeet.

Ceramics are a class of materials broadly defined as morganic and nonmetallic solids,
They are divided into two groups: traditional ceramics {(c.g. potiery. cluy) and cuginecring
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ceramics snch as: carbides (SiC), pure oxides (Zr0O), and nitndes {SiN).  Engineering
ceramiics are used and considered for high specific strength and high temperawre
applications dnc to their very high bond strengths. They display a wide range of properlies
which facilitaie their use in many different product arcas {Seal S. ef af., (2004); Zambav et
al.. (2003); Alford et al., (1998)). Microwave processing of ceramics such as: joining and
sintering ceramics provide both high energy and time saving; Shulman et af.. (2003);
Plucknett & Wilkinson (1993); Fernie (2001); Birnbon & Carincel (1999).

Unflortunately, there are lwo major prohlems [acing the microwave processing ol
ceramics, inverse profile and thermal rmnaway. Inverse profile arises when the material
inside is much hotier than the surrounding while thermal runaway occurs when one seclion
of the material absorb the microwave energy prelercntially over the bulk malterial. Lewis
(1992) has shown that insufficient understanding ol these problems and inadequate
equipment in the form ol applicalors and generators ol microwave encrgy are the reason for
the failure of the microwave technology to mare cftectively penetrate the industrial market.
[t has been shown (Coccioli er al., (1999). Meng et af.. (1994)) that the diclectrie properties
or the complex permittivity of anmy material plays an important role in microwave
teehnology. Studying of dicleciric properties of muaterials at different [requencies and
different temperatures can be helplful in undersltanding (he microwaves materials
interaction, These properties can be determined by using the technique that is based on the
cavity perturbation theory (Bueraky (2002)).

Silicon nitride has the best overall combination ol properties and thus iy the leading
eandidate for use as high-lemperawre structural ceramic. It has been shown (Vargheese &
Rao (2001)) that silicon nitride is an important material i microelectronics due 1o its high
resistivity, higher diclectric properties compared to silicon dioxide, mechanical strength,
and chernical inertness. In the current work the dielectric properties of SIN measured by
using the two new cavily perturbation techniques huilt in two different places: King
Abdulaziz University Jeddah K.S. A and Nottingham University UK. Comparing the resulls
of these techniques and studying the microwave interaction with silicon nitride material at
high temperawure and different [requencies are the aim of this work.

Materials and Methods

Full computerized systems in two different places: King Abdulaziz University Jeddah
K.S.A and Nottingham University UK based on the cavily perturbation technique have
heen used to determine the diclectric propertics of ecramic materials. The functions of:
these systems are described in detail (Baeraky (2002)). The system shown in Fig. | is
developed in King Abdulaziz University Jeddah K.S.A to measure the dielectric properties
ol materials with conventional furnace in the temperature range of 25 °C — 2000 °C and a
resonatar cavily resonates at [ive modes of frequency values, 0.615 GHz. 1.412 GHz, 2.214
GHz, 3.017, GHz and 3.820 GHz respectively,

It 15 computer-automated system 1n measuring the resonant frequencics of the cavity
with and without the sample, fand f,. respectively, the quality factors of the cavity with and
without the sample, @ and @, respectively. The changes in these quautities, /, /.. Q, and
0., are related to the shifted parameters Af and AQ to the two pans of the complex
permittivity, £ and £ of the sample by the simple perturbation formula derived hy
Nakamura & Furuichi (1960).
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Fig. (1). The full computerized measurcments system.

It is computer-automated system in measuring the resonant frequencies of the cavity
with and without the sample, f and f, respectively, the quality faetors of the cavity with
and without the sample, ¢ and (,, respectively. The changes in these quantities, £, f,, Q,
and Q,, are related to the shifted parameters Af and AQ to the two parts of the complex
permittivity, &' and &" of the sample by the simple perturbation formula derived by
Nakamura & Furuichi (1960).

A

e'=2f(zf,,,)j;—‘%+1 (1)
, =01
e"=.f~(zm);—za[§] 2)

Where ¥on 1S the root of the zero order Bessel funetion of the first kind. a and b are the
sample and the cavity volumes respeetively. Af and A¢1/Q) are the cbange in resonant
frequeney and reeiprocal of O respectively upon the insertion of the sample into the eavity.

Results And Disscution

High purity (>99.0%) SiN powder was used for tbese measurements using the two
techniques, Silica tubes of the same material and same diameter, Smm, are filled by SiN to
move the samples between the furnace and the cavity during the measurements.
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Fig. 2). The real and the tmaginary parts of the comples permittivity of SIN a1 high emperature and
dilferent treguencies.

The wo parls of the complex permittivity, £ and €”, of SiIN shown in Fig. 2. are
determined from the measured shift in frequency, 4/ and Q-lactor. AQ afler subslituting
them in equations (1) and (2). Fig. 2 shows the two parts of the complex permittivity of
SiIN where they have nearly the same hehavior when changing with temperature tor the two
measurcment systems with a very small ditterent values ol ¢ and ¢ due to the dilference in
the quantities filling the wbes holding the powder samples. An ubrupt increase of the
imaginary part, €7, shown i Fig. 2, indicted that the SIN interacts with microwaves and
absorbs microwave energy when temperawre reach 1200 "C.

Bruce (1991) has obtained the electrical conductivity, ¢, shown in equation (3).
o= 3)

Where £,1s the permittivity of the free space and f is the trequency when the sample is
inseried instde the cavily.
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Moore (1974) suggested that the frequency dependence of the clectrical conductivity
of SiN investigated in terms ol the [requency exponcnt n shown in equation (4).

o(w)=0, +A &'

4

Where g, is the de conductivity and #2'1 is a temperature dependent parameter . Exponcot n

was calculated by using the slope of log o vs. log 2rf.

0.1 6615 MHz 01412 MHz 2214 MHz
b
0 3017 MHZ x 3820 MHz
—
3
St
o
b
[a]
0.05 °
x &
AD
[a]
Jeddah 2%
xs8 o
o
zdoe
lgo
) measanasasaanannsennananh il
0 300 €00 900 o 1200 1500 1800
Temperature / °C
0.02 |
i 0615 MHz o1412MHz 42214 MHz X !
o ;
' o 3017 MHz x 3820 MHz
X0
3
| ~ i %o
©
0.01
A
0
. Notlingham >
! o
3
. 250
: R §89,
o BS8Guileningainadonin] a
4] 400 BOO 1200 1600
Temperature /“C
Fig. (33 The electrical conductivity of SiN at high temperature and dilferent frequencies.

The activation eucrgy £y can be caleulated by using the slope of equation (5)
{Suickler & Carlson (1965)).

O=A¢ of T

{5y
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Where A is a pre-exponential term, Ey4 is the activation energy, & is the Boltzmann constant,
and T is the absolute temperature.

The clectrical conductivity calculated hy substituting the complex permittivity
imaginary part, &", illustrated in Fig. 2 in equation (3). The change of electrical
conductivity with temperature and different frequencies is shown in Fig. 3.

The temperature dependent paramcter; 71, indicated in cquation (4), calculated by
taking the slopc of equation (3). The change of this parameter with temperature and
diffcrent frequencics 1s illustrated in Fig. 4.
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FFig. (4). The emperature dependent parameter: #, of SIN at high tlemperature and different frequencics,

The change of tbe natural logarithm of clectrical conductivity of SiN versus the
inverse tcmperature (1/T) at different frequencies is shown in Fig. 5.
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Fig. (5). The natural logarithm of the electrical conductivity of SIN versus the inverse temperaure { 1000/T)
al difierent frequencies.

The activation energy £, has been calculated by taking the natural logarithm of the
lwo sides of equation (5) and using the slope of the nalural logarithm of the electrical
conductivity of SiN versus the inverse temperature (1000/T) indicated in Fig. 5. The
variation of the activation energy of SIN with the variation of temperature and different

[requencies 1s shown in Fig. 6.



314 ky

0615 MHz 01412 MHz
0.0063 - a 2214 MHz o 3017 MHz :
| %3820 MKz i
. A
I A d
0.0042 ’
Ex Oq g |
" & 53 g |
<
0.0021 - Jeddah 6 oo & ﬁgqoo g
° Dgo o § 0
eg 28€xo 2408 3o o
§ 8 § B 3 A go ANy % X !
o . ma#BRgExIR gox S i
0 600 1200 1800
Ternperature / “C
L ) 0615 MHz 01412 MRz '
A 2214 MHz o 3017 MHz
|
0.0063 x 3820 MHz
0.0042
i E. ) Notlingaham o4 5
-
0.0021 , o g o A A ; i o]
J | 0 a 6 o Q o [m} § g
. o e b ? # )
SQ 2 o = g
. 0 J—- _._Elgiggﬁggc’._ Goxa .l.DS_ S
) 0 400 800 1200 1600

Tmeperature / °C !

Fig. (6). The variation of the activanon energy of SIN af the variation temperature and ditierent frequencies,

The variation of the clectrical conductivity with the variation of temperature shown
in Fig. 3 indicated that these results are in agreement with the results of the complex
permitlivity (wo parts, £ and £7, shown in Fig. 2 for the two measurement techniques. The
electrical conductivily changes with temperawure only when the temperature > 1200 °C. 1t
highly increases with temperature increasing after the temperiwure reaches 1200 °C. The
change of the electrical conductivity and the change ol the complex permiuivity two parts.
£ and £, with frequency at T > 1200 °C is very small as shown in Fig. 2 and 3. The results
of the frequency dependence of the electrical conductivity shown in lerms of the Irequency
cxponent # shown in cquation (4) and Lhe activation energy shown in Fig. 4 and 5 agree
with the results shown in Fig. 2 and 3,
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ConcInsion

The measurements and the calculated results of the two cavity perturbation
techniques have the same characters at high temperature and different frequencies. The
small difference tn the values of the complex permittivity two parts, £ and £, is due to the
difference in the quantities filling the tubes holding the powder samples. The results of
dielectric properties show that SiN interacts with microwave radiation and absorb
microwave energy when the temperature reaches 1200 °C. This means that this result is
helpful in microwave processing of silicon nitride at high temperature.
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