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Abstract 
In order to solve the problems of low efficiency, low sensitivity and small detection area of existing nondestructive 
testing (NDT), this work proposes the integrated nonlinear ultrasound and vibro-thermography NDT based on the 
shared excitation sources. The experimental system is built after introducing the principle of shared excitation 
based nonlinear ultrasound and vibro-thermography NDT simply. The carbon fiber reinforced plastics with 12J 
and 16J impact damages are tested. In experimental studies, both 12J and 16J impact damages could be detected 
by nonlinear ultrasound and vibro-thermography. The proposed methods could provide a visualized and effective 
means for quality control and inspection of large–scaled key components in manufacturing process and in service. 
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1.  Introduction 
Aerospace structures are subjected to variable loads over long periods with rapid changes of 
conditions. In order to obtain maximum strength at low weight, carbon fiber reinforced plastic 
(CFRP) materials have been used increasingly in recent years for heavy load bearing structures 
instead of metal members. One of the main challenges for application of CFRP structures is to 
assure the structural integrity and long-term reliability. Damage caused by outside low-energy 
impacts is of primary importance to the structural integrity of composites and is also among the 
most difficult to be detected. Low-energy impacts often leave the top surface of the component 
unchanged but still produce internal deformation and matrix breakage on the back surface of 
the component. This inside damage caused by impact is inevitable during either fabrication or 
lifetime of a composite structure. Usually, it is difficult or even impossible to be detected from 
the surface using visual inspection. On this background, it is important to identify defects 
reliably and early enough during production or maintenance inspections in order to avoid 
catastrophic failure. 
Infrared and thermal nondestructive testing (NDT) involves the use of temperature and heat 
flow measurement as a means to predict or diagnose failure. Infrared (IR) thermography is the 
main kind of infrared and thermal NDT. Active IR thermography has become an important tool 
and instrument for nondestructive testing and evaluation (NDT&E), which has great stand-off 
distance, greater inspection speed, higher resolution, sensitivity and detectability of inner defect 
due to heat conduction [1, 2]. Recently, more and more excitation sources are used in active 
thermography, such as laser, eddy current, microwave, ultrasound and vibration. According to 
these excitation sources, active thermography can be classified into: flash thermography, laser 
thermography, eddy current thermography, magnetic thermography, microwave thermography, 
and vibro-thermography [3, 4]. Also known as thermosonics and sonic IR, vibro-thermography 
detects and locates cracks, disbands, and delaminations using the heat generated by these 
defects when they are vibrated [5]. Renshaw et al. show that the primary sources of heat 
generation in a vibrating crack include frictional rubbing, plastic deformations, and 
viscoelasticity in and around defects depending on the material, type of defect, and the applied 
vibrational stress level[6]. In order to advance this method from its current lab status to a 
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reliable and certified NDT-procedure, a reduction in energy consumption combined with 
improved defect activation and signal processing is necessary. One way to achieve this goal is 
the combination of vibro-thermography with the concept of local defect resonance (LDR). 
Solodov et al. demonstrated that the concept of local mechanical resonance is applicable to 
defects in solid materials. A single-frequency ultrasonic excitation is generally not an optimal 
way to inspect the material for defects. To optimize acoustic wave-defect interaction a 
frequency match between the defect frequency response and the probing ultrasonic wave is 
required. Rahammer et al. developed a method that channels ultrasound towards a favoured 
direction to further enhancing the ultrasonic activation efficiency of LDR[7]. Improvements to 
the energy efficiency of the defect activation have been made by using LDR. Via a frequency 
match of a defect’s resonance and the source’s driving frequency efficient pumping of the 
ultrasonic energy of guided waves to the defect is possible. Rahammer et al. also overcome the 
obstacle of unknown LDR frequencies by using a broadband excitation signal. A repeated 
applied sweep signal produces a periodic occurrence of the defect resonance and consequently 
a periodic heat source. This thermal signal can be Fourier-transformed in order to enhance the 
highly noisy temperature-over-time data acting as a strong low-pass filter [8]. In this condition, 
a substantial enhancement in efficiency is observed for ultrasonic spectroscopy methods 
applicable to linear, nonlinear, and thermography non-destructive materials evaluation and 
testing. 
The nonlinear ultrasonic NDT is different from the conventional ultrasonic testing technology. 
Nonlinear ultrasonic NDT mainly utilizes the nonlinear ultrasound response signals to 
characterize the defects. The source of these signals can be divided into classical non-linearity 
and contact non-linearity[9]: classical non-linearity is mainly caused by the crystal structure, 
and contact non-linearity mainly caused the stress and strain nonlinear, which reflects the local 
characteristics of material defects. The contact nonlinear causes the interaction between the 
defect and the ultrasonic wave in the medium, furthermore, causes the generation of higher 
order harmonics[10]. Fierro et al. found that the additional interactions between the second 
harmonic and the damage interface cannot be discounted when trying to generate optimal 
heating conditions for damage/defect evaluation, therefore the combination and interaction of 
linear and nonlinear effects within the heating process have a great influence on heat 
production[11]. 
In this paper, we proposed combined nonlinear ultrasound and vibro-thermography NDT based 
on shared excitation based, in order to solve the problems of low efficiency, low sensitivity and 
small detection area of existing nondestructive testing (NDT). The experimental system is built 
after the principle of shared excitation based nonlinear ultrasound and vibro-thermography is 
introduced simply. The carbon fiber reinforced plastics with 12J and 16J impact damages are 
tested. The preliminary experimental studies show that both 12J and 16J impact damages could 
be detected by nonlinear ultrasound and vibro-thermography.  

2.  Principle and methodology 
The principle of the shared excitation based nonlinear ultrasound and vibro-thermography is 
shown in Fig.1, which mainly consists of ultrasound transmitter, receiver and IR camera. In 
inspection process, ultrasound is transmitted into CFRP material under test and received by a 
piezoelectric sensor (receiver). If there is damage in the ultrasonic propagation path, the 
received signal will show the variances. This process is called nonlinear ultrasonic NDT. At the 
same time, the temperature’s variance over time of the transmission area between ultrasound 
transmitter and receiver is captured by IR camera. If there is damage in the ultrasonic 
propagation path, the temperature will increase due to frictional heating. This process is called 
vibro-thermography.  
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Fig. 1 The diagrammatic sketch of the shared excitation based nonlinear ultrasound and vibro-
thermography NDT 

3. Experimental setup
The CFRP specimen used in this work is shown in Fig. 2. Impact damage is fabricated in the 
middle of CFRP sample by free-hall of the hammer and the energy can be calculated by 
equation (1) 
W mgh                                                                (1) 

where, m is the quality of hammer and h is the height of hammer before free-hall. In the 
experiments, m is 2 kg and h varies from 0.6 and 0.8 m. Thus, the impact energy W can be 
calculated as 12 and 16 J. Impacts can lead to the inner damages, which are difficult to be 
observed using visual method or machine vision. 

16J impact damage 12J impact damage

Fig. 2 The photo of CFRP specimen with 12J and 16J impact 
As shown in Fig. 3, the experimental system is mainly composed of three parts, the ultrasonic 
generator, infrared Thermography system and acoustic emission (AE) measurement system. 
The ultrasonic generator is a low-power, portable piezoelectric ultrasonic generator, which 
includes a power amplifier and a transducer which operates at 28 kHz carrier frequency with 
an electrical output 100W. A high-sensitive infrared thermal camera (Flir A310) is used to 
record IR images. AE measurement system includes a measurement device (AMSY-6), an 
amplifier which amplifies the signal and a sonic emission probe (frequency range: 20-450 kHz). 
A computer is used for acquiring and analyzing data, as well as for image processing. 
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Fig. 3 the photo of the experimental system 

4. Experimental studies
4.1 Vibro-thermography NDT 
In the vibro-thermography experiment, continuous excitation was used to stimulate the sample in 10 seconds. 
Simultaneously, the thermal camera (Flir A310) was used to capture the temperature field. Thus an accurate 
relative temperature could be recorded at the start of ultrasonic excitation. The total recording time of 20 
seconds included the cooling time of 10 seconds. Therefore, approximately 200 frames were obtained to be 
analyzed. Independent component analysis (ICA) and principal component analysis (PCA) were employed 
to process the image sequences. 
Fig. 4(a) and (b) are the processed results using ICA and PCA for 12J impact specimen, the 
third principal component and the third independent component, respectively; Fig. 4(c) and (d) 
are the processed results using PCA and ICA for 16J impact specimen, the seventh principal 
component and the forty-second independent component, respectively. After the data 
processing using two algorithms, the location and shape of the damages could be clearly 
observed. PCA are used to extract the main features, ICA are used to decompose the complex 
signal. As a result, the images contain of the obviously defect features are obtained, the defect 
can be accurately observed, the background noise around the defect is greatly reduced. 
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Fig. 4 (a) and (b) are 12J specimen thermal images processed by PCA and ICA; (c) and (d) 

are 16J specimen thermal images processed by PCA and ICA 
4.2 Non-linear ultrasound NDT 
The non-linear response of the defect mainly refers to the interaction between the injected 
ultrasound wave and the defect, which results in the harmonic generation. In order to verify the 
generation of harmonics, AE measurement system is put forward to detect the nonlinear 
ultrasonic response. Similar to the vibro-thermography experiment, continuous excitation was 
used to stimulate the sample in 10 seconds. It is obvious that the AE waveform is chaotic 
without ultrasonic excitation, while the AE waveform fluctuates periodically in the process of 
ultrasonic excitation. The time domain waveform and frequency domain results of the intact 
sample, 12J impact sample and the 16J impact sample are analyzed. The experimental results 
are shown below. Fig. 5, Fig. 6 and Fig. 7 represent the time domain waveform and frequency 
domain results of the intact sample, 12J impact sample and the 16J impact sample, respectively. 
The sub-image (a) of Fig. 5, Fig. 6 and Fig. 7 represent the experimental results at the early 
stage of waveform cycle of the intact sample, 12J impact sample and the 16J impact sample, 
respectively. The sub-image (b) and (c) of Fig. 5, Fig. 6 and Fig. 7 represent the experimental 
results at the two middle stage of waveform cycle of the intact sample, 12J impact sample and 
the 16J impact sample, respectively. The sub-image (d) of Fig. 5, Fig. 6 and Fig. 7 represent 
the experimental results at the late stage of waveform cycle of the intact sample, 12J impact 
sample and the 16J impact sample, respectively. It is obvious that the harmonic component 
intensity changes periodically with the waveform cycle. 

 
    (a) The early stage of waveform cycle     (b) The second stage of the waveform cycle 
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(c) The third stage of the waveform cycle   (d) The late stage of waveform cycle 

Fig. 5 Time domain waveform and frequency domain processing results of intact sample 
 

 
    (a) The early stage of waveform cycle     (b) The second stage of the waveform cycle 

 
(c) The third stage of the waveform cycle        (d) The late stage of waveform cycle 

Fig. 6 Time domain waveform and frequency domain processing results of 12J impact sample 
 

 
(a) The early stage of waveform cycle     (b) The second stage of the waveform Cycle 
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(c) The third stage of the waveform cycle   (d) The late stage of waveform cycle 

Fig. 7 Time domain waveform and frequency domain processing results of 16J impact sample 
 
The waveforms shown in Figs. 5 to 7 contain of the early stage, two middle stages, and late 
stage of waveform cycle. The frequency domain analysis is carried out and the amplitude 
spectrums for these time waveforms are obtained. Comparing Fig. 5(d), Fig. 6(d) and Fig. 7(d), 
at the same stage of waveform, the harmonic component intensity in the late stage of waveform 
cycle of 12 and 16J impact samples is obviously higher than the harmonic component intensity 
in the late stage of waveform cycle of intact sample. It's easy to find that the interaction between 
the ultrasonic wave and defect certainly causes the harmonic component generation. Further, 
by measuring the harmonic intensity, it’s a mean to determine whether the defects exist or not. 

5.  Conclusion 
This paper proposes an integrated nonlinear ultrasound and vibro-thermography nondestructive 
testing based on the shared excitation. The experimental system is built after the principle of 
shared excitation based nonlinear ultrasound and vibro-thermography is introduced simply.  
The carbon fiber reinforced plastics with 12J and 16J impact damage and an intact plate were 
used as test samples. In experimental studies, both 12J and 16J impact damages could be 
detected by nonlinear ultrasound and vibro-thermography. The proposed methods could 
provide a visualized and effective means for quality control and inspection of large-scaled key 
components in manufacturing process and in service. With the preliminary experiment, it is 
verified that nonlinear ultrasonic response would produce the harmonic components. However, 
a lack of understanding of the nonlinear response features would limit its application, and there 
is lack of numerical simulation. Also, in this work, the mono-frequency excitation is used to 
investigative the non-linear response, the effect of local defect resonance for the non-linear 
response is unclear. In the future work, we would simulate the nonlinear response of the 
interaction between the defect and the ultrasonic wave, and investigative the nonlinear response 
in the case of local defect resonance. At the same time, the research of the relationship between 
the harmonic component generated by the non-linear ultrasonic response and the defect features 
would be the focus in the next work. 
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