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Abstract 
The integrity of most metal materials is threatened by the initiation and growth of fatigue crack. A nonlinear 
ultrasonic nondestructive testing (NDT) was introduced to detect the barely visible fatigue cracks owing to its 
greater sensitivity compared to the conventional linear ultrasonic techniques. In this paper, we developed a 
breathing-crack model to reveal the relationship between the crack length and relative nonlinearity parameter. The 
result illustrated that relative nonlinearity parameter that was related to the input frequency increased with the 
growth of the crack. An acousto-ultrasonic experiment that used a pair of PZT sensors to detect ultrasound 
propagating on an aluminum plate with fatigue-induced crack was conducted to verify the simulation results. This 
research demonstrated the effectiveness of nonlinear ultrasonic NDT technology to evaluate the fatigue status of 
an aluminum plate successfully. 
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1. Introduction 
Fatigue crack becomes a major reason of failure of metal materials in engineering structure [1]. 
Especially in civil building, nuclear power plants, and aircraft parts, early detection of fatigue 
crack is critically important. Unfortunately, the traditional ultrasound-based technologies of 
nondestructive testing (NDT) and structure health monitoring (SHM) are not sensitive to micro-
cracks. The capability of nonlinear ultrasonic method for the micro-crack detection has been 
demonstrated in recent years [2]. As the most classical nonlinear phenomena, second-harmonic 
ultrasonic wave appears when a primary wave propagating through the crack in a plate [3]. This 
nonlinear approach of detecting second harmonic wave is investigated in the paper to reveal the 
relation of fatigue crack length and acoustic nonlinearity. A breathing-crack model was built to 
simulate the interaction of crack and wave. The relation between input ultrasonic frequency and 
acoustic nonlinearity was also researched. Correspondingly, an experiment was conducted to 
demonstrated the simulation results of the finite element analysis. 
 

2. The theory of nonlinearity 
An intact material exists inherent material nonlinearity �牒  , which is derived from intrinsic 
nonlinear elasticity in a metal. When there is a crack in the plates, the breathing motion pattern 
with two surfaces of crack is produced by the compressive and tensile forces of an ultrasonic 
wave. Ultrasonic wave can successfully propagate through the close crack, but will be blocked 
by the open crack. This model is an example of contact acoustic nonlinearity (CAN) [4]. The 
distortion of wave results into crack-induced nonlinearity �寵 . Through studying these two 
nonlinearities by using second-harmonic technology, the micro-crack can be detected and 
evaluated. 
When an ultrasonic wave with single frequency is applied to an aluminum plate with a fatigue 
crack, the observation of second harmonic will be the research focus of nonlinear ultrasonic 
technology in the paper. The wave displacement equation based on nonlinearity is expressed as: � = �待 ���(�� − ��) − 怠腿�(��待)態����[2(�� − ��)]                   (1) 
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where �待  is initial displacement, �  is the wave number and �  represents the propagating 
distance of ultrasonic wave and � is for second nonlinear parameter. � is defined as: � = 腿凋鉄凋迭鉄賃鉄掴                                     (2) 
where �態 denotes the amplitude of the second harmonic wave, �怠 is the amplitude of the 
primary wave. It is worth noting that the calculation of absolute nonlinear parameter � only 
valid for longitudinal wave. There is no specific equation for an absolute nonlinear parameter 
in Lamb wave. Thus, a relative nonlinear parameter �′ is introduced which is proportional to �: �嫗 = 凋鉄凋迭鉄                                     (3) 
The relative nonlinear parameter �′ is used to quantify the degree of material nonlinearity and 
CAN in Lamb wave. In order to clearly show the growth of crack, it is better to investigate the 
change of � than its absolute value. Therefore, �′ can be regarded as the primary index for 
fatigue crack evaluation. 

3. Modeling nonlinearities 
3.1 The breathing crack model 
A model of an aluminum plate (90 × 50 × 3 mm3) was built using Ls-Dyna. The schematic of 
the model with a crack is illustrated in Fig. 1. Non-reflecting boundary was set. A micro-crack 
was generated along the triangular notch in the model through node separation method. The 
inset of Fig.1 shows the crack nodes and the surrounding meshes in detail. The element size of 
0.15 mm along the plate ensured 10 elements per wavelength of the second harmonic mode, 
and the thickness direction of the plate was meshed by 9 elements. The excitation signal was 
simulated by vibrating force. A node that was 40 mm away from the crack was pointed to 
monitor the ultrasonic wave. Fig.2 shows the X-axis displacement near the notch area when 
Lamb wave propagates through the crack. The positive (blue color) displacement represents the 
local nodes move to right, and negative (red color) displacement move the nodes to left. In Fig. 
2(a), the wave pushes the crack to be closed that the wave can propagates through it. On the 
contrary, the crack opens by the negative displacement, the wave is blocked. As a result of the 
wave distortion by the breathing motion of the crack, higher-order frequency components were 
generated, as the prediction of the theory. 

 
Figure 1. The schematic of aluminum model with a fatigue crack. 
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Figure 2. Ultrasonic wave propagating through a crack (a) Lamb wave passes through the contacted crack; (b) 
wave is blocked by the open crack. 

3.2 Ultrasonic signal 
In the finite element analysis, 10-cycles Hamming-windowed sinusoidal tone-burst signal with 
middle frequency of 1.2 MHz was excited in the plate. The selected primary frequency meets 
two conditions — synchronism and non-zero power flux, which ensures the accumulation of 
the second harmonic wave induced by material nonlinearity [5]. Fig. 3(a) displays a typical 
Lamb wave signal in the time domain. To extract the amplitude of primary and second harmonic 
waves, a wavelet transform with a mother wavelet of ‘‘cmor 2-2.5’’ was performed. Fig. 3(b) 
shows the corresponding result in the time-frequency domain. As illustrated in Fig. 4(a), the 
first peak amplitudes of symmetric mode pair (�怠 and �態) are identified as �怠 and �態 that 
are chosen by group velocities of Lamb wave. Consequently, the relative nonlinearity parameter 
could be calculated according to Eq. 3. 

 
Figure 3. Typical Lamb wave (a) signal in time domain; (b) signal in time-frequency domain. 

 
Figure.4. (a) Amplitude of primary and second harmonic waves; (b) relative nonlinearity parameter increases 
with the growth of crack. 
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3.3 �嫗 versus crack propagation 
Crack length from 0 to 10 mm was tried in the model. As illustrated in Fig. 4(b), we used the 
input waves with frequency of 1.0, 1.2 and 1.4 MHz as the exciting signals. It can be easily 
seen that the relative nonlinearity monotonically increases with the propagation of crack in 
different frequencies. Furthermore, 1.4-MHz input signal shows the best sensitivity of nonlinear 
detection and the other two frequencies have similar rising speed. 1.2-MHz frequency chosen 
for accumulating material nonlinearity does not grow with the fastest rate. It can be explained 
by the small plastic zone around the crack that does not contribute too much material 
nonlinearity to the total relative nonlinearity parameter. One the other hand, the CAN plays a 
key role. Thus, higher frequency signal with shorter wavelength is preferred to detect barely 
visible crack. However, more researches are needed to demonstrate this explanation. 

4. The nonlinear ultrasonic experiment 
4.1 Experiment setup and fatigue test 
Fig. 5(a) shows the actual size of a specimen with a fatigue crack. Its effective size is the same 
to the model. A macro fiber composite (MFC, Smart Material Corp., P2 type) and a piezoelectric 
transducer (PZT, NF Corp., AE 900 - M) were used as the actuator and receiver, respectively. 
Fig. 5(b) shows the acousto-ultrasonic system for nonlinear ultrasonic detection in an aluminum 
plate. 10-V peak-to-peak signals with middle frequencies of 1.0, 1.2 and 1.4 MHz were 
provided by function generator. Oscilloscope with 10-MHz sampling frequency records the 
ultrasonic signals detected by the PZT sensor after 4096 times averaging for noise reduction. 
The specimen had undergone a high-cycle loading test on a fatigue-testing platform (MTS, 10 
ton). The 10-Hz repeated tensile displacement was set to the range of 0-0.3 mm. Fig. 6(a) shows 
the relation between the crack length and fatigue cycle. After approximately 9000 fatigue cycles, 
there was a barely visible crack in the specimen. The penetrated crack reached 10 mm after 
48000 cycles. 

 
Figure.5. Experimental setup (a) Aluminum plate with fatigue crack; (b) nonlinear ultrasonic system configuration. 

 
Figuer.6. Experimental results (a) crack length versus fatigue cycle; (b) �嫗 versus crack length at three different 
frequencies. 
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4.2 �嫗 versus crack propagation in different frequencies in experiment 
The relative nonlinearity parameter �′ was calculated when the crack grows from 0 to 10 mm. 
Fig. 6(b) shows that �′ increases with the crack propagation at all frequencies. Compared with 
other frequencies, the change of �′ at 1.4-MHz input frequency also shows the fastest growth 
rate. The experiment results were in good agreement with the simulation. It illustrates that 
nonlinear ultrasonic wave can be used to evaluate the crack in a metal plate and increasing the 
ultrasonic frequency appropriately can improve the detection accuracy. 
 

5. Conclusion 
In this paper, an ultrasonic nonlinear technology was developed to assess fatigue crack damage 
in an aluminum plate. We established a breathing crack model to investigate the material 
nonlinearity and CAN. Relative nonlinear parameter was used as the indicator, which is 
calculated from the amplitude of primary and second harmonic waves. The result of this model 
showed that the measured nonlinearity was related to fatigue crack propagation in an aluminum 
plate. All the results were in good consistent with the experiment results. In summary, nonlinear 
ultrasonic technique can successfully detect and evaluate the initiation and growth of micro 
crack induced by material fatigue, showing its potential in practical structural health monitoring. 
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