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Abstract. The frequency selective surface (FSS) embedded hybrid composite materials have been
developed to provide excellent mechanical and specific electromagnetic properties. Radar absorbing
structures (RASs) are an example material that provides both radar absorbing properties and structural
characteristics. The absorbing efficiency of an RAS can be improved using selected materials having special
absorptive properties and structural characteristics and can be in the form of multi-layers or have a certain
stacking sequence. However, residual stresses occur in FSS embedded composite structures after co-curing
due to a mismatch between the coefficients of thermal expansion of the FSS and the composite material. In
this study, to develop an RAS, the thermal residual stresses of FSS embedded composite structures were
analyzed using finite element analysis, considering the effect of stacking sequence of composite laminates
with square loop (SL) and double square loop (DSL) FSS patterns. The FSS radar absorbing efficiency was
measured in the K-band frequency range of 21.6 GHz. Residual stress leads to a change in the deformation
of the FSS pattern. Using these results, the effect of transmission characteristics with respect to the
deformation on FSS pattern was analyzed using an FSS Simulator.

Keywords: fiber-reinforced composite materials; radar absorbing structure; thermal residual stress;
FSS-embedded composite structures; square loop; double square loop

1. Introduction

Fiber-reinforced composite materials have outstanding mechanical and electrical properties
such that they have been applied in commercial products as well as military components. Using
the unique characteristics of composite materials, researchers have studied radar absorbing
techniques, so called ‘Stealth’ technology. Stealth technology is very important in modern warfare
because these materials can prevent aircraft from being detected by enemy radar and other tracking
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systems. In order to maximize the performance of stealth techniques, the radar cross section (RCS)
of weapon systems should be minimized because the distance detected by radar is inversely
proportional to the fourth root of the RCS (Jenn 1995). There are two methods to reduce the RCS
of weapon systems. One is to absorb electromagnetic waves incident to the fuselage of weapon
systems via radar absorbing materials (RAMs) and radar absorbing structures (RASs), and the
other is to either transmit some of the waves through the radome or to selectively reflect the
remaining waves at the radome surface. A hybrid radome is a type of composite RAS usually
consisting of composite material and an FSS. FSSs are composed of a periodic array consisting of
conducting patches or aperture elements. FSSs are used as polarizers, space filters, and
subreflectors in dual frequency antennas and as parts of radomes to control RCS by selectively
absorbing or transmitting the incident electromagnetic wave according to frequency. Hybrid
radomes not only selectively absorb the incident electromagnetic wave, but also provide structural
stability.

Many numerical studies have been conducted to analyze electromagnetic wave characteristics
and reflection characteristics of FSSs (Bradshaw 1989, Mittra et al. 1998, Vinoy 1996). Monacelli
et al. (2005) designed and fabricated infrared frequency selective surfaces using periodic method
of moments (PMM) software based on circuit-analog resonance of square loop conducting
elements. Kim et al. (Kim et al. 2006) measured EM transmission characteristics of an RAS
composed of E-glass/epoxy and single dipole FSS elements in the X-band frequency range using
the free space method to determine the effects of the size of the dipole element and its periodicity
in the array. Also, the structure stability of hybrid radome was investigated by developing a
method for designing and fabricating hybrid structures. The radar absorbing capability of
composite materials is obtained from materials that provide special absorptive properties (Chung
2001, Pinho et al. 2002) or structural characteristics such as a particular stacking sequence of
composites (Matous and Dvorak 2003, Tretyakov and Maslovski 2003).

By nature, fiber-reinforced composites made of thermoset resins undergo a curing process
during solidification. During the cure process, expansion or shrinkage caused by thermal mismatch
and chemical reaction occurs, such that it is difficult to control the dimensions of the final part.
Although a number of researchers have studied the residual stress and warpage of thermoset
composites as functions of manufacturing conditions (Gigliotti et al. 2003, 2004) and thermal
properties (Ito et al. 2000, Ressettos and Shen 1995), few researchers have studied residual stress
of hybrid composites composed of heterogeneous materials. In addition, residual stresses in
FSS-embedded composite structures have not been widely investigated. In this study, the thermal
residual stresses of low-observable radomes incorporating stealth technology in the bonding layer
of the co-cure bonded FSS-embedded composite structures were analyzed using finite element
analysis, considering the effect of stacking sequence. Then, the effect of transmission
characteristics, which were varied due to the change in deformation due to residual stresses, on
FSS pattern were analyzed using Ansoft HFSS Ver 12.0.

2. Materials and method

2.1 Frequency selective surface and hybrid radome model

There are various element types of FSSs including the Jerusalem cross (JC), square loop (SL),
hexagon element (HE), and ring (R), as shown in Fig. 1. (Munk 2000) Among these element types,
the resonant frequency of the SL is reasonably stable with respect to changes in the incident angle
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Fig. 1 Typical element types of FSSs
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Fig. 2 Design parameters of FSSs: (a) Square loop; (b) Double square loop

and polarizations due to symmetrical shape. Therefore, an SL, as shown in Fig. 2(a), was
designated as the basic pattern in this study. In additions, a double square loop (DSL) FSS was
selected to compare the change of structural and electromagnetic characteristics. Particle swarm
optimization (PSO) was applied for acquiring the optimized geometrical parameters of FSS
patterns with a resonant frequency of 21.6 GHz (K-band) in our previous study. (Munk 2000)
These predetermined dimensions of FSS patterns were used in this analysis and are shown in
Tables 1 and 2.

Since the FSSs are in the form of periodic arrays, the unit cells enclosed by dotted lines are
selected as representative elements, as shown in Fig. 3. A FSS is fabricated from a flexible
copper-clad laminate composed of copper foil (thickness: 20 um) and polyimide film (thickness:
40 um), as shown in Fig. 4. As such, the overall representative volume model for studying the
effects of the residual stresses in the FSS-embedded composite radome in this study is composed

Table 1 Design parameters of square loop

Parameters Initial value (mm)
Gap of FSS (g) 0.6
Width of FSS (w) 0.26

Pitch of FSS (p) 4.44
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Table 2 Design parameters of double square loop

Parameters Initial value (mm)
Major gap of FSS (g)) 1.46
Minor gap of FSS (g,) 0.22
First width of FSS (w)) 0.75
Second width of FSS (w) 0.36
Pitch of FSS (p) 7.79

of E-glass/epoxy composite laminates, copper foil, polyimide film and epoxy. The epoxy resin is
considered as an adhesion material which fills the gap between the E-glass/epoxy composite
laminate and the polyimide film. E-glass/epoxy composite laminates act as the load-bearing
structure of the radome because of their high strength. The copper foil has excellent conductivity,
and the polyimide film has low dielectric loss.
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Fig. 3 FSSs and unit cells: (a) Square loop; (b) Double square loop
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Table 3 Material properties of E-glass/epoxy
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Property Symbol Value
Longitudinal modulus E 38.6 GPa
Transverse modulus E,=F; 8.27 GPa
In-plane shear modulus G, 2.3 GPa
Poisson’s ratio Vi2 0.26
Longitudinal coefficient of thermal expansion oy 6.3 (10-6/°C)
Transverse coefficient of thermal expansion 0 20 (10-6/°C)
Transverse tensile strength Fy 65 MPa
Out-of-plane shear strength Fi 40 MPa
Table 4 Material properties of copper, polyimide and epoxy
Property Copper Polyimide Epoxy
Elastic modulus 110 GPa 2.5 GPa 4.3 GPa
Poisson’s ratio 0.343 0.35 0.35

Coefficient of thermal expansion 16.4 (10-6/°C) 4.014 (10-6/°C)
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Fig. 6 Cure cycle used to co-cure E-glass/epoxy composite and FSS
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2.2 Finite element modeling

The residual stresses in the hybrid structure were predicted by Abaqus 6.10, based on this
three-dimensional finite element model which consists of eight node-coupled temperature and
displacement elements of type C3D8T. The material properties of E-glass/epoxy composite, epoxy
resin, copper and polyimide are shown in Tables 3 and 4. Eight plies of composite laminate skins
were considered in the analysis. The stacking sequences of composite laminates were [0]s, [0/90]4,
[£45]s, and [0/+£45/90],. Boundary and loading conditions of the FE-model are shown in Fig. 5.
Symmetric boundary conditions were applied at the front, rear, right and left surfaces along the y-

Table 5 Maximum stresses and strains of copper FSS layer

Square loop Double square loop
Residual Strain of Strain of Residual Strain of Strain of
stress (MPa) x-axes (10'3) y-axes (10'3) stress (MPa) x-axes (10"3 ) y-axes (10'3)

[0]5 31.2 -1.60 -2.00 37.6 -1.61 -2.04

[0/90],4 19.0 -1.75 -1.67 20.7 -1.76 -1.71

[245]4 17.8 -1.72 -1.72 20.5 -1.75 -1.75

[0/£45/90], 19.8 -1.60 -1.72 20.9 -1.72 -1.75
Wit it

3, Mises S, Mises
(Avgs 7595) (Avg: 75%)
1.778e+07 +1.983e+07
1.716e+07 +1.887e+07
6536407 +1.791e+07
+1.591&+07 416952407
1.529e+07 +1.600e+07
1.466e+07 +1.504e407
1.404e+07 +1.408e+07
1.342e+07 +1.312e+07
1.280e+07 +1.216e407
+1.217e+07 +1.121e407
1.155e+07 +1.025¢+407
1.093e+07 +9,290e+06
1.031e+07 +8.332¢406

(d)
Fig. 7 Effective residual stress distributions of copper SL FSS: (a) [0]s. (b) [0/90]4, (c) [£45]4, (d) [0/£45/90],
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and x-axes. The lower surfaces were fixed in the z-direction. The thermal loading condition in
finite element analysis was induced by cooling the hybrid structure from 125°C to 20°C,
simulating the final cooling stage of co-cure bonding because it was assumed that the thermal
residual stresses in the hybrid composites were developed after cross-linking of matrix and before
the cooling stage. A typical curing procedure of the composite is shown in Fig. 6.

3. Results

The residual stresses led to a change in deformation of the FSS pattern in the hybrid composites
with a resonant frequency of 21.6 GHz. Table 5 shows the maximum residual stress and strain
values in copper FSS adjacent to composite layers in the hybrid composite laminates. The highest
maximum residual stress and strain were produced in the [0]s stacking sequence. Residual stress
distributions in the SL and DSL copper FSS patterns with different composite stacking sequences
are shown in Figs. 7 and 8.

In terms of stacking sequence, the maximum strain was less in cross and angle ply relative to
the uni-directional, which showed the maximum difference in thermal expansion. Moreover, the
least residual stress and strain occurred in the [£45], stacking sequence.

Fig. 9 shows the results of the resonance frequency in the deformed metallic pattern due to

5, Mises
(Avg: 75%)

3, Mises
(Avg: 75%)
+

+9.286e+06
+8,245e+06

S, Mises
(Avg: 75%)
89e

.
+8.462e+06

(d)

Fig. 8 Effective residual stress distributions of copper DSL FSS
(a) [0]s; (b) [0/90]4; (c) [+45]4; (d) [0/45/90],
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Fig. 9 Simulation results of resonant frequency in FSS: (a) Square loop; (b) Double square loop

Table 6 Ratios of resonant frequency shift compared with non deformed FSSs

Shift ratio of resonant frequency [0]s [0/90]4 [+45]4 [0/£45/90],
Square loop 0.55% 0.37% 0.37% 0.37%
Double square loop 0.67% 0.13% 0.57% 0.4%

residual stresses. The initial SL FSS has resonant frequency of 21.9 GHz. The deformed model in
[0]s stacking sequence shows 22.02 GHz as the resonant frequency, but the other deformed models
shows same resonant frequency which is 21.98GHz. The DSL FSS prior to deformation has
reflection characteristics of 22.46 GHz, and the those of deformed FSSs were 22.46 GHz, 22.43
GHz, 22.59 GHz and 22.55 GHz for stacking sequences of [0]s, [0/90]4, [£45]s, [0/£45/90],,
respectively.

Table 6 shows the shift ratio in transmission characteristics of FSSs before and after
deformation. In comparison, the maximum shift ratio was obtained for stacking sequences of [0]s,
while those with [£45]4, [0]s and [0/+£45/90], showed the minimum resonance frequency shift ratio.



Change of transmission characteristics of FSSs in hybrid composites due to... 1509

4. Conclusions

In this study, stealth technology was integrated in composite structures with glass fiber-
reinforced polymeric composite materials. Finite element analysis was applied to analyze thermal
residual stresses of the FSS-embedded hybrid structures, considering the effect of stacking
sequence. Then the effects of transmission characteristics, which varied due to the change in
deformations caused by residual stresses, on FSS pattern were analyzed using Ansoft HFSS Ver
12.0.

The geometries of the conductor and the permittivity and dimensions of the dielectric substance
as well as the stacking sequences of composite laminated skins in the FSS-embedded hybrid
structures, which may change the characteristics of radio waves as well as states of residual
stresses in embedded FSSs, are considered in FSS design in general. The results showed that the
reflection characteristics were easily shifted depending on the stacking sequences in composites
such that the bandwidth may be enlarged or reduced. However, at high frequency, it was likely that
the resonance frequency would be shifted, and the band stop would likely be diminished. Also the
residual stresses in embedded FSSs are strongly influenced by the stacking sequences in
composites skins. Therefore, according to the above results, stacking sequence could also be one
of the influential design parameters in FSS. These results are useful for designing highly integrated
FSS-embedded composite structures.
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