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Modeling of Surface Hairline-Crack Detection
In Metals Under Coatings Using an
Open-Ended Rectangular Waveguide

Christian HuberMember, IEEE,H. Abiri, Stoyan I. GanchevSenior Member, IEEE,
and R. Zoughi,Senior Member, IEEE

Abstract—A surface-breaking hairline crack or a narrow slot in I. INTRODUCTION

a metallic specimen when scanned by an open-ended rectangular . . .
waveguide probe influences the reflection-coefficient properties of ETAL fatigue/cracking and subsequent failure results

the incident dominant mode. Subsequent recording of a change in from environmentally accelerated fracture (i.e., corro-
the standing-wave pattern while scanning such a surface results in sion accelerated) as well as large stress gradients. Examples
what is known as thecrack characteristic signalSince microwave of gpplications in which this type of metal failure may occur

signals penetrate inside dielectric materials, this methodology is ¢ aircraft fuselage, turbine blades, and steel-bridge members.
capable of detecting cracks under dielectric coatings of vari- ' !

ous electrical thicknesses as well. To electromagnetically modelMany such systems are operating even beyond their design
the interaction of an open-ended rectangular waveguide with a lifetime which requires more than the originally prescribed

surface-breaking hairline crack under a dielectric coating, the inspection cycles. Cracks under coatings such as paint, rust,
dielectric-coating layer is modeled as a waveguide with a large composite laminates, and corrosion protective substances are

cross section. Thus, the problem is reduced to a system of three : : . )
waveguides interacting with each other while the location of the not always reliably detected using the conventional nonde

crack is continuously changing relative to the probing waveguide StrUCtiV? evaIL_Jatio.n (ND_E) methOdS- The same gpplieg to
aperture (a dynamic scanning problem). An analysis of modeling cracks filled with dielectric materials such as rust, dirt, paint,
the dielectric-coating layer as a dielectric-filled waveguide with ice, and other foreign matters. Identification of the exact
a large cross section is given, and its comparison with radiation |5cation of crack tips is another important practical issue (for

into an unbounded medium is presented. For obtaining the re- . . _—
flection coefficients of the dominant and higher order modes, the prevention of crack propagation), which is not fully addressed

electromagnetic properties of the probing waveguide—dielectric- Py conventional NDE techniques. Environmental concerns
coating layer junction and the dielectric-coating layer—crack must also be addressed when using an NDE technique (e.qg.,
junction are separately analyzed. For each junction, a magnetic- concerns associated with the dye-penetrant method). Removal
current density M is introduced over the common aperture. f g\ face coating to facilitate crack detection is an unde-

Subsequently, the junction formed by the two respective wave- _. bl d Eurth t K detecti -
guide sections is separated into two systems. A numerical solution sirable procedure. Furthermore, remote crack detection (i.e.,

employing the method of moments is obtained, and the properties & standoff distance between the surface under test and the
of the junctions are expressed by their respective generalized scat- detection probe) is very desirable from a practical standpoint.

tering matrices. Consequently, the generalized scattering matrix |n order to reduce the cost and increase testing efficiency and

for the total system can be evaluated. The convergence beha"i.orreliability, which subsequently improve the safety of metallic

of the system is studied to determine an optimal set of basis . . .
functions and the optimal number of higher order modes for a structures, it is necessary to develop a highly reliable, fast, and

fast and accurate solution. Finally, the theoretical and measured inexpensive NDE technique which will posses certain unique

crack characteristic signalsare compared. features. These features include detection of filled and covered
Index Terms—Method of moments, microwave inspection, Cracks, remote detection, applicability to ferromagnetic and
stress crack. nonferromagnetic metals, environmental compliance, safety

and ease of operation, portability, functionality in real-time

Manuscript received April 3, 1997; revised July 18, 1997. This work w. i o :
supported by the Federal Highway Administration under Contract DTFH(?%nd on-site, and easy adaptability to large area testing. There
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(AMNTL), Department of Electrical Engineering, Colorado State University, . .
Ft. Collins, CO 80523 USA, on leave from the Electrical Engineering In recent studies, an open-ended rectangular waveguide
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S. I. Ganchev was with the Applied Microwave Nondestructive Testingrgcks [2]_[5]_ This probe is capable of detecting surface
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theory. The accuracy by which the electric- and magnetic-
y | E field distributions anywhere in the probing waveguide, the
A aL 8 dielectric-coating layer, and in the crack are calculated depends
— : "A/ ~ by 2 on the _number_ of higher_ order _modes used an_d on the
Pmbing’f _—_—_—:]un_c“"i "/11 3 gpproprlate choice of basis fgnctlons. For ar_1a|y2|ng these
Waveguide g , /‘_ T ,  Issues, the convergence behavior of the system is studied. Once
Dielectric ’EM/ -7 the overall generalized scattering matrix is known, one point
Coating . = o ¢ on the crack characteristic signatan be evaluated (i.e., a
Layer ~ g . . . .
it d specific location of the crack relative to the probing waveguide
7 aperture)Crack characteristic signak referred to the detector
Fig. 1. Relative geometry of a surface crack, a dielectric-coating layer, a}{&)ltage variations as a function of the scanning distance, when
the waveguide aperture (not to scale). sensing the standing-wave voltage at a fixed location away

from the aperture [2]. Hence,dynamicnumerical evaluation

o N . ... for obtaining thecrack characteristic signais performed.
mization possibilities for enhanced crack-detection sensmw{y 9 g P

are presented in [7]. This paper presents a general model
for electromagnetically describing the interaction of an open-
ended rectangular waveguide withcaatedsurface-breaking

hairline crack. A comparison between the numerical and tt&e
experimental results is also given. '

Ill. JUNCTION A: PROBING
WAVEGUIDE—DIELECTRIC-COATING LAYER

Field Components

The respective fields in the probing waveguide and the
dielectric-coating layer represented by the oversized wave-
guide (see Fig. 1) are described by their orthonormal mode

The analysis of the electromagnetic properties of an op&gectors which form complete sets [11]. By normalization, the
ended rectangular waveguide radiating into a dielectric-coatipgwer is divided between the modes according to the square
layer, together with the interaction of the radiated field with gf their amplitudes [12].
cracked metal surface, is a Complicated analytical problem. INFor a genera| case, it is assumed that all h|gher order TE and
addition, this is a near-field problem, and no simplifying asfM modes are generated at Junctidn Therefore, the total
sumptions of plane waves can be made. From the formulatignsverse electric and magnetic fields, expressed in terms of
point of view, it is easier to treat the propagation of wavege orthonormal mode vectors of the probing waveguide (index
from a probing waveguide through a dielectric-coating layef), are written as
onto a cracked metal surface as a system of three waveguides. o .

The dielectric-coating layer is represented by an oversizeffot = Zcie T eai +2Aie% Cai (1a)
waveguide (dimensiona; and by) filled with the coating ¢ ¢

dielectric (for simulating remote detection it is filled with air), Hat = Z CiYoie 7" u, X €4 — Z AiYeie" U, X €44

and the crack is represented by a short-circuited waveguide i i

(dimensionsw, ¢, andd), as shown in Fig. 1. The dielectric- (1b)
coating thickness represented by the length of the oversizgd jenotes the unit vector in the direction of propagation,
waveguide section is generally small (i.e., paint thickness)gng {C;} and {4;} are complex coefficients of the incident
As will be seen later, the oversized waveguide representigg reflected modes, respectively. Similarly, in the dielectric-
the coating layer is a reasonable approximation of radiatieating layer side, the transverse fields can be expanded in

Il. SYSTEM DESCRIPTION

into an unbounded medium. terms of the orthonormal modes (index as
A general representation of the system formed by the s e
three waveguides is obtained by assuming arbitrary incidentct = Y BicT" ey — Y Eid ey (2a)

electric and magnetic fields in the probing waveguide. The

incident and reflected fields in the waveguide, the dielectric-H ., = ZBiYcie_WZuz X €ci + ZEiYcie%quZ X €
coating layer, and the crack are expressed in terms of their i i

discrete orthonormal eigenfunctions with unknown complex (2b)

coefficients. Applying the_ equivalence prinqiple allqws th& here {B;} and {E;} are the complex coefficients of the
system to be separated into three waveguide sections (WRyard and backward propagating modes in the dielectric-
waveguide junctions) representing the probing waveguide, {6,iing |ayer, respectively. The propagation constant for the

dielectric-goating Iaygr, and thg crack [8]. The method ‘Hrobing waveguide and the dielectric-coating layef:}, ¢ €
moments is then applied to obtain the solution for the compliﬁ ¢} are given by

field coefficients [9]. Subsequently, by arranging the syste

of equations in a matrix form and solving for the reflection ) ) 2\ 2

coefficients at each of the two junctions, the generalized 3P = jkoy |1 = <)\—Z> ’ Agi > Ao
scattering matrices for the two junctions can be formulated 7¢i = ! B @)
[10]. Finally, the total generalized scattering matrix describing Bi = kgir[1— <M) 7 Ao > Agi

the overall system is derived by applying the transmission-line Ao
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is now given by

Eop =Y Cie g — Y Cic"Peqi+ Y Dic™ eq

Dielectric

Probing Coating
Waveguide Layer (6a)
AI H, = Z CiYaie 7% u, X eq; + Z CiYgie"“*u, X eq;
M| i i
E — 3" DiYaie " u. X eqi. (6b)
@
Here,{C;} and{D;} are the respective coefficients of the in-
7 cident modes and the modes producedWyln the dielectric-
coating layer, the total transverse fields equivalent to (2) are
YA q then given by

Ey =Y Eic " e — Y Eid™eq+» Fie " e

% M//// b by H. = ZEiYciG_quz X € + ZEZ‘YCiCA’“'ZUZ X Gc(;a)
/// % > J:Z FYoe7 7 U, X e Z (7b)

Fig. 2. The equivalent situation for the waveguide and the dielectric-coatinWIth {EZ} and {E} as the respective coefficients of the
layer. Péflected modes and the modes produced-Bf. The last term
in each of the above transverse fields (6) and (7) corresponds to
the fields generated by the equivalent magnetic-current density
wherek, is the wavenumber of the medium filling the respecas (j.e., at» = 0 the first two terms cancel each other).
tive waveguide{£,; } is the mode cutoff wavenumber, while At junction A4, the tangential electric-field components
Ao and{Ay} are the corresponding wavelengths. The modajyst vanish over all conducting surfaces (Area 1). Both the

characteristic admittancgy;; } in the waveguide and in the gagngential components of the electric and magnetic fields must

»

dielectric-coating layer is defined as be continuous over the common apertufe(Area 2). The
Vi continuity of the transverse electric fiel, across the com-
ot (TE modes) mon apertures is satisfied by the placement of an equivalent
Y= ngf (4) magnetic-current density. This equivalent magnetic-current
e (TM modes). density can be evaluated from (5) to (7) as
Forcing the boundary conditions for the transverse fields at M = u. X Eqtl:=0 = Z Ditiz X €ai (8a)
Junction A allows solving for all the unknown field coeffi- !
cients. and
M=u_ x Ect|z=0 = Z-quz X €ci- (8b)
B. Formulating the Generalized Scattering Matrix P

The system formed by the probing waveguide and ti®imilarly, the continuity ofH; across the apertutg requires
dielectric-coating layer (i.e., an oversized waveguide) is dikat
vided into two parts using the equivalence principle. According
to the equivalence principle, the field in the probing waveguide 2 Z CiYoitiz X cai = ) _ DiYaitiz X €ai
is identical to the exciting field plus the field produced by an ¢ ¢

equivalent magnetic-current densily, when the aperture = 2ZEiYciuz X €ci + Z FYou, xeq.  (9)
is replaced by a perfect conductor [# is defined over the @ @
apertureS as Subsequently, a numerical solution to (9) is obtained using
the method of moments [9]. The equivalent magnetic-current
M =u. X Et|.=0. (5) density M is expanded as a complete setfreal valued

) ) ) o basis functions{M}:
In the dielectric-coating layer, the total field is represented
by a component which is a result of the reflection from
the termination with a crack in a metal plate, plus the field M = Z%Mj
produced by the equivalent magnetic-current densib¢ over =1
the aperture5 (as shown in Fig. 2). Hence, the total transversghere{V;} are unknown complex coefficients. The number of
electric and magnetic fields in the waveguide equivalent to (Ajodes is chosen to b, in the probing waveguide and,. in

N
(10)
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the dielectric-coating layer. Now, by substituting f&f from Y, andY . are diagonal matrices whose elements are evaluated
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(8a) and (8b) using orthogonality of mode vectors, and kas

scalarly multiplying byu. x e,x andu. x e., respectively,

and then integrating over the corresponding waveguide and

dielectric-coating apertureg, andsS., the following equations
are obtained:

N

Di:ZVjHaijy i=1,2--,L, (11a)
j=1

N
F; = ZVIHCU s i:1727"'7Lc (11b)

j=1

where
Haij :// M; - u. X e dS, (12a)
S,

(12b)

Hcij I// Mj “Uy X €q dSe.
Se

Yo =Yalr.xr.
Y. =[Yulr.xr.

(21a)
(21b)

Note thatP? = HY andP? = H? when using the Galerkin’s
method.

Now it is possible to evaluate the generalized scattering
matrix §** of JunctionA, which is described by

SA: |:Si{l S?Q:|

: L 22
sS4 (22)

Let {4;} be the coefficient vector of the reflected modes in
the probing waveguide given by
A=[AlL.x1 (23a)

and let{B;} be the coefficient vector of the reflected modes

In order to evaluate the unknown coefficients in (9), Galerkinis he dielectric-coating layer given by

method is applied, and after substitution 0y and F; from
(11), the following is obtained:

Lo L.
2 Z CiYoiPair — 2 Z E; Y. P

=1 =1
N
j=

c N
(Z Vchij> Yoi Prin (13)
j=1

-

Lo

VjHaij> YoiPaik
1

=1

+

=1

where

Pk :// M - u. X eq; dS, (14a)
S,

P :// M; -u. x e dS..
Se

With a matrix representation it is possible to write

(14b)

C =[CilL,x1 (15)
D =[Di]r,x1 = [Haij][V;] = HoV (16)
E=[Ei]r.x1 a7
F=[Fi]r.x1 = [Hey][Vs] = HV. (18)

The set of (13) is now written in a matrix form as
I=[Y.+Y.V (19)

where

I=2PYy,C - 2P'Y_ E (20a)
Y,=P'Y,H, (20b)
Y.=P'Y.H. (20c)

B = [Bi]r.x1- (23b)

From (1), (2), (6), and (7) the reflected waves are given by

A=D-C (24a)
B=E+F. (24b)

EvaluatingV from (19) and (20) gives
V=2[Y,+Y, ] '[Py, C - P'Y E] (25)

Substituting forD and F' from (16) and (18) evaluates to

D=H,V =H2Y,+Y,| ' [PLY,C - PYY E] (26a)
F=H.V =H2Y,+Y,] ' [PLY,C - PTY E]. (26b)
Now, in order to obtainS7, and S3;, E is set to zero,

and subsequently after substitution of (26); and Sz, are
expressed as

St =AC Y, = 2H, Y, + Y ' PIY, -U  (27)
83 =BC Y p_,=2H[Y.+Y. ] 'PLY, (28)

whereU is the unity matrix. From (24) and (26), it follows
that with C' being zero for evaluatingsil, and S3,, these
submatrices are given by

St =—AE Y s, = 2H,[Y. + Y ] *PTY. (29)
Sty =—BE a_,=2H.[Y,+Y . 'PIY.-U. (30)

Note thatS;} is the amplitude of théth mode due to thgth
incident mode of unit amplitude.
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TABLE | Junction A Junction B
COMPARISON BETWEEN RADIATING INTO AN INFINITE | . |
HALF-SPACE AND A LARGE WAVEGUIDE SECTION T ] 21 | B
o - o
Radiation into Radiation into larger I I
Dielectric infinite half-space | waveguide section | % Error | % Error | . |
Constant by Lewin, and by representing the in [T in o \ Siy S» SB
Ganchev et al. dielectric layer | | ‘ 11
Air IM1=0.256, p=-82.18° | I1=0.285, ¢=-60.44° 11.33 26.45 | |
g.= L0 - jO.O g -t -
Paint B 8 > | s [
IT1=0.384, ¢=-168.83" | IM=0.385, ¢=154.23 0.26 8.65 A 12 E
e = 3.0 - j0.2 1 1
Carbon Black
Loaded Comlf"s“e I0=0.615, ¢=178.78° | TI=0.617, 9=-170.72" | 0.33 4.51 Fig. 3. Signal-flow graph of a system formed by a waveguide, a dielec-
e = 12.0 - j3.0 tric-coating layer, and a surface crack, represented in terms of its generalized

scattering matrices.

C. Representation of the Dielectric-Coating

. ) similar fashion for Junctio®B. Hence, when taking the proper
Layer as a Waveguide Section g prop

dimensions into account, it is possible to write the generalized
The dimensions of the waveguide section representing theattering matrix for Junctio® in matrix form as
dielectric-coating I_ayer have _to be sufﬂme_ntly Iarger_ t_ha_m Sﬁ — 2H[V. + Y| 'PTY. - U.
those of the probing waveguide to approximate an infinite
(in the transverse directions) dielectric-coating layer [13]. To
check for the validity of this approximation, the reflection
coefficient at the probing waveguide aperture is evaluatedWhen bringing the two individually derived generalized
at a frequency of 24 GHz. The larger waveguide sectig@gattering matrices for Junctiomsand B together, the output
is filled with different dielectrics such as air (simulating #ort of JunctionA is shifted by the thickness of the dielectric-
lift-off or remote detection), paint, and a carbon-black loade@oating layert. Hence, the generalized scattering matrix for
dielectric composite. The results are compared with those f8#nction A is transformed to
a waveguide radiating into an infinite half-space of the same S = TSAT (32)

dielectrics, as obtained by Lewin and by Gancleal (see ghere T is a diagonal matrix with diagonal submatrices.

(31

V. THE TOTAL SYSTEM

Table 1) [14], [15]. It can be seen that for a lossless dielectr ach submatrix represents the shift of the reference plane
(air) the relative difference in the reflection coefficient (both |tOr that port. As the input port is not shifted, that submatrix

magnitude|[’| and phase) of the dominant mode is relatively . X X . .

large. However, for lossy dielectrics the difference is smalle? the |d_ent|ty matrix. The diagonal elements of output-port
. . X . ; sybmatrix are calculated as

Hence, the assumption of modeling the dielectric-coating layer

as a waveguide with large cross section is deemed valid, T =l xL.- (33)
and the total system formed by the probing waveguide, thgence,7° can be written as
dielectric-coating layer, and the crack can now be evaluated. T 0

A closer approximation of radiating into an infinite half- T= {0 T’} (34)

space could be achieved by choosing larger dimensions fcbr ‘ . dily foll hat the el f th |
the waveguide section representing the dielectric-coating IayE eretore, 'F readily. O,OWS that the elements of the general-
d scattering matrix§’ are evaluated as

However, the number of modes in the dielectric-coating lay

then has to be increased to reach convergence (as will be seen S, =83 (35)
later). The computer resources for the results shown here are L, =8 (36)
a Pentium-based PC with 64 Mbytes of RAM. The results of g 37)
Table | also indicate that the theoretical results for low-loss o R

dielectric-coating layers, and when using remote detection, 2 =T ST (38)

will somewhat deviate from the measurement results. The signal-flow graph of the combined junctions, where
JunctionA and the dielectric-coating layer are represented as a
two-port device, and JunctioB and the crack are represented
as a one-port device, is shown in Fig. 3. It immediately follows

The evaluation of the generalized scattering matrix fQfa¢ the total generalized scattering matrix for the system can
Junction B, formed by the dielectric-coating layer and thg. oyajuated as

crack, is identical to the one for the exposed crack [16]. ot , , @B 1l B o
Here, the dielectric-coating layer, represented as an oversized S11 =811+ 81[U - 8551|5115 (39)
waveguide section, is the waveguide producing the fieldsin order to calculate thecrack characteristic signafor
incident on the crack. Due to the physical dimensions cobvered cracks, it is necessary to evaluate the generalized
the dielectric-coating layer, it¥E;, mode, as well as other scattering matrixSt® (reflection coefficient of the dominant
higher order modes, are propagating modes. Additionally, forode and each of the higher order modes) for different
the thickness of the dielectric-coating layer being very smappsitions of the crack relative to the waveguide aperture.
other higher order evanescent modes will be incident on tlce the reflection coefficient of the incident dominditt;

crack aperture. However, the formulation of the generalizedode is known, the shift in the standing wave in the probing
scattering matrix as derived for Junctigncan be applied in a waveguide can be evaluated. Subsequently, the detector diode

IV. JUNCTION B: DIELECTRIC-COATING LAYER CRACK
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(z = 0 mm, y = —0.8 mm) is given in Fig. 4. The crack is
covered with a 1-mme-thick dielectric-coating layer with =
3.0—50.2 (similar to the dielectric constant of common paint).
The results indicate that a relatively small number of modes
(80) are needed to reach convergence when the crack is at
the edge (i.e., the crack just entering the waveguide aperture).
For the exposed crack, over 200 modes were necessary for
this geometry [16]. The significant reduction in the number
of modes necessary for the calculations is due to the already
mentioned fact that for both Junctiodsand B, the waveguide
and the crack apertures are fully within the aperture of the
dielectric-coating layer. A study of the convergence behavior
for the crack at different relative positions with respect to
[ 4 m—" the waveguide aperture has shown that the maximal indexes
Temax anNd me max Of the desired number of'E,, and

Fig. 4. Convergence plane for a long crack with a width of 0.84 mm amg'\{, . modes in the dielectric-coating layer are given by
a depth of 1.53 mm, covered with a 1-mm-thick dielectric, such as paint

(¢ = 3.0 — j0.2), at the relative coordinates: & 0 mm, y = —0.8 mm). Mo max = IAX {Ceil (QmaxaL ) ,ceil ((JmaziaL )} (41a)

output voltage (probing the standing wave in the probing b b

waveguide) for the dominant mode detection technique cann.. ., = max {Ceil <M>, eil <M>} (41b)
w

be computed to obtain therack characteristic signaj2].

The operatorifiax) means taking the larger of the two integers.
VI. CONVERGENCE It has to be noted that the number of modes in the dielectric-

The convergence behavior of this moment-solution approagfating layer has to be chosen equal for the two separate
is fully investigated and described in [16]. The first stegvaluations of Junctiom and JunctionB, as the system is
is to choose a complete set of basis functions describifgmbined in the final step of evaluatigfy".
the initially unknown equivalent magnetic-current denguy
In order to obtain a relatively fast convergence, the basis VIl. RESULTS
functions for the two junctions are chosen to be similar to 5 explained earlier, an important advantage of this mi-

the orthonormal mode vectors of the transversg magr_‘e&%wave methodology is evident when it is used for detecting
fields. For fasF convergence, the number of basis fun_ctlog rface cracks under dielectric coatings. It must be noted that
should b.e optlmal!y chosen. S_mce the aperture oPeNIng @h|ectric coatings such as paint and corrosion preventative
the two_Junctlons is not changing (the cross sec_tlon of .t@%bstances may have various thicknesses, although they are
waveguide and th.e crack), the number pf the ba_3|s funCt'.o&énerally not very thick. Therefore, it is important to establish
may be kept relqnvely small. The foIIqwmg prgctlcal cntenqh? potentials and limitations of this microwave approach
has been established for the appropriate maximal numbera a function of the electrical thickness of the dielectric

; ; i PR / _di - ’ : " . )
basis functions inz-direction: ¢’ and p’, and y-direction: ¢ coating covering a crack. In this section, the theoretical and

and p: experimental results (at a frequency of 24 GHz) on slots/cracks
Qe = Ponoe = Qmax = Pmax covere.d with thin shegtg of \{vrappilng paper are discussed.

2, t>1mm Wrapping paper has similar dielectric properties as common

= . 1 (40) paint. Furthermore, wrapping paper (with uniform thickness

{Ceﬂ <2 i <_>>’ t<1mm. of 0.04 mm) may easily be stacked on top of each other to

The operator deil) means rounding off to the larger integer.provlde for various thicknesses.

For low-loss dielectrics, this number should be increased ) )
further. A. Covered Crack Detection and Comparison

The next step is to obtain a criteria for the optimal number §fith Exposed Cracks
modes in the probing waveguide, the dielectric-coating layer,A slot with a width of 0.51 mm and a depth of 2 mm
and the crack. This number depends on the dimensions of thas covered with four (0.16 mm) and 24 (0.96 mm) sheets
three transmission lines and the dielectric properties of th& wrapping paper, respectively, and iteack characteristic
coating layer. For the probing waveguide and the crack, tegnalwas calculated and measured at a frequency of 24 GHz
number of modes is the same as the number of basis functigfdg. 5). For comparison purposes, toeack characteristic
All of the modes up to these indexes should be considered, aighal for the exposed crack (i.e., flush) is also presented.
degenerate modes should be included separately [17]. To fifltere are several features concerning the results which are
the optimal number of modes in the dielectric-coating layeworth mentioning. With a dielectric coating, the overall level
the typical convergence behavior is studied for an increasiofthe recorded signal decreases compared to the exposed case.
number of modes. The result for a crack/slot with a width dfhis is primarily due to the fact that the standing-wave pattern
0.84 mm and a depth of 1.53 mm at the relative coordinatesside the waveguide is different when it is terminated by a
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cracks, since the possibility of jumping over the transitions
in the crack characteristic signalis low, particularly for
cracks whose depth is such that the middle-signal level and
the signal level when the crack is outside the aperture are
similar. Even for exposed cracks, it may be advantageous to
use a dielectric coating in front of the waveguide aperture to
decrease the possibility of missing the sharp transitions in the
crack characteristic signal

As the thickness of the coating increases, ¢teck charac-

teristic signalshows less variation in its overall shape, making
the detection of the crack more difficult. This is also true as
3 (mm) the loss factor of the dielectric coating increases. Since the

(@) standing wave inside the waveguide is formed as a result of the

interference between the reflected wave and the incident wave,

0.25 it is reasonable to assume that an increase in the incident signal
power will increase the reflected signal power. Consequently,
cracks covered with thicker coatings have been detected [7].

. ’ . L
0 2 4 6 8 10 12

B. Remote Crack Detection (Lift-off)

Lift-off (standoff distance) between the waveguide aperture
and the surface of a specimen is an important practical
parameter. Remote crack detection requires incorporating a
lift-off between the waveguide probe and the surface under
examination. Lift-off could be viewed in three ways:

1) finite thickness of air which may be present in most
(b) measurements or may be required (noncontact or remote
Fig. 5. Crack characteristic signals for a crack with a width of 0.51 mm and measurements);
a depth of 2 mm at flush, and covered with four and_ 24 layers of wrapping 2) finite thickness of air which may be used for crack-
paper (coating thickness of 0.16 and 1 mm, respectively) at a frequency of . L P
24 GHz. (a) Calculated. (b) Measured. detection optimization if its presence enhances crack
detection;
conductor (i.e., flush) and when it is terminated by a dielectric 3) finite thickness of a dielectric with dielectric properties
covered conductor. Hence, the dynamic range of dreek equal to those of free-space (i.e., covered crack case).
characteristic signaldecreases as shown. Furthermore, there Therefore, it is important to study the effect of lift-off on
will be a shift in the standing-wave pattern (compared to thie crack characteristic signalsFig. 6 shows the normalized
case with no coating, i.e., flush) which in turn puts the fixegalculated and measuredack characteristic signalsecorded
diode location at a different position on the standing-wawg a frequency of 24 GHz, for a crack with a width of 0.51
pattern. The incident signal is also attenuated by the twem and a depth of 3 mm at flush (contact) and at a lift-
way travel in the coating (although this attenuation may hsff of 1 mm, respectively. Again, with a lift-off, the distance
small), contributing to a decreased signal level when detectibgtween the two sharp transitions in theack characteristic
covered cracks. When the crack/slot is covered with 24 shesignalincreases (similar to covered cracks). Also, the level of
(0.96 mm) of the wrapping paper, the dynamic range of thie crack characteristic signaland their variations within the
detected voltage for thisrack characteristic signais still scanned distance reduce remarkably. This may be interpreted
large enough, indicating that many more layers of wrappirgs the sensor (waveguide aperture) not being sensitive to
paper may cover this crack, and it will still be detectablehe presence of the slot beyond a certain lift-off distance.
Coating thicknesses of greater than a couple of millimetersH®wever, it may be concluded that even at 1-mm lift-off
considered unusually thick for paint and corrosion preventatitieere is still considerable variations in the overall shape of
substances. Thus, the results indicate the cracks under sithghcrack characteristic signalTherefore, the crack should
thick coatings may be detected using this microwave methadill be detected at larger lift-offs. Clearly, the sensitivity
Furthermore, the distance between the two sharp transitimfsthe detector diode plays a major role in detecting faint
increases due to the dielectric coating (Fig. 5). This is due $@gnal variations. This parameter may significantly influence
the fact that the incident microwave signal is able to interattie measurements.
with the crack edges (i.e., the apertiseesthe crack edge) The variations in the calculatedtack characteristic signals
before it comes over it, unlike the flush case. Furthermorepmpared to the measured ones in Figs. 5 and 6 are mainly
the sharpness associated with the transitions degrades astrébuted to the specific diode characteristics, a deviation from
result of the dielectric coating. This is an important featurihe actual value of the dielectric constant for the dielectric-
associated with covered cracks. This means, in practice, auating layer as used in the calculations, the number of
may not need a fine resolution scanner for detecting covemaddes used due to the limited computer resources, as well

0.09

Measured Output Voltage (V)
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o 2 4 6 8 10 12
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there is an improvement in the dynamic range of the detected
signal (if the location of the detector diode is fixed). Thus, in
practice, a thin layer of dielectric may be introduced between
the waveguide aperture and the specimen surface to improve
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Fig. 6. Crack characteristic signals for a crack with a width of 0.51 mm and
a depth of 3 mm at flush, and at a lift-off of 1 mm at a frequency of 24 GHTll
(a) Calculated. (b) Measured. ]

as the assumption of a bounded dielectric-coating layer in the]
theoretical evaluations (i.e., a system of waveguides). THis!
last effect was already shown in Section IlI-C when studying

this assumption, and results were compared with the infinite

half-space (Table I). ﬁg}

VIII.

This moment-solution approach has proven to be a pOWGr][Llj?]
technique for theoretically evaluatirgack characteristic sig-
nalsfor covered cracks. Thidynamic(the location of the crack 7]
is continuously changing relative to the probing waveguide
aperture) electromagnetic model is versatile and allows us to
evaluate empty and filled cracks covered with a dielectric-
coating layer or with a standoff distance. The validity of the
representation of a dielectric-coating layer as a waveguide
section is tested. A convergence plane is calculated in ordel
evaluate an appropriate number of basis functions for the t
junctions and an appropriate number of modes in the dielectr
coating layer for convergence. This model may be used
optimizing measurement parameters for increased detect
sensitivity.

This microwave approach is shown to be capable of d

C ONCLUSIONS

nt

detection sensitivity, particularly for fixed diode positions.
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