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Abstract Lightning strikes pose a serious natural threat to carbon fiber re-
inforced polymers (CFRP). Knowledge of the electrical current distribution
is essential for modeling the interaction between CFRP with lightning. In
most applications, the anisotropy of CFRP makes the electrical current tend
to concentrate on the surface, having significant influence on the current dis-
tribution. The conductivity through the thickness direction was studied with
pulse generators and a dedicated 4-probe fixture. Non-linear effects were ob-
served not only for 6.4/69 µs lightning pulses, but also for 20/500 ns pulses
with much less energy, in all the three tested composites. The electrical break-
down is a fast process, with voltage spikes observed in the leading edge for a
few nanoseconds. After the spikes, the transient resistance remains approxi-
mately constant. Similarities could be found with the phenomena involved in
thin polymer film breakdowns.
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1 Introduction

Carbon fiber reinforced polymers (CFRP) offer great advantages over con-
ventional materials, mainly due to their high specific strength and stiffness.
However, lightning strikes pose a serious natural threat to high rise structures,
such as wind turbines, as well as airplanes made of, or containing significant
amount of composite materials [1, 2].

Modeling the lightning current interaction with CFRP is a challenging
problem [3]. A good understanding of the CFRP material properties is the key
to precise numerical models [1]. The electric conductivity, which has significant
influence on the current distribution and also on power densities, has been in-
vestigated in numerous studies. The conductivity of polymers reinforced with
electrically conductive particles can be estimated using microstructural data
[4]. For composites with long fibers, theoretical models have been proposed
based on equivalent electric conductivity tensors to calculate the piezoconduc-
tivity of composites [5], the resistance across the diameter of a rotating disc
[6], or that of a sample with a given length and width [7]. Not only were the
effects of fiber orientation [8] and thickness [9] taken into consideration, but
also various experiments have been carried out to elucidate the validity of the
equivalent electrical conductivity tensors [10]. Besides, a 3D resistor network
model was formulated to predict the electrical conductivity of CFRP as a
function of the electrical material properties and microstructural parameters
such as fiber spacing and waviness [11]. As an anisotropic material, CFRP
has higher conductivity along the fiber direction, but much lower conductivity
through the thickness and transverse directions [11], which makes the electrical
current tending to concentrate on the surface near the lightning attachment
point, since CFRP blades are built in such a way that lightning generally
strikes them perpendicular to the direction of the fibers.

A simple constant conductivity assumption might lead to extremely high
Joule heating and unrealistic temperatures [1, 2]. Although the conductivity
is assumed to depend on temperature in many models (e.g., [1, 2]), the depen-
dence on the electric field is seldom considered. Nevertheless, simulations have
shown that the potential at the lightning arc center position could reach several
tens of kilovolts [1, 2] even when only 40 kA (1/5 of the amplitude specified
by the standard [12]) is applied to CFRP plates with a thickness of a few mil-
limeters. If the polymer thicknesses between plies are considered to be only a
small fraction of the total thickness, the electric field may exceed 105 kVmm−1

through the thickness direction within the polymer, which is strong enough to
cause discharges in most dielectrics. Generally, the term electrical breakdown
is used when significant current flows through an electrical insulator, due to
an applied voltage that exceeds the breakdown threshold. The term has been
used in the context of CFRPs to describe similar significant increments in the
electric conductivities [13], although they have higher conductivity than that
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of insulators. If the electrical breakdown does occur, the conductivity incre-
ment might reduce the Joule heating significantly. Therefore, the non-linear
electrical conductivity of multidirectional carbon fiber composites needs to be
investigated, in order to model the lightning current interaction with CFRPs
more precisely.

While several experiments have been performed to measure the electric
conductivity under low current and room temperature [6, 7, 8, 9, 10], the
number of investigations dealing with non-linear characteristics of CFRPs is
limited [14]. Chekanov et al. [13] observed the breakdown effect of CFRPs with
short cut fibers, which have much lower fiber content and also lower electric
conductivity. The high voltage used was quasi-steady, with a duration around
a second. Sun et al. [14] compared the dynamic impedance of several CFRP
specimens with emphasis on the material surfaces. In fact, the conductivity
through the thickness direction of long fiber reinforced polymers might exhibit
non-linearity under high voltage as well, which requires detailed investigation.
Besides, the transient response also needs to be analyzed, because the dura-
tions of lightning pulses are in the order of only a few tens of microseconds.
The objective of this paper is to experimentally study the non-linear current-
voltage behavior of CFRP samples through the thickness direction.

2 Experiment and procedure

Low resistivity, high current, high voltage and drastic heat dissipation pose
challenges to the measurement of the non-linear electric conductivity of CFRPs.
The first three points were addressed through the proper design of the test
fixture, while the last was mitigated by using an impulse source. Small sam-
ple diameters were also used to increase the resistance through the thickness
direction.

2.1 Samples

Fourteen CFRP specimens were fabricated for the purpose of this study. How-
ever, 6 samples were damaged in preliminary experiments, by conductive glues,
surface discharges, etc., as shown in Fig. 1. The remaining 8 valid samples were
cut from 3 different laminate plates listed in Table 1. All the 3 plates were off-
the-shelf products, with different resins, stacking sequences and manufacturing
processes.

Composite No. 1 was made from T300 carbon fibers [15] and E-14 epoxy
[16], having a thickness of 2.7 mm, while composites No. 2 and 3 were made
from T300 carbon fibers [15] and 610 flame retardant polymer [17], having a
thickness of 2.1 mm. Fig. 2 presents schematically the stacking sequence of the
composites. Composite No. 1 had a stacking sequence of [+45/− 45/02/90/+
45/−45/0]S , with plain woven fiber cloths added at both the laminate surfaces.
The temperature and pressure profile during the autoclave process is shown in
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Fig. 3. Composite No. 2 was made with a stacking sequence [(+45/− 45)2/+
45/−45]S , with plain woven fiber cloths placed on both the laminate surfaces
as well. The temperature and pressure profile of the autoclave process is shown
in Fig. 4. The last composite had a plain woven fiber cloth oriented in the ±45◦

direction in the middle of the laminate, with two plies of 0◦ placed on both
sides of the cloth. Twill woven fiber cloths were added to both the laminate
surfaces. This composite was made with vacuum bagging at normal pressure
using the same temperature profile of Fig. 4.

The profiles of all the 3 types of composites were investigated with mi-
croscopy as shown in Fig. 5. The dark regions in composites No. 2 and 3 were
the phenol formaldehyde resin particles doped in the epoxy. Composite No. 1
contained the fewest polymer and the fibers were closely attached between the
plies. In contrast, composites No. 2 and 3 had significant thick inter-laminar
polymer. The resistances through the thickness direction measured with the
low current 4-probe method are shown in Table 1. Composite No. 1 had the
highest conductivity, while composites No. 2 and 3 had lower conductivity,
which is caused by the different thicknesses of the inter-laminar polymers.

All the plates were cut by a milling machine to get round samples with a
diameter of 11 mm, as shown in Fig. 6. All samples except sample No. 4 were
polished before the experiment in order to measure the DC resistivity using
low currents.

2.2 Test fixture

Although carbon fibers are not as conductive as metals, they are still good
conductors. After electrical breakdown, the resistance of specimens might drop
to a low value, sometimes even below 1 Ω. Therefore, the 4-probe method [18]
is required to precisely measure the resistance which otherwise could be easily
overwhelmed by the resistance of contacts and wires, as in our preliminary
measurements. A robust connection between the electrode and the specimen
is also necessary to sustain the high current. Conductive paste was used to
establish the contact between electrodes and specimens during preliminary
experiments. The paste had a conductivity of over 106 Sm−1, and could provide
a minimum bonding strength of 0.1 MPa below 155◦C. However, it failed just
after the inception of a electrical breakdown. Moreover, as mentioned earlier,
CFRPs are anisotropic materials and, therefore, the conductivity in the fiber
direction is much larger than that through the thickness direction, which makes
the potential at the edges almost the same as the contacting driving electrodes
on the same surface, even if the specimen has a diameter several times larger
than the electrode dimension. This means that the voltage applied to the
samples is also applied to the side surface. As a result, a CFRP/air surface
discharge may occur prior to specimen electrical breakdowns. Therefore, a
specifically designed fixture was fabricated to overcome these challenges, as
described in the following paragraphs.
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A schematic representation and a photo of the fixture are shown in Fig.
7 and Fig. 8, respectively. The specimen was clamped between the 2 brass
tubes, which formed the 2 driving probes. Inside each tube, there was a brass
pin isolated by PA6 nylon, which was the sensing probe. The brass tube, the
nylon insulator, and the brass pin, formed a coaxial structure. Because the
conductivity along the fiber direction was several orders of magnitude larger
than that through the thickness direction, the potential between the driving
probe and the sensing probe on the same side were almost the same. The 2
coaxial structures were mounted with screws on 2 stainless steel plates respec-
tively. The top and bottom halves were insulated by 3 black polyformaldehyde
plastic pillars.

The screws were placed on the inner surface of the plates, inner and outer
surface of the tubes and nylon isolators, and also the outer surface of the pins.
By turning the tubes while fixing the plates, pressure could be applied to the
specimen in order to robustly attach the driving probes to the specimens. By
turning the insulators with respect to the tubes, and the pins with respect to
the insulators, the gaps between the insulators, pins and the specimen could
also be minimized. Before impulse testing, the specimens were inserted into
the fixture to measure the DC resistance. Tightening torques of 1 Nm and 1.5
Nm were applied to the brass tubes successively, with less than 1% differences
of resistance observed, which implied that torques larger than 1 Nm were
required for achieving a good contact.

The whole fixture was immersed in rapeseed oil to prevent surface dis-
charges on the side walls of specimens. To verify this configuration, one of the
specimens was further wrapped with EVA which has higher dielectric strength
as shown in Fig. 9, but no significant difference in the results was observed.

2.3 Impulse sources

The power dissipation in the CFRP would heat the specimen drastically, which
would make it almost impossible to measure the non-linear characteristic with
constant current. Therefore, pulse sources were incorporated to prevent drastic
temperature increments and polymer decompositions in the whole specimen.

The used impulse sources and the waveform characteristics are presented
in Table 2. A 3CTEST LSS160SS source was used to generate the lightning
waveform 1 of aircraft lightning standard SAE ARP 5412 [12], while a Mon-
tena EMP80K-5-500 source was used to generate conductive high altitude
electromagnetic pulses (HEMP) conforming to the standard MIL-STD-188-
125-2 [19]. Pulses were directly applied on the 2 driving electrodes (the brass
tubes) of the specimens, with their currents monitored by a BCP-619 probe.
Voltages were measured from the 2 measuring electrodes (brass pins) with a
100-MHz 6-kV high voltage differential probe. The diagram of the circuit is
shown in Fig. 10. To mitigate electromagnetic interferences, the cables of the
voltage measurement probe were arranged as close as possible and shielded as
shown in Fig. 11.
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3 Results and discussion

The tested samples are listed in Table 3. For each type of composite, two sam-
ples were tested with a standard lightning 6.4/69 µs pulse and a 20/500 ns
pulse respectively, in order to investigate the electrical breakdown caused by
standard lightning pulses and sub-mirosecond fast pulses. For the composite
made from T300 fibers and E-14 epoxies, two additional samples were tested.
One was tested after having been wrapped with ethylene-vinyl acetate copoly-
mer (EVA), to make certain that the electrical breakdown did happen within
the specimen, while the other sample was not polished, so that the damage to
the surface resin could be observed with scanning electron microscopy (SEM).

During the test, the short-circuit current setting of the pulse source was
increased by 3 dB per test step, that is,

√
2 times of the previous step. For

example, if the short-circuit current was 100 A in the current step, it would
be raised to approximately 141 A in the next step. Due to the finite source
resistance shown in Table 2, the actual monitored current increment per step
was a little larger than 3 dB. Each specimen only experienced 1 test cycle. After
the current was increased step by step to the maximum and then decreased
back to the initial value, the specimen was replaced to avoid severe cumulative
damages. No obvious surface damages were visually observed during the whole
experiment.

Standard 6.4/69 µs lightning pulses were applied to sample No. 1, 5 and 7.
The typical current and voltage waveforms on sample No. 1 are shown in Fig.
12 (short-circuit output set to 1600 A). The current waveforms were charac-
terized by expected double exponential shapes, while some voltage distortion
could be observed in the first few microseconds. The waveforms of other sam-
ples were similar.

The plot of the peak voltage versus peak current is shown in Fig. 13. The
arrows in the figure represent the sequence of test steps. All the curves have a
similar shape. The V-I curves have an initial linear high increase rate, becom-
ing significantly less steep after reaching a certain voltage, showing a non-linear
effect. The voltage varied for different composites. It was lower for the sample
made of E-14 polymer (for sample No. 1, approx. 470V), but higher for that
made of 610 polymers (for sample No. 5, approx. 680 V and for sample No.
7, approx. 736 V). The thicker inter-laminar polymers might contribute to
the difference. The V-I curve went back almost to the origin of plot for the
composites made with autoclave technology (for samples No. 1 and No. 5),
but intercepted the voltage axis at approximately 200 V for the sample made
with vacuum bagging, which might be caused by the existing small defects of
sample No. 7 as discussed in the following paragraphs. The DC resistance was
measured after each pulse, as shown in the same figure. Compared to its ini-
tial value, the resistance dropped significantly after the electrical breakdown.
Because the current of a lightning strike is fixed due to the high impedance of
the plasma channel [20], the decrement of the resistance means much less en-
ergy (several orders of magnitude) is transferred into the material during the
electrical breakdown. This result revealed that the assumption of a constant
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resistivity in numerical simulations, as often adopted in the literature (e.g.,
[1, 2]), was not appropriate. It could also be observed that the resistance of
the composite made at normal pressure exihibited more fluctuation.

For the HEMP 20/500 ns pulse, the typical waveform with a peak cur-
rent of 660 A is shown in Fig. 14 (sample No. 2). The voltage waveform was
characterized by a significant number of spikes in its leading edge, and an ex-
ponential shape later on. The waveforms of the other samples (No. 6 and 8)
were similar.

One of the samples (No. 4) was observed with microscopy to investigate
the damage caused by the HEMP 20/500 ns pulse with a peak current of
100 A. The surface of the specimen was not polished before the experiment,
since polishing would lead to a number of small pits on the surface, which
would hinder locating the pulse damage. The whole surface of the sample
was photographed by regions before applying the pulses. It was then checked
carefully after the experiment by comparing with the photos, to make certain
that the defect was caused by the pulse. The 100X optical microscopy image is
shown in Fig. 15. The red rectangular region in the photo is further magnified
with SEM, as shown in Fig. 16. The epoxy was transparent to visible light but
opaque to electrons. The pit of epoxy decomposition had a diameter of around
80 µm. It could be inferred that the current was not uniformly distributed,
but concentrated in a few conductive channels. The dissipated energy within
the specimen, integrated according to the Joules law [2] from the voltage and
current waveform recorded by the oscilloscope, was found to be only a few mJ.
However, irrecoverable resin decomposition still occurred even when the pulse
energy was low.

To quantitatively evaluate the voltage-current (V-I) relationship, voltage
values were extracted from the peak of the exponential fittings of the voltage
waveforms, neglecting the voltage spikes. Fig. 17 shows the peak voltage versus
peak current, where non-linear behavior can be observed as well with higher
turning point voltage compared to Fig. 13. The arrows in the figure represent
the sequence of test steps. The HEMP pulses were so short that their pulse
widths were only 0.7 % of the 69 microseconds lightning waveform 1. Although
the time duration varied by more than two decades, the turning point voltage
was in the same order of magnitude. This showed that electrical breakdowns
related weakly to the transferred energy but more to the applied voltage or
electric field. The low current resistances of the samples went down after pulses,
except that the resistance variation of the sample made with vacuum bagging
showed irregularity. The fiber ablations caused by air discharges near the voids
which were caused by low fabrication pressure might have led to the observed
difference.

The electrical breakdown was a fast process. Significant voltage spikes ex-
isted in the leading edge, as shown in Fig. 14. The spikes could not be measured
precisely, since they were so narrow that they exceeded the 100 MHz probe
bandwidth. Moreover, the over-range audible alert of the probe sounded dur-
ing the experiment, indicating that the actual voltage spike may have even
approached 6 kV (the upper limit of the probe). These spikes were not due
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to electromagnetic interference, since only small voltage spikes were observed
in the comparative measurement where a low current was applied as shown in
Fig. 18. Electromagnetic coupling was linear, which could not change the shape
of voltage curves. The transient resistance (the ratio of voltage to current of
Fig. 14 at every time point) remained almost constant after the spike (Fig. 19).
Therefore, it seemed that conductive channels formed just within the spikes,
in no more than a few nanoseconds. After that, the channels provided good
conductivity. The resistance measured from the waveform was lower than that
measured with DC after the pulse was applied, which might be attributed to
the high temperature or discharge in of the channel during the pulse. In Fig.
12, no spike was observed since the rising edge of the lightning pulse was too
slow. Electrical breakdowns happened repeatedly during the rising edge.

The above-mentioned electrical breakdown process looked similar to the
breakdown of thin polymer films [21]. The formation of breakdown channels
took place within a short period of nanoseconds. These channels kept their
conductivity during the rest of the pulse, and they could be irrecoverable,
therefore, still presented after the pulse was over. The breakdown field strength
tended to grow slightly as the voltage rise rate increased. Assuming that the
thin polymer film electrical breakdown theory [21] can be applied to the elec-
trical breakdown of CFRP, the process would be described as folllows. Upon
applying the voltage, the electric field between the plies drived electrons into
the polymer. Tunneling takes place where the electric field strength was higher
than its average value, especially where the fiber density was higher between
plies. The electrons were captured by traps and formed space charges. As the
space charges propagated toward the anode, the electric field near the ply with
higher potential would increase. The current amplification initiating local de-
struction of the polymer was a consequence of the space charge evolution. The
breakdown channel between plies was the outcome of the local Joule heating
to high temperatures by an intense surge in the current (the formation of a
hollow channel with conducting walls as a consequence of polymer decomposi-
tion and the formation of soot). It was believed that the electrical breakdown
channels at the beginning could be as small as about 10 µm in diameter [21].
As the inter-ply polymers were broken down layer by layer, the voltage leading
edge might comprise several narrow spikes. In addition, the defect within the
composite would contribute to the electrical breakdown process. This could
be observed from the samples made without the autoclave processes. The air
discharge at the small voids could be recoverable, so that certain voltage was
required by the air discharge and the I-V curve intercepted to a positive volt-
age.

4 Conclusions

An experiment setup using lightning and HEMP impulse generators with the 4-
probe method to measure the CFRP resistivity through the thickness direction
was presented in the paper. Three composites with different resins, stacking
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sequences and manufacturing processes were tested. Non-linear effects were
observed for all the samples. The conductivity through the thickness direction
increased significantly when the voltage was high enough to cause polymer
electrical breakdown.

Electrical breakdown was caused not only by 6.4/69 µs lightning pulses,
but also by 20/500 ns HEMP pulses at a slightly higher voltage with much
smaller pulse width and less energy, which suggested that the breakdown re-
lated weakly to the transferred energy but more to the applied voltage or
electric field. By analyzing the waveform under HEMP, it was revealed that
the electric breakdown was fast. Voltage spikes occurred in the leading edge
during the first few nanoseconds. The transient resistance (the ratio of volt-
age to current at every time point) remained approximately constant after the
spikes. These characteristics were found to be very similar to the electrical
breakdown of thin polymer films. The tested composites were all off-the-shelf
products. In further studies, composites could be intentionally fabricated with
only one different parameter while keeping the others equal, in order to study
the influence of resins, stacking sequences and manufacturing processes. All
the measurements were performed with currents about 2 orders of magnitude
below the lightning standards and the experiments were not intended to be
destructive. Although information might be acquired for understanding the
onset of the lightning interaction with CFRPs, attention should be paid while
analyzing the period after high current and energy are applied, especially when
gas from the decomposed resin and lightning plasma pressure might influence
the resistance between plies.

The impedance through the thickness direction drops drastically after the
electrical breakdown, and it should, therefore, not be regarded as constant.
The relationship between the conductivity and the electric field should be
taken into consideration in order to precisely model the damage of CFRPs
stuck by lightning. Numerical models could be used in subsequent studies to
better understand the involved mechanisms.
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Fig. 1 CFRP samples damaged in preliminary experiments

(a) (b) (c)

No. 1 No. 2 No. 3

Fig. 2 A schematic of the stacking sequences
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Fig. 5 The microscopy profile of the composites

Fig. 6 The photo of a sample
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Fig. 7 The schematic representation of the test fixture
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Fig. 8 The fixture with a specimen
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Fig. 9 The specimen wrapped with EVA

Differential
voltage probe
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Fig. 10 The schematic representation of the experiment

Fig. 11 The arrangement and shielding of cables
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Fig. 12 Typical voltage and current waveforms under a 6.4/69 µs lightning pulse
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Fig. 13 Peak voltage vs. peak current of the composites under 6.4/69 µs pulses
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Fig. 14 Typical voltage and current waveforms under a 20/500 ns HEMP (660 A peak)

Fig. 15 The optical microscopy image of the sample surface
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Fig. 16 The SEM image of the sample surface
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Fig. 17 Peak voltage vs. peak current of the composites under 20/500 ns pulses
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Fig. 18 Voltage and current waveforms of sample No. 2 under 20/500 ns HEMP (9.35 A
peak)
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Fig. 19 The transient resistance of sample No. 2 CFRP sample (660 A peak)
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Table 1 The tested composites

No. Fiber Resin
Manufacturing
process

Temperature
profile

Pressure
profile

Thickness
Sample
Numbers

Conductivity

1 T300 E-14 Autoclave Fig. 3 Fig. 3 2.7 mm 1-4 0.919 Sm−1

2 T300 610B Autoclave Fig. 4 Fig. 4 2.1 mm 5-6 0.334 Sm−1

3 T300 610B Vacuum bagging Fig. 4 / 2.1 mm 7-8 0.213 Sm−1

Table 2 Characteristics of impulse generators

Waveform standard Rise time Pulse width Generator Source resistance

1 SAE-ARP-5412 Waveform 1 6.4 µs 69 µs 3CTEST LSS160SS 1 Ω
2 MIL-STD-188-125-2 20 ns 500 ns Montena EMP80K-5-500 60 Ω

Table 3 The tested samples

No.
Composite No.
referred to Table 1

Polished
Wrapped
with EVA

Pulse

1 1 Yes No 6.4/69 µs
2 1 Yes No 20/500 ns
3 1 Yes Yes 6.4/69 µs
4 1 No No 6.4/69 µs
5 2 Yes No 6.4/69 µs
6 2 Yes No 20/500 ns
7 3 Yes No 6.4/69 µs
8 3 Yes No 20/500 ns
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