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2.4. Variables 

 The experiments were separated by three stages.  The structures variables and schematics 

are presented in Table 1 and Figure 12.  Initially, the native polymer substrates (Figure 13a and 

13b) were coated with 100 and 300 nm single layers of Al, Cu, and Ag. Then two layers were 

deposited in layers of 50 and 150 nm with a total thickness of 100 and 300 nm of Al, Cu, and Ag.  

The double layers consisted of Al on Cu, Cu on Al, Al on Ag, Ag on Al, Cu on Ag, and Ag on 

Cu.  The third stage was of depositing on the polymer composites (Figure 13c) with increasing 

CNF concentration.  Table 1 provides the metals used, the number of layers, the thickness of the 

films, and the substrates used.  Figure 10, displays the schematics of the structures with variable 

coating, layers, and substrates.  Only 30 g of polymer and fibers was inserted in the mixing 

chamber and CNF concentration used was 10, 15, and 20 wt.%.  Therefore, 3 g of CNF was used 

with 27 g of polymer, 4.5 g of CNF was used with 25.5 g of polymer and 6 g of CNF was used 

with 24 g of polymer. 

Table 1: Structure Variables 

Thin Film Metals  Ag, Cu, Al (M)  
Single Layers M1 (100nm and 300nm)  
Double Layers  M1 (50nm) + M2 (50nm); M1 (150nm) + M2 (150nm)  

Substrates HDPE; PSB; HDPE with 10, 15, 20%CNF; PSB with 10, 15, 20%CNF 

 

Figure 12: Schematics of deposited layers on various substrates. 
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Figure 13: (a) HDPE, (b) SBC, and (c) CNF/Polymer composite substrates. 

2.5. EM Source 

 Electromagnetic Interference Shielding Effectiveness was performed in the range of 0.3 

to 1,300 MHz according to ASTM D4935-99 (Standard Test Method for Measuring 

Electromagnetic Shielding Effectiveness of Planar Materials) by using a Hewlett Packard (HP) 

Network Analyzer 8712C represented in Figure 14a [34].  The method consisted of a placing a 

shielding material in the path of the EM wave.  The fixture that held the sample was connected to 

a coaxial cable and the sample was clamped between the flanges of the fixture.  The cables were 

then connected to a Reflection Port and a Transmission Port.  Coated samples always faced the 

reflection port.  The original fixture was redesigned to a smaller scale in order reduce the size of 

the testing material and test for higher frequency range.  The original fixture shown Figure 14b 

required a 113 mm diameter sample and the new fixture only used a 30 mm diameter.  The 

shielding effectiveness was calculated by using the following formula: 

SE (dB) = 10 log 𝑃1
𝑃2

 16 

The SE is a function of the ratio power transmitted with the material or load P1 and power 

transmitted without the material or reference P2 [8].  The reference measurement is provided 

from a washer looking like sample with a 7.32 mm diameter through hole, and the load did not 

require a hole and the dimensions of the sample is represented in Figure 14c. 

a b c 
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The XRD analysis confirmed that there were no contaminants and all obtained peaks 

represented the materials used [53, 54, 55].  In Figures 30 and 31, are the XRD curves in the 

order of native polymer, conductive polymer composite (CPC), and coating on CPC substrate.  

Figures 30 and 31 were used to characterize any unlabeled peaks, in which two appeared at 

approximately 33.62° and 36.26° 2θ .  It was observed from Figure 30 that the peaks do not 

appear until the CNF is added to the SBC substrate.  This confirms that the two peaks belong to 

CNF even though references such as [56, 57] in Figure 32 did not represent peaks in that area.  

The first and second carbon peaks in Figures 32a and 32b are (002) and (100) at 25.86° and 

43.02° 2θ, which are the highest intensities of graphite carbon and those same peaks appear in 

Figures 30 and 31. These peaks are not displayed in HDPE composites of Figure 31, because of 

the relatively high intensity peaks. 

 

Figure 32: XRD from references [56, 57] (a) Carbon black and (b) carbon film. 

For further confirmation, the XRD analysis of Al, Ag, samples and CNF was obtained 

and the results are shown in Figures 33 – 35 [58].  In this XRD analysis, all curves contain CNF 

and the peaks near 33.62° and 36.26° 2θ continue to appear on SBC substrates.  The peaks are 

not as obvious in Figures 33 and 34, where the carbon in the 20 wt.% CNF/SBC substrate shows 

a relative high intensity peaks on the (002) plane. 
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Figure 33: XRD of Al on 10, 15 and 20 wt.% CNF/SBC composite substrates. 

 

Figure 34: XRD of Al on 10, 15 and 20 wt.% CNF/HDPE composite substrates. 
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Figure 43: Filler distribution observed in a SEM image of Al on 20 wt.% CNF/HDPE substrate. 

 

Figure 44: SEM from cross section of Al on 20 wt.% CNF/HDPE substrate. 
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Figure 48: AFM of a 15%CNF/SBC substrate. 

 

Figure 49: AFM of a 15%CNF/HPDE substrate. 
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Figure 50: AFM of 100 nm Ag on 15%CNF/SBC structure. 

 

Figure 51: AFM of 100 nm Ag on 15%CNF/HDPE structure. 
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Figure 52: AFM of 100 nm Ag on glass. 

 Besides the surface roughness the AFM can measure skin film thickness at high 

resolution [60].  A tape was placed on a glass before deposition and then removed to provide a 

reference depth.  From Figure 52, three distinct film thickness measurements were performed 

using the section analysis from the Nanoscope application.  It was reported by the SEM in 

section 4.2 that the film thickness of Al was measured to be an average of 110 nm.  Using the 

AFM, Ag coating measured 76, 74, and 86 nm and can been shown in Figures 53 – 55.  The 

target deposition was 100 nm, but it was observed that the film thickness did not make a 

significant difference in the SE.  However, the variance in film thickness can be a reason for not 

approaching theoretical SE results. 
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Figure 53: Section analysis of Ag on Glass measured 75.679 nm. 

 

Figure 54: Section analysis of Ag on Glass measured 73.566 nm 

 

Figure 55: Section analysis of Ag on Glass measured 86.405 nm 
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4.4. Surface Influence on SE 

 To prove that the surface roughness has an influence on the native SBC and HDPE 

substrates (without CNF) were scratched with a brass wire brush as shown in Figure 56.  The 

substrates were then coated with 100 nm of Al, Cu, and Ag and the results are shown in Figure 

57 – 59.  The graphs showed that the shielding effectiveness decreased for all films. 

According to the analysis from XRD and AFM, it is concluded that a crystalline structure 

has a smooth surface roughness.  When depositing crystalline materials such as metals, the 

crystals will tend to grow in their preferred orientation.  HDPE has a crystalline structure and, 

therefore, it has a smoother surface than SBC which has an amorphous structure.  It was 

previously reported that an increase of film thickness (100 to 300 nm) increased the shielding 

effectiveness of native SBC substrates.  It is then consequently observed that a thicker film filled 

in the crevices of the rough surface on a SBC substrate and in result smoothing the topography.  

Additionally, the SEM images showed that the CNFs were dispersed under surface of the thin 

film (Figure 44).  The CNF, also have crystalline structures and increased the degree crystallinity 

in the SBC composite substrate.  Then the SE of SBC based substrates was observed to 

outperform HDPE based substrates. 

   

Figure 56: Scratched surfaces on coated substrates. 
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Figure 57: SE of Al on rough substrates. 

 

Figure 58: SE of Cu on rough substrates. 

 

Figure 59: SE of Ag on rough substrates. 
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4.5. Adhesion Test 

 A final product will consist of a good adhesion.  Following the ASTM 3359, the adhesion 

test was performed by 10 scratches and 10 perpendicular scratches of the coating.  A crystal clear 

duct tape was then applied to the scratched region and pressed down with the eraser from a 

pencil.  After 30 seconds, the tape was removed slowly at 180°.  The area was optically inspected 

and a rating was giving which was provided by the standard.  It was observed from Table 10, that 

50, 100 and 300 nm of Cu had a poor adhesion on HDPE by scoring 100 % removal [61].  SBC 

overall outperformed HDPE, which was said to provide a preferred surface for film growth.  For 

example, Al and Ag adhered better on SBC than on HDPE.  The addition of CNF, actually 

improved the adhesion for Cu and HDPE, but had no change for SBC based substrate. 

Table 10: ASTM 3359-02-B Tape Test 

Sample % Removal 
50 Cu HDPE 100 
100 Cu HDPE 100 
100 Cu SBC 0 

300 Cu HDPE 100 
100 Al HDPE 15 
100 Al SBC 0 

100 Ag HDPE 5 
100 Ag SBC 0 

100 Cu 10% CNF/HDPE 5 
100 Cu 10% CNF/SBC 0 

100 Cu 15% CNF/HDPE 5 
100 Cu 15% CNF/SBC 0 

100 Ag 10% CNF/HDPE 15 
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CHAPTER V 
 
 

CONCLUSION 
 
 

 The shielding effectiveness of two different polymeric materials (SBC and HDPE) was 

tested after metallic thin films depositions and CNF reinforcement of the matrix.  The shielding 

effectiveness was also tested for 100 nm and 300 nm thickness of metallic coatings and no 

improvement was observed in the case of higher thickness.  Reflection as the prime mechanism 

in metallic thin films shielding effectiveness proves to be independent of film thickness but 

dependent on the material properties.  Thinner layers (100 nm) having good shielding is 

preferable for lower weight and cost effective considerations.  It was observed that the substrate 

polymer played an important role; when analyzed after metallic thin film deposition.  The HDPE 

samples displayed higher SE values than those of the SBC samples.  Using CNF reinforcement 

of SBC it was observed an increase in SE with increased CNF addition up to values of 29 dB for 

20 wt.% CNF/SBC at 1,300 MHz and 24 dB for 20 wt.% CNF/HDPE at 1,300 MHz.  The 

combination of Al thin films coating and CNF reinforcement of HDPE showed higher SE values 

for all structures than each method used alone. For example for Al thin films deposited on 10 

wt.% CNF/SBC the SE improved to 53 dB compared to only 12 dB for CNF reinforcement and 

44 dB for only Al thin films depositions at 1,300 MHz.  Higher CNF addition of 15 and 20 wt.% 

compared to 10 wt.% had less effect upon the overall SE improvement of the coated structures.  

The increased shielding effectiveness is the result of different mechanisms acting synergistic for 

the structures composed of metallic thin films and CNF reinforced polymers.  In the case of only 
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metallic thin films deposited on native polymers, reflection is considered the dominant 

mechanism; a portion of the incident electromagnetic wave is reflected from the shielding 

surface due to the mobile carriers interacting with the incoming EM waves whereas the 

remaining penetrates into the barrier.  For structures composed of metallic thin films and CNF 

polymers it was observed an additive effect to the overall SE, indicating contributing SE 

mechanisms from both the metallic thin films and from the carbon nanofibers reinforced 

substrates.  The absorption did not contribute because the metals had a relative magnetic 

permeability of µ = 1 and the skin depth were above the film thickness.  Double layers did not 

prove to increase the reflection mechanism; therefore, they were not further analyzed for their 

shielding with CNF polymer composite substrates.  The SE increased with increasing CNF 

content and the percolation threshold for shielding was found at approximately 15 wt.%. 

The SE was influenced by the surface roughness which was proved in an experiment of 

scratching the substrates before deposition.  The AFM tapping mode proved that HDPE 

substrates were proven to be smoother than SBC.  According to the XRD analysis, HDPE had 

semi-crystalline structure and SBC had an amorphous structure.  The crystalline properties 

contributed to the lower surface roughness hence SE of HDPE outperformed SBC substrates. 

All Al and Ag thin films showed good adhesion to native SBC and HDPE substrate, but 

the amorphous properties SBC resulted in better adhesion than HDPE.  Cu had poor adhesion on 

HDPE substrates; however, with CNF addition, the adhesion of all metallic thin films to SBC 

remains optimum and it is improved for HDPE.  The SEM provided the ability to measure 110 

nm film thickness of Al on a 20 wt.% CNF/HDPE.  The average film thickness was measured by 

the AFM was 79 nm of Ag on glass. 
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 Overall, imperfections in the sample fabrication influence the SE.  The facts that different 

batches of CNF were employed, repeatable SE results were still accountable.  The SE can be 

improved by carefully removing all amorphous carbon in the purification process.  The mixing 

parameters were the same for both SBC and HDPE to fix variables but further studies can 

request changes for SBC because of its rubber content from the butadiene.  Mixing parameters 

can be manipulated by increasing the mixing time or changing the process in which the fibers 

can be aligned to increase conductive properties at lower CNF loading.  The molding process can 

be improved to produce smoother surfaces on all substrates by sanding and polishing the 

molding plates at every use and carefully handling the substrates through the preparation process 

before deposition.  More AFM analysis could be studied on the increase of film thickness for 

both HDPE and SBC substrates.  The SE could also be assumed to be increased with thicker 

films, because the surface roughness is improved by filling the crevices with deposited metal. 

 There are many variables that influence the SE, but a good sample will not be applied to 

an ideal environment.  The reality is that the EMI shields will be badly scratched upon used, and 

should be considered disposable and economical.  100 nm of Aluminum on 10 wt.% CNF/HDPE 

is the best shielding structure.  Al is the most economical of the three metals and 100 nm 

provided fair shielding.  With addition of low loading at 10 % of CNF, the shielding increased to 

an average rating and Al adhered well on HDPE.  Even with all the imperfections, 100 nm of Al 

on 10 wt.% CNF/HDPE substrates resulted in above average shielding rating of 53 dB at 1,300 

MHz; therefore, there is still room for improvement. 
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