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ABSTRACT

Glass fiber reinforced polymer (GFRP) curved composite is widely used in industries due to
its high corrosive resistance nature. GFRP curved composites are involved in many industries like
petrochemical industries for handling oil and gas at offshore platforms, chemical processes such as
chemical storage tanks, desalination, and water treatment. Since alloy steel materials get corroded by
environmental factors such as excess salinity in the surrounding environment, mud deposition, and
sulfur crude accumulation makes alloy steel pipes are expensive to maintain. Every year billions of
dollars can be saved by corrosion prevention using Glass Fiber Reinforced Polymer (GFRP) pipes
instead of alloy steel pipes. In-service stage of the GFRP pipe or tank, different types of defects are
forming such as void, delamination, and wall loss (pits). Among all these defects, pits or wall loss is
one of the severe defects which may lead to leakage accidents. The objective of the study is the
quantification of defect size by using TSR processed pulsed and lock-in thermography and analyses
their capabilities in defect size quantification. TSR processed the PT image and the signal to noise
ratio was used to estimate the defect size quantification. For defect size measurement, the TSR-
processed PT thermal results are recommended and the near-surface defects can be measured with
high accuracy in LT.

Keywords: Glass-fiber reinforced polymer pipe; Pulsed thermography;Lock-in thermography; Defect
size; Aspect Ratio

and laser IR thermography has been compared. Pulsed
thermography is a simple and fast investigation method
for impact damage assessment of GFRP composite
[Ghiseok et al. 2015]. Thermographic Signal
Reconstructed (TSR) first and second derivative images

1. Introduction

Infrared thermography (IRT) is one of the
advanced non-destructive testing methods. The
advantages include large area coverage of inspection

with non-contact mode and fast inspection rates [Bates
et al. 2000]. In active thermography, PT and LT are
major NDE techniques. These techniques are widely
used in material characterization, defect detection, and
quantification of composites [Sharath et al. 2012;
Vijayaraghavan et al. 2011].

Pulsed thermography is used to measure the
thermal properties like thermal conductivity and thermal
diffusivity of different materials. At the initial stage, PT
was used to defect detection (qualitative tool) and later
it has been using for defect quantification. It is used to
defect detection and quantification in different
engineering materials such as composites and metals.
Infrared Thermography is a valid tool for an estimate
the fatigue behavior of GFRP composites [Colombo et
al. 2011]. Moskovchenko et al. [2020] carried out
delamination detection in GFRP composite using pulsed
thermography and the efficiency of the Xenon flash tube

of GFRP composites are enhanced the defect
detectability for smaller and deeper defects [Quek and
Almond 2005].

Lock-in thermography was developed by G.
Busse and Karpen [1992] when the test specimen is
heated using halogen lamps, and the temperature
modulation caused by periodic input optical heat is
recorded using an IR camera. Then a Four Point
Correlation method is used to obtain the phase and
amplitude information at each pixel. The authors have
used this method for finding delamination in Carbon
Fiber Reinforced Plastic (CFRP) composite. Infrared
thermography is one of the well-known NDE methods
to detect surface and subsurface defects in metals,
polymers, and composite materials [Olga Wysocka-
Fotek, et al. 2012; Sharath et al.2015]. Lock-in thermal
NDE technique makes use of periodic optical
stimulation to heat the sample, using sinusoidally
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modulated halogen lamps. In the technique, as proposed
by Busse [1979], a continuous modulated light source is
used to heat the sample and the thermal waves
propagate inside the material due to conduction and
interference. Lock-in thermal NDE technique can
provide quantitative information on defect location, size,
and depth in metals and composites [Montanini, R,
2010; Menaka et al. 2009; Choia et al. 2008; Sharath et
al. 2015; Ranjith, S et al. 2016]. Sakagami et al. [2002]
experimentally studied the lock-in IR application on
stainless steel and reported that phase and amplitude
thermal images gave significant contrast changes for
crack tip detection.

Glass fiber reinforced polymer (GFRP) curved
composites are widely used in industries due to their
high corrosive resistance nature. GFRP curved
composites are used in many industries like
petrochemical industries for handling oil and gas at
offshore platforms, chemical processes such as chemical
storage tanks, desalination, and water treatment. Since
alloy steel materials get corroded by environmental
factors such as excess salinity in the surrounding
environment, mud deposition, and sulfur crude
accumulation makes alloy steel pipes are expensive to
maintain. Every year billions of dollars can be saved by
corrosion prevention using Glass Fiber Reinforced
Polymer (GFRP) pipes instead of alloy steel pipes
[Hassen et al. 2015]. At low temperature and pressure
applications, GFRP is a good alternative for
conventional alloy steel. The advantages of these FRP
pipelines also include being lightweight, having few
workers sufficient to install thousands of meters of the
pipeline, having long service life, and low maintenance
cost.

The damages in aircraft composite structures of
GFRP and CFRP have been studied by Infrared
thermography and small defects are not able to detect in
GFRP [Andrzej Katunin et al.]. The artificial defects
were characterised in AISI austenitic steel using
Infrared thermography and found good results [Sharath
et al]. Andreas Kromik et al. have studied
unidirectional and cross ply laminate composites and
analysed the results quantitatively. They have found, the
shape of the defects is clearly affected by anisotropy.

In-service stage of the GFRP pipe or tank,
different types of defects are forming such as void,
delamination, and wall loss (pits). Among all these
defects pits or wall loss is one of the severe defects
which may lead to leakage accidents [Vijayaraghavan et
al. 2011]. Gomathi et al. studied defect size and depth
quantification in GFRP using PT and LT thermography.
They found that the measurement of the defect’s depth
with high accuracy in both of the techniques (PT & LT).
Defect detection capabilities are compared with Pulsed
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and lock-in thermography using equal excitation energy
and signal- to-noise ratio was also analyzed [Simon
Pickering et. al. 2008, Krishnendu Chatterjee et al.
2011]. This study investigates the quantification of
defect size by using pulsed and lock-in thermography
and analyzes their capabilities in defect size
quantification. For defect sizing Full width at half
maximum has been used [Saintey et al.1995].
Signal-to-noise ratio is compared between two
cameras cooled focal plane array infrared camera and an
un-cooled microbolometer array camera and found that
the cooled FPA infrared camera exhibits a higher
ultimate defect detection capability than the un-cooled
microbolometer array camera [S. G. Pickering et al.
2007]. There are different thermal image processing
techniques such as independent component analysis
(ICA) and Principle component thermography (PCT)
used for analyzing small and deep defects [Julien
R.Fleuret et al. 2021]. Yoonjae Chung et al. [2020]
analyzed the material thinning due to wall loss in steel
plates it was analyzed by three different signal
processing  methods of  thermography called
thermographic signal reconstruction (TSR), Principle
component thermography (PCT), and pulsed phase
thermography (PPT). Thermographic Signal
Reconstructed (TSR) first and second derivative images
of GFRP composites are enhanced the defect
detectability for smaller and deeper defects [Quek and
Almond 2005]. In this study, TSR processed results
have been used for defect size in pulsed thermography.

2. Theory

2.1 Pulsed Thermography

IR thermography is a real-time and non-contact
technique. Pulsed transient thermography is the most
widely used NDT and E technique [25-27]. In PT short
and high-energy pulse of light energy impinges on the
sample surface. The front surface thermal energy
penetrates inside the test sample due to conduction. If
any interface such as voids and inclusion is present
inside the sample it affects the temperature flow. Based
on the defect type and size, thermal energy reflects the
sample surface and an IR camera is used to capture
these thermal images.

The rate of variation of temperature on the
surface depends on the defect depth given by,

B L - ] _nsz
T(,t)= N {1+22n_1R exp( ” ﬂ
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Where T is surface temperature, Q is the
incident heat flux, p is the test material density, c is
specific heat, L specimen thickness, t is time, o is
thermal diffusivity of the material and n is the number
of reverberations.

2.1.1 TSR processed pulsed thermography

The thermographic signal reconstruction (TSR)
process removes noise from the defect signal and
improves signal-to-noise of PT results [30-31]. A
comparison of TSR with conventional thermographic
approaches shows that the performance improvements
of TSR results [32]. Signal-to-background contrast is
significantly increased when images are based on the
time derivatives of the TSR signal. In this study, TSR
processed pulsed first derivative image is used to
estimate the defect size.

In this study, an unprocessed PT image is
converted to ASCII code and this code is fitted for 71
order polynomial using TSR coding. Then the
reconstructed first derivative image of processed TSR is
taken for further analysis.

2.2 Lock-In Thermography

Lock-in thermography is one of the most
commonly accepted NDT techniques [28-29]. In lock-in
thermography, the testing sample is heated by periodical
thermal wave use of modulated heat source. The thermal
wave which falls on the surface propagates inside the
material. When this thermal wave met the internal
defects such as voids, delamination, wall loss, etc., it
reflected the surface and interacted with an incoming
thermal wave. The resulting modified modulated surface
thermal wave was captured by an IR camera. Four
equidistant points (11, 12, 13 & 14) correlation is
performed on each pixel on the image. Then amplitude
(A) and phase (@) values at each pixel can be computed
using the following equations [2 & 3].

D=l - 1P +0-1LF @

¢(Z)=(—|'3:|'1J

In this study, we considered phase images for
defect size quantification.

(3)
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3. Sample Preparation

Filament wounding unidirectional E glass
epoxy adhesive pipe dimension of 164 mm outer
diameter and 6 mm thickness with a glass content of
76% by weight was manufactured. The fiber orientation
angle was 54°. The Schematic diagram of the fabricated
sample is shown in figure 1. To study the defect size
quantification artificially created flat bottom holes of 6
mm diameter at depth of 0.6mm, 1.2mm, 1.8mm,
2.4mm, 3.00mm, 3.6mm, and 4.2mm from the outer
wall of the GFRP curved composite pipe (Fig.1). The
flat bottom holes were fabricated in GFRP using a CNC
machine with an end mill cutter. These flat bottom holes
are used for defect size quantification using both TSR
processed PT and LT. A uniform thin black coating is
applied on the sample’s surface to overcome the
emissivity problems.

@6mm, 0.6mm
@6mm, 0.6mm
@6mm, 0.6mm

Fig. 1 Representation of a GFRP sample with 6 mm
diameter of defect size at different depths

4. Experimental Setup

The experiment was carried out in the
reflection mode using a focal plane array-based Silver
420 IR camera provided by CEDIP with a spectral range
of 3.5 - 5.1um. The thermography system consists of an
indium antimonide semiconductor detector with an
internal Stirling cooling system and a spatial resolution
of 320 x 256 pixels. The temperature resolution of the
camera is 25 mK. In both PT and LT the IR camera and
lamps are kept on the same side i.e. in reflection mode
(figures 2 & 3). As GFRP material is translucent and
more reflective, to increase the emissivity of the test
sample solvent removal based black paint was coated on
the sample surface.
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Flash Lamp GFRP Sample

Flash Lamp

Fig. 2 Schematic diagram of Pulsed Thermography
Set Up

Control Unit

Thermal wave

Fig. 3 Schematic diagram of Lock-In Thermography
Set Up

4.1 Experimental Setup: Pulsed Thermography

The camera to object distance was kept at
30cm, and the lamp to object distance was kept at 35cm.
Two Xenon flash lamps (BALCAR - Nexus 3600
series) with a maximum power of 1600 W and a flash
duration of 2 ms were used as the heat source. With
maximum deliverable energy at the maximum power
(1600 W) is around 4 KJ. The experimental setup is
shown in Fig.2. Image sequences were acquired using
ALTAIR software, with a 16-bit pseudo color image on
display.

4.2 Experimental Setup: Lock-in Thermography

Lock-in thermography was carried out with
two halogen lamps as a heat source with a maximum
power of 1000 W. Four Point Correlation method
proposed by Busse et.al.[1978] is one of the commonly
used processing methods for lock-in thermography to
get phase, amplitude, and average images that have been
adapted for this investigation. The sample was kept
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close to the IR camera, which covers the maximum area
in the ‘Field of View’ with good spatial resolution. The
photograph of the typical experimental setup is shown
in Fig. 3.

The frequency selection is carried out based on
the defect depth. The defect at 0.6 mm depth (near the
surface) is visible at a higher frequency and in the
middle range of 0.2-0.05 Hz, defects up to 1.75 mm are
visible. At 0.02 Hz frequency, the defects up to
2.85 mm depth are visible, and the 3.5 mm depth of
defect is barely visible. At low frequencies (<0.16 Hz)
defect depth up to 4.2 mm is visible.

5. Results and Discussion

5.1 Defect Sizing

To analyse the defect size, a 6mm diameter at
various depths of 0.6mm, 1.2mm, 1.8mm, 2.4mm,
3.00mm, 3.6mm and 4.2mm is studied with TSR
processed PT and LT.

The unprocessed PT and LT thermal images
are shown in fig.5 (a & b). Andreas Kromik et al. have
studied unidirectional and cross ply laminate composites
and analysed the results quantitatively. They have
found, the shape of the defects is clearly affected by
thermal anisotropy. More importantly, in this analysis,
as the sample is curved and due to unidirectional fibre,
the defects are appeared as elliptical as shown in fig. 5
(b). In this study, the FWHM method is taken for the
measurement of defect size. The size of the defects can
be measured by a line profile drawn over the defective
area, which is a Gaussian distribution of temperature. A
line profile is drawn over the defective region to
quantify the defect size. To normalize, a line profile was
drawn over the adjacent defect-free region and it was
subtracted from the line profile obtained from the defect
region.

50 T T T T

4 —a—SIN-PT
0] —e—S/N-LT J

SIN

T T T
2 a4 6 8 10

Dia./Depth

Fig. 4 The diameter-depth ratio versus S/N for PT
and LT for each defect
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TR 2 Ty

b) Lock In Thermography image

Fig. 5 Thermography images

5.1.1 TSR processed pulsed thermography

From the unprocessed PT thermal image of fig.
5a, the defect up to a depth of 2.4 mm is visible clearly.
And the defects above 2.4 mm depth are not visible due
to insufficient thermal energy reflection and less signal-
to-noise ratio. The measured signal-to-noise value of PT
thermal image for depths of 0.6mm, 1.2mm, 1.8mm and
2.4mm are given in table 2. Signal is from defective area
and noise is from the non-defective area. These signal’s
profiles are measured by using Altair software.

S/IN= (DS-NDS)/STD (NDS)

Where, DS- Defect signal, NDS- Non defective
signal.

To increase the signal-to-noise ratio and
increase the defect depth sensitivity, PT thermal images
are  processed  with  Thermographic  Signal
Reconstruction (TSR) which is shown in fig.6 is
considered for defect size measurement. The TSR
processed image found that the defects which are at
higher depth are visible due to noise-free image and
increased the depth sensitivity till the depth of 4.2 mm
depth is visible as shown in fig. 6. The size of the
defects is measured with TSR processed images and
found that the maximum depth of 4.2mm of defect is
measured with a maximum of -9.17 % error which is
presented in table 1.

5.1.2. Lock-in Thermography

In LT, the size of the defects which are close to
the surface measured with maximum accuracy with
minimum associated error % as reported in table 1. Each
defect is measured at its corresponding threshold
frequency. The threshold frequencies are considered that
at which frequency the particular defect is visible
clearly. While increasing the depth the associated error
percentage of measurement of defect size is increasing
drastically. The size of the defect which is at a higher
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depth of 4.2 mm is measured with a maximum of
50.83% (table 1). This is due to the GFRP
composite’s fibre orientation being clearly visible in LT
due to the depth of penetration depends on the
frequency selection, hence it gives a clear image of fibre
orientation, and the same affects the test result also (Fig.
5b). The LT phase image and the corresponding signal-
to-noise ratio are reduced as presented in table 2 and the
associated plot is shown in fig.4. In fig.4, the S/N
reduces for the decreasing ratio of diameter-depth in PT
and LT images. Among PT and LT results, S/N of LT is
poor for higher depths as shown in fig. 4. The measured
signal-to-noise ratio for various depths of 0.6mm,
1.2mm, 1.8mm, 2.4mm, 3mm, 3.6mm, and 4.2mm is
plotted and the linear fit R? value is 0.90 as shown in
fig. (7) and the values are presented in the table 2.

Table 1 Measured defect size in TSR Processed and
Lock-in thermography results

Measured Defect size (mm)

»
[%p] S =
g - < £3 _CI o X
- B o A o = o bl
< 88 & H8s § gEF 8
E B 8SE E 2g £ v
=] ] Ly~ u S & W o
o S 5 o < N
< [a) [ e 3 o =
10.00 6 0.6 6.05 -0.83 6.04 0.67 0.83
5.00 6 1.2 6.10 -1.67 6.06 1.00 1.67
3.33 6 1.8 6.15 -250 6.40 6.67 250
2.50 6 2.4 6.20 -3.33 6.84 1400 3.33
2.00 6 3.0 6.35 583 798 33.00 5.83
1.67 6 3.6 6.42 -7.00 855 4250 7.00
1.43 6 4.2 6.55 -9.17 9.05 50.83 9.17

Table 2 Signal to noise ratio for PT and LT

Defect Size Defect Signal to noise ratio
(mm) depth (mm) Unprocessed LT
PT
6 0.6 22.05 15.13
6 1.2 15.33 9.55
6 1.8 10.08 7.94
6 24 4.30 6.59
6 3.0 - 4.64
6 3.6 - 2.49
6 4.2 - 1.83

5.1.3. Aspect Ratio

Defect depth varies but the same diameter
can be analysed by aspect ratio in thermography [Maria
Frendberg Beemer et al. 2017]. In an unprocessed
thermography image, the Aspect Ratio (AR) threshold is
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2 and the deepest defect’s AR is less than 2 AR. In LT
the defects AR >3 are able to measure with high
accuracy (Table 1). AR of TSR processed image is
effective for the entire range.

Fig. 6 TSR Processed first derivative PT thermal

image at 20 s
T T T T T T T
16 Equation
N No Weightil
- Weight lo Weighting
10.16943
14 Souaren Sumet

Pearson's r 095888
. 0.90338

Adj. R-Square

12 4

Value Standard Errer |7

Intercapt 14.9685 1.19838
10 4 B Slope -3.44002 0.45545

Signal to noise ratio

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45
Depth (mm)

Fig. 7 Signal to noise ratio for various depths in
Lock-in thermography

6. Conclusion

The measurement of defect size accuracy is
high in TSR processed images of GFRP pipe to the
maximum depth of 4.2mm is measured with a maximum
of -9.17 % error. Whereas, the measurement of defect
size accuracy is very poor for defects that are at higher
depth in LT phase images. The maximum depth of 4.2
mm is measured with a maximum of 50.83 % error.
This is due to the phase image being affected by fiber
orientation (Anisotropy) and the associated signal-to-
noise ratio is very poor. This is due to the GFRP
composite’s fiber orientation being clearly visible in LT
because the depth penetration is based on the frequency
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selection, hence it gives a clear image of fiber
orientation and the same affect the test result also.

All the defects which are at different depths are
evaluated within a few minutes in TSR processing but in
LT, each and every defect’s depth has to be evaluated
separately. The time taken to evaluate the defects at
higher depth by using low frequency will be more in
LT. Moreover, multiple acquisitions are required for
different frequencies. Hence LT evaluation process is
more time- consuming than the processed TSR result.

The size of all simulated defects with a
diameter of 6mm and depths ranging from 0.6 to 4.2
mm (Aspect Ratios 1.43 — 10) with less than 10% error
using TSR Processed (Fig. 6). For LT, only defects with
AR > 3 are measured with error < 10%. LT sizing error
approached 50% for defects with AR < 3.

Hence for defect size quantification, the TSR-
processed thermal results are recommended and the
near-surface defects can be sized with high accuracy in
LT. As LT is a time-consuming process for higher depth
defects than TSR processed results, impractical in many
applications.
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