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Comparison of Near-Field Millimeter Wave Probes for Detecting Corrosion Pit
under Paint

M. Ghasr', S. Kharkovsky', R. Zoughi' and R. Austin’
' Applied Microwave Nondestructive Testing Laboratory (ammntl)
Electrical and Computer Engineering Department
University of Missouri-Rolla
Rolla, MO 65409

Texas Research Institute al Austin (TRI-Austin)
9063 Bee Caves Road
Austin, TX 78733-6201

Abstract - Corrosion pitting detection is a critical issue in the
mainienance of aircrafi.  Near-field microwave nondestructive
fechnigues have been successfully used for detection of corrosion
under paint.  In this paper a comparison between several
different millimeter wave probes is made for the detection and
evaluation of corrosion precursor pitting under paint at Ka-band
and V-band. Since the pittings investigated here are very small
in size, spatial resolution and sensitivity of the probes are critical
issues. It is shown that modified open-ended rectangular probes
namely, tapered waveguide and dielectric slab-logded waveguide
probes provide high resolution and sensitivity for the detection
and evaluation of very small pittings under paint.

1. INTRODUCTION

Critical aircraft structural components, such as wings
and fuselages, are exposed to harsh environments that vary
considerably in temperature and moisture content. These
varied environmenta! conditions lead to corrosion of these
components. In most cases the corrosion is hidden under
paint and primer and cannot be visually detecied. Thus,
detection is only possible when corrosion becomes severe
and causes blistering of the paint. When this happens a
relatively large area must be rehabilitated which may
require significant time, resources and downtime of the
aircrafi. The initiation of corrosion is preceded by the
presence of corrosion precursor pitting. Detection of
precursor  pitting  yields information about the
susceptibility to corrosion initiation [1-3]. The size (area
and depth) of a precursor pitting is very small (fractions of
a millimeter), otherwise when it becomes relatively large
corrosion process has already initiated.  Therefore,
nondestructive detection of corrosion pitting is an
important practical concern in aircraft industry.

The small size of a pitting (in the tens of micrometer
range) and the fact that it is covered by paint and primer
limits the number of nondestructive methods that can be
used to detect and evaluate it. Near-field microwave
nondestructive testing (NDT) techniques, utilizing open-
ended rectangular waveguide probes, have been
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successfully used to detect the presence of corrosion
product under paint and primer in both steel and aluminum
substrates [4-6]. In addition, near-field microwave NDT
methods have been successful in detecting precursor
pitting under paint [7]. Near-field microwave NDT
techniques have also been used to detect surface anomalies
in metallic structures, such as scratches, cracks, pitting and
dents [8-12]. Microwave signals are capable of
penetrating paint and primer and interact with surface
anomalies, and measurements can be made in a one-sided
and non-contact fashion.

Il. APPROACH

When using near-field microwave NDT methods spatial
resolution 1s primarily determined by the probe (ie., an
open-ended rectangular waveguide) dimensions. This is
an importani feature of these NDT methods. However, the
detection of precursor pitting may require higher
resolution probes than just open-ended rectangular
waveguide probes.

At a selected operating frequency band, reducing the
probe aperiure dimensions results in higher spatial
resolution. One of the methods used 10 obtain higher
spatial resolution involves tapering a rectangular
waveguide probe [7]. Another possible method to increase
spatial resolution is to electrically reduce the size of the
probe by changing the distribution of the electric field in
the waveguide. These two methods may be used together
to further increase the spatial resolution. However,
decreasing the size of the probe aperture adversely affects
its radiation efficiency. Radiation efficiency is imporiant
for practical scanning environment where the probe should
be at a relatively large distance 1o the pittings and also to
be able to detect them through coatings such as paint. A
compromise should be reached between increasing the
spatial resolution and decreasing the radiation efficiency
(sensitivity) of a given probe.



Consequently, several open-ended probes were
designed and developed for this purpose at Ka-band (26.5-
40 GHz) and V-band (50-75 GHz). These open-ended
probes included a rectangular waveguide, single and
double-tapered rectangular waveguides, and dielectric
slab-loaded waveguides (several different dielectric slab
geometries). A phase sensilive reflectometer was used 1o
detect and evaluate the relalive spatial resolution and
sensitivity of these probes for detecting small pittings.

[1I. RESULTS
A, Field Distribution

As mentioned above, changing the distnibution of the
electric field in a waveguide probe may affect i1s
resolution. In a dielectric slab-loaded waveguide, the
electric field tends to concentrate in the slab [13-15]. To
optimize this type ol waveguides for the purpose of pit
imaging, the performance of the dielectric slab-loaded
waveguide were investigated numerically for slab location,
thickness, and permitivity,

Figure 1 shows the calculated eleciric field distribution
of the TE;; mode in a Ka-band rectangular waveguide
(WR-28) loaded with a | mm-thick stab of a dielectric
material (in the center of the waveguide broad dimension}
for four different relative permittivity values of: 1) &', =1
(no dielectric slab), 2) &', =2.5,3) £, =4 and 4) £, = 9.8.
The results show that as the permittivity of the dielectric
slab increases the electric field becomes more concentrated
within the dielectric slab and hence produces a waveguide
aperture with higher spatial resolution when used for near-
field imaging.
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Fig J: Electric field disiribution in a rectanguiar waveguide loaded with a
1 mm-thick diclectric slab having various permittivies at 35 GHz.

As it is shown in Figure 1, a vertical dielectric slab in
the middle of the waveguide localizes the electric field
inside and around the slab. The exient of this spatial
localization depends on the dielectric permittivity of the
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dielectric slab and its width. Figure 2 shows the
normalized electric field distribution in a dielectric slab-
loaded rectangular waveguide for a dielectric slab of
permittivily &, = 9.8 and normalized width of ¢/a = 0.03,
0.15, and 0.3. In Figure 2, ¢ is the widih of the dielectric
slab, and d is the extent of effective eiectric field intensity
localization at selected level of |Ey] / |Ey|n.. = 0.5. It can
be seen from Figure 2 that at selected effective level of
normalized electric field intensity |Ey| / |Ey|w. = 0.5, d/a
depends on the slab width non-monotonically.
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Fig 2: Normalized clectric ficld intensity distribution in a rectangular
wavegnide loaded with a dielectric slab with permittivity of g7, = 9.8 for
different normalized slab width ¢/a,

Figure 3 shows the extent of normalized effective
electric field (TE;y mode) intensity localization as a
function of the widih of the dielectric slab {or a dielectric
permittivity of: 1) ¢, =2.5,2) ¢, =4,3) ¢, =98 and 4)
£.=15
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Fig 3: The extent of nermalized effective electric ficld localization, d/a,
vs. normalized slab widih (¢/a) for different dielectric permittivity of the
slab.
It can be seen from Figure 3 that for each dielectric
permittivily, there is an optimum slab width providing the



smaliest effective exient of electric field localization which
corresponds to the highest concentration of the electric
field inside and near the slab. For example for a dielectric
permittivity of 9.8, u relative slab width of 0.13 gives
maximum localization of TE,, electric [ield at the electric
field intensity level of 0.5Ey|ax.

B. Imaging

Microwave and millimeter wave images of pittings can
be obtained by raster scanning an area that may contain a
pitting. [n this way an intensity image proportional 1o the
phase or magnitude of reflection coefficient at the aperture
of the probe can be oblained. A pitting with a diameter
and a depth of approximately 1 millimeter was scanned
using four probes at Ka-band. The probes were: an open-
ended rectangular waveguide (aperture dimensions 7.11
mm x 3.36 mm), a dielectric slab-loaded (with permittivity
of £, = 98, ¢/a = 0.14 mm) rectangular waveguide
(aperture dimensions 7.11 mm x 3.56 mm), & double
tapered waveguide {aperture dimensions 4.8 mm x 2.4
mm}, and a single tapered waveguide (aperture dimensions
7.11 mm x 0.5 mm). The resulting images are shown in
Figures 4-7.

Q 10 a0 30 40
Fig 4: Image of a pitting with a diameter of ~1 mm and a depth of ~1 mm
using an open-cnded rectangular waveguide at Ka-band.
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Fig 5: Image of a pitting with a diameter of ~1 mm and a depth of ~1 mm
using a dielectric slab-loaded rectangular waveguide at Ka-band.

It can be observed from Figures 4-7 that each probe
produced an image for the pitting with a unigue shape and
features. Figure 4 shows that the open-ended rectangular
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waveguide probe produced a double image of the pitting.
This is because the pitting is small compared to the
aperture of the probe and thus the pit interacts with the
edges ol the aperture. At higher standofT distances, the
open-ended rectangular waveguide produces one spol as
an indication for the pit. In Figure 5 the pitting shows as
one spol in the image, since the eleciric field is
concentrated in the dielectric slab in the middle of the
waveguide. In Figure 6 the pitling shows also as one spot
due 1o the relatively smaller size for the probe. In Figure
7, the size and shape of the image approaches the shape of
the pitting due to the small open aperture size of the probe.

a5
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Fig 6: Image of a pitting with a diameter of ~1 mm and a depth of ~} mm
using a double tapered waveguide al Ka-band.

40

Fig 7. Image of a pitting with a diamcter of ~1 mm and a depth of ~1 mm
using a single tapered waveguide at Ka-band.

Each image in Figures 4-7 also shows rings around the
image of the pitting as a result of wave propagation
between the flange and the sample. The presence of rings
increases the probability of pit detection. Also it is worth
noting in Figure 5 that the dielectric slab reduced the
intensity of the rings, as expected (i.e., the electric field is
concenirated at the center of the probe).

The spot intensity in each image depends on the
radiation efficiency of the probe. The images of Figures
4-7 are normalized therefore it is not possible to compare
the difference in intensity between the images. However,
when these images were augmented together before
normalization (not shown in this paper), we observed that
the double tapered and the diclectric slab-loaded
waveguides produce images with higher intensity than the



open-ended waveguide and the tapered waveguide. This is
due to the relatively small physical aperture dimension
compared to the size of the pit and large elecirical aperture
dimension.

Increasing the spatial resolution of the probe by
decreasing ils electrical size, resulls in a decrease in its
radiation efficiency. Therelore, in order 1o obtain images
of very small pits, the measurement should be performed
at a very small standoff distance. However, lor small
standoff distances the probe is very sensitive to variation
in standofT distance. This is because of the perturbation on
the near-field evanescence (ields.

At Ka-band, only the single tapered probe could detect
exposed machined pits of 500 micrometer-diameter and
depth as small as 150 micrometers. Figure 8 shows the
image of 500 micrometer-diameter pits each with a depth
of (from left to right) 150, 200, and 50¢ micromeiers. In
this image the difference in the intensity ol the indications
represent the variation in depth.

The original image was masked by the signal due to
standoff distance variation. Therefore, the image was
processed 1o remove standoff dislance variation effect. At
the bottom left corner of the image in Figure 8 an
indication may be observed. This indication is leftover
from the signal due to the standofl distance variation that
was not removed totally and it does not show any features
of the pit namely, the spots and rings.

In order to increase both the spatial resolution and
radiation efficiency, the frequency of operation may be
increased. At high frequencies the probe has high spatial
resolution due 1o the small aperture size and good
radiation efficiency due 1o a relatively large electrical size.
This was investigated on probes operating al V-band.
Figure 9 shows the image of 300 micrometer-diameter and
150 micrometer-depth pit under paint obtained using an
open-ended rectangular waveguide at V-band (aperture
dimensions of 3.8 mm x 1.9 mm). Figure 10 shows an
image for the same pit using a dual tapered waveguide
with aperture dimensions of 2.54 mm x 1.27 mm.

Comparing the images in Figures 9 and L0 we can
observe that the dual 1apered probe with smaller aperture
size gave a betler contrasi than the image obtained by the
open-ended rectangular waveguide. On the other hand, in
Figure 9, due to the higher radiation efficiency, the probe
produced three times the number of rings around the
pitting indication compared to the other probe. This is
advantageous since il increase the probability of detecting
the pit.
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Fig 9: Image of a pitting of 150 micrometer-depth and 500 micromeler-
diameter under paint obtained using 2 V-band open-ended rectangular
waveguide probe.
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Fig 10: Image of a pitting of 150 micromcter-depth and 500 micrometer-
diameter under paint obtained using & double tapered waveguide probe at
V-band.

The V-band dual tapered probes could detect pits of
dimension down to a diameter of 200 micrometers and

i
s
0 H 10 15 0 28 30

depth of 500 micrometers under paint and appliqué and
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Fig 8: Image of three pits of 300 micrometer-diameter and depth of (from left 10 right) 150, 200, and 500 micrometers, obtained using the tapered probe
at Ka-band.
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One of the issues that need to be overcome 1s the effect
ol standolf distance (distance between the waveguide
probe and the meta} surface under test) variation on the
results, High resolution probes are sensitive to standoff
distance variation, which may mask the indicaticn of a
pitting. Further processing may be required to “clean™
such images and extract the indication of pitting.

1V, CONCLUSION

Different types of near-field millimeter wave probes for
detection and evaluation of pitting under paint using raster
scanning were investigated and compared. The probes
investigated produced images of a pit which depend on the
type of the probe, operating frequency and standoff
distance. At selected [requency bands, various pit
dimensions, and range of standoff distances, the open-
ended waveguide probe produced a double image of the
pit as a signature of the probe and distinct rings around the
image as a signature of the probe flange. This kind of
images may provide high probability of detection, but for
the evaluation of pitting, an image similar to the real shape
of the pit is more desirable. A single image of the
investigated pit was obtained by a dielectric slab-loaded
waveguide and tapered waveguide probes. It was shown
that a significant increase in the electric field concentration
may be obtained in a dielectric slab-loaded waveguide.

The dielectric  slab-loaded  waveguide probe
demonstrated the highest sensitivity and good resolution,
which increased with the increase in the operating
frequency. The tapered waveguide demonstrated the
highest resolution among all probes, but its sensitivity was
fower than the dielectric slab-loaded waveguide probe.

For measurements conducted in this investigation,
dielectric slab-loaded waveguide probe at V-band may
provide optimal combination of spatial resolution and
sensitivity for the delection and evaluation of pitting under
paint. The tapered waveguide probe may be also useful
for pit detection and evatuation in cases of small standoff’
distances such as when scanning exposed metal surfaces.
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