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Abstract
This paper presents the impact of microwave penetration depth on the process of heating the moulding sand with sodium silicate. For each
material it is affected by: the wavelength in vacuum and the real and imaginary components of the relative complex electrical permittivity
εr for a selected measurement frequency. Since the components are not constant values and they change depending on the electrical
parameters of materials and the frequency of the electromagnetic wave, it is indispensable to carry out laboratory measurements to
determine them. Moreover, the electrical parameters of materials are also affected by: temperature, packing degree, humidity and
conductivity. The measurements of the dielectric properties of moulding sand with sodium silicate was carried out using the perturbation
method on a stand of waveguide resonance cavity. The real and imaginary components of the relative complex electrical permittivity was
determined for moulding sand at various contents of sodium silicate and at various packing degrees of the samples. On the basis of the
results the microwave penetration depth of moulding sand with sodium silicate was established. Relative literature contains no such data
that would be essential to predicting an effective process of microwave heating of moulding sand with sodium silicate. Both the packing
degree and the amount of sodium silicate in moulding sand turned out to affect the penetration depth, which directly translates into
microwave power density distribution in the process of microwave heating of moulding sand with sodium silicate.
Keywords: Innovative foundry materials and technologies, Penetration depth, Microwaves, Electrical permittivity, Moulding sand

1. Introduction
The microwave technology is applied in various fields of
science, technology, industry and medicine. Its use is also
investigated in the foundry industry with an aim of finding an
effective way of drying and curing moulding and core materials
by applying microwave radiation. The microwave heating is
related to the polarisation effect in dielectric and semiconductor
charge material to which the electromagnetic energy of great
frequency is supplied by means of waveguides. As a result of the

polarisation, the electromagnetic waves are refracted, reflected
and attenuated in dielectrics. It becomes essential then for the
electromagnetic field to penetrate and be absorbed in an effective
microwave heating by the charge material at a greatest depth,
which consequently affects the active power in the charge
material. The application of the microwave heating became
attractive for the industry due to a number of characteristic
features, including the possibility to obtain high power density
and the highly selective heating method, which results in heating
the charge material, not the environment, a short heating time, a
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low thermal inertia as well as the possibility of easy automation
[1].
The moulding sand commonly used in foundry processes is a
mixture of various materials processed in a specific way and
selected in terms of quality and quantity. The main component of
the moulding sand are various kinds of sands of a low
conductivity (therefore regarded as dielectric). The most
important electrical parameters include cross and surface
resistivity, electrical permittivity and dielectric loss factor,
dielectric strength, partial discharge resistivity as well as
electrisation susceptibility [2]. However, it is the electrical
permittivity (ε) that is one of more essential electrical parameters
participating in the moulding and core sand microwave heating.
This parameter specifies the electrical properties of the
environment as it describes the macroscopic properties of the
dielectric in the electric field at various frequencies. In a number
of research centres of world renown it became the research focus
of investigations into sands and clays used as grains in the
moulding or core sand [3-7] and into sand-based mixtures [8-13].

2. Microwave heating
During the microwave heating the electromagnetic wave
attenuation can be observed inside the charge material, following
the application of large frequencies. If a plane electromagnetic
wave of a particular surface power density hits the dielectric (Pin),
a part of its density is reflected (Pout), while another part is
absorbed by the dielectric (Pabs).

Pabs = Pin − Pout

(1)

Figure 1 demonstrates the distribution of power density absorbed
by the dielectric at a plane wave.

Fig.1. Distribution of power density absorbed by the dielectric at a
plane wave
If E0 means the value of electrical field intensity on the surface of
the charge material, then its distribution is specified as a function
of a distance x from the surface:
𝐸𝑥 = 𝐸0 𝑒
where:
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Ex – intensity dependent on depth x [𝑉 ∙ 𝑚−1 ],
E0 – intensity on the boundary surface [𝑉 ∙ 𝑚−1 ],
Dp – penetration depth [m].
One of the components of the field intensity inside the dielectric
is the penetration depth specified as a distance at which the field
intensity Ex decreases e times in comparison to the surface. It is
one of the most important parameters of the microwave heating
[14,15] described by the following equation [16]:
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where:
𝜆0 – wavelength in vacuum for a given frequency [m],
𝜀 ′ – real component of the relative complex electrical permittivity,
𝜀 ′′ – imaginary component of the relative complex electrical
permittivity.

As equation (3) demonstrates the following data are required in
order to calculate the microwave penetration depth to the inside of
the charge material: wavelength in vacuum for a given frequency
(𝜆0 for the frequency of 2.45 GHz equals 0.122 [m]), the value of
the real and imaginary component of the relative complex
electrical permittivity 𝜀𝑟 .
The relative complex electrical permittivity 𝜀𝑟 is defined by the
relation:
𝜀𝑟 = 𝜀 ′ − 𝑗𝜀 ′′

(4)

𝑝𝑎𝑎𝑎𝑎 = 𝑝𝑎𝑎𝑎0 ∙ 𝑒 −2𝑥/𝐷𝑝

(5)

The real component of the relative complex electrical permittivity
represents the ability of a material to store energy, whereas the
imaginary component represents the ability of a dielectric to
disperse the energy stored in the electrical field, i.e. to generate
losses.
It should be mentioned that a relative dielectric permittivity is not
constant as it changes depending on the electrical parameters and
the frequency of the electromagnetic wave. Furthermore, it is
affected by temperature, packing degree, humidity, and the
conductivity of materials [1]. In the case of moulding sand with
sodium silicate the electrical permittivity is also considerably
affected by the packing degree of moulding sand [13]. The
relative electrical permittivity of liquids and solids ranges from 1
to 100. Table 1 shows an exemplary value of relative electrical
permittivity and field penetration depth at a frequency of 3 GHz
for selected dielectrics.
The volume power density pabsx in the charge material at a
distance x from the surface can be described by the relation:

where:
pabs0 – power per volume unit at the surface.

Data on the power density distribution for a given charge material
enables the determination of the heating effect, i.e. an increase in
the charge material temperature.
Since no data can be found in relevant literature on the
microwave penetration depth for moulding sand with sodium
silicate, the main purpose of this study was to determine the
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electrical properties of the sands and based on equation (3)
determine the microwave penetration depth during the heating
process. The electrical properties of moulding sand were
established as a function of their packing degree and the amount
of sodium silicate. The main component of moulding sands was
medium-grain silica sand with the grain fineness of
0.20/0.315/0.16 (Company - Grudzeń Las) and sodium silicate
type 137, 145 and 150 with 2, 4 and 6% parts by weight
(Chemical Plant Rudniki S.A.). The measurements of electrical
properties of concentrated samples were carried out using the
perturbation method on a stand of waveguide resonance cavity in
accordance with the measurement methodology specified in [17].
Table 1.
Relative electrical permittivity of selected materials and the field
penetration depth at a frequency of 3 GHz [1]
No Material
T [oC]
𝜺𝒓
Dp [m]
1.
Water
25
76.7
0.023
2.
Ice
-12
3.20
19.77
3.
Polystyrene
25
2.55
60.42
4.
Teflon
22
2.10
146.44
5.
Table salt
25
2.26
32.76
6.
Aluminium oxide
25
8.79
3.62
7.
Fused quartz
25
3.78
246.91

Fig. 3. The impact of density and amount of sodium silicate on
the microwave penetration depth in moulding sand with sodium
silicate 145

3. Results
The microwave penetration depth for moulding sand with
sodium silicate determined by the measurements of the relative
electrical permittivity and dependent on the sand packing degree
and the amount of sodium silicate is presented in Figures 2 to 4. A
square type of surface matching of charts has been used.

Fig. 2. The impact of packing degree and amount of sodium
silicate on the microwave penetration depth in moulding sand
with sodium silicate 137

Fig. 4. The impact of packing degree and amount of sodium
silicate on the microwave penetration depth in moulding sand
with sodium silicate 150
The results presented in Figures 2 to 4 demonstrate that along
with an increase in the packing degree the microwave penetration
depth in moulding sand decreases linearly e.g. from the value of
Dp=0.38 [m] to Dp=0.16 [m] for the moulding sand with 2%
sodium silicate 137, and from Dp=0.50 [m] to Dp=0.31 [m] for the
moulding sand with 2% sodium silicate 145. The same change
can be observed for the moulding sand with 2% sodium silicate
150. In the latter case, the penetration depth changes respectively
from Dp=0.76 [m] to Dp=0.38 [m].
The penetration depth also decreases linearly for all types of
sodium silicate if the amount of sodium silicate in moulding sand
changes. For example, from minimum Dp=0.38 [m] to maximum
Dp=0.76 [m] for the moulding sand with 2% sodium silicate 150.
The changes result from the fact that along with an increase in the
packing degree of moulding sand and the amount and type of
sodium silicate the imaginary component of the relative complex
electrical permittivity (𝜀 ′′ ) undergoes changes, which in turn
results in diispersing the energy stored in the electric field and
affects the extent of losses in the charge material.
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4. Conclusions
During the microwave heating of the moulding sand with
sodium silicate the microwave penetration depth considerably
affects the efficiency and effectiveness of this process.
An increase in the amount of sodium silicate and the packing
degree of the moulding sand results in decreasing the microwave
penetration depth into the moulding sand. The penetration depth is
also affected by the type of grain used: along with a change in its
packing degree the microwave penetration depth increases.
As a result of the field attenuation and concentration of
heating sources at the surface the microwave heating is less
efficient.
The results on the microwave penetration depth into the
moulding sand with sodium silicate may be applied for the
purposes of selecting the moulding sand composition and heating
parameters as well as designing microwave heating devices.
Further research on the impact of microwave penetration
depth into the moulding sand with sodium silicate on the process
of microwave heating will be carried out with regard to
temperature, type of sodium silicate and type of grain.
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