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a b s t r a c t

This paper presents the use of a novel through-transmission ultrasonic (TTU) Acoustography non-
destructive evaluation (NDE) method to detect foreign object inclusion (FOI) defects in graphite epoxy
composite laminates. The study employed three different composite test standards with varied size FOI
defects embedded at varying depth within the composite laminates. For validation, Acoustography re-
sults were directly compared with conventional immersion TTU testing and infrared thermography (IRT)
methods. From results obtained, it was demonstrated that the Signal-to-Noise Ratio (SNR) measurements
for Acoustography were more than 6:1 and were in good correlation with immersion TTU and IRT results.
The defect sizing ability of TTU Acoustography for FOI defects in graphite epoxy composite laminates
were also in strong correlation with immersion TTU and IRT techniques. Finally, for the three laboratory
systems employed in this study, typical panel TTU Acoustography inspection time was just about three
minutes to scan a 300 mm � 300 mm (11.800 � 11.800) area, which was more than three times faster
compared to IRT and sixty times faster to conventional immersion TTU C-Scan techniques. This is a very
significant finding for the reason that Acoustography is being developed as a faster, more efficient, and
affordable alternative to traditional ultrasonic inspection systems for composite manufacturing quality
control and quality assurance (QC/QA) and field maintenance of composite structure applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced Polymer-matrix composites (PMCs) such as graphite
epoxy composites, also referred to as carbon fiber reinforced plas-
tics (CFRP), are increasingly being used in many structural appli-
cations ranging from aerospace to aircrafts, automotive, industrial,
sports industry, and many other consumer products. The main
reason for this is, unlike traditional metals and their alloys, com-
posites offer outstanding thermal and physical properties including
high strength and stiffness to weight ratios, low coefficient of
thermal expansion, high fatigue resistance, inherent corrosion
resistance, and low electromagnetic reflectance [1e5]. However,
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composites are prone to defect mechanisms which can occur either
during the processing stages or during in-service operations or in a
repair environment. In addition, due to the heterogeneous nature of
composites, the form of defects is often very different from those
typically found in traditional metals and their alloys, and the frac-
ture mechanisms are also much more complex [6]. Some of the
common manufacturing defects that can occur during the pro-
duction process of composites includemicro-cracks, fiber breakage,
voids, delamination, porosity, and foreign object inclusions (FOIs).
FOIs usually occur mainly due to small foreign debris that can
accidentally get included in parent material during manufacture or
repair. Common examples of foreign debris are pre-preg backing
paper or release film, which is inadvertently left between plies
during layup, and tool components such as knife blades. Moreover,
FOIs can occur inmany different forms and existing NDE techniques
are often encountered with difficulties in detecting and character-
izing FOIs when they have similar acoustic impedance compared to
the composite parts. FOIs can have a degrading effect on
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Fig. 1. Comparison of the whole field imaging technology (a) Acoustography; (b) X-ray.

Fig. 2. Working Principle of TTU Acoustography.
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mechanical properties and may act as sites of stress concentration
(stress raisers) and potential initiation sites formore serious defects
such as delaminations and disbonds in composites. This may pro-
duce disastrous effects if not identified and corrected within a
timely manner. In severe cases, FOIs within aviation/aerospace
structures can directly threaten safety of flight crews and integrity
of the aircraft/aerospace platform.

Multiple state-of-the art non-destructive evaluation (NDE)
techniques are often employed today to detect and characterize
Fig. 3. Effect of ultrasound exposure on AO-sensor. (a) Withou
flaws and damages in composite structures during manufacturing,
in-service, and repair environment. NDE techniques that are
commonly applied for foreign object inclusion (FOI) defect detec-
tion and characterization can be grouped into broad categories of
tap testing [7], ultrasonics [8e13], infrared thermography
[2,14e19], laser shearography [20], radiography [21e24], and mi-
crowave [25]. All of these techniques have their own advantages
and limitation. However, through-transmission ultrasonic (TTU) C-
scan, followed by ultrasonic pulse echo A-scan inspections are the
primary NDE techniques utilized by industry as quality assurance
(QA) checks for the production of composite parts and structures.
These inspection techniques require tedious point-by-point in-
spection of parts that can be time-consuming. Acoustography NDE
provides an alternative to point-by-point scanning and offers new
capabilities to the NDE engineer. It could be a simple, fast, and
economical alternative to conventional ultrasonic testing (UT)
methods for the inspection and evaluation of certain composite
components and structures [26e29].

In this study, a novel TTU Acoustography technique was applied
to detect FOI defects in composite laminate test specimens. The
results obtained from this method were compared directly with
conventional immersion TTU and Infrared Thermography (IRT)
methods. Quantitative comparisons were made to assess correla-
tions between the three methods to assess by measuring the defect
Signal-to-Noise Ratio (SNR), defect size, and inspection times.

2. Acoustography principle

Acoustography is a broad-area, nearly real-time ultrasonic im-
aging technique that provides an alternative to point-by-point UT
[30e33]. In this approach, a novel, wide-area acousto-optic (AO)
sensor is employed to provide whole-field ultrasonic images anal-
ogous to real time x-ray imaging, as shown in Fig. 1.

TTUAcoustography employs an AO-sensor (detector) made from
a proprietary mesophase liquid crystal (LC) material. In the TTU
Acoustography set-up, the front-side of the AO-Sensor is exposed to
an acoustic field and the backside of the AO-Sensor is viewed by an
observer or charged couple device (CCD) camera while exposed to
polarized light. As ultrasonic beams propagate from the sound
source towards the AO-Sensor, any flaws, voids or inclusions that it
encounters will produce a differential attenuation. As the beam
propagates past the flaw/anomaly region, it casts an ultrasonic
“shadow” along its path which is instantly converted into a visual
image by the acoustic-optic (AO) sensor located underneath and in
near-real time as shown in Fig. 2.

The physical principle by which the AO-sensor converts ultra-
sonic waves into visual images is based on the birefringent prop-
erties of LC materials contained in the sensor [28]. The LC layer
exhibits no birefringence in the absence of ultrasound and exhibits
a uniform dark field under cross-polarizer viewing. But, when an
ultrasonic beam is exposed on the AO-sensor, the LC layer becomes
t ultrasonic exposure; and, (b) With ultrasonic exposure.
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birefringent, showing the brightness change (optical density
change) under cross-polarizer viewing as shown in Fig. 3. The
brightness change can be related to the ultrasonic intensity by AO-
sensor acousto-optic transfer curve [33].

3. Experimental setup

This section describes and illustrates the composite test panels
that were fabricated for this research work. In addition, the labo-
ratory test set-up of the Acoustography system, as well as the
Fig. 4. Engineered defect map in CFRP panels.
conventional immersion TTU C-scan and IRT test set-ups is also
described.

3.1. Sample description

Three graphite epoxy composite test panels were fabricated
with engineered FOI defects. FOI defects were made of thin Teflon
film having a thickness 0.1 mm (0.00400). Panel A and panel B were
fiber-reinforced 16-ply graphite epoxy composite laminates, having
a 0.2 mm (0.00800) thickness per ply, with a symmetric orientation
(a) Panel A; (b) Panel B; and, (c) Panel C.



Fig. 5. Laboratory test set-up of the experimental TTU Acoustography system showing
its major components, such as work station, optics/electronics housing, immersion
tank, and scanner head unit containing the AO sensor, sound source and sample (close-
up view).

Fig. 7. Laboratory test set-up of the infrared thermography system, showing the major
components such as the work station, infrared camera, hood, and sample. The micro-
controller for controlling the heat source is hidden behind the laptop and is not shown
in the figure.
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of [[0/45/0/45]2]S and each measured approximately
300 mm � 300 mm (11.800 � 11.800) with a cross-sectional thickness
of approximately 3.4 mm (0.1300) as shown in Fig. 4. Similarly, panel
C was a step-wedge laminate, with similar ply orientation as A and
B but varied from 2 to 28 plies and measured approximately
150 mm � 350 mm (5.900 � 13.800), with a cross-sectional thickness
ranging from approximately 0.4 mm - 5.9 mm (0.02” - 0.2300).

3.2. Laboratory TTU Acoustography system

The actual laboratory test set-up for the TTU Acoustography
system is shown in Fig. 5. The sound source used was fabricated
using a 76 mm� 76 mm (300 � 300) Piezo-electric plate with a center
frequency of 5 MHz. The AO sensor used was selected to have an
operating frequency of 5 MHz, to match that of the sound source.

3.3. Conventional immersion TTU C-scan system

The laboratory conventional immersion TTU C-scan systemwith
associated instrumentation is shown in Fig. 6. Tests were conducted
at 5 MHz by utilizing a pair of flat transducers with an element size
of 9.5 mm (0.37500). During the immersion TTU scans test panels
were placed in the far-field of the transducers, at a distance
approximately 76 mm (300). A 125 MHz sampling rate was used,
with scan indexing increments of 1 mm (0.00400) and a scan speed
of 5.1 mm/s (0.2 inch/sec).
Fig. 6. Laboratory test set-up of the conventional immersion TTU C-scan system,
showing the major components such as the work station, immersion tank, scanning
bridge, transducer, and sample.
3.4. Infrared thermography system

The experimental setup used for conducting infrared thermog-
raphy tests is shown in Fig. 7. This is a custom-made laboratory
infrared thermography systemwhich is similar to that described in
an outside work [1,34]. During experimentation, a continuous and
uniform heat flux was applied for approximately 5 s. The sample
was then allowed to cool, and the temperature responses were
recorded, which allowed for a temperature variation within the
discontinuous areas. The infrared camera recorded the data be-
tween the time interval from approximately 3 s prior to heating and
up to 12 s after heat was removed.

4. Results

The experimental results obtained from each of the composite
test panels by using the three different NDE techniques is pre-
sented, including their quantitative comparisons.

4.1. TTU Acoustography

The raw (unprocessed images) TTU Acoustography results for
the three CFRP test panels containing various simulated FOI defects
are shown in Fig. 8. Prior to testing, the AO sensor was calibrated to
relate AO sensor brightness to ultrasound power. This was obtained
by measuring the brightness as a function of ultrasound power
without the test part and then with the test part, respectively. The
255 gray scale shades in the images shown represents the ultra-
sound attenuation variation across the sample; darkest shade (i.e.
0) representing the highest attenuation and brightest shade (i.e.
255) representing the lowest attenuation. FOIs in the test panels
exhibited higher acoustical impedance than the CFRP, which
attenuated the transmitted ultrasonic signals. All images were ac-
quired in near real-time. In order to generate full size panel scans,
proprietary Acoustography software was used. A series of images
were recorded in sequence and stitched together creating an
acoustic mosaic image of the panel.

4.2. Conventional immersion TTU C-scan

Conventional immersion TTU testing was conducted for direct
comparison and validation of TTU Acoustography on all test panels.
5 MHz immersion TTU C-scan results for composite panels are
shown in Fig. 9. The 255 gray scale shades in the images shown
represents the ultrasound attenuation variation across the sample;
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darkest shade (i.e. 0) representing the highest attenuation and
brightest shade (i.e. 255) representing the lowest attenuation.
Likewise Acoustography results, FOIs in the test panels exhibited
higher acoustical impedance than the CFRP, which attenuated the
transmitted ultrasonic signals as shown in immersion TTU C-scan
results.

4.3. Infrared thermography

Infrared thermography (IRT) test results obtained for all test
panels are shown in Fig. 10. The IRT results shown are the best
Fig. 8. 5 MHz TTU Acoustography results for CFRP panels with embedded FOI defects. (a)e(
0e30 dB; and, (g)e(h) Panel C at 0e12 dB, and 0e16 dB respectively.
thermal image response in the sequence, having the highest ther-
mal contrast, was captured around 8.5 s (i.e., during the initial
cooling stage). FOIs in the test panels exhibited higher thermal
contrast and appeared as “hot spots” in the IRT image results. The
highest thermal contrast images were used for further analysis.

5. Discussions

From the results presented in Figs. 8e10, it is demonstrated that
the ability of TTUAcoustography to detect all FOI defects in graphite
epoxy composite laminates is in strong correlation with
c) Panel A at 0e10 dB, 4e10 dB, and 0e30 dB; (d)e(f) Panel B at 0e16 dB, 4e16 dB, and
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conventional immersion TTU and IRT techniques. It is also demon-
strated that the Acoustography technique was able to detect the
smallest inclusion, having a diameter of 3 mm (0.1200), embedded at
different layers as shown in Fig. 8(aec). In addition, this novel
technique was also able to more clearly resolve FOI defects
embedded at different layers separated byonly a 1.5mm (0.0600) gap
distance as shown in Fig. 8(def). Furthermore, the fibrous nature of
the composite panels was also more evident in the Acoustography
imaging results. The Acoustography method seemed to exhibit a
higher definition/resolution of the defects as compared to our
Fig. 9. Conventional immersion TTU results for CFRP panels with embedded FOI defects at
4e16 dB, and 0e30 dB; and, (g)e(h) Panel C at 0e12 dB, and 0e16 dB.
immersion TTU C-scans and IRT results shown in Figs. 9 and 10. The
superior definition of defects and the fibrous nature of the specimen
may be attributed to the superior pixel resolution of the AO-sensor
used in this novel technique: sensing LCmolecules in the AO-sensor
are in the order of 20 Å. Although, the AO-sensor pixel resolution is
very fine, the pixel resolution of the camera and monitor is much
lower compared to that offered by the AO-sensor. Accounting for
the lower resolution of the camera, monitor and the magnification
factor, the effective pixel resolution of the Acoustographic images
was determined to be 0.2 mm (0.00800).
5 MHz (a)e(c) Panel A at 0e10 dB, 4e10 dB, and 0e30 dB; (d)e(f) Panel B at 0e16 dB,



Fig. 10. IRT image results for CFRP panels with embedded FOI defects. (a) Panel A; (b) Panel B; and, (c) Panel C.
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5.1. Quantitative comparisons

For quantitative comparisons of results obtained by the three
different NDE techniques, Acoustography was directly compared
with conventional immersion TTU C-scans and IRT images on the
basis of the Signal-to-Noise Ratio (SNR), FOI defect sizing, and in-
spection times.

The SNR was calculated by using the following formula:

SNR ¼
�
msound � mdefect

ssound

�
(1)

where, msound is the mean gray scale value for the sound region,
mdefect is the mean gray scale value for the defect region, and ssound
is the standard deviation value of gray scale for the sound region.
The histograms shown in Fig. 11, are the mean and standard devi-
ation values for the sound and defect regions in panel A for all three
NDE techniques utilized. These were used to calculate SNR for each
different NDE technique that was applied for this research work.

Table 1 compares the SNR for the three NDE methods, Acous-
tography, conventional immersion TTU C-scan, and IRT for the three
different CFRP panels with embedded FOI defects. From the results
presented, SNR measurements for Acoustography were more than
6:1 and are also in good correlation with conventional immersion
TTU and IRT results.

Similarly, defect sizing measurements were conducted in panel
A, row 1 FOI defects, for each of the NDE techniques. Defect sizing
was calculated by first calibrating the image scale to its original
dimension and then by applying Sobel edge detection algorithm in
ImageJ. Fig. 12 shows the processed image results for panel A and
the line profile plots across row 1 FOI defects (represented by the
red line superimposed on the images) for each of the NDEmethods.

Table 2 lists the FOI defect sizingmeasurements for panel A, row
1 FOI defects for each of the NDE techniques applied. From the
results presented in Table 2, it is demonstrated that the defect
sizing ability of TTU Acoustography for FOI defects in graphite
epoxy composite laminates is in strong correlation with the both
conventional immersion TTU and IRT techniques.

Lastly, the inspection times for each of the NDEmethods applied
for this research were compared. Table 3 shows the inspection time
results for a 300 mm � 300 mm (11.800 � 11.800) panel. The in-
spection time required using TTU Acoustography was about three
minutes and was much faster compared to IRT (10 min) and con-
ventional immersion TTU techniques (three hours). Table 3 com-
pares typical inspection times for the three NDE methods to scan a
300 � 300 mm (11.800 � 11.800) composite panel.

It is to be noted that the TTU C-scan inspection time was rela-
tively higher because tests were conducted by using an older im-
mersion UT system. Current modern state-of-the-art gantry/
squirter TTU UT systems, now provide higher scanning speeds in
the XeY axis, that can achieve 300 mm/s (11.8 in/s) and with a
0.5 mm (0.0200) indexing, and requiring 600 passes to scan a
300 mm � 300 mm (11.800 � 11.800) composite panel, can thus
reduce its inspection time to approximately 10 min, rivaling IRT



Table 1
Signal-to-Noise Ratio (SNR) measurements.

TTU Acoustography Immersion TTU C-Scan IRT

Panel A 6.68 4.36 2.74
Panel B 11.35 4.54 10.18
Panel C 6.39 0.81 7.97

Fig. 11. Histograms showing mean and standard deviation values for the sound and defect regions in panel A. (a) Sound region-Acoustography 0e10 dB result; (b) Defect region-
Acoustography0e10dBresult; (c)Soundregion-immersionTTU0e10dBresult; (d)Defectregion-immersionTTU0e10dBresult; (e)Soundregion-IRTresult; and (f)Defect region-IRTresult.

Fig. 12. Processed image results and line profile plots across row1FOIdefects of Panel A fordefe
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inspection speeds. It should also be mentioned that Acoustography
scan times can be dramatically reduced by using even larger field of
view (FOV) Acoustography NDE systems. For example, currently, a
prototype 30.5 mm � 30.5 mm (1200 � 1200) full FOV Acoustography
NDE system is under development. Thus, this systemwill be able to
inspect the full field in only 10 s, providing 60 times the speed
advantage over traditional point-by-point TTU scans.
ct sizingmeasurement. (a& d)TTUAcoustography; (b& e) immersionTTU; and, (c& f) IRT.



Table 2
Defect sizing measurements for panel A row 1 FOI defects.

FOI defect# NDE techniques Measured
diameter (mm)

Actual
diameter (mm)

1 TTU Acoustography 19.6 20
TTU C-scan 19.3 20
IRT 19.4 20

2 TTU Acoustography 19.2 20
TTU C-scan 19.3 20
IRT 19.9 20

3 TTU Acoustography 19.6 20
TTU C-scan 18.8 20
IRT 19.4 20

Table 3
Inspection time for three NDE methods utilized.

Laboratory TTU
Acoustography

Conventional
immersion
TTU C-Scan

IRT

Scan speed 76 mm
� 76 mm/shot

5.1 mm/s 100 mm �
150 mm/shot

Indexing steps 76 mm 1 mm 100 mm
Image generation time 10 s N/A 1 s
Image capture time 30 ms N/A 18 s
Image storage time 1 s N/A 20 s
Number of shots 56 N/A 6
Time between shots 1 s N/A 60sec
Typical inspection time 3 min 3 h. 10 min

Area ¼ 300 mm � 300 mm (11.800 � 11.800); Panel Thickness ¼ 3.4 mm (0.13200)
(Typical).
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6. Conclusion

The TTU Acoustography NDE method was employed to detect
FOI defects embedded in carbon fiber epoxy composite laminates.
Three different composite test panels with varied size FOI defects
embedded at varying depths were considered for this work. The
Acoustography method, operating at 5 MHz, and was easily able to
detect FOI defects in the test composite laminates. A side-by-side
comparison of Acoustography technique with convention immer-
sion TTU and IRT techniques showed very good correlation between
the three NDE methods in detecting FOI defects within the com-
posite test panels. The lateral resolution of TTU Acoustography was
found to be superior to the conventional TTU C-Scan method. Also,
the flaw detection sensitivities of Acoustographywere also found in
very good agreement to the conventional TTU C-Scan and IRT
methods.

Finally, from the operator's point of view, the Acoustography
technique was shown to be significantly simpler to operate and
results determined and defined do to the minimal skill level
required for its inspection process. Currently, a prototype
30.5 mm � 30.5 mm (1200 � 1200) full FOV Acoustography NDE
system is undergoing development and testing. This will further
reduce the number of images required to inspect larger parts,
thereby proving a, an even more dramatic increase in inspection
speed compared to other existing techniques.
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