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Abstract: This paper proposes an analytical approach to
optimize the thickness of refractories for achieving
maximum microwave power transmission in microwave
heating based on the analysis of power transmission
coefficient (PTC). The microwave PTCs of alumina
(Al2O3) ceramics over the temperature range of 22–1,379°C
at 2,450 MHz, mullite ceramics in the temperature range
of 27–1,027°C at 2.45 GHz and 400–1,300°C at 915 MHz
are studied. The results show that there are several trans-
mission peaks in the PTC patterns. The transmission peak
amplitude depends sensitively on the thickness of the
refractory and the peak shifting towards a smaller thick-
ness as the temperature of the refractory increases. We
also show that high microwave transmission can only be
achieved in a refractory with a small thickness corre-
sponding to a slight transmission peak shift in the entire
microwave heating (less than one eighth wavelength in
the refractory).
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Introduction

In contrast with conventional heating, microwave heating
has distinguishing characteristics, such as material-selec-
tive and volumetric heating, leading to extremely broad
applications in high-temperature domain. These areas
include mineral calcinations [1–3], carbothermal reduc-
tion reaction [4], ceramic sintering [5, 6]. In the field of
high-temperature heating, the refractory is essential.
However, the refractory used in microwave heating not
only need to have basic physical and chemical properties
as in conventional heating needs, but also should be a
microwave transparent material or low-loss material
which has better microwave transmission performance
[7, 8].

Alumina and mullite ceramics have often been used
to produce sample holders and lining for microwave
heating due to their good fire resistance and relatively
good microwave transmission at relatively low tempera-
tures [9–15]. These applications generally require materi-
als to withstand high temperatures under microwave
irradiation. This indicates that microwave transmission
capabilities of alumina and mullite ceramic at elevated
temperatures are important for their utilization. In addi-
tion, the effect of the refractory thickness was generally
neglected by researchers in microwave heating. The
microwave transmission capability of alumina and mul-
lite ceramics can be determined based on the analysis of
power transmission coefficient (PTC) at commonly used
microwave frequencies, 915 and 2,450 MHz, in a broad
temperature range. To date, however, no detailed work
on the PTCs of alumina and mullite ceramics at high
temperatures has been reported.

To solve the above issue, our work is devoted to
achieving the maximum microwave transmission in micro-
wave high-temperature heating of materials by calculating
the PTC of materials. The microwave PTCs of alumina
ceramic over the temperature range of 22–1,379 °C at
2,450 MHz, the mullite in the temperature range of 27–
1,027 °C at 2.45 GHz and 400–1,300 °C at 915 MHz are
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studied. The current work provides a general rule for
thickness optimization of the refractories in microwave
high-temperature heating, which could provide insight
on achieving the maximum transmission during micro-
wave high-temperature processing of materials.

Theory of PTC

Figure 1 shows the schematic diagram of the electromag-
netic wave propagation in a single plate medium. PTC
can be employed to quantify the amount of microwave
power transmitted through the refractory layer. The larger
PTC there is for a sample, the better (larger) the micro-
wave transmits through the material. According to the
transmission line theory, the theoretical PTC values of
the medium can be obtained. When the wave is incident
at an angle θi relative to the normal of the interface

between dissimilar media, the PTC is given by the follow-
ing relation [16, 17]:

PTC ¼ t2 ð1Þ

t ¼ 1� ρ0
2ð Þe� αþjβð Þ cos θið Þdb

1� ρ02e�2 αþjβð Þ cos θið Þdb ð2Þ
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where t is the transmission coefficient, ρ0 is a coefficient, α
is the attenuation coefficient and β is the wave number of
the propagating wave, εr is the complex relative permittiv-
ity (εr ¼ ε0 � jε00), j is the imaginary unit, tgδ is the loss
tangent (tgδ ¼ ε00=ε0), c is the velocity of light, f is the
microwave frequency and d is the thickness of the medium.

From eqs (1)–(5), the PTC of refractory is determined
by the relative permittivity at a given frequency as well as
the thickness of the refractory. These properties of alumina
and mullite ceramics are summarized in Table 1. The tem-
perature and thickness dependences of PTC of the cera-
mics can be determined based on the reported parameters.

Results and discussion

The calculated results of PTC versus thickness for the
alumina with increasing temperature at 2,450 MHz are
shown in Figure 2. As shown in Figure 2, there are four
microwave transmission peaks in the PTC patterns; it was
observed that there is a matching thickness for matching

Figure 1: Schematic diagram of the electromagnetic wave propaga-
tion in a single plate medium.

Table 1: Complex permittivities of mullite and Al2O3 at 915/2,450 MHz.

Parameters
Mullitea AlO (, MHz)b

 MHz ( � T°C � ,) , MHz ( � T°C � ,)  °C  °C  °C , °C , °C

ε0 3 � 10�9T 3 � 4� 10�6T 2

þ0:0032T þ 4:4869
2:119� 10�6T 2 � 0:000337T þ 6:1438 . . . . .

ε00 9� 10�7T 2 � 0:0002T � 0:0268 1:7052� 10�9T 3 � 1:4616� 10�6T 2

þ0:000559T þ 0:02279
. . . . .

Note: aData taken from Ref. [18], bdata taken from Ref. [19].
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temperature at which microwave transmission is the max-
imum. The peak positions (dpeak) at various temperatures
are shown in Table 2. Peak 1 at 22 °C indicates that alumina
ceramic with a thickness of 20.5 mm exhibits the

maximum microwave transmission (PTC ¼ 0.9976).
However, as temperature increases, a shift of peak position
(Δdpeak) is observed. For instance, the peak shifts from 20.5
mm to 17.5 mm as the temperature increases from 22 to
1,379 °C. This indicates that a smaller thickness of the
alumina ceramic is required to achieve the maximum
transmission at an elevated temperature. A temperature
dependence of sample thickness corresponding to the
maximum microwave transmission is also observed in
other peaks. This phenomenon can be attributed to the
increased microwave phase constant and, therefore, a
shorter microwave wavelength in alumina (λd) as the tem-
perature increases (Figure 3). The value of λd is determined
by [20]

λd ¼
ffiffiffi
2

p
λ
�
ε0μ0 � ε00μ00

þ ε0μ0ð Þ2 þ ε00μ00ð Þ2 þ ε0μ00ð Þ2 þ μ0ε00ð Þ2
h i1=2��1=2

ð6Þ

where λ is the microwave wavelength in free space.
In Figure 2 it can be further noticed that for all transmis-

sion peaks (peaks 1–4) in the PTC patterns, the amplitude of
peak decreases with increasing temperature. For example,
PTC of peak 1 decreases from 0.9976 to 0.7969 as the

Figure 2: Temperature dependence of PTC of the Al2O3 slab as the
thickness varies from 0 to 0.1 m at 2,450 MHz: 22 °C, 491 °C, 871 °C,
1,050 °C, 1,379 °C.

Table 2: Transmission peak positions in the PTC of mullite and Al2O3 ceramics at various temperatures.

Peak
nos.

Mullite (, MHz)

 °C  °C  °C  °C  °C , °C

dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC

 . . . . . . . . . . . .
 . . . . . . . . . . . .
 . . . . . . . . . . . .
 . . . . . . . . . . . .

Mullite ( MHz)

 °C  °C  °C , °C , °C , °C

dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC

 . . . . . . . . . . . .

AlO (, MHz)

 °C  °C  °C , °C , °C

dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC dpeak (mm) PTC

 . . . . . . . . . .
 . . . . . . . . . .
 . . . . . . . . . .
 . . . . . . . . . .
 > – . . . . . . . .
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temperature increases from 22 to 1,379 °C. This can be
explained by the fact that microwave penetration depth
(Dp) of the alumina decreases with increasing temperature
(Figure 4). The value of Dp is determined by [21]

Dp ¼ λ

2
ffiffiffi
2

p
π

�
ε00μ00 � ε0μ0

þ ε0μ0ð Þ2 þ ε00μ00ð Þ2 þ ε0μ00ð Þ2 þ μ0ε00ð Þ2
h i1=2��1=2

ð7Þ
These suggest that the highest microwave transmission
cannot be achieved throughout the microwave heating in

the refractories with a fixed thickness because of the
temperature dependence of the variation of peak ampli-
tude and the shift of microwave transmission peaks.
However, we can anticipate that a suitable thickness
should be limited in the range indicated by the positions
of the microwave transmission peaks in the temperature
range (i.e., dpeak;1375�C � d � dpeak;22�C). This suggests that
thicknesses for the alumina ceramic corresponding to
four peaks in the PTC patterns, as shown in Figure 5,
should be chosen for achieving high transmission
throughout the microwave heating process.

It is also seen from Figure 2 that the Δdpeak becomes
larger with the number of peak corresponding to larger
thickness. This suggests that the shift of peak is slight at
small thicknesses and becomes large with increasing
thickness; therefore, it is impossible to achieve the high-
est PTC with larger shift of transmission peak.

Figure 5 shows the temperature dependence of PTC of
the alumina as the thickness varies from 19 mm to 76 mm.
It is seen from Figure 5 that the alumina ceramic has the
maximum transmission (0.7212 � PTC � 0.9128) when the
alumina ceramic has a thickness of 19 mm which corre-
sponds to peak 1 in Figure 2. This PTC range indicates that
more than 70% power is transmitted throughout the micro-
wave heating process. The high-power transmission is
essentially attributed to a small peak shift in the tempera-
ture range (Δdpeak ¼ dpeak;22�C � dpeak;1379�C � λd=8). For the
PTC curve of alumina with a larger thickness, microwave
transmission tends to decrease. This is particularly true for
the alumina having a thickness greater than 76 mm due to
a significant variation of PTC with temperature.

Figure 4: Temperature dependence of the microwave penetration
depth of mullite and Al2O3 ceramics.

Figure 3: Temperature dependence of the microwave wavelength in
mullite and Al2O3 ceramics.

Figure 5: Temperature dependence of PTC of the Al2O3 slab as the
thickness varies from 19 mm to 76 mm at 2,450 MHz.
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The calculated results of PTC versus thickness for
mullite with increasing temperature at 2,450 MHz are
shown in Figure 6. As shown in Figure 6, there are also
four microwave transmission peaks in the PTC patterns,
which can be attributed to the microwave resonance. The
peak positions (dpeak) at various temperature are shown
in Table 2. Peak 1 at 27 °C indicates that the mullite
ceramic with a thickness of 24.5 mm exhibits the max-
imum microwave transmission (PTC ¼ 0.9730). However,
as temperature increases, a shift of peak position (Δdpeak)
is observed. For instance, the peak shifts from 24.5 mm to
21 mm as the temperature increases from 27 to 1,000 °C. A
temperature dependence of sample thickness correspond-
ing to the maximum microwave transmission is also
observed in other peaks. This phenomenon can also be
attributed to the increased microwave phase constant
and, therefore, a shorter microwave wavelength in mul-
lite (λd) as the temperature increases (Figure 3).

It is also seen from Figure 6 that Δdpeak becomes
larger with the peak number increasing. This suggests
that the shift of peak is slight at small thicknesses and
becomes large with the increasing thickness which occurs
in the PTC patterns of the alumina; therefore, it is impos-
sible to achieve the highest PTC with larger shift of trans-
mission peak throughout the microwave heating process.

In Figure 6 it can be further noticed that for all
transmission peaks (peaks 1–4) in the PTC patterns, the
amplitude of peak decreases with increasing temperature.
For example, the PTC of peak 1 decreases from 0.9730 to

0.6249 as the temperature increases from 27 to 1,000 °C.
This can also be explained by the fact that microwave
penetration depth (Dp) of the alumina decreases with
increasing temperature (Figure 4).

The calculated results of PTC versus thickness for
mullite with increasing temperature at 915 MHz are
shown in Figure 7. As shown in Figure 7, there is only
one microwave transmission peak in the PTC patterns. The

Figure 6: Temperature dependence of PTC of the mullite slab as the thickness varies from 0 to 0.1 m at 2,450 MHz: 27 °C, 200 °C, 400 °C,
800 °C, 1,000 °C.

Figure 7: Temperature dependence of PTC of the mullite slab as the
thickness varies from 0 to 0.1 m at 915 MHz: 400 °C, 600 °C, 800 °C,
1,000 °C, 1,200 °C, 1,300 °C.
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phenomenon can be explained by a shorter microwave
wavelength in mullite at 915 MHz. The peak positions
(dpeak) at various temperatures are shown in Table 2.
Peak 1 at 400 °C indicates that mullite ceramic with a
thickness of 71 mm exhibits the maximum microwave
transmission (PTC ¼ 0.9705). However, as temperature
increases, a shift of peak position (Δdpeak) is observed.
For instance, the peak shifts from 71 mm to 53 mm as
the temperature increases from 400 to 1,300 °C. This phe-
nomenon can also be attributed to the increased micro-
wave phase constant and, therefore, a shorter microwave
wavelength in mullite (λd) as the temperature increases
(Figure 3).

In Figure 7 it can be further noticed that for all
transmission peaks (peaks 1–4) in the PTC patterns, the
amplitude of peak decreases with increasing temperature.
For example, PTC of the peak decreases from 0.9705 to
0.5229 as the temperature increases from 400 to 1,300 °C.
This can also be explained by the fact that microwave
penetration depth (Dp) of mullite decreases with increas-
ing temperature (Figure 5).

The PTC value of � 0.7 is comparable to the 70% of
microwave transmission and thus “PTC � 0.7” is consid-
ered as an adequate microwave transmission [22, 23]. PTC
values more than 0.7 are recorded, as shown in Table 3.

Conclusions

The analytical approach is proposed to optimize
the thickness of the refractories for achieving maximum
microwave power transmission in microwave heating
based on the analysis of PTC. The microwave PTCs
of the alumina ceramic over the temperature range of
22–1,379 °C at 2,450 MHz, the mullite in the temperature
range of 27–1,027 °C at 2.45 GHz and 400–1,300 °C at 915
MHz were studied. The calculated results show that the
microwave PTC depends sensitively on the thickness of
the refractories, and there is a set of transmission peaks
in the PTC patterns of alumina and mullite ceramics,
respectively. The transmission peak shifts towards a
smaller thickness as the temperature of the ceramic
increases, and Δdpeak becomes larger with the peak num-
ber increasing. We also show that high microwave trans-
mission can only be achieved in a refractory with a small
thickness corresponding to a slight transmission peak
shift in the entire microwave heating (less than one
eighth wavelength in the refractory). The analytical
approach presented in this paper should be useful in
selecting the refractories and designing microwave
applicators.

Table 3: The thickness ranges of the power transmission coefficient more than 70%.

Peak

nos.

Mullite

, MHz  MHz

 °C  °C  °C  °C  °C , °C °C  °C  °C ,°C , °C , °C

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

Thickness

(mm)

 – – –. –. –. – – – – – –
 .–. – –. – –. .–. .–. .–.

 .– – – –

 .–. – –

 .– – –

AlO (, MHz)

 °C  °C  °C , °C , °C

Thickness (mm) Thickness (mm) Thickness (mm) Thickness (mm) Thickness (mm)

 – –. –. –. –

 .–. – .–. .–. .–

 – .–. .– .–

 .–. – – .–

 – .–. –. .–
 .– – .–.
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