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ABSTRACT 

The non-conductive polymer matrix impedes carbon fiber’s excellent electrical conductivity in the 
carbon fiber reinforced polymer (CFRP) composites. Due to its low z-directional DC electrical 
conductivity, CFRP composites has limited application capabilities in lightning strike protection 
(LSP) and electromagnetic shielding. This research demonstrates the ability to manufacture 
lightweight and electrically conductive (i.e., z-direction) CNFs z-threaded porous CFRP 
composite utilizing just 50 % of epoxy used in the traditional composites. In this study, the radial 
flow alignment technique was used to z-thread carbon nanofibers (CNFs) into the carbon fiber 
fabric. Experimental results showed the z-directional DC electrical conductivity in the 0.85 wt% 
CNF z-threaded porous (P-ZT-CFRP) was 21.06 S/m, which is an increase of 778 % and 107 % 
compared to the traditional composite sample and P-CFRP (without nano-reinforcement) laminate, 
respectively. 
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1. INTRODUCTION 
Carbon fiber reinforced polymer (CFRP) composites have a high strength-to-weight, better anti-
fatigue, anti-aging features, high in-plane electrical conductivity, and corrosion-resistant features. 
With the characteristics of lightweight and high performance, CFRP composites are highly desired 
materials for aerospace, automotive, portable electronics, medical devices, and marine 
instruments. However, the out-of-plane direction (i.e., z-direction ) electrical conductivity is 
minimal compared to the in-plane direction. The minimal z-direction electrical conductivity has 
limited its applications in aircraft, wind turbine blades, electromagnetic shielding, lightning strike 
protection (LSP), damage detecting, strain/stress sensing, chemical, and thermal sensing [1,2]. The 
low conductive nature of CFRP composite is mainly due to the insulating matrix. Though, the 
polymer matrix reinforces the carbon fiber, it is also the weakest point of the material system. It 
makes the composite vulnerable to matrix-sensitive damage (e.g., compressive failure, 
delamination, and shear failure). The polymer matrix used, significantly reduces the electrical and 



thermal conductivity, especially in the through-thickness direction. Merely removing the polymer 
matrix out of the composite is not a feasible solution to the previously mentioned problems because 
the carbon fiber requires reinforcement to form a lightweight and robust material. Researchers all 
over the world have conducted studies attempting to overcome the weakness of the polymer matrix 
in the composite and reported the use of nanofillers (carbon nanotubes and carbon nanofibers) as 
a potential solution. Moreover, researchers have aligned the nanofillers in the host matrix to attain 
desired CFRP composite properties using different alignment techniques, e.g., mechanical force 
[3,4], magnetic field [5,6], electric field [7,8], shear flows [9], electrospinning [10,11], radial flow 
alignment (RFA) [12], and aligned resin film transfer method [13]. 

1.1 Related work 
Based on the previously conducted research, CNFs z-threaded CFRP laminates have been found 
useful in enhancing the thermal, electrical, and mechanical properties of CFRP laminates, which 
is presented in Table 1. The purpose of this paper is: (1) to prepare a polymer matrix containing 
50 % of the epoxy used in the traditional composites, (2) use the radial flow alignment technique 
(RFA)  in the new polymer matrix developed, (3) to develop ultralight porous CNF z-threaded 
nanocomposite, and (4) to measure through-thickness DC electrical conductivity (DC EC) of the 
porous CNFs z-threaded nanocomposite. The radial flow alignment technique is useful to produce 
CNFs z-threaded prepreg tape of width around 1 inch wide, which makes RFA a suitable candidate 
for the prepreg tape production methodology for additive manufacturing. The other advantages of 
RFA include the cost and time to set up this technology is less expensive compared to resin flow 
transfer (sponge method) [15]. 

Table 1. Z-threaded CFRP laminates thermal, electrical, and mechanical properties. 

Material 
Property 

CNF  
wt% CNF Type CF Type Resin Type Mfg. Method Control 

CFRP 
ZT-

CFRP Improvement 

Mode -I 
Delamination 

[14] 
0.1-0.3 PR-24-XT-PS 

T300 
plain 

weave 

EPON 
862/Epikure-

W 

Resin-flow 
transfer 
(sponge) 

305 J/m2 397 J/m2 29 % 

Through-
thickness DC 

EC [12] 
1 PR-24-XT-PS  AS4 UD 

EPON 
862/Epikure-

W 

Radial flow 
alignment 0.161 S/m 16.24 

S/m 9987 % 

Through-
thickness DC 

EC [15] 

0.5, 1, 
2 PR-24-XT-PS T700 UD 

EPON 
862/Epikure-

W 

Radial flow 
alignment 2.4 S/m 

8.56, 
13.46, 
16.9 
S/m 
resp. 

257 %, 
461 %, 

604 %, resp. 

Through-
thickness DC 

EC [18] 
2 PR-24-LD-HHT  AS4 UD 

EPON 
862/Epikure-

W 

Resin-flow 
transfer 
(sponge) 

0.33 S/m 9.81 
S/m 2971 % 

Longitudinal 
Compressive 
Strength [16] 

1 PR-24-XT-HHT AS4 UD 
EPON 

862/Epikure-
W 

Resin-flow 
transfer 
(sponge) 

673.85 MPa 773.76 
MPa 14.83 % 

CF: Carbon fiber; UD: Unidirectional; PS: pyrolytically stripped carbon nanofibers; HHT: High-heat treated (up to 3000 
°C) carbon nanofibers; XT: Debulked form. 

 



2. EXPERIMENTATION 
2.1 Materials  
The materials that were used to manufacture the porous nanocomposites along with their suppliers 
are presented in Table 2.  

Table 2. List of materials and its suppliers 

Materials  Suppliers 
Carbon fiber: Toray T-700  unidirectional 

(680 g/m2 areal weight, 1.8 g/cm3 fiber 
density, 12k tow size). 

Toray 

Polymer matrix: Epon 862 & Epikure-W 
catalyst (100:26.5) Miller-Stephenson Chemical Co 

Surfactants:BYK-9076 & BYK-9077 BYK USA, Inc 
CNFs: PR-24-XT-HHT Applied Science, Inc 

Acetone Fisher Scientific International, Inc 
 
Two different samples were manufactured; a porous CFRP nanocomposite containing 0.85 wt% 
of CNF z-threads (i.e., 0.85 wt% P-ZT-CFRP) and porous CFRP composite without CNFs (i.e., P-
CFRP) to study the z-directional (i.e., through-thickness) DC electrical conductivity.  

2.2 Manufacturing of Porous Nanocomposites 
The manufacturing of the porous nanocomposites was carried out through the following process: 
(1) preparation of matrix system, (2) radial flow alignment (RFA) for z-threading of CNFs into the 
fabric, and (3) Out of Autoclave-Vacuum Bag Only (OOA-VBO) curing process. 
The matrix system was prepared by mixing two mixtures. The first mixture (M1) was a mixture of 
acetone/surfactants/CNFs in the ratio of 50, 1, and 0.85 % by weight, respectively. The second 
mixture (M2) was the mixture of Epon 862 and Epikure-W catalyst in the ratio of 100:26.5. 

2.2.1 Preparation of matrix system 
The M1 and M2 mixtures were prepared simultaneously. The M1 mixture was subjected to high 
shear mixing for a total of 40 minutes with 20 minutes in a clockwise direction and 20 minutes in 
a counterclockwise direction. While at the same time, M2 was heated in the oven at 120 ºC for 50 
minutes with continuous stirring at an interval of every 10 minutes. Once the M1 mixture came 
out of high shear mixing, it was subjected to sonication for 40 minutes. The M2 mixture was taken 
out of the oven and allowed to cool to 40 ºC. The M1 mixture, once out of sonication, was gradually 
mixed with the M2 mixture with continuous mechanical stirring and subjected to high shear mixing 
for 10 minutes to make the mixture M. 

2.2.2 Radial flow alignment for P-ZT-CFRP 
The z-aligned porous prepregs (i.e., CNFs z-threaded porous CFRP prepreg) were prepared using 
a radial flow alignment technique to z-thread CNFs into the T-700 fabric as described in [17]. The 
carbon fiber was conformally rolled on the curve surface of the perforated hollow roller. The open 
end of the perforated roller was connected to the vacuum pump while the other end was closed. A 



perforated hollow roller was employed to draw the mixture M towards the center of the roller. The 
converging flow of the viscous mixture M causes the CNFs being stretched, aligned and forced to 
thread through the fabric. Thus, produced z-threaded porous CFRP prepreg was transferred to 
nylon bagging and stored in the freezer at -18 ºC for later use. 

2.2.3 Hand layup for P-CFRP 
The Hand layup technique was used to prepare the P-CFRP prepreg plies. The mixture of Epon 
862 and Epikure-W in the ratio 100:26.5 was B-staged in the oven at 120 ºC for 50 minutes and 
allowed to cool to 40 ºC. Then 50 wt% acetone was gradually mixed through mechanical mixing. 
The prepared final mixture was then poured on top of the fabric and rolled with a roller for uniform 
impregnation of resin. Then, the P-CFRP prepreg was transferred to nylon bagging and stored in 
the freezer for later use. 

2.2.4 Out of Autoclave-Vacuum Bag Only (OOA-VBO) Curing process. 
Five of each P-CFRP and P-ZT-CFRP prepreg plies were stacked and completely cured to form 
P-CFRP laminates and P-ZT-CFRP laminates via OOA-VBO curing process. The layup scheme 
used in the OOA-VBO process is shown in Figure 1, while the curing cycle is presented in Table 
3. More details about the layup scheme are described in [12]. Once the samples were cured, a 
computer numerical control (CNC) router (CNC Shark Pro HD from Next Wave Automation) was 
used to cut the samples into the dimension of 80 mm length and 13 mm width. The samples were 
then polished on both the top and bottom surfaces and cleaned with acetone before testing the 
samples for z-directional DC electrical conductivity. The overall sample manufacturing and testing 
are shown in Figure 2. 
 

 
Figure 1. OOA-VBO layup scheme used for the preparation of samples [12] 

 
 
 
 
 



Table 3. OOA-VBO curing cycle used for samples [12] 

Time (min) Temperature (ºC) Vacuum Pump 

60 Room temperature (23) On 

30 45 On 

120 120 On  

240 180 Off 

 

 

Figure 2. Activity diagram for samples preparation and testing. 

2.3 Z-directional DC electrical conductivity test 
A four-probe technique was employed to measure the electrical resistance of the samples. The 
testing procedure, as described in the publication by Bikash et al. [12], was followed to measure 
electrical resistance R (Ω) of the P-ZT-CFRP and P-CFRP samples. Then Equation 1 was used to 
calculate the through-thickness DC electrical conductivity 𝜎𝜎 (S/m). The z-directional DC electrical 
conductivity testing apparatus is shown in Figure 3, and more details about its construction are 
published in [12]. 

𝜎𝜎 =
𝐿𝐿

𝑅𝑅 ∗ 𝐴𝐴
 (1) 



 

Where, 𝜎𝜎 = specific electrical conductivity of the CFRP laminate sample (S/m). 
L = Z-direction thickness of CFRP laminate sample (m) 
A = Area of the CFRP laminate sample (m2) 
R = Electrical resistance measured (ohm) 
 

 
Figure 3. Schematic of the four-probe z-directional DC electrical conductivity testing apparatus 

[12]. 
 

3. RESULTS 
The radial flow alignment technique [17] was verified and validated by the authors [12,15] as an 
effective method to align and z-thread CNFs into the CFRP prepreg through SEM images and 
through-thickness DC electrical conductivity values. The through-thickness DC electrical 
conductivity results are summarized in Table 4, together with the results for traditional CFRP, 0.5, 
1, and 2 wt% CNFs z-threaded CFRP laminate from a previous study [15]. 

 

 

 

 

 

 

 



Table 4. Statistical analysis of z-directional DC electrical conductivities measured by four-probe 
test for traditional CFRP, 0.5, 1, and 2 wt% CNF z-threaded CFRP laminates [15], porous CFRP 

laminate, and 0.85 wt% CNF z-threaded P-CFRP laminate. 

Samples 

Mean DC z-
electrical 

conductivity 
(S/m) 

Standard 
deviations 

(S/m) 

Coefficient 
of variation 

(%) 

% 
Increase 

Normalized 
based on 
control 
CFRP 

Traditional CFRP 
laminate [15] 2.40 0.126 5.30 0 1 X 

0.5 wt% CNFs z-
threaded CFRP 
laminate [15] 

8.56 0.769 9 257 3.57 X 

1 wt% CNFs z-threaded 
CFRP laminate [15] 13.46 1.460 10.80 461 5.61 X 

2 wt% CNFs z-threaded 
CFRP laminate [15] 16.90 1.436 8.50 604 7.04 X 

Porous CFRP laminate 10.19 0.730 7.17 325 4.25 X 
0.85 wt% CNFs z-
threaded P-CFRP 

laminate 
21.06 1.118 5.31 778 8.78 X 

 
The results show that even without the addition of any nanofillers,  z-direction DC electrical 
conductivity of the P-CFRP laminate is 325 % and 19 % higher compared to the traditional CFRP 
and 0.5 wt% CNF z-threaded CFRP, respectively. The increase in the z-directional DC electrical 
conductivity of the P-CFRP laminate is due to the use of a reduced amount of low-
conductive/insulating resin material during the composite manufacturing process. The reduction 
of resin amount in the CFRP composite was achieved by adding acetone in the matrix and removed 
acetone during the curing process, creating a porous and conductive composite. The z-directional 
DC electrical conductivity observed in the 0.85 wt% CNFs z-threaded P-CFRP was 21.06 S/m, 
which is a 778 % increase compared to the control sample (i.e., traditional CFRP) and 107 % 
increase in comparison with the P-CFRP laminate. The z-direction DC electrical conductivity for 
the P-CFRP was 10.19 S/m, which means it can satisfy and exceed the electromagnetic shielding’s 
electrical conductivity requirement of 10 S/m [19]. At the same time, 0.85 wt% CNFs z-threaded 
P-CFRP comfortably surpass the electrical conductivity requirement for electromagnetic shielding 
applications. Normalizing all the conductivity values based on the conductivity of the traditional 
CFRP sample, it was reported that the 0.85 wt% P-ZT-CFRP laminate was approximately 8.78 
times as conductive as the traditional CFRP laminate and 2.07 times as conductive as the P-CFRP.  

4. CONCLUSIONS 
In this study, a porous composite (P-CFRP) was manufactured using hand layup while 0.85 wt% 
CNFs z-threaded porous nanocomposite (i.e., P-ZT-CFRP) was fabricated using a radial flow 
alignment process. The porous structure in the composite was created in the sample through the 
vaporization of the acetone during the curing process. The electrically conductive pathway formed 
by the alignment of carbon nanofibers in the though-thickness direction using a radial flow 
alignment technique and the use of a reduced amount of resin to manufacture the porous 



nanocomposite significantly enhanced the z-direction DC electrical conductivity of the sample. 
The DC electrical conductivity recorded for the porous composite (P-CFRP) and 0.85 wt% CNF 
z-threaded porous nanocomposite (P-ZT-CFRP) was 10.19 S/m and 21.06 S/m, respectively. The 
DC electrical conductivity value of 0.85 wt% CNF z-threaded porous nanocomposite was the 
highest value obtained for the z-threaded CFRP laminate [12,15,18]. 
In conclusion, the z-directional DC electrical conductivity value for the P-CFRP and 0.85 wt% 
CNF z-threaded P-CFRP satisfied the electromagnetic shielding applications requirement (i.e. 10 
S/m) [19]. In the future, more tests like interlaminar shear strength and tension tests will be 
performed on the CNFs z-threaded P-CFRP nanocomposite to make it available for a broader range 
of applications. The future goal of the study is to make the prepreg tape suitable for magnetic 
compaction force assisted additive manufacturing [20]. 
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