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SIMULTANEOUS MEASUREMENT OF MULTILAYERED COMPOSITES
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Prepared by R. V. Heckman

A theoretical treatment of the eddy current problem involving a
two-layered conductor laminate is presented for a rectangular
cross section coil, with experimental eddy current measurements
indicating that a frequency of 1.5 MHz should be used to measure
a 6.45 um aluminum conductor, a 0.5 MHz frequency should be used
to measure a 50.8 pym aluminum conductor, and a frequency of

30 MHz should be used to measure lift-off. The schematic and the
basic design of a two-frequency microprocessor controlled eddy
current system is also presented.
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SUMMARY

The simultaneous measurement of multilayered composite materials

is a reoccurring problem. At present, Bendix Kansas City does

not have a nondestructive method capable of measuring the thickness
and conductivity of the individual layers of a composite consisting
of conductors and nonconductors. Multi-frequency eddy current
techniques offer the potential of being able to provide such a
nondestructive test.

This project is investigating both the theoretical and experimental
aspects of this problem. This particular report presents a
theoretical solution to the two-layered and n-layered flat laminar
composite materials. In addition, the results of some preliminary
experimental measurements and the basic system design of a two-
frequency eddy current system is discussed. The results of this
theoretical and experimental work will be used in modeling the
particular composite structures of interest.




DISCUSSION

SCOPE AND PURPOSE

The overall objective of this project is to develop nondestruc-
tive testing techniques to measure the physical characteristics
of the individual layers of composite materials. This report
will deal primarily with the theoretical aspects of multi-
frequency eddy current techniques. A derivation of the vector
potential for a two-layered conductor as well as for the general
multi-layered conductor problems will be presented. The report
will also give the technical_specifications for the two-frequency
eddy current system that is being built together with the
schematic and design details of the microprocessor that will be
used in the system to perform data reduction and control the
measurement process. Later reports will deal with the subjects
of energy dependent beta-backscatter and optical reflection
methods using a light-section microscope. Concurrent with these
development activities a literature search is being conducted and
other appropriate nondestructive testing techniques will be
evaluated as they are discovered.

Although eddy current testing is not a new technique, the use of
multiple frequencies is a relatively new application. The
mathematics of the technique are so complex that only with the
advent of the microprocessor has extensive use of the technique
been feasible. The developments presented and the basic instru-
mentation being built is based on the work performed primarily at
Oak Ridge National Laboratory (ORNL), and Lawrence Livermore
Laboratories (LLL).

The composite structures of interest are primarily multi-layered
structures made of aluminum and Kapton. One structure of
interest consists of a 0.203-mm-top kapton layer over a 0.050-mm-
aluminum conductor. These two layers are then bonded to a
0.305-mm-kapton base with a 0.127-mm-copper back plane. The
other composite of interest consists of a 0.051-mm-top kapton
layer, a 0.0127-mm-physical vapor deposited aluminum conductor, a
0.203-mm~kapton layer, and a 0.127-mm-aluminum back plane. In
both of these structures the ultimate goal is to determine the
thickness of each insulator and conductor, and to simultaneously
measure the conductivity of the aluminum components. In addition
to these two laminates, several other structures are being con-
sidered but the initial development activity will be targeted at
.the above materials.




PRIOR WORK

Prior work has been performed relating to measurement techniques
for aluminum thickness. Most of this work centered around the
development of beta-~backscatter techniques.?

In a sense, this project is a continuation of that activity;

however, the purpose is to extend the measurement capability to
enable measurement of multiple layers simultaneously.

ACTIVITY

Theoretical Aspect of the Multilayered Eddy Current Problem

Eddy currents have been recognized for well over 100 years. As
early as 1879 D. E. Hughes used induction coils to sort metals.?
Numerous articles were written on the subject. The earliest
reports dealing with both the theory and practical aspects are by
Forster in the early 1950's.*~°® Hochschile, Waidelich, and
Renken also were early contributors to the theory of eddy
currents. In 1962 Vein’ and in 1964 Cheng and Burrows?~?®

gave treatments based on delta function coils. 1In 1963 C. V.
Dodd and D. A. Deeds!?® developed a relaxation theory to calculate
the vector potential of a coil with a finite cross section. The
primary drawback of the relaxation technique is the extreme
amount of computer memory and time required for computation. In
1967, Victor Sergeevich Sobolev, Yurii Mikahilovich Shkarlet,!!
developed a set of integral equations for the vector potential.
In 1969 Dodd, Deeds et al'? developed a similar set of integral
equations. In the case of the Russian authors, they developed
approximate solutions to these equations using tabled integrals
whereas Dodd and Deeds developed computer programs to evaluate
these equations using a small computer. Later in 1971, Dodd,
Cheng, and Deeds produced a general analysis of the eddy current
problem of stratified conductors. From this general analysis
Dodd, and others have developed a vast library of interactive
computer programs that allow optimization of probe parameters and
accura¥? predictions of the experimental values of amplitude and
phase.




In this report, the development of the closed end integral equa-
tions originally derived by Dodd and Deeds for the two-layer
conductor case will be presented with the equations for the
general n-layered conductor case.

The Two-Conductor Problem for Delta Coils and Rectangular
Cross Section Coils

Using Bruce Maxwell's (LLL) equations, and assuming that the
medium is linear and isotropic but not homogeneous, that the
vector potential has axial symmetry, and that the current density
(Jo) is a sinusoidal function of time (Jo = Jolednt), then it can
be shown that the vector potential A for a delta function coil
must satisfy the equation:

9°A  10A 047 _
r or

— = -uJ + junoh (1)
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When I is the total driving current in a delta function coil at
(rq,Zo), Equation 1 then becomes:
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For the special case of a two-conductor plane, Equation 2 for
each of the four regions shown in Figure 1 can be written as:
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These equations can be solved by the separation of variables
technique and by then evaluating the following boundary condi-
tions for the different regions, namely:

A (r gy = a2 (r,0)
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The following expressions can be obtained for the vector potential
in each region: .
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where:

2, .
. = + .
oy a“+jwno

and J1 are Bessel Functions of the First Order

The value of the derivation of the vector potential for a delta

coil is that if one assumes that the phase and amplitude of each
loop is identical and that the coil has a rectangular crossection
as shown in Figure 2 then the vector potential for a rectangular
coil can be written as:

A(r,z) (total) = 55 Ai(r,z) =

A(r,z,%i,r
i=1

1

)

i
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or

Lo ko
A(r,z) (totalZ/; j‘ j' A(r,z,r_,4) drdl
r. 21

where

A(r,z,ro,l) is the vector potential produced by a current

density I(Ql,r ). .

o

To evaluate the above integral equation for each of the four
regions it can be shown that:

(1) = -
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—Fi(r,rl,z,zz,Ml,Mz) + Fi(r,rl,z,zl,Ml,Mz)

where:

- uIF2 S 2(k+1) "
F,(r,r ,z,% ,M,,M = uI
R Y U égé(2k+l§(2k+3) ghzk+2(“rm)J1(“r)




_—
\\

7 ///

Figure 2. A Coil of Rectangular Cross Section Above
a Two-Conductor Plane




In the above, all dimensions are normalized in terms of T, defined
above, (except r).

In region I-II, the region between the top and bottom of the coil,
we have to break the problem into two parts, one for the vector
potential for the part of the coil below the point of interest,
and the other for the part of the coil above the point. The
total vector potential is the sum of the two.

i
N

z
r
To = o
A(12) _ _ -
(r,z) = Fl(r,rz,z,zz—z,Mz) - Fl(r,rl,z,lz—z,Ml,Mz)
- Fl(r,rz,z,zl,Mle) + Fl(r,rl,z,kl,Ml,Mz)

+ F2(r,r z,lz,Ml,M2 - Fz(r,rl,z,zz,Ml,M2)

2,

- F2(r,r2,z,22=z,M1,M2) + Fz(r,rlz,21=z,M1,M2) (18)

This problem has been solved for the general case of n-layers
of conductors using a matrix notation. The magnitude of the
vector potential can be expressed as:

A(r,z)jag(r,z;r’,z’)J(r’,z’)dr’dz’ (19)
where G(r,z;r ,z”) is a Green's Function for a §-Function Current
at (r”,z"), and J(r”,z”) is a Bessel function of the first order.

at (r~,z7).

(17)
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2
+ 1 %; - l§ + Q_E - jwuo + w2p€ G(r,z;r"z")
ar r r 0z

= —ud(r-r°)é6(z-z") (20)
where y, €, and ¢ are the permeability, permittivity, and
conductivity, of the medium respectively.

Green's function for a coil located in an n-layered medium

with a unit current S-function coil located below k1 - 1 and
k - 1 conductors, is:

o

3 -z « 7
¢‘®(r,z;r7,27) fzr[}n(«)e Mg (a)e ] Talemde (21)

for n=1,2,...,k-1,k,17°,27,...,k"=1,k” where JL(X) is a Bessel

function of the first kind and the first order and we have defined

2 2, . 2
= -+ -
Otn e} J(D}J.nO'n w unen.

‘b(n)(r,z;r’,z’) } = [é(n+1)(r,2;r’,zl) l

z=2 =z_ (22)
and
[ 1 BG(n)(r,z;r',z’)} ) [ 1 8G<n+l)(r,z;r',z’)}
u 0z u -
n 2an n+l z=2z
+ 6n,k6(r—r ) (23)

~

To apply these equations is extremely tedious involving 2(k + k° -1)
linear equations in 2(k + k” -1) unknowns. The problem can be
simplified from a notational standpoint by using a matrix
formulation. If we define the following matrices, the column
matrix,

]
I

n (24)
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and the 2 by 2 transformation matrix, Tn+1 n, whose elements are:

’

_ 1 (o +1—un)zn
(Th+1,n11 = 3 (A¥Bpyq ple
(o +a_ )z
_ 1 n+l "n
(Tn+1,n)12 - 5(1"Bn+1,n)e
1 -(o +1+un)z
(Tn+1,n)21 - '2_(1-Bn+1,n)e
and
-(a -0_)Z
_ 1 n+l n’“n
(Tn+1,n)22 B §(1+Bn+1,n)

Then the boundary condition equations can be written

a'n+1

=Tn+1,nan
for n=1,2...,k-1,1 ,2 ...k -1

Both By and Cp can be related to the lowest region C1 using
successive transformations:

Ek=[gé} - Tk,k—lTk—l,k—Z'"TS,Z,TZ,IEI
where
2]
1
and a =T T “'TS‘,Z‘TZ‘ 1- El,

k° k”,k"-1 k“-1,k"-1,k"-2

If a 2 by 2 matrix is further defined for the upper region as:

U(n”,17)=T T ...T
n“,n"-1 n"-1,n"-2 2°,1°

(25)

(26)

(27)

(28)

(29)

(30)

(31)
(32)

(33)

(34)




Vi, 1= Ty no1fa-1,n-27--T3,2T2,1 (35)
Then g and a, can be written as
a = V(k,l)al (36)
a = V(k’7,17)a (37)
k~ 1°
Green's functions for regions below the coil then become:
-0 z° a z”
© U, (k",17)e ° + U, (k",17)¢° ar”J, (ar”)
G(n)(r z;r” z')=}. il —21 , —r 1
o V22(k,1)Vll(k ,1 )-Vlz(k’l)U21(k ,17) 280
-0 2 oz :
.3V12(n,1)e + Vp,(n,1)e ™ [J(ar)da (38)
For the region above the coil Green's Function is written as:
-0z a2z
2 Vig(k,1)e = + Vyo(k,1)e ar*J(ar”)

(n”) s e
G (r,z,r",z7)= v ———r
(o} V22(k,1)vll(k ,17) Vlz(k,l)Ull(k ,17) 280

-0 -2 A _-Z

» -~ n ” ” n
~§U11<n 17e 2T+ Uy (n7,17)e

o %Jl(ar)du. (39)

The matrix elements of U(n”,1”) can be expressed explicitly for

o

1 : . 1,2 1,2 1,2
Ugq(n”,17) = Eﬁv:iexp[(—1> 0y ~zq o= (-1) un,zn,_ﬂég: ;S: ;Z:,,,
1 2 3
. i . 4+1
1,2 1,2 i+ n"-2""B, . . (40)
[ 14(-1) 178y pron D) 2°,17]
Th-3tn~"-2
°-3 i +i n’"-2 i
s “s+l s
T [1+(—1) Bn,_s’n,_s_i].exp[}i;(-l) un'—s(zn’—s-zn"—s—lﬂ
s=1 S=
i,2 1,2 1,2 1,2 1,2
1 2
V22(_n,1) = -——h—_-i-exp [(—1) Olel—(—l)ZOann_l] Z Z z see }: 2
27 i i i i i
1 2 3 n-3"n-2
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. i 42
.[1+(-1)11+Ren g wen e, 1]

-3 i +i

[;+(-1) S
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s+1
{ 8n—s,n—s-l]

/)]
]

iS
.exﬂ}:(-l) un_s(zn_s—zn_s_lﬂ (41)

From these matrix elements all electromagnetic quantities can
be calculated. The vector potential becomes:

L5 T
(n®) 2 2.
A (r,z) = ncIf f G r,z;r’z")dr dz"

21Ty

0 2
1 €%s%1
==n [&12e +V22

a 2
I e o) %'
2 0.4 B2 (VooUq1-V19Ug1)-

.[l-e-ao(lzwll)]J(rz,rl)

—Oﬂn;z Qn;Z
.[Ull(n 17)e +Uy (n”,1%)e

]Jl(ar)da (42)

Q

r
_ 2
where J(rz,rl) = . le(x)dx (43)

1
22V11~
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A (r,z) =5 n_I
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o2 "1 n nz
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1¥1
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This formulation is particularly useful since it lends itself
to computer solution. If a calculated value of the property
is all that is required rather than an analytical expression
then U(nl,ll) and V(n,1) matrices can be calculated directly
by a simple iterative process on a computer. One can define
two primed matrices as:

--Da z_ +(-1)%

_ 1 1%1_.
Vz’z(n,l) = 2n_1e \'s Z,Z(n)
and
-(—l)zun,zn,_l+(—1)£al,zl,
U (_n’,l')= e U‘ (n')
2,1 ol -1 2,1

then the numerical value of two elements of a modified trans-
formation matrix,

i+2

ti,25[1+(-1) 81/82]= v, 5(2,1) i=1,2

then the numerical value for the four elements of the trans-
formation to the next layer area given by:

tij(n,n-l)[= 1+(-1)" g/ 8,] exp (-1, (2 12, )]

from this we calculate:

(45)

(46)

(47)

(48)

(49)
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Viy(n,1) = t,;(n,n-1)V;(n-1,1)+ t,(n,0-1)V5,(n-1,1) (50)

Véz(n,l) t21(n,n-1)Vi2(n—1,l)+ tzz(n,n—l)Véz(n-l,l) (51)

Successive transformation matrices for the lower regions can be
obtained by repeating this procedure for the remaining regioms.

The preceding calculations are complex and cumbersome; however,
with the aid of computer techniques to evaluate the integrals,
they provide a means for generating theoretical electromagnetic
properties for any multilayered problem. This proceeding develop-
ment follows the approach used by Dodds, Deeds, and Cheng and is
in fact a compilation of calculations taken from several of their
reports.!* For a complete treatment of these problems the above
references should be consulted.

Experimental Measurements

Using an RF vector voltmeter three hand wound pancake coils were
evaluated at LLL. Maxfield wound the coils and assisted in
making the measurements. Measurements were made to determine the
sensitivity of the probes at various frequencies to both con-
ductor and non-conductor thickness (lift-off). The physical and
electrical properties of the three probes are listed in Table 1.
Three different sets of samples were evaluated. The first set
consisted of three pieces of physically deposited aluminum having
thicknesses of 3.86, 5.05, and 6.45 um. The second set was made
of six samples consisting of the following thicknesses of PVD
aluminum.

51.82, 51.31, 48.77, 48.77, 46.74, and 46.74 um.

The third set was PVD copper with the followipg thicknesses,

25.4, 50.8, and 127.0 um. All of these samples were deposited on
101.6 um of kapton. The lift-off determinations were made by
placing successive thicknesses of 25.4 um kapton on these samples.
The thickness variation data is given in tabular form in Tables 2,
3, 4, and 5. For the 3.86 to 6.45 um samples the best thickness
sensitivity was achieved with the 5.3 uH impedance probe at a
frequency of 1.5 MHz, while the best thickness sensitivity for
the thicker aluminum (46.74 to 51.82 um) was shown for frequencies
less than 1.0 MHz with a 0.25 uH impedance probe. The best
thickness sensitivity for copper was achieved at 0.5 MHz with the
5.3 uH probe.

The lift-off data is given in graphical form in Figures 3 through

6. Lift-off measurements were made at two frequencies, 3.2,
and 32 MHz. These two frequencies were chosen as a result of

20




Table 1. Physical and Electrical Properties of
the Pancake Coils (Planar Coils)

Outside
Coil Number Diameter Resistance Inductance
Designation == of Turns . (cm) () ... Lge (uH)
A 78 0.90 5.66 38.2
B 52 0.90 2.50 17.0
C 26 0.45 55.00 5.3

theoretical calculations of variation in coil impedance with
conductor substrate thickness for various lift-off values. These
calculations indicate that 3 MHz might be adequate but that a
frequency of 30 MHz would be less sensitive to conductor sub-
strate variations. These calculations are shown in graphical
form in Figures 7 and 8. As seen in Figure 3, at 3.2 MHz with a
6.45 pm substrate, lift-off is a function of both phase and
amplitude. At 32 MHz for lift-off measurements in excess of

50.8 um, lift-off is essentially a function of the amplitude
only.

Similarly, for the 50.8 pym aluminum substrate at 3.2 MHz lift-off
is a function of both phase and amplitude while at 32 ‘MHz above
25.0 pum lift-off, lift-off is purely a function of amplitude.

As result of these measurements, the following conclusions were
made.

° In designing a dual frequency system to measure conductor
and nonconductor thickness for the 6.45 um substrate, the
lower frequency component should be in the area of
1.5 MHz and the high frequency component around 30 MHz.

° For the 50.8 um substrate, the low frequency component, a
frequency of 0.5 MHz should be used while 30 MHz appears
best for the high frequency component.

Since 30 MHz may be difficult to achieve, a 3.0-MHz coil might be
adequate; however, the separation would not be as good, and the
influence of substrate thickness variation would be considerably
greater than with a 30-MHz probe.




Table 2. Sensitivity of Phase and Amplitude for
Aluminum in the 3.76 to 6.45 um Range
at Various Frequencies Using Probe C

- Frequency (MHz) o

0.5 1.05 1.5 . 5.0
Thickness
(um) Ax B*x A B. A . B A B
3.76 7.00 69 13.8 74 18.0 70 41 62
4.05 7.15 68 13.5 71 17.0 66 36 63
6.45 7.20 67 13.0 68 16.3 62 36 68

A* is Amplitude (mV).
B* is Phase (degrees).

System Construction

The multi-frequency system is being constructed. The design of
an NDT microprocessor module has been built and the analog
digital interface is now being designed. The initial system will
be a dual frequency unit. The schematic is Figure 9.

The control and data reduction operations are performed by the
microprocessor unit. A functional schematic of this system is
Figure 10.

An analog-to-digital converter with 12-bit resolution will be
used (Figure 10).

For display purposes two LED displays will be used. These are
integral display units having the drivers built into the display
module. :

The modeling of the problem is performed on a mainframe computer
and the calibration coefficients obtained from this analysis are
then programmed. This work will be performed in the next phase
of development.

ACCOMPLISHMENTS

A thorough study of the theoretical aspects of eddy current
measurements was made. The exact solution for the two-layered
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Table 3. Sensitivity of Phase and Amplitude
for Aluminum in the 46.74 to 51.82 um
Range for Various Frequencies Using
Probe C

Frequency (MHz)

1.0 . 1.959 . . 3.2 .

Thickness ———— —_— ———
(um) A* B*® A B . A . B

51.82 7.0 64 10.3 71 17.5 79
51.31 7.0 64 10.0 71 - 17.5 79
48 .77 7.0 64 9.8 71 17.5 79
48.77 7.0 64 9.9 71 17.5 79
46.74 7.0 63 9.9 71 17.5 78
46.74 7.0 63 9.8 71 17.5 78

A* is Amplitude (mV)
B* is Phase (degrees).

and n-layered composite structure was derived following the
approach used by Dodd, and others.!® From this treatment it can
be shown that simultaneous measurements of multi-layered com-
posites is feasible. Experimental measurements made using a
vector voltmeter show that a frequency of 1.5 MHz offered the
best sensitivity for aluminum conductors in the 6.4 um range,
while the high frequency component should be at least 30 MHz.

For the 50.8 um material, the low frequency component should be
in the area of 0.5 MHz while the high frequency should be approx-
imately 30 MHz. ‘

Using the Dodd designs, a two-frequency eddy current system has
been built. The data reduction and control of this system is
handled by a microprocessor module. In order to implement this
equipment the calibration coefficients for the materials in
question must be obtained.

FUTURE WORK

The next phase of this project will involve development of
software. Since Bendix does not have a compatible computer
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Table 4.

Sensitivity of Phase and Amplitude
for Aluminum in the 46.74 to 51.82

ym Range for Various Frequencies

Using Probe B

Frequency. (MHz)

1 6 210 . .30 .. .

Thickness

(um) A* B¥* A B A B A . B
51.82 16.6 63.0 78 82 134.0 84 127.0 69
51.31 16.0 62.5 78 82 133.0 84 127.0 69
48.77 16.2 61.5 78 82 132.0 84 127.0 69
48.77 16.3 61.0 78 82 131.0 84 127.0 69
46.74 16.5 60.0 77 82 131.0 84 126.0 70
46.74 16.5 60.0 77 82 131.0 84 126.0 70
A¥ is Amplitude (mV).

Bx*

is Phase (degrees).

system, this work will have to be accomplished at LLL or ORNL.
mathematical model of the laminate and its parameters must be
Probe coil parameters must be optimized, and the
actual experimentally measured values must be compared with the
theoretical model so that the calibration coefficients can be

developed.

determined.

A
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Table 5. Sensitivity of Phase and Amplitude
for Aluminum in the 24.4 to 127.0
um Range at Various Frequencies

- Using Probe C

Frequency (MHz)

0.5 1.0 2.0 4.0
Thickness
um A Bx* A B A B A B
24 .4 4.9 40 6.9 56 11.5 70 21 78
50.8 4,2 47 6.4 64 11.5 74 21 81
127.0 3.9 56 6.7 69 12.2 76 22 81

A* is Amplitude (mV).
B* is Phase (degrees).
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SYMBOL TABLE

vector potential

separation constant, unless otherwise defined

- 2 =22 =2
= a“-r‘w uiei+3r WH04

2 =2 2

= 0“-rw € i
Ho R

(o]

separation constant, unless otherwise defined

=

o 2 =2 2 =2
T o -rw uiei+3r WU 05

= az-fzwzu 5

o 0
the classical delta function
is the exponential function
is the electrical potential

is permittivity; €5 is the permittivity of free space

is Green's function

is current, unless otherwise defined

is4~1, unless otherwise defined

is current density, unless otherwise defined

is inductance

o is distance of delta coil above surface

is the coil vertical dimension
is the mutual inductance
is the mutual inductance of coils = ?Zwuoop

is the number of turns per unit cross-sectional area

is the number of turns
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v is the radial dimension of cylindrical coordinates
ro is the nominal dimension of the delta coil
ri is the radial dimensions of coils

T +r,
= . . . 172
r is the average coil radius = 5

0 is the conductivity of a conductor,

0y is the conductivity of individual conductor layers transformational

T is a transformation matrix

Uij is a tranformational matrix

p permeability of conductor, “6 permeability of free space
s permeability of a conductor layer.

V is the voltage

Vij is a transformational matrix

w is the angular frequency
Z is the complex impedance

z is the vertical dimension in cylindrical coordinates.
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