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Introduction

Multifunctional composites are used in today’s aerospace, 
automotive and other structural applications. Composites are 
heterogeneous materials with anisotropic properties that can 
be tailored for a desired application. Such advanced “engineered 
materials” have the potential to evolve in even more complex 
heterogeneous formulations to meet the needs of the 21st century. 
Carbon fiber reinforced polymer (CFRP) has historically provided 
outstanding mechanical properties in a light weight design, led to 
many technological revolutions, and has recently attracted renewed 
interest because of its incorporation in the primary structures of 
major commercial aircraft. Boeing has built its next generation 
passenger airplane (787 Dreamliner) using CFRP at approximately 
half the material weight [1]. Additionally to their excellent mechanical 
properties, CFRPs are also electrically conductive materials. Carbon 
fibers are excellent electrically conductive reinforcing materials for 
transforming electrically non-conductive polymers to conductive 
materials, which have shown ideal for a variety of applications. 
Particular examples of the aforementioned use of CFRPs in various 
applications are the following: electromagnetic interference (EMI) 
shielding, photovoltaic devices, fuel cell, transparent conductive 
coatings, structural heating elements, satellite, inflatable space 
structures, antennas, electromagnetic field wave guide, transducers 
etc [2-8].

Recent Developments

Composites with anisotropic electrical properties need to be 
engineered for multi-functional performance (coupled structural-
thermal-electrical) under electrical effect. Under electrical load, 
electrical effects are often coupled with structural integrity  

 
and thermal behavior due to “Joule heating” in composites and 
their joints. This multi-physical action leads to damage growth 
and ultimately affect the electrical response. It is important to 
understand how multi-physics properties depend on evolution 
of damage. Fazzino et al. [9] used impedance spectroscopy for 
progressive damage analysis in woven composites. Electric 
potential or electrical resistance method can also be used to 
detect damage and delamination in composites [10-11], Wang et 
al. [12] demonstrated self-sensing damage detection by electrical 
resistance measurement of composite materials. However, the prior 
work has focused only on damage detection. Multi-physics response 
of degraded composite and evolution of damage due to electrical 
currents is still not fully understood. The electrical properties 
of the system (i.e. its conductivity and dielectric permittivity) 
are influenced by the properties of the constituents, interaction 
between them and geometrical configuration [13-19]. Damage 
tolerance in relation to lightning strikes is now an important 
engineering problem related to composite aircraft structures [20-
23]. There are two types of effect can be observed due to lightning 
strike on an aircraft: direct effect and indirect effect [24-26]. When 
a lightning strike occurs, large amplitude current is injected at 
the point of injection. This is known as direct effect. At the point 
of injection local electrical, mechanical and thermal effect can be 
observed. But in indirect effect, low density current circulates over 
all electrically conducting parts of the composite structure. The 
impulse current waveform of lightning strike is described in MIL 
and SAE standard [27]. Electrical current of continuing component 
in lightning strike is much lower in amplitude (200-800A) but 
stays for longer duration. This can cause indirect effects due to 
field coupling and high induced voltages. Electric current may 
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divert to a concentrate path where conductivity is higher than the 
surroundings and produce excessive heating. This induced current 
can lead to significant damage in composite structure (Figure 1). 
Two major types of matrix damages are commonly observed in 
unidirectional composites [18,19]. One form of matrix damage is 
due to Joule heating during on axis electrical loading. As fibers are 
good conductors and can sustain heat generated due to conduction. 
Most of the damages can be seen in the matrix due to heat generation 
by Joule effect. Due to Joule heating matrix decomposes around the 
fiber and causes more fiber contacts with each other which results 
in decreasing of electrical impedance (Figure 1). Debonding at 
the fiber-matrix interface is common damage phenomena due to 
decompose of matrix. This can easily explain by thermal-electrical 
coupling behavior. Another damage form is matrix crack due to 
electron hopping between two consecutive carbon fibers in a 
single ply as shown in Figure 1. During passing current in on axis- 
direction, current can also flow in off axis direction but different in 
amount due to anisotropy behavior of composite [28]. In off axis 
direction there is no direct conduction path, which leads electron 
hopping from one fiber to another fiber. During this process, it 
creates matrix crack between two fibers. Another possible reason 
for matrix crack is magnetic force or Lorentz force (Figure 2).

Figure 1: Matrix decomposition along the fiber direction 
and matrix crack between fibers.

Figure 2: Forces between two fibers due to current or mov-
ing charges.

Local current density in those areas could be higher than the 
bulk current density. Larger potential difference may also observe 
during this process, thereby resulting electrical breakdown between 
fiber to fiber or in between lamina. The direct and indirect effect of 
electric current has been studied so far by many researchers [29-
31]. Therefore, a coupled thermal–electrical analysis of carbon fiber 
reinforced polymer composites (CFRP) exposed to electrical current 
is under recent research in order to elucidate the damage behavior 
caused by current. Coupled electrical thermal effect on composite 
is reported by several researchers [32-35]. Current research may 
help to understand coupled structural-thermal-electrical behavior 
in composite similar to indirect effect of lightning strike [13-19,36]. 
However, findings from this research do not necessarily applicable 
only to aircraft lightning protection but also relevant in other 
electrical applications such as, electromagnetic interference (EMI) 
shielding, photovoltaic devices, fuel cell, transparent conductive 
coatings, structural heating elements, satellite, space shuttle, 
antennas etc.

Conclusion

Electrical effects are often coupled with the structural 
integrity and the thermal behavior due to “Joule heating” in the 
composite parts and in their joints. Thermal-electrical properties 
also depend on progressive increase in current intensity and 
damage state. Electrical current can cause significant damage in 
the dielectric matrix material while conducting through the fibers. 
Thus ultimately causes significant change in the electrical and 
mechanical properties due to material state changes. The material 
state depends heavily on coupled thermal-electrical effect and 
when the electrical distribution.
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