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Abstract. Non-Destructive Testing (NDT) technologies have gain
importance recently due to the demand of high quality and costs
optimization in products. Thus, non-contact optical techniques
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have been developed, which also have been well accepted in the
industry. This work presents a background of developments and
applications of shearing speckle pattern interferometry, known as
shearography, for NDT analysis. Also, some important
experimental results, from authors, for NDT analysis and strain
measurement are reported.
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1 Introduction

The high-quality product in the industry, demands improvements in manufacturing processes and quality inspection. In order to
assess the quality and functionality of products, many methodologies have been developed. These can be classified into two main
groups: Destructive and Non-destructive. Likewise, these methodologies are divided into different techniques. In Non-destructive
testing, as the name suggests, the product or mechanical element do not suffer damage and can be put in service after testing. On
the other hand, destructive testing implies the partial or total destruction of the material, therefore, the component cannot be put
in service anymore and the subsequent negative effect in cost [1]. Due to this, NDT techniques are more attractive for the industry
since they avoid the wasting of materials and improve the cost-effectiveness [1-2].

At the same time, the NDT techniques can be divided into two groups: the contact and the non-contact ones. In the first group,
there can be found the magnetic particles, penetrating liquids, ultrasound, acoustic emission, etc. For the non-contact exist the
whole field optical techniques, such as interferometric-based techniques and Digital Image Correlation (DIC) [3]. These allow the
analysis of the entire or a part of the surface of the object under study [4, 5]. Among the interferometry-based techniques, it can
be found the electronic speckle pattern shearing interferometry, also known as shearography. This technique is based on light
interference and the speckle phenomenon of laser light sources [6-7]. It has been demonstrated that shearography is a powerful
tool for NDT inspection and its applications are rapidly increasing [8-10], for example: Application for quality inspection in the
tire industry [11], in the aerospace for the detection of damage in turbine blades and in the fuselage of planes [12-13], in detection
of cracks in pipes [14], and also is used for strain measurement for the characterization of mechanical properties of materials since
its provides the strain field [15-20]. In further sections, the basic principles of shearography are derived and some cases of study
of the application are presented. Moreover, the results of some experiments, carried out by the authors, are added in order to
provide de adaptability and the effectiveness of this technique.

2 Principles of Shearography

Shearography, as well as other interferometric techniques, such as electronic speckle pattern interferometry, is based on the
principles of the light interference and the speckle phenomenon. When an object surface is illuminated with an expanded laser
beam, it can be observed a grainy appearance over the illuminated area, which consist of bright dark spots. This speckle pattern is
due to the random interference of the scattered light beam by the surface [21]. So, in an initial state, there will be a reference
speckle pattern. If the object is loaded, its surface will be deformed, which also induces a change in the speckle pattern. With a
convenient experimental set-up, the information of the displacement or strain suffered by the object can be obtained by subtracting
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the image of the deformed state from the reference state [22]. In Figure 1, a characteristic speckle pattern scattered by an object
surface is presented.

Figure 1. Speckle pattern obtained with an expanded laser beam.

A typical shearography set-up is based on the Michelson interferometer [23]. In its basic form, it consists of a laser light source,
an image acquisition device (commonly a CCD camera), a beam splitter and two mirrors. One of the mirrors is slightly tilted in
order to produce an effect of two sheared image of the same image on the sensor of the camera. In Figure 2, the basic shearography
set-up, as well as the effect of the shearing mirror on the camera is illustrated.
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Figure 2. a) Shearography set-up based on a modified Michelson interferometer; b) the result of tilting one of the mirrors,
producing the overlapping of two images of the same object, producing a shearing effect.

When the image of the deformed object is subtracted from the reference state, a fringe pattern known as shearogram is obtained.

A typical shearogram obtained in this process is shown in Figure 3. So, if the object suffers a deformation, this is revealed as the
appearing of this fringe pattern.
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Figure 3. A shearogram obtained with the subtraction of two shearing speckle patterns.
3 Relationship between the deformation of the surface and a phase change in the light intensity

When deformation is induced on the object, the speckle pattern will suffer changes, which also introduces a phase difference in
the light intensity registered by the CCD camera. This phase difference related to the deformation is expressed by the fundamental
equation of shearography as follows [11].

pp = (10, 2%k My 1)

Where ky, k, and k, are the sensitivity vector in the corresponding x, y and z direction; Z—;, g—; and Z—Z are the derivative of
displacements, and dYy is the shearing distance introduces bye tilting one of the mirrors in the y direction. Though it is not marked
explicitly in equation (1), the phase is in function on the location of the point on the object surface P(x,y). Also, equation (1)
shows that there are three variables that contribute to the determination of the phase. The deformation of the object is represented
as derivatives of displacement in the direction of the shearing distance §y. The direction of the illumination and observation and
the wavelength of the laser determine the sensitivity vector k. The third contribution is the shearing distance &y introduced by the
tilted mirror in the modified Michelson interferometer. With this last variable, shearography allows the adjustment of the
sensibility to the detection of deformations. With a small shearing distance, the sensibility is reduced, while with high value the
sensitivity increases. However, with a large shearing distance the approximation to the derivative is highly affected, which
compromises the accuracy in quantitative strain measurements, since strain is the derivative of displacement.

If the illumination remain in the plane x — z, as shown in Figure 4, the sensitivity vector can be defined as

4n 6
| k| =7cos% (2

Where 4 is the wavelength and 6, is the illumination angle in the x — z plane.

From Figure 4, the respective sensitivity vector in the three directions is as follows.
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So, the fundamental equation of shearography will be as follows.
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Figure 4. Sensitivity vector of a point over the object surface.

If the mirror is tilted in the x direction, equation 6 becomes:
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(7)

Equation (6) or (7) show that a shearogram contain information of both in-plane and out-of-plane components of the strain tensor,

which has the form:
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(8)

Where €y, €y, and &,, are the normal strain components in the x, y and z, respectively and the rest represent the shearing strains.
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So, it can be observed that if the illumination plane remains in the x — z plane, and the shearing is in the x direction, the normal

. . . .9 . .
strain &,, can be obtained as well as component of the shearing strain %, which also represents an out-of-plane displacement
derivative. On the other hand, if the illumination is in the y — z plane, it is possible to obtain the normal strain component &, by
tilting the mirror in the y direction. This is the reason that shearography can be used for whole field strain measurement.

As mentioned above, the fundamental equation contains both in-plane and out-of-plane strain components. When the illumination

is adjusted normal to the object surface, the angle of illumination tends to cero. In this particular case, equation (6) and (7) become:

A _ A4mdy ow ©)
N

4dtdx dw

_ hdd 10
Apx = =55 (19)

It is known that in interferometry, every fringe pattern has a period of 2mn, where n is the fringe number [4]. This means that
every time the phase is 27 there will exist a fringe in the shearogram. So with equation (9) and (10), the out-of-plane displacement
derivative can be computed by counting the number of fringes on the shearogram. Equations (9) and (10) become:

ow _ An (an
dy 28y
ow _ _Mn (12)
Ox 2ndx

These last equations are the base upon which shearography is established for NDT analysis. This is because a flaw, an inner crack
or an imperfection of the material will cause a higher gradient of deformation than the in rest of the object when it is loaded. This
gradient of deformation is associated with the fringe patterns, which are obtained by subtracting images of deformed states from
the reference. Fortunately, this process can be performed in real-time.

4 Shearography for NDT analysis

In the last section, the fundamental equations of shearography were derived. With either equation (11) or equation (12), NDT
analysis can be performed. In Figure 5, a typical experimental set-up of shearography for NDT analysis is presented. The expanded
laser beam will illuminate the object surface at an angle approximated to cero. This is important to achieve so that equation (11)

can be applied, as pointed out above.
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Figure 5. Sensitivity vector of a point over the object surface.

Flaw revelation by shearography is based on the comparison of two states of deformation in the test object. Development of
nondestructive testing procedures employing shearography essentially becomes the development of a practical means of stressing
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which can reveal flaws [24-26]. Ideally, it is desirable to impose stresses similar to the stress-state found in service. If components
under testing are loaded in a stress mode similar to the actual one experienced in service, shearography can be used to reveal
critical flaws only (i.e. flaws that create strain concentrations and thus reduce the strength of the component) [24]. Cosmetic flaws
can be ignored, and false rejects can be avoided. Examples of cosmetic flaws include those located in low-stress regions which
will not jeopardize the strength of the structures. Exact duplication of the actual stress-increment for shearographic testing,
however, is generally difficult. Therefore, various practical means of stressing the object must be developed. In developing these
methods, an important precaution to be taken is restricting rigid-body motion of the object during stressing, as excessive rigid-
body motion would cause speckles de-correlation, resulting in degradation of fringe quality [27-28].

One of the most important applications of digital shearography for NDT since its early beginnings was the study of delamination
in composite materials. Composites constructed as honeycomb panel usually suffer delamination when subjected to loads and
corrosive medium. For this, Huang, et al. [24] have performed some experiments. Figure 6 depicts several delaminations in a
honeycomb panel. The skin of the panel is graphite epoxy. The means of stressing is a partial vacuum.

Figure 6. Revealing several delaminations in a honeycomb panel [24].

Another application of shearography reported is the detection of inner crack in pressure vessels [15]. Figure 7 shows fringe
correlations revealing a localized crack in the material. The means of stressing is internal pressurization.
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Figure 7. Detection of internal cracks

Another experiment reported is the detection of a crack by thermal stressing [24, 29, 30]. A square aluminium plate with a
subsurface vertical crack as shown in Figure 8(a) is first used to demonstrate the capability of the proposed method. The plate is
fully clamped on four edges and a heat flux of 9.6 kWs is then triggered in front of the plate. Speckle images before and after the
heat pulse are captured and phase information are obtained using the proposed clustering method. Figure 8(b) shows a
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shearographic fringe map of the plate. The crack-induced deformation anomaly is clearly seen and a vertical crack is easily
identified in the fringe map.

50mm

Figure 8. (a) An aluminium plate with a vertical crack at the back center indicated in with the white rectangle. (b) Fringe pattern
obtained with shearography depicting a vertical crack [24].

Also, [24] reported the result of evaluating internal cracks in pressure pipes and in open-ended pipes. Authors proposed
that for pressure pipes, the best stressing method is by either vacuum o by applying pressure. Figure 9 shows the result
obtained by applying the pressure method in a PVC pipe with an internal crack. Also, the same authors reported the results
of applying the thermal method to reveal horizontal and vertical inner crack in an open-ended PVC pipe. This result is
illustrated in Figure 10.

ALK ®

Figure 9. Revealing internal crack in a PVC p;ipe with t
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Figure 10. Revealing vertical and horizontal inner cracks via thermal stressing [24].

A very important advance of shearography for NDT is the work reported by Francis et al. [12]. They employed shearography to
evaluate an aeroplane panel that experienced damage due to a hailstorm. The measurements were made with a single-component,
out-of-plane displacement gradient sensitive shearography system. A region of the surface of the panel with an area of
approximately 50 cm2 was loaded thermally using an infrared source. Figure 11 illustrates the results obtained. It can be observed
that the damages are revealed as fringe patterns in the evaluated area.

5

Figure 11. Evaluating démég in an aeroplane panel caused by hailstorm [12].

S Shearography for quantitative analysis

Another approach of shearography is quantitative evaluation. This means that the phase change induced by a deformations is
computed [31]. This also implies that the strain measurement can be performed. For this approach, the main issue is to find out a
methodology to quantitative measure the phase maps. This is very important because by obtaining the phase map, the full-field
strain distribution can be obtained [32]. The most popular method for phase measurement is well known as phase-shifting [33].
This consists of capturing a series of images of the object and introducing a phase change in the light intensity for each of them.
Commonly, this phase change is introduced by translating one of the mirrors of the interferometer. This movement can be achieved
by applying a voltage to a Piezo-crystal (PZT) attached to the mirror. A phase-shifting shearography experimental set-up is the
same as the conventional, with the only difference that the un-tilted mirror is attached to a PZT with a Piezo controller [34]. The
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image acquisition must be synchronized with the application of the voltage to the PZT [35]. Figure 12 shows a diagram of the
phase-shifting shearography set-up. In the modified Michelson interferometer the two sheared images interfere with each other
producing a resultant speckled image with intensity distribution given by:

I(x,y) = a(x,y) + b(x,y) cos¢ (13)
where a is the background intensity, which depicts the average spatial intensity; b is a modulation term and ¢ is a random phase
angle. When the object is deformed, an optical path change occurs due to the surface displacement of the object. This optical path
change induces a relative phase change between the two interfering points. Thus, the intensity distribution of the speckle pattern is
slightly altered and is mathematically represented by

I'=a(x,y) +b(xy) cos¢’ (14)
=0+
where I’ is the intensity distribution after deformation, and ¢ is the phase change due to the deformation. As expressed in equations
(13) and (14), the terms a, b, and ¢ depend on their location (x,y) on the image.
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Figure 12. Phase-shifting shearography set-up for quantitative analysis

As mentioned above, for quantitative analysis usually the phase-shifting method is employed to the determination of the phase
distribution. The three, four, and five-step phase shift algorithms are the common temporal phase shift algorithms. However, the

most popular is the four-step algorithm [13]. Phase shifting of % is introduced by translating one of the mirrors in the interferometer

by means of a piezoelectric crystal (PZT). Thus, for dereference state, simplifying equation (13), the intensity distributions of the
four frames are expressed as [11]:

Iy =a+bcosg (15)
12=a+bcos((p+g) (16)
I; = a+ bcos(p + 1) (17)
I4=a+bcos(<p+37n) (18)
Solving (15)-(18) one can obtain the equation for the phase distribution
@ =tan! % (19)

The same process is applied to the deformed state. The relative phase difference (¢ — ¢") between the reference and the
deformed state gives the information on the derivatives of displacements. Once this phase map has been obtained, the
derivatives of displacement, given by equations (6), (7), (9) and (10), can be finally computed.
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5.1 In-plane strain measurement

One of the most attractive applications of shearography in experimental mechanics is the full-field strain measurement
. . . . . S a .
[36, 37]. For this purpose, the in-plane strain component has to be isolated from equation (7), which is &, = i. For this

a special experimental, a dual illumination system has to be implemented set-up as illustrated in Figure 13 [38, 39].
Particularly, with this set-up the strains in the x direction can be obtained.

Object

Laser

Figure 13. Experimental shearography set-up for in-plane strain measurement. M1, M2 and M3: mirrors; PZT-M: piezo crystal
mirror; SM: shearing mirror; BS1, BS2: beam splitters; 0: incident angle.

In order to eliminate the out-of-plane component from equation (7), two laser beams are used. The object is illuminated
sequentially and the phase-shifting technique is performed for each beam [40]. Consequently, two relative phase difference are
obtained. Rewritten equation (7) for the two incident beams, these are:

2ny . O0u aw

A = 7[51n9a+ (1 + cos8) E] 8y (20)
2| . Ou ow

A2=7[sm6a+(1+c059)$]6x (21)

Subtracting (21) from (20), finally, the in-plane strain component can be isolated [15].

4 d
B8y = (sin 6 %) 5, (22)

Thus, the component of strain &,, is calculated by the next equation:

A (A1-42)
- E 8y sin @ (23)
The strain measurement using shearography is being well accepted in experimental mechanics because of its adaptability and the
advantage of providing full-field information. So, in literature, many applications of shearography for strain measurement have
been reported [41-45].

‘C’XX

6 Cases of Study

In order to demonstrate the potential of shearography for NDT analysis and strain measurement, authors have performed two
experiments. The first is regarding the detection of an internal crack in a PVC pipe by stressing with pressure. The second
experiments is the measurement of the strain field in an elastomer subjected to tension stress.
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6.1 Detection of internal crack in real-time

In this experiment, an artificial crack generated in the inner surface of the PVC pipe. The aim is to reveal this crack with the
experimental set-up shown in Figure 14. The mean of stressing was pressurization. In order to expand the laser beam over the
pipe’s surface, a diffusor glass was employed.

______

Figure 14. The fringe pattern generated in the region where an internal crack was produced.

The image acquisition and the image processing were performed in real-time with a program written in LabVIEW. In the reference
state, no load is applied to the material. Then, the pressure was applied gradually and the image started at the same time. Image
acquisition was set at a frame rate of 1fps. The software performed the image subtraction instantly when images are acquired. In
resulting correlated fringes are displayed on the screen, where the evolution of the fringes can be observed when pressure is
gradually increased. In Figure 15, a fringe pattern produced in the region of the crack can be observed. This simple experiment
demonstrates the effectiveness of shearography for inner crack detection. This methodology can be used for NDT for pressure
vessels in the industry in order to evaluate their integrity. Another application of this method, which at this time is a future
challenge, is the real-time evaluation in pipelines in the oil industry [46]. For this, it is essential to develop portable devices that
can be adapted to the real field [47]. Recently, some portable shearography equipment are being developed by companies or
institutions [48-50]. So, in a not far future, more and novel applications of shearography in the industry are expected to be
published.

Figure 15. The fringe pattern generated in the region where an internal crack was produced.
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6.2 Strain measurement in elastomers

Many authors have reported results of strain measurement with shearography. However, they are focused on measuring
strain in metals, composites, ceramics, and concrete. So, authors have explored the effectiveness of this optical technique
to measure the strain field in elastomers. In this new application, a viscoelastic property of elastomers, known as creep,
was evaluated. The creep is a time-dependent viscoelastic mechanical property of materials when subjected to a constant
load for prolonged periods of time. Particularly, elastomers can experience large deformations when they are working with
a load for thousands of hours of service. Even if the load do not increase, these kind of materials can suffer a fracture. So
studying this phenomenon is very important for the prediction of the service life of this polymer, which are commonly
used as sealing elements in machinery. Thus, in order to demonstrate the effectiveness of shearography in this kind of
application, short-term creep tests of 3 hours were performed. Silicone rubber is the most common elastomer used as a
seal, so this was chosen in this case.

Figure 16 shows the shearography experimental set-up implemented in this study. First, the test specimen was clamped to
a structure. In front of the specimen, the shearography and the illumination systems were installed. The camera lens was
focused on the test object throughout the Michelson interferometer so that the whole gauge length was fully visualized.
To produce the shearing effect one of the mirrors (M4) of the Michelson interferometer was slightly tilted. A PZT crystal
was incorporated into the other mirror (M5) in order to perform the phase shifting. As to the illumination system, a 630
nm Helium-Neon laser was utilized. The laser beam passes through microscopy objective (MO) in order to get an expanded
beam. Then it is reflected on mirror M1 to the beam splitter BS1, in which the beam is divided into two parts. Beam 1 and
beam 2 are reflected by mirrors M2 and M3, respectively, to coincide on the object surface at an angle of 18.5 degrees
with respect to the optical axis. Image acquisition and phase-shifting were made by using LabVIEW and the image
processing was performed in MATLAB.

Clamped
Specimen

- S " - -
b * . .
. - - -

Figure 16. Experif‘rlental shearography éetup implemented.

Then, the dead load was gently applied to the free end of the test. Besides the gently application of the load, it was necessary to
start the measurements after 30 seconds, while the specimen was stabilized. Due to that, the deformation occurs quickly during
the first minutes, the strains were measured every minute during 30 minutes. After 30 minutes, the strain rate decreases

considerably, so measurements were performed each 3 minutes until the 3 hours were completed.

In order to get only the strain information on the gauge length, a rectangle mask was created over the image of the gauge specimen
as shown in Figure 17. Then, the average strain value at each sampling is computed and tabulated. The result of the creep strain

is presented in Figure 18, in which the characteristic creep curve can be observed [51, 52].
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Figure 17. Strain distribution obtained with shearography.
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Figure 18. Creep strain curve obtained with shearography.

From the results obtained can be clearly seen that this optical full-field technique is also effective for strain measurement not only
in metals or composites but in elastomers. So, shearography can be applied for the assessment and characterization of mechanical
properties of materials.

7 Conclusions

In this paper, the basic theory of shearography was presented. The fundamental equations of this technique for NDT analysis and
strain measurement were derived. Then, some applications for NDT analysis reported in the literature were presented. It was shown
that shearography is a powerful tool for the detection of cracks or flaws in any kind of materials. Finally, two cases of study of the
applications of shearography carried out by the authors were described: one for the qualitative NDT approach and one for the
quantitative approach. With the results, obtained authors have demonstrated that shearography is a very effective technique for either
NDT analysis or strain measurement. It was also pointed out that one of the challenges of this optical technique is to develop portable
devices for in-situ analysis. So, in a few years, new and novel applications of shearography are expected to be reported.
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