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Abstract. Nonlinear ultrasonic generation at closed interface in solid has been utilized for detection of unbonded interface in 

solid. In our previous research, mechanisms of the generation were investigated by 1-dimensional computer simulation, and 

calculated waves of reflection showed good agreement with theoretically predicted waves. For the further investigation, a 

thin layer sandwiched between solids were placed in the calculation. Nonlinear ultrasonic generation at a thin layer with two 

unbonded interfaces was reported as reproducibly occurred subharmonic waves with normal incidence of strong longitudinal 

waves. In this report, ultrasonic propagations through two unbonded interfaces located parallelly with distance of several % 

of the wavelength were investigated using computer simulation for 1-dimensional ultrasonic propagation in solid.  

INTRODUCTION 

For detection of unbonded interface in solid materials, utilization of nonlinear ultrasonic generation at the interface 

has been considered in nondestructive ultrasonic testing[1,2]. By incidence of strong ultrasonic waves at unbonded 

closed interface such as closed cracks, transient opening and closing of the interface occurs, and it causes deformation 

of ultrasonic waves and generation of harmonic and subharmonic component of ultrasound. To analyze mechanism of 

the generation, researches were performed and it was succeeded to realize experimental phenomena of harmonic and 

subharmonic wave generation at closed interface[3,4], however physical mechanism was still under investigation. In our 

previous research using computer simulation[5], it was revealed that, by the opening-closing motion of the interface, 

saw-tooth waveform of transmission was generated at the interface, and it became source of harmonic wave component, 

and it also showed the possibility that perturbation of timing of the opening-closing motion caused amplitude 

modulation of the transmitted waves and generation of subharmonic component. In the calculation, calculated waves of 

reflection showed good agreement with theoretically predicted waves[6]. 

Subharmonic ultrasound generation at a thin layer sandwiched between solids were reported with its 

reproducibility[7]. In the report, ultrasonic frequency of 1/2 of incident ultrasonic wave was observed clearly with 

aluminum thin film between aluminum blocks. Analytical investigation of subharmonic generation in this simple 

situation might be helpful for investigation of mechanism of subharmonic generation at unbonded interface. In this 

report, using simple 1-dimensional modeling of closed interface reported previously, nonlinear ultrasonic generation at 

thin layer between solids was investigated by computer simulation with FDM. In 1-D solid model of FDM, two closed 

interface region were placed with distance of few percent of ultrasonic wavelength. Ultrasonic behavior of each 

calculation node of the interface regions with incidence of sinusoidal ultrasonic wave were investigated in the 

calculation. From observation of calculated motion of the nodes, useful information to clarify mechanism of 

subharmonic generation at closed interface was obtained. 

BASICS OF CALCULATION WITH CLOSED INTERFACE IN 1-D. SOLID 

Figure 1 shows basic phenomena of ultrasonic waves at closed interface obtained in previous research using 1-

dimensional FDM calculation. Sinusoidal ultrasonic wave was propagating in 1-dimensional solid with uniformly 

distributed compressive stress. Condition of closed interface was determined by strain or stress of unit cell representing 

closed interface. When strain of the unit cell (∝DR-DL) was positive, the unit cell was treated as a gap, and otherwise the 

cell was treated as solid. Typical phenomenon observed at closed interface was saw-tooth waveform of transmitted 

waves (=DL). When opening of the interface occurred by incidence of strong ultrasonic stress wave, back node of the 

interface moved to close the interface, and it showed constant particle velocity Vp determined by the material property 

and the uniformly distributed compressive stress T0. From this calculated result, It was obvious that condition of the 

opening was governed by the constant particle velocity Vp and the opening occurred when transient particle velocity of 

incident wave was higher than Vp. 
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Figure 2 shows basic situation of ultrasonic propagation through 2 closed interfaces in solid. Compressive stress as 

force to close interfaces was distributed uniformly in solid. A thin layer surrounded by 2 interfaces was located middle 

of solid. As shown in the figure, multiple states of the thin layer were assumed according to opening-closing states of 2 

interfaces. The opening-closing state of each interface was determined respectively with the manner explained above. 

 

 

FIGURE 2. Schematics of ultrasonic propagation through an unbonded thin layer in 1-D solid. Under static compression stress, 

closing and opening of two interfaces are repeated by ultrasonic stress waves. Displacement waveforms of 4 calculation nodes of 2 

interface regions were observed in the calculation. 

 

CALCULATED RESULTS OF ULTRASOUND WITH THIN LAYER 

To investigate ultrasonic behavior of a thin layer sandwiched between solids, 1-D computer simulation based on 

FDM was performed[5]. In the calculation, material properties of isotropic steel were used where density of 

ρ=7860kg/m
3
, and stiffness components of C0=2.74x10

11
Pa. Calculation conditions for FDM were spatial step of 

∆x=10µm, time step of ∆t=0.5ns, compression stress of T0=-1Pa, incident ultrasonic stress amplitude of A0=-10Pa, -

100Pa, -500Pa and -1000Pa, and ultrasonic frequency of f0=5MHz. 

Calculation of Transmitted Waveform with Increasing Ultrasonic Amplitude 

Figure 3 showed relationship between amplitudes of incident ultrasonic waves and displacement waveforms of front 

and back nodes of 2nd closed interface region. In the case of ultrasonic amplitude of A0=-10Pa in figure 3, it showed 

saw-tooth waveform, however no opening of the 2nd interface was observed. In the calculation with single closed 

interface reported previously, the opening occurred with ultrasonic amplitude of more than A0=-3Pa with compressive 

 

FIGURE 1. Calculated displacement waveform of closed interface in 1-D solid model with single interface, using Improved-FDM. 

Motion of front and back nodes of the interface caused by incidence of sinusoidal stress wave are shown. 



stress of T0=-1Pa, so this case showed 2nd interface was closed while 1st interface was opened. In the case of A0=-

100Pa, it showed opening of 2nd interface and saw-tooth waveform indicating opening of 1st interface, and amplitude 

modulation of waves became remarkable. In the case of A0=-500Pa, new phenomenon was observed as generation of 

cycle time different from fundamental cycles in saw-tooth waveform, and it indicated that strong subharmonic 

component in transmitted wave might be generated. 

 

 

FIGURE 3. Calculated displacement waveforms of front and back surfaces of 2nd interface in steel. With increasing of ultrasonic 

amplitude A0, opening of the interface and irregular motion of front surface become remarkable. Back surface shows same motion as 

Fig.1. In the case of A0=10Pa, 2nd interface is still closed, in spite of 1st interface’s opening. 

Detailed Observation of Each Calculation Node of 2 Closed Interfaces 

 In figure 3, remarkable phenomenon causing strong generation of subharmonic frequency component was observed 

with incidence of strong ultrasonic wave at the unbonded thin layer. This phenomenon was qualitatively good 

agreement with experimental investigation. To analyze mechanism of the phenomenon, displacement waveforms of 

each node of 2 interface region were investigated. Figure 4 showed calculated displacement waveforms of each node of 

2 interface region. Ultrasonic stress amplitude of A0=-1000Pa with compressive stress of T0=-1Pa were used in the 

 

 

FIGURE 4. Details of motions of 4 nodes of the 2 interfaces. Correspondence of displacement waves and nodes are indicated 

with colors in figure 2. In the case of incidence of the strong wave, alternative opening of the two interfaces occurs, and variation 

of thin layer’s movement velocity, which is presumed to be caused by multiple ultrasonic reflection in the thin layer, gives 

irregularity of opening-closing cycle. The irregularity causes generation of subharmonic components and the saw-tooth waveform 

generates harmonic components. 



calculation. In this case of incidence of extremely strong ultrasonic wave, variety of cycle times with multiple duration 

of fundamental cycle were observed as shown evidently in (A) and (B) of figure 4.  

Important points shown in figure 4 were as follows. Displacement waveform of back node of 2nd interface region 

showed saw-tooth waveform as transmitted waveform through thin layer, and its behavior was same with waveform of 

back node shown in figure 1. Therefore, constant velocity part of the wave showed velocity of Vp. In the figure 4 (C), 

step like shaped waveforms of back node of 1st interface region and front node of 2nd interface region were observed. 

Those were correspond to motion of the thin layer, and step like shaped waveform indicated occurrence of multiple 

ultrasonic reflection inside the layer. Linear declination parts of the layer's motion indicated that the layer moved 

backward with constant velocities at those parts, and those showed variety of velocities. It was obvious that 

combination of the constant particle velocity Vp and the variety of layer's velocities realized irregularity of cycle times 

of transmitted waveform, and the irregularity caused the subharmonic generation of the transmitted ultrasonic waves. It 

was considered that variety of the layer's velocities were caused with superimpose of particle velocity of incident 

ultrasonic wave and fluctuation of layer's velocity caused by the multiple ultrasonic reflection in the layer.  

 Influence of Fineness of Calculation Condition in FDM to Calculated Results. 

In the calculation, FDM was used, and such discretized calculation method poses dependency between calculated 

results and calculation conditions of time step ∆t and spatial step ∆x. Especially, in the calculation with closed interface, 

decision of opening and closing state include error caused by time steps. 

Figure 5 shows change of calculated waveforms with change of fineness of calculation steps. In the figure, with 

change of the fineness of calculation steps, calculated waveforms changed remarkably, and it was indicated that finer 

calculation steps gave transmitted waveform with lower frequency of subharmonic component. It was supposed that, in 

contrast with the calculation results in figure 3 and 4, by smaller amplitude of incident ultrasonic wave, generation of 

the subharmonic component occurred at actual thin layer and in calculation with finer calculation steps. 

 

 

FIGURE 5. Calculated displacement waveforms of 4 nodes of the 2 interfaces with same physical condition but different calculation 

steps of ∆x and ∆t. Physical conditions such as the compressive stress, ultrasonic amplitude, thickness of the layer and material 

properties are same with figure 4. 

CONCLUSION 

Subharmonic generation at unbonded thin layer was investigated using 1-D FDM for ultrasonic propagation in solid. 

From results of calculations, it was estimated that subharmonic component of transmitted wave was generated by 

combination of constant backward particle velocity of back node in 2nd interface region and fluctuated backward 

velocity of the layer, and fluctuation of layer's backward velocity was caused by multiple ultrasonic reflection inside the 

layer. However, as problem of FDM calculation, it was recognized that calculation condition of spatial and time steps of 

FDM showed inevitable influence on calculated ultrasonic waveforms. For the quantitative analysis of the subharmonic 

ultrasonic generation at closed interfaces, further investigation will be required. 
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