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1. Introduction 
 

Higher harmonics of acoustic waves are physically 

related to the nonlinearity of materials in interatomic rela-

tions. The nonlinear stress-strain relation in solid media can 

be expressed by second order elastic constants and nonlinear 

coefficients. Acoustic nonlinearity is highly sensitive to mi-

crostructural parameters. When a single and fundamental ul-

trasonic wave frequency propagates into a solid medium, the 

ultrasonic waveform responds to the stress-strain relation 

and is distorted due to wave dispersion that is dependent on 

the amplitude. If the displacement of an ultrasonic wave 

with a finite amplitude is high enough and is introduced to 

a solid medium, it gives rise to plastic modification, and the 

output signal waveform propagating through the material 

may be distorted. Thus, high-order harmonics of an incident 

ultrasonic wave may be generated by the nonlinear interac-

tions [1-5]. 

Structural materials under fatigue loading condi-

tions are generally vulnerable to fatigue failure at even be-

low the yield strength. In the initial stage of fatigue damage 

(crack initiation stage), micromechanical properties of ma-

terials can vary with respect to vacancy, dislocation, twin, 

stacking fault, and grain structure. Changes in the mechani-

cal properties of structural materials are more closely related 

to microstructural evolutions influenced by dislocations and 

their configurations. Slip becomes localized and leads to a 

persistent slip band (PSB). These PSBs serve as stress con-

centrators under cyclic loading condition and generate mi-

crocracks leading to catastrophic failure of the mechanical 

materials. Therefore, in addition to the destructive charac-

terization, advanced nondestructive evaluation techniques 

for damage monitoring without damaging the structures 

would be indispensable but challenging  

[6-10]. 

In the present, acoustic nonlinearity has been in-

vestigated in many research areas, such as physics, mechan-

ics and materials, for the characterization of micromechani-

cal properties [11-13]. However, there is little report on the 

acoustic nonlinearity of planar slip materials. In this study, 

we experimentally investigate the acoustic nonlinearity of a 

planar-array slip material and examine the influence of dis-

locations on acoustic nonlinearity. 
 

2. Experimental procedure 
 

The planar-array slip material Cu-Zn alloy was 

used. Test materials were prepared to have a gauge length 

of 15 mm and were heat-treated at 600C. The average grain 

size was measured by the linear intercept method. The test 

specimens were carefully prepared by chemical polishing 

after mechanical polishing to remove the damaged layer 

from the process of mechanical cutting. A cyclic loading test 

was conducted under strain amplitude control at room tem-

perature to change the dislocation substructure using prede-

termined fatigue cycles. A triangular waveform was applied 

to give a constant strain rate of 6 × 10-4s-1. The failure cycles 

were determined when the saturation stress decreased to 

20%.  

Physically, if an ultrasonic wave having a suffi-

cient amplitude and given frequency is introduced into a 

nonlinear medium, the fundamental waveform is distorted 

as it propagates due to the velocity variation, which is de-

pendent on the wave amplitude; thus, harmonic components 

of the fundamental wave are generated.  

Fig. 1 shows a schematic figure of acoustic nonlin-

earity showing the input signal and output signal. The inci-

dent ultrasonic waveform is distorted by the quadratic non-

linearity of nonlinear materials, and harmonic waves are 

generated. The superharmonic generation method was ap-

plied to measure the acoustic nonlinearity [14, 15]. The 

acoustic nonlinearity system (RAM5000 SNAP) consisted 

of a high power attenuator (RA-31), a high power 50 Ω ter-

minator (RL-50), and a high power 6 dB attenuator (RA-6), 

as schematically shown in Fig. 2. A piezoelectric probe with 

a fundamental frequency of 10 MHz was placed on one side 

of the specimen as a transmitter, and a wide band-width 

probe with a frequency of 20 MHz was attached on the other 

side of the specimen as a receiver to obtain second-order 

harmonic waves.  
 

 

Fig. 1 Schematic figure of input and output waves showing 

superharmonic generation 
 

The nonlinearity parameter () was determined by 

the amplitude ratio between the initially pure wave and the 

second-order harmonic [16, 17]. The amplitudes, i.e., A1 of 

the initially pure wave and A2 of the second-order harmonic, 

were digitized. The absolute parameter  was physically ex-

pressed with respect to the particle displacement. However, 

the relative value of acoustic nonlinearity is more useful 

than the absolute value for characterizing damage accumu-

lation because the received waveform contains system non-

linearity from the wedges, measuring components, and 

specimens. For that reason, the ratio of acoustic nonlinearity 

( / 0), i.e.,  divided by the nonlinearity parameter of intact 

specimen (0), was used to neglect the nonlinearity of the 

measurement system. In addition, the particle displacement 
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amplitude has linear relations with the magnitudes of fast 

Fourier transform (FFT) F1 and F2. The acoustic nonlinear-

ity parameter in this study was simply determined by

 2

2 1
1' F / F / h  , where F1 and F2 represent the ampli-

tudes of the harmonic waves and h is the thickness of the 

test specimen.  

 

 

Fig. 2 Schematic diagram of the acoustic nonlinearity  

system and signal flow 

 

The test materials were mechanically machined 

into a rectangular shape (15 mm long, 10 mm wide, and 

10 mm thick). For the microstructural observation, the fa-

tigue-tested specimens were cut normal to the loading direc-

tion. The surface microstructure was observed using optical 

microscopy after chemical etching in a solution of 25 ml 

NH4OH and 50 ml H2O2 (3%). Thin foils were carefully pre-

pared by the electrolytic polishing method. The electrolytic 

solution was prepared with 165 ml of NHO3 and 335 ml of 

CHO4. Dislocation substructures of the foils were investi-

gated by transmission electron microscopy (TEM).  

 

3. Results and discussion 

 

The cyclic hardening curves of the planar-array 

slip material Cu-Zn alloy under total strain amplitudes are 

shown in Fig. 3, a. The test materials exhibited cyclic hard-

ening after several tens of cycles and then became saturated. 

The strain hardening was observed to be most pronounced 

during the early fatigue cycles, where after the strain hard-

ening became saturated. The fatigue life curve of Cu-Zn al-

loy is shown in Fig. 3, b. A power law equation that follows 

the Manson-Coffin law can be well fitted to the experi-

mental data [18]. The fatigue ductility coefficient and fa-

tigue ductility exponent were 0.18 and -0.56, respectively.  

 2
c

'

ap f f
N  , (1) 

where εap is the plastic strain, 
'

f
  is the fatigue ductility co-

efficient, Nf is number of cycles to failure, and c the fatigue 

ductility exponent. 

Fig. 4 shows the acoustic nonlinearity of the Cu-Zn 

alloy under total strain amplitudes. The typical power spec-

trum of the as-annealed sample at 600C is shown in 

Fig. 4, a. The fundamental frequency amplitude (A1) does 

not change during fatigue damage, but the second-order har-

monic (A2) signal may be changed due to the material non-

linearity.  

 

a 

 

b 

Fig. 3 Low-cycle fatigue of the Cu-Zn alloy under total 

strain amplitudes: a - variation of the cyclic stresses 

with the number of cycles; b - fatigue ductility coef-

ficient and ductility exponent of the Cu-Zn alloy 

 

 

a 

 

b 

Fig. 4 Acoustic nonlinearity of the Cu-Zn alloy: a - typical 

FFT data of the as-annealed sample at 600C;  

b - variation of the acoustic nonlinearity with the 

number of cycles and total stain amplitude 
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The nonlinearity parameter increased with cyclic 

loading due to micromechanical deformation as depicted in 

Fig. 4, b. It clearly shows the fundamental and second-order 

harmonics in the voltage signal based on the FFT. It can be 

noted that there is no saturation region of acoustic nonline-

arity with the number of cycles. 

In general, the higher harmonics are generated by 

the distortion of the acoustic waveform during propagation 

in nonlinear elastic materials. This is closely related to the 

nonlinearity involving defects, microstructural features, and 

disruptions in the lattice structure of the materials. In addi-

tion, micro-strains in materials evolving from second parti-

cles and dislocations may influence the distortion of acous-

tic waves. In metallic materials, misfit dislocations give rise 

to a locally varying strain field around the dislocations. 

They also generate dislocation displacements and affect the 

nonlinear stress-strain relation. In a solid that contains dis-

locations capable of glide displacements via small shear 

stresses, these dislocation displacements also affect the non-

linear stress-strain relation. Hikata et al. conducted numeri-

cal and experimental investigations of the dislocation con-

tribution to the generation of second harmonic ultrasonic 

waves in a pure aluminum single crystal [19]. They showed 

in the model that the amplitude of the second harmonic 

wave was dependent on the dislocation displacement as fol-

lows: 

2 4 3

2 3 2

12

5

E L R
A

b





 , (2) 

where Ω is the conversion factor from shear strain to longi-

tudinal strain,  is the dislocation density, E is the second 

order elastic modulus, L is the dislocation loop length, R is 

the resolving shear factor,  is the shear stress, and σ is the 

static stress. 

This indicated that the second harmonic wave in-

fluenced the dislocation displacement related to the disloca-

tion density, as well as the loop length. In this study, the 

dominant microstructural development during fatigue of the 

Cu-Zn alloy was dislocation evolution, such as dislocation 

density, loop length, and substructures. In the initial fatigue 

deformation, acoustic nonlinearity increased rapidly as 

shown in Fig. 4(b), was monotonous under medium fatigue, 

and finally increased quickly again. In order to understand 

the microstructural features influencing the wave distortion 

of the acoustic wave resulting in superharmonic generation, 

the microstructural evolution during fatigue damage was ex-

amined and then the variation was interpreted in the acoustic 

nonlinearity.  

Figs. 5, a-c depict the variations in the dislocation 

substructures of the planar-array slip material Cu-Zn alloy 

with different fatigue cycles. The dislocation substructures 

of face-centered-cubic materials depends strongly on the 

strain, stacking fault, and temperature [20]. Cu-Zn alloys are 

typical planar-array slip materials with a low stacking fault 

energy, where cross slip does not happen easily due to the 

low stacking fault energy [21]. In the present study, a planar-

array dislocation substructure was developed and clearly ob-

served. These results corresponded well to previously re-

ported results by other researchers [20, 21]. Figs. 5, d-f rep-

resent the image quality (IQ) maps of the Cu-Zn alloy under 

a strain amplitude of 0.3%. The IQ describes the quality of 

an electron backscatter diffraction depending on the mate-

rial and its condition. The IQ factor of diffraction patterns is 

influenced by the perfection of the crystal lattice. Therefore, 

lattice distortions of the crystalline structure within the dif-

fraction volume will produce a  

 

   

 a b c 

          

 d e f 

Fig. 5 TEM and EBSD micrographs showing the planar dislocation substructure of the Cu-Zn alloy under a strain amplitude 

of 0.3%: a,d - 0 cycle (as-annealed); b,e - 3600 cycles (0.2Nf); c,f - 14400 cycles (0.8Nf) 

 



321 

lower IQ. As the fatigue life increased, the darker gray 

shades in the images continuously increased, indicating the 

stain distribution of the Cu-Zn alloy. In the present study, 

the dominant microstructural evolution during the fatigue of 

the planar-array slip material Cu-Zn alloy varied in the dis-

location substructure, such as the dislocation density, loop 

length, and dislocation configurations. The loop length of 

dislocations may change depending on the condition of dis-

location pinning, i.e., the loop length may either increase or 

decrease. The dislocation density may increase during plas-

tic deformation with several orders of magnitude higher 

than the annealed state. Therefore, the variation in the dis-

location density could be a dominant factor influencing the 

acoustic nonlinearity of the planar-array slip material Cu-Zn 

alloy during fatigue damages.  

In general, micromechanical properties are often 

observed due to the development of dislocations, slip bands, 

and dislocation substructures when the materials accumu-

late fatigue damage. These strain fields caused by misfit dis-

locations are enough to distort the crystal lattice and vary 

the phase velocity of the acoustic waves depending on the 

amplitude. In addition to the dislocation, grain deformation, 

such as slips and mechanical twins, could be factors leading 

to wave distortion during propagation through solid materi-

als. The presented ultrasonic nonlinearity measurement can 

evaluate the dislocation evolution of planar-slip materials 

subjected to low-cycle fatigues and has the potential to char-

acterize damages and predict the fatigue life of metallic ma-

terials. For practical applications, however, a more exten-

sive and quantitative examination is necessary. 

 

4. Conclusions  

 

The acoustic nonlinearity increased with the fa-

tigue cycle due to plastic deformation. The increase of dis-

location density was clearly observed during fatigue testing 

of the planar-array slip material Cu-Zn alloy via electron 

microscopy and electron backscattered diffraction tech-

niques. In this work, it was found that the low-cycle fatigue 

damage was enough to cause noticeable variations in the 

acoustic nonlinearity. It could be noted that there was no 

saturation region of acoustic nonlinearity with the number 

of cycles. Consequently, acoustic nonlinearity could be a 

potential index to characterize cyclic deformation with re-

spect to dislocation substructures. Additionally, it has the 

potential to characterize damages and predict the fatigue life 

of metallic materials. 
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C. S. Kim 

ACOUSTIC NONLINEARITY OF THE PLANAR SLIP 

IN THE Cu-Zn ALLOY SUBJECTED TO LOW-CYCLE 

FATIGUE  

S u m m a r y 

The objective of this study is to investigate experi-

mentally the cyclic deformation in a planar slip material us-

ing acoustic nonlinearity. Observation and characterization 

of the dislocation substructure are conducted using an elec-

tron microscope. The acoustic nonlinearity was obtained by 

a superharmonic generation technique for different levels of 

fatigue-damaged specimens. The microstructural effects on 

nonlinearity are discussed in terms of the extent of planar-

array dislocations in the substructures after the low-cycle fa-

tigue. The acoustic nonlinearity of Cu-Zn alloy increased 

with the number of fatigue cycles due to the evolution of 

dislocation substructures. Consequently, acoustic nonlinear-

ity could be a potential index to characterize cyclic defor-

mation with respect to dislocation substructures. 

 

Keywords: acoustic nonlinearity, dislocation, harmonic 

generation, fatigue. 
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