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1. Background (nonlinear ultrasonic interaction)
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Ultrasonic detection and sizing of closed cracks is difficult because 
most of the ultrasound will pass through the crack with almost no 
reflection or scattering/diffraction. Generally closed cracks pose 

difficulties for all NDE-methods

Nonlinear ultrasound, e.g. superharmonic waves (2f, 3f,…) have 
been expected to become a primary mean for evaluating closed 
cracks since the pioneering work by Buck, Morris & Richardson in
1978.

Subharmonic waves (f/2, f/3,…) have better selectivity for closed 
cracks than superharmonics, however, subharmonics have not 
been used in ultrasonic NDE until the recent work at Tohoku 
University in Japan (Ohara et al, 2008)
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Nonlinear ultrasound:
Nonlinear relation between stress σ and strain ε (Jhang, 2009). 

Here we are mainly interested in nonlinearity caused by cracks or 
damage

The nonlinear effect will be pronounced at partially closed cracks
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Consequences of the nonlinear ultrasonic interaction: 
Generation of new frequency components not present in the 

insonifying wave

Higher harmonic generation (2f, 3f,…)

Subharmonic generation (f/2, f/3,…)

Shift of resonance frequency (resonance frequency as function of 
the excitation level)

Mixed frequency response (modulation of an ultrasonic wave by a
low frequency vibration)
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Generation of subharmonic waves at a partially 
closed crack

The subharmonic waves are generated by a resonance 
phenomenon at the crack (“clapping”, contact acoustic nonlinearity)

A minimum amplitude of the insonifying ultrasound (frequency f) is 
needed for generation of subharmonic waves (frequency f/2)

Subharmonic waves are generated only at the closed parts of a 
crack whereas superharmonic waves may have many different 
sources (the piezoelectric transducer, the coupling liquid, 
electronics etc)
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2. Subharmonic phased array for crack evaluation 
(SPACE)

Tohoku University
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The principles of an ultrasonic phased array probe 
(Davis & Moles., 2006)
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Experimental setup for fundamental and subharmonic imaging
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A schematic view of the phased array method for imaging of a 
closed crack tip using fundamental and subharmonic 

ultrasound (Yamanaka et al., 2006)

Sectorial scan
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Localized subharmonic resonances at closed parts 
of a crack (Ohara et al., 2008)
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3. Experimental results using SPACE
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Fundamental and subharmonic images of stress corrosion 
cracks (SCC) in stainless steel, specimen 1 (Ohara et al., 2008)

a) Fundamental frequency and b) subharmonic frequency

B and C are primary open (observed at f)

A above the tip D is primary closed (observed only at f/2)

f f/2
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Later developments: A shoe to facilitate scanning (Ohara et al., 2010). 
The transmitter angle is also controlled by an 8-channel lithium niobate 

(LN) array for steering the incident ultrasound (Shintaku et al., 2009)

Test of the transmitterThe shoe
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Fatigue crack imaging using a CT specimen (A7075) after 
48000 and 87000 fatigue cycles (Ohara et al., 2010)



1616/03/2011

Imaging results from the CT specimen (Ohara et al., 2010)

After 48000 cycles After 87000 cycles
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Distribution of crack depths measured using SPACE
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4. Some results on linear and nonlinear (second 
harmonic) ultasonic interaction with dry and water 

confining interfaces from the Royal Institute of 
Technology  in Sweden
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The experimental setup for comparing of ultrasonic linear and nonlinear 
response (2nd harmonic) of dry and water confining interfaces at 

different loads (Poznic, 2006)

SN: S2, S3 or S4

Central 
frequency

5 MHz
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Amplitude of linear (left) and nonlinear reflected ultrasound as function of load for 
three dry interfaces with different roughness (Pecorari & Poznic, 2006)

50         100       150        200        250        
300

pressure (MPa)

(a) S1-S2, (b) S1-S3 and (c) S1-S4
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Amplitude of linear (left) and nonlinear reflected ultrasound as function of 
load for two water confining interfaces with different roughness (Pecorari & 

Poznic, 2006)

Note the difference in pressure scale compared to the previous slide!
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Some observations

Dry interface:

•The behaviour of the nonlinear (2nd harmonic) is quite different compered to the 
linear signal; it grows steeply when the loading starts, the growth rate is largest 
for the smoothest interface S1-S2, i.e. nonlinear signals are not generated at 
completely open cracks.

Water confining interface:

•There is an initial dramatic reduction in linear response of the smoother interface 
S1-S3. The behaviour of the rougher interface S1-S4 is similar but the initial 
reduction in amplitude is less pronounced. The nonlinear signal also shows a 
dramatical initial change.

•A thin layer of water in the crack has a much more pronounced influence on the 
linear and nonlinear ultrasonic response than previously assumed → a possibility 
to differentiate between sub-surface and surface-breaking cracks?
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5. Summary
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Pros
Closed crack that cannot be observed at all at fundamental frequency 
are observed at subharmonic or superharmonic frequency

Subharmonics  and superharmonics are generated only at closed cracks 
(however, superharmonics may be generated in piezoelectric 
transducers, liquid couplers, electronics etc)

The intensity of subharmonic waves are higher than that of 
superharmonics, thus giving a better signal-to-noise ratio

The attenuation of the subharmonic wave in less than that of 
superharmonic waves due to the lower frequency

Possibility of differatiating between sub-surface and surface-breaking 
crack?
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Cons
The detection of subharmonic- and superharmonic signals needs 
more advanced equipment compared to standard ultrasonic testing

Transfer of intense ultrasound to the component and choice of 
needed amplitude may be difficult

The choice of optimal input frequency for generation of 
subharmonic waves

The influence of oxide and/or water in the crack is unclear 
especially for subharmonics

The mechanism of subharmonic generation is not crystal clear yet
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VTT creates business from 
technology
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