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Abstract

To expand the application of insulating glass fiber (GF) in the field of microwave absorption, one type
of glass fibers (GF) hybrids with carbon nanotubes (CNTs) and nickel (Ni) was successfully synthesized
by chemical vapor deposition (CVD) and electroless plating methods. By changing the reaction
conductions, the morphology of GF hybrids including CNT’s length, CNT’s growth density, and Ni’s
thickness could be adjusted. The as-produced hybrids were used as multifunctional reinforcement to
fabricate epoxy composites. The dielectric properties of composites were particularly measured from 1
to 18 GHz. It was found that the variation of GF hybrids structure significantly changed the dielectric
properties of the composites in the tested frequency range. Furthermore, the analytical simulation work
based on the experimental results was conducted for optimizing the structural parameters of multilayered
composites. The results showed that the best reflection loss of -60dB with a -10dB range of 5.6GHz
could be obtained in an absorber with a triple-layered structure composed by GF-CNTs/epoxy with
different CNT contents and GF-CNTs@Ni/epoxy. Thus, the proposed hybrid method might be quite

efficient for developing composites that can achieve high-performance electromagnetic absorbing.



1 Introduction

Electromagnetic (EM) absorbers have attracted intensive research attention due to the rapid development
of electronic devices >, Many electronic devices are equipped with EM absorbers to reduce interference

with the others and also to protect human health from the potential EM radiation *°.

According to the processing technology and structural-load-carrying capacity, EM absorbers can be
divided into two categories. One type is surface coating materials, including various absorbing coatings
or patch ones, such as carbonaceous fillers (e.g. graphene ®, carbon nanotube (CNT) 78, carbon black *-
11, dielectric or magnetic materials (e.g. ferrites or titanates), and their hybrids '>'%, The other type is
structural EM absorbing materials. This type does not occupy additional weight and simultaneously has
the function of bearing, which is extremely attractive for some fields like aerospace that ask for both
lightness and strength. The representative fibers used in this type are carbon fibers (CF) and silicon
carbide fibers (SiCy) '7-'%. However, their costs are very high. Moreover, the EM absorbing properties
are limited by their physical properties: for instance, the high electrical conductivity of CF will partially
reflect EM wave that consequently reduces the EM wave absorption level '°. Alternately, glass fiber
(GF) has also been widely used as structural composite reinforcement because of its good mechanical
properties, low density, and low price %. Although GF is an isolated material, high-performance
structural absorbing composites can also be achieved by surface treatment on GF or adding absorbing
materials into the epoxy matrix. Many works have been reports in this field Kwak et al. used
electroplating to deposit nickel on the surface of GF, and the prepared composite material had an
effective absorption bandwidth (EAB, Reflection loss<-10dB) of 12.2GHz (5.8-18GHz) 2!. Huang et al.
prepared a GF and CF reinforced multilayer composite material with an EAB of 16.31GHz (3.42-
19.73GHz) when it is only 3.5mm 2. Chen et al. mixed CNTs and ferro-ferric oxide nanoparticles into
GF reinforced composite materials to prepare a double-layered composite. The EAB could cover the
entire X-band (8.2-12.4 GHz) and its maximum reflection loss can reach -45.7dB ?*. These results have
indicated that the combination of GF and conductive fillers can be an effective alternative to achieve
high EM absorbing performance. In the conductive fillers, CNTs have been widely applied in the EM

wave absorbing materials because of their high conductivity and compatibility with polymer matrix *%5,



However, due to the strong Van der Waals forces, CNTs are easy to aggregate and difficult to be
uniformly dispersed in the matrix 2°. In our previous work, we have reported a hybrid where CNTs grow
directly on the surface of fibers, which has been a promising method to improve the CNT dispersion in

the matrix 2728,

In this work, to further improve the EM absorbing performances of GF reinforced composites, the
surface treatments, i.e., the combination of growing CNTs and depositing nickel layers (Ni) (GF-CNTs
and GF-CNTs@Ni), will be conducted on the surface of GF to prepare hybrids with core-shell structure.
Then two kinds of composites with GF-CNTs and GF-CNTs@Ni have been fabricated and the dielectric
properties from 1-18 GHz will be investigated. By changing the reaction conductions, the morphology
of GF hybrids including CNT’s length, CNT’s growth density, and Ni’s thickness can be adjusted which
can allow us to study the effects of CNT and Ni on the dielectric properties and absorption performance
of the composites. Additionally, based on the obtained experimental results, a simulation work based on
the experimental results has also been conducted for designing an absorber with a triple-layered structure
(the combination of impedance, absorption, and reflection layers) to achieve high EM absorption

performances.

2 Experiment

2.1 Sample preparation

The GF-CNTs hybrid was prepared by a floating catalyst CVD method, which was described in our
previous work ?°. Briefly, the growth temperature was about 600—750 °C in a mixed atmosphere of
argon and hydrogen. Acetylene was used as the carbon source. Ferrocene was used as the catalyst
precursor. The growth time lasted 5—10 min. The nickel layer was deposited on the GF-CNTs surface
for 10 and 30 min at 45°C, respectively *°. The epoxy resin 10808 and a curing agent 1084 were used to

fabricate the composites. More details can be found in the reference %°.

2.2 Characterizations



Thermogravimetric analysis (TGA) was conducted on NETZSCH STA 449 F3 with a mixture
atmosphere of oxygen and nitrogen. The temperature was raised from room temperature to 900 °C at a
speed of 10 °C/min. Scanning electron microscopy (SEM, LEO 1530 Gemini) was used to characterize
the morphology and microstructure of the samples. The dielectric properties of the specimens were

measured by a port network analyzer (PNA-E8364C) in the frequency range of 1GHz to 18 GHz.

3 Results and discussion

The weight fraction of CNTs grown on GFs has a large influence on the electrical property of composites.
In this work, the weight fraction of CNTs was modulated by changing their length and grown density,
which could be controlled by adjusting the CVD conditions. The TGA was conducted from room
temperature to 900 °C in an oxidation atmosphere to evaluate the mass ratio of CNT grown on GF, as
shown in Figure 1. In an oxidation atmosphere, the CNTs start to decompose at about 430 °C. However,
the GF was stable in the tested temperature range. Hence, the mass loss that happened in the TGA was
considered as the CNT content grown on the GF. When the CVD growth time changed from 0 to 10
min, the weight fraction of CNT varied from 0% to 0.5%, 1.5%, and 3%, respectively. For the 0.5wt%
GF-CNTs, it was synthesized at 600 °C for 5min and its TGA curve showed lower decomposition

temperature than others. This is mainly due to the relatively low CVD temperature used for CNT growth.
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Figure 1 TGA curves of pristine GF and GF-CNTs.



Figure 2 SEM images (A) pristine GF and the GF-CNTs with different CNT mass ratio: (B) 0.5 wt%

CNTs; (C) 1.5wt% CNTs; (D) 3.0wt% CNTs.

Figure 2 showed the morphologies of the original GF and the GF-CNTs with different CNT mass ratios.
The diameter of the original GF was about 9 um (Figure 2A). After growing 0.5 wt% nanotubes, the
smooth surface of GF was completely covered by CNTs and formed a core-shell structure. The diameter
increased to 11.26 pm (Figure 2B). After increasing the growth time, the CNTs became longer, leading
to a larger diameter for GF-CNTs with a high mass ratio (Figure 2C and 2D). When the CNT mass ratio
was 1.5 wt% and 3.0 wt%, the apparent diameter of hierarchical GF-CNTs was around 13.61 and 15.65

pum, indicating that the CNT length was 2.2 and 3.2 um, respectively.




Figure 3 SEM images of (A) and (B) GF-CNTs coated with nickel layer for 10 min with different

magnifications; (C) and (D) GF-CNTs coated with nickel layer for 30 min with different magnifications.

The nickel layer deposition was achieved by three steps in the solution. To decrease the detachment of
CNTs from GF surface, all the process was conducted by gentle vibration. After 10 min deposition, as
shown in Figure 3(A), most of the CNTs were still on the GF surface, and meanwhile, a Ni layer was
homogeneously deposited on the surface of GF and CNTs, named as GF-CNTs@Ni-10min. This
structure could be figured out in the enlarged SEM image, as shown in Figure 3(B), the surface of GF
was completely covered by small Ni particles. This morphology was different from the smooth surface
of neat GF as indicated in Figure 2. Moreover, after the deposition, CNTs did not agglomerate with each
other; instead, the adjacent CNTs were connected by Ni particles and formed a conductive network. To
increase the amount of nickel, the deposition time was increased to 30 min, named as GF-CNTs@Ni-
30min, as shown in Figure 3(C). More CNTs were detached from the GF surface comparing to those
of GF-CNTs@Ni-10min. The nickel layer was homogeneous. More CNTs were covered by Ni particles

and some aggregates of CNT and Ni were formed on the GF surface (Figure 3(D)).
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Figure 4 TGA curves of original GF, GF-CNTs, and GF-CNTs@Ni with different deposition times.

The content of the nickel layer on the hybrid was estimated by TGA and the results are shown in Figure

4. There was almost no mass loss from room temperature to 900°C for the original GF. The TGA curve



of 1.5wt% GF-CNTs was also shown in the figure to make a comparison. CNTs began to decompose at
around 500 °C. The final mass loss was about 1.5%. For the GF-CNTs@Ni-10min, there was a small
mass loss of about 0.5% at 200°C, which could attribute to the decomposition of a small amount of
ammonium chloride or other pH buffers contained in the nickel layer. After 200 °C, the mass began to
increase, which was mainly caused by the oxidation of the nickel layer. The mass increases slowly from
400 °C to 500 °C. The mass loss caused by the decomposition of carbon nanotubes and the mass gain
caused by oxidation of the nickel layer was offset by each other. Beyond 500 °C, the carbon nanotubes
have been completely decomposed and the rate of mass gain accelerated. The mass tended to be stable
when it reached 800 °C. Therefore, the mass gain caused by the oxidation of nickel was about 1.2%. If
the nickel oxides were NiO, the nickel content in GF-CNTs@Ni-10min was about 4.4%. For the GF-
CNTs@Ni-30min, the nickel content was about 15.8%. However, nickel oxides include NiO and Ni,Os.

The actual nickel content may be lower than the estimated one.

Figure 5 SEM images of the cross-section of the composites: (A) and (B) 1.5wt% GF-CNTs/epoxy; (C)

and (D) GF-CNTs@Ni 30 min/epoxy composite.

To investigate the electrical behaviors of the GF-CNTs and GF-CNTs@Ni reinforced epoxy composites,
the microstructures of the composites were characterized by SEM, as shown in Figure 5. The cross-
section was obtained by polishing the fracture surface with low speed to reduce the damage of the

original morphology. Figure 5(A) showed the cross-section of 1.5 wt% GF-CNTs/epoxy composite. The



cross-section showed good quality, few defects can be found in the images. After zooming in the
interface region of composites, as shown in Figure 5(B), a distinguished annular region surrounded each
GF, named interphase. As the length of CNTs increasing, the thickness of the interphase increased
progressively, which helped form the conductive network in the matrix. However, the improvement of
the electrical performance of the composite by the CNTs modified GF was very limited. In the process
of preparing the composite, the CNTs were easy to fall off the surface of the fiber, and it was difficult
to maintain its original structure. In addition, the improvement of electrical performance mainly depends
on the overlapping of carbon nanotubes. However, GF is insulated, and the contact resistance between
carbon nanotubes was very large. Therefore, a nickel layer was deposited on the surface of the hybrid,
which helped the CNTs and GF surface form a complete conductive network, improving the electrical
properties of the composite. As shown in Figure 5C, the nickel layer and the CNTs increased the
conductivity of the matrix between the fibers. Figure 5D showed a connection area between the fiber

and the matrix. The CNTs wrapped by the nickel layer were evenly dispersed in the matrix.
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Figure 6 Frequency dependence of complex permeability and conductivity spectra for GF-CNTs/epoxy
and GF-CNTs@Ni/epoxy composites: (A) real part permittivity (¢’), (B) imaginary part permittivity

(¢”’), and (C) conductivity ().

The microwave absorption performance was determined by the dielectric properties of the composites.
Figure 6 (A) and (B) showed the dielectric properties of the composites in the frequency range of 1-18
GHz. The values of €’ and €" in 0.5 wt% GF-CNTs/epoxy composite were about 4.3 and 0.2, respectively.
They were very stable in the tested range. Both €’ and €" increased following the increase of the weight

percentage of CNT content in the composites. The maximum ¢’ and €" values of GF-CNTs/epoxy



composites appeared at low frequency (1GHz) corresponding to CNT content of 1.0 and 1.5% are 7.06
and 9.21 for ¢’, 3.35 and 4.79 for €", respectively. A large improvement of the permittivity was observed
when CNT content was 3.0%, achieved 23.45 for €’ and 23.38 for ", respectively. As the mass ratio of
CNTs increased, the length and growth density of CNTs on the GF also increased, which contributed to
the construction of the conductive network. After deposited nickel on the hybrids for 10 min, the
permittivity was greatly increased, 71.85 for £’ and 49.02 for €", respectively. When the deposition time
was extended to 30 minutes, although the nickel layer became thicker, the dielectric permittivity has not
increased significantly. This is mainly because the longer time in the solution results in the carbon tubes
falling off from the fiber so that the increase in the dielectric permittivity was limited. In addition, the
conductive network has been established, and further increasing the nickel content was not very useful
for improving the conductivity. Figure 6(C) showed the frequency dependent AC conductivity. The

conductivity was then deduced:

Oac = 0'(w) = gpe'' w

(1)

The conductivity tended to increase as the frequency increased. The same tendency can be found as
permittivity. Therefore, the electrical conductivity of the composites could be modulated by growing

CNTs on the GF surface at a very wide range.
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Figure 7 Reflection loss curves for different thicknesses of GF-CNTs/epoxy and GF-CNTs@Ni/epoxy

composites: (A) 1 mm, (B) 2 mm, (C) 3 mm, and (D) 4 mm.

The transmission line theory was employed to calculate the theoretical reflection loss values of the

composites. The reflection loss of a single-layer absorber can be calculated by the following equation

31.

Zin—Zy
ZintZy

RL(dB) = 201log

@

Figure 7 showed the frequency dependence of reflection loss in the range of 1-18 GHz for GF-
CNTs/epoxy composites with CNTs% of 0.5, 1.0, 1.5, and 3 wt% and GF-CNTs@Ni/epoxy with
different deposition times, respectively. As indicated by Figure 7(A), it could be found that the GF-
CNTs/epoxy composites exhibited weak microwave absorption properties across the whole frequency
range. The absorption property was enhanced by incorporating nickel on the GF-CNTs surface, which
reached -8 dB for both GF-CNTs@Ni/epoxy composites. As the thickness increased to 2 mm, the
samples showed better microwave absorption properties and the peak values moved to lower frequency
as the CNT content increasing, -2.2 dB (18GHz), -8.3 dB (16.7GHz), -9 dB (14.4 GHz), and -16.4 dB
(11.3 GHz) for the samples with CNTs% of 0.5, 1.0, 1.5, and 3.0wt%, respectively. The EAB was only
observed for the composites with CNT content at a high fraction, 10.0-13.2 GHz for 3.0 wt%. The GF-
CNTs@Ni/epoxy composites showed worse absorption property at 2mm and the absorption peak was
shifted to low frequency, -5.3 dB(5.4GHz) and -2.4 dB(3.2GHz), respectively. A possible reason was
that the improved conductivity by the nickel layer could lead to the impedance mismatching of the
material and the air and resulting in the reduction of the wave absorbing performance. As the thickness
of the sample increased to 3 mm, the absorption properties had no obvious change. However, the
absorption peaks moved to lower frequency, -2.0 dB (14.4GHz), -7.0 dB (11.8GHz), -7.7 dB (9.4GHz)
and -11.9 dB (7.1 GHz) for the samples with CNT content of 0.5, 1.0, 1.5 and 3.0wt%, respectively. The
EAB became smaller compared with those of the 2 mm samples, 6.4-7.9 GHz for 3.0 wt%. As the

thickness of the sample further increasing to 4mm, the absorption properties were decreased, and the

11



peak values continued to shift to a lower frequency. The absorption tendency was the same as other

thicknesses. The best performance was the GF-CNTs/epoxy with a CNT content of 3.0wt%.
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Figure 8 Triple-layered electromagnetic wave absorber.

It could be found that for single-layered GF-CNTs/epoxy or GF-CNTs@Ni/epoxy composites, the
minimum reflection loss and EAB were limited. For GF-CNTs/epoxy composites, the absorbing
mechanism mainly could be attributed to the improved &" because of the formation of a conductive
network composed of CNTs. For the GF-CNTs@Ni/epoxy composite material, due to the existence of
Ni, the improvement in electrical conductivity led to the impedance mismatch. Hence, more EM waves
have been reflected rather than absorbed. To further enhance the absorption performance, a triple-
layered structure has been designed, as shown in Figure 8. The reflection coefficient of each layer could

be expressed as 3%
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And the reflection loss of triple-layered structure could be expressed as
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Figure 9 The RL values of the optimized triple-layered structures.

Based on the obtained experimental results, it can be concluded that a multi-layered structure, which
contains the impedance layer, the absorption layer, and the reflection layer, can largely improve the
microwave absorption performance. In this work, the 0.5 wt% and 3.0 wt% GF-CNTs/epoxy composites
were used as the impedance layer and the absorption layer, respectively. The 30min GF-
CNTs@Ni/epoxy composite was used as the reflection layer due to the high conductivity. A reflection
loss of -23 dB and the -10 dB range of 12.5 GHz (5.5-18 GHz) can be obtained by using 2.5mm 0.5 wt%
GF-CNTs/epoxy, 1.4mm 3.0 wt% GF-CNTs/epoxy and 1.1mm GF-CNTs@Ni 30min/epoxy composites,
as shown in Figure 9A. When the thickness of 0.5 wt% GF-CNTs/epoxy increased to 3.5 mm, the
thickness of 3.0 wt% GF-CNTs/epoxy increased to 2.6 mm, and the thickness of GF-CNTs@Ni
30min/epoxy was 0.875 mm, the absorption peak increased to about -60 dB, as shown in Figure 9B. In
this study, the 0.5wt% GF-CNTs/epoxy was chosen as the air contact layer because of its good
impedance matching characteristic. As mentioned above, 0.5wt% GF-CNTs had relatively short, sparse
carbon nanotubes, which could partially improve the dielectric properties of the composite and
simultaneously maintain an impedance close to that of the air. Hence, it can be easier to meet the
impedance matching requirements and achieve higher EM wave absorption. For the absorption layer,
we selected the 3.0wt% GF-CNTs/epoxy. The long carbon nanotubes and high growth density made it
easier to form a conductive network, resulting in a higher &”’. At the same time, the EM waves could

also be dissipated by multiple reflecting and scattering between carbon nanotubes. The GF-CNTs@Ni
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30min/epoxy was chosen as the reflection layer because of the high conductivity by depositing Ni.
Thereby, the reflected EM waves can be re-absorbed by the absorbing layer. The results were also
compared with other reported CNT-based materials, which have the compatible advantages of the low

RL peak value, broad absorption bandwidth and thin thickness (Table 1).

Table 1 Some recent studies of the GF reinforced polymer composites for absorption application.

Bandwidth (GHz) Thickness

Composites Layers  Fillers RL (dB) Reference
(<-10 dB) (mm)
GF/epoxy Double CNTs 30 4.2 3.1 34
CF/GF/epoxy Double CF@Ni -48.1 32 2.5 s
GF/epoxy Double CNTs+Fe;04 -45.7 42 1.8 23
GF/epoxy >3 Graphene 30 10 3.8 33
GF-CNTs(@Ni)/epoxy Triple GF-CNTs+GF-CNTs@Ni _2(3) ;26.5 > ; This work
Conclusion

In this work, multifunctional GF hybrids were successively developed by by growing vertically aligned
CNTs and coating nickel layers. The experimental results showed that the EM properties of the hybrid
composites could be adjusted by a number of factors, such as the CNT's length, its growth density, and
the thickness of the deposited nickel layer, which provided the possibility for optimizing structural
parameters of composites for designing absorbers with high-performance. The 3.0 wt% GF-CNTs/epoxy
composite with a thickness of 2mm showed a reflection loss of -16 dB and a wide -10 dB range (5.3GHz).
A reflection loss of -60dB with a -10dB range of 5.6GHz (3.9-5.77GHz and 8.5-12.3GHz) was further
obtained in the triple-layered structure, which was composed oftwo GF-CNTs/epoxy composites with
different CNTs contents and one GF-CNTs@Ni/epoxy. The -10dB range could further be expanded to
12.5GHz (5.5-18GHz) by changing the thickness of each component. The simulation results showed

that an absorber with a multi-layered structure could be efficient in EM absorption application.
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