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Abstract

Research into residual strength after lightning strike is increasing within the literature. How-
ever, standard test methods for measuring residual compressive strength after lightning
strikes do not exist. For the first time, a systematic experimental study is undertaken to evalu-
ate modifications necessary to standard Compression After Impact (CAI) specimen geometry
and test jig design to induce specimen failure at the lightning damage region. Four laboratory
generated lightning strike currents with peak amplitudes ranging from 25 to 100 kA have
been studied. Test set-up modifications were made considering the scale of the lightning
damage and its potential proximity to specimen edges. Specimen geometry and anti-buckling
guides were adjusted for each peak current to induce specimen failure at the lightning dam-
age. The Compression After Lightning (CAL) strength was 28% lower than the pristine CAI
strength even at a relatively low peak current of 25 kA. This study shows that the stand-
ard CAI test setup has the potential for CAL application, however, careful modifications are
required depending on the peak amplitude of the applied lightning current waveform.

Keywords Laminate - Strength - Compression after impact - Lightning strike

1 Introduction
1.1 Lightning Strike Experiments

Composite materials, through ever increasing use in primary aircraft structures, produce weight
reduction and improved fuel efficiency over legacy metal airframes. However, composite
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structures are more susceptible to lightning strike damage due to their relatively low electrical
conductivities. Lightning strikes have been standardised into four discrete waveforms, A-D, pre-
sented in SAE-ARP5412B and its European equivalent, EUROCAE ED-84, each with different
peak current profiles [1, 2]. Waveform A is characterised as the first return stroke; Waveform B
is the intermediate current; Waveform C is the long duration, low current; and Waveform D is a
subsequent stroke. A sizeable amount of experimental research has been conducted on lightning
strike damage in a laboratory environment and has typically focussed on the high peak current
Waveforms A or D [3-11]. The typical peak natural lightning current amplitude is around 30 kA
but can exceed 100 kA. The 25 to 100 kA peak current test (corresponding to Waveform D) is
the most frequently used in a laboratory environment and the 100 kA peak current is usually con-
sidered a worst-case scenario. This ensures that components are over-engineered for some of the
most extreme lightning currents they may experience [10]. Experimentally, authors have stud-
ied the influence of novel Lightning Protection Systems (LSPs) [12—17], sequential strikes using
multiple waveforms [18] or single strike tests [19]. Research on simulating the direct effects of
lightning (physical damage) have predominantly focused on the thermal-electric effect in the
specimen due to resistive or Joule heating [18, 20, 21]. A smaller number of works have consid-
ered dynamic mechanical pressure loading [22-24], thermal expansion [25, 26] or a combination
of these effects [25-27].

Lightning damage in typical fibre composites can be characterised as fibre fracture (blow-
out or tow splitting), matrix cracking and decomposition, and delamination [28]. Visual
inspection of physical lightning damage on composites typically identifies surface damage
areas including matrix thermal decomposition combined with broken and frayed fibres. Non-
Destructive Testing (NDT) methods are used to characterize intralaminar matrix cracking
and delamination. Significantly, lightning damage is often reported to be at and close to the
outermost plies. This is frequently in contrast to studies with mechanical impact damage, for
example dropped weight impact, where damage occurs through the entire thickness or only at
the side opposite to the impact event due to stress wave transmission/reflection [29-31]. Sev-
eral authors have studied residual strength of composite laminates after laboratory generated
lightning strike, compared these with dropped weight impact, and have found very differ-
ent damage morphologies and structural responses [5, 32, 33]. However, damage from both
events can significantly reduce the residual strength of the structure [4, 7, 12, 34-41].

1.2 Experimental Lightning Strike Residual Strength Assessment

Few works which conducted lightning strikes on composite structures have studied the resid-
ual strength of composite laminates post-strike [4, 7, 34—43]. Many authors have used either
three-point [36—40] or four-point [12, 41] flexural testing to assess residual strength. How-
ever, this form of testing, with the laminate being loaded normal to the reinforcing fibres, in
the region of the damage, is less representative of design in large and high-performance struc-
tures. To date, few works are available which have examined specimens’ residual strength
under more representative laminate in-plane tensile [35] or compressive [34, 44] loading. All
these experimental works are summarised in Table 1. Independent of the loading, many of
these works have established relationships between peak current and residual strength [4, 40,
45]. In general, increasing peak current has been shown to reduce the residual strength of
the laminate. For example, Wang et al. [46] found that composite laminate residual tensile
strength was greater than 80% after a 60 kA lightning strike, with residual strength decreas-
ing progressively at higher peak currents.
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Most recent works conducting residual strength assessments after lightning strike have
determined the residual strength of unprotected CFRP specimens and specimens protected
with LSPs [7, 12-14, 19, 41, 46-50]. Hirano et al. [12] compared the residual strength of
unprotected CFRP and those protected with intrinsically conducting polyaniline (PANI)
polymer. Residual strength was examined after a simulated 100 kA peak lightning cur-
rent, while an unprotected specimen was tested at 40 kA. Results showed that the pro-
tected specimen suffered only a 10% reduction in residual strength, while the unprotected
specimen residual strength reduced by 76%, even with a lower peak current. Many of these
works found that using LSP could retain more than 97% of the specimen’s pristine strength.

1.3 Compression After Impact (CAI) Test Method

Only four of the papers listed in Table 1 consider in-plane tensile or compressive residual
strength [4, 15, 19, 46]. In contrast, low velocity impact and the effects of impact damage in
laminated composites were intensively investigated in the past, as reviewed by Abrate [51].
CALI strength is a key design driver for composite structures subject to kinematic impact
and the CAI strength can be related to the internal damage area [52]. Sun and Hallett [53]
studied CAI strength after quasi-static indentation and low velocity impact and highlighted
the importance of understanding the internal damage such as matrix cracks and delamina-
tion. X-ray Computed Tomography (CT) is extremely helpful in understanding such internal
damage. It was successfully demonstrated by Nettles and Scharber [54] who concluded that
the Mode II fracture toughness had a significant effect on delamination area which then cor-
related directly to CAI strength.

To date, few attempts have been made to adopt a standard CAI test method for meas-
uring residual compressive strength after lightning strikes. Wang et al. [34] subjected
500 mmx250 mmX?2 mm specimens to 93.7 kA Waveform A and D lightning tests
before completing CAL tests using a compression arrangement inspired by the standard
CAl jig. However, the use of long, thin specimens produced undesirable failure modes such
as compressive failure away from the lightning damage zone due to buckling.

1.4 Summary

A small body of research has been conducted to determine the residual strength of com-
posite specimens after lightning strike with various waveforms, peak currents, and pro-
tection layers. Peak current has been directly correlated with residual strength consider-
ing tensile, compression and flexural loading, of both complete specimens and sectioned
sub-specimens. Several works have additionally drawn a connection between the general
scale of lightning strike direct damage and the witnessed reduction in residual strength.
Significantly only few papers [4, 15, 19] have considered in-plane compressive residual
strength, and in these works non-standard test arrangements were used and some unde-
sired specimen failure modes were observed. It is also well known that the CAI test is
notoriously difficult to perform successfully [52]. Therefore, since there is very limited
CAL work in the existing literature it is beneficial to investigate the difficulties and chal-
lenges associated with developing a standardised CAL test arrangement. Therefore, this
paper will undertake a systematic experimental study to evaluate modifications neces-
sary to standard CAI specimen geometry and test jig design to induce specimen fail-
ure at the lightning damage. The CAL tests will consider modifications to the standard
CALI test method, and these will be used to test specimens which have been subjected to
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Waveform D strikes with four different peak currents. The key contribution of this work
is to develop a new CAL test method and inform the research community of the advan-
tages and disadvantages of using a standard CAI jig for CAL tests, given the lack of
literature on this topic.

2 Experimental Set-up
2.1 Material and Layup

The material used in these tests was Hexcel’s HexPly® IM7/8552 carbon/epoxy pre-preg
with a nominal ply thickness of 0.125 mm. The stacking sequence was quasi-isotropic
[45/90/-45/0], for all specimens. The nominal overall thickness was 4 mm. A large test
panel was designed (650 mm x 440 mm) and was struck in four quadrants to ensure mate-
rial homogeneity and uniformity in manufacture. Figure 1 shows the schematic of the test
specimen between the reinforced stainless-steel frame underneath and a white stainless-
steel frame on top to distribute the loading pressure. Holes were drilled along the short
edges and the specimen was bolted through these holes to securely fix the test specimen
between the top and bottom frames. Figure 1b shows the dimensions of the top and bot-
tom clamping frames and the resulting test area. This test area (500 mm X 440 mm) was
then sectioned into four quadrants, one for each lightning test. Ideally, multiple lightning
strike tests should be done at each current, but due to the cost and complexity of light-
ning tests and the current lack of data, valuable information can still be obtained with
single strike tests in the current study.

2.2 Lightning Test Set-up

The test specimen was bolted into a grounded rig at two opposite short sides below a high
voltage electrode as shown in Fig. 2. This clamping arrangement was chosen since the speci-
men was longer and narrower than the testing rig. The bolted connection along both short
edges maintains firm and tight contact between the specimen and the grounding clamps.
The purpose of the bolts is to ensure tight contact between the specimen surfaces and the

Test specimen

Upper clamping rig

Lower clamping rig

550 mm

a) Clamping arrangement with specimen b) Top view of test arrangement

Fig. 1 Lightning specimen a) in the test bed (strike points shown with red x’s), and b) its clamping arrangement
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Fig.2 Laboratory generated

lightning strike test arrangement, a) <+«————— Highcurrent
a) labelled schematic, b) image electrode
of specimen in setup before test Diverter ———»

Specimen Fuse wire

l <«—— Bolts
_* % Grounded rig

grounding clamps, which is the primary route to ground for the injected specimen current.
A very small fraction of the induced current may flow through the bolts from the specimen
to the grounding clamps, but any such local effects are between the grounding upper and
lower clamp and relatively far from the lightning attachment point (approximately 150 mm).
The bolts have a small diameter (~8 mm) and the bolt holes will not be within the final
post-strike test specimens. The drilling process is not expected to have any tangible effect
on the mechanical properties of the specimen and resulting CAL strength. The use of dif-
ferent electrode sizes and shapes have been studied within the literature and this has been
shown to affect the size of the predicted lightning damage [55-57]. Therefore, in this work
to minimise variability, a small insulating plastic sphere, known as a diverter, was used to
minimise any material being blown from the electrode onto the sample surface during the
experiment, and a thin metallic fuse wire was used to guide the lightning arc to the exact
point as required on the sample. The fuse wire, with a gap distance of 50 mm, instantane-
ously atomises during the initial stages of the arc formation and has no effect on the current
flow or damage to the specimen.

A series of lightning strike tests were performed at the Lightning Laboratory, part of the
Advanced High Voltage Engineering Research Centre of Cardiff University. A lightning genera-
tor capable of producing a Waveform D with a maximum peak current of 100 kA was used. The
electrode was positioned above the centre of Quadrant 1 (Q1) and the fuse wire attached from
the electrode to the centre of the quadrant to ensure that the centre was struck. A D-waveform
lightning current was then injected into the sample. The electrode was then positioned above
Quadrant 2 (Q2), a fuse wire attached, and 50 kA injected. This was repeated for Quadrant 3
(Q3) for 75 kA, and Quadrant 4 (Q4) for 25 kA. Feraboli and Miller [4] used a specimen only
38.1 mm wide exposed to Waveform D with peak currents of 10, 30 and 50 kA. Therefore, the
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Fig. 3 Four laboratory generated 100
D lightning waveforms with dif-
ferent peak currents

Current (kA)

Time (ps)
—25KkA ---50 kKA —75kA - -100 kKA

use of 250 mm X220 mm quadrants should be sufficient to contain the damage of the current
waveforms used in this study. Figure 3 presents the injected current waveforms, showing slightly
lower peak currents than the stated values. For example, the 25 kA waveform has an actual peak
current of 21 kA. However, for convenience the four waveforms will be referred to as 25, 50, 75
and 100 kA throughout this paper. After these experiments, the specimen was carefully cut into
its respective quadrants using a diamond-coated disk for further analysis.

2.3 Compression After Impact Test Set-up

Previously, two CAI jigs (Fig. 4) modified from the standard CAI test jig [58] were successfully
used to study the strength scaling in notched compression tests [59]. These jigs were selected for
this study because their design would enable easy accommodation of a wide range of specimen
dimensions from 120 to 220 mm in width. Unlike the standard CAI test boundary conditions,
steel jaws were used in the smaller rig to clamp the top and bottom ends of the specimen over
a width of 100 mm. Anti-buckling guides were then used to gently constrain the slightly wider
specimen (Fig. 4a). The purpose of these modifications was to reduce the risk of global buckling
when using large specimens with lightning damage, which may initiate failure at higher load than
impact damage (which the rigs were originally designed for). Therefore, this smaller modified
CAl jig can be used to adapt to the range of damage resulting from the artificial lightning strikes.
The same clamping modification cannot be made to the larger jig (Fig. 4b) due to the limited
width of the steel jaws of 100 mm. The modification to the larger jig is only to its size.

3 Test Results

An initial inspection of the lightning damage to specimens showed many broken, lifted,
and separated fibres and a large amount of surface pitting around the strike area (Fig. 5).
As the peak current amplitude increased, the damage appeared to penetrate deeper into the
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Anti-buckling guide

Flattened steel half

imps at eitheéid_k )

Fig.4 Modified CAI jigs [59]: a) 120 mm wide notched specimen clamped to the test machine and b) 220 mm
wide notched specimen edge-loaded

Steel base

sample, with many damaged fibres and more surface pitting extending further from the
lightning attachment location.

The design of appropriate CAL test methods for each artificial lightning waveform
was to be informed by the CT analysis of the lightning damage states found in each of
the quadrant specimens.

3.1 CTImages

Prior to CT scanning, the samples from the lightning tests were soaked in a bath of zinc iodide
penetrant for 3 days. A Nikon XT H 225ST CT scanner was used to scan the sub-divided large test
panel. The scanner had a 3-micron focal spot size and 225 kV, 225 W microfocus X-ray source.
The CT images taken through the specimen thickness, in Fig. 6, show the extent of dam-
age in each sub-divided large test panel section and how this varies with peak current ampli-
tude. These damage profiles dictate the CAL specimen dimensions by showing the extent
of the maximum in-plane internal lightning damage through the thickness after lightning
strikes at 100, 75, 50 and 25 kA peak currents, respectively. The internal damage did not
reach the specimen edges so the damage in the four quadrants could not overlap in the panel.

Fig.5 Composite panel after
lightning strikes (25~100 kA
peak currents)
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Fig.6 CT images showing extend of internal damage after lightning strikes with a peak current of a) 100 kA,
b) 75 kA, ¢) 50 kA, and d) 25 kA, respectively

The lowest current is expected to have the highest residual compressive strength, so the
25 kA case (Fig. 6d) is believed to be the hardest to test under compression. Therefore, CAL
tests were conducted in decreasing order of peak current (100 to 25 kA) and hence decreasing
damage volume to converge on an experimental design suitable for the range of peak currents.

3.2 CAL Test Result of the 100 kA Peak Current Specimen (220 mm X 220 mm)

The CAL specimen for the 100 kA peak current had to be large enough such that the dam-
age area did not reach the edge of the specimen. The internal damage area was around
90 mm wide, therefore too close to the 100 mm standard CAI specimen width. When cut-
ting down the specimen, the internal damage is also invisible, so it is extremely hard not to
interfere with the lightning damage area during cutting with only 5 mm margin on either
side. Therefore, the test panel was cut into a CAL specimen of 220 mm X 220 mm with the
lightning damage centred at the horizontal and vertical midpoint of the specimen. Another
option would have been to ignore the surface damage and cut the specimen to the standard
size. However, this would have resulted in damage at the CAI specimen edge or within or
near the compression test boundary conditions. In this case, damage could be expected
to influence failure of the specimen in compression and the surface damage dispropor-
tionately impact the performance of the specimen. This resulted in a distance greater than
65 mm between the edge of the internal lightning damage and the edge of the specimen
based on Fig. 6a. In this case the only change to the standard CAI test procedure, outlined
in ASTM D7137 [58], was the specimen geometry.
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Failure location

Fig.7 100 kA CAL test a) set-up and b) failed edge-loaded specimen

The lightning damage did not initiate specimen failure and the specimen loading increased
to a point where excessive out-of-plane bending was observed due to buckling. This caused
an undesirable failure mode near the edges of the specimen (220 MPa, gross section), shown
in Fig. 7b. It is speculated that because the lightning damage did not initiate specimen failure
at a lower load, additional clamping constraints at both edges would have been necessary to
eliminate the buckling behaviour and result in a direct damage-initiated material failure. This
result is seen as undesirable. Smaller specimens and more constraints could reduce the ten-
dency of buckling.

3.3 CAL Test Result of the 75 kA Peak Current Specimen (120 mm x 150 mm)

Given the challenges observed with the 100 kA specimen, the 75 kA peak current specimen
was cut down to 120 mm X 150 mm. This made the specimen closer to the standard CAI
size of 100 mm X 150 mm. This could be achieved because the lightning damage area was
smaller for the 75 kA peak current lightning strike. This resulted in a distance greater than
19 mm between the edge of the internal lightning damage and the edge of the specimen
based on Fig. 6b. However, the surface delamination was more extensive and reached the
specimen edges as shown in Fig. 8a. The top and bottom edges of the specimen were also
clamped to the test machine. It was expected that both measures (cutting down the specimen
and specimen clamping) could reduce the tendency for buckling and out-of-plane bend-
ing. Failure occurred between the lightning damage and the end of the anti-buckling guides
(264 MPa, gross section), shown in Fig. 8b. Because the failure location was at the unsup-
ported gap in the jig but not at the specimen centre, this result was undesirable.

3.4 CAL Test Result of the 50 kA Peak Current Specimen (120 mm x 150 mm)

Given that the damage area decreased again for the 50 kA peak current specimen, the same
specimen size as the 75 kA specimen could be used, 120 mmXx 150 mm. This resulted
in a distance greater than 32 mm between the edge of the internal lightning damage and
the edge of the specimen based on Fig. 6¢. It was expected that the failure load would
be higher, but this was not the case (267 MPa, gross section), shown in Fig. 9. Failure
was away from the lightning damage and at the end of the anti-buckling guide. This again
highlights the limitation of the present CAI set-up as the lightning damage did not initiate
specimen failure. Specimen failure was initiated where there is a small gap between the
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Fig.8 75 kA CAL test a) set-up with an unsupported gap and b) failed clamped specimen

upper loading point (grips in the current set-up) and the edge of the anti-buckling guides.
The combination of compression, buckling and an unsupported gap at the corner of the
specimen, initiated failure. Therefore, this setup and result was seen as undesirable. Addi-
tionally, given that the failure stress was like the preceding 75 kA specimen it confirms that
the preceding test was undesirable due to buckling.

3.5 CAL Test Result of the 25 kA Peak Current Specimen (120 mm x 150 mm)

The damage area was smallest for the 25 kA specimen, therefore, the specimen was kept
the same as the 75 kA and 50 kA peak current specimens (120 mm X 150 mm). This
resulted in a distance greater than 43 mm between the edge of the internal lightning dam-
age and the edge of the test rig boundary conditions based on Fig. 6d. Since the delami-
nation was smallest, the expected failure load was highest. To avoid producing the same
undesirable failure modes as the preceding tests, further modifications were made to the
CAI jig. The previous unsupported gap was therefore eliminated. This was only possible
by using a slightly wider specimen than the CAI standard, allowing the steel jaws to
move down further without touching the anti-buckling guides. All edges of the speci-
men were constrained throughout the test. Failure was right in the specimen centre at
the lightning damage (317 MPa, gross section), as shown in Fig. 10. The mode of failure
indicates that this was a successful test.

4 Results Analysis
A summary of the reduction in CAL strength from a pristine composite specimen to a spec-

imen subjected to 25-100 kA peak current strikes is shown in Fig. 11. The 25 kA speci-
men is 28% weaker than the pristine CAI strength (438 MPa [52]) of the same material and
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Fig.9 50 kA CAL test a) set-up with an unsupported gap and b) failed clamped specimen

a quasi-isotropic layup owing to the presence of lightning damage. The tests with higher
peak currents were undesirable due to buckling and failure location at the unsupported gap
in the jig, not at the specimen centre.

5 Discussion
A set of divergent requirements have been demonstrated, where the 100 kA peak current loading

resulted in damage which was greater than the standard CAI specimen size (100 mm X 150 mm),
and 75 and 50 kA loading resulted in damage which did not initiate failure at the lightning damage

Unsupported gap gone

after jaws'moved in

Fig. 10 25 kA CAL test a) set-up without unsupported gaps and b) failed clamped specimen
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Fig. 11 Reduction in CAL
strength from pristine to 25 kA
peak current specimens
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Pristine 25kA S0kA 75kA 100KkA
[52]

Compression-after-lightning strike (CAL)
strength (MPa)

Specimen

—— Successful test — = Unsuccessful test

area before failure occurred at the test boundary conditions. As shown in Fig. 12 [58], there is an
unsupported gap in the CAI jig which may initiate failure first if the damage in the test specimen
does not initiate failure below 264-267 MPa for the tested combination of composite material and
laminate stacking sequence. When this weakness in the setup was removed, the CAL strength for
the selected material and laminate with damage from an artificial lightning strike with a peak cur-
rent of 25 kA was found to be 317 MPa. These modifications effectively changed the failure loca-
tion from the undesirable specimen edge to the centre, at the lightning damage region.

Fig. 12 ASTM D7137/D7137TM
standard [58] set-up with an «— Top assembly
unsupported gap

Unsupported gap

Test specimen

Base assembly
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This represents a 28% reduction when compared with a CAI pristine strength of 438 MPa
which was influenced by buckling [52]. The reported compressive strength of the same mate-
rial with a quasi-isotropic layup is 666 MPa [60] using smaller specimens free from buck-
ling. Although either of the above compressive strength values could be used as the base-
line, the CAI pristine strength was chosen because it shares similar boundary conditions as
the current CAL tests. Feraboli and Miller [4] reported a 15% compressive strength reduc-
tion for composite laminate subjected to a 30 kA peak current Waveform D lightning strike.
However, it is questionable if a direct comparison can be made with the current work, as the
authors acknowledged their limitation of using narrow specimens (38.1 mm) which could
lead to complex finite-width effects and stated that the CAI specimens were mostly used to
derive qualitative trends [4]. The larger plate-like CAI specimens used in the current work
can resolve this limitation.

Not only are the CAL tests difficult to conduct, but the lightning experiments are also
extremely expensive with only a small number of facilities in the world that can apply the
high currents used in these tests. In order to effectively study the many parameters involved
in both lightning strike and CAL testing our experiments have varied multiple parameters
simultaneously and this has allowed us to cover many variables with a small number of
specimens. Further study is necessary to systematically study single variables and under-
take repeat tests to capture and characterise experimental variation.

There are also some limitations of the current CAL test method. For example, 10 mm of
material on each side of the test specimen was not gripped by the test machine, but this was
necessary to eliminate the unsupported gap. Otherwise, the upper grips would have inter-
fered with the anti-buckling guides. Justifications can be found from the previous open-
hole results [59], in which the slightly wider (120 mm) open-hole specimen not loaded
over the complete width shared the same strength scaling trend as the narrower uniformly
loaded specimens (100 mm).

6 Conclusions and Future Work

A systematic experimental study has been completed to design a Compression After Lightning
Strike (CAL) test method based on the modified Compression After Impact (CAI) test method.
Some successful improvements were made to minimise out-of-plane bending due to buckling
and an unsupported gap. The current CAL test method is suitable to quantify residual com-
pressive strength for the laboratory lightning strike conditions with a peak current of 25 kA.
The 100 kA peak current produced a significantly large internal lightning damage region which
made the current specimen dimension (120 mm X 150 mm) and CAL test set-up unsuitable.

Even with a low peak current of 25 kA, the CAL test can capture a compressive failure
in the centre of the specimen and a residual strength knock down. It was found that the
CAL strength was 28% lower than the pristine CAI strength reported in the literature after
a 25 kA peak current strike.

Although this study focuses on the development of the CAL test method, future correla-
tions between internal damage area and the CAL strength will benefit from this robust test
method and more repeated tests. The methodology and final test rig used for 25 kA with-
out the unsupported gap could be adapted for both 50 and 75 kA loaded specimens in the
future since their compressive failure loads are expected to be lower.
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as the data also forms part of an ongoing study.
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