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A B S T R A C T   

Carbon-fibre reinforced polymer (CFRP) composites typically have poor electrical conductivity, primarily due to 
the conductive carbon fibres being separated by the insulating polymer matrix material. This is even more so in 
the case of interlayer toughened material systems that have an increased interlaminar spacing between the 
conductive carbon fibre layers. To mitigate the poor electrical conductivity of CFRP composites, the behaviour of 
Z-pinned laminates under electrical current was here studied experimentally. The in-plane and through-thickness 
fault currents were investigated for a quasi-isotropic (QI) composite laminate made from M21/IMA prepreg. Two 
kinds of pin materials (T300/BMI composite and copper) were used at two different volume fractions (0.1 % and 
0.25 %). The pins reduced the through-thickness current resistance by two orders of magnitude, with a much 
smaller data variation, and up to one order for the in-plane direction. Through the use of electrically insulated 
pins, it was found that the electrical conductivity enhancement is caused by the fibre crimping around the pin 
and is unrelated to the pin material. Z-pins decreased the temperature increment caused by Joule heating during 
fault currents, thereby ensuring structural safety.   

1. Introduction 

The use of electrical power in aircraft is on the rise to boost overall 
efficiency, and cut fuel consumption, therefore reducing greenhouse gas 
emissions. It also provides better control performance and reduces 
maintenance. Thus, more electric aircraft (MEA) or all electric aircraft 
(AEA) are being developed worldwide, together with the adoption of 
electric propulsion systems [1]. In parallel, there has been a trend to-
wards greater use of non-metallic composite materials, particularly 
carbon-fibre reinforced polymers (CFRP), to reduce structural weight. 
One of the advanced MEAs, Boeing 787, has more than 50 % of its 
structure built of CFRP. This results in a 20 % reduction in structural 
weight and an improvement of 10–12 % in total aircraft efficiency [2]. 

Continuous electrical current conduction through the CFRP may 
cause localised Joule heating that results in matrix degradation and can 
ultimately lead to structural failure. To ensure that electrical current 
does not pass through CFRP in the event of an electrical fault, bulky 

cable harnesses and heavy raceways are used extensively to form a 
current return network via existing metallic structures. Additional 
weight and volume are added to the system and advantages of me-
chanical performance attributable to the usage of CFRP are weakened 
[3,4]. Thus, the aerospace industry is promoting the creation of an 
embedded system by integrating electrical power systems with the air-
craft’s structural components [4]. It allows CFRP components to join the 
current return path under electrical fault conditions. The high imped-
ance of CFRP will lead to a low electrical fault current that is difficult to 
detect with traditional grounding topology; meanwhile, the Joule 
heating effect still exits [4]. Therefore, it is crucial to enhance CFRP’s 
electrical conductivity and have a thorough understanding of its 
behaviour under fault currents before and after the conductivity 
enhancement. 

The electrical conductivity of carbon fibre (6 × 104 S/m) is 
approximately three orders of magnitude lower than that of metals. The 
epoxy resin matrix, commonly employed in aerospace applications, is an 
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insulator (electrical conductivity of 4.9 × 10− 16 S/m) [5]. The fibres and 
different plies are separated by the resin matrix, resulting in pronounced 
electrical anisotropy for CFRP structures. For instance, the longitudinal, 
transverse, and through-thickness electrical conductivities of a unidi-
rectional (UD) laminate made of IM7/8552 prepreg are reported to be 3 
× 104 S/m, 3.5 S/m, and 0.8 S/m, respectively [6]. In contrast, metals 
have an isotropic conductivity at the order of 107 S/m (e.g., 6 × 107 S/m 
for the copper) [5]. Thus, the electrical behaviour of CFRP is more 
complex compared to that of metals. Piche et al. [7] predicted the dy-
namic electrical resistance of a CFRP under a short circuit by combining 
a 3D linear-wired numerical approach with an analytical model. Fibres, 
connections between fibres in a ply, and connections between plies were 
represented with thin wire networks, allowing the model to take into 
account the different orientations of each ply. However, a homogeneous 
electrical conductance across the thickness over the entire surface was 
assumed in the 3D model. Consequently, the model may not accurately 
represent scenarios where contacts are not uniformly distributed be-
tween plies. Jones et al. [6] experimentally investigated the fault current 
response of unidirectional CFRP. A range of voltages was applied across 
the CFRP with various initial power levels. The result shows that the 
electrical current flows predominantly through the top layer of CFRP. 
The electrical resistance of CFRP changes with time due to Joule heat-
ing. The time to reach the glass transition temperature (Tg) against the 
initially applied voltages/power was found to follow a nonlinear 
decaying power relationship. 

A variety of methods have been studied to enhance the electrical 
conductivity of laminates [5], such as adding conductive fillers to the 
polymer matrix, using conductive resins and conductive interleaves. As 
a very effective through-thickness reinforcement technology, Z-pinning 
has been studied broadly to extend its multifunctional applications [8], 
such as electrical [9,10], thermal [11–13] and magnetic properties [14], 
as well as delamination detection [15–19] and self-healing [20–22]. 
Pegorin et al. [9] carried out experimental studies on the use of Z-pins to 
enhance the electrical properties of carbon-epoxy laminate. The 
through-thickness conductivity increased linearly with the volume 
content and the conductivity of Z-pins, while the in-plane conductivity 
was not enhanced by the pins due to the interfacial cracks around the 
pins, which were generated due to the mismatch of thermal expansion 
coefficient between the pins and laminate. 

However, there is a lack of research on the fault current response of 
through-thickness reinforced composites. This study investigated elec-
trical and consequential thermal behaviour of Z-pinned laminates under 
fault currents for the first time. Specimens with two pin materials at two 
areal densities were measured under a variety of in-plane and through- 
thickness fault currents, in comparison with unpinned ones. Specifically, 
specimen preparation is introduced in Section 2. Resistance measure-
ment results are presented in Section 3, then fault current tests and re-
sults are illustrated in Section 4. 

2. Specimen preparation 

The specimens used in this study were made of unidirectional M21/ 
IMA prepreg (HexPly® M21/34 %/UD194/IMA-12K) [23] with a 
quasi-isotropic (QI) stacking sequence of [+45◦/90◦/-45◦/0◦]3s. The 

M21/IMA material has a layer of thermoplastic toughening particles at 
the resin rich boundary between plies [24]. This interleaving method is a 
well-known way to increase the interlaminar toughness of cured lami-
nates [25], but the thick interleaf layer has a negative influence on 
electrical conductivity. 

Two types of pins with the same diameter of 0.28 mm, i.e., copper 
(from WIRES) and the more conventional T300/BMI were employed to 
make Z-pinned specimens. The pin-to-pin distances were designed to be 
8 mm and 5 mm respectively, which gives the pinning areal densities of 
0.1 % and 0.25 %. Thus, five categories of samples were manufactured: 
unpinned (UP), copper low-density (COP-L) and high-density (COP-H) 
Z-pinned, carbon low-density (CAR-L) and high-density (CAR-H) Z- 
pinned. Due to the numerous variables involved in designing the fault 
current experiment, a square shape has been consistently adopted in the 
literature [6,7]. Manufacturing large Z-pinned specimens demands a 
significantly larger effort than for unpinned coupons. Adopting a size of 
30 × 30 mm provides sufficient space for electrode arrangement. These 
dimensions, together with the two designed pin-to-pin distances, enable 
exploration of two distinct relative arrangements of pins and electrodes, 
i.e., aligned or not aligned in the fibre direction of the top ply. Thus, 
considering the above test design and specimen manufacturing re-
quirements, the Z-pinned specimens in this research are designed with a 
length and width of 30 mm × 30 mm and an intermediate thickness of 
4.5 mm. 

The specimen manufacturing was as follows: (1) Layup the prepreg 
in sequence on an aluminium plate and de-bulk for 15 min in a vacuum 
bag after every four plies. (2) Using a hot plate beneath, gently soften the 
laminate, and manually insert the pin through the entire thickness of the 
laminate into a pre-drilled hole made by an Instron-powered drilling rig. 
(3) Cure the laminate in an autoclave under a modified Hexcel cure cycle 
[23] by adding 30 min to the dwelling stage to compensate for the in-
fluence of silicon rubber sheets placed on the top and bottom of the 
laminate for the protection of pin ends. (4) Trim the protruding pin ends 
with wire scissors and cut individual samples from the cured laminate 
with a diamond saw. After cure, each ply has a nominal thickness of 
0.188 mm. 

3. Resistance measurement 

3.1. Measurement set-up 

Similar to the scenario that Jones et al. considered in Ref. [6], the 
rail-to-ground fault inside a CFRP structure was investigated, which can 
be caused by the vibration and chafing of an insulator. Here the current 
path is extended to in-plane and through-thickness directions, respec-
tively, as shown in Fig. 1. 

The study in Ref. [6] was based on a unidirectional laminate. Here, a 
QI stacking sequence, which is more representative of that used in the 
composites industry, was investigated, as well as the effects of Z-pins on 
the fault current performance of composites. The scenario is more 
complex for a QI stacking sequence with +45◦ surface plies. Thus, nine 
current input areas were designed on the top surface to take into 
consideration different circumstances caused by chafing of an electric 
cable, for example. The exit points were on the side and bottom surfaces, 

Fig. 1. Path of the fault current through a CFRP structure.  
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Fig. 2. Sample photos: (a) COP-L top surface, (b) COP-H top surface, (c) COP-H bottom surface.  

Fig. 3. Resistance measurement set-up: (a) in-plane, (b) through-thickness.  

Table 1 
Experimental results of the through-thickness resistance.   

Pos. 1 2 3 4 5 6 7 8 9 

UP R (Ω) 1760 1767 1798 1772 1758 1767 1810 1771 1759 
C.V. % 39.0 39.1 38.5 39.3 38.9 39.1 38.7 39.3 39.0 

COP-L R (Ω) 32.3 41.6 57.6 37.0 31.4 43.0 54.3 38.0 32.7 
C.V. % 12.1 10.6 20.1 5.2 12.1 12.4 15.4 4.5 11.3 

COP-H R (Ω) 21.6 21.7 30.0 26.0 20.7 23.8 31.8 23.4 21.8 
C.V. % 14.8 11.6 20.8 19.7 16.8 21.8 9.2 10.9 21.7 

CAR-L R (Ω) 23.1 26.4 36.0 26.7 22.4 26.2 40.0 26.3 23.4 
C.V. % 20.7 17.5 23.1 15.1 21.4 17.2 22.3 15.8 18.2 

CAR-H R (Ω) 15.6 16.6 20.5 16.5 15.6 16.7 19.3 16.2 16.0 
C.V. % 9.8 13.2 9.1 6.8 8.2 12.6 8.1 6.7 8.2  

Table 2 
Experimental results of the in-plane resistance.   

Pos. 1 2 3 4 5 6 7 8 9 

UP R (Ω) 8.9 3.1 3.2 33.8 7.7 1.9 76.2 33.8 8.4 
C.V. % 56.6 33.3 21.1 40.0 56.4 17.1 50.4 39.9 47.2 

COP-L R (Ω) 6.0 4.7 3.1 11.3 4.6 3.8 28.1 12.9 5.7 
C.V. % 40.7 30.8 19.3 43.9 2.3 28.4 30.2 24.3 23.9 

COP-H R (Ω) 4.3 2.9 3.2 7.5 3.5 2.5 14.0 7.2 3.2 
C.V. % 20.5 16.5 19.9 33.0 27.0 26.0 32.0 33.1 27.9 

CAR-L R (Ω) 4.3 4.2 3.1 8.4 3.6 3.8 22.3 8.5 3.4 
C.V. % 4.5 11.5 65.6 4.7 5.7 6.3 19.1 9.2 9.6 

CAR-H R (Ω) 3.3 2.5 2.3 4.4 2.8 2.0 7.3 4.2 2.9 
C.V. % 22.5 17.4 23.2 1.6 20.6 16.1 6.0 7.4 1.4  
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which represented the in-plane and through-thickness fault currents, 
respectively. 

Epoxy on the top and bottom plies was carefully removed by a 
polisher to mimic the cable chafing effect. A thin layer of silver was 
painted uniformly on each 1 × 1 mm square box. In order to achieve a 
good painting quality, the to-be-painted area was cut out from adhesive 
paper by a laser cutter, then the paper was pasted on the sample, af-
terwards the silver paste was brushed in the blank area. The top and 
bottom surfaces of Z-pinned samples with numbered silver paint elec-
trodes are shown in Fig. 2. 

For the electrical resistance measurement, a vice was used to clamp 
the sample in place, and metal pins were fixed to the electrodes using a 
magnetic stand to ensure secure contact, as illustrated in Fig. 3. The 
metal pin has a cylindrical shape with the diameter of 1 mm. It has a 
rounded tip, providing a point of contact with the silver paste while 
minimising any potential damage to the paste. When measuring the in- 
plane resistance (Fig. 3 (a)), each of the top surface electrodes was 
connected to a probe of a milliohm meter in turn. The side surface of the 
specimen was coated with silver paste and a copper block was tightly 
clamped to it. This was done to reduce the contact resistance and ensure 
consistency in the measurements. For the through-thickness measure-
ment (Fig. 3 (b)), a probe was connected to each of the top surface 
electrodes in turn and the output was recorded from a probe on the 
central bottom electrode using metal pins. Each measurement was taken 
twice to ensure accuracy, and a negligible bias was achieved. Three 
samples were tested for each group, the measured through-thickness and 

in-plane average resistances and variations are given in Table 1 and 
Table 2, respectively. 

3.2. Resistance results of the through-thickness direction 

Table 1 shows that the through-thickness resistances of the unpinned 
samples are in the order of 103 Ω. After adding pins, the resistance 
decreased significantly at all nine locations (less than 102 Ω). The 
resistance variation of unpinned samples is much higher than Z-pinned 
ones, comparing the coefficients of variation (C.V.) in Table 1. The 
reason will be discussed later. 

The mean value of measured resistance is plotted in Fig. 4. Note that 
the curves connecting the individual measurement data have no phys-
ical meaning, and they are only used for comparing data and illustrating 
the trend more intuitively. Due to the large difference between unpinned 
and Z-pinned samples, the unpinned data is plotted using a secondary y- 
axis on the right. The plot has a symmetric trend which is consistent with 
distribution of top-surface electrodes, i.e., positions 1 & 9, 2 & 8, 3 & 7, 
and 4 & 6 are symmetrical about position 5 (or position b). The resis-
tance of positions 3 & 7 is the highest, because the current needs to 
travel furthest in the direction perpendicular to surface-ply fibres to 
reach the bottom surface exit electrode b. It also implies that the current 
path of the top ply dominates the global result. 

Fig. 4. Experimental plot of the through-thickness resistance.  

Fig. 5. Experimental plot of the in-plane resistance.  
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3.3. Resistance results of the in-plane direction 

For the in-plane direction (Table 2), the Z-pins also reduce the 
resistance, although the amount is not as much as the through-thickness 
direction. The similar top layer dominated behaviour was observed in 
Fig. 5. If the current can pass from fibres at the chafing area to the exit 
electrode directly, the resistance is low, such as positions 1, 2, 3, 5, 6 and 
9. The resistances associated with positions 4, 7 and 8 of Z-pinned 
samples are much smaller than unpinned ones, because the current is 
able to transfer through the thickness, then go through the fibres of other 
layers to the side exit electrode. 

3.4. Result discussion 

3.4.1. Influence of Z-pin material and areal density 
The resistance of copper Z-pinned samples is higher than carbon- 

fibre Z-pinned samples in both in-plane and through-thickness di-
rections (comparing the red and black curves in Figs. 4 and 5), while the 
electric conductivity of a copper pin is much higher than that of a 
carbon-fibre pin [9]. The copper pins therefore didn’t function as ex-
pected for the through-thickness current transfer. 

As reported in the literature [8], the laminate fibres are forced to 
bend around the pin during insertion. The resin pocket around the pin 
and the interfacial cracking impedes the current flow within the ply. In 

order to see the detailed information around the pin, the samples were 
cut into slices and potted with epoxy resin, then polished to make the 
individual fibres visible. The microscope images of the cross sections are 
given in Fig. 6. 

It shows that there is randomly localised interlaminar fibres touching 
inside the unpinned sample (Fig. 6 (a)). Since they are randomly 
distributed, the through-thickness resistance of unpinned samples varies 
a lot (as shown in Table 1). In Fig. 6 (b, c), due to the fibres bending 
around the pin (known as crimping), more fibre touching was observed 
in the through-thickness direction for both carbon-fibre Z-pinned and 
copper Z-pinned samples. Thus, the electrical conductivity is mainly 
related with the pinning quality, e.g., the misalignment angle. As the 
copper pin is soft, although great care was taken during insertion, it was 
slightly bent, and the misalignment angle is higher than that of carbon- 
fibre pins, as shown in the microscope images of Fig. S2 in the supple-
mentary document. 

For a quantitative comparison, the resistance of a reference laminate, 
pinned with enamelled copper wires, was measured. This wire has the 
same size as bare copper wire at 0.28 mm diameter, with a polymer layer 
coated on the outside, making the pin electrically isolated on its surface. 
The measured resistance of the enamelled copper pinned specimens was 
very close to that of the uncoated copper pinned ones (the result is given 
in the supplementary document). It again demonstrates that the pin it-
self is not directly engaged in the current path. The fibre-to-fibre 

Fig. 6. Microscope images of sample cross-sections: (a) unpinned, (b) carbon-fibre Z-pinned, (c) copper Z-pinned.  
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connections, instead of the pins, are the main current flow path for 
through-thickness conduction. The lower through-thickness resistance 
of enamelled copper pin compared to the bare copper pin is because the 
coating outside makes the enamelled copper pin stiffer than the bare 
copper pin, resulting in less bending of the pin and reduced misalign-
ment. A lesser degree of misalignment will shorten the distance for 
current flow in the through-thickness direction, consequently 
decreasing resistance. 

In addition, the high-density Z-pinned samples have lower resistance 
than low-density ones for both pin materials (comparing the solid and 
dashed curves with the same colour in Figs. 4 and 5), because the higher 
areal density creates more fibre connections in the vicinity of the pins. 

3.4.2. Current path analysis 
For an intuitive view, an illustration of the current transfer path of 

the first two plies and interfaces is given in Fig. 7, assuming that there 
are three and two fibre touching zones at the 1st and 2nd interfaces, 
respectively. The red, blue and green lines represent the current paths 
from the injection position. Specifically, the current will pass through 
the top ply (1st ply), then the pin vicinity with fibre touching at the 1st 

interface, and afterwards within the 2nd ply to find the conductive path 
in the 2nd interface. 

The 3D topology electrical resistance model is drawn in Fig. 8, in 
which Rin[i,m] and Rtt[j,n] are the mth equivalent resistor of ith ply and nth 

the resistor of the jth interface, respectively. From the diagram, it can be 
seen that if the number of fibres touching zones within two adjacent 
interfaces are a and b, there is a * b current paths generated inside the 
ply in-between. For instance, there are 6 current paths in the 2nd ply as 
shown in Fig. 8. When inserting pins, the interlaminar resistance Rtt is 

reduced significantly, thus the total through-thickness resistance is 
much smaller. If adding more pins (increasing the pinning areal density), 
there are more current paths generated. 

4. Fault current response test 

4.1. Test set-up 

The resistance measurement results above indicate that the resis-
tance reduction of position 7 by Z-pins is the greatest for both in-plane 
and through-thickness directions, as shown in Figs. 4 and 5. Thus, a 
constant current was injected from this position to simulate the in-plane 

Fig. 7. Schematic diagram of the current path inside the first two plies of a Z-pinned specimen.  

Fig. 8. 3D topology electrical resistance model.  

Fig. 9. Fault current response test set-up.  

M. Chen et al.                                                                                                                                                                                                                                   



Composites Science and Technology 248 (2024) 110466

7

and through-thickness fault current response of unpinned and Z-pinned 
laminates. The test set-up is shown in Fig. 9. The current was supplied 
with a source meter (KEYSIGHT B2902A). A data logger was used to 
collect the data of voltage and temperature (when a thermocouple was 
applied), and a thermal camera was employed to capture the tempera-
ture distribution on the samples’ surface. 

The current injection lasted for 10 min (600 s) for each test. Fig. 10 
(a) shows the temperature-versus-time plot of a hot spot on the surface 
of an unpinned sample at different levels of current. A thermocouple was 
placed upon this spot, using high-temperature tape for the measure-
ment. The plot shows that the temperature grows very rapidly at the 
beginning, then becomes stable after 400 s. A period of 10 min is long 

enough to achieve a stable temperature state. 
The instantaneous power P(t) has the following relationship with the 

fault current If and resistance R(t): 

P(t)= I2
f • R(t) (1) 

In this case, R(t) is a time dependent variable, and If is constant, 
controlled by the source meter accurately. 

4.2. Test results of the through-thickness direction 

4.2.1. Resistance versus time 
As the through-thickness resistance of the unpinned samples is much 

higher than Z-pinned ones, in order to achieve a comparable level of 
power, the injected current for unpinned samples is smaller than Z- 
pinned ones. The injected current If , initial resistance Ro, initial power 
Po, and the ultimate temperature Tu are summarized in Table 3. It shows 
that Tu increases with the current amplitude for each type of sample. 
When all types of samples were injected with the same current of 0.05 A, 
Tu of the unpinned sample goes up to 99.2 ◦C, which is much higher than 
that of Z-pinned samples (less than 30 ◦C). The pins effectively suppress 
the Joule heating effect and keep the resin in a safe temperature margin 
when there is a top-to-bottom fault current. 

The resistance versus time is plotted in Fig. 10(b-d) with the injected 
current and ultimate temperature listed in the legend. In Fig. 10 (b), the 
resistance of unpinned samples decreases suddenly at the beginning, 
then tends to stabilise. The decrease is mainly caused by the thermal 
expansion, which enhances transverse and interlaminar fibre touching 
[26]. When the copper Z-pinned samples are under higher currents of 
0.2 A and 0.25 A (Fig. 10 (c)), the resistance decreases at the beginning. 

Fig. 10. (a) Temperature versus time plot of an unpinned specimen, through-thickness fault current response test results of (b) unpinned, (c) copper and (d) carbon- 
fibre Z-pinned specimens, (L: low density, H: high density). 

Table 3 
Current injection data in the through-thickness direction.   

RO (Ω) If (A) PO (W) Tu (◦C) 

UP 1577 0.03 1.42 56.4 
1577 0.04 2.52 77.0 
1577 0.05 3.94 99.2 

COP-L 62.4 0.05 0.16 29.7 
62.4 0.2 2.50 89.3 
62.4 0.25 3.90 121.3 

COP-H 30.1 0.05 0.08 28.7 
30.1 0.2 1.20 69.0 
30.1 0.25 1.88 86.4 

CAR-L 49.8 0.05 0.12 29.3 
49.8 0.2 1.99 91.8 
49.8 0.25 3.11 124.4 

CAR-H 21.2 0.05 0.05 27.7 
21.2 0.2 0.85 59.3 
21.2 0.25 1.33 74.7  
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While the resistance of carbon-fibre Z-pinned sample remains relatively 
constant throughout the test (Fig. 10 (d)). The resistance drop of copper 
Z-pinned samples is mainly caused by the mismatch of the thermal 
expansion coefficient (CET) between the copper pin (1.67e− 5 ◦C− 1) [27] 
and the laminate (0 ◦C− 1 in the fibre direction, 3e− 5 ◦C− 1 in transvers 
and through-thickness directions) [28]. Residual stress was generated at 
the pin/laminate interface during heating, enhancing the fibre touching 
of pin vicinity [8]. While the CETs of carbon-fibre pin and laminate are 
comparable, and the thermal expansion influence on the interface is 
negligible. 

4.2.2. Heat flow analysis 
Before examining the thermal images, the current flow within the top 

surface of Z-pinned samples is discussed first. As mentioned in Section 3, 
for Z-pinned samples, the current flows through the pinning vicinity via 
fibre touching. In Fig. 11 (a) showing a low-density Z-pinned sample, 
there is no direct path from the current injection point to the pins along 
the fibre direction, thus the current will flow both along fibres (x axis) 
and perpendicular to fibres (y axis), and the whole triangle zone is 
involved in the current transfer. While for high-density Z-pinned sam-
ples, the current can flow to two adjacent pins along the fibre direction 
only (Fig. 11 (b)). 

The left picture of Fig. 8 gives an example of the electrical resistor 
model of the in-plane resistor Rin[1,2]. In general, the mth equivalent in- 
plane resistor of ith ply, Rin[i,m], can be denoted with the resistors along 
and perpendicular to the fibre directions (Rx and Ry) as below, in which 
k is the number of conductive paths. 

Rin[i,m] =
1

1
Rx[i,1]+Ry[i,1]

+ 1
Rx[i,2]+Ry[i,2]

⋯ + 1
Rx[i,k]+Ry[i,k]

(2) 

Since the heat flow distribution of carbon-fibre and copper Z-pinned 
specimens are similar, the result of copper Z-pinned specimens is given 
in the supplementary document. Fig. 12 shows the thermal images of 
unpinned and carbon-fibre Z-pinned samples. The current injection 
(top) and exit (bottom) surfaces are on the left and right sides, respec-
tively. The bright areas correspond to regions with the highest temper-
ature change along the current conducting path. As discussed above, for 
the low-density Z-pinned sample, the top left triangle area including 
three pins is involved in the current transfer, which can be observed in 
Fig. 12 (c). While for the high-density Z-pinned sample, two pinned 
areas appear brighter in Fig. 12 (e). When looking at the bottom surfaces 
of pinned specimens (Fig. 12 (d, f)), the pinned areas exhibit higher 
temperature than their surroundings, because these fibre touching zones 

are engaged in transferring the current. Regarding the unpinned sample 
in Fig. 12 (a), the heat distribution is uniform for both surfaces. A single 
hot spot is visible on the side surface, located in one of the areas where 
fibres are randomly touching each other. It is notable that the heated 
area on the bottom surface is greatest for the high-density carbon-fibre 
case out of all the pinned samples, indicating that in this case the Z-pins 
have most significantly facilitated current flow through the thickness of 
the sample. 

4.3. Test results of the in-plane direction 

The current injection data from the in-plane direction tests is sum-
marized in Table 4. Just like the through-thickness direction, the ulti-
mate temperature Tu increases with the current amplitude. When the 
current is 0.2 A for all types of samples, Tu of the unpinned samples 
(99.1 ◦C) is much higher than the Z-pinned ones (maximum 56.8 ◦C). 

The resistance versus time is plotted in Fig. 13. It also shows that the 
resistance of unpinned samples drops suddenly at the beginning, then 
becomes stable. In terms of the copper pinned samples, it has been 
illustrated in Fig. 10 (c) that the resistance decreases when temperature 
goes up for the through-thickness fault current. While the resistance 
doesn’t change when it experiences an in-plane current, as shown in 
Fig. 13 (b). This implies that the current only goes through a few plies 
instead of the whole thickness under this circumstance, by comparing 
Fig. 10 (c) with Fig. 13 (b). On the other hand, the resistance of carbon- 
fibre pinned samples is still quite stable. 

The thermal images of the top surface are presented in Fig. 14. In 
Fig. 14 (a), it has a random hot spot on the top surface of the unpinned 
samples, which is one of the through-thickness fibre touching areas. In 
terms of the carbon-fibre Z-pinned samples, the in-plane thermal images 
are quite similar to the through-thickness ones, since the current will 
transfer through the top surfaces firstly for both scenarios. The analysis 
of through-thickness fault current above is also applicable to the in- 
plane direction. 

5. Conclusions 

The behaviour of copper and carbon-fibre Z-pinned CFRP laminates 
under the in-plane and through-thickness fault currents has been 
investigated experimentally. Several conclusions could be drawn here: 
(1) The through-thickness resistance was reduced by two orders with Z- 
pins, due to the fibre crimping in the pin vicinity. The pin itself is not 
engaged in the current path network, because of the resin pocket and 

Fig. 11. Current flow diagram in the top surface of Z-pinned samples: (a) COP-L, (b) COP-H.  
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interfacial cracking. (2) The in-plane conductivity was improved, not as 
significantly as the through-thickness direction, but still obviously for 
some chafing locations, for instance, up to one order at position 7. (3) 
The resistance decreases with the pining areal density, as more 
conductive paths were generated. (4) When suffering from the same 
amount of fault current, the temperature of unpinned sample is much 
higher than Z-pinned ones. (5) The heat flow distribution on the outer 
surfaces of Z-pinned laminates differs from the unpinned ones. The 
relative positioning of the pins and chafing areas is the determining 
factor. 

In summary, this work shows that there is a notable enhancement of 
the electrical conductivity of CFRP laminates with Z-pins inserted, 
especially in the through-thickness direction. The conductivity 
improvement reduces the temperature increase due to Joule heating 
under fault currents. Unlike other conductivity enhancements, such as 
metal meshes that have only one function and increase the laminate 
weight, the Z-pins also have a beneficial influence on the laminate’s 
through-thickness mechanical properties. In the future, a quantitative 
study could be conducted to investigate the effects of pin misalignment 

Fig. 12. Through-thickness thermal images: (a, b) UP-0.05 A, (c, d) CAR-L-0.25 A, (e, f) CAR-H-0.25 A.  

Table 4 
Current injection data in the in-plane direction.   

RO (Ω) If (A) PO (W) Tu (◦C) 

UP 55.9 0.1 0.56 43.0 
55.9 0.2 2.24 99.1 

COP-L 27.2 0.2 1.09 56.8 
27.2 0.3 2.45 99.1 
27.2 0.4 4.35 149.4 

COP-H 14.0 0.2 0.56 44.9 
14.0 0.3 1.26 70.0 
14.0 0.4 2.24 106.6 

CAR-L 21.8 0.2 0.87 53.8 
21.8 0.3 1.96 91.4 
21.8 0.4 3.49 132.6 

CAR-H 8.2 0.2 0.33 41.0 
8.2 0.3 0.74 62.3 
8.2 0.4 1.31 95.0  
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Fig. 13. In-plane fault current response test results of (a) unpinned, (b) copper and (c) carbon-fibre Z-pinned specimens, (L: low density, H: high density).  

Fig. 14. In-plane thermal images: (a) UP-0.2A, (b) CAR-L-0.2A, (c) CAR-H-0.2A.  
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angle on the electrical conductivity and fault current response of Z- 
pinned composites. 
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