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When an alternating current is applied to a conductive slab, the induced current impedes
the electric current and causes a skin effect. This effect is found in all conductive materials.
For laminated carbon fiber reinforced plastics (CFRP), however, the depth of the skin effect
has not previously been evaluated. In the present study, therefore, we analytically solve
Maxwell’s equations to derive the skin effect depth of unidirectional CFRP. Using this
result, the skin effect is analyzed for laminated CFRP, and its depth is then derived. The
effect is then compared with a newly defined skin effect of anisotropic conductance. For
highly toughened CFRP that have resin rich layers, the skin effect of anisotropic conduc-
tance is found to be more important than that of the alternating current.

Keywords: laminated composites; electric conductance; skin effect; Maxwell’s equations

1. Introduction

Laminated carbon fiber reinforced plastic (CFRP) composites have been widely adopted for
primary aircraft structures. Damage caused by lightning strikes and leakage of electric current
to fuel tanks are significant issues for such structures. Leaked electric current may ionize the
matrix resin in such composites, causing a thermal spark in the fuel tank. Several studies have
reported on resin damage after lightning strikes [1-3]. On actual aircraft, copper mesh is
installed as lightning-strike protection. Experimental investigations have been performed on
the effect of leaked or induced electric current from these lightning protection systems. The
author has proposed a simple analytical method for calculation of electric current for thick
laminated CFRP composites, using potential perfect fluid flow analysis [4,5]. This new ana-
lytical method is very effective even for low-frequency alternating currents, which can be
approximately treated as a steady flow. For high-frequency alternating currents, however, the
skin effect caused by the induced current arising from the alternating electromagnetic field
must be considered. This leaves the limitations of this potential flow analytical method
unclear.

When alternating current flows in a conductive material, the resulting alternating electro-
magnetic field induces an electric current in the opposite direction. The induced electric cur-
rent reduces the electric current flow inside the conductive material and limits it to the skin
area near the surface. This is known as the skin effect of alternating current. Use of laminated
conductive materials to reduce the skin effect problem has been proposed in some reports
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[6,7]. However, the skin effect in laminated CFRP, which has strong orthotropic conductance,
has not yet been investigated. In the research on eddy current inspection of CFRP laminates,
skin effect depth was calculated using an equation created for isotropic metallic materials [8].

In the present study, therefore, the skin effect depth of orthotropic-conductive CFRP lami-
nates is investigated. Maxwell’s equations are used for the analysis, and the skin effect theory
is extended to CFRP laminates. The skin effect depth of alternating current in CFRP lami-
nates is derived, and the effect is compared with that of the concentration of electric current
caused by orthotropic conductance through analysis of the direct electric current.

2. Maxwell’s equations

Maxwell’s equations govern the electromagnetic field of an alternating electric current. The
Maxwell’s equations of orthotropic materials are given as follows. To show the orthotropic
electric properties clearly, the vector-operation arithmetic indicator is not used here. In the fol-
lowing, the fiber direction is the x-coordinate, transverse direction is the y-coordinate, and
thickness direction is the z-coordinate.

OE. OE, 0B,
oy oz o 0 (m)
OE, OE. 0B,
& o a0 @)
0E, OE, 0B.
o dy o 0 (3)

Fr e (4)
%_aa—’j—% i (6)
=0 ®)
B, = uH,, B,=uH, B. = H. 9)

D,=¢kE,, D,=¢kE, D.=¢cFE, (10)
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where, B is magnetic flux density, H is magnetic field, D is electrical flux density, £ is
electric field, 1 is magnetic permeability, ¢ is dielectric constant, i is electric current density,
and p is electric charge.

The wavelength 4 of an electromagnetic wave can be obtained from the frequency f of the
wave and the speed of light c.

;L:;z:mx 108 /f (11)

When the wavelength 4 is large enough compared with the thickness 4 of the CFRP plate,
the displacement current 0D/0t can be neglected in the thickness direction distribution of elec-
tric current flow [6]. The thickness of CFRP plate for aircraft components is approximately
30mm at the maximum, and the spacing between any two metallic parts, such as rivets or
bolts, is approximately 3 m. When a factor of 100 is adopted as a sufficiently large distance
compared with the wavelength, Equation (11) indicates that a frequency of 100 MHz can be
assumed to be a quasi-steady current for this thickness; the displacement current 0D/0t is neg-
ligible in the thickness direction. For the in-plane direction, a frequency of 1 MHz is assumed
to be a quasi-steady current. Equations (4—6) then become as follows:

O0H, OH, .
oy a az) Tk (12)
0H, OH, .
0z Ox =b (13)
0H, oH,
& o - (14)

Electric current density is proportional to electric field for the orthotropic conductance
material.

i, =0k, i E,, i.=0.E. (15)

y = Oy

This is called a quasi-steady current. In Equation (15), o, 0,, and o. are electric conduc-

tance in the x-direction, y-direction, and z-direction, respectively. When Equation (15) is

substituted into Equations (12—14) and Equation (9) is substituted into Equations (1-3), the
equations of the quasi-steady current are obtained as follows:

0E. OE,  OH,
oy oz Mo (16)
0E, OE.  0H,

2z o M (17)
0E, O, oH,

OF, QOE _ _ 18
x oy M (18)
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0H. ©0H,

—— =g0,F 1
oy Oz Ol (19)
OH, OH.
R (20)
0H, 0H,

_ —o.E 21
Ox dy Oz (21)

Because CFRP composites are composed of nonmagnetic materials, the relative magnetic
permeability of the CFRP is set to 1; the value is isotropic and the same as that of the mag-
netic permeability constant of a vacuum. Differentiating Equation (19) with respect to ¢ and
substituting Equations (17) and (18) to remove H. and H, produces the following equation:

xdy 0?2

022 x0z

o = (55— 5 - (- 5B)

2
_ (a Ey + aZEZ) _ (azEx + azEx) (22)

x0y x0z 9?2 0z2
= (% | 0By _ (DE  Ph
- ax( oy + az) ( o2 + 022 )

From Equation (7), having no electric charge in the conductive material gives:

OE, 0E, OE.
sanr &y % +eé 5 0 (23)

For a lower frequency of a few MHz, laminated CFRP composites can be assumed to be
homogeneous conductive materials [9]. This indicates that the dielectric constant is isotropic
and, thus, the dielectric constant £, can be used here:

OE, OE, OE.
ox  dy 0z

0 (24)

Substitution of Equation (24) in Equation (22) gives:

O’E, N O’E, N OCE. _ OB (25)
a2 T2 e M0
Similarly, the following equations can be derived:

O’E, OE, 0OE, OE,

— oy 2
w T op o2 MO (26)
O’°E. O°E. OE. OF.

= Uyt 27
e T T or MOy (27)

Thus, Equations (25-27) are Maxwell’s equations for orthotropic CFRP composites when
electric current flows in the x or y direction.
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For cases where the electric current flows in the direction of an off-axis coordinate to the
fiber direction, the conductance of the &7 coordinate that inclines by rotation angle 0 is
derived as follows [5]:

0z = a,cos’ 0 + g, sin” 0
Oy = 0y = —(0r — g,)sin0cos 0 (28)

— 2 2
Oy = 0,c08” 0 4 g, sin” 0

Equations (25-27) for the rotated &-; coordinate then become as follows:

O°E: 62 O’E; OE; OF,

o2 Top tam = MOy, T (29)

O’E, OE, O'E, OE, OF:

aézl a 7 a 2 = WoOnpy—=, ot + HoOey a; (30)
O’E. O°E. O°E.  JE. 61)
o2 Tap Toz My

3. Skin effect of electric current in unidirectional CFRP

To simplify the problem, let us consider a case where the electric field is polarized in the
x-direction (fiber direction) and the electric field propagates in the z-direction, as shown in
Figure 1. As the E), and E. electric fields do not exist in this case, Equation (25) is the only
active equation. As the polarized E, has uniform distribution in the x-direction and y-coordi-
nate, Equation (25) can be rewritten as given in Equation (32):

OE. 0K,
a2~ Mooy

(32)

Fiber direction (==

Ey

VAV S :

Thickness direction

y

Transverse direction

Figure 1. Simple model of uniform electric current in a conductive slab.



Downloaded by [Siauliu University Library] at 06:45 17 February 2013

482 A. Todoroki

Let us consider the case that E,=Eqe /' is applied at the surface z=0. The solution of
Equation (32) is given as follows:

E, = Eje /e ™™ (33)

where, j is an imaginary number and k& is an unknown complex number coefficient.
Substation of Equation (33) in Equation (32) gives:

k= +(1 +j),/@ (34)

Let us focus on the positive time region of Equation (34),

HoTOx

k=(1+)) 3

E, = Eje70le/V 5% e V5%
— Boe (V) VI (36)

— Eyeiol-x)gpe

[0 o
- - = /2 37
8 20" b 2 (37)

The term az in Equation (36) indicates phase shift of the electric field caused by the dis-
tance (z) from the surface (z=0). The term fz indicates attenuation of the amplitude of E,
caused by the distance (z) from the surface. Skin effect depth is defined as the distance where
the amplitude of E, becomes 1/e of the surface E,. This skin effect depth J, can be obtained
by solving the equation fz= 1 with respect to z.

where,

8y = j - (38)
HoOx

Replacement of o, in Equation (38) with the normal conductance of a metallic material
yields the simple skin effect depth of the metallic material. For orthotropic CFRP composites,
the skin effect depth is simply obtained by replacement of the electric conductance with the
orthotropic conductance at which the electric current flows.

When the electric current flows in an off-axis angle, the equation includes a coupling term
between the electric field £: and E,. When this coupling term exists, it is quite difficult to
solve the equations and, therefore, this is not dealt with here.

4. Skin effect depth of cross-ply laminates

Let us consider the case of cross-ply laminates where fiber angles are limited to 0°/90° or
+45°. Let us assume that electric current flows in the fiber direction of the surface ply or the
transverse direction (see Figure 2). The thickness direction is the z-coordinate, and the thick-
ness of the laminates is assumed to be infinite. Here, let the thickness of each ply be Ay, &,,
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hy hy h,
D> <—> <>

Fiber direction

Ey

/\/\_. . Thickness direction

y

Transverse direction

Figure 2. Simple model of uniform electric current in a laminated conductive slab.

«eey Mhp,... The corresponding electric conductance of each ply in the x-direction is
Ox1,052,-,05m5--- Lhe electric conductance of each ply is not always in the fiber direction and
is instead in the transverse direction for some plies. Similar to the case of a unidirectional
CFRP, let us consider the case that the electric field is polarized in the x-direction and the
electric field propagates in the z-direction. The electric field of the first ply is the same as that
of Equation (36); the difference is that the conductance is o,;. o and f then become as fol-

lows:
_ HoOx1 — /,UOGXI(U
o = 20 ) ﬁl 2 (39)

As the electric field of the x-direction has continuity even at the interface between plies, the
solution of Equation (36), substituting z= A, gives the input electrical field of the second ply:

E = Eoe*jw(ffilhl)e*/ﬁhl (40)

In Equation (39), time, amplitude, and z-coordinate are replaced as follows:

HhW=1t— OClhl
E1 :Eoe_ﬁ]h] (41)
Zy —Z — h]

As the variable transformations of Equation (41) do not affect the partial differential equa-
tions in (32), the solution can be similarly derived as follows:

E, = Elefjw(tlf‘xzzl)e*/fzzl (42)

,uo 0x2 ,uO (%14
2%} \/ 20 ) BZ \ / 2 ( )

where,
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Similar to the second ply, the output of the (n—1)th ply (input of the nth ply) is derived
as follows:

tn =1— Ocnflhnfl
E, = Eﬂile_/jn—lhn—l (44)

Zn = Zp-1 — hnfl

The solution of the input value of Equation (44) of the nth ply is then obtained as fol-
lows:

Ex _ Enefjw(tnﬂx,,zn)e*ﬁnzn (45)
where,
HoGun Ly
n — -, = - 46
R e (46)
E, = E0€7ﬁ1h167ﬁ2h2 - e*ﬁnflhnfl (47)

Let us consider the case that the E, attenuates to 1/e at the nth ply. The skin effect depth
J, can be calculated as follows:

n—1 n—1

Z ﬁmhm + ﬁn(én - hm) =1 (48)

m=1 m=1

When each ply is sufficiently thin, the actual skin effect depth J,, of the cross-ply laminate
is derived by obtaining the number of the nth-ply:

1 > Zl ﬁmhm =V HOTO) Zl \V Uxmhm ( )
= = 49

5n ~ Z hm
m=1

5. Skin effect depth of general laminates

When the fiber directions in a CFRP laminate are not limited to cross-ply laminates, it is quite
difficult to obtain an exact analytical solution of Equations (29) and (30) because of the presence
of the angled plies. It is, however, possible to obtain an approximated solution when each ply is
sufficiently thin, because the coupling of adjacent angled plies can be assumed to produce an
isotropic ply of double thickness that has uniform electric field (see Figure 3). This coupling of
+ 0 angled plies enables us to obtain an approximation of the skin effect depth.

For example, let us consider the case of a laminate with [45/0/—45/90/.....]s. Coupling of
the outermost 45°-ply with the third 45°-ply creates a double-thickness +=45°-ply that has uni-
form isotropic conductance and a uniform electric field. The second 90°-ply and the fourth
0°-ply are also coupled and create a double-thickness 0/90°-ply that also has uniform isotro-
pic conductance and a uniform electric field. As the electric field is continuous, the difference
between the electric fields of the adjacent plies is small when the plies are thin enough. This
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—45°

2h +45°

Figure 3. A coupled unit ply comprising two off-axis plies.

means that the electric fields of the adjacent plies have approximately similar values. The
electric conductance of the coupled+45°-ply of double thickness can be calculated using
Equation (29) as follows:

_ __ Oxtoy
O =0m = "7 (50)
Oy = 0y =0

The electric conductance in the fiber direction o is, in fact, very much larger than that of
the transverse direction o, [1]. This allows a simplified description of the double-thickness
isotropic ply as follows:

Q

ownl

O¢e = Oy

(s1)

Oy = Ope =

Similar results are obtained for the case of the coupling of 0/90°-plies. Using this approxi-
mation, the skin effect depth of the CFRP laminate can be obtained as follows:

1
HoOx@

a2 (52)

This means that estimation of skin effect depth is V2~1.41 times larger than that calcu-
lated from the electric conductance in the fiber direction, and that the skin effect depth is
independent of the electric conductance in the thickness direction.

6. Comparison of the skin effect with the effect of anisotropic conductance

The skin effect depth of a direct current is easily calculated by substitution of 0 into w for
the solution of ¢, yielding an infinite value of J,. The solution of the skin effect depth is
based on a uniform electric field for the z-coordinate, so in the case of a direct electric
current, the current flow is uniform for uniform electric field £,. For an alternating current,
however, the induced electric current reduces the electric current even for uniform electric
fields, the skin effect.
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For CFRP laminates, the electric conductance in the thickness direction o, is very small,
and the electric current concentrates near the surface even far from the electric current source
[4]. This concentration of electric current near the surface of a CFRP laminate is defined as
the skin effect caused by orthotropic conductance. Let us compare the skin effect depth of
alternating current J, and the skin effect depth of orthotropic conductance J, when electric
current is applied to the surface of a thick 0°-ply in the fiber direction. The skin effect depth
of orthotropic conductance is defined as the distance from the surface at which the electric
current density becomes 1/e of the surface current, at the middle point between the two elec-
trodes. Three types of spacing between the electrodes are investigated here: 0.5, 1, and 2m.
These spacings correspond to typical spacing between metallic parts of actual aircraft struc-
tures. The material used for the calculations is the recently adopted highly toughened CFRP
IM600/133. This CFRP has a resin-rich interlayer with a strongly orthotropic conductance, as
shown in Table 1.

Electric current density i, between two direct current electrodes in unidirectional CFRP
can be easily obtained from the perfect fluid potential flow analysis [4]. In this analysis, the
spacing is 2a and the applied electric current is /:

. I X+a xX—a

i, = —

10,0, | Gta)? 42 a2
[ 0z Ox 0z

(53)

Because the longest distance point from the electrodes is the middle point between elec-
trodes (x=0), the electric current density of the middle point is obtained as follows:

2al \/G.G.
al /o0 (54)

b n(0.a> + 6,2%)

The fraction A of electric current density at distance z from the surface against the electric
current density of the surface (z=0) is given as follows:

2al\/c.0- 5
A= n(o.a’+0,22) g:a (55)
2a1‘/(r;(rz O-ZaZ + UXZZ

no.a

When A is equal to 1/e, the distance z from the surface is the skin effect depth of ortho-
tropic conductance J,. The J, is given as follows:

5‘,:\/6—11/%51%1.311\/?(1 (56)

Equation (56) for IM600/133 is then as follows:

ds=0.3a x 1073 [m] (57)

Table 1. Electric conductance of IM600/133.

o (fiber) (S/m) o, (transverse) (S/m) o, (thickness) (S/m)
36,000 1.15 0.0018
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From Equation (57), when the spacing is 2a=0.5, 1, or 2m, J,= 0.075, 0.15, or 0.3 mm,
respectively.

The skin effect depth of alternating current J, for unidirectional CFRP, calculated using
Equation (38), is shown in Figure 4. The abscissa is the logarithm of frequency, and the ordi-
nate is dy. From Figure 4, even when the frequency of the applied alternating current is
1 MHz, the skin effect depth of alternating current J,, is 2.65 mm.

Metallic fasteners are located approximately within 2m of each other for typical aircraft.
Thus, letting the spacing between electrodes be 2 m, the resulting skin effect depth of ortho-
tropic conductance is 6;,=0.3 mm. The frequency giving the same value for alternating current
skin effect depth is 80 MHz.

When the frequency is 500 kHz, the alternating current skin effect depth is J, is approxi-
mately 3.8 mm. The alternating current of a lightning strike, which has frequency from psec
to msec, has a smaller skin effect depth of anisotropic conductance than of alternating cur-
rent. This means the effect of orthotropic conductance is more significant than the skin effect
of alternating current.

As shown by the lamination theory of electric conductance [5], there are two calculation
methods for electric conductance of CFRP laminates. The first is a thin FRP laminate theory
where the laminate is sufficiently thin and the electric field is uniform in the thickness direc-
tion. The second is a thick CFRP lamination theory where the electric field is not uniform
and is obtained using direct current analysis.

As shown in the comparison of the skin effect depth, the orthotropic conductance greatly
affects the electric conductance of CFRP laminates. Using the thin CFRP lamination theory,
we can calculate the electric conductance of the CFRP laminate, and electric current can be
calculated using the quasi-steady flow analysis derived from Maxwell’s equations with the
obtained electric conductance. However, this gives a large calculation error because the actual
electric field is not uniform in the thickness direction and the thin CFRP lamination theory is
not appropriate for nonthin CFRP laminate. For IM600/133, the effect of the alternating cur-
rent is not larger than the effect of orthotropic conductance. Using the direct current analysis
derived from the potential flow [4,5] with consideration of the effect of the orthotropic con-
ductance gives more appropriate results.

As another case, let us consider a general-purpose CFRP cured at 130 °C [10]; this has a
weaker orthotropic conductance than IM600/133. Equation (57) then becomes as follows:

04 ~ 1.311 a = 0.0372a [m] (58)

4100

mm

a

Skin effect depth 5,

103 104 10° 100
Frequency, Hz

Figure 4.  Skin-effect depth of IM600/133 in the fiber direction.
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250

mm

a

150

100

50

Skin effect depth §,

103 104 10° 100
Frequency, Hz

Figure 5. Skin effect depth in the fiber direction of a widely used CFRP.

When the spacing between electrodes is 2a =2 m, the skin effect depth of orthotropic con-
ductance is 0,=37.2mm. When the frequency is 500 kHz, the skin effect depth of alternating
current is J,=11.1 mm. The skin effect depth of the alternating current ¢, is smaller than the
skin effect depth of orthotropic conductance ¢, for this CFRP. This means that the skin effect
of alternating current is important in this case. Figure 5 shows the results of the skin effect
depth of alternating current for this general-purpose CFRP.

When the spacing between the electrodes is 2a =50 cm, the skin effect depth of orthotro-
pic conductance is d;=9.3 mm. In this case, the skin effect depth of orthotropic conductance
is smaller than that of the 500 kHz alternating current. This indicates that direct-current analy-
sis using potential flow of perfect fluid is sufficient for general-purpose CFRP when spacing
between the electrodes is smaller than 50 cm. When the spacing is larger than 50 cm, quasi-
steady state flow analysis by solving Maxwell’s equations for the electromagnetic field
induced electric current is required, because of the difference of the orthotropic conductance.

7. Conclusions

In the present study, quasi-steady state analysis of electromagnetic field was conducted to
obtain the skin effect depth of alternating currents. The skin effect depth of alternating current
was compared with the skin effect depth of orthotropic conductance. The results obtained are
as follows:

(1) Skin effect depth of alternating current was obtained for a unidirectional CFRP. The
skin effect depth equation simply requires substitution of the electric conductance in
the fiber direction or transverse direction.

(2) Skin effect depth of alternating current was obtained for cross-ply CFRP laminates.

(3) Skin effect depth of alternating current was approximately obtained for general CFRP
laminates.

(4) For highly toughened CFRP having strongly orthotropic conductance, the thick CFRP
lamination theory of direct current was found to be effective up to a frequency of sev-
eral MHz without requiring consideration of quasi-steady state electromagnetic field
analysis.

(5) For a general CFRP laminate having weaker orthotropic conductance than the tough-
ened CFRP, the thick CFRP lamination theory of direct current is only effective when
the spacing between electrodes is short.
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