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Abstract 
Nonlinear acoustic methods have shown potential to identify damages in structures which are difficult to detect 
using the conventional ultrasonic techniques. Most of these methods typically involve exciting the damaged 
structure with a particular frequency (or multiple frequencies) and looking out for the nonlinear behavior near the 
defect region. However, before the nonlinear acoustic methods can be put to use as an effective NDT technique, a 
number of issues need to be resolved, one of which is the effect of excitation frequency on the success of the 
method. It is known that while the tests seem to be successful at one frequency they may yet fail at some other 
frequency leading to a NDT method which is highly dependent on the excitation frequency. This paper proposes 
a new excitation method to overcome this problem using sweep or chirp signals. To illustrate the technique, 
experiments were conducted on two plate specimens; one intact and one damaged with both made of carbon fiber 
reinforced composite material. It was shown that the method was able to distinguish between the pristine and 
damaged samples using the proposed technique.    
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1.  Introduction 
Composite materials are making more headways into the modern aerospace structures due to 
their high stiffness to weight ratio leading to more efficient structures. However, composite 
materials are much more prone to internal defects such as delaminations, which can severely 
degrade the strength of the structure. Traditionally, linear acoustic methods have been used 
effectively to identify the delaminations in the structure. Linear acoustic methods involve 
sending sound wave signals into the structure and based on the reflection, dissipation, and 
transmission of the sound wave from the defect, the damage can be predicted fairly accurately.  
However, in recent times there has been an interest in nonlinear acoustic methods which are 
more sensitive to damage than the linear methods and have shown potential to identify early 
stage defects. An introduction to nonlinear acoustic methods as a damage detection technique 
can be found in [1,2]. Non-linear acoustic experiments are highly dependent on the frequency 
of excitation and further research efforts are required to overcome this dependency. Most of the 
experimental works in nonlinear acoustics choose a suitable frequency at which there is 
maximum nonlinear behaviour observed and the technique is then employed at that particular 
frequency. This study aims to assess the effect of the excitation frequencies on the applicability 
of the method and also proposes a new method of excitation which partially reduces the 
dependence of nonlinear acoustics methods on the excitation frequency. 
 
2.  The experimental method 
 
2.1 Preparation of samples 
Two square plate specimens with dimensions 10 cm x 10 cm x 2 mm made up of carbon-
fiber/epoxy-matrix were fabricated by hand laying of prepregs and curing in the autoclave. In 
one of these specimen a delamination was introduced by inserting a Teflon sheet in the middle 
at a depth of 0.5 mm from the surface while doing the prepreg layup. Two piezoelectric 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

20
58

0



transducers (PI Ceramic PIC255) were then permanently bonded on the plates, one for actuation 
and another one for sensing. The actuating transducer (2 cm diameter, 2 mm thick) was bonded 
at one of the corners and the sensing transducer (1 cm diameter, 2 mm thick) was bonded at the 
top of the delamination defect. A schematic of the specimen and the transducers is shown figure 
below: 
 

 
 

Figure 1: Plate specimen with transducers 

2.2 The experimental setup 
The experimental setup comprises of a function generator, an amplifier, an oscilloscope, and a 
computer for processing of the results. The input excitation signal is generated from the function 
generator and is being amplified by a power amplifier before being sent to the actuating 
transducer. The signal from the output transducer is displayed on the oscilloscope and the output 
signal data is then acquired from the oscilloscope. The output data in time domain is then 
processed on a computer to convert it into frequency domain using the Fast Fourier Transform 
(FFT) algorithm. The schematic of the experiment is shown in figure below:

 
 

Figure 2: Experimental setup 
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3.  Single frequency excitation 
The plate specimens were excited by single frequency sinusoidal signals with peak-to-peak 
voltage amplitude of 240 V. The output signals were extracted from the sensing transducer at a 
sampling frequency of 5 MHz for a time period of 0.05 s. A typical response from a damaged 
and intact specimen is shown in figure below for an excitation frequency of 48 kHz.  
 

  
Figure 3: Time response of intact (left) and damaged (right) specimen for 5 cycles of 48 kHz signal 

 
Figure 4:Frequency response of intact (left) and damaged (right) specimen for 48 kHz signal 

It can be noticed that for intact specimen the output signal is mostly sinusoidal with almost no 
(or very little) disturbances in the signal. For the damaged specimen the output signal is a bit 
distorted and the amplitude in positive and negative parts of the sinusoid is also different. These 
variations are due to the nonlinear behaviour of the damaged region. However, this is not true 
at all the frequencies and many frequencies show almost linear behaviour for damaged 
specimen also. The intact specimen is also not perfectly intact and higher harmonics are present 
in its frequency spectrum, however their amplitudes were significantly smaller compared to the 
higher harmonics amplitude of the damaged specimen. Due to this, there arises a need for 
quantification of the nonlinearity associated with the appearance of higher harmonics. For this 
purpose, a higher harmonics index (HH index) was created using the amplitudes of the 
nonlinear frequencies (higher harmonics) and the amplitude of the linear frequency i.e. the 
excitation frequency. HH index is defined by the below formula [5]:  
 �� �券穴結捲 = 鯨憲兼 剣血 �兼喧健�建憲穴結嫌 剣血 ℎ�訣ℎ結堅 ℎ�堅兼剣券�潔嫌�兼喧健�建憲穴結 剣血 建ℎ結 結捲潔�建�建�剣券 血堅結圏憲結券潔検  

 
It is expected that the HH index should be minimal for the intact specimen while providing 
significant values for the damaged specimen. The test was performed for frequencies between 
20 kHz to 80 kHz at an interval of 1 kHz and the HH index was calculated for each of the test. 
The results are shown in figure below: 
 

Higher harmonics  



 
Figure 5: HH indices for various frequencies 

It can be observed that the HH index is generally higher for damaged specimen for most of the 
frequencies as was expected. However, for a few frequencies (24, 52, 58, 73, 75) the HH index 
for the damaged specimen is lower or almost equal to HH index for intact specimen. This 
phenomenon can be explained if we have look at the amplitude of the vibrations at these 
frequencies in the figure below. 

 
Figure 6: Excitation frequency amplitude for various frequencies 

The frequencies at which intact specimen have higher HH index than that of the damaged 
specimen have low vibration amplitudes meaning that the output signal is extracted at a nodal 
point. And since the linear frequency amplitude term is in the denominator of the HH index 
expression, the magnitude of the HH index bumps up at these frequencies. This is one of the 
issue with nonlinear acoustic method based on single frequency excitation. Another issue is that 
at a particular frequency the difference between the damage indices of the intact specimen is 
not so clear. At some frequencies the difference is large, and some other frequencies the 
difference is smaller. This is not an ideal situation and we would like a method in which the 
difference between the intact and damaged specimen is more clearly marked. 
 
4.  Sweeping harmonics method 
To remove the frequency effects a nonlinear acoustic method is proposed in which in place of 
exciting the structure with a single frequency a sweep signal will be used instead. A typical 
expression for a linear sweep signal can be represented by the below equation: 
 捲 = � sin [2� (血待建 + 血怠 − 血待2劇 建態)] 

 
Where f0 is the start frequency f1 is the end frequency and T is the time it takes to sweep from 
frequency f0 to frequency f1. Sweep signals described above were now used for the input 
excitation. A peak-to-peak amplitude of 240 V was used for the sweep signals and the time for 
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sweep was chosen as 0.05 s. A typical output response in frequency spectrum for the intact and 
damaged specimen is shown in figure below.  
 

 
Figure 7: Frequency response for a typical frequency sweep 

It can be observed in the figure above that the damaged specimen has the presence of higher 
harmonics in the frequency range which is double of the range of the excitation frequency. In 
above figure the range of excitation frequency was 60-70 kHz and the first higher harmonics 
are observed in 2 x (60-70 kHz) = 120-140 kHz range. The second higher harmonics were also 
observed in 3 x (60-70 kHz) = 180-210 kHz range (not shown in figure). Similar to the single 
frequency excitation tests, the appearance of higher harmonics in corresponding ranges of the 
excitation frequency provides a clear distinction between the intact and damaged specimen. A 
sweeping harmonics index (SH index) similar to the HH index of the single frequency excitation 
tests was introduced by measuring the average values of higher harmonics in respective ranges 
(non-linear component) and the average value of excitation amplitude (linear response). The 
SH index consists of the ratio of the nonlinear component to the linear component. A 
comparison of the SH indices for intact and damaged specimens for various frequency ranges 
has been shown in figure below.   
 

 
Figure 8: Damage indices obtained from sweeping harmonics method for various frequency ranges 

 
It can be seen that using the sweep signals as excitation source there is a clear distinction 
between the damaged and intact specimen for all the frequency ranges. Additionally, the 
distinction becomes even more clearer in higher frequency ranges. 
 
 
5. Effect of excitation amplitude 
It is known through various experiments that the nonlinear acoustic experiments are highly 
dependent on the amplitude of the excitation signal as well. In this section a comparison has 
been made between the effect of excitation amplitude on the single frequency excitation tests 
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and the sweeping excitation tests. The HH index for a 65 kHz signal and the SH index for 60-
70 kHz frequency range, for various values of excitation voltage have been shown in figure 
below.  
 

  
It can be seen that for both the methods (single frequency and sweep) the intact and damaged 
specimen could not be distinguished at lower excitation amplitudes. However, for higher values 
of excitation voltage the distinction was much clearer for both the methods. 
 
6. Conclusion 
It was shown that nonlinear acoustic tests based on single frequency excitation were dependent 
on the excitation frequency and the damaged and pristine specimens could not be distinguished 
at several values of the excitation frequencies. Also the difference between the damage index 
for the intact and damaged specimen was not clearly marked. A novel excitation method which 
utilizes sweep signals for excitation was introduced and it was shown that the method was more 
efficient for whole range of excitation frequencies. Additionally, the distinction was more 
clearly marked due to large differences between the damage indices for the intact and damaged 
specimens, especially at higher frequency ranges. The new sweep excitation method was 
checked for the effect of excitation amplitude and it was observed that no significant 
improvement could be provided by the sweep method in comparison to single frequency 
excitation. 
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