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The carbon fiber reinforced composite has been widely used in many fields of the
aviation industry due to the good resistance to fatigue damage, impact resistance,
and easy processing. Firstly, the pulse heat conduction model of the carbon fiber
reinforced composite is established, and the simulation experiment is completed
based on the customized specimen with the defects. The influences of the thermal
excitation power and pulse width on the defect detection effect are analyzed and
obtained. The total harmonic distortion algorithm is used to process the experi-
mental image sequence. The simulation and experimental results are compared
and analyzed to verify their unity. It may provide the theoretical basis and empiri-
cal guidance for the defect detection of the composite materials.
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Introduction

The carbon fiber reinforced polymer (CFRP) has been used to produce a variety of air-
craft components, including doors and clamps, as well as wing flaps and bodies. The demanding
application is associated with superior properties of CFRP, such as high strength and stiffness,
low weight and high fatigue resistance. However, serious damage, especially debonding de-
fects, often occurs during the service. Debonding will not only reduce the integrity of the struc-
ture, but also seriously reduce its bearing capacity [1, 2]. Therefore, it is necessary to carry
out nondestructive testing of CFRP debonding defects. As a new non-destructive testing tech-
nology, infrared thermography has been developed rapidly in recent years [3]. According to the
different heating modes, the infrared thermal imaging includes pulse thermal (PT) method [4,
5], lock-in method [6, 7], and linear frequency modulation method [8, 9]. The PT method has
the advantages of fast detection, convenient on-line detection and so on.

The target of the present paper is to show that the finite element simulation and exper-
imental research are combined to study the debonding defects detection of the CFRP specimen,
and the influence of pulse excitation on the detection effect under different power and pulse
width is analyzed.
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Theory analysis

Pulsed infrared thermal wave imaging technology uses pulse signal to excite the sur-
face of the specimen, and the thermal wave propagates to the interior of the specimen. The de-
fects in the specimen will affect the propagation of
the thermal wave and cause the change of the tem-
T perature field on the surface of the specimen. The

%:o " infrared thermal image sequence is collected and
S recorded by the infrared thermal camera. Finally,
the infrared thermal image sequence is analyzed
\ and processed to realize the detection and evalu-
ation of defects.
The purpose of damage detection is to clas-
sify pixels according to cooling behavior. Figure 1
shows two typical observed temperature decay
> curves of n point (1) and m point (2) in frequency
log(?) > domain [10]. Under the action of external thermal
excitation, the heat flow is conducted inside the
Figure 1. Attenuation curve of CFRP, the heat transfer principle is shown in fig. 2,
E)“lse,:l’:“fat(llon temperature in where, d is the depth of defect and g — the heat flow
garifimic comain loaded on surface of the CFPR specimen.
d The 3-D heat conduction equation is given [11]:
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. e In the 1-D case, the heat conduction equation is rewritten:
Figure 2. Heat transfer
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Uniforming the plane pulse, the heat source, used in this test, is given:
q(x1)=005(x)5(1) “)

where Q is heat flux. If the 1-D heat conduction is considered and the surface of the object
completely absorbs the energy from the heat source without considering the diffusion loss, then
eq. (4) reads:

2
P 0 T(;C,t) e oT (x,1) _05(x)5(1) )
ox ot

The boundary conditions are given:
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The relationship between temperature, depth and time can be given:
x2
T(vi)=—r2 ¢
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The temperature difference, denoted as AT, between the defective and defect-free
areas can be expressed:

e_Z = Q e_;
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AT = 0 - 0
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Numerical simulation
Establishment of finite element model

The geometric size of the tested CFRP specimen is 100 mm x 100 mm % 4 mm, and
the artificial defects of different size are distributed as shown in fig. 3. The thermophysical pa-
rameters are shown in tab. 1.
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Figure 3. Distribution of geometric location of defects in the specimen

Table 1. Thermophysical parameters Simulation experiments

Thermal | . | Specific heat and result analysis
Material | conductivity " _3y capacity . . .
[Win K] [kgm™] ke K] In the simulation experiments, the
Epoxy resin 0251 2170 740 initial temperature, heat transfer coeffi-
Carbon fibre 418 1550 793 cient, sampling frequency, and heating

time were set as 293.15 K, 10 W/m2K,

30 Hz, and 20 seconds, respectively. Three different heat flux P of 800 W/m?, 1200 W/m?, and
1600 W/m? was loaded on the top surface of the specimen, and the pulse width B was set as 1, 3,
and 5 seconds for orthogonal analysis. The maximum temperature difference A7, (¢) is defined:

AT, (t) =T (1) - T; (1) (12)
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where 7,(7) is the maximum temperature value of the specimen surface at time ¢, which is usu-
ally the temperature value of the defect center point with large diameter and depth, and 7,(?) is
the minimum surface temperature of the specimen, which is usually the temperature value of
the defect free area.

Table 2 shows the temperature distribution under different heat flux, £, and pulse
width B. It can be seen that in the heating stage, with the increase of P and B, the defect
contour is becoming more and more clearer; The maximum temperature difference AT, (¥)
also increases with the increase of P and B, and the defect contour is the most clear when P =
= 1600 W/m? and B = 5 seconds.

Table 2. Temperature distribution under different heat flux
and pulse width

B P

800 W/m?

1200 W/m?

1600 W/m?

I295.63

I296.87

I298.11

I294.59 I295,30 I296.02
AT, =1.04K AT, =157K AT, =2.09 K
IZ‘)‘).S] I302.39 I305.46
3[s]
I297.27 I299.34 I301.40
AT, =2.04K AT, =3.05K AT, =4.06 K
I302.97 I307.88 I312.79
5[s]
I300.72 I304.51 I308.30
AT, =225K AT, =337K AT, =449 K

Experimental study

The aforementioned simulation results show that the ideal detection results are ob-
tained when P = 1600 W/m? and B = 5 seconds. So, two sets of the experiments under the
optimized parameters were carried out on the built infrared thermal wave testing system. The
infrared camera is FLIR A655sc. The sampling frequency and sampling time was set as 30 Hz
and 20 seconds, respectively.

In the process of infrared image imaging, the captured infrared image sequence is
usually with high noise and low contrast due to the interference of uneven heating and infrared
radiation of surrounding environment. So, in order to improve the signal-to-noise ratio (SNR),
background reduction and total harmonic distortion [12] algorithms were applied to process the
image sequences, and normalization treatment was expressed by [13]:

7, =2 Zmin_ (13)
Z max Z min

where Z, is the normalized value, Z — the value after background reduction, both Z_,. and Z,_;,
are the maximum and minimum values of Z, respectively.
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The SNR|, was selected to measure the influence of different parameters on the pro-
cessed infrared image, given:

SNRy =1 (14)

where SNRy, is the SNR of defects, o> — the standard deviation of the defective area, R — the
temperature of the reference area, and 7" — the temperature of the defective area.

Table 3 shows the characteristic images and their SNR|, of the image sequences ob-
tained under different experimental parameters after being processed by the above algorithm.
It can be seen from tab. 3 that when the pulse width is constant, as the heat flux increases, the
SNR|, increases gradually, and the contrast between the defect and defect-free area is more
obvious, which shows that the increase of the loaded heat flux is beneficial to the identification
of the defect. When the heat flux density is constant, as the pulse width increases and the SNR,
ratio increases gradually, which show that the increase of the pulse is beneficial to the identifi-
cation of the defects. The test and simulation results are consistent in trend.

Table 3. Comparison of different parameters

The processed image SNR;, The processed image SNR;,
d i;: 25.46 w3377

P =800 W/m? B=1 [S]
B=5]s] 30.28 | P=1600 W/m? " 38.37

P=1200 W/m> B=13[s]
“ 36.55 o 41.72

100 200 300 400 ! 100 200 300 400 !
P=1600 W/m? B=5]s]
Conclusion

In the present work, the infrared thermal imaging detection of debonding defects in
CFRP has been carried out based on pulsed thermal wave excitation. The influence law of heat
flux and pulse width on defect recognition was arrived. With the increasing of heat flux and
pulse width, the SNR; and defect recognition effect can be improved. Compared with the pulse
width, the heat flux has the more significant influence on SNR|, and the defect recognition effect.
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Nomenclature

¢ - specific heat capacity, [Jkg'K™] Greek symbols

Q  — heat of outflow, [J] o — thermal diffusion coefficient, []
SNR — signal-to-noise ratio, [—] 6  — plane pulse

T - temperature distribution, [K] p - material density, [kgm™]

t — time, [s]
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