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ABSTRACT 
In this paper, the artificial lightning strike tests are performed with CFRP specimens without any 
lightning protection systems in order to clarify the basic fracture behaviour of CFRP laminate against the 
lightning strikes. The natural lightning strikes are simulated by using the impulse current testing facility, 
various numerical parameters which define the lightning strike magnitude such as waveform and peak 
current are tested. The dimensions of the damages were investigated by means of visual inspection and 
NDT (Non-Destructive Testing) to clarify the relationship between lightning numerical parameter and 
damage dimensions. As a result, typical damage modes were categorized and the proportional relationship 
between the numerical parameter of lightning strike and the dimension of the damage modes are 
confirmed. 

 
 

1. INTRODUCTION 
At the moment, because of their potential for reducing the weight, graphite/epoxy 
laminated composites are planning to be widely adopted for principal structures of new 
generation commercial aircrafts. Although the advanced composites have a superior 
mechanical properties to conventional aluminum alloy, laminated composites usually 
show large strength degradation due to internal damages such as delamination and 
matrix cracks. One of the major causes of internal damage is impact damage because of 
tool dropping and fragment hit during manufacturing, maintenance or operation phase. 
Also, lightning strikes are possible cause of the internal damage to the composite 
structure. [1] 
Internal damages due to impact damages have been investigated by many researchers 
and detail fracture mechanisms have been clarified. [2, 3] Direct effect of lightning 
strikes to composite structures and their fracture behavior have been investigated [4], 
lightning protection system for direct and indirect effect have been proposed as a result. 
[5] However, it is difficult to prevent damages perfectly even the appropriate lightning 
protection systems are applied to the composite structure. Therefore, damages to the 
composite due to direct effect of lightning strike during flight sequence would become a 
major issue for aircraft durability and long-term operation. Especially in some regions, 
such as the coast of the Japan Sea and west coast of Norway, existence of the winter 
lightning having large energy with long-term discharge and associated with loud and 
long thunderclaps has been reported. [6] Although the clarifying the effect of unusual 
lightning strike is important, the effect of the energy or waveform variation of lightning 



strikes to the damage to composite structures are scarcely reported. In addition, detail 
fracture mechanisms of composite structure due to direct effect of lightning strike are 
yet to be clarified. 
In this study, therefore, to investigate the basic fracture mechanisms of CFRP laminate 
due to lightning strikes, focusing on relationship between numerical parameters which 
define lightning strike waveform and damage dimensions, artificial lightning strike test 
for several waveforms which simulate the natural positive lightning stroke are 
performed to the graphite/epoxy composite specimens with no lightning protection 
system. The damage mode and dimensions are investigated by visual inspections and 
non-destructive testing. 
 
2. EXPERIMETNS 
2.1 Specimen 
The material system used in this study is IM600/#133 produced by Toho rayon co Ltd.: 
graphite/epoxy CFRP comprised of an intermediate modulus-high strength graphite 
fibers and 180°C cure-type toughened epoxy resin. The specimens were cut out from the 
laminates cured by autoclave with curing process of 180 ºC × 120 min. The specimen 
size is 150mm in length and 100mm in width. The stacking sequence is [45/0/-45/90]4s 
so as to be quasi-isotropic; the thickness of the specimens are 4.7mm. The dimensions 
of the specimens were decided in reference to SACMA SRM 2R-94: CAI (Compression 
after Impact) test standard for polymer matrix composites. 
 
2.2 Experimental setup 
For the artificial lightning strike test, the impulse high current testing machine was 
applied (See Figure 1 (a)). The cursory circuit of the testing machine is shown in Figure 
1 (b), where Rs and Ro are resistance and Cs is capacitance. By changing the Rs, Ro, 
and Cs, the arbitrary wave form can be generated. The specimens are placed on the test 
jig made of GFRP laminate. The test jig is mainly comprised of two GFRP laminate of 
15mm thick and a metal discharge probe. One of the GFRP laminate support specimen 
and another laminate hold the probe. The GFRP laminates are supported by four GFRP 
threaded rods so that the distance between them can be adjusted with screw. The  

 

 

a) Testing facility b) Circuit of impulse current testing machine 
Figure 1: Impulse current testing facility (Nissin Electric Co. Ltd.) 



Figure3: Experimental setup Figure4: Impulse waveform definition 
 

Table 1 Test Condition 

 
 
distance between the probe and specimen surface are adjusted about 2.0 – 3.0mm. In 
order to ensure the earth ground connection with specimens, cupper film connected to 
the earth ground is inserted between specimen and support GFRP laminate. The 
schematic of the specimen and support jig is shown in Figure 3. A DCCT (DC Current 
Transformer) is connected to the ground wire from specimen and wave form of the 
impulse current is measured with an oscilloscope. (See Figure 1 (b)) 
 
2.3 Test condition 
The several types of impulse waveform were tested. The performed test conditions are 
listed in Table 1. The natural lightning environment and descriptions of the standard 
lightning environment for aircraft designs are described in Committee Report of SAE. 
[7] The lightning environment has been synthesized from negative and positive natural 
lightning flash characteristics and includes components designated A, B, C and D.  
Supposing the component A of the positive first return stroke, three types of waveforms 
are tested as listed in Table 1. Waveforms are defined with pair of numerical numbers; 
the first numerical number represent a time to peak, and latter numerical number 
represent a time to half value, respectively. (See Figure 4)  
The electrical charge (Q) and the action integral (AI) represent total energy and specific 
energy of impulse current respectively as follows: 

    (1) 

    (2) 

where, i is time-varying electrical current of lightning waveforms. 

Waveform Peak current [kA] Electrical Charge [C] Action Integral [A2s]
A 40.0 0.49 11500
B 30.0 0.37 6300
C 20.0 0.2 2900
D 40.0 0.85 22000
E 30.0 0.63 12000
F 20.0 0.42 5500
G 20.0 3.71 40000
H 10.0 1.61 3500

2.6/10.5

4/20

7/150



3. RESULTS AND DISCUSSION 
3.1 Visual inspection 
As the typical damage mode of CFRP laminate due to the artificial lightning strike, the 
overhead view (a) and close up of lightning strike attached point (b) for test condition 
D, 4/20μs with peak current of 40.0kA, is shown in Figure 5.  
As a result of visual inspection, two typical damage modes can be observed; fiber 
damaged area and resin deterioration area. At the artificial lightning attached point, fiber 
breakage and resin evaporation can be observed in several layers from surface. It can be 
considered that this fiber breakage is caused by shock wave due to expanding the 
ionized leader channel with supersonic speed when return stroke occurs. Around the 
fiber breakage region of the specimen surface, resin deterioration area is also observed. 
The high atmospheric temperature induced by the delivering of a large amount of 
energy toward the reader channel causes the resin evaporation and deterioration. In 
general, it is reported that the atmospheric temperature around the ionized leader 
channel of actual lightning stroke is up to 30,000ºK. [5] 
Since the carbon fiber has a relatively high electrical conductivity, the resistive heating 
effect cannot be neglected. As temperature rise due to resistive heating, burning or 
pyrolysis of resin is progressed and reacted resins give off the gas. The rapid 
evaporation of the trapped gas in interlaminas results in the explosive fracture vicinity 
of the lightning stroke attached point. In Figure 5(b), blasted carbon fibers due to the 
explosive fracture can be observed. Though the carbon fiber has a relatively high 
electrical conductivity as mentioned above, CFRP laminates usually have a strong 
orthotropic electrical and thermal conductivity in the in-plane and the thickness 
direction; the electrical conductivity in the fiber direction is much higher than that of 
orthogonal and thickness direction. [8] These anisotropic properties of CFRP laminate 
result in irregular propagation of the damage in the in-plane direction as shown in 
Figure 5. Especially in the surface layer, belts of CFRP layer in several tens of 
millimeter in width are stripped off from the lightning strike attached point to the edge 
of the specimen toward surface fiber direction of 45 degree. In the other layer, it can be 
observed that the damages also progress toward the fiber direction of each layer. 
 
 
 

 
a) overhead view of damaged specimen 
(condition D) c) close up of lightning impact point 

Figure 5: Typical damage mode of lightning strike 
 



3.2 Internal damage 
In order to investigate the internal damage due to lightning stroke, NDT (Non 
Destructive Testing) were performed after tests. UT (Ultrasonic Testing) is performed to 
examine the internal damages of in-plane direction. Figure 6 shows the typical result of 
C-scope and B-scope of damaged laminate after artificial lightning stroke; the UT 
scanning were performed from the opposite side of artificial lightning attached. The 
testing test condition D: 4/20μs with peak current of 40.0kA. For the UT scanning, 
5MHz prove was applied.  
The result of the UT shows the large delamination was created after the artificial 
lightning strike. As shown in the C-scope result, the delamination form in each layer is 
in the form of a pair of fan shapes which propagated along the fiber direction from 
lightning attacked point. The strongly induced resistive heating effect is limited to 
vicinage of the channel of electrical current; this result in the form of delamination due 
to resistive heating becomes a pair of fan shape. Additionally, it can be considered that 
strong orthotropic electrical and thermal conductivity of CFRP lamina is also major 
reason to form a fan shape delamination in each interlayer. 
Comparing with the typical internal damage due to impact damage, the UT result for the 
laminate after impact damage is shown in Figure 5. The impact test was performed with 
drop-weight testing machine Dynatap 9200 (produced by Instron Co. Ltd.) in reference 
to the SACMA CAI testing standard. The impact energy per specimen thickness is 6.7 
[J/mm], the size of specimen is 150mm in length and 100mm in width as same as the 
lightning strike test. 
The both delamination shape of each interlamina is similar in the lightning stroke 
damage and the impact damage; both delamiantion shows the fan shape. Looking at the 
thickness direction, the internal damage area due to lightning strike is limited to 
vicinage of damaged surface though the internal damage due to impact propagates 
toward entire thickness of specimen as shown in the B-scope UT results in Figure 6 and 
7. 
 

 
Figure 6: UT result of specimen after 
artificial lightning stroke 

Figure 7: UT result of specimen after 
impact damage 
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a) cross-section A-A’ : x=-3 [mm] 

b) cross-section B-B’ : x=0 [mm] 

c) Cross-section C-C’ : x=3 [mm] 

d) Cross-section D-D’ : x=6 [mm] 

e) Cross-section E-E’ : x=9 [mm] Figure 9: Location of cross 
section Figure 8: Results of sectional observation  

 
 
For the detail investigation of internal damage in the thickness direction, cross section 
of the specimen was observed with the digital micro scope VHX-500 produced by 
Keyence co. The result of the sectional observation is shown in Figure 8.  
The specimen is cut along the longitudinal direction so that the cross section intersects 
the center of the lightning stroke attached point. Additionally, several specimens are cut 
out in width of 3mm. (See Figure 8) As shown in the results of sectional observation, 
damage due to lightning stroke occur in more than dozen layers from surface of the 
lightning stroke attached side as same as the results obtained by UT B-scope. It can be 
observed from the sectional view that the damages are composed of delaminations and 
matrix cracks; several delaminations occurred in different interlamina are connected by 
matrix cracks propagated in the thickness direction. 
At the center of the lightning strike attached point (see cross-section B), delamination 
center exist in just center of the lightning stroke attached point. With increase of the 
distance from the center of the lightning attacked point to the x direction (from 
cross-section B to D), it can be confirmed that the center of the delamination gradually 
shift from the center to the edge of the specimen in longitudinal direction (y). This fact 
indicate that the each delamination progress along fiber orientation in each interlamina 
where the delamination exist. 
3.3 Influence of the waveform 
The relationship between the damage dimensions and the numerical parameter for 
lightning was investigated to clarify the effect of the waveform variation to the damage 
due to lightning stroke. In this study, peak current, waveform, electrical charge, and  
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Figure 9: Relationship between fiber 
damaged area and maximum current 

Figure 10: Relationship between damage 
thickness and maximum current 

 
 
specific energy (action integral) are focused as numerical parameters. The focused 
damage modes are fiber damaged area, resin deterioration area, delamination area, and 
maximum damage thickness. 
The fiber damaged area and the resin deterioration area are measured by image 
analysing technique. Figure 9 illustrates the relationship between the measured fiber 
damaged areas and peak current of the tested impulse waveform. The plotted data are 
averaged value of each test condition. As shown in the result, the fiber damaged area is 
strongly influenced by the peak current of waveform; those have proportional 
relationship, while there is scarcely any correlatively between the waveform variance 
and the fiber damaged area. This fact indicate that the major cause of the fiber damage 
is shockwave due to insulation breakdown of the atmosphere around ionized leader 
channel, and the amplitude of shockwave is dominated by the peak current of the 
impulse waveform. 
Figure 10 shows the relationship between the thickness of the damage and the peak 
current of the impulse waveform. The maximum damage thicknesses are obtained by 
result of micro CT scanning image measured with Toscaner-30000mhd produced by 
Toshiba Co. Ltd. As a result, the damage thickness shows liner correlation with the peak 
current of the impulse waveform. This result suggest that the major possible cause of 
the damage in the thickness direction is shockwave due to insulation breakdown of the 
atmospheric air of leader channel as same as the surface fiber damage. 
Figure 11 illustrates the relationship between the resin deterioration area and the 
electrical charge (Eq. 1) of the impulse waveform; they show proportional relationship. 
Electrical charge represents a total electrical energy during impulse current discharged 
into the specimen. Therefore, it can be considered that the major cause of the resin 
deterioration is heated atmosphere due to ionized leader channel to high temperature 
rather than resistive heating effect. 
The relationship between the delamination projection area and the action integral of the 
impulse waveform is shown in Figure 12. The delamination projection areas are 
obtained by image analyzation of Ultrasonic Testing C-scan images. As shown in the 
Figure 12, the delamination projection areas are strongly affected by the action integral 
(Eq. 2) of the impulse waveform. Action integral represent a specific energy during 
impulse current discharged into the specimen. It is generally defined as the product of 
action integral and electrical resistivity represent amount of Joule heating. Since Joule  
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Figure 11: Relationship between resin 
deteriorated area and electrical charge 

Figure 12: Relationship between 
delamination area and action integral 

 
heating effect is nothing more or less than a resistive heating effect in this experiment, 
therefore, the most dominant factor of creating the delamination is resistive heating due 
to the current of lightning stroke impulse; Subsequent burning or pyrolysis of resin 
would results in the delamination propagation. 
 
 
4. CONCLUDING REMARKS 
In this study, to investigate the fracture mechanisms of CFRP laminate due to lightning 
stroke and relationship between numerical parameters designating lightning stroke 
waveform and damage dimensions, artificial lightning stroke test for several waveforms 
which simulate the natural positive lightning stroke were performed. From the visual 
inspection, damage due to the lightning strike was categorized into two different 
regions: fiber damaged are and resin deterioration area. From the results of Ultrasonic 
Testing, it can be confirmed that the relatively large delamination are created in the 
several tens of interlamina from damaged surface. Additionally, delaminations 
propagate along fiber direction of each layer and they form a pair of fan shape in each 
interlamina because of anisotropic electrical and thermal conductivity of the CFRP 
laminate. 
Furthermore, the relationship between the damage dimensions and the numerical 
parameter for lightning was investigated to clarify the effect of the waveform variation 
to the damage. As a result, it is confirmed that the fiber damaged area and damage 
thickness is dominated by the peak current of lightning stroke, while the resin 
deterioration area and the delamination projection area are dominated by the electrical 
charge and the action integral of waveform, respectively. 
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