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In this article, pulsed micro-laser line thermography (pulsed micro-LLT) was used to detect the submillimeter
porosities in a 3D preformed carbon fiber reinforced polymer composite specimen. X-ray microcomputed tomography was used to verify the thermographic results. Then, finite element analysis was performed on the corresponding models on the basis of the experimental results. The same infrared image processing techniques were
used for the experimental and simulation results for comparative purposes. Finally, a comparison of experimental
and simulation postprocessing results was conducted. In addition, an analysis of probability of detection was
performed to evaluate the detection capability of pulsed micro-LLT on submillimeter porosity. © 2016
Optical Society of America
OCIS codes: (120.4290) Nondestructive testing; (110.3080) Infrared imaging; (140.3070) Infrared and far-infrared lasers.
http://dx.doi.org/10.1364/AO.99.099999

1. INTRODUCTION
Along with the development of composite materials, microsized defects in carbon fiber reinforced polymer composites
(CFRP) are becoming a new challenge for quality control, especial in porosity and crack. Therefore, the detection of submillimeter porosity in CFRP is increasingly essential [1,2].
Compared to microscopic inspection, which is the most
often used in composite detection, nondestructive testing
(NDT) techniques have the advantages of nondestruction,
lager-area inspection, fast detection, and effectivity on subsurface defects [3]. X-ray microcomputed tomography (micro-CT)
is an often used NDT technique for composites [4]. However,
micro-CT equipment is usually expensive, energy hungry, and
difficult to move for in-line detection [5,6]. Infrared thermography (IRT), as a NDT technique, is increasingly used for
1559-128X/16/340001-01 Journal © 2016 Optical Society of America

composites due to its advantages of fast detection, cheap equipment, simple setup, and mobility for in-line detection [7–10].
The IR camera is the most essential apparatus for IRT. A fastcooled IR camera is usually expensive (e.g., the latest version
FLIR SC7000 of the camera used in this article is $100,000 this
year). However, the price decreases rapidly year by year, and an
IR camera without the fast-cooled function already works for a
majority of applications (e.g., FLIR S65HS is just $6000
this year) [11]. Other apparatuses used for IRT are cheaper
(e.g., the fiber-coupled laser diode system used in this article
was $10,000 in 2005, and a flash lamp used for IRT is just
$150 this year) [12]. Therefore, infrared thermography has a
significant price advantage.
Flying spot laser thermography uses a laser, which is scanned
over the surface. Changes in the heat conductivity then lead to
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changes in the thermal footprint, which is used for crack detection. This method was suggested for the first time in the late
1960s [13]. A good overview about crack detection with laserexcited thermography can be found elsewhere [14]. Rashed et al.
[15] first tried to detect crack with laser-excited thermography
using modern spatial-resolving IR cameras. The influences of
crack opening and depth to the measurement results were
discussed using the 2D finite element method (FEM). On
the basis of this work, a combination of thermographic and
ultrasonic techniques, using the laser for both thermal and
acoustical excitation, was suggested [16,17].
IRT on subsurface submillimeter flaw detection in composites was poorly documented in the literature, which may be
due to the IR camera resolution limitation and the difficulty
for the heat to transmit through composites [18]. Large-sized
porosities in composites can be detected using classical IRT
techniques including pulsed thermography and lock-in thermography [1,2]. However, these techniques cannot detect submillimeter porosity because the distance between the specimen
and the camera is usually small (approximately 4.5 cm) when
using a microlens, which is difficult for the experimental configurations. Flying spot laser thermography used to detect the
subsurface submillimeter flaws in previous composites work
was reported [1,2]. However, the results revealed that the technique cannot work on micro-sized flaws. The authors proposed
a new micro-laser line thermography (micro-LLT) technique
[1], which was verified to be suitable for subface submillimeter
flaws in composites [2].
In this article, pulsed micro-laser line thermography (pulsed
micro-LLT) was used to detect a 10 mm × 152 mm zone of a
3D preformed CFRP. Micro-CT slices and pulsed micro-LLT
images were compared to verify the thermographic results.
Cold image subtraction (CIS) and principal component thermography (PCT) were used for the image processing of the
thermographic results. Then, the corresponding models were
built and finite element analysis (FEA) was performed. The
same image processing techniques were used for the corresponding simulation for comparative purposes, which was
poorly documented in the literature. Finally, an experimental
and simulation comparison of pulsed micro-LLT was conducted. In addition, a probability of detection (PoD) analysis
on the basis of the hit/miss method was performed to evaluate
the detection capability of pulsed micro-LLT.

2. MATERIALS AND METHOD
A. Specimen

The specimen selected for evaluation was a T-joint 3D preformed CFRP. It was sewn using stacked TC-06-T 3K carbon
fiber. The 3D architecture was woven using 3K/12K carbon
fiber. A continuous row of stacked 12K tow fiber was used
for insertion. A toughened epoxy resin infusion system was
selected. The specimen was fabricated using 3D preform consisting of multiple layers of woven fabric. The noodle for the
T-joint insertion was preshaped through compaction. During
processing, the twisted round-shaped stacked 12K carbon fiber
tows were placed into the molding tool and compacted to a
triangular shape as the tool was bolt clamped together. After
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Fig. 1. (a) Complete stitched T-joint sample, and (b) flat surface
view.

the fiber insertion process was completed, the resin infusion
process was initiated.
The specimen is shown in Fig. 1. It contains six stitching
lines. The purpose of the stitching is to consolidate the T-joint
structure and reduce dry core. The sample measures 152 mm in
length, 148 mm in width, 63 mm in height, and 5 mm in
thickness (excluding the T-stringer), as shown in the figure.
A 10 mm × 152 mm zone, which is shown in Fig. 1(b), was
detected using pulsed micro-LLT and micro-CT.
B. Pulsed Micro-laser Line Thermography

The authors proposed micro-laser line thermography (pulsed
micro-LLT) [1], which was verified to work for subsurface
submillimeter flaws in composites [2]. In this article, pulsed
micro-LLT was used to detect the subsurface submillimeter
porosities in a 3D preformed CFRP specimen for the evaluation of detection capabilities.
Figure 2(a) shows the experimental setup for the pulsed microLLT. In the setup, a midwave IR camera “FLIR Phoenix” at a
frame rate of 55 fps (640 × 512 pixels) was used to record the
temperature profiles. A microlens with a magnification of 1 ×
was mounted on the IR camera to identify and characterize
the porosities. Table 1 shows the IR camera technical specifications. A diode laser with a wavelength of 805 nm was used as the
heating source. A convex lens was used to focus the laser beam,
and a waveform generator was used to generate the laser line.
A beam expander and cylindrical lens were already used to
convert a laser spot with a radius of around 0.9 mm to a laser
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(approximately 4.5 cm). Therefore, a galvanometer scanning
mirror with a frequency of 600 Hz was used to generate the
laser line in this article. Figure 2(b) shows the pulsed microLLT schematic setup. The position of the laser line can be
changed by modulating the mirror angle, which avoids blocking the capture of the camera [Fig. 2(a)]. The laser line is approximately 10 mm in length and 3 mm in width, which has a
power of 2.9 W measured by the laser power meter. The heating time (pulse length) is 0.5 s, and the acquisition time is
5 s (≈300 frames).
C. Infrared Image Processing

Infrared image processing is becoming increasingly essential
for IRT. In this article, different image processing techniques
were used.
1. Cold Image Subtraction

Fig. 2. Pulsed micro-LLT setup: (a) the experimental setup, and
(b) the schematic setup.

line in the literature [19]. However, this setup does not function properly for micro-sized flaws because the cylindrical lens
will block the capture of the camera, which is caused by
the small distance between the camera and the specimen
Table 1.

FLIR Phoenix (MWIR) Technical Specifications

Technical Specification
Detector type
Spectral range
Cold filter bandpass
Pixel resolution
Detector size
Well capacity
Integration time
Sensor assembly f ∕#
Sensor cooling
Spec. performance
Max. frame rate with
DTS electronics
Max. frame rate with
RTIE electronics

Explanation/Value
indium antimonide (InSb)
1.5–5.0 μm
3.0–5.0 μm standard
320 (H) × 256 (V) pixels or
640 (H) × 512 (V) pixels
30 × 30 μm for 320 × 256
25 × 25 μm for 640 × 512
18 M electrons for 320 × 256
11 M electrons for 640 × 512
320 × 256:9 μs to full frame time
640 × 512: < 50 μs to full frame time
f ∕2.5 standard, f ∕4.1 optional
stirling closed cycle cooler
<25 mK
320 × 256:345 fps in full frame
640 × 512:100 fps in full frame
320 × 256:120 fps in full frame
640 × 512:30 fps in full frame

Cold image subtraction is intended to reduce the effects of fixed
artifacts in a thermographic sequence [20], for example, reflections from the environment such as residual heating coming
from the lamps and even the reflection from the camera that
appears during the acquisition. Since these artifacts are more or
less constant during the whole acquisition, including before
heating when the image is cold, this image or the average of
several images can be subtracted before heating, so their effect
can be reduced [2]. Figure 3 shows an example with an academic aluminum plate.
In Fig. 3, the cold image is affected by noise due to a nonuniform correction (NUC) that was badly performed. This
happens when an old NUC is used. The noise can be seen
in the raw sequence as well (the 2nd image in Fig. 3), although
it is less evident since the temperature is higher.
CIS can be considered as a preprocessing step to improve the
quality of the sequence. In the subsequent processing, more
advanced algorithms, such as phase pulse thermography (PPT),
etc., are used.
2. Principal Component Thermography

Principal component thermography, originally proposed by
Rajic in 2002 [21], extracts the image features and reduces undesirable signals. It relies on singular value decomposition,
which is a tool to extract spatial and temporal data from a
matrix in a compact manner by projecting original data onto
a system of orthogonal components known as empirical
orthogonal functions (EOFs). The first EOF will represent
the most important characteristic variability of the data; the

Fig. 3. Example with an academic aluminum plate to explain cold
image subtraction.
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second EOF will contain the second most important variability,
and so on. Usually, original data can be adequately represented
with only a few EOFs. Typically, an infrared sequence of 1000
images can be replaced by 10 or less EOFs [22].

3. RESULT ANALYSIS
A. Experimental Results

In this article, the thermographic results were compared to the
corresponding micro-CT slices for verification. The zone of interest for pulsed micro-LLT analysis is the laser line coverage
zone, which approximately has a 3 mm × 10 mm area.
Figure 4 shows the comparison of the micro-CT slices and
the pulsed micro-LLT results from the position of 69 mm,

Fig. 4. Comparison of micro-CT and pulsed micro-LLT results
from the position of 69 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 54 μm, (c) pulsed microLLT image after CIS, and (d) pulsed micro-LLT image after PCT.
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which is the distance from the porosity to the top of the specimen [Fig. 1(b)].
Figure 4(a) shows the surface slice from the micro-CT.
Figure 4(b) shows the fourth slice of the same detected zone
from micro-CT, which is 54 μm in depth. Porosities A (marked
in red) can be detected by pulsed micro-LLT after CIS [shown
in Fig. 4(c)] and PCT [shown in Fig. 4(d)]. PCT provides a
clearer result than CIS.
Figure 5 shows the comparative results from the position of
108 mm. Porosity B from the depth of 72 μm can be detected
after CIS and PCT using pulsed micro-LLT.

Fig. 5. Comparison of micro-CT and pulsed micro-LLT results
from the position of 108 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 72 μm, (c) pulsed microLLT image after CIS, and (d) pulsed micro-LLT image after PCT.
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Similarly, porosities C and D can also be detected after CIS
and PCT, which are shown in Figs. 6 and 7, respectively.
In Fig. 6, porosity C is 90 μm in depth, and the corresponding detected zone is 87 mm from the top of the specimen. In
Fig. 7, the detected zone for porosity D is 66 mm from the top
of the specimen, and the depth is 0.108 mm.
Figure 8 shows the comparison of the micro-CT slices and
the pulsed micro-LLT images from the position of 129 mm.
Porosities E from the depth of 36 μm can be detected after
CIS and PCT using pulsed micro-LLT, which is similar to the
previous results. However, porosity F (marked in blue), which
is located at a depth of 0.162 mm, can only be detected after
PCT. Porosities with the depths of 0.18 mm or more cannot be
detected after CIS or PCT. The experimental results from the
position of 141 mm are shown in Fig. 9.

Fig. 7. Comparison of micro-CT and pulsed micro-LLT results
from the position of 66 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 0.108 mm, (c) pulsed microLLT image after CIS, and (d) pulsed micro-LLT image after PCT.

Fig. 6. Comparison of micro-CT and pulsed micro-LLT results
from the position of 87 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 90 μm, (c) pulsed microLLT image after CIS, and (d) pulsed micro-LLT image after PCT.

In Fig. 9, porosity G at a depth of 90 μm can be detected
after CIS and PCT. However, porosity H (marked in blue) at a
depth of 0.18 mm cannot be detected using any of the image
processing techniques. The reason why porosity H cannot be
detected is that the fiber covers this porosity, which blocked the
heating diffusion [23]. Another submillimeter porosity at the
same depth of 0.18 mm, which is not covered by the fiber,
cannot be found in the specimen. However, the experimental
results for porosity F can also indicate that the depth limitation
of the technique is approximately 0.162 mm. FEA on the basis
of the corresponding models, which is useful to verify the
estimation, was performed in this article [23,24].
As a conclusion, the porosities located at depths of 36 μm to
0.108 mm can be detected after CIS and PCT. The porosity at
the depth of 0.162 mm can only be detected after PCT, which

6

Vol. 55, No. 34 / /Applied Optics

Research Article

Fig. 8. Comparison of micro-CT and pulsed micro-LLT results
from the position of 129 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 36 μm, (c) micro-CT slice from
the depth of 0.162 mm, (d) pulsed micro-LLT image after CIS, and
(e) pulsed micro-LLT image after PCT.

Fig. 9. Comparison of micro-CT and pulsed micro-LLT results
from the position of 141 mm: (a) micro-CT slice on the surface,
(b) micro-CT slice from the depth of 90 μm, (c) micro-CT slice from
the depth of 0.18 mm, (d) pulsed micro-LLT image after CIS, and
(e) pulsed micro-LLT image after PCT.

can be considered as the detection limitation. Porosities at a
depth of 0.18 mm and more cannot be detected. PCT shows
clearer results than CIS. A potential way to greatly enhance the
detection capacity is to greatly increase the laser power.

However, there is a risk that the specimen would be damaged.
It is possible to increase the maximum detection depth by
modulating the laser power, which should be on the basis of
different characteristics of materials.

Research Article
B. Finite Element Analysis

Finite element analysis was performed to simulate the corresponding models on the basis of the position of 129 mm
(Fig. 8, model A) and the position of 141 mm (Fig. 9,
model B). The models were implemented into COMSOL
Multiphysics 5.0 as the user-defined material models to verify
the nonlinear behavior of heat transmission. Then, the simulation data was exported to MATLAB for further image processing.
CIS and PCT were also performed on the simulation images.
Finally, a comparison of experimental and simulation results with
the same image processing techniques was conducted.
1. Modeling

The models needed for finite element discretization were
developed from the micro-CT measurements. Figure 10 shows
the micro-CT measurements and the corresponding models.
The geometrical models were developed on the basis of the
method proposed by Ito and Chou [25]. The models consist of
four intertwined yarns surrounded by the isotropic matrix.
There are two warp yarns in the longitudinal direction and
two fill yarns in the transverse direction, respectively. Each yarn
is a unidirectional composite in the material coordinate system
with orthotropic properties [26]. The equations proposed by
Ito and Chou for the yarn geometry were used to develop
the models. The warp yarn path curve on the fill face is
described by




hy
2π
a
a
z 0 x 
x ;
− <x<
;
(1)
sin
a
4
4
2
and the fill yarn cross-section curve on the same face by
2hc qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
z 1 x 
2x − ag a − ag − 2x  hy − hc ;
a − 2ag


ag
a
;
(2)
<x<
4
2
where hy is the yarn thickness, a is the dimension of the
models in either the fill or warp directions (warp or fill faces,
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Table 2. Material Properties
Epoxy

Fiber

Porosity

Thermal
0.2
{60,4,4}
0.004
conductivity (k)
W/(m·K)
W/(m·K)
W/(m·K)
0
Density (ρ)
1200 kg∕m3 1500 kg∕m3
Heat capacity (Cρ ) 1000 J/(kg·K) 1000 J/(kg·K) 1004.5 J/(kg·K)

respectively), ag is the gap width between two adjacent
transverse yarns, and
  

hy
πag
sin
1 :
(3)
hc 
2
a
The material properties used for the models are shown in
Table 2 [23].
The zones covered by the laser line in models A and B are
shown in Figs. 10(c) and 10(d), respectively. The lengths of the
fibers are 5 mm and 4 mm, respectively, and their width is
0.8 mm. The thickness of the fibers is 90 μm. The fill yarn
cross section is an ellipse with major axis 0.8 mm and minor
axis 0.09 mm. The warp yarn curves are described by Eq. (1),
where hy  0.1 mm and a  5 mm. The 4 mm fibers were
rotated by 20°. Two concave surfaces face each other. The centers of mass lay on the z-axis. Two fibers were embedded
in cubic epoxy with the volumetric dimension of 6 mm ×
2.5 mm × 0.6 mm laid along the x-axis [23]. The parameters
of the submillimeter porosities E, F, G, and H are shown in
Figs. 10(e) and 10(f ).
The laser line power is 2.9 W, which is the same as the laser
line power in the experimental setup. The power density is
2.9 W∕3 mm × 10 mm. The heating time is 0.5 s, and
the cooling time is 1.5 s. In order to match the IR camera
frame rate (≈55 fps), the simulation frames were set to
0.02 s (50 Hz).
2. Temperature Distribution

The simulation results can reveal the temperature distribution
directly. Figures 11(a) and 11(b) show the mesh of the models.
Figures 11(c) and 11(d) show the surface temperature distribution at 0.5 s. Porosities E can be identified from the temperature distribution results. However, porosities F, G, and H
cannot be inspected. The reason may be the restricted heating
transmission. Figures 11(e) and 11(f ) show the temperature
distributions from the sideview at 0.5 s, which reveal that it
is difficult to transmit the heating onto porosities F and H.
The temperature distribution images can directly reveal the
trend of the heating transmission. However, it cannot provide
more reliable information for the detection capability. For comparative purposes, CIS and PCT were also used for simulation,
which was previously poorly documented in the literature.
3. Postprocessing Results

Fig. 10. Micro-CT measurements and the corresponding models:
(a) model A, micro-CT measurements; (b) model B, micro-CT measurements; (c) model A, topview; (d) model B, topview; (e) model A,
sideview, and (f ) model B, sideview.

The simulation data was exported to MATLAB for further
image processing, and the corresponding data structural transformation was performed.
Figures 12(a) and 12(b) show the simulation results of
model A after CIS and PCT, respectively. In Fig. 12(a), porosities E can be clearly inspected. However, porosity F cannot be
identified, which is similar to the corresponding experimental
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Table 3. Thermo-PoD of the Porosities on the Basis of
Hit/Miss Data
Submillimeter Porosity
Depth (μm)

Experiment

Simulation

Size (μm)

CIS

PCT

CIS

PCT

72
54
126
108
90
72
216

1
1
1
1
1
0
0

1
1
1
1
1
1
0

1
1
1
1
1
0
0

1
1
1
1
1
1
1

36
54
72
90
108
162
180

Figures 12(c) and 12(d) show the simulation images of the
model B after image processing. The corresponding experimental results after image processing reveal clearer porosity G than
the simulation images. Porosity H cannot be inspected in the
experimental results. However, it can be identified in Fig. 12(d),
which is the corresponding simulation image after PCT.
C. Thermo-PoD
Fig. 11. (a) Model A, mesh; (b) model B, mesh; (c) model A, surface
temperature distribution; (d) model B, surface temperature distribution; (e) model A, temperature distribution from the sideview; and
(f ) model B, temperature distribution from sideview.

result after CIS. In Fig. 12(b), porosities E can also be inspected. The position of porosity F is abnormal in the simulation image after PCT. However, it is difficult to conclude
that porosity F can be inspected in the image. On the contrary,
porosity F in the corresponding experimental image after PCT
is clearer. The simulation result may be affected by the model
mesh, which leads to the phenomenon and restricts the usage of
PCT on FEA.

Fig. 12. Simulation results of the models A and B after the corresponding image processing: (a) model A, CIS; (b) model A, PCT;
(c) model B, CIS; and (d) model B, PCT.

Probability of detection, as a quantitative reliability measurement method, has been established for decades to evaluate
the detection capability of NDT techniques [27]. It is already
widely used for traditional NDT techniques, but only a brief
study for IRT was reported in the literature [28]. Usually, two
methods can be used to obtain data for the formation of PoD.
One is response a data method that uses quantitative stimulus
responses as the reference. The other method uses hit/miss
data, where “1” indicates that a defect is found, and “0” indicates that a defect is not found [29]. In this article, a statistical
thermo-PoD on the basis of the hit/miss method was performed, which is shown in Table 3 [30].
In Table 3, “1” means that the porosity is detected by the
corresponding image processing technique, and “0” means the
corresponding porosity is not detected. Table 3 reveals the detection capability. The minimum size is 54 μm, and the
maximum depth is 0.18 mm.
A thermo-PoD on the basis of simulation data contributes
to the study. However, the mesh of the corresponding models
affects the image processing results severely, which is shown in
Fig. 12. Therefore, a thermo-PoD on the basis of simulation is
unreliable when the detected defects are at a submillimeter
level. The simulation results in Fig. 12 reveal that clearer results
can be obtained by PCT than CIS, but the defect size also
affects the detection capability. Therefore, a thermo-PoD curve
on the basis of both detection depth and size is needed for
further PoD analysis.
The PoD curve is a generally accepted method for characterizing and quantifying the detection capability and reliability of a
NDT technique, which requires a mass of experimental data
[31]. Therefore, robotic pulsed micro-LLT is necessary, which
will need the corresponding specific image reconstruction algrorithm [32]. This provides an orientation for further study.
4. CONCLUSION
In this article, the detection capability of pulsed micro-LLT
was studied. The technique was used to detect the subsurface
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submillimeter porosities in a 3D preformed CFRP specimen.
Micro-CT was used to verify the thermographic results. CIS
and PCT were used to process the results. Then, a FEA was
performed on the basis of image processing techniques for
comparative purposes, which was poorly documented in the
literature. Finally, PoD analysis was performed on the basis
of experimental and simulation postprocessing results.
As a conclusion, PCT can provide clearer results than CIS. A
FEA on the basis of image processing presents promising results. However, the mesh of the models affects the processing
results severely, especially for the submillimeter flaw. The detection capability is limited to 54 μm in size and 0.18 mm
in depth.
Lock-in micro-LLT could be able to detect deeper depth
[33], which is also useful for PoD analysis. The quantitative
PoD curves on the basis of both the response data method
and the hit/miss method are promising and merit further
study. Robotic micro-LLT could greatly reduce the experiment
time, which will need the corresponding image reconstruction
algorithms.
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