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a b s t r a c t

Double-layer cementitious composites filled with Mn–Zn ferrite as microwave absorbers were designed
based on the impedance matching theory and electromagnetic wave propagation laws. The results
showed that the addition of silica fume can improve the impedance matching between the cementitious
composites and free space. Comparing with the single-layer structure, the reflectivity of the double-layer
cementitious plates can decrease by 6–8 dB and decrease by 15 dB maximum with 30 wt.% ferrite; in
addition, the reflectivity of electromagnetic wave is lower than 10 dB in the frequency range of 11.4–
18 GHz. These composites can be potentially used as electromagnetic interference (EMI) materials for
buildings.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The need of preventing electromagnetic interference (EMI) has
been increasing with the development and application of elec-
tronic science and communication technology [1]. EMI prevention
is particularly needed for underground vaults containing trans-
formers and other electronics that are related to electric power
and telecommunication [2]. Electronic radiation has been a threat
to the public health and has brought out information leakage. Thus,
the capacity of a building to prevent the electromagnetic radiation
or electromagnetic interference is very important.

There are mainly two methods to prevent and attenuate EMI
radiation and leakage, which are shielding and absorption, and
the materials that are used to prevent EMI can accordingly be
divided into EMI shielding materials and wave absorbing materials.
EMI shielding is essentially to form an effective enclosed area with
highly conductive materials, in which the external electromagnetic
radiation cannot penetrate and internal radiation cannot be easily
leaked out. Normally applied EMI shielding cannot eliminate or
weaken EMI radiation, and the reflected wave may also interact
with the incident wave, which causes disturbance to other units
or devices. The EMI radiation can be attenuated to the furthest ex-
tent [3] by using electromagnetic wave absorbing materials and
transferring the electromagnetic energy to other forms.
ll rights reserved.
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Cementitious composites are one of the most common building
materials used in engineering construction. Cement-based com-
posites are complex systems that include hydration products,
unhydrated cement particles and aggregates of different sizes.
Generally, as a whole system cement-based material is slightly
conducting, but its EMI shielding effectiveness and wave absorbing
property are very low, so admixtures are needed to improve the
ability to resist the electromagnetic wave interference. There have
been many studies on the reflection loss of cement matrix compos-
ites by introducing fillings, such as expanded Polystyrene (EPS) and
carbon fibers [4,5].

Ferrite is one of the most commonly used materials as a kind of
electromagnetic wave absorber. Many studies have been carried
out in Japan in Radio frequency (RF) area to investigate the electro-
magnetic absorption properties of buildings employing ferrite
[6,7]. However, the application has been restricted by the narrow
band characteristics of single-absorbers. It is known from many re-
search studies that the microwave absorber with double-layer
structure has wider absorption bandwidth and lower reflection
loss (RL) than the single-layer absorber in GHz frequency [8].

For the purpose of preparing a low-reflecting absorber in the de-
sired wide frequency range, two fundamental conditions must be
satisfied [9,10]: the first is that the incident wave can enter the ab-
sorber to the greatest extent (impedance matching characteristic),
and the second is that the electromagnetic wave entering into the
materials can be almost entirely attenuated and absorbed within
the finite thickness of the material (attenuation characteristic).
The impedance matching is the principle that the electromagnetic
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Fig. 1. Morphology and particle size distribution of ferrite (a) morphology and (b)
particle size distribution of ferrite.
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wave is absorbed in the materials. There are several methods to im-
prove impedance matching between material and free space. One of
them is to use low dielectric constant materials to adjust the char-
acteristic impedance of the absorber. Silica fume [11] is a kind of
fine non-crystalline silica produced in electric arc furnaces as a
by-product during the production of metallic silicon or ferrosilicon
alloys, the SiO2 content of which ranges from 85% to 98%. Silica
fume can be used as reactive mineral admixture of concrete; it
can react with the calcium hydroxide produced during the cement
hydration reaction. Silica fume has three main effects: pozzolanic
reaction, micro-filling effect, and morphologic effect, which con-
tributes to excellent mechanical properties and durability of con-
crete. In addition, silica matrix composites are widely applied as
wave-transmitting materials because of its excellent electrical
properties and high temperature performance [12]. However, the
effect of silica fume on absorbing property has not been reported.

In this paper, silica fume was used to improve the impedance
matching for cementitious composites. Two types of microwave
absorbers were used: single-layer microwave absorber composed
of Mn–Zn ferrite, and double-layer microwave absorber composed
of mortar with silica fume mortar as the surface layer and Mn–Zn
ferrite mortar as the loss layer. The microwave absorption proper-
ties of these composites were investigated and compared.

2. Experimental programs

2.1. Raw materials

In this study, P II 52.5 Portland cement with compressive
strength 75.6 MPa at 28 days was used as matrix, and the nature
river sand with maximum size of 2.5 mm was used as fine aggre-
gate, silica fume (Elkem Materials, Shanghai, Microsilica 951-U),
as another cementitious material, was added and used for the pur-
pose to improve the impedance matching in this study. The chem-
ical composition and physical properties of these cementitious
materials are listed in Table 1.

Spinel ferrite (FP), produced by Nanjing-Jinning-Sanhuan FDK
Co. Ltd., (China), has density of 5.8 g/cm3. Fig. 1 shows its morphol-
ogy image and particle size distribution. The complex permittivity
and complex permeability of ferrite olefin as matrix, measured by
coaxial transmission/reflection method, are shown in Fig. 2.

In the mixture, the ratio of water to binder was 0.3:1 and the
ratio of sand to binder was 1.5:1. 0.5 wt.% polycarboxylate-based
superplasticizer powder was used in the cement. Ferrite was added
in the proportion to the weight of the cement.

2.2. Sample preparation

The cement, water, silica fume and ferrite (if applicable) were
mixed by a rotary mortar mixer. Then the mixture was poured into
oiled molds with a size of 180 � 180 mm2 and thickness of 10, 20
and 30 mm according to need. The molds were vibrated for 1 min
and the mixture inside was smoothed. Finally the specimens were
demolded after 1 day and put into cure for 28 days at 20 ± 2 �C and
>90% relative humidity (RH). The composition design of each spec-
imen is shown in Table 2. For double-layer cement-based plates,
the second layer was poured onto the first layer surface when
Table 1
Chemical compositions and physical properties of raw materials.

Raw materials Chemical compositions (%)

SiO2 Al2O3 Fe2O3 CaO MgO

Cement 21.50 5.12 3.42 65.3 1.05
Silica fume 95.48 0.27 0.83 0.54 0.97
the first-layer cementitious composites reached initial setting
status.
2.3. Test method

The electromagnetic parameters were measured by transmis-
sion/reflection method. The toroidal shape specimens of /
7 mm � /3 mm � 4 mm size were measured using S-parameter
values at frequency from 2 to 18 GHz.

The electromagnetic wave absorption properties of the cemen-
titious composite materials were tested by NRL [13] as shown in
Fig. 3. The test frequency ranges from 8 to 18 GHz. The vector net-
work analyzer (VNA) was calibrated before the test to minimize
the horn-to-horn coupling and ensure high measurement accuracy.
Then the sample was put on the reflecting plate, and the horns are
placed at a glancing angle relative to the sample surface, creating a
single two-way transmission path to prevent multiple reflections
between the horns and the sample.

Cementitious composites are compounded of aggregate, hy-
drated product (C–S–H, calcium hydroxide, ettringite, etc.), unhy-
Specific surface (m2/kg)

SO3 K2O Na2O Loss

2.03 0.66 0.2 0.46 380
0.80 – – 1.11 22,000
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Fig. 2. Electromagnetic parameters of the Mn–Zn ferrite (a) permittivity and (b)
permeability.

Table 2
Thickness and composition of each sample.

No. Thickness (mm) Composition (wt.%)

Surface
layer

Loss
layer

Filling
material

Surface
layer

Loss
layer

SPC 30 nothing C 100
SSF 30 SF SF 15
SFP10 30 FP FP 10
SFP30 30 FP FP 30
SFP50 30 FP FP 50
D1 10 20 SF/FP SF 15 FP 30
D2 5 25 SF/FP SF 15 FP 30

Note: S stands for the single-layer absorber, PC stands for the plain cement mortar,
SF stands for the silica fume, FP10 stands for 10% ferrite content, C stands for
cement and D stands for double-layer absorber.
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drated cement particles, pore, and free water [14]. Due to high per-
mittivity, water inside the material has a great effect on its dielec-
tric property, leading to different electromagnetic absorbing
performance of the material. In order to reduce the influence of
the free water in the composite material, the samples were dried
at 60 �C prior to the test until the weight did not change with time.
3. Results and discussion

3.1. Microwave theory

Fig. 4 shows that a transverse electromagnetic (TEM) wave at an
incidence vertical to the absorber surface is vertically reflected
back from a double-layer microwave absorber composed of surface
and loss layers.
The return loss coefficient of a metal-terminated wave absorber
system is given by Eq. (1) and (2): [15]

C ¼ Zin � Z0

Zin þ Z0
ð1Þ

Zin ¼ Z2
Z1 tanhðc1d1Þ þ Z2 tanhðc2d2Þ

Z2 þ Z1 tanhðc1d1ÞZ2 tanhðc2d2Þ
ð2Þ

where Zin is the input impedance measured from the surface to the
absorber to the termination, Z1, c1, and d1 are characteristic imped-
ance, propagation constant and the thickness of the microwave ab-
sorber loss layer, respectively. Z2, c2, and d2 are characteristic
impedance, propagation constant and thickness of the microwave
absorber surface layer, and Z0 is characteristic impedance of vac-
uum, Z0 ¼

ffiffiffiffi
l0
e0

q
¼ 377 X .The characteristic impedance and propaga-

tion constant are expressed by the complex relative permeability
lr ¼

_l
l0
¼ l0 � jl00 and the permittivity er ¼ _e

e0
¼ e0 � je00

Z ¼
ffiffiffiffiffiffi
l0

e0

r ffiffiffiffiffi
lr

er

r
¼

ffiffiffiffiffiffi
l0

e0

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0r � jl00r
e0r � je00r

s
ð3Þ

c ¼ jx ffiffiffiffiffiffiffiffiffiffil0e0
p ffiffiffiffiffiffiffiffiffilrer

p

m
¼ jx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl0r � jl00Þðe0r � je00Þ

p
m

ð4Þ

where m is the speed of the microwave, x is the angular frequency
of the incident plane wave, j is the imaginary unit, and �0 and l0 are
the permeability and permittivity of the air, respectively.

If the microwave absorber is single-layer, Eq. (2) becomes Eq.
(5):

Zin ¼ Z1 tanhðc1d1Þ ð5Þ

since the reflection loss is a function of Zin, it can be expressed as
follows:

Reflection loss ðRLÞ½dB� ¼ 20 log jCj

¼ 20 log
Zin � Z0

Zin þ Z0

����
���� ð6Þ

The principle of the metal-backed microwave absorber is to
make use of the reflection reduction by impedance matching. If
there is no reflection, the normalized input impedance with re-
spect to the impedance of the free space should be Zin = Z0. The
impedance matching condition depends on the values of the absor-
ber electromagnetic parameters.
3.2. Absorption properties of single-layer cementitious plates

Cement matrix is slightly conductive and has weak microwave
absorption capability [16]. The attenuation of electromagnetic
wave by cement paste, just as by fly ash [17], can be mostly attrib-
uted to the dielectric and magnetic loss of the metal oxide compo-
nents and some minerals in the cement.

Fig. 5 shows the reflectivity of PC (sample 1). The minimum
reflectivity of PC is higher than �8 dB, and the absorption ability
decrease with the frequency. It can be seen that the reflectivity
of samples with the ferrite content increasing. In addition, the ce-
ment cure surface is visually smoother with higher ferrite content.
As a microwave absorbent, ferrite with high permittivity and per-
meability (Fig. 2) can attenuate the electromagnetic energy by
dielectric loss, magnetic loss and hysteresis loop loss [18]. How-
ever, the increase of ferrite content changes the impedance match-
ing between cement material and free space, which makes the
incident wave more difficult to transmit into the material and to
get attenuated by the wave absorber. So adding ferrite can de-
crease the microwave reflection loss of the cementitious composite
material, and higher ferrite ratio indicates lower reflection loss.



Fig. 3. Sketch of the NRL reflectivity measurement system.
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Fig. 4. Structure of the proposed double-layer microwave absorber.
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This is further verified by the fluctuation in the reflection loss curve
of sample 5 (Fig. 5). When the ferrite content is 30%, the reflectivity
curve becomes smooth, and the maximum reflectivity is below
other samples. So the optimum ferrite content is 30 wt.%.
3.3. Absorption properties of the double-layer cementitious plates

In order to prepare a low-reflecting absorber in the desired wide
frequency range, two fundamental requirements must be satisfied
[9]: the impedance matching characteristic and the attenuation
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Fig. 5. Effect of dosage of ferrite on the reflectivity of plates.
characteristic. The double-layer absorbing structure can attain
these aims. In a double-layer electromagnetic wave absorber, one
layer acts as low-impedance resonator and another as impedance
transformer. By combining these two layers, broadband operation
can be achieved.

3.3.1. Effect of silica fume on electromagnetic properties
PC has higher permittivity (er = 7.0, lr = 1.0) comparing with

free space, which causes impedance mismatch and inhibits the
incident wave transmission into the material, therefore, its micro-
wave absorbing property is low. As a common mineral admixture
of concrete, silica fume contains significant amount of reactive
SiO2 and gives low permittivity and permeability (er = 2.7, lr =
1.0). Silica-based composites are used as radar radome of flyer
due to its low permittivity and excellent microwave transparency
[8]. Therefore, silica fume can be used to adjust the microwave
transparency and electromagnetic parameter values of the cemen-
titious composites.

When silica fume was added into cementitious mortar, the
reflectivity was lower than the same w/c plain cement mortar
(PC) as shown in Fig. 6. The reflectivity decreased about 4 dB from
8 to 18 GHz. The reflectivity curve was observed more planar at
higher frequency. Silica fume of very large specific area is ran-
domly distributed in cementitious composites. Comparing with
unhydrated cemented particles, silica fume with small size parti-
cles can fill into the pores of the material so that the hydrated
cementitious composites are more compact. The microwave pene-
tration for silica fume is more difficult than for PC, so the reflectiv-
ity loss of interference is decreased but impedance matching of
material is improved, and the total reflection loss is increased as
shown in Fig. 6. Silica fume is thus chosen to add to the mortar
as the surface layer to improve the impedance matching.

3.3.2. Absorption properties of double-layer cementitious composites
The double-layered cementitious plates were prepared with

impedance matching layer and loss layer. The surface layer is the
mortar added with 10 wt.% silica fume, and the loss layer is the
mortar added with 30 wt.% ferrite.

As predicted, the double-layered cementitious material has bet-
ter microwave absorption properties than the samples with single-
layer structure. Fig. 7 shows the microwave absorption change
with frequency for double-layer samples 6 and 7 of same total
thickness. It is observed that the reflectivity of double-layer
cementitious absorber shows broadband characteristics from 8 to
18 GHz frequency. The thickness of impedance matching layer is
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different for samples 6 and 7, which contributes to different reflec-
tivity curves. The reflection loss of sample 7 is better than sample 6
at high frequency, and the absorption bandwidth under �10 dB is
6.6 GHz ranging from 11.4 to 18 GHz. For sample 6 with 10 mm
thick impedance matching layer, the minimum reflectivity reaches
�15.0 dB at 12 GHz and the bandwidth under �10 dB is 4.6 GHz.

4. Conclusions

The microwave absorption properties of single-layer and dou-
ble-layer cementitious absorbers with the ferrite and silica fume
were investigated. Based on the above experimental results, the
conclusions can be summarized as follows:

(1) The mortar with silica fume can be used as an impedance
matching layer to adjust the permittivity of the surface
materials of the cement-based absorbing material in order
to attain the impedance matching.
(2) The microwave reflectivity of the single-layer mortar filled
with ferrite is higher than that of the plain mortar due to
the mismatching of the impedance.

(3) The design of double-layer structure has excellent absorp-
tion property because of the impedance match of materials.
The impedance match layer is made of silica fume mortar
and the loss layer is added with 30 wt.% ferrite. The mini-
mum reflectivity of the double-layer plate reaches �15 dB
at 12.0 GHz when the impedance matching layer thickness
is 10 mm. The absorption bandwidth below �10 dB is
6.6 GHz ranging from 11.4 to 18 GHz when the impedance
matching thickness is 5 mm.
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