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Lightning strike events pose significant challenges to the structural integrity and performance of composite

materials, particularly in aerospace, wind turbine blade, and infrastructure applications.
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| 1. Introduction

Composite materials play a prominent role in the design of high-performance structures capable of withstanding
extreme structural loads [, Polymer matrix composites revolutionized the structural design of aerospace structures
due to their light weight, high stiffness, and high strength. At the same time, the survivability of polymer matrix
composites subjected to harsh environmental conditions is still of concern. Lightning strikes & are high-risk and
low-probability (e.g., one and a half strikes per year per airplane) events that present significant threats to polymer
matrix composite structures. Carbon fiber—polymer matrix composites (CFRP) are particularly vulnerable to high-
energy lightning strike events due to their relatively low electrical and thermal conductivities as well as limited
service temperature and significant degradation in properties above the decomposition temperature. The combined
effect of these factors is manifested in the lightning-induced heat damage zone. The damage induced by a
lightning strike is difficult to prevent Bl though protections, such as copper foils, have been applied . By
accurately predicting the behavior of composite materials under lightning strikes, it is possible to enhance the

design and safety of various structures and components.

Accurate models for simulating lightning strike on composites require a comprehensive approach that considers
various factors that reflect the damage nature of a lightning strike on composite materials. This includes, first of all,
electro—thermal—-mechanical coupling, which involves accounting for the intricate interactions between electrical,
thermal, and mechanical phenomena within the composite material during a lightning strike, requiring sophisticated
multi-physics simulations. Detailed information on the material’s electrical, thermal, and mechanical properties,
particularly with consideration for temperature-dependent behavior is another critical aspect that high-fidelity
models need to address. Establishing models that predict temperature-dependent properties can significantly
enhance the accuracy of simulations and better capture the dynamic response of composites during lightning strike
events. In addition to thermal damage, mechanical damage caused by thermal stress and shockwave pressure 415

[ deserves attention. Effective damage prediction methods are essential for assessing the potential effects of
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lightning strikes on composite materials. These methods need to consider the damage characteristics of composite
materials, including thermal decomposition of the matrix, delamination, matrix cracking, and fiber breakage, under

the high-energy conditions of a lightning strike 2.

Laboratory lightning strike tests are crucial for providing empirical data to validate and improve predictive models.
These tests aid in understanding the behavior of composites under lightning conditions, enabling the development
of accurate material models and simulation parameters. The validation of predictive models is a key step toward
ensuring their reliability. The integration of experimental data from laboratory tests, as well as in-service monitoring
and inspection data, is crucial to validating the accuracy of the models and build confidence in their predictive
capabilities. The extent of the damage obtained via optical analyses, C-scans and X-rays, is frequently used for the
verification and validation of numerical simulation models for describing the damage induced in composite

materials by an artificial lightning strike &I,

| 2. Laboratory Lightning Strike Tests

Actual lightning strike discharges in nature are highly uncertain and extremely difficult to control for experimental
implementation and instrumentation. Thus, simulated lightning strike tests are normally conducted in the laboratory
condition for the following three purposes: (i) the observation and identification of the physics and failure
mechanisms involved in the lightning strike interaction with materials and structures, (ii) the assessment of the
damage tolerance of composite materials against a lightning strike, and (iii) the evaluation of the effectiveness and
performance of conventional and innovative lightning strike protection solutions. Depending on whether the testing
material or structure is electrically conductive or non-conductive, laboratory lightning strike tests are often classified
into two categories: (i) high-current tests and (ii) high-voltage tests. If the material is electrically conductive, such as
CFRP composites (e.qg., for aircraft fuselage), high-current (up to 200 kA) lightning strike tests should be performed
since the thermal damage caused by the conduction of the lightning strike current represents the primary damage.
Whereas if it is electrically non-conductive, such as glass fiber-reinforced polymer (GFRP) composites (e.g., for
wind turbine blades), high-voltage (1000 kV/us) lightning strike tests should be performed as the puncture damage

due to the dielectric breakdown is the primary damage [&l.

High-current lightning strike tests for CFRP composites typically use a cathode—anode configuration to produce a
high-intensity electric arc in the air. Figure 1 shows examples of the testing setups . In the U.S., such a testing
capability is available at the National Institute of Aviation Research at Wichita State University 29 High Voltage
Lab at Mississippi State University (MSU-HVL) 1 (Figure 1a), and the National Technical Systems in Pittsfield,
MA, USA 2 (Figure 1b), etc. Depending on the polarity of the electrode used in the test, the CFRP composite
specimen can either serve as a cathode or an anode. The produced electric arc attaches to the surface of the
CFRP composite specimen, thereby simulating the lightning strike interaction with the CFRP composites. The
actual lightning strike discharge contains multiple strokes with different durations and magnitudes of the electric
current. This is simulated by a standard four-component current waveform (see Figure 1c). High-voltage lightning
strike tests are typically for electrically non-conductive materials, such as glass fiber-reinforced—polymer matrix

composites, which are commonly used for radome for aircraft and wind turbine blades. Figure 1d shows a Marx
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high-voltage generator produced by Haefely test AG in Japan 3, and Figure 1e shows a high-voltage lightning
test conducted on sand at MSU-HVL 4!, Figure 1f shows a high-voltage lightning impulse test on a wind turbine
conducted by a research group of Wuhan University in China [22l. The lightning voltage waveform used in the tests

is suggested also by the SAE ARP-5412 18] and is shown in Figure 1g.
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Figure 1. Simulated lightning strike tests: (a) high-current test setup with a direct electrode at the High Voltage Lab
at Mississippi State University (MSU-HVL) &, (b) high-current test setup with an indirect electrode at the National
Technical Systems in Pittsfield, Massachusetts 12, (c) standard lightning high-current test waveform 28, (d) Marx
high-voltage generator produced by Haefely test AG in Japan 131, (e) high-voltage lightning test on sand at MSU-
HVL 24 (f) high-voltage lightning test on a wind turbine in China 2, (g) standard lightning high-voltage test
waveform A suggested by the SAE 5412 standard [18],

Generating the four current waveforms (see Figure 1c) sequentially in the laboratory condition is still challenging
due to the limitations of experimental capabilities. Most research papers L718I[191[20[21][22][23[24][25] re|ated to the
lightning strike testing of CFRP composites recognized that the electric currents of waveforms B, C, and D are
much lower than that of waveform A and assumed that the waveform A current contributes to the majority of the
damage in the CFRP composites. Thus, these studies conducted only simulated lightning strike tests (and
simulations) with a waveform A current. With the recent development of testing capabilities, a limited number of
recent experimental studies have produced multiple and sequential waveforms (e.g., waveforms C and D,
waveforms A, B, and C) [2812728] More recently, one notable study successfully produced electric arcs with a
complete sequence of all four waveforms [22. These studies with combined waveforms demonstrated that
considering only the waveform A significantly underestimates the lightning strike damage in the composites. For
instance, a single waveform A current can cause a damage depth of 0.513 mm and a damage area of 1104 mm? in
a CFRP composite specimen, whereas combined waveforms A, B, C, and D result in a damage depth of 1.280 mm
and a damage area of 2790 mm? 29, Conducting only waveform A tests could be sufficient for some comparison
studies (e.g., comparing the lightning strike damage in CFRP composites with and without lightning strike

protections). However, it is clearly insufficient if the purpose of the experimental study is to understand the damage
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mechanisms or assess the damage tolerance of the CFRP composites (especially for unprotected CFRP
composites) in actual lightning strike conditions. The underestimated damage results from waveform A tests will
lead to a less conservative design of CFRP composite structures and hence may lead to risks of structural failure

during operation and a reduced structural lifetime.

To answer the first question, the characteristics of laboratory electric arcs and actual lightning strikes are summized
and compared in Table 1. It can be seen that the laboratory electric arc and the actual lightning strike share
similarities in the context of peak current, peak power, action integral, and discharge mechanisms. However,
differences still exist in the levels of electric voltage and acoustic shock wave and the environments between the
laboratory condition and the actual flight/operation conditions (e.g., altitude, aircraft movement, and temperature
and humidity). These differences may lead to the underestimation of the lightning strike damage in the CFRP
composites. For example, the voltage of the laboratory lightning strike test is at least 1000 times lower than the
actual lightning strike voltage. Such a reduction in the voltage will potentially lead to the underestimation of the
dielectric breakdown damage. The moisture will lead to reductions in dielectric breakdown strength and hence
make the composites more prone to dielectric breakdown damage (2231,

Table 1. Comparison of laboratory lightning strike characteristics with actual lightning strikes.

Actual Lightning Strike Laboratory Electric Arc
Peak current 200 KA (x10%) 200 KA (£10%)
Peak power ~1011 W/m ~1011 W/m
Action integral 2 x 105 A?s (+20%) 2 x 10 A?s (20%)
Discharge . .
. Breakdown of the air Breakdown of the air
mechanism
Arc length 4000 m 3~10 mm
Arc radius 1m A few centimeters
Peak voltage In the order oftens of 10~120 million volts
kilovolts
Acoustic shock 2 Pa (recorded with microphones at 1.8 min a 5 kA
~400 Pa . [32]
wave experiment)
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80epOXyer esHTsgR@yingEagaicis 2008iedBatvidts-gdddtions, the Navier—Stokes equation, the heat transfer
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widgﬁgpnovatglﬂm é%?ce)érlrrl% cewénmunithEe :Pé%%al fﬂ@%fﬂ@gm domain consists of a cathode, anode, and the
air (or inert gas for a weldiné arc). F'igure 3 shows a few exambles of the computational problem setup for the

AAHEEhREERE ModeRi¥iGich siRpltidd fniah"QUIRGMmERic VerfllLirdidashamnicaintRabsRhal cost (see
FigtheraosetiseRadne Teasiie prap eriss alian Ay frdscWaHRRAX Y ohiAbebro SudP8 B oRflg 8 ITis

valia% for isotropic materials (e.g., copper, aluminum, steel). When it comes to laminated composite materials,
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Figure 3. Exampleg éycomp tat?ona setﬂps?or moge}?ing the HgFltmng strri.[;| e’?ect&c arc plasma us:?r’lg the MHD

6heGbe foamiadittinhatendesPs Belsdandie, 84t Bineranyddt; dengiy, Fard/jodsdling and cayreiatics-gfmmetric
modkisEhdy)dexelepkriofates medthaidriteradetians avitrspleotoidgsadnR hysd® BBp(cPapslidBidg 4ke
eledBd4@a3plasma model B2 and (d) 3D predictions of the plasma temperature 9.

0% L0htehershava isad trecwtin TR S EYeice. S fodel PoY nly| & Gesrrana' the. Icacing

con e D P QS SYRH B R D ATt I MR S P E QUP S T e R of
SCI. Mz%nuf. 2023, 1%4, 07712, . . . . .
testing configurations on the characteristics of the electric arc and the resulting damage in the anode material (e.qg.,
63eltilemieridlangERP Ahdptaiies) SZBJPaRSkahe Iatvtadeding lodid e doheotticidictiRliagsmaigaphasgehe
distenod beetkby thd igitindegpbdrdde) ptaysiagiGhulicant rdie Rrdeeeciingg did e dirig uuaiidioalin the electric
arcGanferanpk anwag sty thadtiStaikatHlectiicisafécdl SE2ah), tiéiahitgaiK SBad iBdedd@ddm 1 mm to
10 Bep&mben20iiEr studies have also investigated the effect of the size of the electrode. Moreover, the choice
6. 0097 (WAFe5: 9FFSG8IMNG RS RRATRG KB aIm Bl Al oa e e St qushaenSterisr heve
o i A AR, 2 Y BRI G b h TGS Y A PERBIECHh O e B 5887 Yo
initiig%n]gge used in the indirect electrode setup. It was found that the metal vapor significantly changes the net

emission coefficient and the electrical and thermal conductivities of the electric arc, which results in significant

GéhaFaRakiy dargaeiaie. tKsiclAshiRieRssliakata, K.; Yamamoto, E.; Yamazaki, K.; Suzuki, K.;
Murphy, A.B.; Lowke, J.J. Time-dependent calculations of molten pool formation and thermal

5.21dsghtnih g PlasarasCongrosites Damage GoupleehModelppl. Phys. 2010, 43, 4340009.
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lightping strike.model for.a W Ir irst. Then, the output of the plasma model, i.e., the predicted
9 d%'thagé.eCompos. S?ruc?.v%)%, %ﬂ, ﬂig%. Hipy P ' predi
loading conditions were transferred to a separate material damage simulation as model input to predict the material

6 rfeidHignbeMigNRMPSt e o aah1eHEM &SR 6 rfd it Shb RESKAERHIRD IS SireRABAldarinRRHal were
auteRRtRaMtegeReRirRIetbiR iNtENsE I grtiggeNblisEh 3RicRd IoRAING. hddemRng. MALerapBRRcROs to
syn%llrt%nggéy couple the lightning plasma model with a lightning thermal damage model. This approach improves

e9eBdRlie Q! HpmPdsl AR FEBPERSEEHRAAING HRRBoRUGRL hR BIBF AR R K9 RRR SRk, which
is "@6%?86@9%%&%‘&%@!'%@'192@1@9? using this approach are limited.

7. £aHRoN-iPABBH e (RS Mistusian, iX th¥ i prévidid, 6 HOMBRISP L RRNRBM IR IR ARG c plasma
moB¥rRbssigpeRdsmadals iR evRlivAIS thenleNinina §Hika SarpRILIHE GRIGRA HBBEIGRIMRRSHSrmal
darPENAtRR GORARPBALHAMRMNGS: MANUTE0AdKIE rdmBended to address include (1) developing

7raeies d2; TR . expandediie maleh SewREN YA RKTER Blribattclealthakfrraen IR vvbre
MaREK fHEr UERTHERitBSCUIRr HhtPT Hel P BYF ISR cal- R nRAdS e iR HRIRRIRG atRfegres t©
ha%f"?g@ﬁﬁ@@l@?@%ﬁ(ﬁ?”@ﬁﬁﬁ.iﬁm ﬁ@pl@g_@ag@qdel and the thermal damage model caused by the

progressive material removal (i.e., surface resin vaporization and fiber sublimation), and (3) develop methods to
726 1o thE Sl Jr Bt B Aozt ridn TR RIS HIRINAL R EHERL AR dRes ARGk NG stics.
damage predictions to carbon/epoxy composites during arc channel shape expansion. Compos.

Sigﬁffé&?{t Mr%%r&g&l%as been made on the modeling of the lightning strike material and damage

78 SRRAGRTBIE R P PiRBASS eSS QRS SRRl TSt REFENIRG. RSl R iRhGBrPiRdimodel for
simylaiagrite GRBAAIlRIESAYITE ChIRFBE. fRatRPsieR ) #% 5oar 835010, Progress has been mainly
achieved in the following aspects. (i) More physically representative lightning strike loading conditions have been

T dSAMNEMS Pt HUAR: i RIRAMA R Ta R ANNRE A ANBNRR O SR S MINGSRFYROSRN 19 the
hea{ime ié‘r%%ﬂr‘?%n?%ﬁiéi@%‘i %Oglénglé)crtﬁgeasfgf 91%@@ Po%d%téu%h(%gér% %r%%iﬁ?e?%zs'sumed or determined

Tmased, K. exesrimevitsd dhitagrofriigletdimg dres ek idgrea seicare tpjemaded idHRevhdelicahidhrhage sig e Ry
improvap dsitédalihirmtes ligthnnoktikie da®epeposds mndtiROAGURLS, of 6i2e-piEgliction B8l (i) Temperature-

dependent material I&roperties, including density, electrical conductivity, thermal conductivity, and specific heat have

76. Millen, S.L.J.; urph%, A.; Catalanotti, G.; Abdelal, G. Coupled thermal-mechanical progressive

been used in the electric—thermal coupled model to understand the effect of material degradation on the thermal
damage model with strain and heating rate effects for lightning strike damage assessment. Appl.

damage 691" (iii) Theopyrolﬁtlc behavior of the polymer matrix at elevated temperatures has been incorporated
Compos. Mater. 2019, 26, 1437-1459. . -

Retrieved from hitps-//encyclopedia pubjentry/histe 1123657 o '
(iv %%%emégﬂ]anllc%? {o?gg Cc%ﬂ%elc? lg))l/J t(\%nﬁg/htﬁsm%%tsﬁ %\{vsuc as the acoustic shock wave and the arc pressure,

have been either separately modeled or coupled to the electric—thermal model 2959721 (v) The effect of the

protection layer, such as the expanded copper mesh on the lightning strike damage response of the CFRP
composite substrate has been modeled. (vi) Delamination caused during the lightning strike impact has been
modeled using a cohesive zone method with mechanical interfacial properties (e.g., interface stiffness, strength,

and fracture energy) 274, (vii) Ablation caused due to the resin vaporization and carbon fiber sublimation has
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been modeled using element deletion methods B2I33154] (viii) Thermal expansion has been considered with the
heating rate- and strain rate-dependent material properties to understand the thermal strains caused due to the

rapid heating and its constraints relative to the experimental boundary conditions [Z2I[76],

Overall, despite significant progress having been made on the modeling of lightning strike damage response of
CFRP composites, improving the model fidelity is still challenging as described above. In parallel with the
development of more advanced models, model validation also needs to be improved to provide more confidence
on the validity and effectiveness of models. Currently, validations of the lightning strike models have been mostly
achieved by comparing the predictions of the extent of delamination (depth and area) and surface vaporization.
Future research is recommended to further validate models by also comparing against the extent of the charred
region, the temperature history on the back side of the CFRP composite, the displacement history of the CFRP

composite, the exact mass loss of the composite, and the extents of the fiber breakage and matrix cracking.
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