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Abstract: Carbon composite ceramics have much attention for industry because of

their excellent properties such as strong toughness, high electrical conductivity as

well as low percolation threshold. Therefore, carbon nanotubes (CNTs) were used to

incorporate with silica ceramics in order to improve their electromagnetic properties.

The amount of CNTs in CNTs/silica composite ceramics was varied in order to

investigate its effect on morphologies and electromagnetic properties of those. The

composites were successfully fabricated by non-firing process. The results revealed

that the obtained CNTs/silica composite ceramic have an electrical resistivity of

66.6Q2ecm with a bending strength of 13.8Mpa. At the same time, the electromagnetic

wave absorption ability achieved 70% over a wild frequency. This indicates that the

CNTs in CNTs/silica composite ceramics may be potentially applied for an

electromagnetic wave reflective material.

KEYWORDS: Non-firing ceramic; Carbon nanotubes; Mechano-chemical process;

Electromagnetic property.



1. Introduction

Numerous research studies have investigated carbon nanotubes (CNTs) since

lijima announced the first observation of carbon nanotubes, which developed a new

research field of one-dimensional carbon nano-materials [1]. CNTs show outstanding

properties of excellent electricity [2,3], mechanics, such as high compressive strength

[4,5], anisotropy of thermology [6-7], field emission characteristics [8], and also the

adsorption ability of organic and inorganic pollutants [9-11]. These properties have

attracted researchers’ attention to synthesize carbon nanotubes composites such as the

CNTs/metal matrix composite [12], CNTs/polymer matrix composite [13-17], and

also CNTs reinforced ceramic composites [3,18-20]. Among the common synthetic

materials, the CNTs/ceramic composites were supposed to enhance the

electro-conductivity when compared with the original ceramic materials since it can

confer a continuous electrical conductive path even with very low percolation

thresholds. The research of CNTs by adding to ceramics as a conductive filler mainly

focused on regulating the filler’s concentration to improve conductivity, and also

developing the appropriate fabrication method that can maintain a high aspect ratio



and the CNTs nanostructure which should always be regarded as one of the most

important factors for the CNTs/ceramic composites.

As we have known, a high temperature sintering process is a necessary and

common method for ceramic material preparation to insure a high relative density.

However, both the sintering and calcination processes are not only consuming large

amounts of non-renewable energy resources, but also possibly doing harm to the

environment such as CO, SO; and dust emissions. Even if the spark plasma sinter

(SPS) technology can effectively reduce the powder sintering temperature, it still has

to be faced with a high power consumption and high pressure [20]. Moreover,

especially for the CNTs/ceramic composite, the high sintering temperature may

impact the carbon material nanotube microstructure and hamper the CNTs chemical

or mechanical properties to some extent.

In order to solve these problems, research groups proposed an environmental

friendly ceramic material fabrication method called a non-firing process [21,22]. The

non-firing process means treating surface of raw ceramic powder by mechanical

planetary ball mill activation [23] and continuously dispersing powder in an alkaline



solvent [24] to form precipitates and then eventually prepare ceramics solidified body.

In addition, the fabrication processes should proceed at a much lower temperature

(80°C) than the sintering method, so that it effectively achieves the effect of reducing

cost and energy without requiring any other special sintering equipment.

The carbon material was believed to be then ultimate reinforcement of ceramic

composites by incorporating it with the SiO> ceramic matrix. In this study, we

prepared CNTs/silica composite ceramics by a non-firing process and investigated the

influence of different CNTs weight percentages on the composite properties such as

microstructure, morphology, mechanical behavior, electro-conductivity, and also

electromagnetic wave reflectivity especially at the Ku-band frequencies.

2. Experimental details

2.1 Materials and Preparation

A planetary ball mill with zirconia vials and zirconia balls (2 balls of ®1.5cm

and 25g of ®0.5cm) was used to activate the amorphous SiO; (SO-C1, prepared by

VMC method, Admatechs Company Limited) surface at a revolution rate of 200 r/m

for 15 minutes. The single-walled carbon nanotubes in this study were well structured



with typical diameters in the range of 5-10 nm and an ideal length-diameter ratio of

greater than 1,000 (Zeon Corporation). To prepare the ceramic composite, quartz

powder (KS-100, F-plan) and raw CNTs were first mixed with a moderate amount of

ethanol by a 30-minute sonication and 24-hour tumbler ball mill. For the next step,

the solution was dried into powder via vacuum-rotary evaporation to remove the

ethanol. The existence of quartz during the process made an attribute to not only

prevent the shrinkage of the ceramic solid process, as well as dispersing the CNTs

into solution.

The quartz/carbon nanotubes compounded powder was then mixed with

activated SiO», and transferred into a resin tumbler bottle with small zirconia balls for

4 hours to ensure good mixing of the materials. After a sufficient tumbler ball milling,

a 1 mol/L KOH solution was dropped to powder to prepare the ceramic slurry. Finally,

slurry was mixed an electric mixer, and then kept 5 hours at 80°C for it to solidify.

To investigate the effect of the CNTs amount on the ceramic composite, different

carbon weight fraction of 0.07 %, 0.15 %, 0.30 % and 0.60 % in the blended silica

powder were prepared. Amount of other components were listed in Table. 1.



2.2 Characterization

Raman spectrometer (NRS-3100, JASCO Corporation) was used to determine

the graphitization and structural defects of carbon materials at room temperature.

Scanning electron microscopy (SEM) (JSM-7000F, JEOL Limited) observed the

morphology of the ceramic body and a transmission electron microscope (TEM)

(JEM-2100F, JEOL Limited) investigated the combined structure between the

Si0,-Si0; particles and boundary between the CNTs-SiO» particles. For properties,

the electrical conductivity was measured by the four-probe Van der Pauw method [25].

The three-point bending strength of the ceramic bulks was measured using a precision

universal/tensile tester (AGS-G series, SHIMADZU Corporation.) with an average of

5 samples. The measurement proceeded at a 0.5% mm/min cross-head speed at room

temperature, and the dimensions of the samples were fixed at 0.5 cm x Icm X 5 cm

(thickness x width X length). The electromagnetic wave reflectivity was measured by

a free space method in the frequency range from 8.2-110.0 GHz (Microwave network

analyzer, N5227A, Keysight Technologies).

3. Results and discussion



3.1 Raman spectra

The Raman spectra of the raw CNTs and silica-carbon nanotubes composite were

measured to investigate the present condition of carbon in the composite (Fig. 1). The

characteristic bands of the carbon material are the D-band and G-band, existing in the

Raman shift at ~1350 cm™ and 1550-1605 cm™, respectively. The G-band is an

intrinsic feature associated with a high degree of symmetry and well ordered carbon

nanotubes, which is closely related to the vibrations in all carbon materials formed by

SP? hybridization. Meanwhile, the D-band is induced by disorder and defects [26].

As shown in Fig. 1, both the raw CNTs and composite show a higher intensity of

the G-band compared to the D-band. The R-value (intensity ratio of D-band to G-band)

determines the degree of graphitization. After calculating, The R-value of raw CNTs

(Rraw= 0.37) is lower than that of silica-CNTs composite with 0.6 wt.% CNTs (Rio=

0.97), which is mainly attributed to a symmetry-lowering effect due to defects, the

presence of SiO2 nanoparticles, and also the amorphous carbon produced during the

ball milling process [27,28].

3.2 Morphology of composites



Typical SEM images of the CNTs-ceramic composite cross-section view are

shown in Fig. 2. By increasing the amount of CNTs from (a) 0.07 wt.% to (b) 0.15

wt.%, (c) 0.30 wt. % and (d) 0.60 wt.%, it can be clearly observed that the carbon

nanotubes effectively entangled into the silica matrix like bundles to form a network

consisting of CNTs, which provide interlinked electro-conductive pathways among

the composites. The samples presented three types of disorderly structures can be seen

from high magnification images (e) and (f); i.e., inhomogeneous polyhedron quartz in

(e), spherical silica nanoparticles combined with each other and a tube-like carbon

material with about 10 nm diameter in (f). These three kinds of structures intersected

with each other.

Focusing on Fig. 2 (d), the silica-CNTs composite possesses a superior and

denser network microstructure than that of the lower CNTs amounts. The composite

shows comparatively homogeneously dispersed carbon nanotubes in the silica matrix

without affecting the formation and solidification of the ceramic base. Meanwhile, no

more carbon material and a structure other than the nanotubes can be observed during

the non-firing preparation process at a lower temperature than other sintering



processes.

Fig. 3 shows TEM images of the combined structure between the Si0>-SiO»

particles ((a) and (b)) and boundary between the CNTs- SiO> particles ((c) and (d)).

With the addition of a certain amount of KOH (1 mol/L, 2.88g) into the silica-CNTs

slurry, raw spherical and size inhomogeneous SiO; particles form a smooth internal

combination between each other as shown in Fig. 3 (a) and (b), which ensures the

physical properties of the ceramic material. After solidification, the residual KOH

kept 0.71 wt.% in all samples. This morphology is highly consistent with the

perspectives that planetary milling process leads to the occurrence of an activation

reaction mechanism which means an increase in the specific surface activity of the

amorphous silica powder [29], and also the slurry of the Si-rich pre-treated by the

mechano-chemical activation should efficiently react with alkaline solution (in this

work KOH) and form new chemical bonds [30]. Focusing on Fig. 3 (c¢) and (d),

intimate contact between the nanotubes and silica combination structures was

observed in this composite. During the formation of the Si0,-SiO> continuum, carbon

material still remained as bundles and tubes with a high draw ratio to determine the



CNTs network pathway structure.

3.3 Electro-conductivity and bending strength

The bending strength tested by the three-point method and electrical resistivity

by the four-probe method are both shown in Figure. 4. The CNTs amount dependence

of the electro-conductivity of the silica/CNTs amount can be apparently observed. The

experimental results show that the electrical resistivity decreased with increasing

CNTs amount, which suggests that the formation of the electro-conductive network

made a contribution to ensuring electrons move freely in the material. After the CNTs

were mixed into the silica, electro-resistivity rapidly decreased from 4574.2 Qecm to

1244.1 Qecm, and finally reached 66.6 Qecm, in the range of the semiconductor

conductivity, which is close to the metallic conductor threshold after calculating to

conductivity[31,32]. Non-firing process provided high-temperature and high-pressure

[18] damaging carbon nanotubes stucture in composite by literature as high as 1300

°C to obtain electrical conductivity 107'% s/cm with 0.23 vol.% (0.11 wt.%) , , and also

decreasing the possibility of conversing to Si-C or Si-O-C, leading to incresing of

electrical conductivity when compared to sintering process.



When the weight percentage of the CNTs increased, there is a slightly downward

trend of the sample’s bending strength. It can be considered that with the addition of

carbon nanotubes, transferring of the stress inside ceramic matrix will loose on

account of the weak interface between the CNTs and silica ceramic when compared

with the non-CNTs ceramic materials. With a higher CNTs weight percentage in

composite, agglomeration also increased, which affects the mechanical properties

since it reduces the densification degree of the samples.

The bending strength is an important parameter for both the ceramic material and

ceramic composite, in this case, focusing on improving the interface structure and

decreasing the porosity should be an effective method to improve the mechanical

properties.

3.4 Electromagnetic wave reflectivity

Since the free space method is a true and practical test for samples without

requiring specific sizes and shapes, complete contact with a waveguide is also not

required when compared to other methods [33]. As shown in Eq. (1), the power

coefficient of the electromagnetic wave propagating in a material was described by



the Transmissivity (T), Reflectivity (R) and Absorptivity (A) [34]. In order to simplify

the discussion, multi-reflection will not be considered here.

T+R+A=1 (1)

A schematic diagram of the experimental method is shown in Fig. 5. The

electromagnetic wave as an incident wave enters the samples vertically and separates

into three parts: reflection (R), absorption (A1) and transmission (Ti). Since a metal

obstacle is located on the backside of the sample, it can be assumed that the

transmission part (T1) reflects into the sample again without any energy loses and

reflection. The absorption and transmission occur again in the sample being

abbreviated as Az and T, respectively. The antenna setting in the vertical direction

receives R and T2 finally and was directly measured using a network analyzer. In

conclusion, Eq. (2) is a redaction on based on of Eq. (1) shown below:

(Al tA)+(R+T2)=1 (2)

In this study, the free space method was chosen to evaluate the electromagnetic

wave shielding ability of the CNTs/silica composite ceramics with different CNTs

amounts. This measurement covers a wide frequency range from 8.2 to 110.0 GHz,



and especially focusing on the frequency range from 12.0 to 18.0 GHz (Ku-band)

shown in Fig. 6, which is used in the satellite communication field. Based on the

results, the resonance of the absorption ratio occurs, which can be considered as the

skin effect and the CNTs length to the incident wavelength. The absorption ratio also

tends to be stable and as high as 90% has been achieved in the high frequency range.

With the increase of CNTs weight percentage, absorption ratio of ceramic composite

shows a decreasing trend. Combined with Eq. (1), it can be considered that the ability

of (R + T2) gradually increasing with the increase amount of the CNTs. The

composites show structural applications as a kind of effective material in the

electromagnetic wave reflectivity filed .

4. Conclusions

By combining the mechano-chemical activation and reactive solution, an

efficient and energy-saving process was proposed to fabricate functional ceramics

without any calcination and sintering processes. By increasing the amount of

incorporated CNTs, a continuous path was formed effectively to generate the

electro-conductivity of ceramic material. The CNTs/silica composite ceramics show



an electromagnetic shielding ability with the increasing amount of the carbon

material.

The silica-based ceramic materials fabricated in this study still have types of

properties to be perfect, such as the mechanical strength and improvement of the

electromagnetic wave reflective ability, while this research proposed and realized the

probability of a functional ceramic material using a more facile and environmental

method.
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Fig. 1. Raman spectra of (a) raw carbon nanotubes and (b) silica-carbon nanotubes

composite with 1.0 vol.% content of carbon nanotubes.



Fig. 2. SEM images of composite with different carbon nanotubes volume

percentages from cross-section view. (a) 0.125 vol.% (b) 0.25 vol.% (c) 0.5 vol.% and

(d) 1.0 vol-%. High magnification images of (e)(f) 1.0 vol.%



Fig. 3. TEM images of composite powders (a) combined structure between

Si0>-SiO: particles (low magnification) (b) combined structure between Si0>-SiO>

particles (high magnification) (c) boundary between CNTs- SiO: particles (low

magnification) and (d) boundary between CNTs- SiO: particles (high magnification).
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Fig. 6. Electromagnetic wave reflection ratio of CNTs/ceramic nanocomposites with

different CNTs amounts.



