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The feasibility of full field shearographic detection of nonclassical acoustic nonlinearity is

investigated. Traditional frequency analysis of the sinusoidally excited sample, as used in scanning

techniques, turns out to be not practical due to the inherent optical detection nonlinearity of the

shearography system itself. An alternative method, based on determining the asymmetry between

shearographic images stroboscopically obtained for positive and negative displacements, is

proposed. This approach allows us to easily and rapidly detect the tension-compression asymmetry

which typically arises where nonbounded contact interface defects are present. © 2007 American

Institute of Physics. �DOI: 10.1063/1.2828111�

Nonlinear acoustic methods have become increasingly

popular in recent years in the field of nondestructive testing

�NDT� due to their enhanced sensitivity and especially their

“defect selective” behavior. In practice, cracks and delami-

nations are often “closed” �nonbonded contact interfaces� so

that traditional linear techniques fail to detect them due to

lack of acoustic mismatch. In nonlinear acoustics, the instan-

taneous change of the geometrical features of the defect, in-

duced by a high amplitude elastic stimulus, leads to defect

“clapping.” Essentially, the defect area behaves differently

when the local stress rises above a certain threshold value

�defect opened� as when the local stress is lower than this

threshold �defect closed�. In the case of harmonic excitation,

this effect can be observed by detecting higher harmonics in

the displacement signal at the defect location. This nonclas-

sical acoustic nonlinearity is directly associated with the

presence of a defect and allows us to detect nonbonded

closed defects with high contrast.
1–11

Several nonlinear acoustic techniques have emerged dur-

ing the past decade in an effort to exploit this potential. The

detection scheme typically made use of ultrasonic

transducers
8–10

or a scanning laser Doppler vibrometer.
11

Though a significant breakthrough was achieved to demon-

strate the power of nonlinear acoustics in terms of defect

detection and identification, the scanning approach has the

drawback of having to compromise between optimum spatial

resolution and signal-to-noise ratio on one hand, and speed

of operation on the other hand. In this work, we remediate

this dilemma by upgrading the approach to a full-field

shearographic imaging implementation.

Shearography is an optical technique
12,13

based on the

speckle effect and is widely used in NDT applications.
14–16

In order to visualize periodic phenomena at frequencies

higher than the frame rate of the charge coupled device cam-

era, we have stroboscopically illuminated the sample surface

�using a modulated probe laser� at particular temporal phases

of the vibration cycle. The used experimental setup basically

consists of a shearography system �ISI-Systems®�, synchro-

nized with the excitation source �Fig. 1�. The sample under

investigation �Fig. 2� is a unidirectional carbon/epoxy com-

posite plate �0° �16 �Hexcel-Fibredux 920CX-TS-5-42�,
which has an area of 300�300 mm2 and a total thickness of

2 mm. This type of material was selected as it is typically

used in advanced applications where the timely detection of

defects is crucial. An artificial delamination was created by

locally placing a thin circular Teflon film �20 mm diameter

and 10 �m thickness� between the second and third ply be-

low the surface under investigation �Fig. 2�. In addition, the

plate was impacted above the delamination �3.5 J� with a

ball of 25 mm diameter. Since the plates undergo a curing

procedure under high temperature and uniform pressure, the

resulting surface is smooth and there is no externally visible

indication of the delamination. In order to implement the

acoustic excitation, a 35 mm diameter piezoelectric trans-

ducer �0.55 mm thickness� was attached to the plate �Fig. 2�.
In shearography, the intensity at a particular point of the

image corresponds to the superposition of the light scattered

from two adjacent points in the original object that are

slightly sheared �by use of a beam splitter and adjustable

mirror� with respect to each other. For simplicity, let the

separation of these points be �x parallel to the x axis. The

optical phase difference �� between two slightly sheared
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FIG. 1. Schematic layout of the experimental system and the object under

investigation.
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interfering scattered laser beams at a pixel location may be

approximated as follows:

���x,y,t� =
2��x

�
�1 + cos ��� �dz�x,y,t�

�x
� � kf�t� , �1�

where � is the illumination angle with respect to the viewing

direction, dz is the surface out-of-plane displacement, and k

�2��x�1+cos �� /�. It should be stressed that the in-plane

components of the surface displacement are considered too

small to be relevant. The sensitivity of the fringes can be

therefore adjusted by varying the orientation of the adjusting

mirror and thereby the shearing distance �x. The resulting

interference intensity I�x ,y , t� can be readily evaluated by

I�x,y,t� =
Imax + Imin

2
+

Imax − Imin

2
cos��0�x,y�

+ ���x,y,t�� , �2�

where Imin and Imax are, respectively, the intensities for fully

destructive and fully constructive interference and �0 �x ,y�
is the optical phase pattern for the sample in reference con-

ditions �e.g., for the sample in rest, or for an arbitrarily cho-

sen point in the vibration cycle�. For the sake of contrast

formation, one is evaluating the relative temporal intensity

variations, which are obtained by subtracting the reference

�in our case, the specklegram at rest� from each subsequent

pattern. As a result, speckle correlation fringes are formed.

For large optical phase variations due to displacements of the

order of and larger than one optical wavelength, the intensity

images depend on f�t� in a very nonlinear way �see Eq. �2��.
This makes a traditional frequency analysis not feasible be-

cause the harmonics induced by the nonlinearity of the opti-

cal detection system are large, thus masking weak harmonics

due to the nonlinear elastic response of a defect in the

sample. In theory, phase shifting techniques allow us to de-

termine the absolute optical phase and thereby the absolute

surface slope and displacement image for every stroboscopic

temporal phase, thus eliminating the optical detection non-

linearity typical for raw intensity images. Although a wide

range of techniques is available to filter, demodulate, and

integrate intensity images in such an approach, it turns out to

be very difficult to obtain a fast and reliable result in

practice.

Here, we propose a simpler and more straightforward

technique to detect local defect-induced asymmetric

behavior
7 �while in compression the delamination behaves

like intact material, in tension the stiffness is much lower as

the delamination is allowed to open�. Speckle correlation

fringes were obtained by subtracting subsequent speckle-

grams from the reference image at rest. By subtracting these

intensity correlation images at maximum positive and maxi-

mum negative displacement excursions of the sample, one

can also detect nonclassical acoustic nonlinearity. Indeed, in

the case of linear �or classical nonlinear� behavior, the rela-

tive temporal intensity images at maximum and minimum

displacements �or otherwise the two antisymmetric positions

in the cycle where we obtain the highest fringe density� are

identical, thus resulting in a zero intensity image. Only at

locations undergoing defect-induced nonclassical nonlinear

behavior, which is intrinsically connected with tension-

compression asymmetry,
7

these images will be different and

the subtracted image will no longer be zero.

In practice, the temporal phase of a local vibration has a

nontrivial relation with the phase of the excitation source. As

a result, when performing a subtraction at a given strobo-

scopic temporal phase in the sinusoidal excitation cycle, the

difference image is not only related to the asymmetry in-

duced by the defect but it also depends on the map of the

displacement pattern and resulting interferogram for the cho-

sen phase. Therefore, the asymmetry map for a given phase

is convolved by a distorting pattern of peaks and nulls of the

interferogram.

In order to counter this, the following approach was

taken: a series of interferometric images was recorded with

different temporal phases with respect to the excitation signal

�e.g., images at 0°, 10°, 20°,…,350°�. For each case, the

corresponding images with 180° phase difference were sub-

tracted �0°–180°, 10°–190°,…�. Then, the sum of the abso-

lute values of these different images was taken. In this way,

the asymmetry was averaged over the entire displacement

cycle of the sample and peaks and nulls of the stroboscopic

interferograms were smeared out. As a result, the obtained

image clearly indicates the defect location, with strongly re-

duced interferometric effects.

The result of an experimental implementation of this ap-

proach can be seen in Fig. 3. Here, a sinusoidal excitation

signal was applied on the piezoelectric transducer. As a re-

sult, a standing wave pattern arose in the plate. The excita-

tion frequency was chosen so that an antinode of the stand-

ing wave pattern occurred at the �known� position of the

artificial defect. For cases where the position of the defect is

not known in advance, the experiment must be repeated for a

range of frequencies to increase the probability for all re-

gions of the plate to be efficiently excited. The plate was

slightly bent toward the viewing direction so that the defect

remains definitely closed at rest. The images in Fig. 3�a�
were taken for relatively low excitation amplitude �50 V

peak to peak�. The internal stress gradients were too small to

open the artificial delamination. As a result, the elastic be-

havior remained linear so that the resulting specklegrams at

for instance 90° and 270° are identical and their difference is

almost zero. Figure 3�b� shows the specklegrams obtained

for high excitation amplitude �200 V peak to peak�. For that

case, the internal stress gradients were large enough to open

the delamination so that the sample started to show a nonlin-

ear elastic response at that location. As a result, the fringe

patterns at 90° and 270° locally differ and the subtracted

image shows the location of the defect. Also after performing

the described asymmetry averaging over the vibration cycle

�difference images were recorded for 36 phases and their

FIG. 2. Layout of the sample structure. An artificial delamination was cre-

ated by introducing a thin circular Teflon film �indicated by the dashed

circle� between the second and third ply of a composite plate. A piezoelec-

tric transducer was used to generate a standing wave pattern.
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absolute value was averaged�, the defect location is revealed

in an enhanced way, with virtually no interferometric effects

remaining. The shape of the fringes in the subtracted image

is influenced by the properties of the defect as well as by

optical parameters of the setup, rendering their interpretation

not straightforward. Therefore, the specific properties of the

defect and its exact behavior are difficult to determine and

describe in this short communication and will be the subject

of future work. However, for purposes of NDT, the method

shows to be very feasible and robust for defect detection.

Interestingly, the nonlinear behavior is selectively provoked

right above the defect, allowing for defect localization with

high lateral spatial resolution.

In conclusion, while scanning nonlinear detection tech-

niques traditionally relied on a temporal frequency analysis,

requiring time intensive point wise spectral analysis, the

newly proposed method allows a fast and robust full field

detection of nonclassical nonlinearity with good lateral spa-

tial resolution at the price of more complexity in the relation

between the images and the acoustical displacement, but

keeping the important advantage to visualize defects that

would remain invisible with low amplitude linear acoustic/

mechanic techniques.
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FIG. 3. Stroboscopically obtained shearographic images of speckle correla-

tion fringes and difference images obtained for a sinusoidal excitation signal

applied on the piezoelectric transducer �f =18.3 kHz�. �a� Images obtained

with a low excitation amplitude. The first two rows show the intensity im-

ages at 90° and 270° temporal phase �with regard to the excitation signal�,
respectively. The third row shows their difference. The fourth row shows the

improved result after asymmetry averaging over the displacement cycle. �b�
Images obtained with the same approach, but the excitation amplitude was

increased by a factor of 4. The shearing distance was different for the two

experiments to allow for optimal fringe visibility. The gray scale was kept

the same for the subtracted and asymmetry averaged images. To guide the

eye of the reader, the defect is indicated by a circle.
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