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Abstract-The electrical conductivity of Fiber-Reinforced 

Polymers (FRPs) may be used to reduce the dangers of lightning 

strikes, radar radiation, and aerial radio frequency transmitters. 

Metal Matrix Composites (MMCs) were created to guard against 

Electromagnetic Interference (EMI) in the aircraft's electric and 

electrical systems. High-Intensity Radiated Field Protection 

(HIRFP) aircrafts are required to be manufactured from a metal 

matrix consisting of Al6061, Al2O3, and Fly Ash (FA) to keep up 

with the ever-increasing needs of industry. The current work 

considered three MMC combinations. MMC1 is AL6061+10% 

and Al2O3+5% FA, MMC2 consists of AL6061+15 and 

Al2O3+5% FA, and MMC3 of AL6061+20% and Al2O3+5% FA. 

These MMCs made the shielding more effective at different 

percentages. The material electrical properties were interpreted 

based on experiments. Analytical approaches include the testing 

of the electrical parameters of materials to measure the shielding 

effectiveness. The calculated shielding efficiencies MMC1-55.7dB, 

MMC2-57.2dB, and MMC3-59.1dB allow the composites to be 

employed in aircrafts. This indicates that, for specific 

applications like HIRFPs, the constructed MMCs perform well. 

Keywords-Metal Matrix Composites (MMCs); reinforcement; 

Al2O3; fly ash  

I. INTRODUCTION  

Frequent lightning strikes can harm commercial airliners. 
Lightning's high-intensity fields interfere with the electronic 
devices of the in-built guidance and communication systems 
[1-2]. The damage caused by lightning to aircrafts varies 
significantly with altitude and flight duration [3]. With its 
precise rigidity, strength, and lightweight, FRPs are ideal for 
aircraft reinforcement [4]. The materials used in their 
construction have sufficient mechanical qualities and low 
energy consumption per unit. However, they have low 
electrical conductivity, and the electric field cannot travel 
through it, resulting in delamination and embrittlement when 
lightning hits an aircraft [5]. Aluminum composites have great 
promise since their fundamental qualities may be enhanced by 
reinforcing with other materials. Metals including titanium, 
nickel, magnesium, copper, and aluminum have all been 
utilized to create metal matrix composites. As a result of its low 
density, high strength, low electrical conductivity, and high 
reflectivity, aluminum is the material of choice [6]. Authors in 

[7] studied various physical models based on the electrical 
qualities of lightning strike protection. With its low density, 
particular corrosion resistance, high strength, and solid 
electrical qualities, Al6061 was developed as an alternative to 
FRPs [8]. Since many incident EM waves are arbitrarily 
oriented, an evaluation of wire mesh's shielding effectiveness 
for normal incidence might be generalized to all practical 
applications. The study is based on TL modelling in the 
situation of normal incidence. It is an arbitrary perspective 
because the polarized electric and magnetic fields in this 
situation are normal or vertical to the plane. The referenced 
research analyzed the oblique impact of lightning's EM waves 
on aircraft. Authors in [9] created a lightning-proof carbon 
filter epoxy pre-preg laminate with a 55dB SE. 

The novelty of the proposed research work is the protection 
of the electronic components of the aircraft from the lightning 
strike effect. To protect from this effect, a MMC (Al6061) with 
a variety of Al2O3/FA particle reinforced was considered. 
Electrical conductivity, permeability, and permittivity were 
measured after reinforcing Al6061 with varying concentrations 
of considered and 5% FA. The shielding effectiveness of the 
composite material was calculated with the TL method. 
Simulations were performed to determine the efficiency of 
shielding against X-band electromagnetic radiation with 
oblique incidence. The whole process was well-organized, 
from the preparation of the materials to the efficiency 
assessment of the shielding, and to result analysis. 

II. UTILIZED MATERIALS 

Aluminum oxide (Al2O3) has a density of 0.0039kg/cc
3
, and 

is employed as a reinforcing material because of its high 
corrosion resistance and high-temperature tolerance. As a 
result, the Al2O3 particles in hybrid composites are also used as 
load-bearing and electrical conductivity components in metals. 
Al2O3 and Al6061 may be used in aircraft design because of 
their low cost [10-11] 

FA is a byproduct of coal-fired thermal power plants. In 
recent decades, carbon fibers have been used as a reinforcing 
material for aluminum-based metal matrix composites. To 
prevent Al4C3, FA may be used for aluminum metal matrix 
composites reinforced with silicon carbide (SiC) [14]. A 
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substance's absorption capacity may be increased to enhance 
the shielding qualities of the substance. Only 5% FA may be 
utilized in the composite since it affects the material's tensile 
strength [12-13].  

III. COMPOSITE MATERIAL PREPARATION 

As indicated in Figure 1, stir casting was used to add micro-
sized Al2O3 and FA to the Al6061 metal matrix composite to 
improve its electrical and mechanical characteristics. A 
composite is formed when two or more materials are 
combined, as shown in Table I. The fabricated materials made 
from stir casting are shown in Figure 2. Stir casting is the most 
cost-effective technique for synthesizing particle-reinforced 
composites, and this is how the proposed MMC is made. A 
furnace, a feeder for reinforcing ingredients, and a stirrer were 
used in the stir casting process to create the composite. The 
stirrer comes with a rod and blades for stirring. A resistance-
heated muffle furnace was used to heat 1kg of Al6061 alloy to 
720°C in a ceramic crucible. Before casting, the Al 6061 alloy 
was warmed to 600°C to remove any gases and moisture from 
the reinforcing particles (Al2O3 and FA). This prevents 
temperature drops during the casting process. The stirrer's 
alumina-coated blades are used to avoid ferrous ions. 

 

 
Fig. 1.  Experimental setup for reinforcement using stir casting. 

 
Fig. 2.  Fabricated material from stir casting. 

FA (5wt%) and varied quantities of Al2O3 (5wt%) were 
used to make the composites described in Table I. The liquid 
composite was mixed with all the reinforcing elements and was 
then poured into a steel mold warmed to 250°C to prevent 
condensation from forming. The metal cools in the atmosphere 
before solidifying. The mold was emptied of the solidified 
composite. The other specimens were made with the same 
process but with varied quantities of reinforcing materials. 

TABLE I.  METAL MATRIX REPRESENTATION 

Material and weight percentages combined Representation 

AL6061+10% Al2O3+5% FA MMC-1 

AL6061+15% Al2O3+5% FA MMC-2 

AL6061+20% Al2O3+5% FA MMC-3 

 

IV. ELECTRICAL PARAMETER CALCULATION 

The Transmission/Reflection method utilized by a E8263B 
Agilent Technologies Vector Network Analyzer (VNA) was 
used to determine the permeability (�), permittivity (�), and 
conductivity (�), of the MMCs (Figure 3). In order to create the 
incident electromagnetic wave, a piece of MMC was put into 
the waveguide [14-15]. To analyze the electrical properties of 
the composite, a waveguide measuring 22.86mm × 10.16mm 
was implanted in the test specimens. The MMC samples 
utilized in the waveguide are shown in Figure 2, and the 
experimental setup for the transmission/reflection approach is 
shown in Figure 3. We conducted the experiment in the X-band 
and determined the VNA levels for a range of frequencies. The 
results of the VNA are shown in Figures 6–9. They provide 
evidence that μ, σ, and � have a connection to periodicity. It is 
important to note that the electrical characteristics of MMC 
vary with its operating frequency. The degree to which a given 
material may operate as a shield depends on the values of μ, σ, 
and � in the MMC ratio. 

 

 

Fig. 3.  Transmission/Reflection method experimentatal setup. 

V. THEORETICAL ANALYSIS OF SHIELDING EFFECTIVENESS 

FOR WIRE MESH METAL MATRIX COMPOSITES 

The Shielding Efficiency (SE) [17] statistic is often used to 
evaluate a material's shielding capacity. Figure 4 shows the 
mesh surface with an oblique incidence of electromagnetic 
(EM) waves [16]. The mesh surface with an oblique incidence 
of EM wave is shown in Figure 4. The ratio of received power 
before and after shielding is used to quantify EM shielding 
effectiveness. In (1), �� represents the received power before 
the area was shielded, and �� represents the measured power 
after the region was shielded. The same approach is used to 
protect against electric and magnetic fields and is effective in 
both application circumstances. 

��	
��  10 log�� ���
��

�    (1) 
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Fig. 4.  Representation of oblique incidences for WMMMC. 

Simple in design, the Wire Metal Matrix Mesh Composite 
(WMMMC) is made up of parallel MMC wires that are equally 
spaced apart. This means that the effectiveness of WMMMC as 
a radiation shield depends on parameters such as the distance 
between the wires, their thickness, the wave's incidence angle, 
etc. It is possible to increase the SE of such a mesh by using 
additional orthogonal wires to the initial set of wires. 
Electromagnetic shielding effectiveness is examined when 
mesh apertures are small in contrast to the operating 
wavelength of the screen. The impedance of a wire-mesh 
screen sheet is used to measure its impedance [18-19]. When 
an electromagnetic wave with a relatively low frequency strikes 
a mesh, a reactive field is formed near the mesh surface. 
Without a screen, this reactive field diminishes exponentially 
with distance [19]. As can be seen in Figure 1 of [22], a mesh 
with a square aperture length �� and wire radius �� has a 
shielding efficacy [20-22] that may be defined as: 

���  ����� �  !"#     (2) 

��%  �� & '()* 
% +,-.%    (3) 

The following calculations show that the transmission 
coefficients for polarization T1 and T2 represent TE and TM 
modes and can be calculated for a range of frequencies and 
incidence angles. 

/�  %�0�1
02 �34�5

�6%�0�1
02 � 34� 5    (4) 

/%  %�0�7
02 �34�5

�6%�0�7
02 �34�5    (5) 

where . is the incidence angle, calculated from the flat sheet's 
regular, �4 is the free-space impedance, and ��� and ��% are the 
eigenvalues of TE and TM mesh impedance operators 
respectively. The sheet inductance "� is calculated from: 

"�  µ2.:�
%; ln 	1 & =>7?��

@� �>�    (6) 

The wire impedance per unit length ��� depends on the 
resistance per unit length, A� is a time constant and I0 and I1 are 
first kind Bessel functions. 

���  �′�
CD'�EFG.H2.CD'�EFG

%.H1.CD'�EFG     (7) 

��  &10IJK�� L��
% /�%� � ��

% /%%�M    (8) 

/N4N:O  &��    (9) 

Since no noticeable change occurred for the frequencies 
and structures under examination when the skin effect was 
included in (7), the DC wire resistance was included as an 
approximation to the wire impedance (6). Consequently, it 
becomes straightforward to determine the SE of a particular 
mesh (with square openings) under various situations (and in 
different directions). 

VI. SIMULATION RESULTS 

A. Electrical Parameter Measurements 

The connection between an electrical parameter of a 
composite material and its frequency may be deduced from the 
vector analyzer’s output considering the electrical 
characteristics of conductivity, permeability, and permittivity. 
As a direct result of the material's permeability and 
permittivity, its electrical properties are intimately linked. The 
essential portion of the permittivity of lossless materials 
displays the quantity of stored electrical energy. 

 

 

Fig. 5.  Electrical parameters of pure AL6061. 

 

Fig. 6.  Electrical parameters of MMC-1. 
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Fig. 7.  Electrical parameters of MMC-2. 

 

Fig. 8.  Electrical parameters of MMC-3. 

The imaginary part of permeability is used to quantify the 
power lost due to magnetic fields, which is crucial for 
calculating the magnetic energy stored in a material. A VNA 
having a waveguide or coaxial construction and working at 8–
12GHz may be used to assess scattering properties (X-band 
frequency). To calculate the reflection coefficient equation's 
value, |S11| and |S21| were plugged into the calculator's bar. 
The VNA results are shown in Figures 5-8. 

B. Shielding Effectiveness Mesearument 

Most electromagnetic signal occurrences on the mesh 
surface were oblique in practice, as described in the literature. 
Using a range of angles from 0 to 90°, the shielding 
performance of each composite was evaluated. As the 
incidence angle increases, so does the shielding, as shown by 
the relationship between the electromagnetic mesh surface and 
the incidence angle. The stimulated results of pure AL6061 and 
MMC are represented in Figures 9-12. At increasing incidence 
angles, the shielding efficiency of pure AL6061 and 
composites supported by varying proportions of Al2O3 and FA 
as shown in Table II. SE decreases as the incidence angle 
becomes normal to the mesh material. Al2O3 and FA have been 
used in this study to support AL6061 alloys. Shielding relies on 
absorption and reflection for its success. Permeability may be 

used to measure the material's ability to absorb. Depending on 
the conductivity of the substance, the reflectance of the object 
changes. The material's excellent permeability and conductivity 
result in high absorption and reflection losses. The composite 
material's permittivity improves as a result of the Al2O3 
growing proportion. Also, the whole composite's absorption 
loss rises. For aviation applications of 48.83dB, the effective 
shielding effectiveness is considered adequate [29-30]. The 
material's excellent permeability and conductivity result in high 
absorption and reflection losses. The composite's 55.7dB 
shielding value at a 20° angle of incidence aided by Al2O3 
(10%) and FA (5%) reinforcement resulted in reflection and 
only absorption from the FA. By increasing the Al2O3 and FA 
content by 15% and 20%, 57.6dB and 59.1dB increase in 
shielding value is respectively obtained. The material will no 
longer be suitable for aviation applications if the percentage 
exceeds that level. 

 

 
Fig. 9.  Shielding effectiveness of pure AL6061. 

 
Fig. 10.  Shielding effectiveness of MMC-1. 

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

Frequency in GHz 10
10

-10

0

10

20

30

40

50

60

70
permeability

conductivity

permitivity



Engineering, Technology & Applied Science Research Vol. 12, No. 5, 2022, 9310-9315 9314 

 

www.etasr.com Bikkina & Jayasree: Development of a Wire Mesh Composite Material for Aerospace Applications 

 

 

Fig. 11.  Shielding effectiveness of MMC-2. 

 

Fig. 12.  Shielding effectiveness of MMC-3. 

 

Fig. 13.  Shielding effectiveness comparison of MMCs with Pure AL6061. 

The FA content of all combinations is fixed to 5%. If the 
concentration is more, the material strength decreases, and the 
material properties are lost. Shielding increases by around 20% 
for incidence angles of 45°, 60°, 70°, and 85°, but as the 
incidence angle increases, the values decrease. Table II shows 

the comparison of the results of the present work with other 
known works and Table III exhibits the shielding effectiveness 
of MMCs with different angle of incidences. 

TABLE II.  COMPARISON OF SHIELDING EFFECTIVENESS VALUES 

Reference Material Frequncy 
Shielding 

effectiveness 

[23] Al2O3/FeSiAl/flaky graphite X band 30.4 

[24] Ti3Si(Al)C2/Al2O3 X band 42.1 

[25] Al2O3 X band 29-32 

Present work Al6061/ Al2O3/FA X band 59.1 

TABLE III.  RELATIONSHIP BETWEEN THE SHIELDING PROPERTIES OF 

VARIOUS REINFORCED MATERIALS AND AL6061 COMPOSITE AT 

VARIOUS INCIDENCE ANGLES 

 Incidence angle 

Material 20° 45° 60° 70° 85° 

Pure AL6061 32.62 23.48  22.72  17.86  11.77 

MMC-1 55.7  39.5  32.8  25.8  24.6 

MMC-2 57.6  41  33.1 30.9  26.17  

MMC-3 59.1  48.2 37.6  33.8  29.3  

 

VII. CONCLUSION  

Composite materials with strong SE are well-known in 
aerial applications. The WMCs developed in this work will 
give SE up to 59.1dB. Electromagnetic shielding is evaluated 
from different perspectives (20°, 45°, 60°, 70°, and 85°). These 
MMCs have an SE of more than 55dB. So, these materials are 
more suitable for protecting aircrafts from lightning strikes. 
MMCs structure has physical flexibility and less weight, so 
they are more suited to protect large structures than metal 
sheets. Compared to metal-coated windows, wire mesh screens 
offer a unique advantage. The proposed WMMMC has lower 
SE than metallic sheets. According to the literature, using a 
material with a 50dB shielding efficiency for aircraft surfaces 
provides good lightning protection. Regarding high-intensity 
radiation fields, the shielding of prepared compositions may be 
used in airborne radars and wind turbine systems. Any mix of 
materials may be employed to satisfy the demands of different 
applications. A variety of aluminum composite materials may 
be treated to provide the appropriate shielding. 
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