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Digital shearography is a non-destructive and non-contact method for strain-
measurement. In this article strain analysis on defected plate has been studied
by the digital shearography method along with a new technique for phase map
measurement. For this purpose, an optical set-up known as modified Michelson
interferometry system with two diode lasers were developed which are used as
coherent optical source. To create phase shifting a piezo-electrical ceramic was
used to miniature displacements of interferometry. Phase shifting technique
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was used to measure phases and differences between the phases.

The strain was measured using the experimental method and compared
with numerical analysis results.
measurement and numerical analysis was approximately the same.

Behavior of two graphs of experimental

Nomenclature
y Modulus of interferometry o(xy) Relative phase angle before loading
I(zy) Intensity of one point on the picture Iy Intensity of two sheared images before
the deformation
CCD Charged coupled device A Relative phase shift
ox Amount of shear in the = direction DSPSI | Digital speckle pattern shearing inter-
ferometry

1. Introduction

Increasing demands for a quality and highly reliable
product requires effective methods of measurement and
testing which are non-destructive, full-field, and uncon-
tactable. Optical methods seem to be ideal for these
purposes. The newly developed shearography method,
also known as Speckle Pattern Shearing Interferometry
(SPSI) is a coherent optical method of measurement
and testing which is similar to holographic interferom-
etry. This method, due to its relatively low sensitivity
to the environment, has several advantages for indus-
trial applications. Unlike holographic interferometry,
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which is used for measuring deformations, it measures
gradient deformations. Thus, strain data can be di-
rectly measured.

This is the reason why shearography is increasingly
known as an important measuring tool in the industry.
Digital shearography, which is also known as ‘Speckle
Pattern Shearing Interferometry’ (SPSI), is a coher-
ent optical method along with digital image processing.
The optical theory in digital shearography is the same
as Speckle Pattern Shearing Interferometry, but from
a technical perspective, digital shearography is consid-
ered as a digital process that eliminates the process
concerning the images appearance. This matter helps
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Fig. 1. Principle of digital shearography: a) Experimental set-up and b) The two images are sheared in x

direction [4].

to hasten testing, thus the shearogram can be observed
in real time. Digital shearography, by using the phase-
shift technique, allows for the automatic and numerical
calculation of shearogram [1], providing new possibili-
ties for applying shearography in the industry.

A method of obtaining pure in-plane strain by ap-
plying shearography is using two linearly independent
directions of illumination (usually having identical re-
verse angles). The shearogram for both directions of
illumination can be obtained from using the phase-shift
technique [2,3].

The result of decreasing the phase map of both
Shearograms yield a fringe pattern, depicting the pure
in-plane strain components. And the result of increas-
ing the 2-phase map of both shearograms are the fringe
patterns of the pure out-of-plane or tilt components.
Therefore, the pure in-plane strain components can be
obtained directly from displacement data, without nu-
merical differentiation.

2. Principles of Digital Sheargraphy

The experimental system for digital shearography is
shown in Fig. la; the test specimen was illuminated,
using a wide-range light beam.

The light reflected from the plate surface was fo-
cused on the image plate of a charge-coupled device
(CCD) camera. Therefore, a couple of horizontally
sheared images were obtained from the testing speci-
men on the image plate of CCD, with a very small shift
in the angle of mirror No. 1 from the vertical state
(Fig. 1b). By shearing the two images, the Speckle
Interferometry pattern was produced. The intensity
distribution I(zy) of Speckle Interferometry pattern is
given according to the following relation [4]:

I(zy) = Io[1 +~cos p(zy)] (1)

where [ indicates the intensity of these two sheared
images before the deformation of the specimen. When
the specimen is going under deformation, the intensity
distribution of Speckle pattern changes very low.

I'(zy) = Io[1 + ycos ¢/ (xy)] (2)

These two intensities were recorded with a CCD
camera; the result of subtraction between the two
pieces of information obtained from these two images
provided the fringe pattern, in other words, “digi-
tal shearogram” describing the relative phase-shift of
[6 = ¢/ (zy) — ¢(xy)] resulted from the deformation in
the specimen, shown in real-time on the monitor screen
[5].

It was indicated that the relative phase-shift A,
having relation with displacement derivatives instead
of displacement itself, was linked to a shearing relation
of shearography [6]. If the shearing is in the direction
of x, then A is obtained from the following relation:

ow

e . %ksez) dr (3)

A, = <8uksex + %ksey +
And if the shearing is in the direction of y, Eq. (3) will
be as follows:

Ay = (ngsez + Z—stey + g:}ksez> o (4)

where v,u and w are respectively components of the
displacement vector in the directions of z,y and z.
es,€ey and e, are unit vectors in the directions of z,y
and z. éx and dy values are shearing in the directions
of x and y; and ks the sensitivity vector.
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Fig. 2. Fixture of tensional loading on the Aluminum plate with circular defect.

It was indicated [7] that the sensitivity vector is
the bisect of the angle between the radiationbeam and
reflection [Fig. 1a].

In total, there are three unknowns Iy,~, and ¢ in
the intensity distribution in Eq. (1). Therefore, at
least three measurements are required to determine the
relative phase angle; and for every recorded intensity,

V3(I3 — I)

= t
¢ = arctan oh, — LI
(Is — I2)
= arctan ——=
i (h— L)

Therefore, the distribution of the relative phase an-
gle ¢ can be calculated from the recorded intensities

8].

When the specimen was modified, three (or four)
new images of modified intensities were recorded,
while, as in the first case, the phase shift was done
with the same data. The phase distribution ¢ of shift-
phase interference pattern was also obtained the same
as .

one 120-degree shift (for three measurements) or a 90-
degree shift (for four measurements) of the phase was
created for a Michelson shearography beam. To create
fine displacements from a variable voltage, a piezoelec-
tric was used to create phase shift. The analysis of
three (or four) intensity patterns produced three (or
four) equations.

(for three intensity measurements);

(5)

(for four intensity measurements);

3. Experimental Procedure

Given that the loading procedure would be
thermal in transient form and made on behind of a de-
fective aluminum plate, dimensioned 60 x 25 x 0.4mm,
being clamped on two sides and given that the laser
wavelength would be 630nm and the shearing amount
in the experiment, 6mm; in order to apply fine dis-
placements, a spiral heating resistance wire element
for thermal loading was used which resistivity was
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1.09(u2.m) with the wire diameter of 0.5mm, whose
image and three-dimensional diagram of its fixture are
shown in Fig. 2.

In this study, the amount of strain was calculated

according to the experimental digital shearography
method and was compared with the results obtained
from the finite element method (FEM). Furthermore,
in this experiment an innovative method was used to
calculate the phase, making the calculation time one
step shorter than the conventional method.
As described in the previous section, in the traditional
method, at first, before loading the specimen, image is
recorded three or four times while the primary phase
is calculated from these images and then is applied to
the specimen loading. Next, by using the phase-shift
method, three or four other images are created. Then,
using these images, the secondary phase is calculated
and in the following stage the secondary and primary
phase shifts are calculated. As seen in Fig. 3, this pro-
cedure was performed by two lasers having identical
and reverse angles, and by using the obtained phase
shift, as well as, Egs. (3) and (4), the amount of in-
plane strain and the pure out-of-plane component was
calculated [3].

Expanding lens1

Non-deformed

Sample

Frame

‘\\. grabber
Deformed /
Expanding lens2
X
K : Sensitivity vector
Measurement tool z

Tensional fixture

L1 (right laser)

Fig. 3. Illumination from two equal angles.

However, the method used in this article is as fol-

lows: First, a pre-loading intensity was recorded.
I = 2Io[1 + ycos ¢] (7)

And once the loading were done, four images would be

4

recorded, using phase-shift method.
11 =21 [1 + y cos ¢]

122 = 2]0 [1 + Yy COS(Qb + 900)] (8)
I3z = 21 [1 + ycos(¢ + 180°)]

Iy = 21 [1 + ycos(¢ + 270°)]

And then, each one of the intensities obtained after
the loading was deducted from the intensity obtained
before the loading, thereby four new intensities were
obtained.

Iiy = [In = L
Iyy = 22 — |
/ (9)
I3 = |Is3 — |
Iy = 1sa — L]

And using these four new intensities and Eq. (6), a
new phase was obtained.

I, — 1
¢: 44 22 (10)
I35 — I,
The phase obtained from Eq. (10) was placed in Eq.
(11), resulted from Eq. (3), in which the shearing was

in the x direction.

2méx Ju ow
= —+(1 0))— 11
b0 = 2 et SE] )
The same procedures were carried out for the laser with
(—0) angle, and thus, Eq. (12) was obtained.

b_p = 27;:556 [Sin(—G)gz +(1+ COS(_Q))Zw] (12)

T

sin(+9)

4. Data Analysis and Results Discussion

From the five images recorded before and after loading
and using Egs. (9) and (10), the step-by-step phase
tensor for the recorded intensity data, using laser No 1
was obtained, according to Fig. 4a.

X (pixel)

1200

200 400 600 800 1000

Y (pixel)

Fig. 4a. Final phase tensor obtained from the image
taken with laser 1 (right), discontinuous phase.
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And by making the step-by-step phase continuous,
using a laser No 1, the continuous phase tensor for the
recorded intensity data was obtained as shown in Fig.
4b.

X (pixel)

200 400 600 800
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1000 1200

Fig. 4b. Final phase tensor obtained from the images
taken with laser No 1 (right), continuous phase.

For one of the columns of the continuous phase ten-
sor, the two-dimensional graph of the phase in Fig. 4c
was obtained.
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Fig. 4c. The two dimensional phase for rows 100 to
900 and column 300 of continuous phase tensor of laser
No 1 (right).
The same procedures were repeated for the left-side
laser (in identical loading) and its obtained phase is
shown in Fig. 5.
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Fig. 5a. Final phase tensor obtained from the images
taken with laser No. 2 (left), discontinuous phase.

And by changing the step-by-step phase into a con-

tinuous one, the continuous phase tensor for laser No
2 (left) was obtained according to Fig. 5b.

X (pixel)

1200

600 800
Y (pixel)

1000

Fig. 5b. Final phase tensor obtained from the images
taken with laser No 2 (left), continuous phase.

For one of the columns of the continuous phase ten-
sor, the two-dimensional graph of the phase in Fig. 5¢
was obtained.
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Fig. 5c. The two-dimensional phase for rows 100 to
900 and column 300 of continuous phase tensor of laser
No 2 (left).

In Fig. 6, the phase resulted from the radiation
of two lasers in reverse and identical angles and their
addition and subtraction graph is drawn.

10 T I T
—-—--phase of right laser
0 A, ———phase of left laser
N ‘C,‘\'—‘-m S e subtraction of two phase

-10r N LTSN addition of two phase

20F 4
T 301 :
& 40 i

S0+ E

B0 g

ot 4

'300 200 400 600 800 1000

X {pixel)

Fig. 6. The phase graph for both left and right lasers,
their addition and subtraction.
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4.1. Experimental Calculation of Pure In-plane
Strain

By subtraction of two Eqgs. (11) and (12) from each
other, Eq. (13) was resulted; where, the pure in-plane
strain is obtained as it follows:

4méx(sin ) Ou
= —pg=—7"— 13
1 =10 — D0 3 % (13)
By placing the shearing amount of (§z = 6mm), the
laser wavelength (A = 630nm), the illumination angle
(0 =~ 16°) and the amount of phase obtained from Eq.
(13), the pure in-plane strain was obtained, according

to Fig. 7.

x10°

aulax

2 4 8 8 10 12 14
X(mm)

Fig. 7. Graph of the pure in-plane strain component

(Ou/0x).

4.2. Finite Element Analysis of the Pure In-
plane Strain

Assuming, 70 Gpa, 0.3, 23 x 10_6ﬁ2.7g.cm_3 and
900 J/Kg.K respectively for the elastic modulus, Pois-
son’s ratio, expansion, density and specific heat of the
aluminum specimen. The element type in FEM analy-
sis was C3D8T (coupled temperature-displacement) for
meshing and the number of elements were 1953. The
strain was calculated according to Fig. 8.

Fig. 8. Results of numerical analysis of the finite ele-
ment.

6

4.2.1. Comparison of the Results Obtained
From the Experimental and Numerical
Analysis

In this experiment, measuring was done in the direc-
tion of the axis x of the specimen with dimensions of
60 x 25 x 0.4mm. The region under study (the white
line on the image) is shown in Fig. 9; the experimental
strain was graphed in this region for column 300 and
the rows 100 to 900 of the phase tensor which is about
12mm. Also, the results obtained from the analysis of
the finite element is shown in Fig. 8.

1300

Fig. 9. Position of investigation on the specimen un-
der stress.

By comparison of results obtained from numerical
and experimental analysis, it can be seen that the finite
element analysis results also nearly confirm the exper-
imental test results with marginal error. Fig. 10 has
done a comparison between these two analyses.

g
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Fig. 10. Comparison of results obtained from numer-
ical and experimental analysis.

As can be seen the power in both measurements is
1078,
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4.3. Error Analysis

Errors which can be effective in calculating the strain
are as follows:

e Calculation error of laser beam angle (£1°)
e Calculation error of shearing amount (+0.1mm)

e Error resulted from calculating the phase
(£0.01rad)

Any of these errors and their combination can be
effective in the strain graph. For the combination of
positive and negative errors, the strain graph has been
drawn in Fig. 11. As can be seen, the relative error of
the experimental measurement is about 20.1 percent.

x10°

aulax

X(mm)

Fig. 11. Effects of probable errors and relative error.

5. Conclusions and Discussion

In this study, non-contact optical shearography method
was used, along with the phase-shift method, for mea-
suring in-plane and out-of-plane strain components.
Numerical analysis was used as a procedure for vali-
dation. To perform the tests, an aluminum specimen
with dimensions of 60 x 25 x 0.4mm was used which
had a defect in the center. And to apply the thermal
stress, a spiral heating resistance wire element which
resistivity was 1.09(uf2.m) and the wire diameter of
0.5mm was used. To apply the phase-shift method, an
innovative phase calculating algorithm was used. And
finally, the strain was measured using digital shearog-
raphy method whose results in shearing direction are
shown in the graph.

During the experimental measurement some errors
affected the obtained results which by taking them into
consideration, the value of the relative error was deter-
mined to be about 20.1 percent. The comparison of ex-
perimental analysis with numerical analysis indicated

the identical behavior in both strain graphs obtained
from experimental measurement and numerical analy-
sis. The strain power in both analyses is identical and
1078, These two analyses almost had identical results
with less error.
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