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Abstract

:

Using a sample coated with three types of carbon-based paints, namely single-wall carbon nanotube (SWCNTs), carbon black, and graphite, the amount of radio wave absorption for each was measured. SWCNTs proved to have the superior radio wave absorption effect in the millimeter band. Considering the change in the amount of radio wave absorption depending on the coating amount, three different coating thicknesses were prepared for each test material. The measurement frequency was set to two frequency bands of 28 GHz and 75 GHz, and the measurement method was carried out based on Japanese Industrial Standard (JIS) R1679 “Radio wave absorption characteristic measurement method in the millimeter wave band of the radio wave absorber.” As for the amount of radio wave absorption in the 28 GHz band, a maximum amount of radio wave absorption of about 6 dB was obtained when 35 m of CNT spray paint was applied. It was confirmed that the carbon black paint came to about 60% that of the SWCNT, and the graphite paint did not obtain much radio wave absorption even when the coating thickness was changed. Furthermore, even in the 75 GHz band, the radio wave absorption was about 7 dB when 16 μm of CNT spray paint was applied, showing the maximum value. Within these experimental results, the CNT spray paint has a higher amount of radio wave absorption in the millimeter wave band than paints using general carbon materials. Its effectiveness could be confirmed even with a very thin coating thickness of 35 μm or less. It was also confirmed that even with the same paint, the radio wave absorption effect changes depending on the difference in coating thickness and the condition of the coated surface.
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1. Introduction


The environment surrounding us is undergoing major changes, such as the spread of infectious diseases on a global scale and the increasing scale of natural disasters. In tackling these political, economic, and social issues, we must work towards a “safe and secure society.” In the field of wireless technology, 5G, IoT, millimeter-wave imaging technology, etc., are being rapidly developed as newer necessary technologies to realize a “safe and secure society”. Although those newer technologies have not enjoyed extensively widespread use until more recently, the utilization of a frequency band called millimeter waves is drawing particular attention [1].



Millimeter waves are radio waves with a frequency of 30 GHz to 300 GHz and a wavelength of 1 cm to 1 mm. Within radio waves, they are in a frequency band closer to light, and have properties relatively similar to light. They have a very strong straightness and cannot transmit far, but they have a large transmission capacity and are capable of high-speed data communication [2]. On the other hand, with millimeter waves, which are rapidly being used in various technologies, there is concern that the radio wave environment will deteriorate due to interference. Thus, there is an urgent need to develop technology to control the radio wave environment.



In recent years, attention has been focused on various shapes of micro/nanostructures, such as rods, tubes, beams, plates, and shells, and their mechanical behaviors [2]. In particular, carbon nanotubes are attracting attention. CNTs are tubular, fibrous, one-dimensional materials consisting only of carbon with a diameter of nanometers [3]. CNTs are extremely lightweight because their constituents are only carbon atoms. CNTs can be classified into single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) according to their structure (see Figure 1).



Reinforced composites such as carbon nanotubes are new nanomaterials, and their mechanical behavior has recently been attention-grabbing in materials science and engineering science due to their excellent mechanical and electrical properties after fusion with a matrix [4,5].



The radio wave absorption effect of SWCNTs (single-walled carbon nanotubes) is attracting attention as a technology for controlling the radio wave environment, but its specific characteristics have not yet been fully studied.



By comparing the radio wave absorption effect in the millimeter wave band within conventionally used carbon-based material and SWCNTs in this paper, the purpose of the study is to verify the possibility of using SWCNTs as radio wave absorbers for the millimeter wave band.




2. Background of Electromagnetic Absorption


Various electromagnetic waves are widely used in many areas, making our daily lives convenient [6]. For example, a wide variety of electromagnetic wave-based electronic devices such as mobile phones, WiFi, Bluetooth, Near Field Communication (NFC), and wireless charging have been developed and play important roles [7,8]. So, the widespread practical application of various electronic devices and dense systems will cause electromagnetic interference (EMI), which might cause more and more serious problems, such as the malfunction of electronic devices and effects on the human body [9]. Moreover, the wireless devices we use generate unwanted electromagnetic waves that affect other wireless devices [10].



In recent years, as represented by fifth-generation mobile communication systems (5G) and autonomous driving, the frequency band of electromagnetic waves used has been expanded to high frequency bands including millimeter waves. Therefore, there is an urgent need to develop electromagnetic shielding materials and establish evaluation methods [11]. Accordingly, the development of the latest radio wave absorbers and electromagnetic shielding materials using artificial materials that do not exist in the natural world, and evaluation methods, are being researched [12,13]. The artificial material referred to here is a two-dimensional or three-dimensional periodic arrangement of metal wires, metal patterns, and so on. Their radiometric characteristics are significantly different from those of ordinary conductive materials, dielectrics, and magnetic materials existing in nature.



In the field of electromagnetic wave-shielding research, electromagnetic wave-shielding measures for suppressing noise caused by electronic devices and electrical automobile components, electromagnetic wave radiation reduction measures for semiconductor packages, and electromagnetic wave-shielding measures for medical facilities and studios have been implemented. Research on shielding measures in necessary facilities and evaluation methods for electromagnetic wave shielding performance are also being conducted [14]. In addition, compared to the fourth-generation mobile communication system (4G) and wireless LAN radio, the fifth-generation mobile communication system (5G), which shifts to a higher frequency band, uses millimeter-wave band frequencies, meaning radio waves can be used. Due to the strength of straightness, it seems that the shield has a large effect on the radio wave propagation characteristics. Since this will have a great impact on indoor and outdoor coverage areas, research on the analysis and evaluation of the radio wave environment with consideration to the shielding-loss characteristics of vehicles and human bodies is also underway [15].



On the other hand, in the field of radio wave absorber research, it is ideal to have a wide band and high absorption performance. However, recently, a radio wave absorber with a narrow band absorption performance specialized for a specific purpose and having various added values such as thinning and weight reduction has been proposed [14,15,16,17]. Furthermore, in the research field on the evaluation of material constants of absorbent materials, various measuring methods for a high frequency region which have been difficult to measure in the past have been proposed. This has become possible since the performance of measuring instruments such as vector network analyzers have been dramatically improved. In this way, research and development of electromagnetic wave absorbers and electromagnetic wave-shielding materials are expected to become more and more important as their use in various fields expands in the near future.



Currently, a sheet type of commercialized electromagnetic wave-shielding material, a mixture of rubber and carbon-based material, is the mainstream [14,18,19,20,21,22,23]. These electromagnetic wave-shielding materials are not elastic, are difficult to install in uneven or curved parts, and may be peeled off in deformed parts, so that they are difficult to install. As a method to solve such problems, a CNT paint has been developed in which various carbon-based materials including CNT are well dispersed. S. Chiba and M. Waki have succeeded in spraying carbon nanotubes (CNTs) by treating and dispersing them via a special method (see Figure 2). The spray using ZEON’s SWCNTs (ZEONANO®-SG101, Zeon corp., Tokyo, Japan) is particularly excellent. This CNT paint can be applied by spraying it like a general paint, and it can be easily applied to uneven or curved parts. Moreover, since it has elasticity, it is difficult to peel off even if it is applied to a deformed part. It is also easy to install on structures that have already been installed [24,25,26,27].



As an example of special usage, attempts have been made to improve the amount of power generation by absorbing as many electromagnetic waves as possible in a photovoltaic power generation system [28,29]. Other research focuses on the stealth effect [27].




3. Experimental Procedure


3.1. Purpose of the Experiment


The purpose was to measure the amount of radio wave absorption of three types of carbon-based paints, including CNT spray paints, and to verify the superiority of CNT spray paints. As for the sample material, three thicknesses of each sample material were prepared in consideration of the influence of the coating amount. The frequencies to be verified were two frequency bands, the 28 GHz band used for 5G and the like and the 75 GHz band used for in-vehicle radar systems. The 77 GHz band is used for the in-vehicle radar system, but within this experiment, the measurement was performed at 75 GHz due to the equipment. The measurement method was carried out based on the Japanese Industrial Standard (JIS) R1679’s “Radio wave absorption characteristic measurement method in the millimeter wave band of the radio wave absorber” [30].




3.2. Sample Preparation


The sample material used for the verification of the radio wave absorption effect was prepared using a foamed polypropylene plate with a width of 170 mm, a height of 225 mm, a thickness of 3 mm and a smooth surface (See Figure 3).



The paints used for the test material were three types of carbon-based paints, SWCNTs, carbon black, and graphite, which were manually applied to the foamed polypropylene plate using a general spray gun. This work was performed by Fukoku Co., Ltd. (Saitama, Japan) [31]. The coating thickness was calculated by measuring the thickness of the sample material before and after coating with a micrometer and calculating the difference. Figure 4a–c shows the various test materials created.




3.3. Equipment for Verifying Radio Wave Absorption Effect


3.3.1. Outline of the Radio Wave Absorption Verification System


The outline of the verification system is shown in Figure 5.



The radio wave absorption verification system is roughly divided into a transmission system and a reception system:



The transmission system consists of Sweep Generator (HP 8350B & 83595A) and Multiplier (HP 83554A). By multiplying the 13.25 GHz to the 14.75 GHz RF signal oscillated from the Sweep Generator by Multiplier, an RF signal from 26.5 GHz to 29.5 GHz is created and transmitted from the horn antenna for transmission. The receiving system consists of a Scalar network analyzer (WILTRON 562) and an RF Detector (WILTRON 560-7K50). The RF signal received from the receiving horn antenna is detected by the RF Detector and transmitted by the Scalar network analyzer. The loss is measured. Figure 6 shows the Sweep Generator (HP 8350B & 83595A) and the Scalar network analyzer (WILTRON 562).




3.3.2. Antenna Installation Position


The transmitting and receiving horn antennas should be installed in the Franhofer area. The distance (R) that gives the boundary between the Fresnel region and the Franhofer region can be calculated from the directional gain (Gd) of the horn antenna, π is Pi, and the free space wavelength (λ) of the transmission/reception frequency. (Refer to JIS R1679) [30].


R = Gdλ/2π



(1)







The directivity gain (Gd) of the Horn Antenna can be calculated from the effective maximum dimension (Dm) of the aperture surface, Pi (π) and the free space wavelength (λ) of the transmission/reception frequency (Refer to JIS R1679) [26].


Gd = 4πDm2/λ2



(2)







The distance that gives the boundary between the Fresnel region and the Franhofer region in each frequency band calculated using Equation (1) is shown below:



In the 28 GHz band, assuming that the test frequency is 28 GHz and the directional gain of the antenna is 14.5 dB, the distance that gives the boundary between the Fresnel region and the Franhofer region is calculated to be 243.7 mm. The position where the transmitting and receiving horn antennas were actually installed was set to 500 mm, which is about twice the distance of the boundary between the Fresnel region and the Franhofer region. In the 75 GHz band, each antenna was installed at a position of 250 mm. This is also about twice the distance of the boundary between the Fresnel region and the Franhofer region calculated from each condition. In this experiment, the nominal value was used for the antenna directivity gain (Gd), but if the gain was not disclosed, it could be calculated using Equation (2).




3.3.3. Outline of Antenna for 28 GHz Band


Figure 7 shows the receiving horn antenna and RF Detector, and the transmitting horn antenna and Multiplier used for the 28 GHz band measurement. The receiving horn antenna and the RF Detector were connected using a waveguide/coaxial connector converter. The transmitting horn antenna and Multiplier were connected using an isolator in order to reduce the influence of reflected waves. A laser marker was attached to each antenna so that the angle of incidence could be visually confirmed.



Figure 8 shows the outline of the installation of the antenna and the sample stand.



The transmitting and receiving horn antennas were installed in a 6-axis precision adjustment mechanism to adjust the height, angle, tilt, etc. These adjustments were made using a laser marking device and a digital level (See Figure 8). The laser marking device used here has a gyro mechanism and automatically draws horizontal and vertical laser beams on the front and both sides. This was used to adjust the installation position and angle of each antenna and the sample stand.



Note: The laser marking device and digital level used for adjustment were removed during measurement, but the laser markers installed on each antenna were operated during measurement to monitor the angle of incidence.




3.3.4. Outline of the Verification System for the Amount of Radio Wave Absorption for the 75 GHz Band


The 75 GHz band verification system used the same equipment as the 28 GHz band, except for the horn antenna, Multiplier, and reception down converter. Figure 9 shows an outline of the installation of a horn antenna for the 75 GHz band, a Multiplier, and a down converter for reception.



The transmission system generated an RF signal from 74.1 GHz to 75.9 GHz by multiplying the RF signal from 12.35 GHz to 12.65 GHz oscillated from the Sweep Generator by 6 with the Multiplier. The receiving system used a down converter in which a frequency 73 GHz lower than the received frequency is output as an intermediate frequency (IF). By supplying this IF output to the RF Detector, the transmission loss was measured. The down converter used here is a super heterodyne method because it has high sensitivity and is less affected by unnecessary waves.




3.3.5. Sample Stand


The test material stand was made of foamed polypropylene and was installed on an infrared-controlled rotary tape using a 2-axis precision stage to adjust the tilt. After installing the sample material, the installation angle of the sample material stand was finely adjusted by the infrared controller while monitoring the transmission loss (See Figure 10).






4. Measurement Result of Radio Wave Absorption


4.1. 28 GHz Band Radio Wave Absorption


The sweep generator was set so that the center frequency of the signal output from the transmitting antenna was 28 GHz, and the sweep frequency was from 26.5 GHz to 29.5 GHz.



The marker for the level measurement of the Scalar network analyzer was set to 28 GHz, and the level resolution was set to 10 dB/1 Division. Figure 11, Figure 12, Figure 13 and Figure 14 show a copy of the Scalar network analyzer screen during measurement. Figure 11a is a copy of the measurement screen at the time of calibration. It can be confirmed that the value in the measurement frequency band is linear when nearly at 0 dB. Calibration was performed based on the Japanese Industrial Standard R1679 using a polished aluminum plate. Figure 11b is a screen copy of the calibration and the measurement of only the expanded polypropylene used for the substrate. It can be confirmed that there is no change from the value at the time of calibration even if the foamed polypropylene is installed. This indicates that the expanded polypropylene does not affect the radio wave absorption effect. The decibel value in parentheses indicates the amount of radio wave absorption.



Figure 12, Figure 13 and Figure 14 are screen copies of the CNT spray paint, carbon black paint, and graphite paint when the amount of radio wave absorption is measured. The decibel value in parentheses is the amount of radio wave absorption. The value is attenuated by absorbing radio waves from the reference value obtained by the calibration with the sample material. Although the measured value shows a minus, the minus is omitted for the radio wave absorption amount.



It can be seen that the amount of radio wave absorption of the CNT spray paint is the largest, as shown in Figure 12. With CNT spray paint, the amount of radio wave absorption was the largest at 5.91 dB with a coating thickness of 35 μm. Figure 13 shows the amount of radio wave absorption with the carbon black paint. When the coating thickness was 16 μm, a maximum radio wave absorption amount of 3.29 dB was obtained, which is smaller than that of the CNT spray paint. Figure 14 shows the amount of radio wave absorption with the graphite paint. When the coating thickness was 36 μm, a maximum radio wave absorption amount of 1.44 dB was obtained, which is the smallest value among the three carbon materials.



From these facts, it can be seen that the amount of radio wave absorption varies greatly depending on the type of sample material and also the coating thickness.




4.2. 75 GHz Band Radio Wave Absorption


In the 75 GHz band, the Sweep Generator was set so that the signal output from the transmitting antenna had a center frequency of 75 GHz and a sweep frequency of 74.1 GHz to 75.9 GHz. The marker for the level measurement of the Scalar network analyzer was set to 75 GHz, and the level resolution was set to 10 dB/1 Division. Figure 15, Figure 16, Figure 17 and Figure 18 show screen copies of the Scalar network analyzer during measurement.



Figure 15a is a copy of the measurement screen at the time of calibration. It can be confirmed that the value in the measurement frequency band is linear when nearly 0 dB. The aluminum plate used for calibration is mirror-finished so that the surface unevenness is 1/10 or less (0.4 mm or less) of the wavelength in order to prevent diffused reflection from surface unevenness.



Figure 15b is a screen copy of the calibration and the measurement of only the expanded polypropylene used for the substrate.



In the 75 GHz band, due to the effect of installing the expanded polypropylene, it repeatedly increases/decreases slightly in the 350 MHz cycle. However, since the range of change is as small as about 0.3 dB, it was judged that it would not have a significant effect on the measurement results.



Figure 16 shows the radio wave absorption of CNT spray paint, Figure 17 shows the carbon black paint, and Figure 18 shows the amount of radio wave absorption of graphite paint. Since variations in the measured values were confirmed at the measurement points, measurements were performed at the upper and lower parts of the sample, but the screen copies of Figure 16, Figure 17 and Figure 18 show only the best values.



With CNT spray paint, the amount of radio wave absorption was the largest at 7.14 dB with a coating thickness of 16 μm. This is a little larger than the amount of radio wave absorption in the 28 GHz band (see Figure 16). With carbon black paint, a maximum amount of radio wave absorption of 3.03 dB was obtained when the coating thickness was 35 μm (see Figure 17). In addition, graphite paint showed a maximum amount of radio wave absorption of 0.93 dB when the coating thickness was 36 μm, but there was only a maximum difference of 0.22 dB from the other coating thicknesses, so radio waves can be obtained regardless of the coating thickness. Almost no absorption effect was obtained (see Figure 18).



As mentioned above, even in the 75 GHz band, the amount of radio wave absorption shows the same tendency as in the 28 GHz band, and it can be seen that the amount of radio wave absorption of the CNT spray paint is the largest. In the 28 GHz band, the measurement frequency bandwidth was 3 GHz, but in the 75 GHz band, it was 800 MHz, which is relatively narrow, so the frequency characteristics could not be confirmed (see Figure 16). From these measurement results, it was also found that the amount of radio wave absorption varies greatly depending on the type of test material even if the frequency changes, and also changes depending on the coating thickness. Regarding the coating thickness, it was also found that the optimum thickness changes depending on the frequency.





5. Discussion


5.1. Measurement of 28 GHz Band


Table 1 summarizes the amount of radio wave absorption in the 28 GHz band measured for each coating thickness.



The maximum value of the radio wave absorption in the 28 GHz band was confirmed when 35 μm of CNT spray paint was applied. The carbon black paint obtained a radio wave absorption amount of about 60% of that of the CNT spray paint. It was confirmed that the graphite paint did not have much absorption effect even when the coating thickness was changed.



The amount of radio wave absorption of the CNT spray paint with a coating thickness of 16 μm is smaller than that of other paints, which is considered to be due to the fact that the coating thickness in the vicinity of the irradiation of radio waves is thin. In order to verify this, a part of the coating film of the test material used for the measurement was peeled off, and the coating thickness at the center of the test material was measured. The coating thickness was measured using a KEYENCE double-scan high-precision laser measuring instrument (LT-9500) and a sensor head with a camera function (LT-9010M). Figure 19 and Figure 20 show screen copies during measurement.



The black part on the right is the coating film, and the gray part on the left is the part where the coating film is peeled off. The numerical value at the top is the coating thickness at the center of the screen. The coating thickness was about 6–9 μm, and the thinnest part was 5.8 μm. (See Figure 19). In order to confirm the variation in coating thickness, the coating thickness at the top and bottom of the sample was also measured. The coating thickness was about 13–19 μm, and although there was a large variation, it could be seen that the coating was thicker than the central part (see Figure 20).



From this, it was confirmed that the radio wave absorption amount of the CNT spray paint with a coating thickness of 16 μm was lower than that of other carbon-based paints due to the influence of the variation in the coating thickness.



The difference in the amount of radio wave absorption depending on the coating thickness was observed in all the test materials, but it could be seen that the appropriate coating thickness differed depending on the material. In addition, when the coating thickness was 76 μm, the amount of radio wave absorption decreased in all the test materials. It is considered that this is because the amount of radio wave absorption decreased due to the increase in the amount of reflection.



The shape of CNTs tends to be elongated and difficult to spray compared to carbon grains and graphite grains. The coating sample used this time was prepared by Fukoku Co., Ltd., but it seems that there is a problem with the shape of their spray head, and it is presumed that this led to the above results being obtained. Next time, it will be necessary to reconfirm with a spray [24,25,26,27] that applies a nozzle developed by Chiba and Waki. This spray system has been developed to make it easier to create electrodes for dielectric elastomers [32,33]. The dielectric elastomer developed by Chiba and Waki uses this system to disperse the SWCNTs more evenly, resulting in a uniform thickness. It has become possible to show growth. In addition to the above, it is considered that a higher radio wave absorption effect can be obtained by realizing a CNT spray paint specializing in the radio wave absorption effect by adjusting the CNT dispersion conditions, the types of binders, the compounding ratios, etc. Furthermore, in order to reduce the cost, it is considered that the shielding characteristics can be controlled by adding another carbon-based material or changing the coating thicknesses. As another improvement method, a method of devising a three-dimensional structure, such as laminating the same components as the sample material, can be considered. Alternatively, a porous material can be used as the base material to be applied, and an effervescent material can be added to the binder of the CNT spray paint. Then, it seems that a three-dimensional structure will be possible without stacking, and it will be possible to improve the radio wave absorption effect more simply. Currently, it is being verified that the reflected wave can be reduced and the radio wave absorption effect can be improved by combining the CNT spray coating film and the space in the radio wave propagation path.



As a trial test, in order to simply verify the idea above, we created a sample using our CNT spray method and a highly foamable polypropylene with a thickness of 3 mm. The coating thickness at the measurement point was about 18 μm. Figure 21 shows a screen copy during measurement.



Even with a small amount of coating, the amount of radio wave absorption was improved by about 2.5 dB.




5.2. 75 GHz Band Measurement


Table 2 summarizes the amount of radio wave absorption in the 75 GHz band measured for each coating thickness.



Since variations in the measured values were confirmed depending on the measurement points, the measurement points were set at two points, the upper part and the lower part, with the center as the boundary, and the average value was calculated.



The maximum value of radio wave absorption in the 75 GHz band was confirmed when 16 μm of CNT spray paint was applied. It can be seen that the effect of the coating thickness is that the radio wave absorption amount decreases when the coating thickness is 35 μm and increases again when the coating thickness is 76 μm (See Table 2). It is presumed that this is because the coating conditions did not match the CNT spray paint, causing irregularities on the coated surface and diffusing the radio waves, resulting in an increase in the apparent amount of radio waves absorbed. Figure 22 shows the surface photographs of the sample coated with 16 μm of CNT spray paint and the sample coated with 76 μm.



In the sample material with a coating thickness of 15 μm, a slightly darker-colored part (the dented part) of about 0.25 mm can be confirmed, but in the sample material with a coating thickness of 76 μm, parts of about 1 mm are scattered. In addition, the light-colored part (convex part) can be confirmed more clearly. The JIS R1679 recommends that the surface roughness of the sample material be 1/10 or less of the free space wavelength. Since the free space wavelength of 75 GHz is 4 mm, the surface roughness of the sample must be 0.4 mm or less. In the sample material with a coating thickness of 76 μm, a part with a surface roughness of about 1 mm was confirmed. It is considered that radio waves were diffused due to this unevenness. These cases will also be reconfirmed using the spray nozzle developed by Chiba and Waki. The radio wave absorption of other test materials also showed the same tendency as 28 GHz, and the result was that the radio wave absorption effect could not be obtained with graphite paint. It was confirmed that the difference in the amount of radio wave absorption depending on the coating thickness is different from that in the 28 GHz band at the peak point. However, it also changes depending on the coating thickness.





6. Conclusions


It was not possible to confirm the practical effects of carbon black and graphite as radio wave absorbers. On the other hand, in the spray paint using SWCNT, a radio wave absorption effect of 5.91 dB was obtained in the 28 GHz band and when the coating thickness was 35 μm. In the 75 GHz band, a radio wave absorption effect of 6.96 dB was obtained when the coating thickness was 16 μm. However, the sample material used at the beginning showed a slightly lower value in the radio wave absorption in the 28 GHz band because the coating method was not appropriate. Therefore, by preparing a new uniformly coated test material and remeasuring it, we were able to obtain a radio wave absorption effect of 8.51 dB even in the 28 GHz band with a coating thickness of 18 μm.



As described above, the CNT spray paint is effective in a very thin coating film, displaying a large amount of radio wave absorption in the millimeter wave band and at a coating thickness of 18 μm or less. Even if the same paint is used, it is possible to suppress the radio wave absorption effect by changing the thickness of the coating. This shows that CNT spray paint is highly practical as a radio wave absorber in millimeter waves.



In the future, by adjusting each parameter of CNT spray paint, we would like to develop a radio wave absorber that suits the purpose and contributes to the improvement of the worsening electromagnetic wave environment.
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Figure 1. Illustration of SWCNTs and MWCNTs and a photo of dispersed SWCNTs (SEM 5000×). 
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Figure 2. Ultraflexible, thin film electrode formation with CNT spray: (a) Before applying the CNT spray; (b) After applying the CNT spray; (c) Even when stretched greatly, the LED remains on and the LED lights up. 
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Figure 3. Foamed polypropylene plate before painting. 
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Figure 4. Each sample used for verification: (a) CNT spray paint. Coating thickness: 16 μm [left], 35 μm [middle], 76 μm [right]; (b) Carbon black paint: Coating thickness: 16 μm [left], 35 μm [middle], 76 μm [right]; (c) Graphite paint: Coating thickness: 15 μm [left], 36 μm [middle], 74 μm [right]. 
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Figure 5. Outline of the radio wave absorption verification system. 
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Figure 6. Sweep Generator (HP 8350B & 83595A) and Scalar network analyzer (WILTRON 562). 
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Figure 7. (a) Receiving antenna and RF Detector; (b) Multiplier and transmitting antenna. 
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Figure 8. Outline of the installation of the antenna and sample stand, etc. 
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Figure 9. Outline of the installation of the verification system and sample material for 75 GHz band. 
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Figure 10. Sample stand installed on an infrared control type rotary table. 
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Figure 11. Changes in the amount of radio wave absorption depending on the board: (a) Calibration (−0.02 dB); (b) Foamed polypropylene (−0.06 dB). 
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Figure 12. Radio wave absorption of CNT spray paint: (a) Coating thickness 16 μm (0.52 dB); (b) Coating thickness 35 μm (5.91 dB); (c) Coating thickness 76 μm (3.29 dB). 






Figure 12. Radio wave absorption of CNT spray paint: (a) Coating thickness 16 μm (0.52 dB); (b) Coating thickness 35 μm (5.91 dB); (c) Coating thickness 76 μm (3.29 dB).



[image: Applsci 11 11490 g012]







[image: Applsci 11 11490 g013 550] 





Figure 13. Radio wave absorption of carbon black paint: (a) Coating thickness 16 μm (3.29 dB); (b) Coating thickness 35 μm (2.32 dB); (c) Coating thickness 76 μm (1.62 dB). 
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Figure 14. Radio wave absorption of graphite paints: (a) Coating thickness 15 μm (1.27 dB); (b) Coating thickness 36 μm (1.44 dB); (c) Coating thickness 74 μm (0.57 dB). 
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Figure 15. Changes in the amount of radio wave absorption depending on the board: (a) Calibration (+0.07 dB); (b) Foamed polypropylene (−0.01 dB). 
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Figure 16. Radio wave absorption of CNT spray paint: (a) Coating thickness 16 μm lower part (7.14 dB); (b) Coating thickness 35 μm upper part (1.45 dB); (c) Coating thickness 75 μm lower part (3.76 dB). 
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Figure 17. Radio wave absorption of carbon black paint: (a) Coating thickness 16 μm lower part (1.32 dB); (b) Coating thickness 35 μm upper part (3.03 dB); (c) Coating thickness 75 μm upper part (1.47 dB). 
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Figure 18. Radio wave absorption of graphite paint: (a) Coating thickness 15 μm upper part (0.77 dB); (b) Coating thickness 36 μm lower part (0.93 dB); (c) Coating thickness 74 μm upper part (0.71 dB). 
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Figure 19. Screen copy when measuring the thinnest part. 
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Figure 20. Coating thickness at the top and bottom of the sample: (a) top 13.2 μm; (b) bottom 18.6 μm. 
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Figure 21. Radio wave absorption of sample material created by our CNT spray method (8.51 dB). 
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Figure 22. Surface photograph of the sample material coated with CNT spray paint (magnification: 100 times). 
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Table 1. 28 GHz band radio wave absorption.
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Coating Thickness (μm)




	
16

	
35

	
76






	
Radio wave absorption (dB)

	
CNT spray paint

	
0.52

	
5.91

	
3.29




	
Carbon black paint

	
3.29

	
2.32

	
1.62




	
Graphite paint

	
1.27

	
1.44

	
0.57








Note: Graphite coating thickness is 15 μm, 36 μm, 74 μm.
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Table 2. Radio wave absorption in the 75 GHz band.
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Coating Thickness (μm)




	
16

	
35

	
76




	
Upper Part

	
Lower Part

	
Average Value

	
Upper Part

	
Lower Part

	
Average Value

	
Upper Part

	
Lower Part

	
Average Value






	
Radio wave absorption (dB)

	
CNT spray paint

	
6.78

	
7.14

	
6.96

	
1.45

	
1.18

	
1.32

	
2.26

	
3.76

	
3.01




	
Carbon black paint

	
1.25

	
1.32

	
1.29

	
3.03

	
2.96

	
3.00

	
1.47

	
1.40

	
1.44




	
Graphite paint

	
0.77

	
0.61

	
0.69

	
0.89

	
0.93

	
0.91

	
0.71

	
0.67

	
0.69








Note: Graphite coating thickness is 15 μm, 36 μm, 74 μm.
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