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ABSTRACT: In this paper, the delamination and deformed FSS caused by residual stresses in the Loop type ESS
embedded composites and the transmission characteristic changes due to deformation of FSS by residual stresses were
studied. FSS may have different electromagnetic characteristics depending on the type of element, design variables,
and array. Therefore, design variables of square loop FSS embedded composites structures were determined to obtain
the transmission characteristic for X-band (8~12 GHz). Then the design variables of other types of loops (triangular
loop and circular loop) were determined based on the dimensions of square loop. Thereafter, the residual stresses and
transmission characteristics of FSS embedded composite structures with various single and double loop FSS's, and
stacking sequence of composite laminates were compared.
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Fig. 1. Square loop FSS and design parameter

|z

Table 1. Parameters of each Loop

(a) Single Loop
Parameters p (pitch) w (width) d (distance)
Value (mm) 9.06 0.85 5.71

(b) Double Loop Inner model and Double Loop Outer model

Parameters P wy w, & &

Value (mm) 9.06 0.85 0.2125 3.35 0.2125
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Table 2. Mechanical and electromagnetic properties of copper,

polyimide and epoxy
Property Copper l Polyimide ‘ Epoxy

Mechanical

Elastic modulus 110 GPa | 2.5GPa | 4.3 GPa

Poisson's ratio 0.343 0.35 0.35

Coefficient of thermal 16.4 4.014 45

expansion (10-6/°C) | (10-6/°C) | (10-6/°C)
Electromagnetic

Relative permittivity 1 3.5 4.4

Loss tangent 0 0.008 0.02

Table 3. Mechanical and electromagnetic properties of E-glass/
epoxy composite

Property Symbol | E-glass/Epoxy

Mechanical

Longitudinal modulus El 38.6 GPa

Transverse modulus E2 8.27 GPa

In-plane shear modulus G12=Gl13 2.3 GPa

Poisson's ratio v12 0.26

;F;a;:;i;e coefficient of thermal o 20 (10-6/°C)

Transverse tensile strength F3t 65 MPa

Out-of-plane shear strength F13 40 MPa
Electromagnetic

Relative permittivity er 4.35

Loss tangent tanc 0.0032
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Table 4. Maximum residual stresses of epoxy, polyimide, copper
of SL type FSSs (MPa) and D.F.l. of E-glass/epoxy com-

posite
(a) SL

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide | Epoxy | Composite

[0]4 138.5 10.830 16.68 0.026

[0/90], 134.6 11.740 16.23 0.156

[+45], 137.6 14.830 15.61 0.210

[0/£45/90], 137.1 14.420 16.19 0.170

(b) DSL-I

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide | Epoxy | Composite

[0], 139.8 8.289 16.20 0.026

[0/90], 137.9 8.060 16.44 0.171

[£45], 139.1 9.757 17.27 0.200

[0/£45/90], 138.0 9.317 16.24 0.156

(c) DSL-O

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide | Epoxy | Composite

[0], 139.5 8.851 21.08 0.032

[0/90], 138.2 8.662 19.38 0.178

[£45], 138.7 9.849 17.87 0.224

[0/£45/90], 138.3 9.218 19.70 0.173

S, Mises

3
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Fig. 7. Maximum Von Mises stress distribution of unit cells of
copper SL type FSSs
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Fig. 8. Maximum out-of-plane residual stress distributions (o,
and o,,) of composite layer at the interface between FSSs
and composites in SL type FSSs embedded hybrid com-
posites([+45],)
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Table 5. Maximum residual stresses of epoxy, polyimide, copper
of TL type FSSs (MPa) and D.Fl. of E-glass/epoxy com-

posite
(a) TL

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy Composite

(0], 158.9 5911 12.33 0.021

[0/90], 154.8 5.846 13.45 0.161

[+45], 157.1 8.059 14.95 0.178

[0/£45/90], 154.2 7.426 13.38 0.163

(b) DTL-I

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy Composite

(0], 182.0 5.910 14.53 0.035

[0/90], 180.4 5.887 17.12 0.182

[£45], 181.8 8.057 16.32 0.203

[0/£45/90], 181.2 7.425 17.19 0.168

(c) DTL-O

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy Composite

(0], 168.8 6.195 13.14 0.045

[0/90], 162.8 5.817 14.00 0.163

[+45], 167.5 7.621 15.15 0.213

[0/£45/90], 161.9 7.932 14.14 0.165

s, Mises
(Avg: 75%)

(b) DTL-I
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+8.000e+07
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Fig. 9. Maximum Von Mises stress distribution of unit cells of
copper TL type FSSs
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Fig. 10. Maximum out-of-plane residual stress distributions
(633 and ;) of composite layer at the interface
between FSSs and composites in type FSSs embedded
hybrid composites ([+45],)
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Table 6. Maximum residual stresses of epoxy, polyimide, copper
of CL type FSSs (MPa) and D.Fl. of E-glass/epoxy com-

posite
(a) CL

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy | Composite

[0]4 139.5 8.969 22.57 0.026

[0/90], 136.3 8.877 23.59 0.174

[+45], 138.8 9.865 21.25 0.192

[0/+45/90],  138.0 9.035 23.98 0.160

(b) DCL-I

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy | Composite

[0]4 139.3 9.365 25.85 0.032

[0/90], 137.1 9.238 25.32 0.197

[+45], 138.9 9.605 25.3 0.208

[0/£45/90], 138.7 9.351 25.66 0.161

() DCL-O

Stacking Max Von Mises stress (MPa) D.EL
sequence Copper | Polyimide Epoxy | Composite

(0], 139.0 9.865 21.25 0.040

[0/90], 136.7 9.874 19.60 0.193

[+45], 138.0 9.758 19.79 0.215

[0/£45/90], 138.4 10.030 19.55 0.157
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Table 7. Resonant frequencies of loop type FSS embedded
composite structures

Table 9. Resonant frequencies of deformed TL type FSS
embedded composite structures by residual stresses

T Resonant frequency (GHz) Stacking Resonant frequency (GHz)
[
P SL TL CL sequence TL DTL-I DTL-O
Single Loop 11.61 14.68 13.64 11.24 7.56
Initial model 14.68
Double Loop 9.45 11.24 11.89 16.00 13.76
Inner 14.44 16.00 16.46 11.15 7.65
[0], 14.55
Double Loop 5.87 7.56 7.38 15.92. 13.76
Outer 11.69 13.76 13.92 11.36 7.54
[0/90], 14.61
15.95 13.61
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. 11.28 7.58
Stacking Resonant frequency (GHz) [0/£45/90], 14.59
sequence SL DSL-I DSL-O 16.01 13.70
9.45 5.87
Initial model 11.61 .
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