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Abstract

:

We report a fusedly deposited frequency-selective composite (FD-FSCs), fabricated with a dual-nozzle 3D printer using a conductive carbon black (CB) polylactic acid (PLA) composite filament and a pure PLA polymer filament. The square frequency-selective pattern was constructed by the conductive CB/PLA nanocomposite, and the apertures of the pattern were filled with the pure dielectric PLA material, which allows the FD-FSC to maintain one single plane, even under bending, and also affects the resonating frequency due to the characteristic impedance of PLA (εr′ ≈ 2.0). The number of the deposition layer and the printing direction were observed to affect electrical conductivity, complex permittivity, and the frequency selectivity of the FD-FSCs. In addition, the FD-FSCs designed for an X-band showed partial transmission around the resonant frequency and was observed to, quite uniformly, transmit microwaves in the decibel level of −2.17~−2.83 dB in the whole X-band, unlike a metallic frequency selective surface with full transmission at the resonance frequency. FD-FSCs embedded radar absorbing structure (RAS) demonstrates an excellent microwave absorption and a wide effective bandwidth. At a thickness of 4.3 mm, the 10 dB bandwidth covered the entire X-band (8.2~12.4 GHz) range of 4.2 GHz. Therefore, the proposed FD-FSCs fabricated by dual-nozzle 3D printing can be an impedance modifier to expand the design space and the application of radar absorbing materials and structures.
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1. Introduction


Additive manufacturing has garnered attention as an innovative manufacturing technique because it can reduce material waste, save energy, and lower prototyping costs. This method, with manufacturing flexibility, has been developed in a variety of applications including electrochemical energy storage devices (lithium-ion batteries [1], spiral electrodes [2]), biofabrication (tissues and organs [3,4]), aerospace or lightweight structures (gas turbine engine [5], honeycomb [6,7], and lattice [8]), and other research fields. Additive manufacturing depends on the types of materials and additive methods [1,2,3,4,5,6,7,8,9,10]. In fused deposition modeling (FDM) [6,7,8,9,10], one of the representative additive manufacturing methods, a polymeric filament is melted and extruded from a nozzle, and then a designed structure is built up one layer at a time. In general, due to the method of stacking filaments with a circular cross-section one by one, the layers can be clearly counted by observation of microstructures of the cross section or edge of the structure. Physical properties of the 3D-printed structures are observed to be anisotropic in mechanical [9] and thermal [9,10] properties, depending on the printing and stacking direction.



When detecting an aircraft, radars sense electromagnetic (EM) signals backscattered from the targets. Radar cross-section (RCS), a measure of the size of the reflected radar signal [11], should be minimized in stealth technology. Radar cross-section reduction (RCSR) technology has become an important factor in protecting aircraft from radar detection. The radar cross-section reduction (RCSR) technology includes the shaping of targeting objects, reflecting the radar signal out of the radar range and also the material design covering the object surface absorbing radar signals [12,13,14,15,16].



The design of the material includes radar absorbing materials (RAMs) [12,13,14] with dielectric, electrically conductive, or magnetic particles in polymeric binders, radar absorbing structures (RASs) with fiber-reinforced composites with carbon fibers or glass fibers [15,16], and frequency selective surfaces (FSSs) [17,18] consisting of a periodic pattern made of a conductive material represented by metals using chemical etching [17,18,19], particulate composites by coating, (3D) printing, and impregnating [20,21,22,23,24,25], and textile composites with hybrid continuous glass or carbon fibers [25,26]. The additive manufacturing can be utilized to realize the material approaches for RCS reduction [22,23,24,27,28,29].



The FSS has a periodic surface structure that transmits, reflects, or absorbs EM waves in the resonant frequency band [17,18]. The inductive FSS, with a periodic aperture, passes microwaves at around the resonant frequency, while the capacitive FSS with a periodic metallic patch reflects EM waves for the corresponding resonant frequency. Since the transmission/absorption frequency band changes according to the pattern geometry, various studies have been made for designing and tailoring the transmission and the absorption of EM waves [17,18].



With the advantage of additive manufacturing for the quick prototyping of complex shape structures, FSSs have been designed and their characteristics were investigated. Composite filaments of copper particles dispersed in polylactic acid were used to print a FSS with circular apertures of 2.13 mm in thickness, 20.6 mm in diameter, and 28 mm in between, on a 4 mm Rohacell foam substrate, and the FSS showed a stop band characteristic as inductive FSS in the X-band [22]. A mixture of a vinyl polymer and a carbohydrate was 3D-printed to make the FSS of silver-coated dipole elements folded in the volume of 13 × 13 × 21 mm3, and the FSS possessed resonant frequencies (fres) at around 2 GHz and 3.2 GHz for different orthogonal planes, respectively, due to its three dimensionality [23]. Another composite filament composed of flaky carbonyl iron particles (FCIPs) and polyether-ether-ketone (PEEK) was used to fabricate a complex-gradient FSS with the thickness of 10 mm and −10 dB absorbing bandwidth in the broadband of 5.1 to 40 GHz [24].



Aside from the FDM-based FSS, there were studies of FSSs with a combination of types of additive manufacturing–materials, such as inkjet printing–silver nanoparticle ink on polyester cotton fabric square aperture of 28 × 28 mm2 as unit cell and 0.5 mm in thickness for fres~3 GHz [27], stereolithography apparatus (SLA)–Al2O3/SiC whisker (SiCw) by chemical vapor infiltration (CVI) honeycomb pattern with a diameter of 0.5 mm and a wall height of 3.5 mm for −10 dB absorbing bandwidth in the whole X-band (8.2~12.4 GHz) [28], and SLA–a resin (with a permittivity of 2.4) gradient-refractive-index radar absorbing structure (GRIN-RAS) of the outer and inner radii of 109 mm and 58 mm, respectively, for −10 dB absorbing bandwidth in the Ku-band by multi-layer structuring with a ferromagnetic rubber sheet [29].



In this paper, a fusedly deposited frequency-selective composite (FD-FSC) with a square pattern shown in Figure 1A was designed for X-band microwave absorption, and it was fabricated with the fused deposition modeling using carbon black (CB) polylactic acid (PLA) composite filament. The characteristics of FD-FSC were investigated in terms of properties of the deposited composites and the number of printed layers, and the effect of filling in the aperture was also evaluated. Additionally, RAS with a FD-FSC embedded in pure PLA layers were devised and its reflection loss was analyzed.




2. Materials and Methods


2.1. Materials


The conductive filament (CDP1xxxx, Proto-pasta, US) suited for 3D printing was used in this study, containing the conductive carbon particles and PLA resin. The weight content of the carbon particles is 21.4 wt%. The filament was made in a way that CB particles and PLA resin were first put into an injection machine, and then the materials were melted and mixed through an auger screw extrusion. The composite (CB/PLA) filament was melted at 195–225 °C and its relative density was 1.24 g/cc. The printing temperature was setup at 250 °C. For the aperture region generated by the conductive filament printing, a pure PLA filament (PLA+ filament, Shenzhen Esun Industrial Co., Ltd., Shenzhen, China) was used.




2.2. Preparation of FD-FSC


A square aperture FD-FSC was fabricated by FDM and its size of aperture (A) and the unit cell (C), in Figure 1A was calculated by Equation (S3). FDM is a type of material extrusion additive manufacturing, according to the ISO/ASTM standards. In Table S1, A = 16.8 mm, C = 24.0 mm for fres = 11.7 GHz. The air-aperture FD-FSC and the PLA-aperture FD-FSC were fabricated by dual-nozzle printing, as shown in Figure 1B,C.



The processing parameters of the 3D printing are summarized in Table 1 and shown in Figure 1B, including the infill setting, temperature, condition of retraction, and printing. The infill settings affect the thickness and width of a line or layer. The line width (wl) and infill line distance (dl) were set as 0.8 mm and 0.6 mm in order to tightly contact the infill lines. The line or layer thickness (tl) was measured 0.2 mm on average.



Top and side views of the square-aperture FD-FSC were shown in Figure 1C,D. In Figure 1C, the pattern fabrication was carried out in a one-printing direction. The directions parallel and perpendicular to the printing direction were set up as x-direction and y-direction, respectively. As shown in Figure 1D, FD-FSCs were fabricated with the number of layers, n = 1, 3, 5, 7, and 9, respectively. The five types of the FD-FSCs were prepared by the dimension of 150 mm × 150 mm for measurement of microwave property with the constant printing speed of 30 mm/s.




2.3. Measurement


In order to investigate effects of the printing direction to material properties [30], microstructures of the cross section in the x- and y-directions of the FD-FSCs were observed by using a scanning electron microscopy (S-4300SE, HITACHI, Tokyo, Japan). The printed FSCs were fractured after submerging in liquid nitrogen.



The electrical conductivity of the five types of FD-FSCs, with regard to the number of layers or the total thicknesses, was measured in the x- and y-directions using a digital multimeter 34465A (Keysight, Santa Rosa, CA, USA), respectively. A silver paste, ACH35001LV (Protavic Korea, Daejeon, South Korea) was used as an electrode, and it was coated on the surface of the FD-FSCs and cured in an oven at 90 °C for 30 min and then 175 °C for 1 h.



To measure permittivity of FSC, the specimens were fabricated in the dimension of 150 mm × 150 mm with the different number of layers, for an example, 0.6 mm in thickness for the three-layer printing. The free space measurement system was employed to measure the transmission loss of the transverse electromagnetic (TEM) waves, and it has a pair of spot-focusing horn-lens antennas, a network analyzer (HP 8510C), and a data acquisition computer system. The specimens were placed at the center of the space between the two horn-lens antennas. For the minimization of multiple reflections, time-domain gating of the network analyzer and TRL (through-reflect-line) calibration were used [15,25].





3. Results and Discussion


3.1. Microstructure of Conductive FD-FSC


Figure 2A shows the PLA-aperture FD-FSC under fabrication with the dual nozzle 3D printing equipment. In Figure 2A, there is a yellow filament in the left nozzle. This is the pure polymer filament entering the extrusion head, while the other nozzle contains the black conductive filament. Figure 2B shows that once fabricated, it can be flexible with a single curvature by filling in the aperture area, while that air aperture one can’t be. Figure 3 displays microstructures in the directions parallel (in Figure 3A,B) and perpendicular (in Figure 3C,D) to the printing direction. The fractured surface was prepared by Figure 1D and was drawn as schematic of Figure 3A. The upper surface of a layer has round edges, while the lower surface is flat, and thus the pore shape is like a tent-like triangle in Figure 3A in the printing direction, whereas such a pore shape was not observed in the perpendicular direction, as shown in Figure 3B. The pore size could be minimized by adjusting the infill line width (wl) and distance (dl), in comparison with a 3D-printed heater case [30]. Figure 3B,D show CBs are well distributed in the PLA resin. The interfacial adhesion of CB particles and the resin is observed to be needing enhancement, and a proper surface treatment of the carbon particles can be adopted [31].




3.2. Anisotropic Characteristics of Electrical Properties


The measured electrical conductivity and permittivity of PLA and conductive CB/PLA composites is shown in Figure 4. Both electrical conductivity and permittivity of 3D-printed FSS were found to be anisotropic. In Figure 4A, the electrical conductivity in the x-direction (σx) is higher than in the y-direction (σy) on the same thickness. σx and σy are in the ranges of 16–21 S/m and 15–18 S/m, respectively. Electrical anisotropy may be attributed to the alignment and networking of the conductive CB particle along the printing flow direction. For the y-direction perpendicular to the printing direction, the CB particles can be connected in inter-filament paths [30,32]. Different types of carbon particles, carbon nanotubes, carbon fibers [9], and graphene [33], are also observed to be aligned in the 3D-printing direction, which induces the anisotropic nature due to the different degrees of interdiffusion and re-entanglement of the polymer chains and the alignment of conductive particles along the in-plane and out-of-plane directions [9].



The real and imaginary parts of the permittivity of the conductive filament printing plates with regard to frequency are displayed in Figure 4B–D. As shown in Figure S1, the measured values of the real permittivity of PLA were 1.94~1.99, and the dielectric loss tangent was 0.005~0.05 in the X-band. In Figure 4B, the real permittivity was observed to be constant regardless of frequency. The imaginary permittivity in Figure 4C and the tangent loss in Figure 4D gradually decreased with increasing frequency. This tendency is consistent with the result of the electrical conductivity, because the electrical conductivity is proportional to the imaginary permittivity [15].



The dependence of the permittivity on the number of the deposition layer is displayed at 10 GHz and 11.7 GHz in Figure 5. The latter corresponds to the resonant frequency of the designed FD-FSCs. As the number of the deposition layer increased, the real permittivity increased in Figure 5A, while the imaginary part decreased at the one single layer deposition. Then, in the almost constant level after three-layer printing, as shown in Figure 5B. In addition, the printing direction or x-direction showed higher values of permittivity than those in the out-of-printing direction or y-direction. This trend can be attributed to the degree of interdiffusion, alignment, and entanglement of the polymer chains, as well as the degree of formation of conductive path regarding printing direction [9,15,32,33].




3.3. Transmission Loss of FD-FSC


Based on the measured electrical conductivity and permittivity of PLA and CB/PLA composites in Figure 4 and Figure 5, the transmission loss of FD-FSCs, as designed in Table S1, with the sizes of aperture (A = 16.8 mm) and unit cell (C = 24.0 mm) for fres = 11.7 GHz was simulated by a commercial software, CST Microwave Studio (CST-MWS, CST Studio Suite 2021). The FD-FSCs with the number of deposition layers was modeled with a unit cell by placing a periodic boundary condition on four side surfaces of the simulation space, zero tangential magnetic fields on two facing surfaces, and zero tangential electric fields on the other two, as shown in Figure 6A. As shown in Figure 6B, the metallic FSS shows that the transmission loss is 0 dB, that is, full transmission, at the resonant frequency of 11.7 GHz. Unlike the metallic FSS, the PLA-aperture FSCs showed a partial transmission of microwaves around the resonant frequency. In addition, the resonant frequencies decreased as the number of the deposition layers increased, as shown in Figure 6C. The resonant frequency is defined as frequency corresponding to the minimum transmission. It can be attributed to the lower electrical conductivity of CB/PLA composites than that of a metal (~107 S/m) and also to the decrease in the electrical conductivity while increasing the number of the layers. The carbon fiber-based frequency selective fabric composite with the aperture filled with glass fiber/epoxy composite showed the similar partial transmission near the resonant frequency due to its electrical conductivity of 3.5 × 104 S/m [26]. The unique EM characteristic represented by the partial transmission around the resonant frequency can make the FD-FSCs an novel impedance modifier, and they can be incorporated with or embedded in RAM [12,13,14] or RAS [15,16,25].



The PLA-aperture FD-FSC and the air-aperture FD-FSC were compared for the three-layered configuration. As shown in Figure 7, the measured transmission losses were in good agreement with the simulated ones in both cases. The PLA-aperture FD-FSC does not allow the microwaves near fres to be transmitted over the the air-aperture FD-FSC, but conversely the transmission is in the lower frequency, at around 8.2 GHz. The dielectric loading effect in the aperture area can be figured out in the viewpoint of characteristic impedance of air (εr′ = 1) and PLA (εr′ ≈ 2.0) and impedance mismatching [17,25].




3.4. Electromagnetic Wave Absorption of FD-FSCs


The FD-FSC embedded Radar Absorbing Structure (RAS) is a multi-layered structure consisting of Front-PLA, FD-FSC, and Back-PLA. The thickness of Front-PLA and FD-FSC is 0.2 mm (tF) and 0.6 mm (3 layers), respectively. The thickness of Back-PLA (tB) was optimized (shown in Figure 8A). Figure 8B illustrates the reflection loss curves for FD-FSC embedded RAS with varying thicknesses of Back-PLA. As depicted in Figure 8B, there is a noticeable improvement in the microwave absorption performance of the Radar Absorbing Structure (RAS), with an increase in the thickness of Back-PLA from 1.0 mm to 3.5 mm. Specifically, when the Back-PLA thickness is 3.5 mm, the reflection loss values below −10 dB are observed in the X-band (8.2~12.4 GHz). This indicates a 10 dB bandwidth of 4.2 GHz. However, with a Back-PLA thickness of 4.0 mm, certain regions exhibit reflection loss values below −20 dB. Nevertheless, in the vicinity of 12.4 GHz, a loss of more than −10 dB is observed, and there is a slight decrease in the 10 dB bandwidth.



The microwave absorption properties of CB-based composites are compared and presented in Table 2. The FD-FSC-embedded Radar Absorbing Structure (RAS) in this study, despite having a somewhat thicker thickness, exhibits strong absorption performance compared to other CB-based structures with similar content. Further details regarding the property comparison based on filler content are illustrated in Figure 9A,B. Additionally, in Figure 9, the particle weight percentages are indicated within parentheses.



Figure 9A represents the 10 dB Bandwidth (BW) according to filler content. Only when CB is used as the filler, the FD-FSC-embedded Radar Absorbing Structure (RAS) demonstrates a stronger absorption performance compared to other structures. The variations in performance and properties at similar content levels can be attributed to the characteristics of CB (composition, content, shape, degree of agglomeration, and electromagnetic properties) [34], as well as the characteristics of the matrix (chemical structure, content, electromagnetic properties, viscosity, surface energy) and the processing factors affecting dispersion and fabrication of films or composites, including filler alignment [35,36]. Figure 9B illustrates the complex permittivity according to filler content. In most studies, regardless of the filler content, the real part tends to exhibit similar values. However, it is notable that the imaginary part of FD-FSC is significantly higher compared to other studies. According to the free electric theory [37], an imaginary part could be obtained to be ε″ ≈ σ/2πfε0, where σ is electrical conductivity, f is frequency and ε0 is the dielectric constant in vacuum. As observed in Figure 3, the even dispersion of CB in FD-FSCs seems to form a well-established conductive network, contributing to its elevated ε″. Generally, the real and imaginary parts of permittivity of CB composites are observed to increase as the content of CB increases [16,38,39,40], which is consistent with the material behaviors shown in MWNT-loaded GF/EP plain weave composite [15], CB/EP-based glass fabric composite [16], CB/TPU-based composite sheet [38], CB/PP(Polypropylene) composites [39], and CB/PLA/TPU (Thermoplastic polyurethane) composites [40].



 





Table 2. Comparison of microwave absorption properties of carbon black-based composites.






Table 2. Comparison of microwave absorption properties of carbon black-based composites.





	
Filler

	
Polymer

Matrix

	
Thickness

(mm)

	
Permittivity

(at 10 GHz)

	
10 dB BW (GHz)

	
Ref.




	

	
Type

	
Wt%






	
CB only

	
CB

	
21.4

	
PLA

	
4.3

	
17.1–j22.2

	
4.2 (8.2–12.4)

	
Our work




	
CB

	
2.0

	
Epoxy

	
2.7

	
3.0–j7.5

	
3 (8.5~11.5)

	
[16]




	
CB

	
10.0

	
TPU

	
1.8

	
12.0–j4.0

	
2.9 (11.1~14.0)

	
[38]




	
CB

	
10.0

	
PP

	
2.8

	
12.0–j10.0

	
4.6 (8.8~13.4)

	
[39]




	
CB

	
21.0

	
PLA/TPU

	
2.57

	
12.0–j3.8

	
3.8 (8~11.8)

	
[40]




	
Binary

Particles

	
CB/BaTiO3

	
10.5/5.0

	
PVDF

	
2.5

	
13.0–j0.5

	
2.0 (8.3~10.3)

	
[41]




	
CB/CIP

	
20.0/25.0

	
Epoxy

	
1.5

	
-

	
3.8 (14.2~18)

	
[42]




	
CB/SiC

	
5.0/60.0

	
Epoxy

	
2.0

	
-

	
6.0 (6.4~12.4)

	
[43]













4. Conclusions


The fusedly deposited frequency selective composites (FD-FSCs) were fabricated by the dual-nozzle 3D printing. Inductive types of FD-FSCs with a square aperture were investigated using a conductive CB/PLA filament and a pure PLA filament. The dual-nozzle 3D printing made it possible for the FD-FSCs to be flexible with a single curvature. FD-FSCs were found to have a frequency selectivity depending on the printing direction and the number of the deposition layers, but they can also have a partial transmission around the resonant frequency. A PLA-aperture FD-FSC with a three-layer deposition was demonstrated to evaluate the transmission modification, and it was observed to quite uniformly transmit microwaves in the decibel level of −2.17~−2.83 dB in the whole X-band. FD-FSCs embedded with RAS exhibited excellent microwave absorption and a wide effective bandwidth. At a thickness of 4.3 mm, the 10 dB bandwidth covered the entire X-band range of 4.2 GHz (8.2~12.4 GHz), showcasing an outstanding performance. It may be concluded that the FD-FSCs, covering inductive types with an aperture, as well as capacitive types with a conductive patch, can function as microwave filter or impedance modifier and can be applied to RAMs or RASs to broaden microwave absorption.
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Figure 1. Schematics of (A) square frequency selective surface (FSS), (B) dual nozzle printing, (C) PLA-aperture fusedly deposited frequency selective composite (FD-FSC), and (D) multiple layer stacking by 3D printing, with printing and filament feeding directions. 
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Figure 2. Photographs of (A) PLA-aperture FD-FSC under dual nozzle 3D printing process, and (B) fabricated FD-FSC under bending. 
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Figure 3. SEM images of cross section of conductive filament part of FD-FSC (A,B) parallel to printing direction, (C,D) vertical to printing direction. 
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Figure 4. Material properties of 3D-printed plates with conductive CB/PLA filament. (A) Electrical conductivity, (B) real part, (C) imaginary part, and (D) loss tangent of permittivity, with regard to frequency, thickness, and printing direction. 
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Figure 5. Permittivity of 3D-printed plates with conductive CB/PLA filament. (A) Real part and (B) dielectric loss tangent at 10 GHz and 11.7 GHz. 






Figure 5. Permittivity of 3D-printed plates with conductive CB/PLA filament. (A) Real part and (B) dielectric loss tangent at 10 GHz and 11.7 GHz.



[image: Polymers 16 00786 g005]







[image: Polymers 16 00786 g006] 





Figure 6. (A) Schematic of boundary conditions of microwave simulation using the unit cell of FD-FSCs, and the simulated results of (B) the transmission losses and (C) the resonant frequencies for the designed PLA-aperture FD-FSCs with regard to the number of layers. 






Figure 6. (A) Schematic of boundary conditions of microwave simulation using the unit cell of FD-FSCs, and the simulated results of (B) the transmission losses and (C) the resonant frequencies for the designed PLA-aperture FD-FSCs with regard to the number of layers.



[image: Polymers 16 00786 g006]







[image: Polymers 16 00786 g007] 





Figure 7. Simulated and measured transmission losses vs. frequency of (A) air-aperture FD-FSC and (B) PLA-aperture FD-FSC (where the yellow color is the PLA filling) for the three-layer deposition (0.6 mm in thickness) for the design parameters of the aperture size (A = 16.8 mm) and unit cell (C = 24.0 mm). 
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Figure 8. (A) Schematic of FD-FSC-embedded RAS and (B) the simulated results of reflection loss. 
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Figure 9. (A) 10 dB bandwidth and (B) complex permittivity according to filler content of the carbon black-based composites. 
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Table 1. Printing parameters of the single nozzle 3D printer.
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Infill Settings

	
Retraction

	
Printing




	
Specimen

	
Line

Thickness

tl (mm)

	
Line

Width

wl (mm)

	
Infill

Line Distance

dl (mm)

	
Distance

(mm)

	
Speed

(mm/s)

	
Infill Density

(%)

	
Speed

(mm/s)

	
Number of

Print Layers






	
1 layer

	
0.2

	
0.8

	
0.6

	
6.7

	
25

	
100

	
30

	
1




	
3 layers

	
0.2

	
0.8

	
0.6

	
6.7

	
25

	
100

	
30

	
3




	
5 layers

	
0.2

	
0.8

	
0.6

	
6.7

	
25

	
100

	
30

	
5




	
7 layers

	
0.2

	
0.8

	
0.6

	
6.7

	
25

	
100

	
30

	
7




	
9 layers

	
0.2

	
0.8

	
0.6

	
6.7

	
25

	
100

	
30

	
9
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