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a b s t r a c t

Carbon fiber/epoxy composite specimens are manufactured using liquid resin infusion and incorporate a
copper wire mesh on the outer layer for lightning strike protection. The specimens are then painted in
order to be representative of an aircraft skin. The specimens are subjected to a scarf repair, which
removes a portion of the wire mesh and of the carbon fiber substrate. The bonded repair is performed
to re-establish the structural and electrical integrity of the laminate. Purpose of the study is to evaluate
the effect of repair procedure on the structural performance of the carbon/epoxy specimens following a
lightning strike, and in particular it is aimed at comparing the two extreme cases where full electrical
conductivity is re-established, and where the electrical conductivity is interrupted. To do so, the copper
wire mesh is re-applied during the repair following two scenarios. The first, denoted as ‘‘good’’ repair,
involves overlapping part of the repair mesh with the parent mesh surrounding the repair area, while
the second, referred to as ‘‘poor’’ repair, involves applying a repair mesh that is shorter than the parent
mesh, thereby leaving a gap in the electrical path. The repaired specimens are then subjected to simu-
lated lightning strike at the location of the repair. The damage resistance characteristics of the repaired
specimens are compared to the benchmark values of unprotected specimens (i.e. without copper mesh)
and protected pristine specimens (i.e. without repair). Residual strength testing using four-point bend
flexure is used to assess the damage tolerance behavior of the specimens. Results show that a ‘‘good’’
repair performs as well as the pristine protected specimen, while a ‘‘poor’’ repair performs equally or
worse than a fully unprotected specimen.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid resin infusion technology is being proposed as a low-cost
alternative to traditional autoclave/prepreg composite technology.
Processes such as VaRTM (Vacuum assisted Resin Transfer Mold-
ing) offer lower raw material costs, automated preforming possi-
bility, and the possibility of vacuum-only oven cure, therefore
dramatically reducing part-cost and cycle time. JAXA [1,2], Mitsu-
bishi Aircraft [3], Boeing [4] and Lamborghini [5,6] have been
investing heavily in Research & Development efforts to manufac-
ture large, complex, integral structures via VaRTM, in order to
demonstrate the feasibility of this out-of-autoclave technology.

The introduction of composites in the primary structure of
modern aircraft presents special problems with regards to the
lighting strike threat. While metallic structures such as traditional

aluminum airframes are highly conductive, Carbon Fiber Rein-
forced Polymers (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 conductiv-
ity of the composite laminate. When lightning strikes, a large
amount of energy is delivered very rapidly, causing the ionized
channel to expand with supersonic speed. If the shockwave
encounters a hard surface, its kinetic energy is transformed into
a pressure rise, which causes fragmentation of the structure. At
the same time, resistive heating leads to temperature rise and, in
turn, it initiates a breakdown of the resin by pyrolysis. If the gases
developing from the burning resin are trapped in a substrate,
explosive release may occur with subsequent damage to the struc-
ture [7,8]. In order to reduce the threat of lightning strike damage,
a lightning strike protection (LSP) is typically utilized. A commonly
utilized LSP is a metallic wire mesh, which is placed on the outer
surface of the CFRP structure, and acts as a continuously-conduc-
tive outer layer to dissipate direct or indirect electromagnetic
interference effects. The mesh can be comprised of aluminum, cop-
per or bronze wire, and can either be co-woven with the carbon fi-
ber in a prepreg fabric ply, or bonded separately as the outermost
laminate layer [7–9].
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Lightning strike damage poses both a safety and economic chal-
lenge for aircraft manufacturers and operators [9–11], however lim-
ited work has been published to assess the structural performance
of CFRP specimens following lightning strike damage [12]. In previ-
ous studies [13,14], the authors inflicted simulated lightning strike
damage at different current levels on carbon/epoxy specimens in or-
der to characterize their damage resistance and tolerance response.
Test articles included both unnotched and filled-hole specimens,
and were unpainted and unprotected. After damage was inflicted,
the CFRP specimens were tested for residual strength in tension,
compression, or compression after impact (CAI). An attempt was
made to establish a comparison between mechanical impact dam-
age, such as traditional foreign object damage (FOD) associated with
low-velocity, drop-weight impact and lightning strike damage.

FOD is a known threat to composite structures, and the dam-
age-tolerant design philosophy of the building block approach is

intrinsically tied to the concept of FOD [15–18]. As an example,
margin of safety calculations for static strength determination
are directly tied to the definition of acceptable and detectable dam-
age, which is in turn tied to inspection and repair strategy. Typical
sources of FOD can include mishandling during manufacturing,
tool drop during service, hail strike, bird strike, as well as lightning
strike. The maintenance strategy has to define a threshold of
detectability and a method of inspection, which is usually visual.
If the damage is too small to be detected, it shall be neglected
and its presence shall not reduce the ultimate strength of the struc-
ture. On the other hand, if the damage is sufficiently large, it should
be discovered and repaired, while temporarily accepting a reduc-
tion in strength [15,17]. Once repaired, the structure shall return
to the same strength, and be subject to the same requirements as
the original structure before damage and repair.

Bonded scarf repairs have been widely used to repair composite
structures and, with the appropriate surface preparation and a val-
idated process, they can offer the greatest structural efficiency of all
repairs [18–20]. While extensive research has been focused to deter-
mine how bonded scarf repair can be used to re-establish the struc-
tural integrity of a CFRP structure, the new challenge imposed by the
threat of lightning strike damage imposes researchers to focus on
the effect of bonded scarf repairs on the electrical integrity of a CFRP
structure. Since the scarf operation removes the copper wire mesh
LSP, as well as the underlying damaged portion of the laminate,
the electrical flow path is interrupted unless an additional repair
mesh is placed on the outer skin. However, questions arise whether
it is necessary that the repair mesh overlap the parent mesh in order
to fully re-establish the conductive path, or if it is sufficient for the
mesh to be in proximity of the parent mesh, thereby allowing for
gaps to exist between the repair and parent meshes. From a proce-
dural standpoint it would be easier not to overlap the meshes, since
doing so would create a surface irregularity, which in turn would af-
fect aerodynamic drag during flight, or would otherwise require
extensive sanding and finishing or painting operations. The experi-
mental evidence presented here aims at understanding the effect of
having a ‘‘good’’ or ‘‘poor’’ repair from an electrical conductivity
standpoint, by subjecting CFRP laminates to lightning strike damage
and assessing their damage resistance and tolerance characteristics.
Ultimately, the research aims at providing a guideline for best prac-
tice for scarf repairs of exposed (on the outside of the aircraft) CFRP
structures, featuring a copper wire mesh LSP.

2. Experimental procedure

2.1. Specimen manufacturing and preparation

Dry fabric of T300 carbon fiber with 3 K tow, 2 � 2 twill weave
fiber architecture are infused with an untoughened, low-viscosity,
284 F (140 �C) cure epoxy resin, designed for VaRTM processing.
The dry fabric used is Hexcel Prime Tex™ ZB Fabric style 284, an
aerial weight of which is 5.78 oz/yd2 (196 g/m2). The resin and
hardener of the epoxy resin are Huntsman Resin XB 3518 BD and
Aradur� 22962, respectively. Initial mix viscosity of the resin is

Fig. 1. (A and B) Liquid resin infusion of the panels: (A) before infusion and (B) after
infusion. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Typical specimen with LSP (wire copper mesh) after infusion and curing. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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30–60 mPa s at 140 F (60 �C). For the unprotected specimens, rect-
angular flat specimens 14 in. � 10 in. (356 mm � 254 mm) are fab-
ricated using 20 layers of cloth in the (0/90) direction for a nominal
thickness of 0.160 in. (4.1 mm). Consumable materials used during
the infusion include the peel ply (AIRTECH Release Ply B), the retic-
ulated flow media (AIRTECH Greenflow 75) used to facilitate the
infusion process, the line ports for resin injection, the line port

for the air and vacuum suction, the nylon vacuum bag (AIRTECH
Ipplon DP1000), and sticky tape sealant, Fig. 1A and B. For the pro-
tected specimens, a copper wire mesh on the outer surface of the
laminate provides the LSP (lightning strike protection). The mesh
size is 16 � 16 per lineal inch (or every 25.4 mm), thickness is
0.020 in. (0.5588 mm), and wire diameter is 0.011 in. (0.28 mm).
The wire’s characteristics are typical of standard woven mesh for

Fig. 3. Typical cross section of laminate with wire copper mesh, showing negligible amount of voids. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Schematic of scarf repair patch and materials.

Fig. 5. (A and B) Specimen with copper mesh: after scarfing (A) and detail of the scarf area (B). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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electromagnetic shielding. The supplier of the copper wire is TWP
Inc. The copper mesh is placed on the tool-side surface as an addi-
tional ply for the laminate prior being infused. The cured laminate
thickness of the protected specimens becomes 0.180 in. (4.6 mm).
For both protected and unprotected specimens, the following infu-
sion process and cure cycle are used: (1) preparation of the mold,
dry carbon fiber fabrics and other materials and then bagging, (2)
Debulking the bag under applied full vacuum (28 in Hg
(94.8 kPa)) at 140 F (60 �C) for 30 min, (3) resin preparation and
degassing at 28 in Hg (94.8 kPa) for 10 min, (4) resin impregnation
to the vacuum bag at 140 F (60 �C), (5) Curing the specimen in a
oven at 212 F (100 �C) for 1 h and then further curing at 284 F
(140 �C) for 2 h, (6) cooling the bagged specimen down to room
temperature then debagging. After curing, test specimens are ma-
chined and trimmed to the final dimensions of 12 in. � 4 in.
(305 mm � 102 mm). Based on prior experience [13,14], these
dimensions are chosen because they are sufficiently large to con-
tain the lightning strike damage well within the boundaries and,
at the same time, are suited for the residual strength testing by
four point bending. A typical protected specimen after trimming
is shown in Fig. 2. Accurate selection of process and equipment

enables the manufacturing of high quality laminates with negligi-
ble voids, Fig. 3. A total of 40 specimens are manufactured using
this process.

After manufacturing, 18 of the 40 specimens are prepared for
structural repair, in the same way that they would be handled in
service if damage were to be discovered during routine inspection.
It should be emphasized that there is no actual damage to the lam-
inates, but the repairs are performed ‘‘as if’’ they were damaged.
The repair procedure is a bonded scarf repair, which requires re-
moval of a portion of material at and around the location of the
damage, Fig. 4. It is assumed that the damage is contained within
the upper portion of the laminate, so the depth of the machined
(scarf) area is 0.075 in. (1.9 mm). The scarf ratio selected is 20:1,
which is the typical value suggested by the MIL-HDBK-17 [18].
The outermost diameter of the scarf area is 1.5 in. (38.1 mm) for
the unprotected specimen, and 1.9 in. (48.3 mm) for the specimen
with copper mesh. The schematic of the repair and the materials
used are shown in Fig. 4. The scarf is machined by grinding to a
rough shape with a hand rotary tool, trimming with 100 grit sand
paper bonded to an aluminum circular cone designed for this spe-
cific scarf dimension, finishing with 320 grit sandpaper, cleaning
and drying the specimen. A typical specimen with copper mesh fol-
lowing the scarfing procedure and prior to application of the patch
plies is shown in Fig. 5A and B. For the patch repair material, TORA-
YCA T700S/2510 carbon fiber/epoxy prepreg and 3M AF126-2
structural film adhesive are used. The patch material plies, film
adhesive, and copper mesh outer layer are cut to the required
dimensions, Fig. 6. A sheet of film adhesive is first placed on the
bottom of the scarf hole in order to fill the gap between the hole
and the stack of plies. Starting from the smallest, the individual
prepreg patches are positioned and compacted. Another layer of
film adhesive is applied before positioning of the repair copper
mesh, and finally a last layer of film adhesive is used to further en-
sure that the surface is not resin-starved. Curing of the patch is per-
formed using a Heatcon commercial dual zone hot-bonder setup,
and a heat stretch blanket. The patch is cured for 120 min at
270 F (132 �C) under vacuum pressure.

The specimens referred to as ‘‘good’’ repair feature a full overlap
of the repair mesh over the parent mesh material (+0.125 in. or
+3.18 mm around the circumference of the patch). This length is
selected because it ensures that the electrical conductivity in the
mesh is fully re-established between the parent and the patch

Fig. 6. Kit of precut repair materials as they are placed into the scarf area (from the bottom outward, from left to right): film adhesive, eight patch plies of different
dimensions, film adhesive, repair mesh, film adhesive. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. (A and B) Two types of repair specimens: ‘‘good’’ repair (A) and ‘‘poor’’ repair
(B) showing overlap and gap respectively between the repair mesh and parent
mesh. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 8. Micrographic cross-section of scarf repair specimen with mesh overlap (A) and detail of scarf area (B). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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material, Fig. 7A. The specimens referred to as ‘‘poor’’ repair feature
a repair mesh which stops short of the parent mesh material (the
gap is �0.125 in. or �3.18 mm around the circumference of the
patch). This length is selected because it ensures that the electrical
conductivity in the mesh is not fully re-established between the
parent and the patch material, Fig. 7B.

A typical cross-section of the repaired specimen with copper
mesh, Fig. 8A, shows the scarf region, with the tapered patch of re-
pair plies isolated from the parent laminate by the layer of film
adhesive. A close-up of the scarf region, Fig. 8B, also shows the
overlap of the repair mesh with the parent mesh, which is what
is expected for a so-called ‘‘good’’ repair specimen. Finally, a por-
tion of the specimens is coated by aircraft-grade acrylic paint,
which is a perfect dielectric in terms of electrical conductivity.

2.2. Damage infliction and evaluation

The lightning strike generator developed at the University of
Washington is employed for this research. A schematic of the

generator is shown in Fig. 9, and details can be found in [13,14].
The capacitor is capable of supplying 44 kV and 52 lF, and the

Fig. 9. Picture and schematics of the lightning strike generator. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 10. Details of the test specimen area of the lightning strike generator. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Summary of test families and conditions (N indicates NO, Y indicates YES).

Family Paint Mesh
protection

Patch
repair

Repair
mesh

Subject
to
strike

Subject to
residual
strength testing

N0 N N N N N Y
MP0 Y Y N N N Y
R0 Y Y Y Overlap

or gap
N Y

N80 N N N N Y Y
P80 Y N N N Y Y
M80 N Y N N Y Y
MP80 Y Y N N Y Y
GR80 Y Y Y Overlap Y Y
PR80 Y Y Y Gap Y Y

Fig. 11. Four point bend flexure test setup for residual strength testing. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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adjustable resistor stack is used to modulate the waveform. The
lightning generator is used to generate a current pulse similar to
waveform D, specified in SAE ARP 5412 [21], with peak amplitude
of 80 kA. Waveform D has peak current amplitude of 100 kA, rep-
resents a typical re-strike, and is used to certify the vast majority
of the airframe, unlike waveform A that is used only for primary
attachment points [21] at the wing tips, nose or empennage. A
spark gap switch is used to trigger the strike, Fig. 9. The test spec-
imen is installed in the top of the generator, right above the conical
electrode (striker) and it is supported at the two short ends be-
tween two return copper electrodes, as shown in Fig. 10. The spec-
imen is placed with the copper mesh and or repair surface facing
the striker, at a distance of 0.75 in. (19.1 mm). After introducing

the lightning strike damage, a non-destructive inspection is per-
formed via pulse-echo ultrasound using a C-scan system with a
2.25 MHz sensor. The projected damage area of all the specimens
is then measured using image analysis software. One specimen
from each test configuration is then selected for destructive
inspection, which is performed by cross-sectioning and optical
microscopy. Two micrographic coupons are extracted from a single
specimen at the attachment point of the lightning strike, one par-
allel to the 0� fibers, and one transverse to them. The 0� fibers run
in the direction of the electrodes, located at the end of the speci-
men. To avoid losing the information on the strike, a two-stage
mount with laser dye is employed [13,14]. At the strike location,
carbon fiber and epoxy are melted or vaporized, thereby making

(A) Family N80

(B) Family P80  

(C) Family M80 

(D) Family MP80 

Fig. 12. (A and D) Visual and close-up view of LSP specimen after strike, unpainted and unprotected (N80), painted and unprotected (NP80), unpainted and protected (M80),
and painted and protected (MP80). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the entire area very delicate and fragile. Laser dye epoxy is used to
distinguish between the composite specimen’s epoxy and the
mounting epoxy.

A summary of the nine specimen families tested is reported in
Table 1, where N indicates natural condition, M indicates the pres-
ence of the copper mesh protection, P indicates painted surface, GR
indicates a ‘‘good’’ repair, PR a ‘‘poor’’ repair, and the numbers 0
and 80 indicate if the laminate has been subjected to lightning
strike damage at 80 kA. These include three benchmark families,
which are not subjected to lightning strike damage (N0, MP0,
and R0), and are used to established the pristine flexural strength
for the other families. These three families indicate respectively:
unprotected, unpainted, non-repaired specimen (N0), mesh-pro-
tected, painted, non-repaired specimen (MP0), and mesh-pro-
tected, painted, repaired specimen (R0). In this case whether the
repair is ‘‘good’’ or ‘‘poor’’ is not relevant since these benchmark
families are not subjected to lightning strike, and structurally there
is no difference between a poor and good repair. Purpose of com-
paring these three families is to establish the effect of the mesh
and paint on flexural strength, and to assess the quality of the re-
pair and compare it against the pristine specimens. Families N80
and P80 indicate unprotected, non-repair specimens that are both

subjected to lightning strike damage, but without and with the
paint layer respectively. Purpose of the comparison is to evaluate
the effect of the dielectric paint layer on damage size and residual
strength. Similarly, families M80 and MP80 represent specimens
with copper mesh protection, without and with paint respectively,
and subjected to lightning strike damage. These two families pro-
vide information with regards to the effectiveness of the copper
mesh in alleviating the damage from the lightning strike. Lastly,
families GR80 and PR80 represent mesh protected, painted and re-
paired specimens subjected to lightning strike damage, in presence
or absence respectively of fully-re-established electrical conductiv-
ity between repair and parent material.

2.3. Residual strength assessment

Damage tolerance testing is conducted in a universal test frame
at quasi-static loading conditions. A fixture for four-point bend
flexure (4PBF) is used for residual strength testing of the speci-
mens, Fig. 11. Although other tests could be used for damage toler-
ance assessment, such as compression after impact (CAI) [14],
flexure testing is typically used for composite repair testing and
for sandwich panels [20] because it induces a pure flexural state

Fig. 13. (A and D) Ultrasonic C-scan images of specimens N80, P80, M80, and MP80. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Summary of lightning strike damage tests and results.

Family Repeats Description of damage Avg. damage area (in.2) (mm2) CoV damage area (%)

N80 4 Fiber fracture, outer plies bulging, matrix vaporization 3.922 (2530) 8
P80 4 Fiber fracture, outer plies bulging, matrix vaporization 2.865 (1848) 11
M80 4 Outer paint and matrix burning, copper mesh minor pitting 0.153 (99) 52
MP80 4 Outer paint and matrix burning, copper mesh minor pitting 0.277 (179) 37
GR80 6 Outer paint and matrix burning, copper mesh minor pitting 0.157 (101) 53
PR80 Type I 2 Outer paint and matrix burning, copper mesh minor pitting 0.219 (141) 69
PR80 Type II 4 Circular annulus of burn marks and fracture around patch 3.069 (1980) 5
PR80 Type III 3 Entire patch is separated from repair, with evidence of burn marks and fracturing 5.572 (3595) 29

H. Kawakami, P. Feraboli / Composites: Part A 42 (2011) 1247–1262 1253
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of stress at the midspan of the specimen. However, upon large
specimen deflection, a combined flexural and out-of-plane normal
(peel) stress state is generated, which tends to separate the patch
repair from the parent laminate. 4PBF is therefore a better indica-
tor of good bond quality for a repair than the CAI test.

The specimen is placed on the support rollers with the mesh and
repair side facing up, on the compressive side. The inner and outer
spans of the loading are 4.0 in. (102 mm) and 10.0 in. (254 mm),
respectively [22]. The outer span to thickness ratio is 56:1 for a
specimen with mesh and 63:1 for a specimen without mesh. The
large span to thickness ratio is employed in order to reduce the ef-
fects of shear and to increase bending deformation and, hence, peel
stresses. The inner span is sufficiently large to extend over the

entire patch. The loading and support noses are steel cylinders of
0.75 in. (19.1 mm) diameter. To avoid premature damage by the
stress concentration in the proximity of the supports, the specimen
needs to be loaded with large-radius loading rollers. A summary of
the specimen families is reported in Table 1.

3. Results

3.1. Damage resistance: damage analysis and inspection

For the unprotected specimens, both unpainted N80 and
painted P80, a large circular damage was centered at the lightning

Fig. 14. Visual and close-up view of GR80. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(C) Family PR80, Type III damage

(A) Family PR80, Type I damage

(B) Family PR80, Type II damage

Fig. 15. (A and C) Visual and close-up view of PR80 Type I damage (A), Type II damage (B), Type III damage (C). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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attachment point as shown in Fig. 12A and B and in the ultrasonic
scans of Fig. 13A and B. Fractured fibers were clearly visible at the
center of the strike location, while evaporation of the surrounding
matrix created visible bulging. Damage was concentrated toward
the surface of the specimen and confined to the outer plies. Individ-
ual surface burns to the paint layer could be observed over a broader
area, and were due to the attachment points of the secondary light-
ning leaders that branched out from main lightning channel. A sum-
mary of the results is reported in Table 2, and shows that the average
projected damage area for the painted specimens was smaller than
the unpainted specimens. Specimens with copper mesh protection,
both unpainted M80 and painted MP80, suffered only minor surface
damage, which consisted of surface pitting, matrix burning and par-
tial copper wire melting. Damage in the composite ran along the
copper wire mesh, and tends to be more severe and deeper at the
intersection point of two wires. Two specimens are shown in
Fig. 12C and D, while ultrasonic images are shown in Fig. 13C and
D. The damage shape was always elongated in the direction perpen-
dicular to the current flow, although the location varied from spec-
imen to specimen. With copper mesh protection, the projected
damage area was less than an order of magnitude smaller than in
the case of the unprotected specimens, and the depth as well as
morphology of damage was significantly different.

For specimens that have undergone scarf repair, the state of
damage was dramatically different depending on the quality of
the repair. For specimens with good repair GR80, where the repair
mesh overlaps the parent mesh, the results were virtually identical
to the unrepaired, protected specimens (M80 and MP80), Fig. 14.
Visible damage was small and had the same elongated appearance.
For specimens with poor repair PR80, three different possible
states of damage could be encountered, Fig. 15A–C. In Type I dam-
age, the lightning attached away from the center of the specimen
and inflicted damage on the parent material outside the patch re-
pair, Fig. 15A. In Type II damage, the damage ran along the entire

circumference of the patch, with clearly visible fiber and matrix
burning and vaporization, giving the appearance of a circular annu-
lus of damaged material, Fig. 15B. In Type III damage, the entire
patch was detached from the specimens, leaving the scarf area
completely empty, with other evidence of burning around the cir-
cumference, Fig. 15C. For both Type II and Type III damage, the
lightning attachment point was the center of the patch, with sec-
ondary leaders attaching to the edge of the repair patch. Statisti-
cally speaking, 7 of the 9 specimens tested with poor repair
happened to be struck in the center of the patch (Type II and III
damage), while only 2 were struck outside the patch (Type I).

For Type I damage, the state of damage was nearly identical to
the pristine (M80 and MP80) and good repair specimens (GR80),

Fig. 16. (A and D) Ultrasonic C-scan images of specimens GR80 (A), PR80 Type I (B), PR80 Type II (C), and PR80 Type III (D). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 17. Plot of the average projected damage area for all families tested. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 18. Microscopy of specimen N80. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 19. Microscopy of specimen P80. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 20. Microscopy of specimen MP80. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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since the lightning current path was not affected by the presence of
the electrical discontinuity at the location of the repair. For Type II
and III damage, the state of damage was devastating, regardless of
whether the patch flied off from the parent laminate. Ultrasonic
scans for the GR80 specimen and three types of PR80 specimens
are reported in Fig. 16A–D, while a summary of the results is re-
ported in Table 2. For PR80 Type I damage, the average projected
damage area was similar to the families M80, MP80 and GR80;
for PR80 Type II damage, the damage area was similar to the fam-
ilies N80 and P80; for PR80 Type III damage, the damage area was
even larger than for the unprotected specimens. A plot of the aver-
age projected damage area for all families tested is reported in
Fig. 17.

Two microscopy specimens were extracted from one specimen
for each of the various configurations tested. Specimens N80 and
P80 showed that lightning damage affected the outermost plies,
Figs. 18 and 19, while the majority of the laminate thickness ap-
peared unaffected. There was no major difference in damage be-
tween the 0 and 90� directions. Carbon fiber breakage and fiber
outward splaying were seen through the two-stage mounting pro-
cess utilized. Cracks and small delaminations emanated from the
center of the specimen and propagated out and through the

specimen. For the specimens with copper mesh, both pristine
MP80 and good repairs GR80, damage was confined to the

Fig. 21. Microscopy of specimen GR80. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 22. Microscopy of specimen PR80, Type II damage. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 23. Typical flexural failure, with tensile fiber breakage on the lower side and
compressive kinking of fibers and copper mesh on upper side. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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protective copper mesh and the outermost carbon fiber ply, as
shown in Figs. 20 and 21. Small cracks and delaminations were vis-
ible over the copper mesh and at the interface between the mesh
and the outer ply. Some resin showed evidence of burning, and
small areas of copper mesh showed pitting and melting.

The damage state of PR80 Type II specimens, Fig. 22, was devas-
tating. Damage was dispersed throughout the entire repair patch,
and was not contained to even the patch. Within the patch, it
reached halfway past the midplane of the thickness, which was
deeper than in the case of unprotected specimens. Some cracks
penetrated the layer of film adhesive between the patch and parent
material, and propagated through the parent material. Severe dam-
age could be seen at the center and edges of the repair patch, i.e.
peeling of the copper mesh layer, and carbon fiber breakage and
splaying, and vaporization of the epoxy matrix. These fracture
behaviors were similar to the damage of the unprotected speci-
mens at the lightning attachment point. PR80 Type I and Type III
damage were not significant for microscopic evaluation.

In summary, according to visual, ultrasonic, and microscopic
inspection, the state of damage in the families tested can be classi-
fied in the three categories: (A) minor damage on the copper mesh
layer and the adjacent carbon layer (families M80, MP80, GR80 and
PR80 Type I); (B) severe damage to the outer plies (families N80,

P80 and PR80 Type II); and (C) repair patch flies off and damage
spreads out over the parent material (family PR80 Type III).

3.2. Damage tolerance: residual strength

All specimens failed simultaneously by compressive fiber kink-
ing on the upper side, and tensile fiber fracture on the lower side,

Table 3
Summary of residual flexural strength test results (N indicates NO, Y indicates YES).

Family Repeats Lightning
damage

Avg. residual
strength
[ksi] (MPa)

CoV
residual
strength
(%)

Normalized
residual
strength/
pristine
strength

N0 3 N 105.6 (728) 2.3 1.00
N80 4 Y 91.9 (633) 3.9 0.87
P80 4 Y 85.9 (592) 4.2 0.81
MP0 3 N 106.6 (735) 0.6 1.01
M80 4 Y 106.1 (731) 7.4 1.00
MP80 4 Y 106.4 (733) 2.1 1.01
R0 3 N 103.8 (716) 2.1 0.98
GR80 6 Y 106.5 (734) 6.2 1.01
PR80 Type I 2 Y 101.2 (698) 5.7 0.96
PR80 Type II 4 Y 90.4 (623) 3.5 0.86
PR80 Type III 3 Y 64.1 (442) 16.0 0.61

Fig. 24. Residual flexural strength properties for each of the families tested. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 25. (A and B) Normalized residual strength vs. damage area, showing the
grouping into three major damage scenarios for all families (A), and close-up of the
area around the 100% strength (B). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 23. For specimens with copper mesh, the ductile copper bent
extensively out of the plane after locally buckling, and separated
from the composite substrate. A summary of the residual strength
results for all families is reported in Table 3 and plotted in Fig. 24.
For specimens with copper mesh, the flexural strength is calcu-
lated using only the carbon fiber laminate thickness, thereby
assuming that the contribution of the copper mesh is negligible.
It can be seen that the lightning strike damage reduced the
flexural strength significantly in the absence of copper mesh pro-
tection, and more so for specimens with paint (P80) than without
(N80), as compared to the baseline (N0). Results also confirm that
the copper mesh had no influence on the pristine strength of the
laminate (MP0), as compared to the baseline unprotected
strength (N0). Specimens with repair (R0) performed identically
to the pristine ones (N0 and MP0), therefore confirming that
the repair procedure was of high quality and structural integrity
was re-established. Specimens with mesh protection were sub-
stantially unaffected in terms of residual strength by the presence
of the lightning damage (M80 and MP80) and, similarly, ‘‘good’’
repair specimens (GR80) and ‘‘poor’’ repair specimens displaying
Type I damage (PR80 Type I). On the other hand ‘‘poor’’ repair
specimens with Type II damage morphology (PR80 Type II) exhib-
ited a similar strength reduction to the unprotected specimens

(N80 and P80), while PR80 Type III specimens exhibited an even
greater reduction in residual flexural strength due to the absence
of the repair patch, and therefore a reduced load-bearing
capability.

Normalizing all strength values by the strength of the pristine,
unpainted, unprotected, unrepaired strength (N0), it is possible
to obtain the plot in Fig. 25A with dimensionless values. From this
plot, it can be seen that all strength values can be grouped into
three broad categories, corresponding to the categories of damage
A–C discussed in the previous section. Category A is grouped
around the pristine value 1.00 (no strength reduction). A close-
up of this region is reported in Fig. 25B, and includes families N0,
MP0, M80, MP80, R0, GR80 and PR80 Type I. Category B, which is
clustered around the normalized value of 0.85 (15% reduction), in-
cludes families N80, P80 and PR80 Type II. Finally, Category C, with
an average value of 0.60 (40% reduction), includes solely family
PR80 Type III. There was significant variation amongst the data,
particularly in terms of damage area (Table 2), with Coefficient of
Variation (CoV) as high as 60% in some cases, while in terms of
residual strength the CoV was much lower (Table 3). This type of
variation is typical of lightning strike damage tolerance investiga-
tions [14] due to the variety of factors that can affect the resulting
damage state.

Fig. 26. Types of damage depending on specimen types and location and depth of lightning attachment point. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 27. Schematic of damage mechanism for strike on parent material (outside patch). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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4. Discussion

In this section, the three damage morphologies observed for
poor repair specimens (PR80) are discussed qualitatively on the ba-
sis of visual inspections, C-scan results and destructive microscopy.
The three categories of damage state, and associated residual
strength reductions, are related to the location in the plane and
through the thickness of the electrical discharge, as summarized
in the diagram of Fig. 26. When lightning strikes a ‘‘poor’’ repair
specimen, three possible scenarios can manifest. If the location of
the strike falls outside of the repair patch (i.e. somewhere on the
parent material, Fig. 27), the extent of the visible and internal dam-
age is approximately identical to mesh-protected non-repair spec-
imen (M80 and MP80), as well as a ‘‘good’’ repair specimen (GR80).
The majority of the damage is confined to a protective copper mesh
layer, while the majority of the carbon fiber remains intact. This is
the scenario encountered for PR80 Type I specimens.

If the lightning attaches somewhere on the surface of the repair
patch, the electric current flow can either remain on the surface
and follow the copper mesh, or bury itself in the laminate under
the mesh. These two different electrical flow paths are thought
to be responsible for the different damage types observed. Fig. 28
shows the close-up picture of the specimen PR80 (Type II) taken
with dark field contrasting technique to facilitate the detection of
inter- and intra-laminar cracks. For this specimen there exist two
sets of separate longitudinal cracks. It is likely that the two cracks
are initiated by different sources at different depths. The one in
proximity of the surface is the primary damage source of the spec-
imen Type II. On the other hand, the one that originates deeper
within the laminate is the main contributor to the damage on
the specimen Type III. Both sets of cracks do exist in a single spec-
imen simultaneously.

If the lightning attaches to the center of the scarf repair mate-
rial, but remains on the surface, the electrical discharge is spread
out over the entire area of the patch up to the point where it
reaches the edge of the patch itself. The electrical current encoun-
ters the discontinuity around the circumference of the patch, at
which point it leads to secondary electric discharges along with
extensive heating, which causes fiber fracture and matrix vaporiza-
tion, Fig. 29A–C. This is the scenario encountered for PR80 Type II
specimens, which exhibit similar damage resistance and tolerance
characteristics as unprotected specimens (N80 and P80). The con-
centration of the lightning current near the material surface is
mainly due to the presence of the highly conductive copper mesh
layer, the anisotropic electric properties of the carbon fiber layers,
and the so-called ‘‘skin effect’’. The electric conductivity in the
plane is more than 1000 times higher than the through-the-thick-
ness conductivity, hence the current’s favored path is along the
plane rather than through the thickness. The skin effect refers to
the phenomenon by which a current with high frequency of
101 kHz (the 10–90% rise-time of the simulated lightning is

3.5 lsec) flows in a very narrow skin on a conductor because of
the interaction with the magnetic field. For instance, the skin depth
of copper becomes 0.0079 in. (0.2 mm) under the above condition.
The skin effect can interfere with the electric current in a through-
the-thickness direction by limiting the effective cross-section of
the copper mesh. As a result, the skin effect can facilitate the cur-
rent concentration on the mesh layer. When this surface current
flow reaches the edge of the patch it tries to create a bridge across
the gap, between the patch and the parent material, in the form of
local electric discharge through either surrounding air or dielectric
epoxy. Most likely the local discharge takes place via air because of
its lower breakdown voltage than epoxy layer. Pryzby and Plumer

Fig. 28. Close-up microscopic picture of specimen PR80, Type II damage, using dark field contrasting technique. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 29. (A–C) Schematic of damage mechanism for strike on repair patch near the
surface. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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[23] studied the influence of lightning current injection without an
electric arc on a single lap joint specimen, which was two CFRP
adherends bonded together with a single layer of dielectric epoxy
adhesive. Their results showed that a breakdown occurred at the
edge of the specimens and, hence, an electric arc was not generated
through the epoxy adhesive layer but through the surrounding air.
They speculated that this was due to the lower breakdown voltage

of air as compared to that of the adhesive layer. It is reasonable to
assume that the same thing can happen to the poor repair speci-
men of our study for the following two reasons: the similarity of
the specimen configuration of the dielectric epoxy between the re-
pair patch and parent material, and the damage distribution which
was concentrated on the near-surface of the gap between the patch
and the parent material. Consequently, it is believed that the sec-
ondary local electric arc through the surrounding air between the
edges of the repair patch and the parent material is formed all
around the circumference of the repair patch, then high tempera-
ture and pressure emanating from the local arc cause damages
on the neighboring adhesive epoxy layer, CFRP layers and protec-
tive copper mesh layers.

Lastly, if the lightning attaches to the center of the scarf repair
material, but penetrates through the thickness of the laminate be-
cause of excessive discontinuities along the surface path, the elec-
trical discharge occurs within the depth of the laminate, Fig. 30A–
C. If the dielectric strength of the gap between the patch and the
parent material is enough high to prevent (or limit) electric arcing
across the gap, the electric current inevitably spreads through the
CFRP layers under the mesh to seek weak points of the specimen.
Once the electric arc is successfully formed, the rapid Joule heating
associated with fiber pyrolysis and resin vaporization leads to the
expansion of the gases generated. The resulting overpressure
pushes the repair patch outward and leads to complete disbonding
of the patch from the parent laminate. Unlike the surface damage
formation process which is open to the ambient air, the generated
gases are confined to a small volume inside the specimen and,
therefore, the effect of mechanical loading caused by the overpres-
sure becomes devastating while the extent of thermal effects, such
as melting and evaporation, is limited. In a sense, the energy re-
leased through this event is effectively used for initiating and
expanding the damage of the material. This damage scenario is pe-
culiar to PR80 Type III specimens. A comparison between the C-
scan image and visual inspection of a PR80 Type III specimen,
Fig. 31, shows that state of damage below the surface is much lar-
ger than the visible damage. This observation is the cause for the
even greater area of damage observed in the case of PR80 Type
III specimens compared to PR80 Type II specimens. Furthermore,
the internal damage tends to be biased in the direction perpendic-
ular to the electrical flow path (the longitudinal or 0�), while the
outer damage is circular and the same size as the scarf repair patch.
Lastly, multiple secondary electric discharges, individuated by dis-
tinct burn marks, can be seen at the periphery (around the circum-
ference) of the scarf repair area.

Fig. 30. (A–C) Schematic of damage mechanism for strike on repair patch in depth.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 31. Details of internal and external damage on PR80 Type III specimen, where the scarf patch is ejected during the lightning strike event and a much broader damage area
can be observed below the surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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5. Conclusions

This experimental investigation was focused on understanding
the implication of having a structural scarf repair on the outer skin
of a composite structure with regards to lightning strike damage
resistance and tolerance. Carbon fiber/epoxy composite specimens
were manufactured using liquid resin infusion, incorporating a
copper wire mesh for lightning strike protection on the outer sur-
face. The cured specimens were subjected to scarf repair, which re-
moves a portion of the wire mesh and half of the thickness of the
carbon fiber substrate. Test results showed that the bonded scarf
repair managed to re-establish the structural integrity of the
laminate. However, the electrical integrity of the specimens is
deliberately not re-established for all specimens. In the case of
the so-called ‘‘good’’ repair, the repair copper mesh is overlapped
on the parent mesh surrounding the repair area, thereby
re-establishing the electrical path. For the so-called ‘‘poor’’ repair,
the repair copper mesh is placed in a way to leave a small gap with
the parent mesh, thereby preventing the electrical path to be fully
reconstituted. The repaired specimens are then painted with air-
craft-grade acrylic paint, and subjected to simulated lightning
strike at the location of the repair. The damage state was evaluated
both by ultrasonic C-scan imaging and through micrographic sec-
tion. Among the variables tested, the copper mesh protection has
the largest influence in reducing the overall damage area, by pre-
venting the electrical discharge from damaging the underlying car-
bon fiber plies. Specimens tested without the copper wire mesh
exhibited large damage area and significant residual strength
reduction. The outer paint layer, which is a dielectric, has the effect
of increasing slightly the damage depth as well as decreasing the
damage area as compared to the unpainted specimens. For the
specimens containing a scarf repair it was shown that a ‘‘good’’
repair behaves structurally and electrically in the same fashion as
a protected pristine specimen, and thus exhibits negligible surface
damage and residual strength reduction. For the case of ‘‘poor’’
repair, three different scenarios may manifest, depending on the
location of the lightning attachment point with respect to the re-
pair area. If the lightning strikes away from the repair area, there
is no difference in damage area and residual strength between a
poor repair and a good repair or a pristine specimen. If the light-
ning strikes onto the patch, the resulting damage area and residual
strength reduction are at the very least as catastrophic as an
unprotected specimen, and in cases much more devastating, caus-
ing the entire scarf patch to disbond during the lightning strike.
Therefore, if an aircraft panel is somehow damaged and undergoes
a scarf bonded repair, it is imperative that its electrical as well as
structural integrity be reconstituted. To re-establish the electrical
path between repair and parent materials, it is necessary to overlap
the copper mesh on both sides. Failure to do so may lead to cata-
strophic results, as a poor repair specimen behaves at least the
same, and at times worse, than a specimen without copper wire
mesh.
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