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ABSTRACT

INTRODUCTION

The present paper is a contribution to the
understanding of damage processes of carbon
fiber composite material panels resulting from a
lightning strike. The final goal of this work is to
contribute to the design of future structural
materials with improved protections reducing
damages induced by lightning. First, a
phenomenological analysis of the damages is
performed on the basis of micro-cuts and ultrasonic non-destructive investigations. This analysis
suggests that surface damages located in the
paint, metal protection and topmost composite
layers can be segregated from bulk ones (in the
core of the composite material). Bulk damages
involve fiber-resin debonding, transverse cracks,
fiber rupture and ply delamination. Similarities and
differences between bulk damages due to
lightning and those resulting from mechanical
impacts are pointed out. Physical models for
lightning induced surface and bulk damages are
then proposed. Surface damages can be
understood on the basis of a thermal model,
involving heating, melting or vaporization of the
metallic protection and possibly of the composite
topmost layer. Evaluation of the energy deposited
there by Joule effect and by heat transfer from the
plasma arc provides a time dependent damaged
area in good agreement with test results. Bulk
damages are described as the result of a
mechanical stress due to externally applied forces
to the material. We discuss the relative weights of
the different contributions (shock waves, magnetic
forces…) to this applied stress.

The lightning direct effects on structural materials
encompass a variety of physical processes
including edge glows, sparking… The focus of the
present paper is on the understanding of a
specific subset of these effects, namely the
damage processes of the structural materials
occurring in the vicinity of the lightning impact
point. The objective of this understanding effort is
to provide guidance in the design of future
structural
lightning
protections.
Damage
phenomena are usually understood within an
electrical and thermal framework. In such models,
energy is injected in the material by Joule effect
induced by the circulation of electrical current
through the material and protection as well as by
heat transfer with the arc root. This energy input
results in heating of the protection and material
possibly followed by melting and vaporization. The
extension of the damages is assessed on the
basis of the amount of these liquid or vapor
phases. Such an approach is well adapted to
describe damages on metals and has been
extended to carbon fiber composite materials for
the continuous C component [1-2]. There is
however growing evidence that, at least for the
impulse A or D components, mechanical
phenomena can induce damages. Mechanical
momentum induced on samples by lightning
strikes has been measured [3-5], and thermomechanical models have been proposed to
account for the observed damages [4-5]. It has
been shown [5] that the transferred momentum
can result from magnetic forces induced by the
circulation of current in the sample as well as from
air and surface explosion shock waves, possibly
enhanced by the confining effect of paint on the
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surface. Besides, the design of purely mechanical
weight drop tests which could be considered as
equivalent to lightning tests has been investigated
recently [6].
In the present paper, we first analyze typical
lightning damages on protected composite
materials. We show that surface damages can be
segregated from bulk ones. Surface damages are
typically thermal effects induced by metal
protection layer melting or vaporization and
possibly first carbon ply degradation (tufting,
burning). Bulk damages are typically mechanical
damages like fiber-resin debonding, transverse
cracks, fiber ruptures and ply delaminations.
Being different in nature, surface and bulk
damages can be described differently. For surface
damages, we propose a thermal model involving a
time dependent lightning arc root which provides a
good estimate of the impact surface area. Then,
the sources of the applied stresses leading to bulk
damages are investigated. We discuss the relative
weight of the applied stress due to Laplace forces
with the one induced by near-surface explosion.
These source terms will be used subsequently as
inputs to mechanical damage models.

DAMAGE PHENOMENOLOGY
A lightning test campaign has been undertaken on
a set of quasi-iso (layup: [45°/0°/135°/90°]s)
CFRP (Carbon Fiber Reinforced Plastic) samples
made of 8 plies and having a thickness near 1.5
2
mm. The samples were 450x450 mm squares
grounded on a circle  370 mm to a mechanically
rigid coaxial current return structure. Different
paints and metal protections were considered.
These samples were subjected to D waveforms
(100 kA peak, 20 μs rise time, 80 to 100 μs total
duration). High speed cameras were used to
study the arc and damage dynamics on the front
side, and visars (laser interferometers) were used
on the rear side to measure the deflection of a few
points of the sample [5]. Post-strike analyses of
the samples were performed including micro-cuts
as well as ultra-sonic C-scans.
A typical damage is shown on figure 1 for a
sample with a surface protection consisting of an
2
Expanded Copper Foil 195 g/m (ECF195)
covered with 200 µm dielectric paint. The central
damage area is typically 5 cm large: this surface
damage corresponds to removal of both metal
protection and paint.

5 cm
Figure 1: Surface damage area and micro-cut picture (not to
scale) along the white vertical line showing the surface paint
and metal ECF195 (bright dashed line), and 8 plies. The 3
horizontal arrows indicate the correspondence between the
micro-cut and the surface state: in particular, the medium
horizontal arrow is located at the rim of the surface damage
region (where bright dashed line disappears). The large dark
hole in the middle of the micro-cut corresponds to delamination
between plies 3 and 4 (counted from the painted side).

The insert of fig. 1 is an example of micro-cut
performed along the vertical white line. It shows a
large delaminated area at the interface # 3
(between plies 3 and 4, counted from the painted
side) accompanied by transverse cracks. Such
micro-cuts suggest a clear distinction between
surface and bulk damages. Surface and bulk
damage areas are indeed separated by a “quiet
zone” in the thickness of the material, with little
damages in the first plies. Also, whereas surface
damages are located near the lightning impact
zone, bulk damages can shift significantly
sideward, as appears strikingly in the inset of fig.
1: the bulk delamination begins close to the
location where surface damage ends.

Figure 2: Magnification of the inset of fig. 1 near the transition
region showing central surface damage on the left (paint and
ECF are almost completely absent) and delaminated area on
the right (paint layer as well as the metal protection - a line of
bright dots - are visible). Delamination between plies 3 and 4 is
clearly visible and is seen to emerge from a network of
transverse cracks. In-plane cracks on ply # 8 at the bottom are
also visible.
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C-scans provide delaminated areas as a function
of depth in the thickness of the sample. They are
obtained from time of flight measurement in
reflected ultra-sonic waves. These scans are
represented on fig. 3 for the same sample as the
one of fig. 1 and 2 as histograms: delaminated
area as a function of the interface number.
Starting from the impacted surface, delaminated
area is limited between the first three plies, but
increases sharply at the interface between plies #
3 and 4, and is negligible deeper in the material.
This confirms throughout the entire material
surface the tendency observed by micro-cuts
along a single line.
Many of these qualitative features are similar to
those observed in the context of low velocity
mechanical impacts (see for instance [7-9]). In this
case,
intralaminar
damages
(fiber/matrix
debonding, ply matrix cracks, fiber breakages)
couple to interlaminar ones (delaminations). Such
mechanical impacts induce fiber/matrix debonding
and matrix cracks in each ply, resulting in disjoint
fiber/resin strips which slide down along impact
direction. These disjoint strips create triangular
shape tension stress areas on each side of the
central impact zone. These tension stress areas
are prone to delamination. Their size increases as
proceeding deeper in the composite thickness. In
the case of symmetric quasi-iso structures, these
triangular delaminated areas form a “double-helix”
structure [8-9].

Delaminated area (mm²)

This is confirmed by a closer view near the rim of
the surface damage region shown on fig. 2. The
end of the surface damage area is shown by the
appearance of the surface paint layer and metal
(bright dots on surface). Within 1 or 2 mm from
this limit, transverse cracks open increasingly
wide delamination gaps which propagate deeper
down to the interface # 3, where the large
delamination of fig.1 is located. Damages from
plies 4 to 8 are more limited. However, in-plane
cracks, parallel to laminate principal plane, are
apparent inside ply 8.
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Figure 3: C-scan histogram showing the delaminated area as
a function of the interface number (ex : 1 is the interface
between plies 1 and 2, counted from the protected-painted
side).

Some of the features observed on figs. 1-3 are
consistent with this mechanical damage
phenomenology: delaminations do originate from
transverse cracks, and form increasingly large
delaminated areas as going deeper. However, this
is true only for the upper side of the sample
closest to the impact point. Interestingly,
delaminations almost disappear in the second half
of the laminate. Lightning damages are thus more
adequately described by a “single-helix” structure
than a double one. Moreover, it is interesting to
notice in-plane cracks inside the last ply, not
expected in the case of low velocity impact. These
in-plane cracks are reminiscent of the peeling
process which can occur at the back of a material
undergoing a high velocity impact. In this case, a
shock wave can propagate through the thickness
of the sample and induce tension stress when
reflecting at the back of the sample. It therefore
seems that lightning impact mixes damage
characteristics resulting from low velocity impact
with others resulting from high velocity ones.
The fact that the delamination at the interface # 3
has a mechanical origin has been confirmed
further by Scanning Electron Microscope (SEM)
observation of the delaminated surface of ply # 3,
as shown on fig. 4. This figure shows remaining
matrix covering fibers. It is interesting to observe
that this matrix lies along needle shape parallel
structures. This is characteristic of peeling
induced by mechanical tension stress at the
interface.
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Figure 4: SEM image of a small portion of the delaminated
surface of ply # 3 of the sample considered. The matrix
surrounding the remaining fibers is seen to show a needle
shape oriented structure, characteristic of a delamination
resulting from mechanical tension stress.

We can therefore conclude this section by
pointing out the existence of two damage
mechanisms. Surface damages have mainly a
thermal origin: the Joule effect in the metallic
protection, in conjunction with the energy transfer
from the arc root, induces vaporization of the
surface protection and disappearance of the paint
layer. This possibly results in damages in the
topmost first composite plies. The second
mechanism occurs deeper in the material. The
damages (debonding, cracks, ruptures and
delaminations) which occur there are induced by
mechanical stresses, akin to what is observed in
mechanical shocks. We now consider models for
both damage mechanisms.

SURFACE DAMAGE THERMAL MODEL
In-strike high-speed camera observations provide
insight in the phenomena occurring at the surface
of the impacted samples. Bright lines which
organize in rings of increasing radius with time are
seen on such images. These rings can be
interpreted as the time dependent rim of the
surface damaged area. Since current avoids
central high resistivity damaged area, it flows
mainly through its rim, which is heated by Joule
effect and energy transfer from the arc plasma,
thus emitting light. This annular portion of the
protection is subsequently consumed, i.e.
vaporized or ejected from the sample surface.
This process results in a hollow arc root with an
annular shape increasing with time, as depicted
on fig. 5.

Figure 5: Schematics of the damaging dynamics at the
surface of the sample. The current avoids the damaged central
portion of the surface because of its high resistivity. It flows
mainly through its rim, the size of which increases with time as
it is consumed. This process defines a time dependent hollow
arc root.

This qualitative scenario can be implemented in a
quantitative arc root model providing time
dependent damaged surface area and eventually
the post-strike damage. For simplicity, we assume
that Joule effect is the only source of energy
injected in the sample and neglect heat transfer
with the arc plasma, which is typically one order of
magnitude smaller. We consider a metal
protection with thickness e, surface density δ,
volume density ρ, and electrical conductivity σ. We
call ra(t) the time t dependent arc root radius and
we call ΔH the energy to consume the protection
(per unit mass). The electrical resistance of an
annular elementary volume in the protection with
radius r: dV=2πerdr is given by:
.
This volume disappears at time t(r) when
sufficient energy has been dissipated by Joule
effect in the protection:
(eq. 1)

k being an empirical correction factor taking into
account the shape of the metallic protection and
I(t) the time dependent current waveform. This
provides a time dependent arc root radius:
(eq. 2)
and time dependent damaged area:

(eq. 3)
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This model has been implemented for a solid
(unexpanded sheet without hole) copper foil with
k=1, δ=88 g/m2, ρ=8940 kg/m3, ΔH=620 kJ/kg
(fusion enthalpy, heating and phase transition
included). As the resistivity of copper increases
linearly with temperature, the time dependent
damaged area was computed for 2 temperatures:
20 °C and 1000 °C (close to melting temperature),

1.68

using

10-8

Ωm

and

13.1 10-8 Ωm. Figure 6 compares
the 2 computed damaged areas with experimental
results, which were estimated on pictures
provided by the high speed cameras, and from the
final damage extension measured on the sample
after strike for the long time result. It is seen from
this figure that the model provides a satisfactory
bracketing of the experimental results, thus
validating the proposed model.
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Figure 6: Damaged area as a function of time. The
experimental points have been evaluated on images acquired
with a high speed camera, except for the last point which
corresponds to the final damaged area measured on the
sample after strike. The two computed curves correspond to
the result of eq. 3 (see text), using the 20°C and 1000 °C
values for electrical conductivity.

BULK DAMAGE MECHANICAL MODEL
A correct model of the bulk mechanical damages
requires the knowledge of the strain and stress
state of the material as a function of time,
including failure criteria. A necessary input to the
model is some time dependent externally applied

stress which represents a mechanical impact
equivalent to the lightning strike. Different possible
contributions to this applied stress have been
considered in previous publications [3-5]. One is
the pressure induced by a cylindrical shock in air
resulting from sudden energy deposit in the
lightning arc channel [10]. A second possible
contribution is a planar shock wave at the surface
of the material, induced by the Joule effect in the
metallic protection, enhanced by the confinement
effect of the paint [5]. A third contribution is the
Laplace force resulting from the interaction of the
current circulating in the material with the ambient
magnetic field [3].
We performed tests and modeling to evaluate the
relative weights of these three contributions. We
first performed deflection measurements for two
kinds of samples. The first one is the standard
sample type described above (see beginning of
section “damage phenomenology”). The second
one is obtained from the previous one by drilling a
central hole ( 10mm) in the sample. This allows
insertion of the electrode in the hole and
suppresses as much as possible the arc between
electrode and sample. Differences on the
deflection between standard and drilled samples
therefore result from the air shock contribution
induced by the presence of the arc. However, no
significant difference on the defection was
observed between drilled and un-drilled cases.
This suggests that the first contribution to the
external pressure, the shock in the air, is not
significant.
Two contributions to the deflection remain in the
drilled sample case. Indeed, in addition to the
deflection resulting from Laplace forces, fast
camera images showed that significant surface
explosion induced by Joule effect in the protection
still occurred and could contribute to deflection.
Models give an order of magnitude of the relative
weights of each of these two contributions.
Indeed, we can compute the deflection resulting
from the magnetic contribution alone (Laplace
forces) with a mechanical model and we can
compare this defection with the measured one,
which includes both contributions. An order of
magnitude of the applied magnetic pressure P(r,t)
at distance r from the drilled center is given by the
product of current density : j(r,t) = I(t)/(2πr) and
magnetic current B(r,t) = µ0I(t)/(2πr) so that
P(r,t)=µ0 (I(t)/2πr)2. Fig. 7 shows the computed
deflections
resulting
from
this
magnetic
contribution at two points of the sample (labeled
visar 1 : at the rim of the central hole, and visar 2 :
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25 mm sideward) and compares them with the
measured one, which includes surface explosion
also. There is some delay in the onset of the
deflection at visar # 2 location, as compared to
visar # 1. This is expected from the fact that the
applied pressure is larger near visar # 1 than near
visar # 2. Deflection reaches a stable value near
200 µs. The measured deflection is typically twice
larger than the computed one. This indicates that
magnetic contribution to deflection and applied
pressure is significant and has a similar order of
magnitude to the contribution of the surface
explosion.

Model visar 1

Model visar 2

Test Visar 1

Test Visar 2

3,5
Deflection (mm)

3

contributions are dominant, and have roughly
comparable weights.
The presented work has important implications
which we are currently working on. One is the
understanding and modeling of the bulk damages.
The evaluation of the different kinds of applied
external stresses presented here is a necessary
preliminary step to this task. It should be followed
by the computation of time-dependent strain and
stress states of the material subjected to this
external pressure, and evaluation of damages
through identification of failure criteria. Another
implication of the present work is the study of the
influence of test conditions and sample design on
damage occurrence. This may be useful to
improve the representativeness of lightning tests
performed on small scale coupons with respect to
full scale reality. Finally, the present work also
raises the question of the feasibility of a purely
mechanical experimental simulator for bulk
damaging lightning direct effects.
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