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Analysis of the “Crack Characteristic Signal” Using
a Generalized Scattering Matrix Representation

Christian Huber, Habibollah Abiri, Stoyan |. Ganché&gnior Member, IEEE
and Reza ZoughiSenior Member, IEEE

Abstract—Electromagnetic properties of a system formed by spective advantages and disadvantages. Nevertheless, research
an open-ended rectangular waveguide and a surface crack/slotto further increase the sensitivity and effectiveness of these
in a metallic specimen are described in this paper. Scanning a techniques is an ongoing process. These techniques have
crack on a metal surface changes the reflection coefficient of . . ) : .
the incident dominant mode. A model as a function of relative Many shortcomings, particularly when applied to filled and
crack location within the waveguide aperture (i.e., crack moving covered cracks [2]. Several researchers have attempted to use
with respect to the waveguide aperture) is desired to describe and microwaves for surface-crack detection [5]-[9]. They utilized
QPtthiZilpriPtica' Crf‘";‘_ck dftfeCtiO“ app”‘l%atizns- I?ence, the change (gifferent approaches, including mode conversion, planar line
in the reflection coefficient for a generalized system encompassing ; ;
empty, filled, and finite cracks located at an arbitrary position sgnsors, and ferromagnetic resor\ance probes. A short discus-
inside the waveguide aperture, is evaluated. A moment solution Sion about the advantages and disadvantages of these methods
approach is employed, and a magnetic current density/ is intro-  iS presented in [3].
duced over the common aperture formed by the waveguide and  Recent research in using open-ended waveguides for mi-
the crack. Subsequently, the junction formed by the waveguide crowave surface-crack detection and sizing have generated
and the cracked metallic surface is separated into two systems. h d int tin thi 31 [01-[12]. Th y
A numerical solution employing the method of moments is ob- muc renewe_ interest in this area [3], [10]-] ] emi
tained, and the reflection coefficient at the waveguide aperture Crowave technique proposed here (whose foundation has been
is expressed in terms of the generalized scattering matrix. The laid earlier [3], [4]) possesses certain unique features that,
convergence behavior is studied to determine an optimized set of pnce exploited, can advance the state-of-the-art of surface-
basis functions and the optimal number of higher order modes .50 getection. First, the method described in this paper is

for a fast and accurate solution. Numerical results presented in licabl both f . d f . |
this paper include the evaluation of the field distribution over the applicable to both ferromagnetic and nonterromagnetic metals,

waveguide aperture. Finally, the theoretical and measurearack Since this microwave method depends on perturbations in

characteristic signalsare compared. surface currents. Second, the presence of dielectric fillers
Index Terms—Microwave crack detection, microwave nonde- SUch as dirt, rust, paint, etc., changes the electrical depth
structive testing, open-ended rectangular waveguide. of a crack, but nevertheless they remain readily detectable.

Also, cracks covered with thin dielectric coatings such as
paint and corrosion-preventative substances are detectable.
Third, this microwave method has the potential for remote
URRENTLY, several conventional, nondestructive testnoncontact) surface-crack detection (i.e., by introducing an
ing methods are available for detecting surface crackg gap between the waveguide and surface of the metal). A
on metals. acoustic emission testing (AET), dye penetraRbrough analysis of the change of the reflection coefficient
testing (PT), eddy current testing (ET), ultrasonic testingf the dominant mode provides a means for both detecting
(UT), radiographic testing (RT) using- or gamma radiation, cracks and evaluating geometrical information such as crack
magnetic particle testing (MT), laser shearography, pulsgdpth, width, and length. It is also possible to determine the
video thermography (PVT), endoscopy, and optical patteghack tip location (the distance between the tips of the crack is
recognition are examples of these techniques [1]. A fej |ength) of a crack accurately, which is important for repair
of these techniques are industry’s standard for stress gfigtposes [13]. A comprehensive discussion of the capabilities
fatigue crack detection. These techniques posses their ¢ethis approach and the optimization possibilities for enhanced
crack detection sensitivity are given in [14].
"  received D ber 12. 1095: revised b ber 24. 1096, T _In previous research a mode-matching approach was used
st ceived eceter 15 1995 et Decenbe 26,199 il tn lecromagnetc propertes of a system formed
presented to C. Huber and in part by the Federal Highway Administrati®y an open-ended waveguide and a crack, and to calculate

COC””aCthT':SH?134'X;100023-d % Zoudhi i the Aoplied M the crack characteristic signaj4], [12]. Subsequently, a dis-
. Huber, S. I. Ganchev, and R. Zoughi are wi e Applied Microwayv, . f . . . .
Nondestructive Testing Laboratorarint), Department of Electrical Engi- ﬁnctlon between empty, filled (W'th a dle|eCtI‘IC), and finite

neering, Colorado State University, Fort Collins, CO 80523 USA. (i.e., shorter than the broad waveguide dimension) cracks,

H. Abiri is with the Applied Microwave Nondestructive Testing Laboratorydependent on the relative position of the crack within the
(amnt)), Department of Electrical Engineering, Colorado State University, Fort bi id . . h iddl h
Collins, CO 80523 USA, on leave from Shiraz University, Shiraz, Iran. probing waveguide aperture (i.e., in the middle or at the

Publisher Item Identifier S 0018-9480(97)02534-9. edge), was necessary. A more versatile formulation for eval-

I. INTRODUCTION

0018-9480/97$10.0Q1 1997 IEEE



478 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 4, APRIL 1997

aperture while the phase of the reflection coefficient remains
Metal fairly constant when the crack is within the middle of the
waveguide aperture [3]. An analysis of ttck characteristic
signal allows one to obtain information about the physical
dimensions of the crack, as each signal is unique to the crack
geometry and the operating frequency.

Waveguide

&

A
>
X

Crack
M EVW [l. SYSTEM DESCRIPTION
d In order to obtain a general representation of a system
formed by a waveguide aperture and a metallic surface with a
crack, arbitrary incident electric and magnetic fields in the
(a) waveguide are assumed. The incident and reflected fields
in the waveguide and the crack are expressed in terms of
YA their discrete orthonormal eigenfunctions (for the dominant
a mode and the higher order modes) with unknown complex
coefficients. These coefficients represent the amplitude and
Waveguide Aperture the phase of the respective eigenfunctions. A magnetic current
. b density M is introduced over the common aperture (of the
system) formed by the waveguide and the crack (Fig. 1). This
w Ager:ulie %57/// system can then be separated into two parts [16]. It must be
noted that in this approach an analysis of the electromagnetic
) properties as a function of the relative crack location within the
, _ , waveguide aperture is needed. This means that it is necessary
Ec')gdréi'natRee'sf’;g‘;:nffz’;)“ztig’eo\;: ;’“E[Ja;cgl;;a\fi‘gvf (Va‘l’gvg)g’_“'de aperture, and fBe_evaIuate the change of reflection coefficient as the crack is
being scanned (i.e., the crack location is continuously varying
within the waveguide aperture). That includes the crack being
uating the electromagnetic properties of such a systempiartially outside in eitherz- or y-directions. Applying the
the purpose of this paper. This paper presents a genefthod of moments provides for a numerical solution for the
model for theoretically studying the interaction of an opercomplex field coefficients [17]. The accuracy of approximating
ended rectangular waveguide with an open surface crage electric- and magnetic-field distributions anywhere in the
The reflection coefficient at the waveguide aperture can fgveguide, or in the crack, subsequently depends upon the
expressed by a generalized scattering matrix, which can f@mber of higher order modes used, and it depends on the
derived by using a moment solution approach [15]. Thisppropriate choice of the basis functions for the method of
approach is general and no distinction between exposed, fillathments. The convergence behavior is then used for analyzing
long, and finite cracks is necessary. Furthermore, the approadirof these criteria. Finally, a generalized scattering matrix is
is independent of the crack position, be it in the middle or &rmulated by writing the system of equations in a matrix form
the edge of the waveguide aperture. and solving for the reflection coefficient at the aperture of the
Fig. 1(a) and (b) show the relative geometry of a crack witlvaveguide [18]. The input parameters of the theoretical model
width w, depthd, length ¢, and an open-ended waveguidare the crack dimensions, waveguide aperture dimensions,
with dimensionsa and b when the crack length is parallelfrequency of operation, and dielectric constant of the material
to the broad dimension of the waveguide. A rectangular slfiling the crack. In addition, for the evaluation of theeack
is the approximation to an open surface hairline crack usebaracteristic signalthe scanning step width is also needed.
in this development. A maximum perturbance of the surface
currents occurs for this geometry [Fig. 1(a) and (b)]. In reality,
fatigue/hairline cracks are not exactly straight, but they have a IIl. FORMULATION OF THE
preferred direction of propagation. Nevertheless, as long as GENERALIZED SCATTERING MATRIX
the crack is not orthogonal to the broad dimension of the The fields in the waveguide and the crack are represented
waveguide (i.e., aligned with the incident electric-field vectot)y their orthonormal mode vectors which form complete
it can still be detected. The scanning distariceéndicates sets for describing the respective electromagnetic fields [2],
the position of the crack relative to an arbitrary locatiofil9]-[20]. By normalization, the power is divided between
on the narrow dimension of the waveguide apertboreThe modes according to the square of its amplitudes [21]. iThe
crack characteristic signalrefers to the detector (used toorthonormal mode vectors for the waveguide side (indgx
sense the standing wave inside the waveguide away from #re given byel®, AL”, eI, andhl. For the crack side
aperture) voltage variations as a function of scanning distan@dex b) the orthonormal mode vectoeg;”, hiE, efM, and
6, obtained when a crack is scanned over a waveguide apen‘hjl}ﬂé'I are given in a similar fashion by taking the appropriate
[3]. A rapid change in the phase of the reflection coefficieqhysical dimensions into account (replaciagwith b/ and
occurs when the crack moves over the edge of the waveguiti¢gh w, respectively).
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The orthonormal mode vectors satisfy the orthogonality = d, it follows that
relationship in the waveguide and in the crack, respectively.
The fields in the waveguide and the crack are well defined G; = B;[e*"4 —1]. 3)
by the solutions of Maxwell's equations which satisfy all o o
the boundary conditions except at the junction. Forcing the N€Xt the continuity of the transverse electric fiekh

boundary conditions for the transverse fields at the apert@e/0SS the aperturg has to be satisfied. The placement of an
allows one to effectively solve for all the unknown fieldeduivalent magnetic current densityM across the aperture
coefficients. S in the waveguide and M acrossS in the crack ensures the

continuity of E, acrossS. The equivalent magnetic current
densityM can hence be evaluated from (1) and (2) as

A. The Equivalence Principle M= x By |oco = ZDiuz X eu; (4a)

The system formed by the waveguide and the crack is
divided into two parts (for a generalized representation) usiagd
the gquiva}lence principlg. The gquivglence princip!e s_tate; that 5, _ w, X Ep |eo= Z B, [emid _ 1]uz X ey (4b)
the fields in the waveguide are identical to the excitation fields -
plus the fields produced by an equivalent magnetic current o _
density M when the apertureS is replaced by a perfect Likewise, the continuity oft; across the aperturg requires
conductor [16]. In the crack, the total field is composed of twihat
components resulting from the reflection by the short-circuited v o v ‘
end of the crack plus the field produced by the equivalent 2ZCZY‘“"Z X Cai = ZD”Y‘“UZ % Cai
magnetic current density M over the apertures, as shown ‘ _
in Fig. 1. + BiYy [P 4 1w x e

Hence, the total transverse electric and magnetic fields in ‘
the waveguide (index) are now given by (5)

o . N In order to obtain a numerical solution of (5), the method of
Eu=Y Cie ey — Y Cicd™*"eqity_ Dic™"eai  moments is applied [17].

la
Hat:Z C.Y, e i, x eai+z C.Y, e u, x e; ) C. Application of the Method of Moments
i i M is first expanded as a complete set of basis functibhs,
_ Z DY, X ey (1b) which consists ofV real valued expansion functions a¥igare
p complex variables which are unknown and to be determined.
These basis functions, which describe the behavior of the
HereC; and D; are the respective coefficients of the incidenhagnetic field right at the aperture, will have to be chosen
modes and the modes produced My In the crack (index) appropriately for obtaining a close-to-the-exact solution and
the total transverse fields are then given by to achieve fast convergence. If the number of modes in the
waveguide is limited tal, and the number of modes in the
Ebt:ZBie—WZebi - ZBie%“ebﬁZ Gie " ey, crack toL,, and N expansion functions are used, then

N La
(2a)
V.M, = D, X ey (6a)
Hbt:ZBiYE)iG_%iZuz X Gbri-z BiYyie™ u, X ey ; o ;
i i N Ly
+ Z G Y7 " u, X ey (2b) zzl ViM; = 2 B; [eQWd + 1]'u,z X €p;. (6b)
7 1= =

with B; andG; as the respective coefficients of the reflected NOW. by using orthogonality of mode vectors, and by
modes and the modes produced-b/. The last term in (1) Scalarly multiplying (6a) and (6b) by, x e.x and u. x

and (2) corresponds to the fields generated by the equival&it respect.|vely, and then integrating over the correspond-
magnetic currenM (i.e., atz = 0 the first two terms cancel I"d Waveguide and crack aperture surfacgsand 5y, the

each other)s,; is the mode propagation constant aYig is following equations are obtained:

the modal characteristic admittance in the waveguide and in N
the crackg € {a,b} [2]. D, = ZVJH‘W’ i=1,2,..., L, (7a)
j=1
N
B. Forcing the Boundary Conditions B; = Z VjHyij | [e2d — 1]_1, i=1,2,...,Ly
For a general case as shown in Fig. 1, the transverse electric i=1

fields have to vanish at the short-circuited end of the crack (7b)
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where whereU is the unity matrix. Subsequentlg,, is expressed as
Hoij = // M; u. X eq; dSa (8a) Sea = ACT ' =2H [V, +Y,|7'PYY, -U.  (17)
Sa
Note that.S;; is the amplitude of theith mode due to
bis /S;, gt X i By (80) the jth incident mode with unit amplitude. Here, the authors

are not concerned witt6,,, S.,, and Sy, which are the
Using Galerkin’s method, and forming the scalar product @kher scattering coefficients in the waveguide and the crack.
(5) with each of the testing function®. gives However, if need be, they can be readily calculated as well.
In order to calculate therack characteristic signalit is
necessary to evaluate the submasiy, (reflection coefficient
of the dominant mode and each of the higher order modes)
9) of the generalized scattering matri for different positions
where of the crack relative to the waveguide aperture. Once the
reflection coefficient of the incident dominant J;Emode is
o ‘ known, the shift of the standing wave in the waveguide can
Fair = //sa M- us X €ai dSa (102) be evaluated. Subsequently, the diode output voltage (probing
the standing wave) for the dominant mode detection technique
can be computed to obtain tlceack characteristic signa]3].

Le L. Ly
2 Z CiYoiPuir :Z DiYaiPaik+Z B;Yyi [ 441] Py,

=1 i=1 i=1

Pbik = / Mk Uy X €y dSb (10b)
Sy

After substitution forD; and B; from (7), (11) is shown at

IV. CONVERGENCE
bottom of the page.

) A. Choice of Basis Functions
D. Matrix Form

The above moment solution approach and the subsequent
generalized scattering parameters depend on the choice of
an initially unknown equivalent magnetic current dengily

Equation (11) is now written in a matrix form as

I=Y.+Y,V 12)  over a conducting surfacéd is described by basis functions
where that form a complete set. Sinc® describes the physical
I= zpfyaé (13a) behavior of the magnetic field over the apertuteit is best
v, = PTY, H, (13b) to choose the basis functions to have similar properties to the

orthonormal mode vectors of the transverse magnetic fields
in the waveguide and the crack. In this way, a relatively
fast convergence may be obtained. Henk£,is chosen as

Y, = P{Y,E E,H,. (13c)

Y., Y, E{, andE; are diagonal matrices whose elements alfS”Ong
readily evaluated. Note tha@®’ = HX and P{ = H} when
using the Galerkin’s method. C (d7x 'y
Mj:'u,xsm< )COS( N )
E. Generalized Scattering Matrix
qmnx by
Now it is possible to evaluate the generalized scattering + uy cos <7> S (T) (18)
matrix S of the waveguide-crack junction. From (1) the
reflected wave is given by whereg and i are the dimensions of the aperture openihg
L. (Fig. 1). It must be noted that andp cannot equal zero. This
A=D-C. (14) is obvious from the fact that g5, and TE,; modes exist, but
not TMg,,, or TM,,o0 modes.
Substituting forD and evaluating7 from (12) gives The rate of convergence is critically dependent on the num-
ber of basis functions used to descrike Fig. 2 shows that
D=H,V =H2[Y,+Y,]"'Ply,C. (15) faster convergence is achieved when the maximal indices in

andy-direction are chosen to be the samg (. = ¢uax and
Ph.x = Pmax). The normalized signal (i.e., the diode output
voltage representing one sample of thiack characteristic
A=[2H,[Y,+Y,]*PlY, -U|C (16) signa) is calculated and plotted for an increasing number of

Then, (14) is rewritten as

L. L N Ly N [62"/57'(1 + ]_]
2 Z CiYoiPoir, = Z Z ViHeaij | YaiFPoir + Z Z Vi Hyij mybipbik (11)
=1 =1 \ j=1 i=1 \j=1
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0.74 basis functions is used, the signal amplitude of tmack
T D™ 2P, =4 characteristic signaldoes not change significantly (0.22%

error for pl, .. = Pmax = 1, and 0.054% error fop, .. =

pmax = 2). Increasing the number of basis functions further
reduces the speed of convergence. Thus, for an error of less
than 0.1%, 22 modes are needed in the waveguidg!for =

Pmax = 2 versus 56 modes faQr, . = pmax = 6. Clearly, a
minimal number of basis functions is desired for reducing the
computation time while achieving accurate results.

The optimal number of basis functions depends on the
physical dimensions of the waveguida @ndb) and the crack
064 ol b L L (i.e., length? and widthw), as well as the size of the aperture

10 20 30 40 50 . . . . .

S (with dimensionsg and h, which change as a function of
Number of Modes in the Waveguide the relative crack location within the waveguide aperture).
Fig. 2. Convergence curves for a long crack with a width of 0.84 mm antihrough extensive numerical evaluations the following criteria

a depth of 1.53 mm at 24 GHz, at the relative coordinates=( 0 mm, have been established for choosing an appropriate number of
y = —0.4 mm), with different combinations of basis functions in and basis functions:

0.72

0.7

0.68

0.66

Normalized Calculated Signal

Trtr[rrr[rrrrJrrrrrrrt

(=]

y-directions.
/ e .
Grnax = Qmax = ceil| — ) +1 <5 (193a)
0.74 9
g e = P = ceil( 2) 41 <5 19b
2 onk Pmax = Pmax = C€l T +1<5. ( )
20 N
@ C . .
2 o7k The operatordeil) means rounding off to the larger integer.
3 For achieving fast convergence with the method of moments
[5Y - oy s . . .
S o6 it is best to approximate the actual physical behavior of the
B - magnetic field over the aperture. In order to accommodate for
E 0.66 [~ ) the magnetic field at the edges of the aperture a different set of
E S basis functions may be applied. For this cadds defined by
z 064 F_ 7
C o 4w p'ry
A7) NS I TS BT ST S Sm(_)COS(}> T\ . 7
0 10 20 30 40 50 o0 M;=u, 2 "2y cos q? sin (1%)
Number of Modes in the Waveguide l-a (yT_LE )
2
Fig. 3. Relative convergence problem for a long crack with a width of 0.84 (20)
mm and a depth of 1.53 mm at 24 GHz, at the relative coordinates (
mm, y = —0.4 mm), with increasing numbers of basis functionszinand L. .
y-directions. where «, a number close to one, is introduced to avoid

infinity. The number of modes needed in the waveguide and
the crack are not significantly reduced compared to that used
modes in the waveguide for a crack at the relative coordinai@s(18). On the contrary, the necessary numerical integrations
(z = 0,y = —0.4). For simplicity, a crack with its length for evaluating the matrix elements @f,;; and H,;; result
equal to the broad dimension of the waveguide is considerégl.an overall slower computation time, and is, therefore, not
Thus, only Tk, and TM,,,, modes have to be consideredconsidered here.
and ¢.,.. = gmax = 1, @s no variation in thes-direction is
encountered [3]. The number of modes in the crack is chosen ) )
proportional to the number of modes in the waveguide by tife Choice of Higher Order Modes
ratio of w over b. In the case ofp! .. = Pmax = 2, the Once an optimal set of the basis functions is chosen it
final value for the diode output voltage is achieved with 2Becomes necessary to obtain a criterion for choosing an
modes in the waveguide compared to 36 modespfg, = appropriate number of modes in the waveguide and in the
4,pmax = 2, When allowing an error of 0.1%. Moreover,crack. This number again depends on the physical dimensions
the overshooting effect as seen in Fig. 2 fdf,. # pmax Of the waveguide, the crack, and the size of the aperfure
is avoided. Allowing a larger error with respect to the finalg and ). Since the evaluation of therack characteristic
value would further significantly reduce the number of modesignal is dependent on the position of the crack relative to
needed in the calculations. the waveguide aperture, the size of the aperteirehanges.

In the case that the number of basis functions used Wéhen the crack is just about to enter the waveguide aperture,
describe the magnetic current densit¥ is not sufficient, the apertureS is very narrow (i.e. being very small), and
the problem of relative convergence is encountered [22]. Fig.higher number of modes is needed. A thorough study of
3 shows the convergence curves for increasing numberstioé convergence behavior for the crack at different relative
basis functions. It is seen that once a sufficient number pbsitions with respect to the waveguide aperture has indicated
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that the maximal indicea andm for the waveguide side are

Ngmax = Ceﬂ<M> (Zla) - e £
g pr - = = T b -
Mamax — Ceﬂ<pn%)(b> (21b) ] F. . ':ll.-ll'.!.r i

The TE,,, and TM,,,, modes are degenerate modes (modkt 4
with the same cutoff frequency) and, hence, must be cons. . _
ered as pairs [21]. Only in special situations it is possible
significantly reduce the number of modes used. For instani
for a long crack (i.e., the crack length is equal to the broe
dimension of the waveguide) only Tk and TM,, modes .
have to be considered as no variation in thelirection is S g
encountered [3]. All the coefficients of the other higher orde "t
modes would evaluate to zero in this special case. B

For the number of modes in the crack a similar criterion is ) o ) )
considered and, hence, the maximal indiogS. andmue 112, D95ri SECUE Tl ot he wavequi sperture (220
of the desired number of T, and TM,,,, modes in the crack 1.53 mm at 24 GHz, at the relative coordinates<{ 2.5 mm, y = 1 mm).
are given by

2

! 4
Npmax = Ceﬂ(%) (22&) [ éln Cr?:pkerulmﬂun :
i PmaxW = L5 N I B s :
Mtbmax Ceﬂ( h ) (22b) gb FCrack Outside "\De th\d wiag, || Crack Outside
It must be noted that when the crack is totally within the g | Aperwre 4 epondent 3 f‘f’m‘“’
waveguide aperture/ (= g andw = h), the number of basis 3 C
functions are identical to the number of modes in the crack. E -
This is sufficient whenM is chosen as in (18), because the = o [- —Theory
basis functions over the apertufedirectly correspond to the [ - .- Experiment
orthonormal mode vectors of the magnetic field in the crack. [ ; f
Thus, the fields are described in a similar fashion and the 0 ¢ Y
coefficients of all other higher order modes in the crack would & (mm)

evaluate to zero (i.e., these modes are orthogonal to the basis
functions). Fig. 5. Crack characteristic signdlor a long crack with a width of 0.55 mm
and a depth of 2.5 mm at 24 GHz: calculated (—-) and measured (- - -).

V. RESuLTS mm at 24 GHz. The measuredtack characteristic signal

) o was normalized with respect to its short-circuit value (crack

A. Field Distribution outside the waveguide aperture). The agreement between the
The tangential electric fieldZ, at the aperture of the calculated and measuremtack characteristic signals very

waveguide (i.e., at = 0) has been evaluated numericallygood. The slight deviations are due to a limited nhumber of

In order to show the versatility of this technique, the field imodes used in the calculation, imperfection in machining a

evaluated for a finite crack in the middle of the waveguiderack on a metal surface as specified in the calculations as

aperture. This finite crack/slot with a length of 6 mm, a widtlvell as the detector diode characteristics.

of 0.84 mm, and a depth of 1.53 mm is positioned with the

corner P’ of the crack at the relative coordinates£ 2 mm, C. Crack Characteristic Signal for Filled Crack

y = 1 mm), and the electric field is shown in Fig. 4. As

expected, the tangential electric field, vanishes over the

conducting surfaces, whereas it has a finite value over t

wureS. In order to furth d the riopl ¢ the electri ck is filled with a dielectric material itsack characteristic
apertures. In order o furiher reduce the ripples ot the electrl ic?nalalso changes compared to the case when it is empty. Fig.
field visible over the conducting surfaces, more modes co

shows the normalized calculated and measgradk char-

be used. acteristic signas, recorded at a frequency of 24 GHz for empty
and filled (with rust powder) (measured gs= 6.25 — 50.05)
cracks/slots, with a width of 0.85 mm and a depth of 1.25 mm,

To show the validity of this theoretical approach, the catespectively. The reduction in the width of tbeack character-
culatedcrack characteristic signails compared with the mea- istic signal(distance between the two sharp transitions) and the
suredcrack characteristic signal(Fig. 5) for a long milled change in the middle level of therack characteristic signal
crack/slot with a width of 0.55 mm and a depth of 2.%re evident, as experimentally investigated further in [2]. This

The properties of thecrack characteristic signalare a
unction of the crack width, depth, and length [14]. When the

B. Comparison Between Theory and Measurement
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result. The agreement between the two is very good. The
change in thecrack characteristic signafor an empty and a
filled crack is also investigated. Tloeack characteristic signal

for very tight cracks can be calculated at higher frequencies.
With the given computer resources (i.e., Pentium with 64 MB
RAM) it is possible to evaluate hairline cracks with widths
less than 0.085 mm at 65 GHz (not shown here). In addition,
this approach is useful in expanding upon and encompassing
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Fig. 6. Normalizeccrack characteristic signalor an empty and filled (with El
rust powder) crack with a width of 0.85 mm and a depth of 1.25 mm at a
frequency of 24 GHz: (a) calculated, (b) measured. [10]

method may also be used in tandem with other nondestructiye,
testing (NDT) techniques (dye penetrant) for optimizing depth
determination of shallow cracks. (12]

VL. 13
The evaluation of the electromagnetic properties in a systgim;
formed by a waveguide and a surface crack in a metallic
specimen has been demonstrated. A moment solution approach
is employed to express the reflection coefficient for this system
in terms of the generalized scattering matrix for an arbitrafys]
incident field. The evaluation of the generalized scattering ma-
trix employs the equivalence principle and a moment solutigine
approach. This approach is proven to be a powerful technique
. . . : 17]
for theoretically evaluating the electromagnetic properties fér
empty, filled, or finite cracks, independent of the positiofis]
relative to the waveguide aperture. Thus, compared to a
previously developed mode-matching approach, this methgd,
is more flexible and simultaneously reduces the computational
time. So it becomes possible to implement this approach
a PC. The field distribution of the tangential electric figlg [21]
is evaluated at the waveguide aperture to check the boundFZ%
conditions. Further, the theoreticadack characteristic signal
for a long crack is evaluated and compared to an experimental

CONCLUSION

the evaluation of covered cracks.
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