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Abstract: In this paper, the damage mechanism of glass fiber reinforced composite (GFRC) under
lightning strike by laying and inserting copper wires in the laminate was studied. The ablation
characteristics of GFRC under different lightning current components were explored. Scanning
electron microscope (SEM) was used to conduct the morphology analysis at the damaged area. The
results show that the high temperature induced by lightning striking leads to resin pyrolysis, glass
fiber (GF) sublimation, and stress waves, which results in fiber breakage and delamination. Then, a
finite element (FE) thermal-electric coupling model for predicting the lightning ablation damage of
GFRC was established. The comparison between the simulation and experimental results are in good
agreement, which validate the effectiveness of the proposed FE model. The relationship between the
lightning ablation area and the lightning current amplitude, charge amount, and specific energy in
creeping discharge and through discharge was obtained by data fitting. The whole ablation damage
process was revealed by FE simulation.

Keywords: glass fiber reinforced composite (GFRC); lightning strike; finite element (FE); thermal-
electric coupling; ablation damage

1. Introduction

Fiber-reinforced composite (FRC) materials have been widely employed in aeronautics,
astronautics, power industry, and other fields due to their light weight, high specific
strength, high specific modulus, good corrosion resistance, and fatigue resistance [1-4]. In
recent years, many countries, such as Germany, Denmark, Netherlands, United States, and
China, are vigorously promoting the development of wind power industry for sustainable
development and carbon neutral goals. As known, the application of FRC materials
on wind turbine blades can effectively reduce energy consumption and improve power
generation efficiency [5], so engineers have increasingly focused on the damage mechanism
of FRC materials applied to wind turbine blades. Wind turbines are generally located
in thunderstorm-intensive areas, such as seaside, sea, and plateau. Furthermore, the
wind turbine is usually higher than the other adjacent objects. Hence, the wind turbine
blades which have the highest position is most likely to be struck by lightning. The size of
the blades and the height of the wind turbine continue to increase due to the increasing
requirements for installed capacity, making this problem even more serious [6].

Lightning is a common discharge phenomenon in nature. The voltage and the current
amplitude can be as high as 500 kV and 200 kA, respectively. The duration of discharge
is usually hundreds of microseconds. The discharge process is accompanied by strong
shock waves, huge electromagnetic fields, strong electromagnetic radiation, and hot high
temperatures [7,8]. The blades are mainly made of GFRC, which have high electrical
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insulation. Various damages including resin pyrolysis, fiber sublimation and laminate
delamination can be detected when the blades are struck by lightning [9,10]. As known, it
is very hard to immediately repair the damages in the GFRC caused by lightning strikes.
Hence, the lightning induced damages may continue to propagate under external load or
degrade, and eventually leading to the collapse of the wind turbine blades. A lot of research
studies have been conducted on the lightning ablation and residual mechanical behavior
of composite materials. It was reported that lightning striking damages greatly reduced
its residual strength [11,12]. Garolera et al. [13] presented an analysis of lightning damage
on wind turbine blades in the U.S. and found that the damage mainly occurred at the tip,
and four main types of damage can be recognized including damaged blade skin surface,
carbonization of blade, blade skin breakdown and fuse of the lead wire inside the blade.
Hirano et al. [14] studied the damage evolution law of graphite/epoxy composites under
lightning struck and summarized the damage as three types of damage: fiber damage, resin
degradation, and internal delamination by using infrared, ultrasonic, and other detection
methods.

Lightning strike damage of composite materials and their lightning protection are
one of the hotspots in the field of the composite damage. However, although glass fiber
composite materials are widely used in the manufacture of wind turbine blades, most
research works still focus on the damage characteristics analysis of carbon fiber composite
materials under lightning striking, and mainly detected the macroscopic damage [15-18].
Guo et al. [19] conducted a series of lightning striking test on the blades in a rotating
state and reveals the lightning damage mechanism of blade. The results offer an intuitive
impression of the blade lightning process to engineers and promotes the development of
wind turbine lightning protection technology. However, the lightning strike problems in
the actual operation of the blades are complex and diverse. The existing research is still not
comprehensive, especially the research on the characteristics and mechanism of ablation
damage of wind turbine blades under multi-component lightning striking. However, the
previous study did not consider the lightning ablation damage of wind turbine blade under
creeping discharge, which is also a very common discharge form induced by lightning
striking. Therefore, it is necessary to carry out more in-depth research on the lightning
ablation damage of GFRC under creeping discharge.

This work proposed a method of laying and inserting copper wires to conduct ablation
damage tests of GFRC laminates under multi-component lightning striking and discussed
the effects of different components on the ablation characteristics of GFRC. Meanwhile, an
FE thermal-electric coupling model for predicting the lightning ablation damage of GFRC
was established, which have been validated by comparing with the test results. Finally,
the function relationship between ablation damage area and lightning current amplitude,
charge amount and specific energy is established, which provides a theoretical basis for the
study on the lightning damage of GFRC used in wind turbine blades.

2. Materials and Methods
2.1. Materials

GFRC laminate used in the experiment has a size of 150 mm x 100 mm in length and
width, which is made of ETL 1215 EP triaxial GF cloth and 2511-1A /1BS epoxy resin as
shown in Figure 1. The cured GFRC panels had a nominal thickness of 1 mm, 2 mm, and
4 mm, and the corresponding stacking sequence are [0°], [0°/90°], and [0°/45° / —45° /90°].



Metals 2021, 11, 1251

3 0f25

150 mm

Figure 1. The GFRC material laminate.

2.2. Test Equipment

In this experiment, an impulse current generator and a multi-waveform lightning
current generator are used to simulate different lightning current components. Figure 2a
shows the Haefely SSGA 200-180 Impulse Current Generator (ICG) (Haefely, Basel, Switzer-
land), which can output the first return stroke component having an equivalent energy
with the lightning current component A, and the maximum transferred charge Qs = 50 As
and the maximum specific energy W/R =3 x 103 KJ/ Q). The waveform of lightning current
component A generated by Haefely SSGA 200-180 ICG is shown in Figure 3a.

(b) Multi-waveform lightning current generator

Figure 2. Artificial lightning current experiment.

Figure 2b shows the multi-waveform lightning current generator, which can output
two lightning current components. As shown in Figure 3b, the duration of the lightning
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current component B is about 2 ms, and the current amplitude is 2-8 kA. As shown in
Figure 3¢, the duration of the lightning current component C is nearly 2 s, and the current
amplitude is 100-800 A.
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Figure 3. Three components of lightning current, (a) lightning current component A, (b) lightning
current component B, (¢) Lightning current component C.

2.3. Test Setup

The GFRC laminate was clamped in an insulating jig. A copper wire with a diameter
of 0.4 mm was inserted on the upper surface of the GFRC as an ignition channel, which
was arranged from the center of the laminate to the grounding copper bar. The length
of the copper wire is 75 mm. In addition, a cylindrical tungsten-copper alloy rod with a
length of 5 mm and a radius of 3 mm was used as the discharge electrode. The electrode
was perpendicular to the test sample and had a 2 mm discharge distance.

Lightning current has two characteristics: high voltage and high current. However,
in the high voltage laboratory, the voltage of impulse current generated by the impulse
current generator (ICG) is not enough to break down the GFRC. Therefore, a copper wire
was layered or inserted in the GFRC as a lightning channel to attract artificial lightning
and enhance its dielectric breakdown capacity. As shown in Figure 4, the impulse current
punctures the gap between the discharge electrode and the copper wire and connects to
the grounding copper bar to form a current loop. Then, the ablation damage mechanism of
the GFRC laminate under lightning striking can be analyzed experimentally.
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Figure 4. Schematic diagram of GFRC material along the surface ablation experiment layout.

A pilot copper wire with a diameter of 0.4 mm was inserted vertically in the middle
of the GFRC laminate. The length of the copper wire above the surface layer was 15 mm,
and the distance between the discharge electrode and pilot copper wire was 2 mm. The
grounding copper bar is placed below the test sample to form a current loop (see Figure 5).

Tungsten copper semi-
Suspended Copper Bridge ellipsoidal electrode

Ignite copper wire

Grounding copper bar

Experimental
sample

Insulation fixture

Figure 5. Schematic diagram of GFRC penetration ablation experiment layout.

3. Simulation on Lightning Ablation Damage
3.1. Basic Theory

An FE thermal-electric coupling model is proposed to simulate the lightning ablation
damage of GFRC used for wind turbine blade. In terms of the lightning striking damage
process of GFRC, the lightning current flows from the high-potential to the low-potential,
forming an arc channel and converting electrical energy into Joule heat. As known, current
conduction and heat transfer are interdependent, that is, electrical conductivity is related
to temperature and Joule heating is related to the current density. Hence, the electrical
conduction and heat transfer can be coupled together completely, and the potential gradient
and temperature distributed at each node can be calculated simultaneously.

3.1.1. Electric Field Formula

The electrical field in a conducting material is governed by Maxwell’s equation:

/S J-ndS = /v redV )

where S is the cell cross-sectional area, V denotes any control volume of the surface S, n is
the outer normal direction vector of the surface S, | is the current density (current per unit
area), and r. is the internal volumetric current source per unit volume.

Converting area integral to volume integral using the divergence theorem:

[(-7=rgav =0 @)
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Since the volume is arbitrary, the differential equation is written as:
V]=r.=0 ®3)

Introducing any variable potential field é¢, and integrating over the whole volume,
the variational form is given as:

[ 6971~ rav =0 4)
v
Rewritten as:
- / Vo JdV = / 5pTdS + / SpredV 5)
v S v
where ] is the current intensity | = ] - n flowing to the control body V and ¢ is the potential

energy.
The flow of electrical current is described by Ohm's law:

J=0-E=—-0-V¢ (6)

where 7, E, and ¢ denote the electric conductivity, the electrical field intensity, and electrical
potential, respectively. The governing equation of finite element model is obtained by
using Equation (6) in the conservation equation:

/ Vo (o Ve)dV = /V SpredV + /S 5¢]dS @)

In this equation, J (] = —]J - n) is electrical current density entering the control volume
across S. Joule’s law describes the rate of electrical energy, P,., dissipated by current flowing
through a conductor as:

Poe=]-E=(c-E)-E 8)

r = vaec )

3.1.2. Thermal Balance
The heat conduction behavior is described by the basic energy balance relation:

/v prga&iV n /U Vo8- (K- V6)dV = /U 56rdV + /s 504dS (10)
where V is a volume of solid material, with surface area S, 0 is the temperature, K is the
thermal conductivity matrix, p is the material density, C, is the specific heat capacity, and g
is the heat flux density of the control body V.

Then, the temperature-related conductivity is derived as: ¢ = ¢(6); the heat gen-
eration density related to the current density: » = r(J). Finally, the potential, current,
temperature, and Joule heat at each node of the GFRC laminate under lightning striking
can be calculated by the thermal-electric coupling equation.

3.2. Surface Ablation Damage Modelling

The FE model is constructed using the commercial software ABAQUS 6.14 (Dassault
Systemes Simulia Corp., Johnston, RI, USA), as shown in Figure 4. The model is 4-ply
quasi-isotropic [0°/45° / —45° /90°] type. The size of the GFRC laminate is determined by
ASTM D7173 (SACMA SRM?2) standard [20], so the length and width of the specimen are
150 mm and 100 mm, respectively. The total panel thickness is 4 mm, namely the thickness
of each ply is 1 mm. In the FE model, each layer of the laminate is divided by using an
8-node linear coupled thermal-electrical brick element type. The 22,050 solid elements
(DC3D8E) are used to simulate the electrical-thermal propagation.
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The material is glass fiber/epoxy composite. The basic parameters such as density,
expansion rate, thermal conductivity, specific heat capacity, electrical conductivity, and
latent heat are listed in Table 1 [21].

Table 1. Physical properties of GFRC materials.

. Specific Heat Thermal Conductivity /(W-m~1.°C) Electricity Conductivity /(QQ-mm)—1
Temperature/ ~ Density/ Capacity/ R 1

o (kg/mm3) PR Longitudinal In-Depth Transverse  Longitudinal  In-Depth Transverse
(J-kg O Direction Direction Direction Direction Direction Direction

25 1200 956.3784 0.7761 0.2663 0.2661 1x 1078 1x107° 1x107°

300 1200 967.2042 0.7795 0.2792 0.2801 1x10°8 1x107° 1x107°

600 1200 1106.803 0.8122 0.3939 0.393 1x10°° 1x10°° 1x10°°

900 1200 1174.09 0.85 0.5125 0.5104 1x10°° 1x10°° 1x10°°
1100 1200 1174.09 0.8539 0.5135 0.5117 1x10°° 1x10°° 1x10°°
>1100 1200 1174.09 1 1 1 1x10°° 1x10°° 1x10°°

A 75 mm long copper wire is set from the center to the right edge of the laminate to
simulate the arc channel, as depicted in Figure 6. The boundary and loading conditions
of the FE simulation model is consistent with that used in test conditions. The boundary
conditions applied in the simulation are referred to the reference [16]. The right side of
the specimen is electrically grounded, and the electrical potential is considered as zero.
Thermal radiation is defined for the upper and side surfaces, whereas the bottom surface is
assumed adiabatic since the temperature increment in the bottom surface can be neglected.
The ambient temperature and thermal emissivity were set to 25 °C and 0.85, respectively.
Since the duration of lightning current acting on the laminate is on order of microseconds,
the heat convection around the laminate is not considered. The attachment point is set on
the center of the top layer, where a concentrated current load acts on (see Figure 3).

Ambient temperature
T=25°C
Lightning current
injection

Surface radiation Ignite copper wire

Thermal emissivity 0.85

/'

Bottom insulation
Side potential E=0 V

Figure 6. Lightning current loading diagram and boundary conditions along the surface of GFRC
laminates.

During a lightning strike, the physical properties of GFRC materials (thermal conduc-
tivity, electrical conductivity, specific heat, etc.) will degrade as the temperature increases.
Therefore, the subroutines HEAVEL and USDFLD were developed in the proposed FE
simulation model to simulate the transient changes in the physical properties of GFRC
laminates. The subroutine HEAVEL was used to determine the pyrolysis degree of epoxy
resin. Figure 7 shows the specific analysis process of the lightning striking damage. It is
defined that the epoxy resin starts to pyrolysis at 300 °C, completely decomposed at 600 °C,
and eventually forms residual carbon. The sublimation temperature of GF is about 1100 °C.
The temperature of the node stops rising when the temperature reaches 1100 °C. GF begins
to soften at 830-860 °C and sublimate at around 1100 °C. The subroutine USDFLD was
used to update the physical properties of the material based on the pyrolysis degree ob-
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tained by HEAVEL. Only component A waveform was selected for the simulation. Current
amplitudes are in the range from 10 kA to 100 KA.

Determine the initial
material properties
of GFRP

Lightning current
load

Calculate the

temperature of each
node of the material

hether to reach
the damage
temperature

Subroutines HEAVEL and
USDFLD degrade the physical
parameters of materials

Whether the load
loading is complete

Output electric field
and temperature field

!

Figure 7. Electro-thermal coupling analysis flow chart.

3.3. Through-Thickness Ablation Damage Modelling

For the through-thickness ablation damage modelling (see Figure 8), the main failure
mode of the GFRC laminate under lightning striking is through-thickness ablation damage.
In generally, the resin pyrolysis and GF sublimates near the lightning attachment point will
appear due to the high temperature of thousands to tens of thousands of Celsius degrees
induced by lightning strikes. Furthermore, a large amount of pyrolysis gas is generated,
which leads to the local blast and delamination [22]. It is known that the lightning current
component C transfers a large amount of electric charge, so it usually causes the most
serious ablation damage. Table 2 describes the charge Qg and specific energy W/R under
the different lightning current component C with a duration of 0.5 s.
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Lightning current
Surface radiation injection
Thermal emissivity 0.85 =

Ambient temperature
T=25°C

e

Bottom insulation

Figure 8. Loading and boundary conditions of through-thickness ablation damage modelling.

Table 2. Simulation experiment lightning current C component parameter.

Timp (A) Qs (As) Specific Energy W/R (kJ/Q))
150 75 5.625
200 100 10
250 125 15.625
300 150 22.5
350 175 30.625
400 200 40
500 250 62.5
600 300 90
700 350 122.5
800 400 160

The lightning current cannot quickly discharge around the laminate through a conduc-
tor when it hits the GFRC vertically, due to its low conductivity and laminated characteris-
tics. Since lightning current load applied to the surface of the laminate can be equivalent
to the heat flux, so the heat flux was injected into the coupling model, and the functional
relationship between the heat flux and the lightning current was obtained [23]. The detailed
theoretical derivation is as follows:

Q=
D=

Yare = 0.097[I(t)]3¢ (11)
N - 101(t)
Qmax ~ 10] = a2 (12)
Q(T) = Qmaxeicor2 (13)
Qr,t) = 10I(t) In(0.1) 1’2,7’ < Fare(t) (14)

TT[Farc (t)]2 ‘ Tarc? (t)

In(0.1)
Q(y = Jer (15)
Mlrae(®)]? Tarc(t)

where 4. is the arc radius (unit: mm), Q is the arc heat flux (unit: W/m?), ] is the current
density (unit: A/ m?), and ¢ is the distribution parameter.

4. Results and Discussion
4.1. Experimental Analysis
4.1.1. Ablative Damages along the Surface Direction

The three lightning current components A, B, and C were used to conduct creeping
discharge experiments on the GFRCs. It can be found from Figure 9 obvious ablation
damage and carbon grays due to epoxy resin pyrolysis occurs on the surface of the GFRC
laminate under current component A. The ablation damage of the GFRC laminate under
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current component B appears near the initial attachment point. Furthermore, there is
no obvious GF breakages and epoxy resin pyrolysis along the discharge path, indicating
that the component B has a little effect on the lightning striking damage of GFRCs. The
lightning current only causes slight damage at the attachment point and discharges path
under lightning current component C, and no visible delamination occurs. In addition, it
was observed that the ignited copper wire is scattered on the surface of the laminate after
the sublimation. The damage degree is much smaller than that under current component A.
Therefore, the lightning current component A is the major factor that causing the lightning
striking damages.

Figure 9. Damage morphology of GFRC laminates under different lightning current components, (a) component A,
(b) component B, (c¢) component C.

In order to further study the influence of lightning current amplitude on the lightning
ablation damage of GFRC materials, Haefely SSGA 200-180 ICG (Haefely, Basel, Switzer-
land) was used to simulate lightning currents with different amplitudes. In addition, three
types of GFRC laminate with different thicknesses and layer orientation were selected
in the surface lightning striking experiments to study the influence of material thickness
and the layer orientation on the lightning striking damages. As depicted in Figure 10,
the GFRC laminates with thicknesses of 1 mm, 2 mm and 4 mm were selected to conduct
tests under current component A with an amplitude of 40 kA. The white part denotes
delamination damage, while the dark black part denotes ablation damage. The other black
parts on the surface are metal oxides sublimated by copper wire, which are not considered
as ablation damage. As shown, the laminate with thickness of 1 mm was the most severely
damaged. There are significant ablation marks on the surface of the GFRC laminate, and
the delamination on the bottom side is obvious. However, there are no obvious thermal
ablation marks on the surface of the laminates when the laminates thickness is greater
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than or equal to 2 mm. The delamination on the bottom decreases with the increasing
of thickness. Therefore, during creeping discharge, the main damage modes are epoxy
resin pyrolysis and delamination. In addition, the thickness of the material is an important
factor that affects the surface damage caused by lightning. Increasing in thickness for the
GFRC laminate can effectively reduce the ablation damage degree caused by the lightning
current.

Top 1t

Ablation ‘
damage
<

'

Figure 10. Damage status of GFRC laminates with different thicknesses under lightning current
component A with an amplitude of 40 kA.

Figure 11 shows the comparison of the ablation damage area of the surface discharg-
ing along the fiber direction and the vertical fiber direction under the lightning current
component A with an amplitude of 30 kA. It can be found that the damage area at both
top and bottom faces in the laminate after discharging along the fiber direction is larger
than that along vertical fiber direction discharge. Viewed from the bottom side, the epoxy
resin pyrolyzed along the discharge direction and delamination also occurred. Since the
thermal conductivity of GFRCs in the fiber direction is higher than that in other directions,
the pyrolysis of epoxy resin mainly expands along the fiber direction.

Figure 12 shows the ablation areas of GFRCs with thicknesses of 1, 2, and 4 mm under
lightning striking with amplitudes of 10-50 kA lightning current were carried out along
the fiber direction and perpendicular to the fiber direction. As shown, the damage area
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of the GFRC increases with the increase of current amplitude, while decreases with the
increment of thickness. Furthermore, the damage area of GFRC with a thickness of 1 mm
increases almost linearly with increasing current amplitude in the range up to 50 kA. The
damage area of the GFRC when the lightning current discharge along the fiber direction
was larger than that discharging perpendicular to the fiber direction. As the laminate
thickness increased, the difference in damage area between the fiber direction and the
perpendicular fiber direction gradually decreased. With increasing of the lightning current
amplitude, the damage area and the difference between the two directions of the GFRC
laminates increased. Therefore, the lightning current amplitude, the current direction,
and the laminate thickness have an important influence on the ablation degree along the
surface.

As shown in Figure 13, the internal damage of GFRC laminates was presented using
the hot wire emission scanning electron microscope (SEM) VEGA3 produced by TESCAN
company (Brno, Czech Republic). Two segments which cut at central and marginal region
were used for SEM analysis to detect the internal characteristic of the GFRC with and
without lightning striking damages. It can be found that the GFRC laminate without
suffering lightning striking presented a complete structure, and the GF is tightly wrapped
by epoxy resin and no obvious delamination is seen in Figure 13a. The microscopic
characterization of the GFRC laminate after surface discharge ablation was illustrated in
Figure 13b. It was clearly seen that the various damages modes including delamination,
fiber breakages, and epoxy resin pyrolysis occurred in the laminate.

Bottom

Ablation damagely )
Delamination

damage

10 mm
| W———

Ablation damage

Delamination

* damage 10 ot

-

10 mmm

Figure 11. Damage area of the GFRCs under lightning current component A with an amplitude
of 30 kA, (a,b) discharging along the fiber direction, (c¢,d) discharging perpendicular to the fiber
direction.
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Figure 12. Influence of laminate thickness, discharge direction and lightning current amplitude on
the creeping ablation damage area.

7 e ST 7/ VP T
SEM HV: 15.0 kV WD: 15.10 mm VEGA3 TESCAN|
SEMMAG: 1.00 kx  View field: 277 ym 50 ym
Det: SE Date(m/dly): 04/03/19 1AC of SJTU

Figure 13. Scanning electron microscope (SEM) micrographs of GFRC laminates, (a) before lightning
striking, (b) after lightning striking.

4.1.2. Ablation Damages along the Thickness Direction

The three lightning current components A, B, and C are used to conduct penetration
ablation experiments on GFRC laminates. As depicted in Figure 14, the epoxy resin
is quickly thermally decomposed and generate a large amount of gas when a through-
thickness discharge induced by the current component A with a high amplitude acted on
the GFRC laminate, and results in the local burst and mechanical damages. The effect of
component B was least among the three components, and there was almost no damage
under current component B. Since the duration of the component C was greater than that
of the component A, the ablation damage aeras induced by component C is larger, and a
circular perforation was created. It can be concluded that the component C generated a lot
of Joule heat due to its largest amount of charge transferred and was deemed as the most
dangerous current component among these three currents.

There are two main types of lightning striking damages: one is thermal ablation
damage, which is a high-temperature ablation phenomenon caused by the conversion of
current into Joule heat during the conduction process. The other one mechanical damage
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such as fracture and delamination of the composite material, which is induced by the stress
wave caused by the rapid gasification of the resin during high temperature pyrolysis.

€).. B.component

Figure 14. The experimental results of the through-discharge of the GFRCs under different lightning
current components: (a,b) A component; (c,d) B component; (e,f) C component.

Figure 15 showed the penetration ablation damages of GFRCs under the current
component A with amplitudes of 10 kA, 30 kA, and 40 kA. Only the region near the
attachment point was damaged when the amplitude is 10 kA. Delamination area with a
size of about 100 mm x 150 mm was caused when the amplitude reached 40 kA. Because
as the current amplitude increased, the higher the energy passing through the needle-
shaped electrode and arc temperature increased, which leaded to an increase of the gas
content in the thermal decomposition products of the epoxy resin. As it was difficult
for gas generated inside the laminate to diffuse quickly, the volume of gas accumulated
between the laminates increased. The gas exploded under the action of Joule heat and
stress waves caused by the impulse current, causing fiber breakage and delamination of
the laminate. This process also increased heat transfer, causing large areas of resin damage
on the surface of the laminate. The experimental results showed that the fiber warpage was
mainly distributed in the direction of £45°, indicating that the GF breakages were mainly
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affected by the layup orientation. In addition, some fibers also warped in other directions
due to the non-uniformity of internal gas explosion. As the current amplitude increased,
the penetrating damages of GFRC laminates became more and more serious.

Figure 15. Ablation damages of GFRCs under different current amplitudes, (a) 10 kA, (b) 30 kA, (c) 40 kKA.

Figure 16 shows the internal damages of GFRCs under current component C with an
amplitude of 30 kA by using SEM. It can be observed that the GF was obviously broken,
and the internal structure became sparser. As shown in the red circle in Figure 16c,d,
various micro-scale failure modes including fiber breakages, fiber pull-out, matrix cracking
and delamination can be observed. This is because a large amount of gas produced by
pyrolysis of epoxy resin during lightning striking resulted in the local explosion, and then
caused stress wave, which promoting the mechanical damages.

| ) S
SEM HV: 20.0 KV WD: 9.93 mm | VEGAS TESCAN|  SEM HV: 20,0 kV. WD: 9.64 mm | VEGA3 TESCAN

SEM MAG:200x | View field: 1.38 mm 200 um SEMMAG:300x  View field: 923 ym 200 um
Det: SE Date(m/dly): 03/21/19 IAC of SJTU Det: SE Date(m/dly): 03/21/19 1AC of SJTU
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Det: SE Date(m/dly): 03/21/19 IAC of SJTU Det: SE Date(m/dly): 03/21/19 IAC of SJTU

Figure 16. The microscopic morphology of the GFRC laminate after ablation with a C component of
30 kA. With different magnification: (a) 200, (b) 300x, (c) 1.00kx and (d) 3.00k x.
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(a) 10 kKA (b) 30 kA

4.2. Numerical Prediction of Lightning Ablation Damage
4.2.1. Simulation Analysis of GFRC Ablation Damage along the Surface

The current component A with amplitudes of 10 kA, 30 kA and 50 kA were used
to simulate the lightning damage of the GFRC laminate, and compared well with the
experimental results, as shown in Figure 17. The numerical results indicated that the
GFRC laminate only has some slight damages at the attachment point at the front face
when the lightning current amplitude is 10 kA. The damage does not touch the bottom
of the laminate (see Figure 17a). A long and narrow ablation area in the direction of the
ignited copper wire can be recognized when the lightning current amplitude reaches 30 kA,
and damages have propagated to the bottom of the laminate (Figure 17b). As the current
amplitude increased to 50 kA, the damage area is further expanded, and the ablation area
on the bottom of the laminate began to extend perpendicular to the discharge channel
toward both sides (see Figure 17c).

The experimental results showed that the GFRC laminates left a large amount of
carbon material after copper wire sublimation under lightning striking with a current
amplitude of 10 kA. However, no obvious damages were found on the bottom of composite
(see Figure 17d). It was seen that a large amount of epoxy resin pyrolysis, GF breaks, and
delamination occur in the laminate when the lightning current amplitude is 30 kA and
50 kA (see Figures 7 and 17e).

(d) 10 kA  (©)30KA (f) 50 kA

Figure 17. Comparison of lightning strike experiment and simulation damage of GFRC laminate under different peak values.

It was found that the damage mainly includes epoxy resin ablation by high tempera-
ture decomposition and GF fractured by shock wave [24]. Both damage forms have a great
effect on the mechanical strength of the GFRC laminate. The experimental ablation area
was defined by the area where the surface epoxy resin was decomposed and carbonized,
the GF breakage and delamination. The damage status of the laminate obtained from
simulation model is determined according to the surface temperature distribution cloud
map. It is defined that ablation damage occurs when the surface temperature exceeds the
range of 600 °C. The surface ablation damage aera in the GFRC obtained by experiment
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and simulation are compared in Table 3. The maximum area error is only 6.68%. It can be
concluded that the experimental results are in good agreement with the simulation results.

Table 3. Comparison of surface ablation damage area (mm?) between experiment and simulation.

10 kA 30 kA 50 kA
Experimental 6.73 89.43 396.85
Simulation 6.29 86.72 381.59

The lightning current with an amplitude ranging from 10 kA to 100 kA were chosen
to study the different current amplitudes on the lightning striking damage by using the
proposed FE thermal-electric coupling model. The corresponding numerical calculation
result is shown in Figure 18a. Then, a nonlinear functional relationship between damage
aera and current amplitude is derived by data fitting method. The fitting equation is
expressed by Equation (16), and the R? is 0.92:

= —174.16 + 14.05x — 0.07651x2 (16)
y

where x means current, the unit is kA; y means the damage area, the unit is mm?.

It can be found from Equation (16) that the GFRC damage area is positive correlation
with the lightning current amplitude. The growth rate of the damage area slows down
when the peak value is greater than 60 kA. The damage area is almost increased to 500 mm?
and tends to be saturated when the lightning current amplitude reaches 100 kA.

Figure 18b shows the relationship between the surface damage area of the GFRC
material and the amount of charge Qs (As). The fitting relationship can be expressed by
Equation (17), and the R? of this expression is 0.99:

= 77— de ™
y = 317.77 — 698.1¢0-0988* (17)

where x represents the amount of charge, the unit is As; y represents the damage area, the
unit is mm?.

Figure 18c shows the relationship between the GFRC creeping damage area and
the specific energy W/R (kJ/Q)). The corresponding fitting curve can be expressed by

Equation (18), and the R? of this expression is 0.99:
y = 458.94 — 477.55¢0-0029% (18)

where x means specific energy, the unit is kJ /().

It can be seen from Equations (16)-(18) that the damage area is positively non-linearly
related to the amplitude of the lightning current, the amount of charge, and the specific
energy. In the initial stage of lightning striking, the damage area increases rapidly with the
increment of influence parameters (current amplitude, amount of charge, specific energy),
and then the growth rate slows down and tends to a constant value (about 450 mm?).

Figure 19 shows a schematic diagram of the pulse current waveform, where T; corre-
sponds to the peak current [j,, time, and T corresponds to the time when the peak current
decays to 50%.

Figure 20 shows the surface temperature distribution of GFRC laminates under the
current component A with an amplitude of 50 kA. As shown in Figure 20, the temperature
of the lightning current attachment point of the composite laminate reaches 1100 °C when
the lightning current attaches to the GFRC laminate (T; = 1.6821 x 107 s). Afterwards, the
ablative damage area starts to develop towards the zero-potential edge of the GF reinforced
composite laminate, as shown in Figure 20b. A clear ablation aera along the arc channel
can be recognized at T (2.9627 x 10~% s), as shown in Figure 20e. It can be concluded that
the lightning-induced ablation damages start to appear in the laminate at T; and tend to be
stable after T».
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Figure 18. The relationship between GFRC creeping damage area and lightning current parameters, (a) damage area versus
current amplitude curve, (b) damage area versus charge amount curve, (c) damage area versus specific energy curve.
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Figure 19. The schematic diagram of pulse current waveform.
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Figure 20. The temperature distribution cloud map of the surface of the composite laminate under the action of 50 kA

lightning current at different moments.

4.2.2. Simulation Analysis of GFRC Ablation Damage along the Thickness

The lightning-induced ablation damage of GFRC under the current component C with
an amplitude 300 A after 0.5 s was compared with the experimental results. It can be found
from Figure 21 that the epoxy resin decomposes around the attachment point, and the
ablation aera have a circular ablation shape.

The lightning-induced ablation of GFRC under the current component C with am-
plitudes of 150 A, 200 A, 250 A, 300 A, and 350 A were calculated numerically, and the
comparison of the ablation damage to the experimental results are shown in Table 4.
As shown, the maximum difference between simulation and experiment results is only
0.82 mm?, and the maximum error percentage is 4.9%. The damage aera versus current
amplitude curves obtained from numerical and experimental method are very close as
depicted in Figure 22. Hence, the proposed FE thermal-electric coupling model predict
lightning striking damage of GFRCs very well.

Table 4. Comparison of penetration ablation damage area between the experiment and simulation.

Current Amplitude 150 A 200 A 250 A 300 A 350 A

Experiment 17.21 18.78 20.74 22.35 23.34
Simulation 16.39 18.36 20.56 22.23 23.07
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Figure 21. Comparison of ablation damage obtained by the simulation and experiment, (a) experimental result, (b) simula-
tion result.
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Figure 22. Lightning striking damage aera versus current amplitude curves.

The ablation aera of GFRC under the current component C with amplitudes of 400 A,
500 A, 600 A, 700 A, and 800 A were also calculated to provide more effective data for
establishing the function relationships between damage areas and the lightning current
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parameters. Figure 23a shows the relationship between the GFRC penetration damage area
and the current amplitude of the component C. The corresponding function relationship
can be expressed as Equation (19) by data fitting, and the R? is 0.96:

y = 40.26 — 28.57¢ 00014 (19)

where x represents the current and y represents the damage area.

Figure 23b shows the relationship between the penetration damage area of GFRC and
the charge amount of the current component C. The function relationship is written as
Equation (20), and the R? is 0.96:

y = 40.25 — 28.57¢ 00028~ (20)

where x represents charge amount (As) and y represents the damage area.
Figure 23c shows the relationship between GFRC penetration damage area and specific
energy, and the function relationship is given as Equation (21), the R? is 0.93:

= 31. —15.35¢
y = 31.838 — 15.35¢ 0016x 21

where x denotes specific energy, the unit is kJ /(); y means the damage area.
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Figure 23. The relationship between penetration damage area and current parameters, (a) damage area versus current
amplitude curve, (b) damage area versus charge amount curve, (c) damage area versus specific energy curve.

Figure 24 shows the ablation damage history of the GFRC laminate under the lightning
current component C. The results show that when the lightning current C component with
an amplitude of 800 A acts on the laminate for 0.03,125 s, the temperature of the epoxy resin
at the attachment point reaches 617 °C. The epoxy resin has been completely decomposed.
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After 0.0468 s, the maximum temperature of the attachment point reached 1100 °C, and the
GF began to sublime. After 0.0875 s, the ablation damage area tends to be stable, and the
value is about 32.1322 mm?.

Figure 25 shows temperature distribution cloud diagram along the thickness direction
of the GFRCs under current component C with an amplitude of 800 A. The maximum
surface temperature of the GFRC laminate reaches 898 °C at 0.03906 s, which results in
epoxy resin pyrolysis and GF breakages. At 0.046875 s, the temperature in this area reaches
1100 °C and the GF begins to sublime. The epoxy resin in the damaged area is completely
decomposed at 0.5 s, and the ablation depth of the resin is 0.308 mm. The sublimation
depth of the GF is 0.107 mm. Since the interlayer temperature between the first layer and
the seco d layer is only 183 °C which is less than the pyrolysis temperature of the resin, the
epoxy resin in this interlayer has no thermal decomposition.

(a) 0.03125 s (b) 0.0468 s

(c) 0.0875 s (d)05s

Figure 24. The temperature distribution cloud map of at the front face of the GFRC laminate under the component C with
an amplitude of 800 A, (a) at 0.03125 s, (b) at 0.0468 s, (c) at 0.0875 s, (d) at 0.5 s.

(a) 0.03125 s (b) 0.03906 s

Figure 25. Cont.
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(c) 0.046875 s (d) 0.2358 s

(e)0.5s

Figure 25. Temperature distribution cloud diagram along the thickness direction at different moments,
(a) at 0.03125 s, (b) at 0.03906 s, (c) 0.046875 s, (d) at 0.2358 s, (e) 0.5 s.

5. Conclusions

This paper investigated the ablative damage characteristics of the GFRC used in wind
turbine blades with three lightning current components A, B, and C by the experimental
method. Due to the complex physics nature of lightning, quantifying the effect of the
dynamic mechanical pressures induced by lightning strikes is very difficult. Hence, a
thermal-electric coupling model without considering the effects of mechanical pressures
for predicting the lightning ablation of the material was established. Three conclusions are
drawn as follows:

1.  The experimental results showed that the damage of GFRC is mainly affected by the
component A, while the influence of the components B and C can be ignored. The
material thickness, layer direction, and lightning current parameters are all important
factors for the ablation of GFRC under lightning strike.

2. Due to the high temperature pyrolysis of the resin and the rapid gasification of the
resin during lightning strikes, the stress wave is produced which in turn leads to the
fiber breakage and delamination.

3. A thermal-electric coupling simulation model is established, and the simulation
results are in good agreement with the experimental results, which verifies that
the model can be used to predict the lightning damage of GFRC. The quantitative
relationship between the ablation area and the lightning current amplitude, charge
amount and specific energy is obtained by data fitting. It can be found that the
damage area and the depth of GFRC are positively non-linearly correlated with the
lightning current amplitude, the charge amount and the specific energy.

Lightning striking causes serious damages to GFRCs around the lightning attach-
ment points, including burning and vaporization and delamination since the electrical
conductivity of GFRCs is much lower than that of metals. Attaching copper mesh on the
GFRC will be helpful for the application of GFRC materials in wind turbine blades. A
possible future line of investigation is to develop a multi physical field coupling model
considering mechanical damage to analyze the damage mechanism of GFRCs with copper
mesh protection layers.
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