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Abstract 

 
Carbon fiber-reinforced composite materials have excellent mechanical properties 

and electromagnetic interference (EMI) shielding performance. Recently, their EMI 

shielding performance has also attracted great attention in many industrial fields to 

resolve electromagnetic pollution. Carbon fiber reinforced polymers (CFRP) 

composites, particularly prepreg stacked composites, have anisotropic properties, 

including anisotropy of electrical conductivity and dielectric characteristics. These 

features lead to EMI shielding anisotropy of the CFRP. Besides, when CFRP is 

damaged internally, its EMI shielding performance will be significantly affected, 

making it possible to use EM microwave technology for non-destructive testing of 

CFRP. This study mainly focused on investigating EMI shielding anisotropy and 

shielding mechanisms of CFRP composites. Theoretical formulas were proposed to 

analyze and predict the electrical conductivity and EMI shielding performance of CFRP 

composites. Moreover, the application of the EM microwave technique to the non-

destructive testing (NDT) of CFRP composites were also discussed. The significant 

results obtained from this research are as follow: 

(1) The coaxial transmission line method was used to test the EMI shielding 

performance of CFRP to clarify the EMI shielding anisotropy of CFRP. Moreover, the 

optimization of EMI shielding performance of CFRP by changing the composites’ 

structure were also discussed. The anisotropy of EMI shielding was confirmed for the 
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first time by the coaxial transmission line method. A quasi-radial sample had the highest 

shielding effectiveness (25.8 dB) at 15 GHz, and the carbon fibers in this sample aligned 

in the direction of the electric field of electromagnetic waves. A CFRP composite with 

fibers in a parallel (0°/0°) arrangement had the lowest SE (15.9 dB) at the same 

frequency. Hence, the orientation of fibers relative to the direction of electric field 

clearly affected the EMI shielding performance of the CFRP composites. The four-ply 

CFRP (0°/90°/0°/90°) with three cross-layers had the highest shielding value of 28.9 

dB at 15 GHz, that was far superior to that of a unidirectional CFRP (0°/0°/0°/0°) 

composite (SE= 18.6 dB), and it even outperformed an eight-ply unidirectional CFRP 

composite (SE= 22.6 dB). Cross-layering the fibers improved SE, and the number of 

cross-layers in the composites governed their EMI shielding performance. These 

findings demonstrate that optimizing the fiber orientation in CFRP composites can be 

a cost-effective way to achieve highly efficient EMI shielding. 

(2) The electrical conductivity of unidirectional CFRP composites was identified 

to vary with the fiber orientation angles, and formula was used to predict the results 

consistent with the experimental. The obvious EMI shielding anisotropy of 

unidirectional CFRP composites was clarified by free-space measurement. A 

comparison of free-space measurement and coaxial transmission line method was also 

conducted, and the influence of electric anisotropy on the test results was further 

discussed, which indicated that special attention should be paid to the influence of the 

anisotropy of CFRP composites on the shielding results. With those results, the 

mechanism of EMI shielding anisotropy of CFRP composites is clarified, which will 
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provide an effective design of EMI shielding products with a designable shielding 

direction and frequency. 

(3) The application of the electromagnetic (EM) wave technique to the non-

destructive test of CFRP has been discussed. A new type of NDT method using 

electromagnetic wave technique (EMW-NDT) was proposed. The results present that 

the EM wave testing method has good detection sensitivity to the delamination size and 

thickness inside the CFRP composites. A reasonable sensitivity to the damage volume 

change in delamination was confirmed with a damage area ratio of 12.6%/dB and a 

thickness change of 5.5 dB/mm. It was found that the incident angle of the EM wave 

plays a vital role in detecting sensitivity because of the skin effect in CFRP composites. 

In terms of crack damage, the slit and its length were detected and the slit direction was 

successfully identified in this study based on the characteristics of the EMI shielding 

anisotropy in CFRPs. 
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1 General introduction 

 
1.1 Introduction 

Nowadays, with the development of electronic technology and the invention of 

new communication equipment, more and more electrical and electronic devices appear 

in daily life. While this brings convenience to people's lives, the accompanying 

electromagnetic pollution has also become a severe problem. Electromagnetic radiation 

emitted by the electric devices especially operated at the microwave range of 

frequencies can cause malfunction of electronics [1]. Even in hospitals, mobile phones 

have become a potential source of interference to medical equipment, increasing the 

potential risk of medical accidents [2, 3]. Besides, when the human body is exposed to 

electromagnetic radiation for a long time, it will affect human health, such as heart 

disease and other diseases [4-6]. Therefore, the development of effective and applicable 

electromagnetic interference (EMI) shielding materials in various fields has received 

extensive attention in the past few decades.  

Different application fields have additional performance requirements for 

electromagnetic shielding materials, such as precision electronic equipment, antenna 

equipment, and medical equipment. Generally, electrical conductivity improves the 

electromagnetic shielding performance of materials. EMI shielding materials with high 

conductivity are to reflect electromagnetic waves into the space environment, which is 



2 

 

likely to cause secondary pollution of electromagnetic radiation. Therefore, some 

application fields have significant requirements for the absorbing performance of 

shielding materials. Carbon materials and its composites have attracted a lot of attention 

for used as EMI shielding materials because of their superior mechanical properties, 

electromagnetic properties, and processability. Particularly, conventional carbon fiber-

reinforced composite materials have excellent electrical and mechanical properties as a 

structure composites, which can meet the EMI shielding performance and mechanical 

properties' requirements. Simultaneously, changes in carbon fiber-reinforced composite 

materials' structure can lead to changes in its EMI shielding performance, such as fiber 

fracture and delamination. Therefore, the non-destructive testing of CFRP through 

changes in EMI shielding performance becomes possible. 

 

1.2 Mechanisms of EMI shielding 

When electromagnetic (EM) waves are incident on the shielding material's surface, 

part of it will be reflected. This part of the electromagnetic loss is called reflection loss. 

The reflection mechanism requires that the shielding material obtaining a charge carrier. 

Naturally, the shielding material impedance is quite different from the space impedance, 

and this impedance mismatch will promote the reflection of EM waves [7, 8]. 

Furthermore, the EM waves could interact with the magnetic and electric dipoles in the 

shield, which needs the shielding materials to obtain good permeability and permittivity.  

Finally, the EM wave could be conducted to other energies such as heat. This shielding 

mechanism is called absorption loss. Meanwhile, the third shielding mechanism of 
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multiple reflections could have happened when the shield has a large interface or 

surface. But the multiple reflection would be regardless when the absorption 

effectiveness is higher than 15 dB, and the thickness of the shield is greater than the 

skin depth [9, 10]. 

Shields with reflection as the primary mechanism will reflect incident 

electromagnetic waves into the environment, causing secondary EM pollution and 

interference with nearby electronic products. Therefore, many applications have high 

requirements on the absorbing properties of shielding materials. Generally, when 

designing such materials, the impedance mismatch between the shielding material and 

the free space should be minimized so that EM waves are not reflected and enter the 

shielding material. Simultaneously, the electric and magnetic dipoles inside the material 

should be increased during the design process to sufficiently absorb the incident 

electromagnetic waves. 

 

1.3 EMI shielding materials 

1.3.1 Metal materials 

EMI shielding materials have been developed for decades. The most common 

shielding materials are metal materials, including aluminum, copper, iron materials, etc. 

They have been used as EMI shielding materials in various forms. Sheet metal is a 

common material used for the electronic enclosure products. It has good mechanical 

properties and EMI shielding performance, and the primary shielding mechanism is 
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reflection. However, metal materials have disadvantages such as heavyweight, inability 

to resist corrosion, and inflexibility, limiting their application fields. Some studies have 

used metal particles, fibers, and other forms to reinforce polymers and fabricated EMI 

shielding composite materials. Although it overcomes many shortcomings of metal 

materials, but it also brings defects such as poor mechanical properties and low high-

temperature resistance. Metallic coating [11-13] has been used to enhance the shielding 

performance of shielding materials, and its common preparation methods including 

spraying [14, 15], electroplated coating [16, 17] and electroless coating [18, 19]. These 

metallic coating methods can improve materials' conductivity and further enhance the 

EMI shielding performance, but still have disadvantages such as weak wear 

performance and low environmental tolerance. 

1.3.2 Carbon materials for EMI shielding 

Carbon materials（such as carbon nanotube, graphene, graphite, and carbon fibers ）

are possessing excellent electrical properties (electrical conductivity, permittivity, and 

permeability). Consequently, those carbon materials and their composites can provide 

superior EMI shielding performance [20-25].  

1.3.2.1 Carbon-based nanomaterials 

Carbon nanotubes (CNT) has been used for the efficient EMI shielding materials 

due to its excellent mechanical property, outstanding electrical performance and good 

shielding performance [26-29]. It can be synthesized by several techniques [30-33]. 

CNT reinforced polymer composite is a relatively common material used for 



5 

 

electromagnetic shielding. Zeng et al [34] found that the PVDF/CNTs/Ni@ CNTs 

composite films exhibit the efficient SE/thickness(d) of 102.8 dB mm-1, and the EMI 

shielding performance was improved after the heat treatment process. Mei et al [35] 

presented a 3D CNT sponges with variable compaction ratios shows excellent EMI 

shielding performance, and the sponge had the excellent electrical conductivity and 

EMI shielding when the compaction ratios reached to 70%. Besides, our preview works 

[36-38] also proved the outstanding EM absorption properties of CNT/polymers 

composites.  

 Graphene is another carbon nanomaterial studied for EMI shielding. It has 

demonstrated excellent electrical conductivity, outstanding corrosion resistance, and 

good mechanical properties. Graphene and its composites have shown excellent EMI 

shielding properties, especially its EM absorption performance [39-42]. Wan et al. [23] 

have fabricated large-sized graphene sheets with exceptional EMI shielding properties, 

and found that the iodine doping can further improve the shielding performance of 

graphene sheets up to 52.2dB. Fan et al. [43] developed a lightweight MXene/graphene 

hybrid foam by freeze-drying and reduction heat treatment, and the excellent electrical 

conductivity and highly efficient wave attenuation of the foams reach to an excellent 

EMI shielding effectiveness of 50.7 dB. Liang et al. [44] fabricated highly aligned 

reduced graphene oxide films/epoxy composites which shows excellent EMI shielding 

effectiveness (82dB). In addition, graphene aerogels [45, 46] and graphene coated 

materials [47] also show superior EMI shielding property. Although carbon material 

has been studied as high-performance shielding materials, it still faces the problem of 
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dispersion, and its reinforced polymer composites are not resistant to high temperatures. 

1.3.2.2 Graphite and carbon black 

Graphite [48-50] and carbon black [51, 52] are always used as reinforcement to 

fabricate conductive polymer composites due to their good electrical conductivity. And 

they also have been used for EMI shielding materials due to their excellent electrical 

conductivity. Parveen Saini et al. [53] used different weight ratios of aniline to graphite 

to prepare polyaniline–graphite composites via in situ emulsion pathway. The shield 

material shows good electrical conductivity and thermal stability and exhibited 

excellent EMI shielding performance. Sykam et al. [54] fabricated a lightweight, 

flexible graphite sheet by using exfoliated graphite, which shows an excellent EMI 

shielding effectiveness up to 79.4 dB at a frequency of 12 GHz for 0.5 mm thickness. 

Other research works also show good EMI shielding performance of carbon black 

reinforced composites [55, 56], but its electrical conductivity and EMI shielding were 

lower than MWCNT and CNT based nanocomposites [57]. 

1.3.2.3 Carbon fibers 

Carbon fiber has become a popular EMI shielding material for its good mechanical 

properties, lightweight and electrical conductivity [58-60]. The continuous carbon fiber 

composite material [61, 62] can be used as a structural composite material, and its 

excellent electrical properties can be used as a protective shell for precision instruments. 

Zhao et al. [63] found that the overlap angle and array spacing can influence the EMI 

shielding of carbon fiber composites, and the EMI shielding effectiveness could be 

reached to 60.49 dB for the array spacing of 12mm at a suitable overlap angle. Jou et 
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al. [64] investigated the effect of weave type, angle of overlapped palates on the EMI 

shield performance of continuous carbon fiber composites, and the result shows that 

the triple-overlapped, plain-weave composites exhibited the highest EMI shielding 

values of more than 100 dB at 0.9 GHz. In addition, there are also other research works 

reports that the EMI shielding performance of carbon fiber reinforced composites could 

be improved by using modified carbon fibers or adding conductive materials in it [65-

69]. Unfortunately, all researchers have focused on improving the material's EMI 

shielding performance by modifying and adjusting the composite material structure but 

ignored the EMI shielding anisotropy of carbon fiber-reinforced composite materials.  

 

1.4 EMI shielding measurements  

Generally, there are four methods used to evaluate EMI shielding property: 

Transmission line method, shielded box method, shield room method and free-space 

method [70]. The transmission line method is currently the most widely used 

electromagnetic shielding test method. The test sample is fabricated into annular form 

with a specific outer and inner diameter according to ASTM D4935. By this method, 

the reflection, absorption and transmitted components of total shielding can be obtained 

separately. The electrical contact between sample and testing fixture directly affects the 

test result of EMI shielding, which has been proved by Asma A. Eddib [71]. Coaxial 

transmission line method is currently recognized as a standard method for the 

measurement of planner shield [72]. Shield box measurement consist of a metal box 

and an electrically tight seam with a sample port [73], a good electrical contact between 
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sample and box is the key for an accurate result but it seemed difficult to achieve it 

from some research report. In addition, the range of frequency should be limited within 

500MHz [70]. The development of EMI shielding room method can further avoid the 

interference of external EM waves. It also overcomes the drawbacks within the shield 

box method, the frequency range for shielding test is enlarged and the reproducibility 

of the result has been improved. Free-space method is defined as open field method, 

the test setup is made up of two horn antennas, network analyzer and sample holder. 

The advantage of free space measurement is allowing the measurement conducted 

without any physical contact with the sample, compared to the transmission line 

technique, for which the sample is deformed into a particular shape, depending on the 

transmission line used, either waveguide or coaxial type [74]. 

1.5 Non-destructive testing of Carbon fiber reinforced 

composites  

There are currently many NDT methods to detect defects and damages within 

composite materials. Among them, the eddy current testing method has been attracted 

much attentions and been extensively studied. The eddy current testing method is a non-

contact method that is mainly used to detect cracks and corrosions within materials with 

high conductivity [75, 76]. In order to improve the detection effect in CRRP, Wu et al. 

developed a T-R probe with a special structure to overcome the impact of lift-off 

variation and obtained high sensitivity to defects within CFRP [77]. Mizukami et al. 

designed and changed the probe geometry of eddy current testing setup to improve the 
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sensitivity to delamination of CFRP, and the delamination with a length and width of 

10mm could be observed [78]. He et al. found that the defects induced by low-energy 

impact can be effectively defected by scanning pulsed eddy current testing [79]. Many 

researchers also study the application of Eddy current testing in CFRP detection through 

modeling [80, 81]. Due to the eddy current test method’s electrical performance 

requirements, the test used for CFRP testing is not mature. At the same time, eddy 

current also has many disadvantages, such as the limitation of penetration depth and 

not suitable for the detection of complex geometries and large area materials. 

Another prevalent and widely used NDT method is the ultrasonic testing, which 

has mainly been used to detect material delamination. The pulse-echo method is often 

applied to thickness measurements and flaw location, and the ultrasonic C-scan 

technique can show the location, orientation, and size of defects. Several research show 

it can be applied to the detection of impact damage in CFRP [82-84]. However, there 

are still many disadvantages that apply the ultrasonic testing to detect CFRP materials. 

For example, a medium is required to transmit ultrasonic energy from the probe to the 

composite material, such as water and gel, and it isn’t easy to detect the delamination 

that existed near the surface of materials [78, 85]. Although some researchers have 

developed ultrasonic detection methods that do not require couple medium, the test has 

many limitations and must be performed under specific conditions [86, 87]. Moreover, 

some irregularly shaped materials or materials with rough surfaces are difficult to test 

and get accurate results. 

EM wave method such as free-space measurement is a non-contact and non-



10 

 

destructive measurement, and the couple medium is not needed for the test. It can test 

samples of large size and various shapes, so it will not damage the material during the 

trial. Free-space measurement is usually used to determine the magnetic permeability 

and electric permittivity of materials that even could be conducted under different 

temperature conditions [88, 89]. Some research work shows the possibility of applying 

a free-space non-destructive method to detect hardened cement specimens [90] and 

determine the dispersion and orientation of fiber that existed in concretes [91]. However, 

few reports are on the application of the free-space measurement to the non-destructive 

testing of CFRP, especially the evaluation of the CFRP’s delamination.  

1.6 Purposes and significances of research 

The purpose of this study is to investigate the EMI shielding anisotropy and 

shielding mechanisms of CFRP composites. We try to identify the EMI shielding 

mechanisms of CFRP composite and predict its shielding performance by proposed 

theoretical formulas. Besides, we also want to confirm the feasibility of EM microwave 

technology in applying non-destructive testing of CFRP. First, the coaxial transmission 

line method was used to test CFRP composites to clarify its EMI shielding anisotropy. 

We investigated the factors that affect the shielding ability of CFRP composites, such 

as the fiber orientation, thickness and fiber types. Moreover, the optimization of EMI 

shielding performance of CFRP by changing the composites’ structure were also 

discussed.  

To further investigated the EMI shielding anisotropy of CFRP composites, we 
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applied a specified set-up of free-space measurement to test it. EMI shielding 

anisotropy of unidirectional CFRP composites was discussed, and the theoretical 

formula was used to predict EMI SE of CFRP at various carbon fiber orientations. 

Meanwhile, a comparison of free-space measurement and coaxial transmission line 

method was also conducted, and the influence of EMI shielding anisotropy on the test 

results with different measurements was discussed. 

In addition, damage such as fiber breakage and delamination is likely to occur 

inside the material when subjected to external forces, like impact and fatigue load. 

Those damages are mostly invisible and can bring safety hazards during the service of 

the product. This study aimed to propose a new type of NDT method using 

electromagnetic wave (EMW-NDT) to detect the damage in CFRP composites. The 

inspection ability of this method in relation to the different types of damages inside 

CFRP composites is investigated. The detection capacity of the EMW-NDT method to 

the delamination size, thickness, and crack of CFRP were also discussed.   

 

1.7 Outline of dissertation 

This dissertation is organized to summarize electromagnetic interference shielding 

anisotropy of CFRP composites and its applications. 

In Chapter 1, an overview of the EMI shielding materials, shielding mechanisms, 

EMI shielding measurements, and the NDT testing of CFRP has been present. 

In Chapter 2, the anisotropy of EMI shielding was confirmed for the first time by 

the coaxial transmission line method, and the optimization of EMI shielding 
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performance of CFRP by changing the composites’ structure was studied. Meanwhile, 

the shielding mechanisms of CFRP with various fiber orientation were also discussed. 

In Chapter 3, the obvious EMI shielding anisotropy of unidirectional CFRP 

composites was clarified by a specified set-up of free-space measurement. The 

theoretical formulas were used to predicted the electrical conductivity and EMI 

shielding effectiveness of CFRP, respectively.  

In Chapter 4, based on the electromagnetic wave technique, a new type of NDT 

method using electromagnetic wave (EMW-NDT) was proposed to predict the damages 

of CFRP composites. The detect sensitivity of NDT method to the damages were also 

discussed. 

In Chapter 5, a summary of the research and conclusions were presented.  
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2 Electromagnetic interference shielding 

anisotropy enhanced by CFRP laminated 

structures  

2.1 Introduction 

Rapid developments in technology have increased people’s exposure to EM 

radiation emitted from various electronic products. Some sensitive equipment may also 

be subject to electromagnetic compatibility (EMC) problems when exposed to EM 

radiation [1-3]. EM waves can come from natural sources, such as lighting, and EM 

waves emitted by relays and fluorescent lights can interfere with the performance of 

electronics and electrical devices by generating noise [4, 5]. In addition to EMC 

problems, exposure to EM radiation at a specific bandwidth for long periods may 

negatively impact human health by causing cancer, heart problems, asthma, and 

miscarriages [6]. Various EMI shielding materials have been developed in recent 

decades, and interest in developing novel and more efficient materials is growing. 

Conductive metallic materials, including brass and stainless steel, were initially 

considered suitable for EMI shielding. However, they are not appropriate for some 

industrial applications. This is because their corrosion resistance is poor, and the 

materials are dense and inflexible [7]. Composites reinforced with metallic fillers such 

as fibers and nanoparticles, have thus been developed to replace them [8-11]. Carbon-

based materials are excellent electrical fillers. Examples of carbon-based materials 
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include graphite [12, 13], carbon nanotubes [14, 15], carbon nanofibers [16], and 

graphene [17] . Their optimal electrical properties make them good EMI shielding 

materials. Carbon-based polymer composites overcome many of the drawbacks of 

metallic materials, and they have unique EMI shielding properties [18-22]. Wen et al. 

[23] fabricated anisotropic PVB/Ni-graphite/short-cut carbon fiber film to achieve high 

EMI shielding performance, and the results showed that the films had excellent 

anisotropic SE. Production of these materials requires little energy, and they are flexible, 

machinable, and low in weight.  

Composites reinforced with conventional short and continuous carbon fibers are 

important materials for many aerospace and automotive applications, and they are also 

used to manufacture sports equipment. They are strong, thermally conductive, and 

highly processable materials with moduli [24]. Continuous carbon fiber reinforced 

composites possess excellent electrical conductivity in the fiber direction, which is 

critical for achieving good EMI shielding performance. Short carbon fibers can be used 

as fillers to generate three-dimensional conductive networks, which are advantageous 

for EM wave attenuation. The addition of nanofiller (nanoparticles, nanotubes, 

graphene) to composites further enhances the electrical conductivity network, 

consequently improving the attenuation of EM waves. In summary, research on carbon-

reinforced composites for EMI shielding has focused primarily on material 

modifications, and there are few reports on structural adjustment.   

Continuous carbon fibers have excellent electrical properties. The electrical 

properties of anisotropic and quasi-isotropic composites, including electrical 
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conductivity and permittivity, are directionally dependent. This is a key feature of 

composites that effectively shield against EM radiation. EM waves are composed of 

both electric and magnetic fields, which tend to be polarized during wave propagation. 

The electrical properties of the surfaces of homogeneous materials, such as metals, are 

the same in each direction. Thus, the location on the material selected for measurement 

has no effect on the results. The EMI shielding performance of continuous carbon fiber 

composites with anisotropic electrical properties is strongly influenced by the angle 

between the fibers and the direction of EM wave polarization. Some reports [25-27] 

indicated that the EMI shielding performance of CFRP could be affected by the fiber 

orientation, array spacing and overlap angle. However, few studies focused on the 

investigation of the relationship between EMI shielding performance and the angle of 

electric field and fiber direction. Meanwhile, the mechanism of the improved shielding 

performance by structural adjustment was also not elaborated theoretically. 

Generally, four methods are used to evaluate EMI shielding properties, namely the 

transmission line, shielded box, shield room, and free space methods [28]. The 

transmission line method is currently the most widely used electromagnetic shielding 

test method. According to ASTM Standard Method D4935, testing must be performed 

using annular samples with specific outer and inner diameters. This method allows the 

reflection, absorption, and transmission components of overall shielding to be 

determined separately. Eddib et al. [29] have shown that the electrical contact between 

a sample and the testing apparatus directly affects the results of EMI shielding tests. 

The coaxial transmission line method is currently recognized as a standard method for 
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measuring planar shielding [30]. Since the electric field of EM waves are distributed 

radially on the surface of the material inside the coaxial tube, coaxial transmission line 

measurement are always performed to evaluate the EMI shielding performance of 

homogeneous materials. It is necessary to pay close attention to the influence of EM 

wave polarization on experimental results, but there are few reports on it. 

In order to clarify the EMI shielding anisotropy of CFRP composites, we tried to 

use the coaxial transmission line method to measure the EMI SE of CFRP laminated 

structures with different fiber orientations. CFRP composites with various layup 

configurations were fabricated as cost-effective EMI shielding materials. In this chapter, 

the effects of carbon fiber type, the number of layers, and fiber orientation on the EMI 

shielding properties of the CFRP composites were investigated. 

2.2 Experimental  

2.2.1 Materials 

Pitch-based XN80, XN60, and XN05 continuous carbon fiber prepregs and a 

T700S PAN-based continuous carbon fiber prepreg were supplied by Nippon Graphite 

Fiber Co., Ltd. (Hyogo Prefecture, Japan) and Nippon Oil & Energy Corp (Tokyo, 

Japan). Each prepreg had an areal density of 125g·m−2, and the fiber diameter is about 

10μm. The fundamental carbon fiber parameters are shown in Table 2.1. 
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Table 2.1 Properties of the carbon fibers 

Fibers Tensile strength 

(MPa) 

Tensile Modulus 

(GPa) 

Density 

(g·cm-3) 

Electric Resistivity 

(10-4Ω·cm) 

XN80 3,430 780 2.12 5 

XN60 3,430 620 2.12 7 

XN05 1,130 53 1.65 2.8 

T700S 4,900 230 1.8 16 

 

2.2.2 Composite fabrication 

To determine the effect of fiber layup configurations on the EMI shielding of  

CFRP composites, we fabricated XN80-based CFRP samples with four different cross-

layered fiber configurations, which were designated (0°/0°/0°/0°), (0°/0°/90°/90°), 

(0°/90°/0°/0°), and (0°/90°/0°/90°) (Fig. 2.1 (a)). Each specimen was cured for 1.5 h at 

135 °C and 2 MPa using a hot press. All of the samples with four layers were 

approximately 0.55 mm thick, where the thickness of each layer is 0.138 mm. They 

were shaped into concentric tubes with outer and inner diameters of 13 mm and 1.7 mm, 

respectively (Fig. 2.1 (b)), to perform coaxial transmission line measurements.   
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Fig. 2.1 (a) Schematic diagrams showing the alignment of fibers in each of the four CFRP, and (b) 

Schematic diagram of sample for coaxial transmission line testing. 

2.2.3 Electrical conductivity measurement 

The electrical conductivity of each reinforced carbon fiber composite was 

measured using a four-probe configuration. Current was applied to the two outer probes, 

and the resulting voltage drop was measured using the two inner probes. In contrast to 

the two-point configuration, measurements performed using the four-probe 

configuration are not affected by contact resistance. Silver paste was used to form good 

contacts between the electrodes and the CFRP composites to ensure accuracy. The 

electrical conductivity (σ) was calculated using Eq. (1). 
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𝜎(𝑠/𝑚) =
𝐿

𝑅𝑆
=

𝐼𝐿

𝑈𝑆
                                               (1)  

where I is the applied current, U is the obtained voltage, S is the cross-sectional 

area, and L is the distance between the two voltage probes. 

2.2.4 EMI shielding mechanisms 

 
Fig. 2.2 Schematic representation of (a) EM waves propagation, and (b) EMI shielding 

mechanisms. 

Electromagnetic waves propagate at the speed of light (υ) in a vacuum. The 

oscillating electric and magnetic fields are perpendicular to each other and to the 

direction of the EM wave, referred to as a transverse wave (Fig. 2.2 (a)). The primary 

EMI shielding mechanisms (Fig. 2.2 (b)) are reflection (SER), absorption (SEA), and 

multiple reflection (SEM). When an EM wave encounters the surface of a material, a 

portion is reflected due to the mismatch between the impedances of the medium and 

the shield. Reflection is dominated by the mobile charge carriers in the material [31]. 

Electrical conductivity has been proved a critical factor associated with the EMI 

shielding effect [16]. The electrical conductivity of a material depends on a continuous 
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conduction pathway. Although a continuous conduction pathway is not required for EM 

shielding, it can enhance the shielding performance of a material [32]. EM waves 

entering the interior of a composite can interact with magnetic and/or electric dipoles 

and be converted into other forms of energy, such as heat [33]. This shielding process 

is known as absorption. Electrical and magnetic dipoles form only in materials with 

high permittivity and permeability [34]. Multiple reflections are attributed to the 

surfaces and interfaces in porous and foam composites and to reinforcing fillers with 

large surface areas [32]. However, multiple reflections can be ignored when the 

absorption (SEA) exceeds 15 dB [35].   

Shielding effectiveness can be calculated using Eq. (2). Derivation of the SE 

equation according to EMI shielding theory is shown below. 

 SE = −20 log10|T|                                                      (2) 

                = 20 log10|erd| − 20 log10|p| + 20 log10|1 − qe−2rd|   

                = 8.68
d

δ
+ 20 log10

|K+1|2

4|K|
+ 20 log10 |1 −

(K−1)2

(K+1)2 e−2rd|    

        = SEA + SER + SEMR 

The variables r, d, p, and q represent the propagation constant, shield thickness, 

the transmission coefficient, and the reflection coefficient, respectively. k is the ratio of 

the EM wave and shield material impedance values, and δ is the skin depth of the shield.  

The skin depth is defined as the distance between the shield surface and the point 

at which the electric field strength is equal to 1/e of its incident value (Fig. 2.2 (b)). The 

skin depth can be calculated using Eq. (3). 

𝛿 = 1 √𝜋𝜇𝑓𝜎⁄                                                          (3) 
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Where μ represents magnetic permeability, 𝑓 is the frequency, and σ is the electrical 

conductivity. 

The absorption component of shielding efficiency (SEA) can be expressed by 

rewriting the shielding efficiency equation as shown in Eq. (4).  

 SEA = 8.68d√πμ𝑓σ                                                    (4) 

According to Eq. (4), the absorption capacity of the shielding material increases 

with increasing frequency and electrical conductivity. The absorption loss can be 

improved by increasing the thickness of the shield.  

According to the definition, the reflection formula can be expressed as shown in Eq. 

(5). 

SER = 20 log10
|K+1|2

4|K|
                                                   (5) 

         = 20 log10

|
η0
η1

+1|
2

4|
η0
η1

|
 

where η1 and η0 are the intrinsic impedances of the two different mediums through 

which the EM waves pass. The values of SER when η1 ≫ η0 and η1 ≪ η0, are obtained 

using Eq. (6). 

SER = 20 log10
1

4
|

η1

η0
| , η1 ≫ η0                                           (6) 

SER = 20 log10
1

4
|

η0

η1
| , η1 ≪ η0                                                 

Eq. (6) shows that reflection can occur when an electromagnetic wave encounters 

the interface between two mediums with different intrinsic impedances. The greater the 

difference between η1 and η0, the more effectively electromagnetic waves will be 

reflected at the interface.  
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2.2.5 Measurement of EMI shielding effectiveness 

 
Fig. 2.3 Schematic illustration showing the electric field distribution within a (a) coaxial tube, and 
(b) the coaxial setup used for the SE measurements. 

We measured the EMI shielding efficiencies of the CFRP composites using the 

coaxial transmission line method. The testing apparatus (Fig. 2.3) consisted of a coaxial 

waveguide and a vector network analyzer connected by GPIB cables. This method 

theoretically allows operation at frequencies up to 1.5 GHz based on the testing system 

dimensions in the ASTM D4935-99 Standard Method [29]. The apparatus used in this 

work contained an outer conductor and an inner conductor. Theoretically, we could 

measure SE at frequencies up to 18 GHz. Prior to measuring the shielding effectiveness 

of the specimens, the testing system was calibrated using a calibration kit. 



33 

 

The scattering (S) parameters were determined using the coaxial testing system. 

The S12(S21) and S11(S22) parameters are related to the transmission coefficient and the 

reflection coefficient, respectively. Eq. (7) shows the relationships between 

transmittance (T), reflectance (R), absorptivity (A), and the S12(S21) and S11(S22) 

parameters. 

    𝑇 = |S21|2 = |S12|2                                              (7)     

  𝑅 = |S11|2 = |S22|2 

  𝐴 = 1 − 𝑅 − 𝑇    

The shielding effectiveness of reflection (SER) and the total shielding (SET) are 

calculated by the following formulae: 

SER = −10 log(1 − |S11|2) = −10 log(1 − |S22|2)                  (8) 

SET = −10 log(|S21|2) = −10 log(|S12|2)                        (9) 

The absorption SE (SEA) can be described as: 

SEA = SET − SER                                                                (10) 

EMI SE can also be calculated using Eq. (11) based on the incident and transmitted 

EM power, which includes the power of the magnetic and electric fields. 

EMI SE = 10 log (
𝑃𝑇

𝑃𝐼
) = 20 log (

𝐸𝑇

𝐸𝐼
) = 20 log (

𝐻𝑇

𝐻𝐼
)                    (11) 

where PI and PT represent the intensities of the incident and transmitted radiation. ET 

and EI represent the intensities of the electric field for the incident and transmitted 

radiation, HT and HI are the intensities of the incident and transmitted magnetic fields.  
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2.3 Results and discussion 

2.3.1 EMI shielding anisotropy of CFRP 

 
Fig. 2.4 (a) Shielding effectiveness of CFRP composites with different fiber orientations; (b) 

schematic illustrations of the fiber distributions in the CFRP composites; (c) shielding coefficients 
of the CFRP (0°/0°); (d) CFRP (0°/90°); and (e) quasi-radial CFRP samples. 

Table 2.2 EMI SE of CFRP composites with different fiber orientation at 15 GHz. 

Sample Reflection SE (SER, dB) Absorption SE (SER, dB) Total SE (dB） 

CFRP (0°/0°) 3.2 12.7 15.9 

CFRP (0°/90°) 4.3 17.1 21.4 

CFRP (radial) 5.2 20.6 25.8 

 

Our first aim was to investigate CFRP EMI shielding anisotropy using the coaxial 

transmission line method. We fabricated three CFRPs with fibers in three different 

orientations. The CFRP (0°/0°), CFRP (0°/90°), and quasi-radial CFRP arrangements 
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are illustrated in Fig. 2.4(b). All three samples were two-ply with unidirectional carbon 

prepreg base layers and thicknesses of 0.27 mm. The prepregs used to fabricate the 

quasi-radial sample were cut into several pieces and combined to form a quasi-radial 

structure. The overall EMI shielding efficiencies of the three CFRP composites are 

plotted against the frequency in Fig. 2.4(a). The SE of the CFRP (0°/90°) and CFRP 

(radial) samples increased as the frequency increased. However, the SE of the CFRP 

(0°/0°) sample decreased.  

The shielding coefficients of the CFRP (0°/0°), CFRP (0°/90°), and CFRP (radial) 

samples are plotted against the frequency in Fig. 2.4(c)-(e). Shielding by reflection 

decreased as the frequency increased, but the absorption showed the opposite trend for 

CFRP (0°/0°), as shown in Fig. 2.4(c). Since the decrease in its reflection coefficient 

was greater in magnitude than the increase in its absorption coefficient, the overall SE 

of the CFRP (0°/0°) composite decreased. These results indicated that reflection was 

the primary mechanism of EMI shielding. The contribution of reflection to EMI 

shielding increased as the composite structure changed, and the quasi-radial CFRP 

composite reflected the most EM radiation. We attributed this primarily to the quasi-

radial distribution of the carbon fibers, which aligned strongly in the direction of the 

electrical field (Fig. 2.3).  

The CFRP (radial) composite exhibited the best EMI shielding performance, and 

its SE was approximately 25.8 dB at 15 GHz (Table 2.2). The EMI shielding 

performance of the CFRP (0°/0°) sample was the poorest of the three, and its SE was 

only 15.9 dB at the same frequency. Changing the carbon fiber orientation resulted in 
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enhanced reflection and absorption by the CFRP (0°/90°) and quasi-radial CFRP 

samples. The shielding by reflection (SER) values of the CFRP (0°/0°), CFRP (0°/90°), 

and CFRP (radial) samples were 3.2 dB, 4.2 dB, and 5.2 dB, respectively (Table 2.2). 

According to Eq. (7), this meant that the CFRP (0°/0°), CFRP (0°/90°), and CFRP 

(radial) samples reflected 52%, 62.7%, and 69.6% of the total EM radiation, 

respectively. The SEA values of the CFRP (0°/0°), CFRP (0°/90°), and CFRP (radial) 

samples (Table 2.2) indicated that they absorbed 94.7%, 98.1%, and 99.1%, 

respectively, of the non-reflected EM radiation. However, the samples absorbed only 

45.4%, 36.5%, and 30.1% of the overall incident EM radiation. We thus concluded that 

reflection was the dominant EMI shielding mechanism, and that overall SE could be 

improved by optimizing the composite structure. 

When an electromagnetic wave propagates from one medium to another, it will be 

reflected at the interface if the difference between η1 and η0 is large. The intrinsic 

impedance of a medium can be expressed using Eq. (12). 

𝜂 = √
ϳ𝜔𝜇

𝜎+ϳ𝜔ԑ
= √

2𝜋ϳ𝜇𝑓

𝜎+ϳ𝜔ԑ
                                           （12） 

where μ, ƒ, σ, and ԑ represent the magnetic permeability, frequency, electrical 

conductivity, and electric permittivity, respectively. These parameters govern the 

impedance value of the material. For poor conductivity materials, such as air (σ = 0), 

the Eq. (13) can be used to calculate η. 

𝜂 = √
𝜇

ԑ
                                                         (13) 

For materials with good conductivity, where σ ≫ ωԑ, the formula can be expressed 

as: 
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𝜂 = (1 + ϳ) √
𝜋𝜇𝑓

𝜎
                                                 (14) 

 

Fig. 2.5 Schematic diagram of EM reflection at the interlayer interface of CFRP(0˚/90˚) 

The anisotropic properties of the CFRP (0°/0°) composite were due to the 

unidirectional orientation of the carbon fibers within the sample. Its anisotropic 

properties included electrical conductivity, electrical permittivity, and mechanical 

anisotropy. Many researchers have shown that the conductivity and electrical 

permittivity of unidirectional CFRP composites vary depending on the direction in 

which they are measured. EM waves encounter an interface between two layers with 

differing fiber orientations, such as those in the CFRP (0°/90°) composite. The fibers 

in the first CFRP layer (0°) aligned with the electric field, but the field was 

perpendicular to the fibers in the second layer (Fig. 2.5). CFRPs with different fiber 

arrangements will exhibit different electrical properties in the same electric field 

direction. The electrical resistance values along the fibers is far lower than that 

perpendicular to the fibers in the unidirectional CFRP composite. The impedance values 
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also differed according to Eq. (12). 

EM waves were reflected at the interfaces within the CFRP (0°/90°) and CFRP 

(radial) composites according to Eq. (6), which was consistent with the experimental 

results. These composites reflected EM radiation more effectively than the CFRP (0°/0°) 

sample, and their overall shielding efficiencies were higher. The differences between 

the impedance values of the layers in the CFRP (0°/90°) and CFRP (radial) composites 

were larger due to their cross-layered fiber configurations. Reflection and absorption 

occurred within the materials, which enhanced their overall EMI shielding performance. 

This was why the EMI SE of the CFRP (0°/90°) composite was superior to that of the 

unidirectional material. The electric field was distributed radially on the surfaces of the 

samples within the coaxial tubes. Relative to the fibers in the CFRP (0°/90°) composite, 

the carbon fibers in the CFRP (radial) composite aligned more completely with the 

electric field. Only a portion of the fibers in the CFRP (0°/90°) composite aligned with 

the electric field. This was why the CFRP (radial) composite reflected and absorbed 

more effectively than the CFRP (0°/90°) composite, even though their thicknesses were 

nearly identical. The internal fibers were cross-laminated, so internal reflection and 

absorption by the cross-ply CFRP composites were more efficient than they were in the 

unidirectional CFRP material. The EMI shielding performance of the three samples 

followed the order CFRP (radial) > CFRP (0°/90°) > CFRP (0°/0°). 

We also found that the EMI SE of each material did not vary if the composite was 

rotated along the axis of the inner conductor in the coaxial apparatus. However, the 

angle between the electric field and the fiber direction affected the EMI shielding 
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measurements. EMI shielding variations must thus be considered when the coaxial tube 

method is used to evaluate the shielding performance of a continuous carbon fiber 

reinforced composite. 

2.3.2 Effects of carbon fiber types on EMI shielding performance  

To study the influence of carbon fiber composition on EMI SE, we prepared 

anisotropic composites using XN80, XN05, XN60, and T700S carbon fibers. All the 

samples have the same thickness of 0.55mm. The EM shielding properties of the 

composites were evaluated using the coaxial transmission line method. The results are 

shown in Fig. 2.6. The T700S-based composite had the lowest SE, while the XN05-

based CFRP composite provided the most EMI shielding. This was attributed to the 

difference between the electrical conductivities of the CFRP composites. The 

impedance value of a highly conductive CFRP composite differs significantly from that 

of air. When electromagnetic radiation in the atmosphere enters a highly conductive 

CFRP, the EM waves will be reflected at the interfaces. According to Eq. (3), an 

incremental increase in conductivity reduces the skin depth of CFRP. 

The electrical conductivities of the CFRPs reinforced with different carbon fibers 

are compared in Fig. 2.7. The conductivity of the XN05-based CFRP was excellent, 

while the T700S-based CFRP was the poorest electrical conductor. These results were 

consistent with the results of the EMI SE measurements. 
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Fig. 2.6 SEs of CFRP composites containing different carbon fibers. 

 

Fig. 2.7 Electrical conductivity of CFRPs with different fiber types in the fiber length direction. 
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2.3.3 Effects of fiber orientation patterns on EMI shielding 

performance of CFRP 

 
Fig. 2.8 Schematic illustrations of internal reflection in CFRP composites with different 

structures 

 
(a)                                      (b) 

Fig. 2.9 EMI shielding effectiveness of CFRP with different fiber orientation patterns: (a) total SE, 
and (b) reflective SE. 

To investigate the influence of fiber orientation on the EMI shielding properties of 
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the carbon fiber prepreg composites, we fabricated CFRP composites with four 

different layer configurations. These were designated CFRP (0°/0°/0°/0°), CFRP 

(0°/0°/90°/90°), CFRP (0°/90°/0°/0°), and CFRP (0°/90°/0°/90°). The carbon fibers in 

the CFRP (0°/0°/0°/0°) sample were parallel to each other, while the other three CFRP 

composites had different layered configurations. The unidirectional and cross-layered 

configurations of the composites are illustrated schematically in Fig. 2.8. The total SEs 

of the CFRP samples are plotted in Fig. 2.9(a). The EMI SE of the CFRP (0°/0°/0°/0°) 

sample decreased slightly as the frequency increased, whereas the SE of the other three 

samples followed an opposite trend. The CFRP (0°/90°/0°/90°) sample had three cross-

layers, and it had the highest SE (28.9 dB) at 15 GHz. This meant that the material 

shielded against up to 99.9% of the EM radiation. The SE of this material was far greater 

than that of the CFRP (0°/0°/0°/0°) sample (18.5 dB). The reflective SEs of the CFRP 

composites are shown in Fig. 2.9(b). The results confirmed that reflection was the 

primary mechanism of shielding, and that the ability of the materials to reflect 

electromagnetic waves was enhanced by cross-layering without changing the overall 

thickness. 

The EM shielding performance of the cross-ply CFRP materials was superior to 

that of the unidirectional CFRP for two reasons. Fibers in the cross-ply materials were 

oriented in the 0° and 90° directions, while fibers in the unidirectional CFRP were 

aligned in a single direction. Since the electric field was distributed radially within the 

coaxial tubes, the EMI shielding performance of the cross-ply materials was better. This 

could be explained by the fact that electromagnetic shielding occurred primarily along 
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the direction of the fibers in each CFRP composite. We previously observed that a CFRP 

(0°/90°) cross-ply composite provided more shielding than a unidirectional CFRP 

material, which confirmed that cross-layering could enhance reflection and absorption. 

As shown in Fig. 2.8, four different layer configuration of CFRP (0°/0°/0°/0°), CFRP 

(0°/0°/90°/90°), CFRP (0°/90°/0°/0°), and CFRP (0°/90°/0°/90°) have 0, 1, 2 and 3 

cross-layers inside the composites, respectively. When the EM waves encountered a 

cross layer, they were reflected due to the mismatch between the impedance values of 

the two layers. The EMI shielding performance of the cross-ply CFRP composites 

improved as the number of cross-layers increased, and the CFRP (0°/90°/0°/90°) 

composite with three cross-layers provided the best shielding. 

The EMI SE of the CFRP (0°/90°/0°/90°) composite was 20% higher than that of 

the CFRP (0°/0°/90°/90°) composite at 15GHz. The samples contained an equal number 

of fibers in the 0° and 90° directions, and their thicknesses were essentially the same. 

The most significant difference between the CFRP composites was the number of cross-

layers in the samples. The CFRP (0°/90°/0°/90°) composite contained three cross-layers, 

while the CFRP (0°/0°/90°/90°) contained only one. It can be confirmed that the number 

of cross-layers dominates the EMI shielding performance of CFRP. 



44 

 

 
Fig. 2.10 EMI SE of CFRP with different layer numbers. 

The EMI shielding performance related to different layer numbers is shown in Fig. 

2.10. The eight-ply cross-layered CFRP composite shows high EMI shielding 

performance, far superior to that of the eight-ply unidirectional CFRP composite. 

Besides, the four-ply CFRP (0°/90°/0°/90°) composite obtained the SE (28.9 dB) at 15 

GHz, which was even much higher than the SE of the eight-ply unidirectional CFRP 

composite (22.6 dB). It could thus be concluded that the number of cross layers in the 

composites governed their electromagnetic shielding performance. Hence, cost 

effective and efficient EMI shielding can be achieved by selecting a structure with an 

optimal fiber arrangement.  

2.4 Conclusions 

The optimization of EMI shielding performance of CFRP by changing the 
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composites’ structure were investigated systematically. The effect of the angle between 

the direction of fibers in anisotropic CFRP and the electric field on the EMI shielding 

performance was clarified. The anisotropy of EMI shielding was confirmed for the first 

time by the coaxial transmission line method. The results showed that a quasi-radial 

sample had the highest shielding effectiveness (25.8 dB) at 15 GHz with the carbon 

fibers aligned in the direction of the electric field of EM waves. It is found that the 

orientation of fibers relative to the direction of electric field clearly affected the EMI 

shielding performance of the CFRP composites. The four-ply CFRP (0°/90°/0°/90°) 

with three cross-layers had the excellent shielding value of 28.9 dB at 15 GHz, that was 

far superior to that of a unidirectional CFRP (0°/0°/0°/0°) composite (SE= 18.6 dB), 

and this indicated the laminated structures governed SE, and the number of cross-layers 

in the composites also affected their EMI shielding performance. The shielding 

mechanisms of cross-layer CFRPs were also discussed and clarified based on both 

experimental and theoretical analysis. We believe that these findings could provide a 

scientific basis and potential in designing high-performance EMI shielding materials. 
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3 Electromagnetic interference shielding 

anisotropy of unidirectional CFRP 

composites 

3.1 Introduction 

Nowadays, shielding materials play a key role in protecting electronic equipment 

from EMI and prevent such radiation sources from emitting radio waves. EMI shielding 

refers to the absorption or reflection of EM waves with efficient shielding materials, 

which are composed of either conductive or magnetic based materials [1, 2]. In the past 

few decades, metal materials have been widely used as EMI shielding materials for 

excellent shielding performance, but they have disadvantages of low corrosion 

resistance, poor mechanical flexibility, etc. [3, 4].  

MXenes have been studied as EMI shielding materials due to their outstanding 

EMI shielding performance, low density and special metallic features [5, 6]. The 

MXenes composites with different structures have been fabricated to improve its EMI 

shielding performance [7]. Besides, carbon materials have been investigated as 

alternatives to metal-based composite to provide great EMI shielding performance. 

Polymer composites reinforced with carbon-based fillers, such as carbon fibers, 

graphite, carbon nanotube (CNT), graphene and carbon black have been widely studied 

for use as shielding materials to provide great shielding abilities to EM waves [8-14]. 

Conventional carbon fiber reinforced polymer (CFRP) composites show not only good 
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shielding properties, but also achieve excellent mechanical performance, which can 

expand their applications in the aeronautic industry [15-17]. Other research works [18, 

19] also observed excellent shielding performance of short carbon fiber reinforced 

composites, but its mechanical properties and EMI shielding performance were inferior 

to continuous carbon fiber composite materials [20, 21]. Besides, the EMI shielding 

performance of CFRP could also be improved by coated with conductive paints filled 

with metallic particles or nanowires [22], but it still meets the challenge of poor 

dispersion of conductive fillers and poor wear. In recent years, intrinsically conducting 

polymers (ICPs) have also been used as fillers for EMI shielding [23-25], but their poor 

mechanical and thermal properties limit their practical applications [26]. 

The shielding materials should obtain excellent EMI shielding performance in the 

specified frequency range to meet different practical applications. Many studies have 

achieved the purpose of improving the EMI shielding performance of composite 

materials in a specific frequency band by controlling the filler's size. Jana et. al [27] 

found that the composite with high carbon fiber aspect ratio (L/D=100) show higher 

shielding effectiveness in the frequency range of 8-12 GHz (X-band). Zhao et al [28] 

reported that shielding performance of CFRP was enhanced with the decrease of the 

array spacing and the increased number of layers in the frequency range of 30-750 MHz, 

but the number of layers exhibited little effect on the EMI shielding of CFRP at the 

frequency range of 750 MHz-1.5 GHz. The shielding property of carbon nano-fiber-

based composites is also improved in the X-band by increasing the magnetic particle 

size introduced into the matrix [29]. As above all, shielding materials with various filler 
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size and structures exhibits different shielding performance in various frequency band. 

In this chapter, EMI shielding anisotropy of unidirectional CFRP composites was 

investigated in the frequency range of 5-15GHz, which is often used in wireless 

computer networks, radar and satellite communication. 

Continuous carbon fiber reinforced polymer composites have been widely used as 

structural materials for lightweight structures and EMI shielding applications. However, 

most researches have focused on the improvement of EMI shielding performance by 

adjusting the fiber lay-up arrangement or structure [28, 30]. Wen et al. [31] reported 

that the EMI SE of PVB/Ni-Gr/SCF films exhibited different performances along and 

perpendicular to the casting direction, where the short carbon fiber direction was 

changed. Hong et al. [32] indicated that the orientation of fillers could play an important 

role in determining EMI SE in the polymer-based composites with magnetically 

responsive aligned Fe3O4 decorated reduced graphene oxide. The previous works [31, 

33] revealed that the distribution state of fillers plays an important role in the shielding 

performance of composites, but the shielding anisotropy didn’t further be analyzed. The 

EMI shielding performance of CFRP composites could be influenced by the fiber 

orientation [34]. This chapter mainly discussed the EMI shielding anisotropy of 

unidirectional CFRP composites, and propose formulas to predict electrical 

conductivity and EMI SE of CFRP at different orientation angles. 

In Chapter 2, the EMI shielding anisotropy has been proved by the transmission 

line method. In order to provide a theoretical analysis of shielding anisotropy of CFRP 

composites, a specially designed free-space measurement was set up in one direction 
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vibration of incident EM wave, which can measure EMI shielding performance of 

CFRP in any specified direction. EMI shielding anisotropy of unidirectional CFRP 

composites was discussed, and the theoretical formula was used to predict EMI SE of 

CFRP at various carbon fiber orientations. The shielding results of the free-space 

measurement and coaxial transmission line method were compared, and the influence 

of EMI shielding anisotropy on the test results with different measurements was 

discussed. 

 

3.2 Experimental  

3.2.1 Fabrication of unidirectional CFRP composites  

The XN80 carbon fiber based unidirectional prepregs were supplied by Japan 

Graphite Fiber Co., Ltd. The carbon fiber areal density is 125g/m2, and the thickness of 

individual prepreg is about 0.165 mm. The XN80 carbon fiber had an excellent tensile 

strength (3430 MPa), tensile modulus (780 GPa), electrical conductivity (5×10-4 

ohm· cm), and the fiber diameter is about 10 μm. A four-layered unidirectional CFRP 

composite was made of four single prepregs arranged in the same fiber direction. The 

CFRP composites were cured by the hot press machine at 135 °C and 2 MPa for 1.5 h. 

The CFRP composite is a square with a side length of 25cm and the thickness of 

0.55mm. 

3.2.2 Electrical conductivity of CFRP composites  

The electrical conductivity of the unidirectional CFRP composites was tested by 
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the four-probe method [20]. All specimens had a uniform dimension of 80 mm×10 

mm×0.55 mm, and a silver paint was used to ensure good contact between the 

electrodes and specimens during testing. Four electrical contacts are symmetrically 

positioned relative to the center of the specimen, and the distance between the adjacent 

electrical contact is about 20mm. Each electrical contact with silver paint is 2 mm wide. 

A current of 0.1mA is provide by the DC power supply device (Takasago EX-375L2, 

Japan) at the outer electrical contacts, and the digital electrometer (Advantest R8240, 

USA) is used to measure the voltage at the inner contacts. Each test was carried out 5 

times. Since the carbon fibers were arranged in the same direction in the unidirectional 

CFRPs, their ability to transfer electrons was different at various fiber orientations. The 

electrical conductivity of the specimens was measured at 0°, 15° 30°, 45°, 60°, 75°, and 

90°. Where the 0° direction refers to the fiber direction, and 90° refers to the direction 

perpendicular to the carbon fiber. 
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3.2.3 EMI shielding measurement  

 
Fig. 3.1 Schematic of free-space set-up for EMI shielding measurement. 

 

The EMI shielding performance of the CFRP composites was test by free-space 

measurement method coaxial transmission line measurement (Fig. 2.3). The specially 

designed free-space measurement system (Key-com RTS03, Japan) consists of two 

antennas, two lens and a sample stage as shown in Fig 3.1. The value of the scattering 

parameters (S21 or S12) of the CFRP materials were tested by the vector network 

analyzer (Anritsu 37247D, Japan). The attenuation of the EM wave was defined as the 

SE, which can be calculated by the following equations: 

SE = 10 log (
𝑃𝑇

𝑃𝐼
)                                                      (1) 

SE = −10 log(|S21|2) = −10 log(|S12|2)                             (2) 

where PT is the transmitted power, PI is the incident power, and the S12 (S21) parameters 

refer to the transmission coefficients.  
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3.3 Results and discussion  

3.3.1 Electrical conductivity of unidirectional CFRP composite 

 
Fig. 3.2 Electrical conductivity of the CFRP at different carbon fiber orientation angles. 

Fig. 3.2 shows the electrical conductivity of CFRP at the different fiber 

orientations of 0°, 15°, 30°, 45°, 60°, 75°and 90° (red dots). The conductivity of CFRP 

decreased as the fiber orientation angle increased from 0° to 90°. An anisotropic CFRP 

composite was described as that all the fibers are highly aligned and parallel to each 

other in the composite. However, the fibers are not entirely straight and have a wave 

shape in the composite, consequently creating many contact points between adjacent 

fibers. This causes the composite to have specific electrical conductivity in the trans-

verse direction of the fiber, although it is extremely lower compared with that in the 

fiber direction. As consequently, the unidirectional CFRP composite shows the highest 
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and lowest conductivity values in the fiber direction and transverse direction, 

respectively. 

The decreasing tendency of conductivity was not linear of CFRP decreased as the 

fiber orientation angle increased from 0° to 90°. The conductivity decreased sharply 

from 0° to around 30°, and the decreasing trend became gradual when exceeding 30°. 

Since the conductivity of CFRP presents a cosine change trend, the conductivity at 

different angles can be calculated and predicted by the formula derived below: 

             𝜎𝜃 =
1

𝐴 𝑐𝑜𝑠2(𝜃+𝜋)+𝐵
    0 ≤ 𝜃 ≤

𝜋

2
                                     (3) 

where σθ is the electrical conductivity of CFRP at θ degree, A=1/σ0 -1/σ90, B=1/σ90, σ0 

and σ90 are the electrical conductivity of CFRP at the testing angle of 0° and 90°, 

respectively. 

The curve in Fig. 3.2 shows the predicted electrical conductivity of unidirectional 

CFRP as a function of the carbon fiber orientation angle from 0° to 90°. It can be seen 

from Fig. 3.2 that the calculated results are in good agreement with the experimental 

results, indicating that the proposed formula can predict the electrical conductivity of 

unidirectional CFRP at any angle just through the conductivity values at 0° and 90° 

directions. 

 

3.3.2 Skin depth of unidirectional CFRP composite 

When the EM wave is incident on the surface of the material, the displacement 

current of the wave is coupled to it and generates the magnetic field at a right angle, 

which can create a back electromotive force to cause a force called “skin effect” [35]. 
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As the propagation depth increase, more EM waves are attenuated. When the strength 

of the EM wave is reduced to 1/e of the incident strength, the distance is called the skin 

depth [36], and can be calculated by the following equation [37]:  

𝛿 = 1 √𝜋𝜇𝑓𝜎⁄                                                               (4) 

Where δ is the skin depth, 𝑓 is the frequency, and σ is the electrical conductivity of the 

material. The magnetic permeability μ=μ0μr, where the magnetic permeability of 

vacuum (μ0) is 4π × 10-7 H/m, and the relative magnetic permeability (μr) of CFRP is 

about 1[20, 38]  

 
Fig. 3.3 Skin depth of CFRP as function of testing angles 

 

Fig. 3.3 shows the skin depth of unidirectional CFRP as a function of carbon fiber 

orientation angles at different frequencies. The skin depth of the composite increased 

with an increase in the orientation angle. This is mainly due to the decrease in 

conductivity as the carbon fiber orientation angle increases, as shown in the 

conductivity results in Fig. 3.2. The skin depth also decreases as the frequency increases. 
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At a frequency of 15 GHz, the CFRP had the lowest skin depth value of 0.035 mm in 

the 0° direction, which refers to the fiber direction. At 5 GHz, CFRP obtained a 

maximum value of 1.633 mm in 90° direction.  

The thickness of the fabricated unidirectional CFRP was about 0.55mm. 

According to the definition of skin depth, when the frequency is 15 GHz, and the 

electric field of EM wave is consistent with the fiber direction, the electric field 

intensity would be less than 1/e of the incident electric field intensity when the EM 

waves penetrate through the CFRP composite. At 5 GHz, when the electric field is 

perpendicular to the fiber di-rection, the electric field intensity would be greater than 

1/e of the incident electric field intensity when the EM waves pass through the CFRP. 

Consequently, the skin depth of materials plays a key role in attenuation of EM waves, 

and due to the dependence of the skin depth on the carbon fiber orientation angle, the 

EMI shielding performance of CFRP would be different at various carbon fiber 

directions. 



60 

 

3.3.3 EMI shielding theory of CFRP composite 

 
Fig. 3.4 Schematic of EMI shielding mechanism of anisotropic CFRP 

 

According to the circuit theory [35] for calculating the EM wave attenuation by 

shielding, the displacement current in the wave would be coupled to the CFRP when 

the EM wave encounters the CFRP composite, as shown in Fig. 3.4. Then the surface 

current density onto the CFRP will generate a magnetic field (H) perpendicular to it, 

and the magnetic field would create an opposite electromotive force, which can 

attenuate the current to penetrate the CFRP. This phenomenon leads to the attenuation 

of EM waves. The shielding attenuation S(dB) for the electric field (E) can be obtained 

as follows: 

𝑆(𝑑𝐵) = 20 log
𝐸𝐼

𝐸𝑇
                                                           (5) 

= 20 log
𝐽𝐼𝑍𝑊

𝐽𝑇𝑍𝐶
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where EI and ET are the electric field at the incident side and transmitted side, 

respectively; JI is the surface current density at the incident side of the CFRP, and the 

current value at the transmitted side JT is expressed as: 

𝐽𝑇 = 𝐽𝐼𝑒−𝑑/𝛿                                                                  (6) 

where d is the thickness of CFRP, and δ is the skin depth. 

ZW and ZC are the impedance of incident wave and CFRP composites, respectively, 

which is equal to 

𝑍𝑊 = −
𝑗377𝜆

2𝜋𝐿
 (𝐿 <

𝜆

2𝜋
)                                                       (7) 

= 377  (𝐿 ≥
𝜆

2𝜋
) 

𝑍𝐶 =
1+𝑗

𝜎𝛿(1−𝑒−𝑑/𝛿)
                                                             (8) 

where σ is the electrical conductivity of the CFRP composite. Then the shielding 

attenuation SE (dB) of the CFRP composite can be expressed as: 

𝑆𝐸(𝑑𝐵) = 20 log
𝑍𝑊

𝑒−𝑑/𝛿∙𝑍𝐶
                                                (9) 

According to the Eq. (9), the thickness and skin depth of the material plays a decisive 

role in the EMI shielding performance.  
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Fig. 3.5 Comparison of experimental value and formula calculation value of EMI SE 
 

The formula's applicability in the frequency range of 5-15 GHz was verified by 

taking the test angles of 45° and 90° as examples. The skin depth, electrical conductivity, 

and related parameters were substituted into Eq. (9). The comparison between the 

calculated prediction and the experimental results by the free space measurement is 

shown in Fig 3.5. It was observed that the experimental and predicted result were in 

good agreement. The maximum difference at fiber orientation of 45° is only about 1.9 

dB. It can be concluded that Eq. (9) can be applied to predict the EMI SE of 

unidirectional CFRP at the frequency range of 5 to 15 GHz. 
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Fig. 3.6 EMI SE of CFRP for experimental and predicted results at the frequency of 10 GHz 

 

By combining Eq. (3) and (9), EMI SE of unidirectional CFRP could be predicted 

at any carbon fiber orientation angles. Fig. 3.6 shows that the predicted results are 

highly consistent with the experimental results in the various fiber directions at 10 GHz. 

When only using Eq. (9) to calculate the shielding performance of CFRP at different 

orientation angles, it is necessary to test the material's EM parameters (skin depth, 

electrical conductivity, etc.) in each direction. Here, Eq. (3) and (9) are used in 

combination, and it is only necessary to calculate or measure the electromagnetic 

parameters of CFRP in the 0° and 90° directions, and substituting the results into the 

Eq. (9) to obtain the EMI SE at any carbon fiber orientation angles. The predicted 

results were highly in good agreement with the experimental values. There was a 

difference between the experimental and calculated results in the fiber direction (0°). 

That might be due to the device limitation; that is, the EMI SE of the CFRP materials 

might have exceeded the measuring range of the device in the fiber direction.  
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3.3.4 Comparison of coaxial transmission line and free-space 

measurement   

 
Fig. 3.7  EMI SE of CFRP by transmission line method and free-space method 

 

To further understand the relationship between the EMI shielding performance and 

carbon fiber orientation, the shielding result obtained by the transmission line method 

was compared to that by free-space measurement. The EMI shielding perfor-mance of 

unidirectional CFRP with carbon fiber orientation angle of 0°, 30°, 45°, 60°, and 90° at 

the frequencies from 5 GHz to 15 GHz are shown in Fig. 3.7. CFRP showed an excellent 

EMI shielding value when the carbon fiber orientation angle is 0°, where the electric 

field polarization direction of EM waves is parallel to the fiber direction. The SE of 

CFRP decreased as the fiber orientation angle increased due to the decrease of electrical 

conductivity. When the orientation angle was 90°, the electric field polarization 

direction is perpendicular to the carbon fiber, and the CFRP obtained the lowest 
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electrical conductivity in this orientation angle. Thus CFRP showed the lowest SE value 

of about 10 dB. 

The red curve in Fig. 3.8 represents the EMI shielding result measured by using 

coaxial transmission line method. The SE value obtained by this method was about 19 

dB. This is due to the electric field of EM waves was quasi-radially distributed inside 

the coaxial tube (Fig. 2.3). When the coaxial transmission line method was adopted to 

evaluate the EMI shielding performance of unidirectional CFRP, the EMI shielding 

result does not change if the position of the composite material is rotated along the inner 

conductor. But under the free-space measurement system, the EMI shielding 

performance has greatly depend on the test angle. Unidirectional CFRP exhibits 

remarkable EMI shielding anisotropy. This characteristic of the one-side composite 

material can be used for the bias material of EM wave radiation, meaning that the EM 

waves polarized in a specific direction can be selectively shielded by adjusting the angle 

of the CFRP composites.  

The results show that when different test methods are used to evaluate the 

shielding performance of unidirectional CFRP composites, the results will differ. 

Therefore, when assessing anisotropic materials, especially materials prepared by 

CFRP prepregs, special attention should be paid to the influence of EMI shielding 

anisotropy. 

 

3.4 Conclusion  

Carbon fiber reinforced composite materials occupy a critical position in many 
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structural material applications, and their EMI shielding performance has also attracted 

great attention. This chapter mainly investigated the EMI shielding anisotropy of 

unidirectional CFRP materials. 

The electrical conductivity of unidirectional CFRP composites varies due to the 

fiber orientation angles, and the calculated results by the formulas proposed in this 

chapter were highly consistent with the experiment values. It is found that the skin depth 

of unidirectional CFRP was different at various orientation angles and frequencies. At 

a frequency of 15 GHz, the CFRP exhibits the lowest skin depth value of 0.035 mm in 

the 0° direction. All the characteristics mentioned above are key issues leading to the 

EMI shielding anisotropy of CFRP composites. The obvious EMI shielding anisotropy 

of unidirectional CFRP composites is clarified by the experimental results using 

specified set-up of free-space measurement. The shielding results predicted by the 

theoretical formula are highly consistent with the experimental results. The maximum 

difference between the predicted and experimental values at fiber orientation of 45° is 

only about 1.9 dB. 

A comparison of free-space measurement and coaxial transmission line method 

was also conducted, and the influence of electric anisotropy on the test results was 

further discussed. The SE values obtained by the coaxial transmission line method was 

much lower than that obtained by the free-space measurement tested in the fiber di-

rection, which indicated that special attention should be paid to the influence of the 

anisotropy of CFRP composites on the shielding results when evaluated by various 

measurements. With these results, the mechanism of EMI shielding anisotropy of CFRP 
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composites is clarified, which will provide an effective design of EMI shielding 

products with a designable shielding direction and frequency. 
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4 Damage detection of CFRP composites by 

electromagnetic wave nondestructive testing 

(EMW-NDT) 

4.1 Introduction 

Carbon-based composites have been widely used in various industries [1-3] due to 

their high mechanical and electrical performances [4, 5]. Specifically, carbon fiber 

reinforced polymer (CFRP) composites have been widely used to replace high-density 

metal materials [6, 7], due to their high elastic modulus and strength to weight ratio as 

well as their excellent corrosion resistance. The application of CFRP include aircraft, 

wind turbines, automobiles, and sports items such as bicycles, skis, and rowing boats 

[8]. With the diversification of CFRP applications, its production process has become 

fairly complicated. Many defects and damages will appear in the production and 

application processes. For example, unevenness of resins and appearance of voids will 

occur during the production process, and the material will crack and delaminate after 

being impacted in the application process [9, 10]. The presence of these defects will 

significantly affect the performance and application of the CFRP materials, with the 

delamination and crack damage in the composite materials particularly difficult to 

detect, leading to hidden safety hazards during use. Therefore, carrying out 

nondestructive testing (NDT) is essential to evaluate the various damage to CFRPs 

during their production and service. 
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A number of NDT methods currently exist for detecting the defects and damage 

within composite materials. Among them, the eddy current testing method has been 

extensively studied. This is a noncontact method mainly used to detect cracks and 

corrosion in high conductivity materials [11, 12]. To improve the damage detection in 

CFRPs, Wu et al. developed a T-R probe with a special structure, to overcome the 

impact of lift-off variation and detected the defects within CFRPs [13]. A novel wireless 

power transfer-based eddy current NDT using a flexible printed coil array has been 

proposed by L. U. Daura et al. [14], which can be used for the eddy current testing 

(ECT) of pipeline sample. Elsewhere, Mizukami et al. designed and changed the probe 

geometry of the eddy current testing setup to improve the sensitivity to delamination in 

CFRPs, with a delamination with a length and width of 10 mm consequently observable 

[15]. Meanwhile, He et al. found that the defects induced by a low-energy impact can 

be effectively detected via scanning pulsed eddy current testing [16]. Many researchers 

also studied the application of eddy current testing in CFRP examination through 

modeling [17, 18]. Due to the electrical performance requirements in the eddy current 

testing method, the method is not mature in the terms of CFRP testing. At the same time, 

the method also exhibits certain other disadvantages, such as the limitation of the 

penetration depth and the unsuitability for the detection of complex geometries and 

large area products. 

Another prevalent and widely used NDT method is the ultrasonic testing method, 

which has mainly been used to detect material delamination. The ultrasonic C-scan 

technique can identify the location, orientation, and size of defects. Many research 
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reports demonstrated the use of ultrasonic NDT for the detection of impact damage in 

CFRPs [19-21]. However, a number of disadvantages remain in using the ultrasonic 

NDT method. For example, a medium is required to transmit ultrasonic energy from 

the probe to the material, such as water and gel, and detecting the delamination that 

exists near the surface of the material is not easy [15, 22]. While a relatively new 

ultrasonic NDT has been developed which involves noncontact without the requirement 

of a coupling medium, the method exhibits many limitations and must be performed 

under specific conditions [23, 24].  

Meanwhile, in terms of other methods, while shearography [25, 26] and 

radiographic testing [27, 28] methods have been applied to the examination of CFRP 

materials, these also involve certain limitations, such as being only applicable to the 

detection of particular specimens and being limited to certain types of damage [29]. 

The infrared thermography method can be used to detect defects through monitoring 

the temperature variations caused by the discontinues in the material [30]. R. 

Sutthaweekul et al. [31] proposed a novel application of microwave NDT to detect and 

characterize the flat-bottom hole (FBH) defect in coated glass fiber reinforced plastics 

(GFRP) pipes. Numerous works [32-34] focused on the application of thermal imaging 

technology in relation to composites, with the cost of the machine and the hot spots 

where reflective surfaces are prone to error found to limit its full application.  

Free-space measurement is generally used to determine the magnetic permeability 

and electric permittivity of materials and can be conducted under different temperature 

conditions [35, 36]. A number of research works demonstrated the possibility of 
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applying a free-space method, to detect hardened cement specimens [37] and to 

determine the dispersion and orientation of the fiber that exists in concrete [38]. 

However, few reports focused on the application of the EM wave technique as a 

nondestructive testing of CFRP for evaluate CFRP damage.  

Due to the high electrical conductivity of carbon fiber, CFRPs always achieve an 

excellent electromagnetic interference (EMI) shielding performance. When a damage 

occurs inside CFRP composites, the single-layer composite material will become a 

regional “double-layer” or “multi-layer” material, where the air layer is formed. 

Multiple reflections will occur when the EM wave passes through these regions, 

resulting in changes to the transmission coefficient. The damage inside the CFRP could 

be detected through analyzing and comparing the difference in transmission coefficient. 

In this chapter, a new type of NDT method using electromagnetic wave (EMW-NDT) 

is proposed to detect the damage in CFRP composites. The inspection ability of this 

method in relation to the different types of damages inside CFRP composites is 

investigated. The EMW-NDT present a noncontact and nondestructive measurement 

method, wherein a coupling medium is not required. This method allows for testing 

samples of large sizes with various shapes, and the test process is quick where the 

testing results could be obtained in few seconds. As the electrical conductivity of CFRP 

was affected by the carbon fiber direction [39, 40], the detection performance of the 

EM wave technique at the different angles of incident EM wave between the electric 

field of the EM waves and carbon fiber direction was analyzed. The experimental 

results indicated that the proposed EMW-NDT method is effective in detecting damage 
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such as delamination, crack or other defects in CFRP composites. 

4. 2 Experiments  

4.2.1 Sample preparation 

The CFRP samples were fabricated from unidirectional prepreg sheets. The 

delamination damage was reproduced by inserting Teflon film between the CFRP layers. 

The main reason for choosing Teflon film is its high electrical resistance (almost 

insulation) and dielectric constant value (≈2.1), which is close to that of air (≈1). Slits 

in the CFRPs were prepared using a knife. The sample dimension was 250 mm in length 

and 250 mm in width. All the CFRP composites were cured using a hot press machine 

at 135°C, 2 MPa for 1.5 hours, as shown in Fig. 4.1. 

Carbon prepregs sheets (NT81250-525S) with an areal density of 125g/m2 were 

supplied by Nippon Graphite Fiber Corporation, while the Teflon film was purchased 

from Nitto Denko Corporation, with the intrinsic properties listed in Table 4.1. 

 

 
Fig. 4.1 Fabrication process of CFRP composites inserted with Teflon film. 

 
Table 4.1 Properties of the Teflon film  

  

Profile Unit Value 
Thickness 0.05 mm 

Permittivity 2.1 - 
Volume Resistivity over 1×1017 Ω•cm 
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4.2.2 EMW-NDT measurement 

 
Fig. 4.2 (a) The specially designed free-space measurement system and its set-up, (b) illustration of 
the S-parameter obtained via measurement, (c) incident angle of the EM wave between fiber 
direction and electric field direction. 

To measure the changes in electromagnetic performance for detecting damages 

inside the CFRP, the electric field of the incident EM waves was linearly polarized. As 

shown in Fig. 4.2(a), the free-space setup consisted of transmitting and receiving horn 

antennas connected to a vector network analyzer by two coaxial cables. A pair of 

dielectric lenses was mounted between the transmitting and receiving antennas. The 

upper lenses demonstrated the capacity to convert the spherical EM wave emitted by 

the transmitting antenna into a linearly polarized plane wave. After the sample shielded 

the EM wave, the remaining EM waves were converted and focused by the bottom lens, 
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and the converging beam ultimately reached the receiving antenna. The presence of the 

lens reduced the multiple reflections between the transmitting antenna and the sample 

as well as the diffraction around the sample, which significantly improved the accuracy 

of the test results. 

A sample stage between the two antennas was present, which was used for the 

placement of the sample during the test. Since the free-space setup was placed vertically, 

no fixture was required to secure it. An aperture was used in the middle of the sample 

stage, with the measured part of the sample placed within the aperture range. We 

prepared sample stage with aperture diameters of 16 cm. To avoid the impact of edge 

effects and multiple reflections, the device was required to be calibrated prior to the 

measurement. The maximum size of specimen that can be tested by this method 

depends on the sample stage size, the distance between antennas, and other related 

parameters. The device could be suitable for the detection of large-size composite 

structures through proper modification. 

The transmission scatter parameters (S21) (Fig. 4.2(b)) was recorded by the vector 

network analyzer at the frequency range of 5-15 GHz. The attenuation of the EM wave 

was defined as the shielding effectiveness (SE), which could be calculated using the 

following equations: 

𝑆𝐸 = 𝑆21(𝑑𝐵) =  −10 log(|𝑆21|2)                                            (1) 

while the detection sensitivity ΔS21(dB) can be defined as follows: 

𝛥𝑆21(𝑑𝐵) = 𝑆′
21(𝑑𝐵) − 𝑆21(𝑑𝐵)                                         (2) 

where S'
21(dB) and S21(dB) are the transmission coefficient of CFRP with and without 
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delamination damage, respectively.  

The electrical conductivity of CFRP is affected by the direction of the carbon fiber, 

i.e., the angle between the fiber direction and the electric field direction of the incident 

EM wave will affect the transmission coefficient. To ascertain the optimum incident 

angle of the EM wave for the best detection sensitivity of damage within CFRPs, the 

samples were evaluated using three typical incident angles of 0°, 45° and 90° as shown 

in Fig. 4.2(c). 

4.3 Results and discussions 

4.3.1 Electromagnetic interference shielding theory 

 

Fig. 4.3. CFRP with different structures: (a) n-layers CFRP; (b) CFRP separated by Teflon film or 

air. 

According to the multimedia shielding theory [41], the transmission coefficient T of n-

layer materials (Fig. 4.3(a)) for the H-field is: 

T = p[(1 − q1e−2r1l1)(1 − q2e−2r2l2) ··· (1 − qne−2rnln)]−1 × e−r1l1−r2l2···−rnln   （3）   
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Meanwhile, the total shielding SET, absorption SEA, reflection SER, and the 

multiple reflection SEM are expressed as follows:   

𝑆𝐸𝑇 = 𝑆𝐸𝐴 + 𝑆𝐸𝑅 + 𝑆𝐸𝑀 = 20𝑙𝑜𝑔10|𝑇|                                  （4） 

𝑆𝐸𝐴 = 20𝑙𝑜𝑔10|e−r1l1−r2l2···−rnln|                                         (5) 

𝑆𝐸𝑅 = 20𝑙𝑜𝑔10|𝑃| = 20𝑙𝑜𝑔 |
2𝜂0·2𝜂1··2𝜂𝑛

(𝑍𝑤+𝜂1)(𝜂1+𝜂2)··(𝜂𝑛+𝑍𝑤)
|                           (6) 

𝑆𝐸𝑀 = 20𝑙𝑜𝑔10[(1 − q1e−2r1l1)(1 − q2e−2r2l2) ··· (1 − qne−2rnln)]−1           (7) 

where q is the reflection coefficient, p is the transmitted coefficient, l is the shield 

thickness, η is the intrinsic impedance of the shield, ZW is the EM wave impedance, and 

r is the propagation constant.   

 𝑟 = √ϳ𝜔𝜇(𝜎 + ϳ𝜔ԑ)                                                   (8)     

𝑞𝑛 =
(𝜂𝑛−𝜂𝑛−1)(𝜂𝑛−Z𝑊)

(𝜂𝑛+𝜂𝑛−1)(𝜂𝑛+Z𝑊)
                                                  (9) 

For a single layer CFRP with thickness d and intrinsic impedance ZB, the total 

shielding effectiveness (SES) can be expressed as follows: 

𝑆𝐸𝑆 = 20𝑙𝑜𝑔10|𝑇|                                             (10)         

= 𝑆𝐸𝐴 + 𝑆𝐸𝑅 + 𝑆𝐸𝑀 

  = 20𝑙𝑜𝑔10(e−rd) + 20𝑙𝑜𝑔 |
2𝑍𝑤·2Z𝐵

(𝑍𝑤+Z𝐵)(Z𝐵+𝑍𝑤)
| + 20𝑙𝑜𝑔|1 − qe−2rd|          

   = 8.68
d

δ
+ 20 log10

|K+1|2

4|K|
+ 20 log10 |1 −

(K−1)2

(K+1)2 e−2rd| 

where k is the ratio between the EM wave impedance (ZW) and intrinsic impedance (ZB) 

of CFRP, while δ is the skin depth, as below: 

δ = 1 √𝜋𝜇𝑓𝜎⁄                                                     (11)                                        

Where μ is magnetic permeability, 𝑓 is frequency, and σ is electrical conductivity.  

For a CFRP with Teflon or air inserts (Fig. 4.3(b)), it will be imaged as a multi-
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layer structure with n=3, with the thickness d1, half that of single CFRP (d). The 

thickness of Teflon or air are dT. According to Eq. (4), the SE value of CFRP with Teflon 

film or air (SEd) can be rewritten follows:                                                                                             

𝑆𝐸𝑑 = 20𝑙𝑜𝑔10(e−rd1−r𝑡d𝑇−rd1)

+ 20𝑙𝑜𝑔 |
2𝑍𝑤 · 2Z𝐵 · 2𝑍𝑇 · 2𝑍𝐵

(𝑍𝑤 + Z𝐵)(Z𝐵 + 𝑍𝑇)(Z𝑇 + 𝑍𝐵)(Z𝐵 + 𝑍𝑤)
|

+ 20𝑙𝑜𝑔|(1 − q1e−2r1d1)(−q2e−2r2d𝑇)(−q3e−2r1d1)|                         

 

      = 8.68
𝑑1 + 𝑑2

𝛿
+ 20 log10

|K + 1|2

4|K|
+ 20 log10

|K1 + 1|2

4|K1|
                              （12）

+ 20𝑙𝑜𝑔|(1 − q1e−2r1d1)(−q2e−2r2d𝑇)(−q3e−2r1d1)|    

   To discuss the effect of Teflon/air on the EMI shielding performance of CFRP, we 

compared the SE value of CFRP with/without Teflon/air. Here, the detection sensitivity, 

ΔS21(dB), could be expressed as follows: 

ΔS21(dB) =SEd - SEs                                                                     (13)    

 = 20 log10
|K1+1|2

4|K1|
+ 20𝑙𝑜𝑔|(1 − q2e−2r2d𝑇)| , K1= ZT/ZB 

Here, K1 = ZT/ZB, and if the Teflon was replaced by the air, the formula will change to 

as follow: 

ΔSEa=SEa-SEs                                                                              (14) 

         = 20 log10
|K+1|2

4|K|
+ 20𝑙𝑜𝑔|(−q2e−2r2d𝑇)|  , k= ZW/ZB 

where ZT is the impedance of Teflon or air. 

Here, d=0.55×10-3m, d1=d2=d/2=0.275×10-3m, and the electrical conductivity σ of 

CFRP at the test degree 45° was 453 S/m. Then, the detection sensitivity ΔS21(dB) for 

the CFRP with Teflon and air at 10GHz were 4.6 and 5.7 dB. This indicated that the 
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insertion of Teflon film in CFRP can improve the shielding performance of the material, 

which means that the delamination damage inside the CFRP could be detected by 

comparing the transmission coefficient value changes. Simultaneously, the theoretical 

analysis results also indicated that the EMI shielding effectiveness was similar to that 

of the CFRP inserted with air or Teflon film. 

 

4.3.2 Detection sensitivity of delamination damage size by ΔS21 (dB) 

 

Fig. 4.4 (a) Images of CFRP inserts of Teflon with different diameters; S21(dB) values of CFRPs inserted with 5 cm 

diameter Teflon film under three typical incident angles of (b) 0°, (c) 45° and (d) 90° 

 

Table 4.2 Skin depth and detection sensitivity ΔS21(dB) of CFRPs with different incident angles at 10 GHz 

Incident angle of EM wave 0° 45° 90° 

Skin depth 𝛿 (mm) 0.0459 0.742 1.221 

Detection sensitivity (dB)  0.46 0.78 0.67 
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To accurately predict the service life of CFRPs, the ability to quantitatively 

characterize any delamination defects via NDT technology is essential. The 

delamination size is a main factor affecting the CFRP's service life, meaning detecting 

the delamination area is critical in the NDT process. The CFRP with delamination areas 

of Φ 5cm in diameter was reproduced by inserting Teflon film. The samples were square 

shaped with a side length of 25 cm, as shown in Fig. 4.4(a), with the measurement 

involving the sample stage of a Φ16 cm diameter aperture.  

Fig. 4.4(b) shows the S21(dB) values of CFRP at the incident angle of 0°. With the 

change in Teflon area inside the CFRP, the S21(dB) value changed at specific 

frequencies; however, the differences in S21(dB) were not large enough to distinguish 

the delamination area. Fig. 4.4(c) and (d) show the S21(dB) values of the CFRP at the 

testing angle of 45° and 90°, respectively. A detectable difference in S21(dB) values was 

obtained within the entire frequency range of 5-15 GHz. Here, it was clear that the 

existence of delamination led to an increase in the SE values of the CFRP. Then, with 

the delamination damage created inside the CFRP composites, the single-layer CFRP 

composite was split into a “double-layer” version, and the air zone was formed. 

Multiple reflections would occur when the EM wave passed through these regions, 

resulting in the improvement of the EMI shielding performance, which was consistent 

with the shielding theory analyzed in the previous section.  

The variation in SE value is shown in Table 4.2. The lower detection sensitivity of 

delamination at the 0° incident angle was deemed to be due to the small skin depth for 

CFRP at the fiber direction. Eq. (11) indicates that the skin depth decreases with the 
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increase in frequency and electrical conductivity. Due to the anisotropy of the electrical 

conductivity of unidirectional CFRP, this material exhibits the highest electrical 

conductivity at the fiber direction, resulting in the smallest skin depth. For example, the 

skin depth of CFRP at 10 GHz was around 0.0459 mm in the fiber direction (0°), as 

shown in Table 4.2. According to the definition of skin depth, at a 0° incident angle 

where the electric filed is consistent with the fiber direction, the EM wave strength 

would be reduced to 1/e of its incident strength before the EM wave is transmitted out 

the CFRP composites. That is, most of the EM wave cannot reach the depth of the 

delamination area, resulting in a small detection sensitivity. At the 10 GHz frequency, 

the skin depth was calculated to be 0.742 mm at the 45° incident angle and 1.221 mm 

at the direction perpendicular to the carbon fiber (90°), which are far larger than its 

thickness (0.55 mm). Consequently, the penetration ability of the EM wave to the CFRP 

was improved as the incident angle testing angle to fiber orientation increased, and the 

delamination size was detected at the incident angles of 45° and 90°, which is shown in 

Fig. 4.4(c) and Fig. 4.4(d). Here, the delamination area ratio is about 9.8%, then the 

detection sensitivity of the damage area ratio was around 12.6%/dB at the 45° incident 

angle. 
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Fig. 4.5. (a) (b) S21(dB) values of CFRPs inserted with various diameters of Teflon film under the testing angles of 

45° and 90°; (c) detection sensitivity at 10 GHz; 

The influence of delamination size on the detection sensitivity was investigated by 

changing the delamination areas reproduced by inserting Teflon films with different 

diameters (Φ5, Φ10 and Φ15cm). These were remarked as CFRP (Teflon Φ5cm), CFRP 

(Teflon Φ10cm) and CFRP (Teflon Φ15cm), and they exhibited delamination areas of 

9.8%, 39% and 87.9%, respectively. Fig. 4.5(a) and Fig. 4.5(b) show the relationship 

between the variation in SE value and the delamination area at the incident angles of 

45° and 90°, respectively. The greater the delamination areas, the more EM waves were 

attenuated due to the delamination damage in the CFRP composites. This means that 

the delamination size could be detected using the proposed EMW-NDT method. 

As Fig. 4.5(c) shows the detection sensitivity value increased with the increment 

of the delamination size. The detection ability at the 45° incident angle is better than 

that at the 90° angle. The detection sensitivity of the delamination area at the 45° and 
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90° can be predicted approximately as follows: 

ΔS21 (dB)=0.093×d+0.27    for the 45° incident angle           (14) 

ΔS21 (dB)=0.082×d+0.26    for the 90° incident angle           (15) 

The predicted results are in good consistent with the experimental, as shown in 

Fig. 4.5(c), which means the diameter of delamination area could be predicted by the 

above formulas. 

 

4.3.3 Detection sensitivity of delamination thickness by ΔS21 (dB)  

 

Fig. 6. (a) Preparation process of CFRP inserted with different thicknesses of Teflon film; (b) 

(c) SE values at the incident angles of 45° and 90°. 
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Table 4.3 Detection sensitivity ΔS21 (dB) of delamination thickness at 10 GHz 

 

Specimen 

45° testing angle  90° testing angle 

S21(dB) ΔS21 (dB) S21(dB) ΔS21 (dB) 

CFRP 16.68 / 10.41 / 

CFRP (Teflon 0.2 mm) 17.34 0.66 dB 11.09 0.69 dB 

CFRP (Teflon 0.4 mm) 18.5 1.82 dB 12.64 2.23 dB 

 

The delamination thickness is another critical quantitative index for evaluating the 

damage and service life of CFRP composites. Fig. 4.6(a) shows the fabrication process 

of the CFRPs with different delamination thicknesses, which were reproduced using 

the insertion of 0.2 mm and 0.4 mm thick Teflon films.  

As discussed in the previous section, the lower detection sensitivity at the fiber 

direction was mainly due to the smaller skin depth and poor transmit ability of the EM 

wave at the 0° incident angle, and thus, the detection sensitivity to the delamination 

thickness was investigated at the incident angles of 45° and 90°. A clear difference in 

SE value could be observed in the entire frequency range of 5-15 GHz as shown in Fig. 

4.6(b) and Fig. 4.6(c), where the SE value increased with the increment in delamination 

thickness. The largest detection sensitivity of the CFRP with a 0.4 mm delamination 

thickness was 2.23 dB as shown in Table 4.3, which means the sensitivity of the 

thickness change was around 5.6 dB/mm. Thus, it can be concluded that the 

delamination thickness inside CFRPs can be identified successfully by the EMW-NDT 

method at an incident angle of 45° and/or 90°. 
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4.3.4 Detection of crack damage 

 
Fig. 4.7 (a) CFRPs with slits; SE values of the CFRPs at different incident angles of (b) 0°, (c) 

45°, and (d) 90° 

To investigate crack damage, a slit was reproduced in the unidirectional CFRP 

samples. Two types of slit, one vertical and one parallel to the fiber direction, were 

introduced. Fig. 4.7(a) shows the SE results for the two slits. When EM waves penetrate 

into CFRP composites, the displacement current will be coupled to the surface of the 

CFRP to create a magnetic field perpendicular to the current, as shown in Fig. 4.7(a). 

An electromotive force running opposite to the induced current is then formed, which 

is known as the “skin effect” [42]. The EM waves will be attenuated by this skin effect 

when penetrate through the CFRP composites. Therefore, the continuity of the induced 

current path plays a vital role in EMI shielding performance. When the electric field of 
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the incident EM wave ran parallel to the carbon fiber direction (0°), the vertical slit 

blocked the current path of the CFRP and caused greater obstruction and discontinuity 

for the induced current than the parallel slit, as shown in Fig. 4.7(a). All of this caused 

the significant decrease in SE values with the existence of slits in the CFRP composites, 

with the vertical slit leading to more EM leakage, resulted in the lower SE values, as 

shown in Fig. 4.7(b). Thus, it can be concluded that both the slit and the slit orientation 

can be identified successfully at a 0° incident angle.  

When the incident angles were 45° and 90°, an interesting result emerged in that 

the EMI SE values of the vertical-slit CFRP were higher than with the parallel-slit CFRP, 

as shown in Fig. 4.7(c) and Fig. 4.7(d), which was the opposite to the result at the 0° 

incident angle. This was because the incident angle between the slit and the electric 

field direction determined the EMI shielding performance of the CFRP. Taking the 90° 

incident angle as an example, the parallel-slit CFRP, in which the slit was perpendicular 

to the electric field of the EM waves, led to greater discontinuity of the incident current, 

which resulted in a lower SE value. In addition, the SE value difference between the 

vertical-slit CFRP and the parallel-slit CFRP at the 0° test angle was larger than that at 

the 90° incident angle, as shown in Fig. 4.7(b) and Fig. 4.7(d). It can be concluded that 

the EMW-NDT method could be applied to identify the slit orientation on the CFRP 

composites, while the attention must be paid to the evaluation criteria when using 

various incident angles. 
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4.3.5 Detection sensitivity of slit length by ΔS21 (dB) 

 

Fig. 4.8. (a) CFRP with slit; SE values of CFRP at different testing angles of (b) 0°, (c) 45°, and 
(d) 90° 

 
Fig. 4.9 Detection sensitivity of slit length at different incident angles under 8 GHz 
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The influence of the slit length in the vertical-slit type was investigated. Here, 

vertical slits with various lengths (2, 6 and 10 cm) were introduced in the unidirectional 

CFRP, with the width of the slits around 0.1 mm, as shown in Fig. 4.8 (a). As Fig. 4.8 

(b) shows, a clear difference in SE value with the slit length change was observed at the 

0° incident angle, with strong peaks appearing at 10.2 GHz. Meanwhile, the best 

detection sensitivity appeared at the 0° incident angle under 8 GHz as shown in Fig. 

4.9. For the 45° and 90° incident angles, although their detection sensitivity was lower 

than that of the 0° incident angle (Fig. 4.8 (c), (d)), it was sufficient to determine the 

slit length of CFRP composite by the detection sensitivity. The results show that the 

detection sensitivity value increased almost linearly with the increment of the slit length 

(d), which can be expressed approximately by the linear equation as follows: 

ΔS21 (dB)=0.611×d+3.79     for the 0° incident angle               (16) 

ΔS21 (dB)=0.179×d+0.272    for the 45° incident angle              (17) 

ΔS21 (dB)=0.066×d+0.528    for the 90° incident angle              (18) 

As shown in Fig. 4.9, the predicted detection sensitivity values by the above 

equations are in good consistent with the experimental result, that means the slit length 

could be predicted by the proposed formulas. 

4.4 Conclusions 

Based on the EMI shielding performance of CFRP composites, a novel NDT 

method (EMW-NDT) for assessing the damage in CFRP composites was presented in 

this chapter. The detection capacity of the EMW-NDT method in relation to the 
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delamination and crack damage was investigated and identified systematically. Besides, 

the effect of the incident angle of the EM wave on the detection sensitivity for CFRPs 

was also comprehensively discussed. The results indicated that delamination damage 

with different sizes and thicknesses could be identified with high detection sensitivity 

using the proposed method. Then, a reasonable detection sensitivity in the damage 

volume change of delamination was confirmed, with the damage aera ratio of 12.6%/dB 

and a thickness change of 5.6 dB/mm. In terms of crack damage, both the slit and its 

length were detected, with the slit direction also identified successfully based on the 

characteristics of EMI shielding anisotropy in CFRPs. The result also shows that the 

incident angle of the EM wave plays a vital role in detection sensitivity due to the skin 

effect. The EMW-NDT method is based on the electromagnetic wave technique and is 

contactless, which means a coupling medium is not required in the detection process. It 

is proved that the proposed method can be applied to the damage detection of CFRP 

composites, which is both rapid and efficient. As such, the proposed EMW-NDT 

method exhibits vast potential for NDT application of CFRP composites and uses in 

various fields. 
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5 Conclusions 

 

Continuous carbon fiber reinforced polymers (CFRP) composites, particularly prepreg 

stacked composites, have anisotropic properties, including anisotropy of electrical 

conductivity and dielectric characteristics. The EMI shielding anisotropy was 

confirmed for the first time by the coaxial transmission line method, and the 

optimization of EMI shielding performance of CFRP by changing the composites’ 

structure were also investigated systematically. In order to provide a theoretical analysis 

of EMI shielding anisotropy, a specially designed free-space measurement was set up 

in one direction vibration of incident EM wave, which can measure shielding 

performance of CFRP in any specified direction. Meanwhile, based on the good EMI 

shielding performance of CFRP composites, especially its shielding anisotropy, a novel 

NDT method using electromagnetic wave technique was proposed to detect defects of 

CFRP composites. 

In Chapter 1, an overview of the EMI shielding materials, shielding mechanisms, 

and the EMI shielding measurements has been present. Meanwhile, the non-destructive 

testing of CFRP composites also has been reviewed. 

In Chapter 2, the effect of the angle between the direction of fibers in anisotropic 

CFRP and the electric field on EMI shielding performance was investigated. The EMI 

shielding effectiveness of CFRP prepared with various types of carbon fibers, different 

numbers of laminate layers, and different fiber orientation were also determined. The 
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anisotropy of electromagnetic wave shielding was confirmed for the first time using the 

coaxial transmission line method. The CFRP (radial) composites provided the best 

shielding performance, its total SE was approximately 25.8 dB at 15 GHz, while the 

CFRP (0˚/0˚) shows the lowest SE (15.9 dB). This was attributed mainly to the quasi-

radial distribution of the carbon fibers, which clearly aligned with the electrical field 

direction of the EM waves. The four-ply CFRP (0°/90°/0°/90°) with three cross-layers 

had the excellent shielding value of 28.9 dB at 15 GHz, that was far superior to that of 

a unidirectional CFRP (0°/0°/0°/0°) composite (SE= 18.6 dB), and it even outperformed 

an eight-ply unidirectional CFRP composite (SE= 22.6 dB). This meant that the 

(0°/90°/0°/90°) CFRP composite shielded against approximately 99.9% of the EM 

radiation. Laminated structures governed SE, and the number of cross-layers in the 

composites improved their EMI shielding performance.  

In Chapter 3, the EMI shielding anisotropy of CFRP materials was discussed. The 

electrical conductivity of unidirectional CFRP composites varies due to the fiber 

orientation angles, and the calculated results from the formulas were consistent with the 

experiment values. All the characteristics mentioned above are key issues leading to the 

EMI shielding anisotropy of CFRP composites. The obvious EMI shielding anisotropy 

of unidirectional CFRP composites is clarified by the experimental results using 

specified set-up of free-space measurement. The theoretical formula can predict the 

EMI shielding value at different carbon fiber orientation angles, and the predicted 

results were highly consistent with the experimental results. A comparison of free-space 

measurement and coaxial transmission line method was also conducted, and the 



100 

 

influence of electric anisotropy on the test results was further discussed. With these 

results, the mechanism of EMI shielding anisotropy of CFRP composites is clarified, 

which will provide an effective design of EMI products with a designable shielding 

direction and frequency.  

In Chapter 4, a new type of NDT method using electromagnetic wave technique 

was proposed. This NDT method is a non-contact measurement and does not require 

the couplants during testing. It was proven that the proposed EMW-NDT method is 

effective in detecting damages such as delamination, crack or other defects in CFRP 

composites. The EMW-NDT method's detection capacity to the delamination size, 

delamination thickness, and slits in CFRP composites was investigated. A reasonable 

sensitivity to the damage volume change in delamination was confirmed with a damage 

area ratio of 12.6%/dB and a thickness change of 5.5 dB/mm. The results confirmed 

that the proposed method demonstrates good detection sensitivity to delamination size 

and thickness. In terms of crack damage, the slit and its length were detected and the 

slit direction was successfully identified in this study based on the characteristics of the 

EMI shielding anisotropy in CFRPs. It is proved that the proposed NDT method can be 

applied to the damage detection of CFRP composites, which is both rapid and efficient. 

In chapter 5, we summarized the EMI shielding anisotropy of CFRP composites, 

and convinced the reliability of the EMW-NDT method based on electromagnetic wave 

technology. 
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