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A B S T R A C T

Infrared thermography (IRT) is introduced to measure the in-plane thermal conduction of woven carbon fiber
reinforced polymers (CFRP). According to the principle of modulated laser heating, the relationship between the
phase gradient and the in-plane thermal diffusivity has been deduced, and the experimental platform was
established to test the 6 groups of CFRP test specimens with varied porosity. The measured infrared radiation
signal was normalized by taking glassy carbon as the reference material, and the Gaussian filtering was applied to
removing the noise of infrared thermal images. The experiment results show that the in-plane thermal conduction
law in various directions is related to its conduction direction owing to the anisotropy of the CFRP. The in-plane
thermal diffusivity of test specimens with different levels of porosity in each direction can be measured when the
modulated laser frequency is lower than 1 Hz. In addition, the thermal diffusivity in each direction decreases with
the increase of test specimens' porosity.
1. Introduction

With the development of lightweight construction in the aeronautics
and astronautics industry, the new materials in the field of composites
are developed and optimized. Nowadays safety-critical structures, such
as primary aircraft components, are manufactured from carbon fiber
reinforced polymer (CFRP) [1], which is a kind of structural material
with high strength, light weight, small thermal expansion coefficient, and
many other advantages. CFRP is using resin or rubber as matrix and
utilizing carbon fiber or its woven fabric as reinforcement. The
fiber-woven structure is one of the important factors that affect the
thermal physical properties of CFRP, the existence of anisotropy in CFRP
also leads to different thermal performance parameters in different di-
rections [2]. It is inevitable that there will be pore during the
manufacturing process of CFRP. The existence of pore not only affects the
mechanical properties, but also the thermal performance [3]. Therefore,
it is significant to study the influence of the pore on the thermophysical
parameters of the composites and to analyze the distribution of thermal
conduction inside the materials for ensuring the reliability of CFRP. As a
consequence, this work deals with the thermal diffusivity of CFRP with
varied porosity by using Infrared thermography (IRT).
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IRT represents one of the most promising nondestructive testing and
evaluation (NDT&E) technique for the inspection of materials and
structures through measuring the emitting infrared radiation. It can
collect infrared radiation signals from the surface of the object and obtain
the thermal diffusivity of the object through signal processing and ther-
mal image analysis [4]. The surface preparation is not required in
advance when using IRT to detect the aerospace composite material. The
structure parts with complex shape have stronger adaptability using IRT
method [5]. This technique has been used in aerospace composite plastic,
unglued, fault and other non-destructive testing [6,7]. American scholars
began to try to apply this technology in the aerospace field in a variety of
equipment in-service real-time monitoring; European countries have
carried out the fatigue damage detection of a large force on the building
support with sensitive parts, the inspection of the internal defects of steel
bar connection parts etc. [8] Therefore, the IRT has great prospects for
application in the near future.

In this paper, IRT is used to study the in-plane thermal conduction law
of 6 groups of woven CFRP test specimens with different levels of
porosity, and themodulation laser scanning frequency is controlled in the
range of 0.1–10 Hz. The experimental apparatus and method were
introduced in details, and the experimental results show that there is a
ber 2017
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Fig. 1. Gaussian spot lateral distribution.

Fig. 2. Structures of fiber preforms.

E. Wu et al. NDT and E International 94 (2018) 56–61
close relationship between the direction of woven fiber bundle and the
in-plane thermal conduction distribution of the CFRP. The thermal
diffusivity in each in-plane direction of CFRP can be calculated when the
modulation laser scanning frequency is lower than 1 Hz, as a result, the
relationship between the thermal diffusivity and the porosity of the CFRP
can be obtained.

2. Theory

2.1. Laser-spot periodic heating method

When a modulation laser projected onto the material surface, it will
Table 1
Porosity and thickness of CFRP test specimens.

No. S1 S2 S3 S4 S5 S6

Porosity (φ,%) 0.00 0.45 1.55 5.30 10.00 18.32
Thickness (L,mm) 4.25 4.36 4.42 4.66 4.83 5.30
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produce a distribution of temperature field on the surface, which is called
“thermal wave”. A unifying framework for treating diverse diffusion-
related periodic phenomena under the global mathematical label of
diffusion-wave fields has been developed by Mandelis [9]. In case of a
heat source that heats a point on a thin opaque sample with a modulation
frequency f , the AC temperature at the point distant r from the heat
source is expressed as follows [10]:

TAC ¼ T0e
j

�
ωt�r

l�π
4

�
�r

l r�1 (1)

Where T0 is constant, and r is the inverse of the thermal diffusion length l.
Heat wave propagation in the material decays particularly fast, and

the propagation distance associates with the modulation frequency f ,
which can be expressed as follows [11]:

k ¼
ffiffiffiffiffiffiffiffiffiffi
πf =α

p
¼ l�1 (2)

At the point r, the phase θ, with respect to the heat source is
expressed as:

θ ¼ �kr � π=4 (3)

Thermal diffusivity, α, is calculated from the spatial dependence of
the phase, dθ=dr, can be expressed as follows:

dθ=dr ¼ �
ffiffiffiffiffiffiffiffiffiffi
πf =α

p
(4)

2.2. Gaussian beam laser

In the ideal state, the infrared radiation phase signal presents
Gaussian distribution, its transverse sectional chart was shown in Fig. 1,
and the in-plane distribution function can be expressed as follows [12]:
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Where νmax is the maximum value of the infrared radiation signal, and ωz

is the equivalent Gaussian width.
The phase value of ωz can be calculated when knowing νmax, the phase

slope between the phase peak and the equivalent Gaussian width can be
obtained by the once degree polynomial fitting. The phase slope is
different due to the number of points taken. The R-square correlation
coefficient can be obtained in the polynomial fitting. And if the R-square
is closer to 1, the phase slope is more reliable. Therefore, dθ=dr is
calculated, and then it is substituted in Equation (4) to obtain α.

3. Experiment

3.1. Test specimen preparation

The CFRP test specimens examined in this study were made of pre-
pregs of a plain woven structure and the test specimens were fabricated
by using 20 ply laminate, the schematic diagram is shown in Fig. 2. The
size of image capture area in the specimen is about 2.5 mm � 2 mm. The
direction parallel to the weft yarn is defined as a transverse direction (0�),
a direction parallel to the warp yarns is a longitudinal direction (90�), a
left diagonal direction to the lower right direction is the main-diagonal
direction (45�), the direction along the upper right to lower left is the
counter-diagonal direction (135�). Taking the specific structure of woven
CFRP into account, point A and point B are projected by the modulation
laser during the experiment, and they are located at the intersection of
longitudinal and transverse fiber bundles. At point A, the thermal wave
propagates transversely in the first layer and longitudinally in the second
layer along the fiber bundles. While the thermal wave propagates



Fig. 3. IRT experiment apparatus.

Fig. 5. Phase versus frequency.
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longitudinally in the first layer and transversely in the second layer at
point B.

The content of epoxy resin in prepregs was about 40% by weight, and
the plane size of test specimens were all the same (40mm� 20 mm). The
CFRP test specimens with different levels of porosity were prepared by
different pressure during the process, and the thickness of the test
specimens was varied because of the different porosity. The properties of
CFRP test specimens are shown in Table 1. It can be seen from Table 1
that the thickness of the test specimens increases with the increase
of porosity.

3.2. Apparatus and measurements

The schematic diagram of experimental apparatus for the CFRP
thermal performance testing is shown in Fig. 3. This system mainly
consists of infrared camera (FLIR-SYSTEMS-INC SC7000), laser diode
(JENOPTIK, 808 nm), laser controller (Thorlabs, LDC210C), lock-in
amplifier (SR850), TEC controller, data acquisition and processing sys-
tem. The laser is modulated by the driver and directly projected onto the
surface of the test specimen, which is placed vertically, and then the
infrared radiation phase signal generated by the test specimen is received
by the infrared camera. The Lock - in amplifier is directly connected with
the computer. The collected signal is recorded and processed by
the computer.

In order to improve the sensitivity and SNR (Signal to Noise Ratio) of
the acquired signal, the intensity of light source should be increased
appropriately. The modulation laser scanning frequency range is
Fig. 4. Infrared radiat
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0.1–10 Hz, and the laser generates beam whose maximum output power
is 20 mW. The form of the incident laser beam is Gaussian and its
diameter is about 0.2 mm. In order to eliminate the influence on the
signal acquisition from the experimental equipment system, the same
experiment was carried out with glassy carbon as the reference material
for normalization, then using Gaussian filter to remove noise from the
obtained image signal.

4. Experimental results and analysis

The Infrared radiation phase images of S1 at point A are shown in
Fig. 4 when the laser modulation frequency is 0.1 Hz. It can be seen from
the figure that the infrared radiation phase image is composed of
128 � 160 pixels, the maximum infrared radiation phase value is located
at the laser heating point, and the phase value is gradually reduced with
the increase of distance away from the laser heating point.
4.1. Relationship between phase value and frequency

The relationship between the maximum phase value and the modu-
lation frequency for the six test specimens at point A is shown in Fig. 5
ion phase image.



Fig. 6. Phase distribution under different modulated frequency.

Fig. 7. Phase contour maps under different frequency.

E. Wu et al. NDT and E International 94 (2018) 56–61
when the laser modulation frequency is 0.1–10 Hz. According to eq. (1),
the phase shift must be negative, and they close to zero. We added by 2π
to simplify the calculation without affecting the analysis result. It can be
seen from the figure that the phase of the test specimens are different due
to the unique woven structure of CFRP, but the overall variation trend is
consistent. The higher the frequency, the phase lag become
more obvious.

4.2. Relationship between phase signal distribution and frequency

Taking transverse thermal conduction of S1 at point A for analysis,
the distribution of the infrared radiation phase signal in different laser
modulation frequency is shown in Fig. 6. It can be seen from the figure
that the phase slope and the equivalent Gaussian width are different at
different laser modulation frequency; the phase slope at high frequency is
significantly larger than that at low frequency, and the equivalent
Gaussian width at low frequency is obviously larger than that at
high frequency.

4.3. Analysis for anisotropic distribution

Fig. 7 shows the phase contour map of S1 at point A under different
modulation frequency. As shown in the figure, the thermal radiation area
decreases with the increase of the modulation frequency, and presents
the concentric ellipse shape distribution. In the 6 groups of CFRP test
specimens, the material of warp yarn and weft yarn is the same, and the
heat wave propagates along the direction of the fiber bundle, the dis-
tribution of the resin and the pores in each direction is different, which
leads to different thermal diffusion level in each direction. It proved that
CFRP is an anisotropic material, the thermal diffusion length (l) decreases
with the increase of the modulation frequency (f ). Therefore, the cen-
trifugal rate of elliptical contour decreases with the increase of the
modulation frequency, the phase contour map gradually forms a
concentric circle.

Fig. 8 shows the infrared radiation phase signal distribution of S1 at
point A in four directions when the laser modulation frequency is 0.5 Hz.
It can be seen from the figure that the thermal conduction distribution in
the transverse, longitudinal, main-diagonal and counter-diagonal direc-
tion is different. It is proved that the internal inhomogeneity of CFRP
material is caused by the lamination, and it exactly indicates that CFPR
has the characteristics of anisotropy. The phase slope in the transverse
(0�) and longitudinal (90�) directions varies significantly to each other,
and the phase slope in the main-diagonal (45�) and the counter-diagonal
(135�) directions is close to each other.
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4.4. Calculation of thermal diffusivity

According to reference [1], the thermal diffusivity of CFRP in the
thickness direction can be obtained. The thermal diffusion length
(μ1Hz; μ2Hz; μ4Hz) in the thickness direction of six test specimens at the
laser modulation frequency of 1 Hz, 2 Hz, 4 Hz can be calculated by
equation (2), then comparing it with the thickness of the single-layer
prepreg laminate (TSL) of the six test specimens, the results are shown
in Fig. 9. As can be seen from the figure, the thermal diffusion length of
the six test specimens (μ1Hz) are larger than the thickness of single-layer
prepreg laminate (TSL) when the laser modulation frequency is 1 Hz, it
means the laser can at least penetrate a single-layer prepreg laminate. At
this point, the infrared radiation signals can fully reflect the thermal
conductivity of CFRP. Moreover, the thermal diffusion length is gradually
reduced with the increase of the laser modulation frequency, the thermal
performance of the CFRP cannot be correctly reflected by the infrared
radiation signal under this circumstance. Therefore, taking the average
value of the thermal diffusivity calculated from 0.1 Hz、0.5 Hz and 1 Hz
as the thermal diffusivity of the CFRP test specimens.



Fig. 8. Phase distribution on four directions.

Fig. 9. Thermal diffusion length versus thickness of single-layer prepreg laminate.

Fig. 10. Thermal diffusivity versus porosity at point A.

Fig. 11. Thermal diffusivity versus porosity at point B.

Table 2
Thermal diffusivity on 0� and 90� .

Position Direction α½mm2=s�
S1 S2 S4 S6

Point A 0� 0.568 0.560 0.510 0.405
90� 0.459 0.448 0.406 0.291

Point B 0� 0.461 0.459 0.430 0.261
90� 0.584 0.578 0.546 0.452
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4.5. Relationship between thermal diffusivity and porosity

By analyzing the thermal diffusivity of six test specimens in four di-
rections calculated from point A and point B, the relationship between
thermal diffusivity and porosity is shown in Figs. 10 and 11.

It can be seen from Fig. 10 that at point A, the thermal diffusivities of
the test specimens in the woven plane of the fiber bundle are not the same
in all directions The thermal diffusivity at the woven direction of upper
prepreg laminate (0�) is in the maximum, followed by the woven direc-
tion of bottom prepreg laminate (90�), and the minimum thermal
diffusivity is at the main-diagonal direction (45�) and counter-diagonal
direction (135�). Besides, the thermal diffusivity in the four directions
decreases with the increase porosity of test specimens.

As can be seen from Fig. 11, at point B, the thermal diffusivity of test
specimen S3 and S5 in the longitudinal direction increases sharply. But in
fact, the thermal diffusivity won't change suddenly when the experi-
mental temperature is unchanged, and the thermal diffusivity is only
related to the thermal conductivity, density and specific heat capacity of
the CFRP material. Therefore, it may be uncertainty of the resin and
porosity in the heat conduction direction that caused the thermal diffu-
sivity mutation.
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Since the thermal wave diffuses along the direction of fiber bundle,
and the thermal diffusivity value (α) on 0� and 90� directions at point A
and point B in four test specimens (S1,S2,S4,S6) is shown in Table 2. It
can be seen from the table that the thermal diffusivity value on 0� and
90�directions at point A is similar to that in the 90� and 0� directions at
point B respectively, which is because the laser is directly projected on
the transverse fiber bundle at point A, while it is projected on the lon-
gitudinal fiber bundle at point B. Therefore, the carbon fiber woven
structures directly affect the in-plane thermal conduction of CFRP.
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5. Conclusion

According to the principle of modulated laser heating, infrared
thermography is used for analyzing the in-plane thermal conduction of
woven carbon fiber reinforced polymer. The experiment results show
that the unique woven structure of CFRP makes it anisotropic, and the
thermal conduction law of CFRP in the plane direction of the fiber bundle
is related to its conduction direction. The shape distribution of the
infrared radiation phase contour map presents a concentric ellipse, and
the centrifugal rate increases with the decrease of the modulation fre-
quency. When the modulated frequency is lower than 1 Hz, the in-plane
thermal diffusivity of test specimens in each direction can be measured,
and the thermal diffusivity decreases with the increase of porosity.
Therefore, the woven structure, resin distribution and porosity content
have a direct effect on the thermal diffusivity. It is found that the mea-
surement results were affected by the measurement location due to un-
even pore distribution of the test specimens. And some results even do
not meet influence law of porosity on thermal diffusivity. Further studies
about the measurement errors and uncertainties caused by the uneven
pore distribution and the shape of the pores will be conducted in the
future research.
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