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The impact of electromagnetic forces induced by lightning current under light-
ning-induced magnetic fields when lightning strikes to composite laminates was
analyzed systematically. The study especially focused on the structural responses
induced by electromagnetic forces, which result from the interaction of conducting
lightning currents within laminates and their self-inductance magnetic fields. It
was observed that the electromagnetic forces predominantly influenced the struc-
tural responses in the vicinity of the lightning attachment region, while its influence
on the responses distant from the lightning attachment region was minimal or neg-
ligible. Otherwise, the structural responses of the composite laminates remained
exceedingly weak in comparison the mechanical properties of the laminates, and
thus, could not cause damage to the laminates.
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Introduction

Polymer-matrix composites are extensively employed due to their exceptional specif-
ic strength and stiffness, as well as their outstanding designability, highly structured integration,
etc. [1, 2]. However, these materials are vulnerable to lightning environment [3]. Complex
structural responses can emerge in composites, including responses triggered by forces, known
as electromagnetic force or Lorentz ponderomotive force [4, 5], caused by the interaction of
lightning current and electromagnetic field [6].

The research referenced has explored the mechanical properties of composites under
electromagnetic fields. Theoretic models were established to analyze the mechanical response
of current-carrying composite plates under an electromagnetic field [4], revealing that the in-
fluence of an electromagnetic field is significant, and the deformation of the composite plate
cannot be neglected. However, responses exhibited by composite laminates subjected to light-
ning strikes, and interaction between electromagnetic force and magnetic field of lightning,
were not investigated.
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A series of studies were carried out delving into the impact of electromagnetic forces
on responses of composite laminates when subjected to lightning strikes. The electromagnetic
field surrounding laminates during such strikes can be divided into two distinct types: field in-
duced by lightning channel and field induced by conducting current in laminates. The response
of composite laminates only considering the later was discussed in this work, and majorly in-
vestigated the impact of electromagnetic forces on the response of laminates.

Electromagnetic force in composite laminates

Figure 1 illustrates the electromagnetic field surrounding composite laminates upon
lightning strikes. The /, is a current source in the lightning channel. The By, is induced magnetic
flux density of I, € denotes the circumferential direction in the cylindrical co-ordinate system.
I,.is the total current of the i layer injected from the channel. The J; is a distribution of current
density in the " layer, I, is integration of J,, over the i layer, and magnetic flux density By is
induced by 7, in the i layer. Figure 1(b) illustrates the distribution of current density within the
i-th unidirectional layer [7-9]. The circular region can be considered as a minor portion relative
to the entire plate surface. The current density outside away from this circular region can be
referred to as the point current source.

Lightning channel near

Charge center the lighting attachment
zone on laminates

Figure 1. Electromagnetic field around composite laminates when struck by lightning

The electromagnetic force per unit mass F*[7-9] generated by the lightning current J;
flowing through the fiber-reinforced unidirectional plate, which exhibits electrical anisotropy
in the induced magnetic field B, can be expressed:

F'= pe(Ee +2—l:>< Bi9j+|:o-(Ee +z—l;><BieH><Bi9 +

0
+{[(£_501)Ee]><3i6}a V(a_l:]a +(J; % B;)

where E, is the electric field intensity is influenced by the superposition of the discharge chan-
nel’s electric field and the electric field generated by the charge on the composite plate, & — the
electrical conductivity tensor, p, — charge density, ¢ — the electrical permittivity tensor, g, — per-
mittivity in the vacuum, I — the unit tensor of the second order, u# — the displacement vector, and
V — the gradient operator, and a — the index of Einstein’s summation convention.

(1)
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Computational flow and material parameters
Material parameters and current values

Throughout the entire analysis process, it is crucial to take into account the relative
magnetic permeability of air, the resistivity of plasma in the lightning channel, and the resis-
tivity of composite laminates. These values are listed in tabs. 1 and 2 [10-14]. Furthermore, the
mechanical properties and thermodynamic parameters of laminates are listed in tab. 3 [15]. The
RX is longitudinal resistivity along fiber axis, RY is transverse resistivity perpendicular to the
fiber direction within a plane, and RZ is through-thickness resistivity. The K|, K, and K, are
thermal conductivities along the longitudinal axis, transverse axis, and through-thickness axis,
respectively, C is the specific heat, and p — the density. The relative permeability of air is equal
to 1. The elastic moduli in longitudinal, transverse, and through-thickness directions are E,, E,,
and E.. The u,, u,., and u,. denote the Poisson’s ratios. The G,,, G,., and G, represent the shear
moduli. The ALPX, ALPY, and ALPZ are the thermal expansion coefficients.

Table 1. Resistivities of composite laminates [10, 11]
Temperature [°C] 27 127 | 227 | 327 | 427 | 457 | 527 | 627 | 727 | 827 | 3316

RX [nQm)] 622 | 595 | 56.8 | 544 | 52.0 | 51.4 | 499 | 48.0 | 463 | 44.6 | 1344
RY, RZ [Qm] 0.356 | 0.336 | 0.320 | 0.304 | 0.291 | 0.055

Table 2. Density, specific heat, and thermal conductivities
of composite laminates [12-14]

Temperature [°C] 25 330 360 500 525 815 | 3316
K. [Wm'°C] 11.8 | 6.02 | 546 2.8 2.33 1.4 1.4
K, K. [Wm'°C'] 0.609 | 0.31 | 0.28 | 0.14 | 0.12 | 0.072 | 0.072
C [Jkg'°C"] 1065 | 2050 | 4250 | 4200 | 1800 | 1850 | 2300
p [kgm] 1520 1170
Table 3. Mechanical and thermal dynamic properties of composite laminates [15]
Temperature | Bx | EnE: G,G. | G, ALPX | ALPY, ALPZ
[°C] [GPa] i [GPa] [°C1]
25 137 8.2 4.36 3 1.8-10°% 2.16-10°
200 137 6.56 3.488 2.4 54-10°% 3.78-10°
260 137 0.082 0.03488 0.024 54-10% 3.78 - 107
600 137 | 0.0041 034 0.001744 0.0012 54-10°% 3.78-10°
3316 137 | 0.0041 0.001744 0.0012 54-10% 3.78 - 107
3317 1.37 | 0.00041 0.0001744 | 0.00012 54-10°% 3.78-10°

The current values of each calculation step for lightning current waveform 4 were
enumerated in tab. 4 [15].

Table 4. Parameters of lightning current waveform A4 for every load step [15]
Load step 1 2 3 4 5 6 7 8 9 10 11 12

Time [us] | 0.489 | 9.78 | 163 | 19.6 | 24.5 | 32.6 | 457 | 57.1 | 81.5 | 114 179 | 245
Current [KA]| 2.20 | 22.7 | 249 | 246 | 233 | 202 | 154 | 12.0 | 6.87 | 3.28 | 0.75 | 0.17
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Computational flowchart and steps

Based on the electromagnetic field analysis of composite laminates in a lightning
environment, the electromagnetic-thermal-structural coupling problem of laminates can be ad-
dressed using the decoupling method. As illustrated in fig. 2, the decoupling computational
process is outlined in a flowchart, with the FE model shown in fig. 2(b).
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Figure 2. Electromagnetic-thermal-structural coupling analysis process of a lightning strike

Air domain directly
above laminates
SOLID97

Composite laminates
SOLID97

SOLID97

(b)

Results and discussion

The influence of the self-induced electromagnetic
forces on stress distribution of the plate

Figure 3(a) displays the Mises stress distribution after each load step. The Mises
stress at the central node of a top surface and the maximum Mises stress on the top surface
are graphically represented as lightning current varies at the end of each load step in fig. 3(b).
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As observed in fig. 3(a), although the value of the Mises stress for the initial seven load steps
exhibits significant variation, the distribution form remains relatively unchanged. A significant
transformation in Mises stress distribution becomes apparent starting from the 8" load step,
with the maximum value no longer being centered. As illustrated in fig. 3(b), the Mises stress
on the top surface at each load step does not exceed 2 MPa, indicating that they would not lead
to damage in composite laminates.

The influence of the self-induced electromagnetic
forces on the displacement of the plate

The distribution of displacements u, at the end of each load step, parallel to the initial
top surface’s normal direction, was presented in fig. 4(a). In fig. 4(b), the displacements u, of six
pre-defined paths are depicted against the variation of lightning current. The pre-defined paths
were delineated in fig. 4(c), with red arrows indicating their respective directions. The PATH-5
is situated at the core of the middle section of the laminates, while PATH-6 is situated at the
periphery of the circular area on the top surface of the laminates.

Figure 4(a) demonstrates that displacements in z-direction assume both positive and
negative values during the initial nine load steps, suggesting a slight buckling of the top layer.
The dominant direction of buckling deformations is along the —45° axis, as inferred from the
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Figure 4. (a) Distribution of u, caused by current conducted in laminates at end of each load step,
(b) displacement u_ of each path caused by current conducted in laminates at end of each load step,
and (c) predefined paths
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fourth graph in fig. 4(b). The prominent deflections are primarily observed within the central
region of composite laminates, as illustrated in fig. 4(a) and PATH-1 to PATH-4 in fig. 4(b). The
laminates exhibit negative z-directional deflections prior to completion of the 10" load step,
with deflections incrementally escalating over time. Following the 11 load step, there was a
gradual reduction in deflections along the negative z-direction. Subsequently, these deflections
reversed, leading to deflections in positive z-direction for laminates. By the end of the lightning
current load, the laminates exhibit their maximum deflection in the positive z-direction. The
consistent displacement of every point in the thickness direction at the center of the laminates,
as observed from the fifth graph in fig. 4(b), suggests the absence of discontinuous deformation
at the position of laminates. The z-direction displacements of the top layer of laminates at any
given moment are less than 0.8 um, exceedingly minimal.

Conclusion

The influence of electromagnetic forces on the response of composite laminates in
a lightning environment was analyzed based on electromagnetic field analysis. Responses of
laminates caused by electromagnetic forces generated solely by the electromagnetic fields in-
duced by the lightning current within the composite laminates were discussed in this work.
The process of electromagnetic field analysis of composite laminates can carry out the whole
process of lightning strikes to laminates. Results suggest that when considering the electromag-
netic field induced only by lightning current conducted in composite laminates, the electro-
magnetic forces impact the laminates’ response feebly. This impact can be negligible compared
to the mechanical properties of the laminates and cannot cause damage. The rest of the results
acquired in this analysis process will be shown and discussed in subsequent articles.
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Nomenclature

ALP — thermal expansion coefficient, [1/°C] Y,y - transverse direction perpendicular to

B —magnetic flux density vector, [T] fiber direction within a plane, []

C  — specific heat, [Jkg'°C'] Z,z — through-thickness direction, [—]

E  —elastic moduli, [GPa]

E, —clectric field intensity vector, [Vm™] Greek symbols

F* —electromagnetic force, [Nkg'] —index of Einstein’s summation convention

— shear moduli, [GPa]
— electric current, [A]

G — electrical permittivity tensor, [Fm™]
1

J  —electric current density, [Am?]

K

R

— circumferential angle, [rad]

— Poisson’s ratios, [—]

— density, [kgm™]

. — charge density, [Cm]

— electrical conductivity tensor, [Sm™]

— thermal conductivity, [Wm™'°C™]
— electrical resistivity, [QQm]

u  —displacement vector, [m]

X, x —fiber direction, [—]
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