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Damage is inflicted on carbon-fiber/epoxy composite plates using both simulated lightning strike and mechanical
impact in the effort to understand the relative effect of the two damage mechanisms. A methodology is proposed to
characterize the damage resistance and tolerance of unconfigured composite plates subjected to lightning strike in a
fashion that is consistent with the extensive work previously done on low-velocity impact. Using current and voltage
diagnostics, it is possible to extrapolate the amount of electromechanical energy absorbed by the plate during the
strike and compare it to that absorbed during a mechanical impact. Damage resistance is characterized by means of
ultrasonic C-scans and microscopy, whereas residual strength is measured by means of compression after impact
testing. Results show that the energy dissipated in a specimen during the lightning strike is much greater than the
strain energy introduced by mechanical impact, and hence a comparison based on energy is not recommended.
However, based on the relative threat levels associated with the impact and the lightning strike events, the
comparison yields insightful observations on both damage state and residual performance. In general, for the
configurations tested, lightning strike damage seems to be less detrimental than the mechanical impact in terms of

both damage area and residual strength.

I. Introduction

WIDE range of composite material forms are finding use in

today’s aerospace, automotive, and other transportation
industry segments. These materials are finally fulfilling the promise
of providing aircraft manufacturers with a cost-competitive
alternative to aluminum alloys. The Boeing 787 Dreamliner, due to
join the world’s active fleet by mid-2009, features more than 50%
carbon fiber reinforced polymers (CFRP) by structural weight [1].
Beside the direct benefits resulting from the greater specific
mechanical properties, such as increased fuel efficiency and reduced
pollutant and acoustic emissions, other indirect advantages of a
CFRP-intensive airframe are reduced maintenance requirements and
increased passenger comfort because of the superior fatigue- and
corrosion-resistance characteristics of these materials. However, the
introduction of composites in the primary structure of modern
aircraft presents special problems with regards to the lighting strike
threat. Although metallic structures, such as traditional aluminum
airframes, are highly conductive, CFRP have a much lower electrical
conductivity. Although carbon fibers are good conductors, the
polymer matrix is an excellent dielectric and therefore reduces the
overall conductivity of the composite laminate.

Lightning strike is a threat to all structures, whether metallic or
composites, and requires careful consideration from a certification
standpoint. Lightning can induce damage on a structure by melting
or burning at lightning attachment points, resistive heating,
magnetic force effects, acoustic shock, arcing and sparking at joints,
and ignition of vapors in fuel tanks [2,3]. Of particular interest to
CFRP or other conductive composites is damage resulting from
acoustic shock and resistive heating. When lightning strikes, a large
amount of energy is delivered very rapidly, causing the ionized
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channel to expand with supersonic speed. If the shock wave
encounters a hard surface, its kinetic energy is transformed into a
pressure rise, which causes fragmentation of the structure. On the
other hand, resistive heating leads to temperatures rise, and in turn it
initiates a breakdown of the resin/fiber interface by pyrolysis. If the
gases developing from the burning resins are trapped in a substrate,
explosive release may occur with subsequent damage to the
structure.

Although extensive literature is available regarding the threat of
foreign object impact damage to composites [4—6], limited work has
been published to assess the structural performance of CFRP
specimens following lightning strike damage [7,8]. In a previous
study [8], the authors inflicted simulated lightning strike damage at
three different current levels (10, 30, and 50 kA) on carbon/epoxy
coupons in order to characterize their damage resistance and tolerance
response. Both unnotched and filled-hole (using an aircraft-grade
stainless steel Hi-Lok fastener) specimens were tested, all unpainted
and unprotected. After damage was inflicted, the CFRP specimens
were tested in tension and compression for residual strength. The
residual tensile strength was in general mildly affected, both in the
unnotched and filled-hole configurations, as well as the unnotched
compressive strength. On the other hand, the filled-hole compressive
strength was dramatically reduced, particularly for 30 and 50 kA
strikes. The criticality of the compressive failure mode over the tensile
is not surprising for composites, but the negative influence of the
fastener is not intuitive. It was found that for unnotched specimens the
damage tends to be confined to the outer plies in proximity of the strike
location, whereas for filled-hole specimen, the damage tends to
spread throughout the entire specimen thickness. The presence of the
fastener has mixed effects: for low amperage strikes (10 kA), the
fastener tends to absorb the majority of the damage; for higher
amperages (30 and 50 kA), it acts as an amplifier by distributing the
damage throughout the entire thickness of the specimen. It was
observed that at the higher current levels, particularly for the filled-
hole specimens, the size of the damage was too large for the small size
of the specimens, which were rectangles of 12 x 1.5 in. (305x
38 mm). As a result of this study, it was concluded that for future
researcheritis recommended to use larger specimens, possibly square
plates of at least 6 x 6 in. (127 x 127 mm). Furthermore, given the
criticality of compression strength for filled-hole specimens, it was
recommended to limit future research to this particular configuration.

The basic lightning protection regulation for airframes is the same
for all vehicle categories and appears in the Federal Aviation
Administration (FAA) Advisory Circular AC 25-21[9] (Sec.25.581),
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Table 1 Threat levels associated with lightning
strike and mechanical impact

Threat Lightning strike, kKA Impact damage, ft - Ib (J)
Very high 100-200 50-100 (67.8-135.6)
High 50-100 30-50 (40.7-67.8)
Medium 30-50 15-30 (20.3-40.7)
Low 0-30 0-15 (0-20.3)

which requires that the aircraft be able to sustain a lightning strike
without experiencing catastrophic damage. These requirements are
inherently nonspecific and allow manufacturers to adopt different
certification strategies. However, SAE International provides
aerospace recommended practices (ARP) that can be use to show
compliance with these requirements [10,11]. The accuracy of the
testing technique adopted as compared to real lightning strike events
is fundamental question, and it has been discussed for decades.
Previous work by NASA, FAA, and industry has led to the
development of a recommended procedure: the SAE ARP 5412 [11],
which is accepted internationally as the sole test standard by which to
simulate lightning strike in a laboratory environment. The research
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presented here follows accurately the recommendations contained
in [11].

Although regulatory agencies impose compliance with safety
requirements, aircraft manufacturers also have internal requirements
that address both safety and economic concerns. In a fashion similar
to foreign object impact damage [4], whereby detection thresholds
[such as barely visible impact damage] (BVID) and associated impact
energy levels, are set to determine maintenance and inspection
procedures, different threat scenarios exist for lightning strike
damage. Table 1 summarizes the levels of threat for both impact and
lightning strike damage that are of interest to airframe manufacturers.
The peak impact energy levels and lightning strike currents employed
are lower than the peak values presented in Table 1 because they are
adjusted to be adequate for the dimensions of the specimens being
considered. This study, although not focusing on the visual
detectability aspects of the damage, aims at establishing a comparison
between the relative severity of mechanical impact damage and
lightning strike damage. The worst conditions for evaluating the
residual strength in both types of damages are considered, which
involve compressive loads. Also, the lightning strike specimens
involve filled-hole configurations, which have been shown to cause
greater damage than unnotched configurations [8].
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Fig. 1 Picture and schematics of the lightning strike generator.
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Fig. 2 Details of the test specimen area of the lightning strike generator.

II. Experimental Procedure

A. Description of the Lightning Strike Generator

The lightning strike generator developed at the University of
Washington is composed of a high-voltage capacitor, a high-voltage
resistor, an adjustable resistor stack, a spark gap switch, the test
specimen, and the current return network, as shown in Fig. 1. The
capacitor is capable of supplying 44 kVand 52 wF and the adjustable
resistor stack is used to vary the amperage of the strike and to
modulate the waveforms, while the spark gap switch is used to trigger
the strike. The area in proximity of the test specimen is reported in

Table 2 Voltage: current intensity and energy dissipated for the
three threat levels of lightning strike used in this investigation

Threat Capacitor  Resistance, 2 Strike Average energy

more detail in Fig. 2 and shows the dielectric support frame, current
and voltage probes, the conical copper striker, the CFRP coupon with
the fastener, and the copper strips used to connect the specimen to the
ground. The CFRP specimen is supported at the two short ends
between two copper electrodes, for which the position is adjusted to
be in close contact with the specimen and are encapsulated by
nonconductive phenolic composites. Striker distance is kept constant
for all tests at 0.125 in. (3.2 mm). The generator is contained in a
chamber, which is electrically and physically separated from the
surrounding environment in order to ensure safe operation. The
lightning strike generator is capable of generating waveform D as
specified in SAE ARP 5412 [11]. Waveform D is designed to
represent a typical restrike after the primary strike to the airframe and
is also used to certify the vast majority of the airframe acreage.
Waveform D calls for a maximum of 100 kA, released over less than
0.5 ps [8].

B. Lightning Strike Energy Calculations

According to the composite materials handbook-17 definition
[12], damage resistance is a relationship between an external threat or
event and the resulting state of damage in the structure. On the other
hand, damage tolerance is defined as the relationship between the
existing state of damage in the structure, independently of how it was
introduced, and its residual performance. Although interconnected,
these two properties are very distinct. Traditional damage resistance
and tolerance studies [12,13] on composite materials investigate the
relationship between the mechanical damage inflicted on a specimen,
such as low-velocity impact [14] or quasi-static indentation [15] and
the residual strength of the specimen [16]. These two relationships
are often captured and summarized in two key plots [12,13] that show
the relationship between projected damage area measured by
ultrasonic C-scan and impact energy, and the relationship between
residual strength as measured by compression after impact (CAI) and
impact energy. Often, the residual strength is normalized against the
pristine (or undamaged) value of the compressive strength. Although
questions have been raised about the usefulness of the CAl test and its
applicability to real configured structures for design and certification
purposes, this systematic approach to impact damage character-
ization is well known to the composites community and, with its
limitations, accepted by it. For lightning strike damage, a similar
approach has not been use in the open literature, partly because of the
experimental complexities associated with simulating lightning
strike, and partly because lightning strike has been traditionally
handled as an electrical and ignition related problem more so than a
structural integrity threat. This study proposes a unifying
methodology that can evaluate the relative threat of lightning strike
damage to composite structures in a fashion similar to mechanical
impact damage.

Energy is therefore the preferred metric by which mechanical
impact threats are defined. For mechanical impact, the energy input
into the specimen is dissipated in elastic deformation and vibration
and damage creation. The elastic portion is returned to the
rebounding impactor, whereas the remaining is dissipated and not
returned to the specimen. For the majority of impact events used to
inflict damage, the authors have shown that the energy returned is a
small fraction of the total energy, although the bulk is dissipated in

voltage, kV current, kKA dissipated X
in specimen, the formation of damage [4,5].
ft-1b () An electromagnetic threat, such as a lightning strike, releases large
- amounts of energy in the forms of thermal, electrical, and, to an
E‘egium %(9); 82 ;8 ;%(2) 832; extent, mechanical. However, for lightning strike, the severity of the
Low 18.9 0.6 30 269 (364) threat is classified by the intensity of the current. The current that is
generated by the capacitor and used to strike the specimen is always
Table 3 Summary of coupon level unnotched, open-hole, and filled-hole tests

Family Repetitions Hole diameter, in. (mm) Length, in. (mm) Width, in. (mm) Nominal thickness, in. (mm) Average gross strength, ksi (MPa)

Unnotched 3 e 12.0 (304.8) 1.5 (38.10) 0.180 (4.57) 101.9 (703)

Open hole 3 0.250 (6.35) 12.0 (304.8) 1.5 (38.10) 0.180 (4.57) 64.6 (445)

Filled hole 3 0.250 (6.35) 12.0 (304.8) 1.5 (38.10) 0.180 (4.57) 91.9 (634)
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conserved. Although it is responsible for the creation of damage, its
measure does not give any indication with regards to the extent of
damage. On the other hand, voltage is not conserved, and its drop
across the specimen can be used to calculate the energy dissipated
during the event. To calculate the energy dissipated, it is necessary to
devise a complex experimental setup that measures the voltage drop
and the energy flow across the specimen during the strike. From the
schematic of Fig. 1, it can be seen that the capacitor is charged by the
user to the desired voltage V.., at which point the switch in the spark
gap is closed and the desired current [;, is introduced into the
specimen. To have an accurate measure of [;, rather than an estimated
value that may not account for the losses incurring between the
capacitor and the striker, a current probe is positioned right below the
striker. The air, which is a dielectric, breaks down and an electrical
arc sparks between the striker and the fastener in the specimen. On
the opposite side of the strike, a high-voltage probe is connected to
the fastener to measure the voltage V,,,, which together with I;,
defines the entire electrical state of the specimen at the time of the
strike. The current then travels along the specimen toward the edges
clamped in the copper electrodes, thus dividing into 7, and /.,
which are measured using other two current probes. The two copper
electrodes constitute the current return network. The ability to
measure both of these return currents guarantees that the strike is
balanced and that there is no bias toward one of the copper electrodes.
Additional high-voltage probes are also connected to the each of the
copper electrodes and measure the voltage drop across the specimen
as defined by V,; and V». Thus the current and voltage state of the
specimen after the strike is fully defined.

With these values, it is then possible to calculate the energy
dissipated during the strike. The definitions of electric power P is

P=1-V (1)

where [ is the current and V the voltage, and integrating the power
over the duration of the event the energy generated is

E:/Pdt )

The difference in potential between the fastener and one end of the
specimen is Vo — Vs thus, the energy consumed in one-half of
the specimen is

E = /[Ioull . (Voutl - Vgap)] -dt 3)
Similar considerations can be made for the other side. The total

energy dissipated in the specimen is given by Eg, = E; + E, and
using the relationship I;, = I,y + Loue, it is possible to write

Fig. 3 Impact fixture and impactor.

Ediss = /[Ioull : Voutl + Iou12 : Vout2 - Iin : Vgap] -dt (4)

To determine the energy dissipated in the lightning strike event, it is
therefore necessary to measure three current values and three voltage
values.

To verify that the calculations are accurate, it should be reminded
that the energy dissipated in the formation of the arc between the
striker and the fastener is

Eye = /[Iin : Vgap] -dt (®)

and that the nominal energy generated by the capacitor is given by

1
E:genzi'cj'v2 (6)

>
-
—

Fig. 4 Selected images extracted from a high-speed video recording of a
30 KA strike.
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Fig. 5 Specimens with fastener following a 30 kA (left) and a 70 kA strike (right).

where C is the capacitance and V.. the voltage of the capacitor at the
time of the strike.
For the conservation of energy,

Egen = Ediss + Earc + Eretum (7)

where E. ., is the quantity remaining past the V,; and V ,,
measurements and that is either dissipated in the current return
network or returned to the ground.

Table 2 shows the calculated energy dissipated into the specimen
at the different current levels, corresponding to the threat levels of
Table 1. It can be seen that for the equivalent threat level, the energy
dissipated in a specimen subjected to mechanical impact is an order
of magnitude lower than the energy associated to a lightning strike.

C. Specimen Fabrication and Test Setup

Flat panels, having dimensions 13 x 13 in. (330 x 330 mm) of
Torayca T700S/2510 carbon-fiber/epoxy composites are fabricated

Fig. 6 Close-up of top and bottom surfaces of a filled-hole specimen subjected to a 50 KA strike.

Fig. 7 Specimens following impacts at 15 ft - 1b (20.34 J) (left) and a 25 ft - 1b (33.89 J) (right).
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Fig. 9 Ultrasonic C-scan of the postimpact specimens at 5 ft - 1b (6.78 J), 15 ft - 1b (20.34 J), and 25 ft - 1b (33.89 J).

by press molding for 60 min at 270°F (132°C) and 80 psi (0.55 MPa).
This system is designated for primary structures of general aviation
aircraft and was characterized during the FAA-sponsored Advanced
General Aviation Technology Experiment program in the late 1990s
and early 2000s. The layup is [0/ + 45,/0,/ — 45,/04/90,]s, or
(65/24/11), for a total of 34 plies and a nominal thickness of 0.180 in.
(4.6 mm). After molding, test coupons are machined with a diamond-
coated water-spray disk saw to the final dimensions of 6.0 x 6.0 in.
(152 x 152 mm). The specimen dimensions for this study are
purposely selected to be large than the ones used in the previous study
by the authors [§] and allow for the lightning strike damage to be fully
contained within the boundaries of the specimen. The specimens are
then subjected to lightning strike or mechanical impact.

For the laminate stacking sequence considered in this study, a
series of coupon level tests are performed to measure the unnotched,
open-hole, and filled-hole compressive strength of the laminate.
Specimens of dimensions 12 x 1.5 in. (304.8 x 38.1 mm) are tested
using the Boeing-derived open-hole compression fixture of ASTM
D6484 [17]. For the material and stacking sequence selected, it is
found that compressive strength is relatively insensitive to the
presence of a filled hole but very sensitive to an open hole. Detailed
results are reported in Table 3. These values are of little use for the
damage resistance and tolerance investigation performed in this
study and, by themselves, are not sufficient for a complete definition
of the laminate strength properties. However, they are generated to
ensure that the results that the CAI observations that follow for
unnotched and filled-hole plates are consistent with the laminate
compressive strength properties.

For mechanical impact, the plates are clamped between the upper
and lower portions of the indentation fixture specified in [15], which
has a 5.0 in. (127 mm) diameter circular opening (see Fig. 3). The
plates are impacted with a falling weight of 10 1b (4.54 kg) from
different heights to achieve the desired impact energy [4,5]. For
mechanical impact, the maximum energy cutoff threshold for BVID
has been traditionally considered 100 ft - 1b (135.6 J). However, in
this study, energy levels of 5, 15, and 25 ft - 1b (6.8, 20.3, and 33.9J,
respectively) are used. The upper energy threshold is highly
dependent on the thickness of the material, and for the thickness
considered in this study, an energy value of 100 ft-1b (135.6 J) is
excessive. Already at 25 ft - 1b (24.9 J), the projected damage area
approaches the boundaries of the fixture, at which point the CAI

results cease to be meaningful. The impactor is a 1.0 in. (25.4 mm)
diameter solid steel impactor.

For the lightning strike, the plates are first drilled to accommodate
a 0.25 in. (6.35 mm) diameter aircraft-grade stainless steel Hi-Lok
fastener. Only filled-hole plates are tested for lightning strike damage
based on the observations made by the authors in [8], and
summarized in the previous sections. From a practical perspective,
because fasteners are always present on the skin of an aircraft, even a
composite-intensive one such as the Boeing 787 [1], lightning is
known to typically strike the metallic fastener rather than the
unnotched skin. Therefore, evaluating the effect on filled-hole
specimens has a dual significance of both representing the most
stringent damage condition and the most realistic. Following the
installation of the fastener, specimens are introduced in the test area
of the lightning apparatus and supported on two edges against the
copper electrodes. The panels are unpainted and unprotected:
although not representative of a flight-ready composite airframe
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Table 4 Summary of damage infliction tests

Family Repetitions  Damage type Threat  Fastener diameter, in. (mm) Length, in. (mm) Width, in. (mm) Average damage area, in.> (mm?)
LFO 4 —_— —_— 0.250 (6.35) 6.0 (152.4) 6.0 (152.4) 0.0

LF30 4 Lightning 30 kA  Low 0.250 (6.35) 6.0 (152.4) 6.0 (152.4) 0.60 (387)

LF50 4 Lightning 50 kA Medium 0.250 (6.35) 6.0 (152.4) 6.0 (152.4) 4.42 (2852)

LF70 4 Lightning 70 kA High 0.250 (6.35) 6.0 (152.4) 6.0 (152.4) 4.62 (2981)

MO 4 —_— —_— —_— 6.0 (152.4) 6.0 (152.4) 0.0

M5 4 Impact 5 ft - 1b Low —_— 6.0 (152.4) 6.0 (152.4) 1.75 (1129)

MI15 4 Impact 15 ft-1b  Medium —_ 6.0 (152.4) 6.0 (152.4) 5.94 (3832)

M25 4 Impact 25 ft-1b High —_— 6.0 (152.4) 6.0 (152.4) 14.91 (9619)

structure, this configuration allows for focusing on the details of the
CFRP material response to high electrical discharges alone. For this
study, strikes at 30, 50, and 70 kA are used to inflict different states of
damage to the coupons. All values are in line with the SAE
recommended practice [11].

After introducing the impact or lightning strike damage, the
specimens are removed from their respective fixtures and trimmed
along the width to final dimensions of 6.0 x 4.0 in. (152X
102 mm). They are subsequently clamped in the CAI fixture,
according to ASTM International [17], and tested to failure to
record the residual strength. As discussed in preceding sections,
compression loads are known to be most critical for the residual
strength assessment of CFRP panels following impact damage [12].
The authors have shown that filled-hole compression is also the
most critical load scenario for CFRP specimens following lightning
strike damage [8].

A total of 30 plate specimens are tested for residual strength,
including unnotched pristine, unnotched postimpact, filled-hole
pristine, and filled-hole postlightning strike. Tables 4 and 5
summarize the damage resistance and damage tolerance tests
performed in this study. Nondestructive inspection is performed on
100% of the specimens via pulse-echo ultrasound using a C-scan
system with a 5 MHz sensor. The projected damage area is then
measured using image analysis software. Destructive inspection is
performed by cross sectioning and optical microscopy of the
lightning-damaged specimens. Two micrographic coupons are
extracted from a single test specimen in order to reconstruct the
damage state at the point of impact or strike in both the perpendicular
and parallel to fibers direction. Mounting and sectioning lightning
strike composite specimens is best accomplished with a two-stage
mount [8]. The strike area of the specimen is first vacuum
impregnated with the epoxy and then pressure cured to minimize
formation of air bubbles. The encapsulated area preserves the fragile
damaged material, as well as the fastener in place. Following the first
mounting, the specimen is then sectioned and mounted a second
time: this time for the polishing operation. The specimen is polished
with a six-step process: 180 grit, 600 grit, 1200 grit, 9 um, 3 um
silk, 3 wm nonnap polyester, and ending up with 1 h polishing with a
nonnap polyester cloth and 10% alumina solution [8]. Rhodamine B
laser dye is added to the mounting epoxy, which gives it ared—orange
tint. The use of a laser-dyed backfilled epoxy is very important to
distinguish between the composite’s epoxy and the mounting epoxy.
Without the dye, certain features can be subtle and contrast low, and
they may go undetected.

III. Results and Discussion

A. Damage Infliction

Lightning strikes produce a loud sound, similar to that of a
detonation, and generate a short, bright light, followed by a cloud of
fire, smoke, and sparks because of the incandescent blast wave
charged with carbon fiber particles and vaporized epoxy. Figure 4 is
extracted from a high-speed digital video recording of the strike
taken at 83,000 frames per second and using a set of polarized filters
that reduce the intensity of the light.

For filled-hole specimens, the results vary between the low- and
high-current strikes. In the majority of the strikes, the only damage
visible is surface pitting of the fasteners on the head side, where the

strike takes place (see Figs. 5 and 6). For this material system and
stacking sequence, even at 70 kA, only minor bulging of the plies
toward the surface is visible in the proximity of the fastener, and
modest fiber breakage is observable on both top and backfaces. For
mechanical impact, all specimens show a small dent on the side of the
impactor, but even at the highest energy values, the dent does not
become particularly deep nor leads to visible surface breakage (see
Fig. 7).

Ultrasonic images for one representative filled-hole specimens at
each of the three strike levels are reported in Fig. 8. In the pristine
specimen, the fastener appears as a white round with an area of
approximately 0.05 in.? (32.2 mm?). For the 30 kA, strike the
damage area is contained in the fastener itself or in the immediate
proximity of the fastener hole. For the 50 and 70 kA strikes, however,
there appears to be a radical increase in damage area, and a large
portion of the specimen appears damaged. The projected damage
area is highly oriented along the direction of the zero axis, which
corresponds to the direction along which the panel is clamped in the
copper electrodes.

For mechanical impact, ultrasonic images reveal that already at
5 ft-1b (6.8 J), the state of internal damage is quite large, and at
25 ft-1b (33.9 J), it has almost reached the boundaries of the test
fixture (see Fig. 9). In general, the projected area of the impact
damage is more circular compared to the highly elliptical one of the
lightning strike.

Fig. 11 Mounted and polished filled-hole specimen after lightning
strike.
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b) Parallel to 0 degree

a) Perpendicular to 0 degree

Fig. 12 Micrographic images at 50 times magnification in the directions parallel and perpendicular to the 0 deg axis for a 5 ft - 1b (6.78 J) impact

specimen.

Trends in projected damage area observed for filled-hole
specimens subjected to lightning strike and for unnotched
specimens subjected to impact damage are reported in Fig. 10. The
plot shows projected damage area against severity of threat level, as
described in Table 1. Results are summarized in Table 4. In general,
the damage because of mechanical impact is much greater than the
one caused by lightning strike, and the variation in measured data is
much lower. The variability associated to lightning strike damage of
filled-hole CFRP specimens is due to the relative fit of the fastener
in the plate. Although not easily quantifiable, the degree of fit of the
fastener in the hole has a great effect on the resulting damage. If the
gap between the fastener and the laminate is sufficiently large, the
electrical path is interrupted, and arcing between the fastener and
the neighboring plies occurs. This results in a larger damage area.
For the lightning strike, it should be noted that between the 50 and
the 70 kA strikes, the damage area reaches an asymptotic value.
This phenomenon is not easily explained because the variation in
results is so high, as discussed just previously. However, a possible
explanation is that once the current reaches all plies along the
thickness by passing through the fastener, the incremental amount
of damage area is so widely distributed that the projected damage
area does not increase significantly. It should also be noted that a
similar phenomenon is expected to occur, for different reasons, for
mechanical impact specimens as well. For values of impact energy
higher than tested in this study, a plateau would be reached as the
damage area approaches the size of the circular aperture (i.e., the
unsupported area).

B. Micrographic Inspection

For all specimens, microscopy is performed perpendicular as well
as parallel to the O deg fiber direction and at the midpoint of the
impact/strike location (see Fig. 11). For both damage types and for all
threat levels, specimens show extensive matrix damage in the form of
intraply cracks and interply delaminations. Fiber breakage is very
modest, if at all present. Detailed analysis of the microscopic damage
is beyond the scope of this study and will be the subject of a separate
publication. However, stereomicroscopy is used here to further
assess the extent and location of the damage to complement the
observations performed by visual and ultrasonic inspections.

The mechanisms associated with the onset and propagation of
impact damage in composite are not well understood. Hertzian
contact and flexural deformations are responsible for the complex
multi-axial stress state at the point of impact and can, in part, justify
the formation of the well-documented delamination trees following

an impact event [12]. Yet, although years of research have been
dedicated to characterizing impact damage on composites, it can be
said with a certain degree of confidence that the mechanisms by
which a delamination originates at a given point, progresses for a
certain length, and then changes plane in the form of a transverse
matrix crack are not clear. Furthermore, the influence of target
characteristics, such as stacking sequence, on impact damage
resistance and tolerance has been assessed in several research studies,
but it cannot be claimed that a thorough understanding of the
complex interactions that exist between neighboring plies has yet
been achieved.

The specimens obtained from the plate impacted at 5 ft - 1b (6.78J)
energy (see Fig. 12) show multiple 45 deg shear cracks emanating
down into the laminate from the point of impact. These cracks run
parallel to each other within a stack of plies of the same orientation,
and then they propagate longitudinally along the next interface of
plies in the form of delaminations and eventually shear through the

Fig. 13 Detail of the specimen impacted at 5 ft.-1b (6.78 J)
perpendicular to the 0 deg fibers and underneath the point of impact.
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a) Perpendicular to 0 degree

b) Parallel to 0 degree

Fig. 14 Micrographic images at 50 time magnification in the directions parallel and perpendicular to the 0 deg axis for a 15 ft - 1b (20.34 J) impact

specimen.

next stack of plies (see Fig. 13). This is the typical aspect of a
delamination tree and is characterized by few thin and short
delaminations for the majority of the polished specimen. The area
right underneath the impact point appears mostly pristine. Below the
midplane of the laminate, there appears to be extensive cracking
perpendicular to the plies, rather than at 45 deg, which suggest to be
tensile matrix cracks in the 90 deg direction. At 15 ft - Ib (20.34 J),
the overall aspect of the cross section is the same (see Fig. 14), but the
delaminations are larger and more diffused with complete separation
of some of the ply stacks from the neighboring ones (see Fig. 15).
There appears to be minor fiber breakage on the backface. For
25 ft- 1b (33.89 J), the amount of damage in the upper portion of the
laminate is very extensive with fiber breakage more diffused at the
backface (see Figs. 16 and 17).

For lightning strike damage, the situation is even more complex,
given the electromagneto—thermomechanical nature of the threat,
and the amount of research performed in the open literature to this
day is very limited. Lightning strike damage is a very complex
phenomenon, which is possibly even more dependent on the
characteristics of the target. Damage is thought to occur as a result
of the fact that the electrical conductivity of the plies is not sufficient
to conduct the electrical current associated with the lightning strike
event. The resistive heating that results is sufficient to pyrolize the
resin and generates cracks and burns in the matrix. Simultaneously,

Fig. 15 Detail of the specimen impacted at 15 ft-1b (20.34 J)
perpendicular to the 0 deg fibers and underneath the point of impact.

at the interface between neighboring plies, the mismatch in
electrical conductivity can lead to mechanical separation in the form
of delaminations. The electrical properties of composite materials
have not been thoroughly studied as the mechanical ones. The
literature to date does not offer suggestions in the electrical
properties of multidirectional laminates, neither in the elastic
region, which corresponds to the electrical response to currents that
do not result in permanent damage, nor in the postelastic region,
which corresponds to currents that result in the formation of
damage. Nonetheless, stacking sequence is potentially even more
influential for this type of threat than for mechanical impact, so the
results obtained here pertain specifically to the laminate layup
considered. Future research should be aimed at characterizing the
damage mechanisms associated with electrical currents for basic
unidirectional plies, as well as multidirectional laminates, and it is
anticipated that it will result in a better understanding of the
complex lightning strike phenomenon. This section is limited to
describing and comparing the observations made on these specific
specimens, which have been damaged by means on mechanical
impact and lightning strike.

For specimens subjected to the 30 kA strike (see Fig. 18), damage
is dispersed throughout the thickness of the laminate but is confined
to a small region in the proximity of the fastener. This damage
appears in the form of matrix cracks within the plies and
delaminations at the ply interfaces. These cracks emanate from the
fastener hole and propagate both downward and upward in the
laminate, usually parallel or at a small angle from the longitudinal
(see Fig. 19). The plies that appear most damaged are the offaxis
plies, in particular the 45 deg stacks and the interfaces between the 45
and the 0 deg stacks. For 50 kA strikes, entire portions of the 45 and
90 deg stacks are separated, both in the through-the-thickness
direction and longitudinally (see Fig. 20). Damage is very extensive,
particularly in the section polished parallel to the fibers, which also
corresponds to the portion of the C-scan with the highly elongated
damage area. Long delaminations are visible in the laminate,
particularly at the interface between zero-ply stacks and either £45
or 90 deg ply stacks. The O deg plies on the upper and lower surface
are also highly damage right under the fastener head and collar with
complete separation and vaporization of small chunks of material
(see Fig. 21). At 70 kA, the 90 deg stack at the midplane in the region
around the fastener is composed of a dense network of cracks and
splits, which eventually lead to the formation of long delamination
fronts (see Figs. 22 and 23). Partial fragmentation of the 0 deg ply
stacks suggests that the fastener has the effect of distributing the
electrical load to all the plies in its contact or proximity.
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b) Parallel to 0 degree

a) Perpendicular to 0 degree

Fig. 16 Micrographic images at 50 times magnification in the directions parallel and perpendicular to the 0 deg axis for a 25 ft - 1b (33.89 J) impact

specimen.

Fig. 17 Detail of the specimen impacted at 25 ft-1b (33.89 J)
perpendicular to the 0 deg fibers and underneath the point of impact.

C. Residual Strength

After inflicting damage onto the specimens, these are tested to
failure using the Boeing-derived CAI fixture [17] to quantify the loss
in mechanical performance because of the presence of damage (see

a) Perpendicular to 0 degree

Fig. 24). For both pristine and filled-hole specimens, strength is
calculated based on the gross section area, consistently with
aerospace practice [12]. All specimens reported failed in the net
section by an acceptable accepted compression failure mode as
indicated by ASTM [17] (see Fig. 25).

Results for residual strength are reported in Table 5 and plotted in
Fig. 26 against the severity of the threat and, in Fig. 27, against the
projected damage area. This plot uses normalized strength values,
which are obtained as the ratio of the damaged strength over the
pristine or control strength. For impact damaged specimens, the
normalized strength is calculated as

oo
ONORM = —UN (®)
Op

where N is the pristine CAl strength of the unnotched plate and 65
is the damaged CALI strength of the unnotched plate. For lightning
strike damage, the normalized strength is calculated as

o'

ONORM = ot ©)

where of! is the pristine CAI strength of the filled-hole plate and
ofH is the damaged CAI strength of the filled-hole plate. For this
material system and layup, the unnotched and filled-hole pristine
CAI strengths are virtually identical (see Table 5), consistently with

L)

b) Parallel to 0 degree

Fig. 18 Micrographic images at 50 times magnification in the directions parallel and perpendicular to the 0 deg axis for a 30 kA lightning strike

specimen.



FERABOLI AND KAWAKAMI 1009

Fig. 19 Detail of the specimen struck with 30 kA, polished parallel to
the 0 deg fibers in the proximity of the fastener collar.

the observations performed at the coupon level, as reported in
Table 3.

In general, the residual strength following a mechanical impact is
much lower than following a lightning strike of the same threat
level. Mechanical impact appears to pose a more severe threat to this
particular laminate material and layup, consistently with the greater
area of damage reported in Fig. 10. The CAI strength following
mechanical impact reaches a plateau between 40 and 50% of the
pristine strength, and does not decrease further for increasing
impact energy levels. For lightning strike damage, that is not the
case, and the residual strength appears to continue to decrease for
increasing threat levels and size of damage area.

Fig. 21 Detail of the specimen struck with 50 kA, polished parallel to
the 0 deg fibers in the proximity of the fastener head.

D. Discussion

This study suggests a procedure to evaluate the damage resistance
and tolerance of carbon-fiber/epoxy composite panels subjected to
lightning strike, which is a relatively novel area of research given the
very limited amount of published work in the open literature. It uses
an approach that has been recognized and accepted by the composites
community for assessing the effect of impact damage and extends to
the evaluation of lightning strike damage.

Considerations on the relative severity of impact damage and
lightning strike damage are based on threat level rather than energy.
The energy dissipated in a lightning strike event has been measured
by means of current and voltage probes positioned strategically
before and after the strike location. However, the amount of energy
dissipated in the lightning strike event is an order of magnitude
larger than the energy associated with an impact event of similar
threat level. This makes the direct comparison of damage resistance
and tolerance performance of the specimens subjected to impact and
lightning strike threats difficult, as shown in Figs. 28 and 29. On the
other hand, comparative evaluations can be performed successfully
based on the relative severity of the threat level using impact energy
and current intensity, respectively, as key threat metrics (see
Figs. 10 and 26).

a) Perpendicular to 0 degree

]

b) Parallel to 0 degree

Fig. 20 Micrographic images at 50 times magnification in the directions parallel and perpendicular to the 0 deg axis for a 50 kA lightning strike

specimen.
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a) Perpendicular to 0 degree

b) Parallel to 0 degree

Fig. 22 Micrographic images at 50 times magnification in the directions parallel and perpendicular to the 0 deg axis for a 70 kA lightning strike

specimen.

Fig. 23 Detail of the specimen struck with 70 kA, polished
perpendicular to the 0 deg fibers in the proximity of the fastener head.

» e Y Sk ¢ "
Fig. 24 CALI test fixture with filled-hole specimen following lightning
strike damage.

This study selected a specific composite target configuration to
validate the use of this approach. From the results shown, it appears
that impact damage is a greater threat to carbon/epoxy composite
plates than lightning strike. However, it is important to remind the
reader of the limited applicability of some of these results. First and
foremost, these results apply only to the given prepreg tape material
and hence cannot be extended to other material types. In particular,
material properties, such as fiber architecture (fabric vs tape) and
through-thickness conductivity (influenced by resin-rich inter-
laminar layers), are thought to be responsible for very different
damage behavior under lightning strike and can lead to much greater
damage states. Second, these observations are drawn on specimens
that are unpainted. The presence of a relatively thick paint layer on a
flight structure has negligible influence on its impact damage
performance but is thought to be highly detrimental for lightning
strike damage [2,3] because the paint is a good dielectric. Third, the
specimens tested are all unprotected, which means they do not use
any sort of lightning strike protection (e.g., a metallic wire mesh).
This type of protection is known to be very effective in reducing the
extent of lightning strike damage [2,3]. Fourth, the specimens tested
for lightning strike damage are all filled hole. The presence of the
steel fastener leads to more extensive damage than what is observed

Fig. 25 70 KA lightning strike specimen (left) and 25 ft - 1b (33.89 J)
impact specimen (right) following residual strength CAI testing.
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Table 5 Summary of residual strength tests

Family Repetitions Threat Residual strength test Length, in. (mm) Width, in. (mm) Average residual strength, ksi
LF0 3 — CAI 6.0 (152.4) 4.0 (101.6) 65.8 (454)
LF30 3 Low CAI 6.0 (152.4) 4.0 (101.6) 62.7 (432)
LF50 3 Medium CAI 6.0 (152.4) 4.0 (101.6) 58.0 (400)
LF70 3 High CAI 6.0 (152.4) 4.0 (101.6) 44.5 (307)
MO 3 CAI 6.0 (152.4) 4.0 (101.6) 63.8 (440)
M5 3 Low CAI 6.0 (152.4) 4.0 (101.6) 45.9 (316)
M15 3 Medium CAI 6.0 (152.4) 4.0 (101.6) 28.3 (195)
M25 3 High CAI 6.0 (152.4) 4.0 (101.6) 27.8 (192)

1011

in identical but unnotched specimens [8] and diffuses it throughout
the laminate thickness, thus making it the worst-case scenario. Fifth,
these results are drawn on a specific laminate stacking sequence.
Although stacking sequence has a large influence on the mechanical
impact response of a plate, it has an even greater role on its lightning
strike damage response. The relative orientation of the 0 deg fibers
with respect to the current electrodes, as well as the orientation of the
outer plies, can highly affect the overall state of damage in the
laminate. If the same layup were to be tested in the lightning strike
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Fig. 26 Normalized CAI strength as a function of threat level for
impact and lightning strike specimens.
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Fig. 27 Normalized CAI strength as a function of projected damage
area for impact and lightning strike specimens.

setup rotated by 90 deg, with the outer plies parallel to the copper
electrodes rather than perpendicular, different results would be
obtained. On the other hand, for impact damage, there would be no
difference because both impactor and support fixture are
axisymmetric. Evaluation of the influence of these parameters is
beyond the scope of this study and shall be left for future research
activities. Nonetheless, this paper defines a procedure that could be
used successfully in those studies to assess the relative performance
of carbon/epoxy specimens under impact and lightning strike threats.
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Fig. 28 Damage area for mechanical impact and lightning strike as a
function of input energy.
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Fig. 29 Normalized CAI strength as a function of input energy for
impact and lightning strike specimens.
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IV. Conclusions

The study compares the relative severity of lightning strike damage
and mechanical impact damage on the residual strength of carbon/
epoxy flat plates. Using standardized test methods, unnotched plates
are subjected to drop weight impact and fastener filled-hole plates are
subjected to simulated lightning strike. Three different levels of
damage are inflicted per test configuration, ranging from low-to-high
threat levels. The resulting state of damage is measured non-
destructively viaultrasonic C-scan and destructively viamicrographic
inspection. Results show that mechanical impact produces greater
damage area than lightning strike. In both cases, damage is composed
of amix of extensive delaminations and matrix cracks and modest fiber
breakage. After damage is inflicted, the plates are tested for CAI
residual strength: results show that the strength degradation following
mechanical impact is higher than lightning strike and the variation
among specimens tested is smaller. Though a complex experimental
setup, the energy dissipated in the lightning strike event is measured
and compared to the energy dissipated in the mechanical impactevent.
Results show that the energy dissipated in a specimen during the
lightning strike is much greater than the strain energy introduced by
mechanical impact, and hence a comparison based on energy is not
recommended. However, based on the relative threat levels associated
with the impact and the lightning strike events, the comparison yields
insightful observations on both damage resistance and tolerance
behavior of the composite plates.
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