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Abstract

Lighter carbon fiber/epoxy composites are rap@anetals in wind turbines blades, aircraft stowes, marine structures,
automotive skins & other applications. Lightninglst damage is a real threat to these materiaingservice life. Along with
experimental studies, their damage predictionsuyerical methods are being attempted by variousarebers. The numerical
simulation of this damage by coupled thermal—eledtransient) analysis and thermal transient asiglis presented in this

article. In this study, damage predictions basethermal profiles are carried out, and suitablédegions with earlier published
work are discussed.
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1. Introduction

Lightweight composite materials are preferredemals than metals for wind turbines blades, aftcstructures, and automotive
skins. Being a good conductor of electricity, metgenerally, discharge lightning very quickly sbe tdamage is minimal.
Composite materials like CFRP, GFRP, Aramid fibare prone to damages caused by lightning strikghthing may cause
ablation of the surface of the structure, delanmmet of composite parts, embrittlement of matrikef breakage, dielectric
punctures, and also sparking near joints, vapaozaif electrical wiring. Composite structures daa protected by covering it
with metal meshes of aluminum, copper, nickel cogghor bronze. But, it will again increase the wgigo the benefit of using
composite is hampered. To address these problenterbsolutions in the form of metallic coatings, mlehanowires,
nanocomposites, CNT and graphene are being profmsezsearchers (Ferabetial, 2009 & Gouet al, 2010). Current research
interest lies in the prediction of damage by nuoarsimulations, experimental studies of damagephmogy and enhancement

of the electrical conductivity of composites. Instistudy, prediction of damage induced by lightngigke on CFRP plate is
attempted.
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2. Previous Work

The response of composites subjected to a Ligitsirike is essentially a multiphysics problentieh involves, joule heating,
thermal ablation, effects of acoustic and magnetessure. When lightning arc strikes a compositécsire, the high-velocity
electric charge particles within the lightning af@nnel impacts the structure and heats the miaseriface. The material absorbs
energy from the lightning arc channel and expessra rapid temperature rise. Under elevated termperdiber breakage occurs,
polymer matrix gets decomposed and which furthsulte in the diffusion of pyrolysis gas and thecfliations of material
properties.

The heat conduction is governed by the energy balaguation. To account for the electric-thermaipting effects (if
the composite material is electrically conductistech as CFRP composites), the energy balance equstivritten as:

oT
pC, ~- =0.(0+Q, (1)

Where p, G, k are the instant density, specific heat, ancedfional thermal conductivity of the composite miale
all are temperature-dependent;iQinternal Joule heating generation. From thetatecharge conservation equation:

Q,=JE (2

Where J is the electric current density tensor &rid the electric field tensor. Meanwhile, the cactibn of electric current is
governed by Ohm’s law:

J=0E ©)

Equations (1)—(3) have been used to formulatetiiermoelectric coupling in the existing lightniatyike simulation studies
(Abdelal & Murphy, 2014, Ogasawash al, 2010,Mufiozet al, 2014, Wang & Zhupanska, 2016, Yehal, 2017, Wangt al,
2014, Liuet al, 2015). The coupled thermoelectric problems camimmerically solved in popular FEA solvers like AKS,
COMSOL, and ABAQUS with material properties, geomeand current of lightning strike as input. Asrafw, these solvers are
not capable enough to consider heat loss due tpyttmdysis of the polymer matrix. Special arrangeisdike subroutines or user
programs are required to incorporate pyrolysiheffolymer matrix.

When FRPs are exposed to the high energy ofniigly strikes, thermal ablation occurs due to thmage transition of
material. Thermal ablation damage is more due topament C, (see Fig.1) than components A or D (Kbv&Erickson, 2013).
The ablation of this type is complex and needsebethderstanding. For CFRP, oxidation, nitridatiang sublimation reactions
along with resin decomposition takes place. Intgjowde heating inside the composite structure #ésals to additional mass loss
(Negarestanét al, 2010, Feih & Mouritz, 2012, Ogasawaataal, 2010). Thermal ablation modeling can be doneknsBftware
like ABAQUS, ANSYS, and COMSOL. Further experimdntalidations are required for these numerical sations. In this
work, a numerical study of Joule heating and théabkation on carbon fiber/epoxy plate (CFRP) igied out.

3. Problem description and modeling

The thermal boundary condition is applied on tapd side surfaces which specify that the emigsiv@ 0.9 and
ambient temperature is 298°K (refer Fig. 2). Thecglcal potential on the bottom and side surfaafehe composite laminate is
grounded (zero volts). The material propertiespaixy composites change drastically during a ligigrstrike. The temperature-
dependent material properties of CFRP, are giverainle |, where T denotes temperaturelenotes density, Cp denotes specific
heat, K, Ky, K., denote thermal conductivity in the respective dion ando,,, oy, 0., denote electrical conductivity in the
respective directions.

Lightning waveforms and levels are significantyried in nature, so a standardized lightning vi@we is used for testing in the
lab. SAE ARP 5412/EUROCAE ED-84 standards havenddfihese test waveforms, and one sample samewssh Fig. 1. In
this work, 4/10 waveform as per SAE ARP 5412 stathdARP 5412, 1999) have been followed. The doeljgonential current
waveform for component A, as suggested by Wang ¢/¢aal, 2017), is given in (4). A sample of the curremtveform used in
this study is shown in Fig. 4. Electric curren@jsplied to the sample in the through-thicknessctiiva and at the center of the
sample for 60 ps.

I — 15)( I ek X (e—73OQI _ e—630001) (4)
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The CFRP plate is modeled in ANSYS platform. Almulations were run on HP Z8 G4 workstation with cores
and 48GB ram.

Not to scale.

Component D

Current

Fig. 1. SAE ARP 5412 test waveform

Fig. 2.Model of CFRP Plate

Table 1.Temperature dependent properties of CFRP (Wand]201

TCC) | pkgm’) | CuIkIK) | Ke(WIMK) | Ky, K (W O (SM) G,y (SM) 0y (SM)
mK) (*10 (*10
25 1520 1065 11.8 0.61 2.93 0.0778 7.94E-04
300 1520 2100 11.8 0.61 2.93 0.0778 7.94E-0
400 1520 2100 2.61 0.18 2.93 0.0778 7.94
500 1100 2100 1.74 0.1 2.93 2 2.0E+03
600 1100 1700 1.74 0.1 2.93 2 2.00E+03
1000 1100 1900 1.74 0.1 2.93 2 2.00E+038
3316 1100 2509 1.38 0.1 2.93 2 2.00E+04

4. Results and discussions

4.1 Joule Heating Numerical Analysis

Three-dimensional finite element (FE) model afbon fiber/epoxy composite of 32 ply and stacldaguence [45/0/-45/9Q]of
dimension 150 mm x 100 mm x 4.7mm is modeled is finulation. Layup angles are achieved by changlamental local
coordinates through APDL subroutines. Coupled tladtectrical FE element SOLID69 (8 noded, 3D)sediin this analysis. A
total of 19200 elements were used with suitablehmeBnement of the model. The coupled thermo-elettansient analysis was
carried out with suitable adjustments for bettemv@rgence of simulations. A current load of 40 kAnfirming to SAE-ARP-
5412 standard (only component A), was applied fdmécroseconds and the loading was done througbub5Ssteps. Boundary

conditions were assumed uniform throughout the if@paf electrical current. Useless to reiteratet,tiaaterial properties are
temperature-dependent and the same are given ie T.ab
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Fig. 3 shows the prediction of damage of the tgeddrom this study and experimental damage of $artijulk) under the
same conditions by Ogasawara et al. [4]. In thimenical simulation, the damage is predicted withtleermal contours which are
essentially contours of similar temperature, teiemndorsed by several researchers (Abdelal & MyrgBg4, Ogasawaret al,
2010,Mufiozet al, 2014, Wang & Zhupanska, 2016, Yehal, 2017, Wangt al, 2014, Liuet al, 2015). It is apparent that the
damage is aligned in 45° fiber orientation (topelgyand of the fan shape. So, it can be said,isb#term contours are related to
lightning strike damage. Damage area shown in éxgertal work is not matching to predicted damagéehiy numerical study is
obvious, because only joule heating effects aresidened in this study other effects such as magmetssure, acoustic and
ablation are not considered at this point of tirBet certainly, it is found that numerical simulat®based on joule heating
equations are capable to capture damage due toilighstrikes. A numerical model that compriseda@dldings viz. current, heat,
acoustic and magnetic pressure is highly pursudtthe same would be capable of predicting lightrdaghage on composites.
But, to the best of the authors’ knowledge, no stady has been reported yet.

4.2 Thermal Ablation Numerical Analysis

Transient thermal analysis is carried out for modgelof thermal ablation. Ablation damage is captul®yy progressive
element deletion at pre-decided ablation tempegatunlike the previous one where damage was captyrasotherm contours.
Thermal decomposition of epoxy starts when the e¥atpre reaches 260°C and the sublimation of cafibenhappens when the
temperature is 3316°C. During analysis, if the mtsamperature of an element is more than 260°C, thehelement is deleted.
This element deletion is carried out by suitableDAR-odes, which were developed by authors. Furtbeenthe lightning strike
channel (assumed cylindrical in this study) expands its radius keeps on increasing during lighgni So, this was also
incorporated in this study by in-house developedRRcripts. The heat generated by an incident figigt current is given by
Wang, 2016 and the same is given in equation 5nFhis equation, heat flux is obtained as a fumctbchannel radius and time.

Q(rt) = -'”(0'21) loA 'g) € r< R@)
055 1-e nR™ ()
In(0.1) , In(0.1)
A= R*(t) ; B=———“_r 5
0.55 ® (0.5R () )

Fig. 3.Damage prediction of the top layer by this studg¢ eeported experimental damage by Ogasawara 0dl0
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Fig. 4.Component A of 100 kA electric current waveform

Fig. 5.Thermal ablation damage of quarter plate of CFRP

Three-dimensional finite element (FE) model of arger of 8 ply and stacking sequence [45/0/- 45/@0]dimension150 mm
x100 mm x3.8 mm is modeled in this simulation. Thisodel is prepared in the ACP Pre module of ANSYS
workbench. The temperature-dependent material ptiepeof carbon fiber/epoxy composite were takeamfrTable I. Layup
angles were achieved by changing elemental loaaldimates through the APDL subroutines. 8 nodess@8Iizl layered thermal
element SOLID278 is used for this transient theranalysis. In this model, a total of 27672 elemewmse used with suitable
mesh refinement at the point of load applicatiorneat flux, corresponding to 100kA, confirming tAESARP-5412 standard (ref
fig. 4 & equation 5), was applied for 60 microsedsriollowed by a steady-state cooling of 0.26 sdsoBoundary conditions
were assumed uniform throughout the loading bé@ds to be updated after each load step.

From Fig. 5, the deleted elements can be veryyeaihtified. This deleted element area is assuased thermal ablation
damage area. It is also shown that ablation dansaigefiber direction and through-thickness damigalso observed. In ANSYS
code, the temperature is calculated at nodal valesf.), for element, the averages of these nwdhles are taken. Nodes that
have a temperature higher than 260°C are presergsints. This happened because it is a plot ofihwdlues and element
deletion is done as per average element temperatanes of charred state of epoxy may be thoughisadrea between deleted
elements (grey) and unaffected zones (blue) iga ahown by green, light green or bluish-greennFitese discussions, it may
be concluded that the element deletion pertainindpérmal decomposition of epoxy, is related tartted ablation damage. This
methodology also captures the damage in the thrthighness direction.
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5. Conclusions

Preliminary results of numerical studies shovatthhe lightning strike damage of composites can poedicted by
suitable numerical model. Isotherm contours andmeld deletion methodology can be used for damagsligiions.
Lightning strike is a highly dynamic & complex plemenon. Its damage predictions require proper nogledf electrical,
thermal, mechanical, chemical, and acoustic effebttailed mechanisms of damages occurred duegtdning strikes on
composite structures and its numerical modelingetgo be established.

Nomenclature

p density

G specific heat

k thermal conductivity

J electric current density tensor
E electric field tensor

Q; internal joule heat

| current

Q heat flux

Ry  channel radius
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