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ABSTRACT

Despite their outstanding mechanical performance and lightweight characteristics, carbon fibre reinforced
polymer (CFRP) composites also have some limitations, notably: poor delamination resistance and vulnerability
to lightning strikes. Z-pinning through-thickness reinforcement (TTR) technology addresses the first of these and
this research represents the first investigation on the lightning strike damage response of Z-pinned CFRP com-
posites. Two types of specimens were tested: unpinned and 0.1% carbon-fibre Z-pinned. Experimental results
reveal that while Z-pinning enhances through-thickness electrical conductivity, it introduces new complexities.
During lightning events, the intense current surge causes the carbon-fibre pins and adjacent resin pockets to
decompose, resulting in localised damage, larger delamination areas, and reduced residual strength compared to
unpinned laminates. Carbon-fibre Z-pinned laminates, however, dissipate heat more rapidly due to the efficient
heat transfer facilitated by the pins. This study offers a novel perspective on the potential advantages and
challenges associated with the application of Z-pinning in aircraft structures.
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Fig. 1. (a) Experiment set-up configuration, (b) specimen mounting, (c) waveform applied in this study, and (d) lightning waveform defined by SAE ARP-5412B.

1. Introduction

Given their exceptional characteristics of high strength, stiffness, and
low density, carbon fibre reinforced polymer (CFRP) composites are
extensively utilised in the construction of lightweight structures.
Nonetheless, it is important to address that CFRP composites do exhibit
some inherent weaknesses.

Laminated fibre reinforced polymer composites can display poor
delamination resistance. Through-thickness reinforcement (TTR) tech-
nologies, such as stitching [1], tufting [2], 3D weaving [3], and Z-
pinning [4,5], can improve delamination resistance compared to unre-
inforced laminates. Z-pinning, in particular, is one of the only tech-
niques that can be employed for prepreg materials, which involves the
insertion of small-diameter rods or tubes through the thickness of the
uncured composite [4,5]. Extensive research has demonstrated the
effectiveness of Z-pinning in enhancing the interlaminar fracture
toughness of composites under mode I, mode II, and mixed-mode
loading conditions [6-11].

In contrast to carbon-fibre composites’ advantages over metals in
terms of their mechanical performance, carbon fibre has an electrical
conductivity of approximately 6 x 10* S/m, which is about three orders
of magnitude lower than that of metals. The epoxy resin matrix
commonly used in aerospace applications further exhibits an even lower
conductivity of 4.9 x 107'® S/m [12-15]. Consequently, CFRP struc-
tures display high electrical resistance, with high anisotropy.

Within an airframe, a range of functions demand specific levels of
electrical conductivity. This includes ensuring safety in the event of a
short circuit occurring through structural components [15-17], as well
as providing damage resistance against lightning strikes. In the realm of
civil aviation, an airplane typically encounters lightning strikes
approximately once or twice a year [13]. Lightning strikes can result in
significant damage to unprotected CFRP structures. The substantial
current generates heat within the laminate, elevating temperatures to
points where the matrix resin decomposes or vaporizes. This damage is
particularly pronounced in laminates with insufficient conductivity in
the through-thickness direction [18,19]. The industry’s approach

involves integrating metallic materials into composite structures, such
as meshes, foils, or interwoven fabrics attached to the surface of the
component [12]. These protective elements effectively distribute cur-
rent across the component’s surface, thereby reducing or even pre-
venting damage caused by lightning strikes.

In the literature, various alternative approaches have been explored
to protect composites against lightning strikes, such as metal tufting
[13,20], conductive resin [21,22], conductive coatings [23,24], and
interleaves [25,26]. Incorporating stainless steel and copper tufting led
to a remarkable increase in through-thickness electrical conductivity
and resulted in a reduction of internal damage by approximately 75%
and 90%, respectively, compared to laminates without reinforcement
[20]. Similarly, silver-coated knitting yarns within non-crimp carbon
fabrics (NCF) also achieved a 90% decrease in damage observed after a
lightning strike test at a depth of 1 mm [13].

A growing interest has been shown in exploring the multi-
functionality of Z-pins in recent years. Research has been conducted on
monitoring delamination and enhancing the magnetic properties, as
well as the electrical and thermal conductivities, of Z-pinned laminates
[15,27-37]. In Ref. [29], it was found that Z-pins could enhance
through-thickness electrical conductivity by up to six orders of magni-
tude. However, the pins did not improve the in-plane conductivity of
composite laminates due to interfacial cracks around the pins. Recently,
Ref. [15] demonstrated that Z-pins could reduce electrical resistance by
two orders of magnitude for through-thickness fault currents and by up
to one order of magnitude for in-plane fault currents. This enhanced
electrical conductivity is attributed to the fibre crimping around the pin,
independent of the pin material. The pins also effectively reduced the
temperature rise caused by Joule heating.

Lightning strikes involve high-current impulses that occur within an
extremely brief timeframe, which differs from the case of small constant
currents in Ref. [15]. The current study investigated the response of Z-
pinned CFRP laminate under lightning strikes for the first time and ex-
plores the underlying damage mechanisms. The most widely used
carbon-fibre Z-pin material was selected here, to increase the through-
thickness conductivity without significantly increasing weight. The
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Fig. 2. Images of: unpinned (a-d) and Z-pinned (e-h) laminates, before (a, e) and after the simulated lightning strike.

specimen preparation and test set-up are introduced in Sections 2 and 3.
The experimental results and damage mechanisms are discussed in
Sections 4 and 5. Residual mechanical properties are given in Section 6.
Conclusions and future work are summarised in Section 7.

2. Specimen preparation

The specimens employed in this study were made of UD M21/IMA
prepreg (HexPly® M21/34%/UD194/IMA-12K) [38] following the QI
stacking sequence of [+45°/90°/—45°/0°]3s. The M21/IMA laminates
are toughened with thermoplastic particles that lie in the resin rich layer
between plies, serving as a separate interleaf [39]. Interleaving is a well-
established method to enhance the interlaminar toughness of cured
laminates [40], but a thick, non-conductive interleaf layer adversely
affects electrical conductivity. T300/bismaleimide (BMI) pins with a
diameter of 0.28 mm were employed to make Z-pinned specimens. The
pin-to-pin distances were designed to be 8 mm, which gives a pinning
areal density of 0.1%. Additionally, an unpinned control laminate was
fabricated for comparison. Two types of specimens were prepared in
total: 0.1% carbon-fibre Z-pinned and unpinned. One specimen of each
type was tested for lightning strikes, and three specimens of each type
were tested for electrical conductivity measurements.

The specimen manufacturing process primarily involves the
following steps:

e Sequentially lay up the prepreg on an aluminum plate and debulk for
15 min in a vacuum bag after every four plies.

e Soften the laminate using a hot plate beneath it and manually insert
pins through the laminate’s thickness (for Z-pinned specimens).

e Cure the laminate in an autoclave following a modified Hexcel cure
cycle [38], which includes extending the dwelling stage by 30 min to
account for the presence of silicon rubbers placed on the top and
bottom of the laminate for pin-end protection [15,41].

e Cut individual samples from the cured laminate using a diamond
saw.

After cure, each ply has a nominal thickness of 0.188 mm, resulting
in a total specimen thickness of 4.5 mm. The specimens for lightning

strike tests have dimensions of 150 x 150 x 4.5 mm? (length x width x
thickness), while those for electrical conductivity measurements are 16
x 16 x 4.5 mm?®, with each containing four pins.

3. Lightning strike test set-up

The simulated lightning strike test was carried out via a high-impulse
current generator (Otowa Electric Co.) owned by SHODEN Co, Ltd.
(Sitama, Japan). Fig. 1(a, b) shows the experiment configuration and
specimen set-up before the strike. The specimen was clamped with a
grounded copper frame-type jig, thereby completing the impulse gen-
erator’s circuit. A jet-diverting electrode recommended by SAE ARP
5416A was used in the test to simulate a natural lightning event [42]. An
aluminium wire lead was connected to the electrode to lead the elec-
trical current to the test subject, and the distance between the tip of the
wire and the test subject was 2 mm. A high-speed camera (Hyper vision
HPV-X2, Shimadzu), and a thermography camera (SC 7600, FLIR, Inc.)
were used to observe the simulated lightning discharge process. An
electrical current of —40 kA (Fig. 1(c)) is applied during the strike test,
delivering an action integral of 9.6 x 10* A% s. This corresponds to a
modified component A waveform, as defined by SAE ARP-5421B (Fig. 1
(d)), representing the first return stroke in a lightning event.

4. Experimental results
4.1. Visual damage

Fig. 2 compares the visual damage of the control and Z-pinned
laminates before and after the simulated lightning strike. Two panels
exhibit a similar behaviour, characterised by fibre peeling along the
fibre direction, multiple-layer damage at the centre of the stroke, and
thermal ablations resulting from the current traveling along the surface.
These are typical lightning strike damage behaviours that have been
observed in many other works [18,43,44].

The electrical current was primarily conducted along the fibres,
while also went into the panel by the dielectric breakdown of resin
matrix between layers. The Joule heating effect caused severe decom-
position of the epoxy resin matrix due to its poor electrical conductivity.
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Fig. 3. Ultrasonic NDI images: (a, ¢) C-scan from the front side, (b, d) C-scan from the backside, (a, b) unpinned laminate, (c, d) Z-pinned laminate.
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Fig. 4. The cross-section observation: (a) unpinned and (b) Z-pinned laminates. Note: The side-view images are stretched along the thickness direction for better
visualisation.
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Fig. 6. The thermography images of unpinned (a—c) and Z-pinned (d-f) laminates during the lightning strike.

The generated pyrolysis gas was trapped in between layers and caused
subsequently fibre peeling and delamination.

4.2. Non-destructive inspection

Ultrasonic C-scan was undertaken to gain a more comprehensive
understanding of the damage inside the specimen. The scan utilised a
pulse reflection technique, with a single probe systematically scanning
the surface of the specimen along the X-Y axes. The ultrasonic defect
detector used was the HIS3 HF model manufactured by Krautkramer
GmbH, equipped with a 3.5 MHz transducer.

Fig. 3 displays the C-scan images. The pixel colours indicate the
relative signal magnitude of the reflected waves. Blue pixels represent
the baseline with a low amplitude reflected signal. Yellow and red pixels
correspond to moderate and strong signal intensities, featuring mid-
level and maximum amplitudes, respectively.

As depicted in Fig. 3(a, ¢), front-side scanning encounters significant
attenuation due to damage in the surface layer, making it challenging to
pinpoint the exact delaminated areas. The back-side C-scan images

(Fig. 3(b, d)) exhibit distinct boundaries for the damaged region. It
shows that the delamination in the second and third layers of the Z-
pinned laminate is slightly larger compared to the unpinned one. This
suggests that a greater amount of energy dissipated vertically into the
deeper layers of the Z-pinned laminate, leading to more severe resin
pyrolysis beneath the second and third layers. The resin pockets formed
during the manufacturing of Z-pinned laminate is another major
contributor to the larger delamination area, which will be discussed in
Section 5.

4.3. Internal damage

To further investigate the actual damage length and depth, two
specimens were repeated sliced at 16 mm intervals through the damaged
zone, and their cross-section images were captured using a digital mi-
croscope, as depicted in Fig. 4. The visible delamination length is
marked with red bars for clarity. Consistent with the C-scan results,
larger delamination is observed in the first three layers of the Z-pinned
laminate, as indicated by the length of the red bars. Closer images were
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Fig. 7. (a) Illustration of the tracked centre point by thermal camera, and (b) temperature versus time plot of unpinned and Z-pinned laminates.

Table. 1

The through-thickness conductivity and lightning strike (LS) response in the present and previous studies.
Description Conductivity LS response Ref.
Unpinned laminate 0.32 S/m Fibre peeling and multiple layers delamination; This study
Z-pinned laminate 10.8 S/m Fibre peeling and multiple layers delamination; This study
Conductive veils interleave 27.9 S/m Two layers of damage; [47]
Polyaniline conductive matrix 60 S/m Minor surface ablation; [21]
Silver-coated knitting yarns 627 S/m Damage deeper than 1.0 mm reduced by 90%; [13]
Copper tufting 5000 S/m Comparable performance with copper mesh. [20]

taken and carefully checked around the strike centre. As shown in Fig. 5,
damage penetrated up to the fifth layer from the top in both control and
Z-pinned laminates.

4.4. Thermography results

Thermography images captured by the thermal camera during the
lightning strike test are displayed in Fig. 6. The time label in the upper
right corner of each frame indicates the time since the lightning
attachment. A threshold was applied to represent temperatures
exceeding 200 °C as overheated areas (pink colour). A comparison of
Fig. 6(b & €) and (c & f) reveals that the unpinned specimen exhibits
larger hot zones than the Z-pinned one at the same timescale. This dif-
ference is attributed to the pins’ effectiveness in dissipating heat flow in
the through-thickness direction, as demonstrated in Refs. [15,33,35].

For a quantitative comparison, the temperature change at the lami-
nate centre point (point 1 in Fig. 7(a)) is plotted in Fig. 7(b). The thermal
camera operated at a frequency of 100 fps, capturing images every 10
ms, while the lightning strike test lasted for 0.09 ms. Thus, the curve
illustrates the temperature change after the strike. It’s worth noting that
the highest temperature recorded during a lightning strike test exceeds
3000 °C [18,45,46], whereas the thermal camera’s upper temperature
limit was set at 250 °C. Therefore, the histogram presented here focuses
exclusively on the cooling rate in the central region, i.e., the nonlinearly
decreasing part of the curves.

Comparing the cooling rates of control and Z-pinned specimens, it is
evident that the temperature of Z-pinned samples begins to decrease

more rapidly than that of the control sample, thus maintaining the
laminate in a safer condition after the lightning strike. This result again
attributes to the enhanced heat dissipation, facilitated by the presence of
the pins.

5. Damage mechanism discussion
5.1. Electrical conductivity

Electrical conductivity measurements were conducted prior to the
lightning test in this study. The top and bottom surfaces of the specimens
were carefully polished to remove the resin layer. The silver paste
(DOTITE D-500, Fujikura Kasei Co., Ltd., Japan) was painted to the
target surfaces and attach the aluminium electrodes. The specimens
were thoroughly dried at 60 °C for one hour subsequently. An LCR metre
(3522-50, Histester, Hioki EE Corporation, Ueda, Japan) was employed
to measure the electrical resistance in the through-thickness direction.

As shown in Table. 1, the through-thickness electrical conductivity
was enhanced by 33.8 times with Z-pins, which is consistent with the
results in Ref. [29]. Numerous reports have emphasized the effective-
ness of enhancing through-thickness electrical conductivity as a strategy
to reduce lightning strike damage [13,20,21,47], as summarised in
Table. 1. However, when dealing with Z-pinned laminates, it is essential
to acknowledge that the conductivity testing method outlined in this
paper, as well as in Ref. [29], may not precisely capture the through-
thickness conductivity of the sample. This is because the sample’s
overall conductivity is predominantly attributed to the presence of the

b

Fibre
crimping

Pinning direction

Fig. 8. Microscope images of sample cross-sections before lightning strike test: (a) unpinned, (b) carbon-fibre Z-pinned [15].
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pins because electrodes covered the whole top and bottom surfaces. In
practise, current may be injected through any location on the surface,
and there exist cracks between the pins and host laminate, preventing
direct current transfer from the laminate to the pins. This can explain
why the lightning strike damage was not reduced, although the overall
through-thickness conductivity was significantly improved by the pins.
Therefore, a thorough analysis and understanding of the damage
mechanism of those types of discrete reinforcement Z-pinning technol-
ogy is of great importance.

5.2. Damage mechanism

The microscopic images of unpinned and Z-pinned specimens before
the lightning strike test were reported in Ref. [15], as shown in Fig. 8.
The current study uses the same specimen type, with identical material,
manufacturing method, and pinning areal density. Fig. 8(a) presents an
image of the unpinned specimen, where the interleaf with varying
thicknesses is visible, along with randomly localised interlaminar fibre
contacts within it. In contrast, for the Z-pinned specimen in Fig. 8(b),
localised fibre crimping is observed, which could facilitate the transfer
of a small and stable current in the through-thickness direction. How-
ever, the pin and laminate remain isolated due to interfacial cracks
[15,29].

To investigate the damage mechanism of the Z-pinned laminate
against lightning strike, the failure of individual pins inside the spec-
imen was examined through microscopic observation. For better un-
derstanding, the pins were numbered according to their x and y

coordinates as shown in Fig. 9(a), with the origin of the coordinate
system at the lightning strike location.

Half of the No. 5 central strip was carefully cut and polished to reveal
the pins in the most severely affected region, as depicted in Fig. 9(b). The
microscope images in Fig. 9(c) illustrate that the central pin, P (1, —1),
was completely burned off by the lightning strike, with the damage to
the pins decreasing progressively from the centre to the edge, as
observed in the images from P (1, —1) to P (1, —9). Fig. 10(a—c) provides
detailed information about the partially burned pin P (1, —2). In Fig. 10
(a), the image displays both the tip and the transition region (from
partially burned to intact) of the pin. Fig. 10(c) reveals the decomposi-
tion of a portion of the resin pocket region, highlighted within rectan-
gular boxes. The resin pocket is a critical feature of Z-pinned laminates,
as extensively discussed in the literature [4,5].

The other half of the No. 5 central strip was examined from the top
using a scanning electron microscope (SEM). The SEM images in Fig. 10
(d-g) were captured in the vicinity of the pinning hole of P (1, 2). Fig. 10
(d, e) present top views of P (1, 2) after peeling off the first and third
layers, respectively, while Fig. 10(f, g) are SEM images of polished top
surfaces. These images distinctly reveal that the resin pockets sur-
rounding the pin were either entirely or partially decomposed. This il-
lustrates that electrical current indeed passed through the pins during
the lightning strike event. Since the pin is composed of carbon fibre and
BMI resin, the current flow through the pin, resulted in an immediate
and intense Joule heating effect and followed by its breakdown into the
resin pockets. This effect, in turn, led to the decomposition of both the
BMI resin and the surrounding epoxy resin pockets.
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Fig. 10. (a-c) Microscope images of the surrounding regions of a partially burned off pin, (d-g) SEM images showing resin pockets’ decomposition around the pins.
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Fig. 11. Schematic illustration of the current path of the unpinned and Z-
pinned laminates during the lightning strike.
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A schematic illustration, shown in Fig. 11, reveals the current con-
ducting pathways for both unpinned and Z-pinned specimens when
exposed to a lightning strike. In the case of the unpinned laminate,
current is solely conducted through the fibres. Due to the presence of
interlaminar resin layers, the current only breaks down through several
top plies. For the Z-pinned laminate, the current passed through the pins
in the through-thickness direction. The instantaneous current surge
during the lightning strike event is tremendous, and the heat surge of
Joule heating causes the burning of pins and adjacent resin pockets. As a
result, the high-pressure pyrolysis gas trapped inside each layer, or resin
pocket, eventually caused more serious localised damage than the
unpinned specimen.

6. Residual mechanical properties

Apart from the damage size and depth, the influence of the simulated
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Fig. 12. Load-displacement curves of: (a) unpinned and (b) Z-pinned specimens for the four-point bending test.
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Fig. 13. The residual mechanical properties comparison between unpinned (UP) and Z-pinned (ZP) specimens.

lightning strikes is also evaluated by residual strength and stiffness, i.e.,
how much strength and stiffness the structure is able to retain compared
to the reference sample without damage [12]. Four-point bending tests
were carried out on 150 mm x 16 mm specimens cut from reference and
tested panels (Fig. 9(b)), to assess their flexural strength. The lower span
is 106 mm, while the upper span is one-third of this length. In the
bending test, the lightning strike side is positioned on the compression
side to enable a reasonable comparison of the residual mechanical
properties. It was observed that all specimens failed due to compression
failure.

The load-displacement curves are presented in Fig. 12. For speci-
mens located further from the lightning strike centre (Nos. 1 and 2),
there is a slight reduction in stiffness. However, for specimens closer to
the strike centre, the reduction is more pronounced due to pre-existing
damage caused by the lightning strike test. The residual stiffness of Z-
pinned specimens is slightly lower than that of unpinned specimens.

The residual flexural strength, corresponding to the maximum load,
is plotted in Fig. 13. It shows that the control laminate exhibits slightly
higher pristine flexural strength than the Z-pinned specimen, which is
due to the in-plane mechanical property reduction caused by the
microstructural features induced by Z-pins [48,49]. The residual
strength increases from the strike centre to the edge for both unpinned
and Z-pinned laminates. The unpinned specimen closest to the strike
centre (UP-4) exhibits a residual ratio of 56%, while the corresponding
Z-pinned one (ZP-4) measures 52%. For the specimens (UP-3 and ZP-3)
located the second closest to the strike centre, their residual ratios are
69% and 62%, respectively. Overall, the residual ratios of unpinned and
Z-pinned laminates are close, further demonstrating that these two
specimens showed a comparable extent of damage due to the high-
current loading. The minor difference can be attributed to microstruc-
tural variations, as the decomposition of resin pockets and pins resulted
in more localised damage to the laminate.

7. Conclusions

The effects of Z-pins on the lightning striking response of CFRP
composites have been investigated experimentally. The visual damage is
similar for the unpinned and Z-pinned specimens with fibre peeling
along the fibre direction on the surface. Ultrasonic C-scan results show
that Z-pinned laminate exhibits larger delamination area in the second
and third layers compared to the unpinned one. The delamination
penetrates to the fifth layer for both unpinned and Z-pinned laminates.
This study demonstrated that while Z-pins enhanced overall through-
thickness electrical conductivity, the decomposition of resin pockets
and pins during electrical current surges generated trapped high-
pressure pyrolysis gas, leading to severe localised damage. However,
the Z-pinned laminate exhibited enhanced heat dissipation following the

lightning strike, owing to the efficient heat transfer facilitated by the
pins.

This work provides a new perspective on designing aircraft structural
components, which require the use of the Z-pinning technique. In the
future, it would be beneficial to consider increasing the pinning areal
density or employing more conductive pins (e.g. copper), although such
adjustments could potentially compromise the lightweight advantages
inherent to CFRP.
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