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A Sensitive Optical Polarimetric Imaging
Technique for Surface Defects Detection
of Aircraft Turbine Engines

G. C. Giakos, L. Fraiwan, N. Patnekar, S. Sumrain, G. B. Mertzios, and S. Periyathamby

Abstract—The design of an optical polarimetric imaging system,
aimed to detect cracks or structural defects on the surface of ro-
tating aircraft engine shafts, is presented. The experimental results
clearly indicate that high signal-to-noise ratio signals can be ob-
tained, so that it minimizes the use of processing techniques.

Index Terms—High contrast resolution, high signal-to-noise
ratio (SNR), optical imaging, polarimetry, polarimetric detection.

1. INTRODUCTION

URFACE texture-imaging covers a considerable range of
S techniques of investigation of varying levels of sophistica-
tion which are applicable in many industrial and aerospace sit-
uations. The real-time imaging of cracks on surfaces under dy-
namic conditions is very important in many industrial processes.

Pulse beams of ultrasound, typically 0 to 25 MHz, can be
used in a number of applications for the inspection and charac-
terization of materials and engineering systems. Incident pulses
pass through the sample and are reflected from internal inter-
faces and local flaws such as cracks, disbonds and lamellar in-
clusions, with the reflected signals being reflected via various
scan methods. Due to the availability of time-of-flight infor-
mation and full waveform capturing capabilities, features can
be located in three dimensions. Ultrasonics is ideal for the de-
tection of surface defects such as cracks, voids and inclusions,
carbon composites for aging or impact damage, as well as bulk
properties such as porosity. Ultrasonics can be applied to metal
components as well as carbon composites and ceramics. The
main limitations of ultrasound waves consist on the fact that a
high-resolution scan of large parts can take many hours (acqui-
sition frequency nearly 1000 data points per second).

Infrared imaging is a global area inspection technique that
detects and measures temperature and temperature differences
to detect indications of disbond, delamination, cracks, corro-
sion metal loss, residual stress, and other conditions and impact
heat flow. Standard methodologies use infrared thermography to
measure apparent surface temperature patterns, some of which
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depict subsurface defect sites. It is difficult to distinguish the de-
fect sites from the noise produced by surface emissivity varia-
tions. Interpretation of interior defect sites from metal structures
is particularly difficult. Emissivity-corrected IR thermography
utilizes the emissivity ratio at two different IR wavelengths to
remove emissivity noise and enhance surface temperature con-
trast. The spatial resolution of this technique is rather limited.
On the other hand, optical pyrometric systems, aimed to ensure
optimized engine performance, offer the advantages in detecting
the spatial and time-varying temperature distribution of fast ro-
tating components with a high resolution.

Several other imaging applications have been explored for
nondestructive imaging. For instance, high-speed time-resolved
holographic imaging, originally developed for investigation of
shock fronts in dispersed particle explosives, can be utilized to
understand the mechanics of high-speed growth cracks in brittle
materials. Conventional radiography relies on the generation of
images corresponding to density, atomic number, and thickness
variation of static, solid objects. This technique has limitations
in the sense that laminations, narrow cracks, or cracks parallel
to the film plane are not readily discernible. On the other hand,
real-time radiography offers dynamic range and resolution not
as good as those images produced on classical film radiography.
However, recent advances in scanning imaging detectors lead to
further improvements [1], [2].

In this study, the design of a high signal-to-noise ratio (SNR)
optical system, operating on polarimetric detection principles,
aimed to detect cracks and structural defects on the surface of ro-
tating aircraft engine shafts, is presented [3]-[5]. Experimental
results leading to an improved SNR are presented. Also, sev-
eral noise components associated with the detected signals have
been reduced by applying suitable wavelet transforms. Inter-
estingly enough, Fourier systems and transforms are not well
adapted to the local analysis of a function in the time or space
domain, since a local perturbation in f(¢) may significantly af-

A

fect all Fourier coefficients f(n).
A detailed study of the applied wavelet denoising techniques
is described in another author’s contribution.

II. POLARIMETRIC IMAGING

Optical imaging techniques are preferred because the process
is noncontacting and the process is not destructive to the surface.
In this study, a polarimetric imaging technique for detection of
cracks and surface anomalies of rotating aircraft engines is pro-
posed.
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Fig. 1. Optical beam polarization pathway in the experiment setup.

TABLE 1

Factors affecting Polarization State of the Scattered Light Radiation
Incident polarization state
Size of the scatterer
Shape of the scatterer
Concentration of the scatterer
Refractive indexes of the scatterer and the surrounding medium

Optical polarimetry is phenomenological in the sense that
it concentrates on the resulting properties, which any material
with certain fundamental properties will exhibit.

Detection of the weakly scattered light with concurrent
rejection of the highly scattered light can yield to improved
images, with reduced noise and high contrast. Several methods
have been explored to separate weakly scattered and scattered
light, such as, time gating, confocal detection techniques, fre-
quency-domain amplitude modulation, polarimetric imaging,
and trans-illumination laser-computed tomography. Recently,
there as been considerable interest in applying the polarization
state of light as discrimination criterion. Polarimetric imaging
techniques rely on the assumption that weakly scattered light
maintain its initial polarization state, while high scattering light
does not maintain it. In general, the polarization of the scattered
light depends upon a number of geometrical and physical
parameters, as shown in Table I.

Interestingly enough, one can observe a large variety of in-
tensity patterns by varying the polarization state of the incident
laser light and changing the analyzer configuration to different
polarization components of the backscattered light.

Polarimetric sensing and imaging detect the presence in the
state of polarization of the light [6]-[11], [20]. Unlike reflec-
tion from dielectrics, reflection of linearly polarized light from a
metal surface does not, in general, yield linearly polarized light.
Linear polarized light incident on a crack will be reflected. Each
reflection will contain a certain polarization state with a cer-
tain phase difference with respect to the incident light. There-
fore, a phase-contrast imaging technique can be established. The
theory of the polarimetric imaging can be explained theoreti-
cally in terms of Jones and Mueller matrix methods [6]-[9],
[20]. Both are useful in problems involving polarizers and re-
tarders and the Mueller calculus can also be employed in prob-
lems involving scatterers. In one respect, the Mueller calculus
can be considered more generally applicable than Jones calculus
because it can treat partially polarized light as well fully polar-

ized light. Another possible advantage of the Mueller calculus
is that it is more directly applicable to experimental measure-
ments [20].

Equivalently, the Mueller method is specified in terms of in-
tensity, which is observable in the laboratory, while the Jones
vector is specified by the amplitude and phase of the electric
field vector [6]—[9], [10]. Polarimetry has become an indispens-
able tool in modern electromagnetic sensor technology both in
the civil and the military sectors and also in remote sensing
[8]-[11]. Generally, Stokes or Mueller calculus can be used to
calculate the theoretical expression of the light intensity of a
monochromator light beam emerging from the sequence of op-
tical elements, including the polarizer, the photoelastic modu-
lator (PEM), the cylinder and the analyzer. Recently, it started
to attract the interest of the scientific community for biomedical
optical applications and physiological imaging [11]-[19].

III. POLARIMETRIC TECHNIQUE

The experimental geometry of the proposed polarimetric
technique is shown, in Fig. 1.

A 100-mW, 633-nm HeNe coherent light beam is produced
using Melles—Griot laser system. This beam is made linearly po-
larized by Glenn Thompson polarizer at 45° from the PEM axis.
The photo elastic modulator PEM-90 consists of a rectangular
fused silica block cemented to a piezoelectric quartz crystal os-
cillating at the frequency of 50.17 kHz. A uniaxial sinusoidal
standing wave is established in the fused silica block and in-
duces a time-varying birefringence. This generates a periodic
relative phase shift § between the orthogonal amplitude com-
ponents the transmitted beam. This relative phase shift has the
form

6 = Asinwt (1
where w is the resonant angular frequency, in rad/s, of the mod-
ulator unit and A, in radians, is the modulation amplitude. A is
proportional to the excitation voltage applied to the crystal and
the light wave number.

An adjustable slit is used to control the beam width before il-
luminating the object under investigation. The state of light po-
larization is changed continuously using the photo elastic mod-
ulator. The light changes between vertically and horizontally
polarized light at the frequency of f = 50.17 kHz. The state
of polarization of the incident light will change according to
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the optical properties of the surface. The reflected light will be
generally elliptically polarized. The state of polarization is an-
alyzed by a second linear polarizer aligned at —45 of the PEM.
A high-sensitivity New Focus photo detector of 200-kHz band-
width detects the light emerged from the polarizer. The signal
from the detector is analyzed using a signal conditioner to sepa-
rate the ac and dc components of the signal. The lock-in ampli-
fier is used to determine the different harmonics of the detected
signal at f and 2f, the reference frequencies for the PEM con-
troller.
Overall, the detected light intensity takes the general form

I(t) = I, + I, sin[6(t)] + I. cos[6(t)] (2)
where
24,2
+75
I, = w(l + cos 2C cos 2M cos 2(M — P)
— (c0s2C + cos2M cos 2(M — P) cos2¥) 3)
R P e oD
I = T (=2sin2(M — P)sin2Csin2Usin A) (4)
a4 |
I.= T( 2s8in2(M — P)(sin 2M (cos 2¥
—c082C) 4 cos 2M sin 24 sin 2V cos A)) 5)

where 1) and A are the ellipsometric angles defined by the com-
plex reflectance ratio

p= L = tan ¥ exp(i) 6)
A=¢, - ¢ (7)
tan(¥) = | 221 ®

The subscripts p and s refer to the plane wave electric field
components that are parallel and perpendicular to the incidence
plane, respectively. P, M, and C' are the orientation angles for
the polarizer, PEM and analyzer, respectively.

Interestingly enough, the PEM introduces a variable retarda-
tion ¢ at a resonant frequency of w. As a result, the polarization
states of the exiting laser beam oscillates between right and left
circular polarization states. The retardation varies as a function
of time at a frequency f and can be given by

6 = Asin(wt) )
where g is the peak amplitude of retardation and can be con-
trolled by the experimenter.

Based on (9), the Fourier series expansions of sin § and cos ¢
are

Siné =2 Jomy1(A)sin[(2m + 1)wt]

m=0
+22J2m

where Jp,(A) is the Bessel function of argument A and order m.

cosd = cos[(2m + 1)wt] (10)
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Fig. 3.

Experimental rotating phantom prototype.

The detected light intensity is given by

= Lo+ Jo(A) e+ 21, Jamy1(A)sin[(2m + 1)wt]

m=0

+2I, Z Jom (A

A ratio circuit is used to normalize the detected harmonics with
respect to the dc components, according to
2J1(A)I

I(t)

)cos[(2m + D)wt]. (11)

L= 5L (12
Iy = 2R 13

I, + J,(A)L.

IV. EXPERIMENTAL SETUP AND RESULTS
A. Light Intensity Detection and Wavelet Denoising

Initially, an experiment was conducted based on light in-
tensity detection. The experimental setup is shown in Fig. 2.
A rotating cylinder with three wires with different diameters,
namely 0.254 mm, 0.127 mm, and 0.1 mm, was used to
simulate the cracks (Fig. 3). A 10-mW, 633-nm laser beam hits
the cylinder, and the reflected light intensity is recorded, as
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Fig. 4. Detected light intensity for three wires of diameter 0.254 mm, 0.127
mm, and 0.1 mm.
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Fig. 5. Signal post-processing for noise removal utilizing Matlab wavelet
transform.
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Fig. 6. Real-time denoising utilizing wavelet transform implemented by
FPGA.

shown in Fig. 4. The detected signal was either denoised using
a real-time wavelet transform system implemented by a field
programmable gate array (FPGA) (Fig. 5), or post-processed
through a Matlab wavelet transform denoising algorithm.
Both the results of the Matlab-based wavelet noise removal
post-processing technique and the real-time FPGA-based
processing technique are shown in Figs. 6 and 7, respectively.
The descriptions of the FPGA-based processing as well as
the applied wavelet denoising techniques are described in a
companion paper.

B. Polarimetric Detection Technique

The presented polarimetric imaging technique is shown in
Fig. 7. A rotating cylinder with different diameter wires was
used. The cylinder surface was scanned using the proposed tech-
nique. The laser source employed in this study was a 633-nm
wavelength Melles—Griot high-performance diode laser 56ICS.
It has a high power stability that makes it suitable for this type
of study, which requires long time acquisitions.
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The PEM has a transducer-optical element assembly, the op-
tical head and the electronic head. The optical head consists of a
rectangular window of optical element bonded to a quartz piezo-
electric transducer. Both the optical element and the transducer
are tuned to the same frequency. When connected to a driver cir-
cuit, this assembly oscillates and produces the time-varying op-
tical retardation. The driver circuit consists of an active LC tank
circuit connected in parallel to the optical assembly. The driver
circuit receives 24-V power, a dc current signal that establishes
the peak retardation level, and a feed-forward current signal that
stabilizes the peak retardation at the designated value.

The main function of the PEM controller is to control the peak
retardation setting of the modulator. Other functions include
digital display of the PEM parameters. The PEM provides ex-
ternal interface and reference signals at the operating frequency,
50.17 kHz, and twice the operating frequency, 100.34 kHz.

The lock-in amplifier employed in this study is Stanford Re-
search Systems model SR-830 DSP. Lock-in amplifiers are used
to detect and measure very small AC signals. The SR-830 mea-
sures the amplitude and the phase of the signal simultaneously. It
has a digital signal processor with a 4-16-bit ADC that provides
high-precision measurements. The DSP processor provides a
unique detection system that uses different techniques for the
best performance. It has high sensitivity and can detect a very
weak signal of the order of nanovolts. The bandwidth of this
lock-in amplifier is 2 mHz—102 kHz, which includes the range
of our measurements.

The SR-830 multiplies the input signal by pure sine waves
at the reference frequency (supplied by the PEM-90 controller).
All frequency components of the input signal are multiplied by
the reference simultaneously. Sine waves of different frequen-
cies are orthogonal, i.e., the average of the two frequencies is
zero unless the two frequencies are the same. As a result, the
product of this multiplication yields a dc output signal propor-
tional to the component of the signal whose frequency is exactly
locked to the reference frequency. The low-pass filter, which
follows the multiplier, provides the averaging that removes the
products of the reference with components with other frequen-
cies.

The SR-830 is supplied with a built-in ratio circuit that was
used in this study for normalizing the ac component of the signal
to the dc component.

Different detectors were tested for best results, and the most
appropriate detector that met the requirements of the proposed
setup is NEW FOCUS 2001-FS. This detector has many fea-
tures including shot noise-limited performance, which makes it
suitable for use with a lock-in amplifier, moderate bandwidth of
dc-200 kHz, which is the range of our measurements, low noise,
and high responsivity which makes it capable of detecting very
weak signals.

The normalized first and second harmonics of the detected
signal are shown in Figs. 8 and 9, respectively. As an additional
step, different wires of diameter of 0.1016, 0.1143, 0.160 02,
0.2032, 0.254, and 0.3048 mm were fixed on the cylinder
phantom. The detected signal using the standard light intensity
technique is shown in Fig. 10. For the polarimetric detection
system, two signals were detected: the first harmonic signal
at 50.17 kHz, shown in Fig. 11, and the second harmonic at
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Fig. 8. Normalized first harmonic component, 50.17 kHz, of the detected

signal for three wires of diameter 0.254 mm, 0.127 mm, and 0.1 mm.

100.34 kHz signal, shown in Fig. 12. As shown in Figs. 11
and 12, the first harmonic has less noise than the second one.
This is related to the bandwidth of different components of the
experiment setup. Between the two light detection techniques,
the polarimetric detection system produced the best signal. The
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Fig. 9. Normalized second harmonic component, 100.34 kHz, of the detected
signal for three wires of diameter 0.254 mm, 0.127 mm, and 0.1 mm.

two harmonics enable double-channel measurements for the ob-
ject under investigation. Interestingly enough, the second har-
monic produces a stronger signal for small wires. A t-test was
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performed between the smallest wire signal amplitude and the
signal of the cylinder surface, the base signal. The t-test showed
that there is a significant difference between the two signals.
The null hypothesis was rejected, and the alternative hypothesis
of significant difference was accepted.

The system responsivity for the first and second harmonic sig-
nals is shown in Figs. 13 and 14, respectively. The two plots of
Figs. 13 and 14 indicate that the polarimetric detection system
provides different output voltage for different thickness wires.
Increasing the wire thickness, the input line spread function in-
creases the output voltage of the two harmonics, because of the
larger integration time. Furthermore, by relating the integration
time to the linear velocity of the rotating shaft, information re-
garding the wire width can be obtained.

Overall, polarimetric imaging showed better results than tra-
ditional light intensity and phase detection techniques. Optical
polarimetric imaging showed a significant improvement in the
ability to detect surface discontinuities. The first and second
harmonic signals provide a dual source of information about
the optical object under investigation. The first harmonic signal
provides a better contrast to discriminate between discontinu-
ities in the surface and has less noise, while the second har-
monic has more noise. The second harmonic signal is detected at
100.34 kHz, which is at the limit of the detector bandwidth and
the lock-in amplifier. The detector has a bandwidth of 200 kHz
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at a gain of one, while it has a bandwidth of 20 kHz at maximum
gain.

V. CONCLUSION

In this study, the design of a high-efficiency optical polari-
metric system for imaging of cracks and structural defects of
a rotating metallic shaft is presented. The use of the presented
polarimetric imaging technique renders unnecessary the use of
processing imaging techniques.
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