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Silicon carbide fiber-Carbon nanotubes arrays (SiC f -CNTs) hybrids with controllable morphologies were successfully synthesized by a floating catalyst chemical vapor deposition method (CVD). As the reaction duration prolonged from 2 min to 15 min, the length of CNTs was elongated from 2 μm to 50 μm, and moreover the content of CNTs in the hybrids increased from 1.5 wt.% to 3.7 wt.%. By filling this chopped SiC f -CNTs (20 wt.%) hybrids into paraffin, the composite with 3 mm in thickness presented the minimum reflection loss (RL min = -56.2 dB) and the maximum effective absorption wideband (EAB, RL≤-10 dB) of 4.3 GHz (8.5 -12.8 GHz). The dielectric performance of this hybrid synthesized by optimized CNT's length and growth density has presented high potential in the application of electromagnetic wave absorption.

Introduction

Reduction of electromagnetic wave (EMW) pollution has been required in the certain military or civilization applications such as airplane electronic systems and radar air traffic control communications [START_REF] Shahzad | Electromagnetic interference shielding with 2D transition metal carbides (MXenes)[END_REF][START_REF] Zhang | A Review on Metal-Organic Framework-Derived Porous Carbon-Based Novel Microwave Absorption Materials[END_REF]. With the advancement of nanotechnologies, the development of high-performance absorbing media with broad absorption bandwidth, low density, and thin thickness has aroused considerable attention from material science engineers [START_REF] Shahzad | Electromagnetic interference shielding with 2D transition metal carbides (MXenes)[END_REF]. Based on the theory of the interactions between EMW and material's microstructure, a wide range of materials with various structural parameters have been developed to reduce EMW pollution as large as possible. In the huge number of candidates, SiC fibers (SiC f ) have been attractive in this field because of their large aspect ratios, high thermal/chemical stability, and relatively low density. In particular, its high aspect ratio characteristic benefit SiC f to form interpenetrated conductive networks that accelerate the consumption of EMW energy through conduction losses [START_REF] Wang | Hierarchical Carbon Fiber@MXene@MoS2 Core-sheath Synergistic Microstructure for Tunable and Efficient Microwave Absorption[END_REF][START_REF] Hou | Implications from Broadband Microwave Absorption of Metal-Modified SiC Fiber Mats[END_REF]. However, as isolators, the low dielectric constant of SiC f partially limits the further improvement in the application of EMW absorption. Hence, many researchers have attempted to improve the dielectric properties of SiC f by various treatments. The introduction of fillers such as carbon materials [START_REF] Shi | Effects of thermal oxidation on microwave-absorbing and mechanical properties of SiC f /SiC composites with PyC interphase[END_REF][START_REF] Xu | High-Performance Electromagnetic Wave Absorbing CNT/SiCf Composites: Synthesis, Tuning, and Mechanism[END_REF], SiC nanowires [START_REF] Mi | Dielectric response and microwave absorption properties of SiCw/SiCf composites derived from carbon fiber[END_REF], metals [START_REF] Wei | Enhanced microwave-absorbing properties of FeCo magnetic film-functionalized silicon carbide fibers fabricated by a radio frequency magnetron method[END_REF], etc., on the surface of SiC f has been considered as an effective route to improve the dielectric permittivity that has been widely studied.

Carbon nanotube (CNT) is an effective filler that has been used in SiC f based composites for improving EMW absorption because of its specific features like high electrical conductivity, one-dimensional morphology, and the compatibility, etc. [START_REF] Chen | High-Performance Epoxy Nanocomposites Reinforced with Three-Dimensional Carbon Nanotube Sponge for Electromagnetic Interference Shielding[END_REF]. However, CNT shows a dominant mechanism of reflection of electromagnetic waves due to its high conductivity, which makes it difficult to achieve good wave absorption performance. Moreover, CNT is easy to agglomerate during the preparation, which makes it difficult to use directly as an electromagnetic wave absorbing material. To overcome those problems, using of fibers as a carrier to design the distribution pattern of CNT is an important means.

Chemical vapor deposition (CVD) has been shown to be an effective method for growing CNT. Among them, growing CNTs arrays on the SiC f substrate by floating catalyst chemical vapor deposition can effectively improve the CNT's incorporation and consequently makes the composites to achieve higher EMW absorbing [START_REF] He | Growth of carbon nanosheets on carbon nanotube arrays for the fabrication of three-dimensional micropatterned supercapacitors[END_REF]. The floating catalyst CVD is a major way to grow CNT array on various substrates [START_REF] Zhang | Tailoring the Morphology of Carbon Nanotube Arrays: From Spinnable Forests to Undulating Foams[END_REF][START_REF] Qin | Influencing factors and growth kinetics analysis of carbon nanotube growth on the surface of continuous fibers[END_REF][START_REF] Wang | Low temperature growth mechanisms of vertically aligned carbon nanofibers and nanotubes by radio frequency-plasma enhanced chemical vapor deposition[END_REF]. The control of synthesized CNT morphology on the substrates is not only related to the physicochemical properties and geometrical shapes of the substrates but also the reaction conditions.

In this work, we have successfully synthesized the growth of CNT array with controllable length and growth density on the SiC f substrates that allow us to systemically study the morphology effects of CNT on EMW absorption. Meanwhile, to explore the influences of sample size and the content of hybrids, the paraffin samples filled with chopped hybrids were prepared for the dielectric measurement in the microwave frequency range. The minimum reflection loss (RL min ) and effective absorption bandwidth (EAB, RL≤-10 dB) were calculated based on the tested dielectric permittivity. It was found that the performances of EMW absorption were highly related to the length of CNT in the hybrids. By optimization of CVD reaction conditions, the hybrids with suitable CNT's length and growth density can provide an effective approach to fabricate the composites with high EMW absorption performance.

Experiments and characterizations

The SiC f (Boxiang New Material Co.) was desized at 600 °C for 120 min in the air.

Then, the treated SiC f was immersed in 0.02 g/ml ferrocene/xylene solution for 60 min. The floating catalyst CVD method was used to deposit the CNT on the SiC f . The reaction temperature of the CVD method was 700 °C with an atmosphere mixed with Ar, H 2 , and C 2 H 2, while 0.05 g/ml ferrocene/xylene solution was used as catalyst precursor [START_REF] Liu | In-situ Growing Carbon Nanotubes on Nickel Modified Glass Fiber Reinforced Epoxy Composites for EMI Application[END_REF]. The studied reaction durations were 2, 5, 10, and 15 min, respectively.

The composition and micromorphology of the samples were characterized by thermogravimetric analysis (TGA), Raman spectrometer, X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

The electromagnetic parameters of the samples were tested by a vector network analyzer (Agilent 8720ET) in the frequency range of 2-18 GHz. The dielectric loss (

) was determined as the ratio between the imaginary part ( ) and the real part ( ) of relative dielectric permittivity [START_REF] Huang | Enhancement of the microwave absorption properties of PyC-SiCf/SiC composites by electrophoretic deposition of SiC nanowires on SiC fibers[END_REF]. Debye relaxation process is another important mechanism for absorbing EMW of dielectric loss materials. In spite of the different origins, various types of polarizations at microwave and millimeter-wave ranges can be described in a similar qualitative way. Considering the dielectric loss characteristics caused by the relaxation process, the relationship of and can be described as the following equation:

Results and discussion

(

Herein, and represent static dielectric constant and optic dielectric constant, respectively. According to Eq. ( 1), every single semicircle in the curve of -was called the Cole-Cole semicircle, corresponding to the Debye dipolar relaxation, and one semicircle is associated with one Debye dipolar relaxation process. As shown in The EMW absorption properties of the samples were evaluated by RL curves based on the measured electromagnetic parameters. According to the transmission line theory, RL at different frequencies (2-18 GHz) and thicknesses (1-5 mm) could be calculated by the following equations [START_REF] Zhu | Synthesis and electromagnetic wave absorption properties of peanut shell-like SiC fibers[END_REF][START_REF] Huang | Enhancement of the microwave absorption properties of PyC-SiCf/SiC composites by electrophoretic deposition of SiC nanowires on SiC fibers[END_REF]:

(2) (3) 
Where and represented the input impedance and the impedance of free space;

and were the relative magnetic permeability and relative dielectric permittivity; and d represented the frequency and the corresponding thickness, and was the speed of light in the vacuum. Generally, the high-performance of EMW absorption depended on two factors, attenuation capability (α) and impedance matching (Z). On one hand, α was usually used to measure the attenuation capability of EMW for the absorber which is described as [START_REF] Dong | Construction of MnO nanoparticles anchored on SiC whiskers for superior electromagnetic wave absorption[END_REF]:

The variation of α value with frequency was shown in Figure 7 and On the other hand, besides α, the impedance matching (Z) also influenced the EMW absorption performance and it was described as the ratio between the input impedance ( ) and the impedance of the free space ( ), i.e., . When Z in was equal to or close to Z 0 , Z was equal to or close to 1, EMW would enter into the interior of the material to the greatest extent, rather than being reflected at the interface. In addition, the destructive interference theory accounted for the RL min would shift to low frequency with the increase of the absorber's thickness. The relationship of the corresponding thickness ( ) and frequency ( ) could be explained by the quarterwavelength equation [START_REF] Huang | Enhanced microwave absorption properties of carbon nanofibers functionalized by FeCo coatings[END_REF]:

(n=1, 3, 5 ...) (5) 
where λ was the wavelength of EMW and was the measured frequency. The values of RL, , and Z were shown in Figure 8. The RL min was achieved at the frequency of the and the corresponding thickness of the when Z was equal to or close to 1. The closer the Z value to 1, the larger RL min could be achieved, and then the higher ability to absorb EMW. of the fibers makes it easy to form a conductive network, which also promotes the attenuation of EMW. Secondly, there are abundant interfaces in SiC f -CNT composites, which can effectively cause the scattering of EMW so that results in a consumption of energy. Finally, a suitable impedance match by adjusting the CNT content is favorable for the entrance of EMW into the SiC f -CNT composite, instead of being reflected directly on the surface of the composite. Therefore, the synergistic effects concluded by the mentioned three points assure the high-performance microwave absorption performance of SiC f -CNT composite.

Conclusion

In this work, SiC f -CNTs hybrids with controlled CNT array morphology were successfully synthesized by the floating catalyst CVD method. By controlling the CVD reaction conditions, the length and growth density of CNTs could be adjusted, which allowed us to study the morphological effects of CNTs on EMW absorption.

Besides, the EMW absorption performances were also associated with the content of the hybrids in the paraffin and the thickness of the sample. By comparison with the dielectric properties of different samples, the best absorption performance was obtained by the SiC f -CNTs hybrid with 15 minutes CVD reaction and 20% mass ratio
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 11 Figure1showed the SEM and TEM images of the desized SiC f and the SiC f -CNTs

Figure 2

 2 Figure 2 TGA analysis of samples: (a) room temperature to 800 o C; (b) 500 to 630 o C. TGA was conducted from room temperature to 800 o C in the air to evaluate CNT's
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 4 Figure 4 presented Raman spectra of the samples. As presented by Raman spectra, the D band and G band appeared at 1330 cm -1 and 1598 cm -1 which were the typical
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 5 Figure 5 Dielectric properties of the SiC f and SiC f -CNTs hybrids in paraffin with a
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 6 Figure 6 Reflection loss curves for different thicknesses of 20 wt.% SiC f and SiC f -
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 7 Figure 7Attenuation constant of the samples with a mass ratio of 20%.

  Figure S4, the α value increased with CVD growth duration, indicating that the content of CNTs should be the key factor for attenuation. Moreover, the same tendency of α with varied CVD growth durations was displayed in both Figure 7 and Figure S4. The large values of α would lead to impedance mismatch and consequently, result in degraded EMW absorption performance. Therefore, a reasonable value of α by tuning CVD duration could determine the EMW absorption performance of SiC f -CNTs.
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 8 Figure 8 RL, t m , and Z values of different CNTs CVD growth times of 10 min with a filler loading of 20 wt.%.

  

  

Table 1

 1 EM wave absorption properties of CNTs on fibers.According to the above analysis, the excellent EMW performance and the wide EAB achieved by the SiC f -CNT composites mainly stem from the synergistic effects of strong intrinsic attenuation capability, interfacial scattering and the proper impedance matching. Firstly, the loss of the composites has increased as the CNTs content increases because of the high conductivity of CNT. Meanwhile, the high aspect ratio

	materials	Filler loading (wt.%)	RL min (dB)	EAB (GHz)	Thickness (mm)	Ref.
	CNTs/AHFS	40	-46.83	7.2	2.5	[20]
	CNTs-SiC f /SiC	-	-24	-	-	[21]
	CNTs/carbon fiber	20	-43.46	3.5	2.0	[22]
	CNTs/carbon fiber	-	-42	2.7	2.5	[23]
	CNTs/Co/carbon	10	-53.5	8.02	2.0	[24]
	fiber					
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in paraffin: RL min of -56.2 dB (3 mm) with an EAB of 4.3 GHz. The excellent performances of SiC f -CNTs hybrids display high potential in EMW absorber media applications with multi-function.
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