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Abstract 

Glass fiber (GF) reinforced polymer composites have attracted increasing attention due to their 

excellent performance. In this study, GF was coated by a thin layer of nickel, and then grafted 

carbon nanotubes (CNTs) array by a chemical vapor deposition method (CVD). The CNT 

contents can be varied by changing the CVD conditions. Three types of fillers, nickel coated 

GF (GF@Ni), GF with CVD grown CNTs (GF-CNTs) and nickel-coated GF with CVD grown 

CNTs (GF@Ni-CNTs), were used to prepare the epoxy composites. The electromagnetic 

interference shielding performances were investigated as a function of CNT contents. The 

GF@Ni-CNTs reinforced epoxy composites, which had the CNTs mass ratio of 9.2 wt% to the 

hybrids, showed the best EMI shielding performance among the composites. Their total EMI 

shielding effectiveness (SE) was higher than 35 dB in the range of 1-18 GHz, and above 50 dB 

in the X band. By incorporating the nickel layer on the GF surface, the same EMI performance 

can be achieved with lower CNTs content. For achieving a SE value of 35 dB in the X band, it 

needed GF@Ni-CNTs/epoxy with CNTs mass ratio of 3.8 wt% to the hybrids, instead of GF-

CNTs/epoxy composites with CNTs mass ratio of 5.2 wt% to the hybrids. 

1. Introduction 

Arising from the demand of electronic devices and the protection of human beings from 

electromagnetic pollution, the electromagnetic interference (EMI) shielding materials with 

features of lightweight and thin thickness have been intensively studied. To improve the 

shielding performance, many methods have been developed [1-3]. Usually, using metals, such 

as nickel, copper and stainless steel, was an effective method [4]. However, the metals have 

high density, which resulted in a low specific shielding efficiency. Therefore, developing light-

weight materials which have high EMI shielding properties on a wide frequency range has 

attracted enormous attentions [5-7], for example, developing conductive fiber reinforced 

polymer composites [8-10]. 



Glass fiber (GF), which is much cheaper than CF but has similar mechanical properties, is a 

kind of widely used composite reinforcements [11]. In order to extend their applications in the 

EMI field, the electrically insulating GF need to be modified to improve their electrical 

conductivity [12]. Usually, coating metal or other conductive paints on the surface is an 

effective method to obtain electrically conductive GF [13, 14]. To achieve high conductivity, a 

thick layer needs to be coated on the surface, which increase the cost and gain weight. 

Increasing the conductivity of the polymer matrix is another method, which can be achieved by 

incorporating conductive particles in the polymer matrix [15]. Among them, carbon nanotubes 

(CNTs) are the most promising one, due to their excellent properties [16, 17]. Nevertheless, due 

to their large surface area and ease of Van der Waals force driven aggregation, CNTs are very 

difficult to disperse uniformly in the matrix. 

Many methods have been utilized to improve the CNT’s dispersibility in polymer matrix, by 

modifying the surface of CNTs and improving the dispersion method. Ultrasonic, mechanical 

stirring and three-roll milling are the most used dispersion methods [18, 19]. By prolonging the 

dispersion time or increasing the stirring speed or ultrasonic power, CNT dispersion can be 

improved. Also, many modification methods have been reported in the literature in order to 

improve the dispersibility of CNTs. Most of them were achieved by oxidation of CNTs. 

However, the oxidation and high shear force during mixing process may destroy the intrinsic 

properties of CNTs, e.g. the electrical conductivity of CNTs will be decreased largely after 

oxidation [20]. Growing CNTs on nanoparticles to form hybrids became a promising method 

to improve the CNT’s distribution in the polymers [21, 22]. In our previous work, a hybrid 

constructed by CNTs and GF has been fabricated by the chemical vapor deposition (CVD) 

method. The as-prepared hybrids maintained the intrinsic properties of CNTs. Moreover, the 

length and the growth density of CNTs can be modulated by modifying the CVD conditions 

[23]. 



In this work, two methods, coating metallic layer and growing CNTs on GF surface, have been 

combined to produce GF reinforced polymer composites with good EMI performance. In brief, 

a thin layer of nickel was first coated on the GF surface by a typical solution method, then, in-

situ growing CNTs on GF@Ni surface was conducted by CVD. Three types of fillers, GF@Ni, 

GF-CNTs and GF@Ni-CNTs, have been incorporated into epoxy matrix to fabricate 

composites. Their EMI performance has been investigated in details. 

2. Experiment and characterization 

2.1 Preparation of GF@Ni 

GF was a S2 grade 6/1 twill tissue, which had an average diameter of 9 μm and contained 200 

filaments in each yarn. All other reagents were in analytic grade and used directly as received. 

The nickel layer was coated on the GF surface by a typical method [24]. The details were as 

follows: the GF was sensitized in the SnCl2/HCl solution for 30 min. Then, the sensitized GF 

was activated in the PaCl2/HCl solution for another 30 min. After that, the GF was washed by 

distilled water for several times. The nickel layer was deposited on the treated GF by immersing 

it into a plating bath, which was comprised of source metal ions (NiCl2·6H2O, 5.94 g), metal 

chelators (Na3C6H5O7·2H2O 2.646 g), reducing agent (NaH2PO2·H2O) and pH stabilizer 

(NH4Cl, 8.344 g). The thickness of the nickel layer could be changed by controlling the 

deposition time. In this work, the deposition process, lasting 20 min, was carried out in a water 

bath, whose temperature was set at 45°C. 

2.2 Growth CNTs on GF tissue 

The growth of CNTs was carried out by CVD method. More details can be found in our previous 

work [23]. In briefly, the process was conducted for 10-20 min at 600-650 oC. Two series of 

samples, with or without nickel layer, were obtained, which were named as GF@Ni-CNTs and 

GF-CNTs, respectively. 



2.3 Composite preparation 

The epoxy resin 1080S (Resoltech, France) and the curing agent 1084 (Resoltech, France) with 

a mass ratio of 3:1 was used as the matrix. The composites were fabricated by a coating-curing 

method [23]. Four types of composites were fabricated, which were named as Original 

GF/epoxy, GF@Ni/epoxy, GF-CNTs/epoxy and GF@Ni-CNTs/epoxy, respectively. Then, all 

the composites were cut into certain sizes for further tests. 

2.4 Characterizations 

The mass fraction of CNTs on the GF and the mass fraction of epoxy in the composites were 

evaluated by thermogravimetric analysis (TGA, NETZSCH STA 449 F3). The TGA was 

conducted from room temperature to 900 oC at an atmosphere of oxygen and nitrogen with a 

ratio of 4:1. The morphology and microstructure of the samples were characterized by scanning 

electron microscopy (SEM, LEO 1530 Gemini). X-ray diffraction (XRD, Bruker D2 PHASER 

with X-Flash 430) was used to characterize the structure of nickel layer. The EMI shielding 

properties of were evaluated in 1-18 GHz by a network analyzer (Keysight E8364C). Samples 

with 7 mm in diameter and less than 1 mm in thickness were polished and placed in a metallic 

sample holder, the whole being between two coaxial wave-guides. One coaxial guide was 

connected to the port 1, the other was connected to the port 2 of the network analyzer. The 

calibration planes were in the interfaces sample/coaxial wave-guides. The scattering parameters 

were obtained to calculate the shielding effectiveness (SE), in which S11 and S22 were the 

reflection parameters (S11=S22), S21 and S12 were the transmission parameters (S21=S12), 

respectively. The SE can be calculated by the following equations: 

𝑆𝑆𝐸𝐸𝑅𝑅 = −10lg(1 − |𝑆𝑆11|2)  (1) 

𝑆𝑆𝐸𝐸𝐴𝐴 = −10 lg � |𝑆𝑆21|2

1−|𝑆𝑆11|2�  (2) 



MART SESESESE ++=   (3) 

where SET was the total shielding effectiveness, SER was the reflection part, SEA was the 

absorption part, and SEM was the multi-reflection part and can be negligible when SET was 

larger than 15dB [25]. 

3. Results and discussion 

3.1 Preparation of GF@Ni 

 

Figure 1 Optical photographs of the GF, GF@Ni, GF-CNTs and GF@Ni-CNTs. 

Figure 1 showed the morphology of GF after different surface treatment. After deposited a 

nickel layer on the tissue, the white tissue turned to gray. The shadows appearing on GF-CNTs 

were caused by the bending and wrinkles of the fiber tissue. After CNTs grow on the surface 

of glass fibers, the color generally darkens as the content of CNTs increases. The GF-CNTs 

shown in the picture was gray, due to the low content of CNTs. When the content of CNTs 

increased, the tissue color became black, as shown in GF@Ni-CNTs. Figure 2 showed the 

XRD patterns of the as received GF and the GF@Ni. The XRD pattern of the as-received GF 

appeared a broad peak at around 24o. After coated by nickel layer, a sharp peak (2θ=44.7o) 

appeared in the XRD pattern, which corresponded to the (111) planes of face-centered cubic 

nickel [13]. It indicated that the nickel layer was successfully coated on the tissue. 



 

Figure 2 XRD pattern of the as-recieved GF tissue and GF@Ni. 

 

Figure 3 SEM images of (A), (B) as-received GF and (C), (D) GF@Ni. 

Figure 3 showed the surface morphology of as-received GF and Ni coated GF (GF@Ni). The 

GF had an ultra-smooth surface with an average diameter of 9 um, as shown in Figure 3(A) 

and 3(B). Figure 3(C) showed the GF coated by nickel layer. The coating was found very 

uniform. The nickel layer can be clearly observed at high magnification, as shown in Figure 

3(D). The un-coated region may be caused by the attached adjacent GF. The bright particles 

appeared on the GF@Ni was the excess nickel particles in the solution attached on the GF@Ni 

surface. Since the nickel layer was relatively thin, its thickness can be roughly estimated to be 



about 100 nanometers. Comparing to the method mentioned in the ref [13, 26], the thickness of 

nickel layer was much thinner and the nickel particles to form the layer were much smaller in 

this work. One possible reason was due to the reaction pH value. The deposition process was 

conducted in acid solution in this work (pH~4), while in basic solution in the references (pH~9-

11). The reaction rate was slower in this work than the one reported in the references. 

3.2 CNTs on GF surface 

 

Figure 4 TGA curves of GF-CNTs, GF@Ni and GF@Ni-CNTs with varied CNTs mass 

fractions. 

By using ferrocene as the catalyst precursor, the CNTs successfully grown on the GF and 

GF@Ni surface, as shown in Figure 1. After the growth of CNTs, the tissue color turned to 

black. In the CVD process, several parameters had critical influence on the CNT structures, 

such as the temperature, the synthesis time and the atmosphere, etc. In this work, the CVD 

process has been conducted at 600 oC and 650 oC with the synthesis time varied from 5 to 20 

min. The TGA was conducted to evaluate the weight fraction of CNTs grown on the tissue. The 

results were showed in Figure 4. Even in an atmosphere of nitrogen and oxygen, the GF was 

thermally stable in the tested temperature range (30-900 oC). The nickel layer was oxidized in 



the mixed atmosphere, which led to an addition of mass. The addition of mass was relatively 

low, less than 0.2 wt%. Hence, the mass loss was mainly caused by the decomposition of CNTs, 

which decomposed largely at around 550 oC. For the GF-CNTs, the mass loss was 1.2% for 

GF-CNTs growing at 600 oC for 5min, and 5.2% for GF-CNTs growing at 650 oC for 10min. 

For the GF@Ni-CNTs, the nickel layer had a negative influence on the growth of CNTs. By 

using the same CVD condition, the CNTs content was less than the GF-CNTs, e.g. 3.8% for 

GF-CNTs growing at 650 oC for 10min. When prolonging the CVD time to 20min, the CNT 

content increased to 9.2%. In the following description, the numbers were employed to 

represent the CVD condition, e.g. 5.2 wt% GF-CNTs represents the hybrids with 5.2 wt% of 

CNTs. 

 

Figure 5 SEM images of GF-CNTs with synthesis time of (A) 5 min at 600 oC and (B) 10 

min at 650 oC, (C) GF@Ni-CNTs with synthesis time of 5 min at 600 oC, (D) GF@Ni-CNTs 

with synthesis time of 5 min at 650 oC, (E) GF@Ni-CNTs with synthesis time of 10 min at 

650 oC and (F) GF@Ni-CNTs with synthesis time of 20 min at 650 oC, respectively. 



Figure 5 showed the SEM images of the GF-CNTs and GF@Ni-CNTs with varied CNT mass 

fractions. The CNTs mass fraction on tissue can be modified by adjusting the synthesis 

conditions, such as temperature and synthesis time. In this work, two conditions have been used 

to make a comparison, 5 min at 600 oC (Figure 5A) and 10 min at 650 oC (Figure 5B) for GF-

CNTs, respectively. After reaction for 5 min at 600 oC, the mass fraction was 1.2 wt%, as 

measured by TGA. The CNTs were sparsely covered on GF surface. The length was about 

several hundred nanometers. When growing for 10 min at 650 oC, the GF surface was 

completely covered by longer and denser CNTs (5.2 wt%). To investigate the influence of the 

temperature and synthesis time on the morphology of CNTs on the GF@Ni, the same reaction 

temperature, 600 oC and 650 oC, were used to make a comparison with GF-CNTs. Figure 5C 

showed the morphology of GF@Ni-CNTs with reaction time of 5 min at 600 oC. the CNT layer 

was about several hundred nanometers in a very sparse state. Some CNT clusters attached on 

the surface. The reaction time was also prolonged to 10min, but the CNTs were not 

homogeneous on the tissue. Figure 5D showed the morphology of GF@Ni-CNTs with reaction 

time of 5 min at 650 oC. When we increased the temperature by 50 oC, some bright particles 

appeared on the GF surface, which should be the Ni layer melted at high temperature and form 

the Ni clusters. The CNT layer was about several hundred nanometers in a relatively dense state. 

Figure 5E shows the morphology of GF@Ni-CNTs with reaction time of 10 min at 650 oC. 

The CNT layer became thicker and much denser than the former one, which had a mass fraction 

of 3.8 wt%. Some particles appeared at the end of CNTs, which might be the Ni particles 

supported by the CNTs. The reaction time has also been prolonged to 20 min, longer and denser 

CNT layer has been obtained with a mass fraction of 9.2 wt%, as shown in Figure 5F. Based 

on the SEM images, it can be concluded that the GF@Ni-CNTs were successfully prepared by 

CVD method. At 600°C, the Ni layer can be maintained but the CNT layer was sparse and not 

homogeneous. At 650°C, the Ni layer has been deformed into the separate clusters, but the CNT 



layer was homogeneous and in a relative dense state. The samples prepared at 650°C were 

chosen for the composite’s fabrication. 

3.3 Composites preparation 

 

Figure 6 (A)TGA curves and (B) average thickness of GF-CNTs/epoxy and GF@Ni-

CNTs/epoxy composites. 

The sample thickness and the GF volume fraction have great influence on the EMI performance. 

To evaluate the GF volume fraction in the composites, the TGA has been conducted for all the 

composites. Figure 6A showed the TGA results of the GF@Ni/epoxy, GF-CNTs/epoxy and 

GF@Ni-CNTs/epoxy composites. A large mass loss was observed in the temperature range of 

350-450 °C. For the GF@Ni/epoxy composite, a mass loss of 18.2% happened. After growing 

CNT on the GF surface, there were two mass loss happened in different temperature. For the 

1.2wt% GF-CNTs/epoxy composite (600 oC for 5 min), a large mass loss was observed below 

the temperature of 450°C, 14.8%, which was the decomposition of epoxy. The mass loss above 

450°C, 1.0%, mainly was attributed to the decomposition of CNTs. The decomposition of 

carbonized epoxy also contributed some mass loss. The same situation happened for other 

epoxy composites. For the 5.2wt% GF-CNTs/epoxy (650 oC for 10 min), the values change to 

17.2% for the decomposition of epoxy and 5.2 % for the decomposition of CNTs and 



carbonized epoxy. For the 3.8wt% GF@Ni-CNTs/epoxy (650 oC for 10 min), the two values 

were 18.0% and 3.9% for the decomposition of epoxy and CNTs (carbonized epoxy), 

respectively. For the 9.2wt% GF@Ni-CNTs/epoxy (650 oC for 20 min), the two values were 

23.2% and 8.2% for the decomposition of epoxy and CNTs (carbonized epoxy), respectively. 

As the CNTs became longer and denser, the CNT shell became thicker, which resulted in a 

thicker composite laminate. The average thickness of the composites varied from 0.7 mm for 

GF@Ni/epoxy to 0.8 mm for 9.2 wt% GF@Ni-CNTs/epoxy, as shown in Figure 6B. 

 

Figure 7 SEM images of cross-section of (A), (B) GF@Ni/epoxy, (C), (D) GF-CNTs/epoxy 

and (E), (F) GF@Ni-CNTs/epoxy composites. 

Figure 7A and 7B showed the SEM images of cross-section of GF@Ni/epoxy composite. It 

was found that the diameter of glass fibers was around 9 μm and the GFs were perfectly 

surrounded by the epoxy matrix without any evident air bubbles. The nickel layer was not 

obvious for the GF@Ni/epoxy composites. There was only a bright edge in the interface 



between GF and epoxy matrix. Figure 7C and 7D showed the cross-section of 5.2wt% GF-

CNTs/epoxy. The circles were the cross-section of GF, the zone between the adjacent GFs were 

filled by the matrix and CNTs. It can be found that after the 0.7MPa hot press, the CNTs were 

pressed into a very dense state. The same morphology was observed in the 9.2 wt% GF@Ni-

CNTs/epoxy composite, the matrix was filled by the CNTs. The nickel layer was not obvious, 

as shown in Figure 7E and 7F. 

3.4 EMI performance 

 

Figure 8 SE total at (A) whole tested frequency ranging from 1 to 18 GHz and (B) X band (8.2-

12.4GHz), (C) SE of reflection part and (D) SE of absorption part of the composites. 

Figure 8A showed the EMI SET of the composites in the measured frequency region (1-18 

GHz). It slightly depended on frequency and gradually increased as the measurement frequency 



increases. The highest SET was 70 dB at 18 GHz for the 9.2 wt% GF@Ni-CNTs/epoxy 

composites. As observed in the cross-section, the high CNTs formed a very dense state and 

surrounded the GF, which built a conductive network in the composite. The 3.8 wt% GF@Ni-

CNTs/epoxy composite had the SET of 40 dB at 18 GHz. It had almost the same EMI 

performance as the 5.2 wt% GF-CNTs/epoxy composite. It demonstrated the advantage of the 

nickel layer, which formed a completely conducting surface for the GF and offered a connection 

for the adjacent CNTs. It provided the same conductive network but with less CNTs. 

GF@Ni/epoxy had a SET of 15 dB, which was higher than that of the 1.2 wt% GF-CNTs/epoxy 

composite. The low CNTs content has not formed a complete conductive network, which led 

to a low EMI performance, about 5 dB in the whole test frequency range. Figure 8B showed 

the EMI performance in the X band (8.2-12.4GHz). The SET of 9.2 wt% GF@Ni-CNTs/epoxy 

composite exceeded 50 dB in the whole tested frequency range. These values were above 35 

dB for 3.8 wt% GF@Ni-CNTs/epoxy and 5.2 wt% GF-CNTs/epoxy composite. The water in 

the final composites was negligible, since the CNTs/fiber hybrid tissue was immersed by epoxy 

resin and layered up for the curing at the optimized conditions. Furthermore, the samples were 

measured in a constant environment. The matrix is a wave-transparency material. When the 

electromagnetic wave (EMW) propagates to the composite, the EMW can easily pass the air-

matrix interface. The 1D vertical CNTs and the flower-like structure of the GF@Ni-CNTs can 

induce multiple reflections and scatterings, which makes EMW convert into thermal energy in 

a long propagation path. Meanwhile, the Ni-CNTs shell can form a three-dimensional 

conductive network, resulting in strong conduction loss. In addition, Ni coating and GF form a 

core-shell structure, which trapped and dissipated the EMW transmitted into the GF. Some 

similar studies were compared, and the results were shown in Table 1, and the nickel layer 

combined CNTs modified GF tissue showed a better EMI performance, and they can be a good 

candidate for the EMI application. 



Table 1 EMI SE of various modified GF reinforced polymer composites measured in GHz range. 

Matrix Fillers 
Frequency range 

(GHz) 

Best SET 

(dB) 

Thickness 

(mm) 

SET/Thickness 

(dB/mm) 
References 

Epoxy CNT+glass fiber 0.3-1 26 10 2.6 [27] 

PC FeCoNi coated glass fiber X band 37 0.5 74 [24] 

PP Short glass fiber coated by Ni X band 22.2 2 11.1 [28] 

PP Ni coated short glass fiber X band 44.5 2 22.2 [29] 

Epoxy CNT-glass fiber hybrids 
1.7-2.8 

5.3-7.1 

0.8 

1 
0.44 

1.8 

2.3 
[30] 

Unsaturated 

polyester 
CNT+glass fiber+CF 0.03-1.5 75 1.18 63.5 [31] 

Epoxy 5.2 wt% GF-CNTs X band 35 0.7 50 
This work 

Epoxy 9.2 wt% GF@Ni-CNTs X band 51 0.83 61.4 

 

Glass fiber is a kind of insulating materials. It is highly desired to improve its electrical 

conductivity in certain application such as EMI shielding. To this end, in-situ growing CNTs 

on its surface is one of the most effective ways. However, as-grown CNTs are vertically aligned 

on the surface of the insulating glass fiber. Thus, the electrical conductivity of the composites 

depends greatly on conductive network formed by intercontact carbon nanotubes.  In such 

application, the advantages of carbon nanotubes are numerous: lightweight, high conductivity, 

multifunctionality, and high mechanical performance, compared to other counterparts such as 

metals. Nevertheless, the high contact resistance greatly limits the conductivity of the 

composites. When a thin layer of nickel is deposited on the surface of glass fibers, it could 

improve the electrical conductivity of nanotube networks and thus this of the composite, at the 

same time maintain other advantages of this hierarchical multifunctional reinforcement of 

nanotubes/fibers. For this consideration, this work was conducted in order to experimentally 

demonstrate the impact of nickel deposition on the EMI performance of such hybrid composites. 

The nickel was also chosen as the model materials since it is widely used to coat glass fibers, 

and it is also one kind of the widely used catalytic materials for carbon nanotube growth. At the 

current stage, both the CVD syntheses and the composites are realized at quite small scale, thus 



it is quite difficult to give an accurate estimation of the cost. In an economic point of view, it 

might be replaced late by other relatively cheap metals.  

Conclusion 

In summary, in-situ growth of CNTs on nickel coated glass fiber tissue was achieved by a one-

step CVD, and the grafted CNTs homogeneously and perpendicularly aligned on the surface of 

each fiber, forming a "core-shell" structure. Then, three types of composites were prepared, 

including GF@Ni, GF-CNTs and GF@Ni-CNTs. The EMI shielding effectiveness of 

composites was examined as a function of CNTs content. The best EMI performance was 

obtained by using 9.2 wt% GF@Ni-CNTs as fillers, which was above 35 dB in the range of 1-

18 GHz, and above 50 dB in the X band. By incorporating the nickel layer on the GF surface, 

the same EMI performance can be achieved with lower CNTs content. The 3.8 wt% GF@Ni-

CNTs/epoxy and the 5.2 wt% GF-CNTs/epoxy composites have the SE value of 35 dB in the 

X band. Thus, the GF@Ni with aligned CNTs endows conventional GFRPs with good EMI 

performance, which allows extending GFRP applications in the fields of automobile, 

aeronautics and astronautics, etc.   
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