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Determination of Opening Mode Stress Intensity Factor
for Edge Cracks by Means of Digital Shearography

Including Analytical and Numerical Simulations

A. Ghazavizadeh and N, Soltani B. Hakimelahi and M, Ghasemich
Mech. Eng. Department, Tehran Univ. Civil. Eng. Department, Tehran Univ.
ABSTRACT

In this paper, opening mode stress intensity factor (SIF) for edge cracks has been obtained by means of non-
destructive optical technique of digital shearography.The resulting fringes were simulated by both analytical
relations and finite element method (FEM). Then shearographic relations and linear elastic Jracture
mechanics relations were incorporated to develop an algorithm to determine K, To utilize the advantage of
“whole field” shearography and to minimize random experimental errors, the least squares method is used to
obtain SIF. The comparison of fringes, as well as shearography and empirical K; values, shows good
agreements between simulation and experimental results and proves the credibility of experimental fringes
and potentials of this non-destructive method in measurement applications.
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1. Introduction

Digital shearography is a relatively new
non-destructive  evaluation  technique
developed to eliminate some of the
shortcomings  of  holography.  This
technique which was introduced in the
early 80’s, has received a great deal of
attention on the part of industrial and
research centers [1-9]. In holography or
Speckle Pattern Interferometry  (SPI),
surface displacements are measured while
shearography measures surface
displacement derivatives directly [10-12]
and to obtain strain information, no
numerical differentiation from
displacement data is required. Moreover it
eliminates the nced for the reference beam
in holography or SPIL, thus making the
optical setup simple and not requiring of
any special vibration isolation device. The
main advantage of shearography over other
optical techniques is that environmental
stability during testing need not to be
stringently  enforced. ~ With  these
advantages, shearography has offered itself
as a viable and efficient NDT tool in the
industrial environments. Some potential
applications for using laser diode
shearography as an NDE tool are: on
aircraft inspection, process control, quality
control, bridge inspection, and NDT
service companies.

Shearography is equivalent to a full field
strain gage; it reveals defects by looking
for defect-induced strain anomalies. This
approach is superior to other techniques in
that it allows defects criticality to be
qualified. Moreover it is a fast non-
contacting, and full field method.

There are two well known types of
shearography: Ey) Photographic
shearography which is traditional one and
2) Digital shearography. The optical theory
is the same for the digital and the
photographic shearography, but technically
digital shearography is a computerized
When the light reflects from the surface of
the object, it is focused on the image plane
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process which eliminates wet processing
and reconstruction. The former uses
photographic film as the recording medium
which 1s slow and costly. Furthermore, a
subsequent Fourier filtering process 1s
needed for the readout of fringe patterns
[14, 15] which further delays the output of
the test results. Instead the latter employs a
computerized process which is more user
friendly and cost efficient. It uses a CCD-
camera as the recording medium and
digital processing to obtain image data and
analyze the results. This leads to rapidly
increased testing speed so that the
shearogram can be observed in real time
(i.e. at video rate). One drawback of
shearography is that due to the limited
resotution of today’s video cameras and
frame image digitizers, the quality of the
fringe patterns arc poor.

In the present work shearography was used
for determination of first mode SIF in edge
cracked specimens and the resulting fringe
shapes were simulated both by FEM and
by analytical relations, derived by merging
the mathematical relations of linear elastic
fracture mechanics and optical relations.
Since all the known finite element
packages do not deliver contours of out-of-
plane displacement derivatives directly, in
FEM simulation part, programming has
been done to display the desired contours.

2. Principles of Shearography

A typical experimental optical setup of
digital shearography is shown in Fig. 1.
The test object is illuominated by an
expanded laser beam. The light reflected
from the object surface is focused on the
image plane of an image shearing CCD-
camera where a shearing device
(Michelson interferometer) is implemented
in front of it’s lens. The Michcison
interferometer consists of a beam splitter
and two orthogonally placed mirrors on
two sides of the beam  splitte
of the CCD-camera via these two mirrors
[14]. By turning mirror 1 for a very small
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angle from the normal position, a pair of
laterally sheared images of the test object
is generated on the CCD-camera. The two
sheared images interferec with each other
producing a speckle pattern (Fig. 1). Since
contrary to SPI this technique does not
require separate object and reference
beams, it is called a “self-referencing”
technique.

= !

Fig.. A typical speckle pattern.
The intensity distribution I(x, y) of the
speckle pattern is given by:

I(x, y) = I[1+7 cos(o(x, y))I, (1)

where, Iy represents the average intensity
of these two sheared light waves, vy
represents  the modulation of the
interference term and @(x,y) represents

the random relative phase angle between
the two sheared images before the object is
deformed. This intensity distribution is
registered by the CCD-camera and is
processed by using a computer. When the
object is deformed the intensity
distribution of the speckle pattern is
slightly altered, represented as:

I(x, y) =1,[1+7 cos(¢'(x, y))]. (2)

It is recorded by the CCD-camera again
and saved on the computer. Digital
subtraction of Eq.(1) and Eq.(2) yields:
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I, =1-1"=1,[y cosp—v cos(p+A)]

(3
=21,y sin((p+%) sin( %—)

The result of the subtraction operation
between the two digitized information
yields a fringe pattern, i.e. the so called
‘digital shearogram’, which describes the
relative phase change
A[A=9@'(x, y)—@(x,y)] due to the object
deformation, and it is displayed on the
monitor in real time (at video rate).

From Eq. (3) it is concluded that if A=2aN,
where N is an integer, dark fringes are
formed. In this way dark fringes can be
sequentially numbered with integers. The
procedure of assigning fringes with
numbers is similar to other optical methods
and is done manually along with the
analysis of fringes.

It can be shown that the relative phase
change is related to the displacement
derivatives instead of displacement itself
due to the shearing function of
shearography. If the shearing direction is in
the x direction, A is given by:

A\ = (@Es'éx +£)1]{“!'é)’ +Q—W_Eb'6‘{)8x‘ ’ (4)
Ox ox ox

where, k_ is sensitivity vector; §, the
amount of image shearing that is directed
along the reference x- axis; ¢ , ¢, and €,

unit vectors in x, y, z direction respectively
and u, v, w the displacement components
along the reference x- , y- , z- axis
respectively. In the case where the shearing
direction lies in the y direction, Eq. (4)
becomes:

A= (PR DR+ DK s, (5)
’ oy ady ay ’

It has been shown [11] that the sensitivity
vector has the

ks|=4m/hcos(B/2), where A is

illuminating light wavelength and $ is the
angle between illuminating and viewing
direction, and lies along the bisector of the
angle B (Fig. 2).

magnitude

WWW.SID.ir
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Fig. 1. A typical experimental setup of digital shearography.

If the iluminating angle B is normal to the
object, the sensitivity vector ]Es lies exactly
in the =z direction. In this case,
becausek,.é, = Es.éy =0 andk,.§, = k|,
Eqgs. (4) and (5) reduce to:

ow

A ="k |5 , (6)
X ax 5 X

oW |~
Ay:_é;'ks Sy’ (7)

where, |k_|, 8, and dy are known system

parameters and A can be obtained by using
the conventional technique of finding the
fringe orders. Hence the out of plane
components O6w/dx or Ow/dy can be

measured.

3. Experiment Procedure

The experiments include six test cases that
were run by two specimens under different
loads (Table 1).

Table 1. Associated specimen and loading of
the test cases.

Case Specimen No. | Loading (N)
1 1 227.6
2 1 433.6
3 1 528.8
4 2 209.9
5 2 334.5
6 2 508.2

The scheme and geometrical specifications of
the specimens are detailed in Fig. 3 and Table
2, Making [/w >4 creates uniform tension in

the specimens which were machined out of a
3mm thick Plexiglas sheet. Young’s modulus
of elasticity and Poisson’s ratio of the
specimens material are 3.34 (GPa) and 0.33,
respectively. The wavelength of the employed
He-Ne laser is 632.8 (nm). In all test cases the
amount of shear was 1 mm (in this example &,
= 1 mm). The speckle pattern images taken by
the digital camera were recorded and saved orf


http://www.nitropdf.com/

101

Archiveof SID

a computer. Subtracting before and after
loading images, the fringes demonstrating
ow/0dy appear. For typical cases 2, 3 and 6,
experimental  shearographic
demonstrated in Fig. 4(a-c).

fringes are

4. Analytical Simulation of Fringes

The out of plane component of
displacement in plane stress mode is
represented as:

Mech. & Aerospace Eng. J. Vol. 1, No. 3, March. 2006

vh .
w(r,()):W—Z—E(Gx(r,(})+cy(r,9)), (8)
where, v, h and E represent Poisson’s ratio,
specimen thickness and Young’s modulus
of elasticity, respectively.

According to linear elastic fracture
mechanics relations, near crack tip stresses
o and oy are (e.g. [17]):

2nr 2

L

o (r0)= \/.Ll;cos-e’)—[l —sin gsin %J , (9)

» .
i i V
a
!
W S S
!
- L -
Fig.3. Scheme of the specimens.
Table 2. Geometric specifications of specimens,
Specimen | Width, W | Crack length, a a Thickness, h Length, L
No. (mm) (mm) W (mm) (mm)
1 56.5 11.1 0.195 3 257
2 56.5 16.6 0.291 3 257

Fig. 4. Shearographic fringes; (a) case 2, (b) case 3, (c) case 6. WwWw.SI D.ir
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c,(1,0) = \/I;_T't; cosg(1+singsin Ezﬁ) ,  (10)
where, the origin of the polar coordinates
is taken at the crack tip (Fig. 5).
Substituting Egs. (9) and (10) into Eq. (8),
w is rewritten as:

vhK, 6

wi(r,8) =— cos—. (11)
E~2nr 2
;
Y}-* g
a 1
B!
X
| o
" L)

Fig. 5. Schematic illustration of relative
position of applied coordinate systems.

Through transforming partial differential
relations from polar coordinates into
Cartesian  coordinates, first  partial
derivative components of displacement
will become:

ow  VhK 360 12)
ox  2Er2m

UhK
ow ————§in 3’9 ; (13)

6y 2Er\/_

In order to predetermine or in other words
simulate fringe shapes, a polar relation
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containing K; and N is sought. Right hand
side of Egs. (12) or (13) can be substituted
into Eqs. (6) or (7) respectively. For
instance by substituting Eq. (13) into Eq.
(7), it follows:

A= 2thK8 ) 36
Y lEr\/

On the other hand for dark fringes, A, =
2nNy where N, is an integer number
Accordmgly

1 sin 39 N AEV2n
rJ_ vhK,5,

(14)

; (15)

where, h, E, v, A and 8y are known
parameters. For instance, the final polar
relation for dark fringes for case 6 is
reduced to:

- 6.6369 " ;E , (16)
N 2

¥

where, r is in mm (the plot is displayed in
Fig. 6).

5. Numerical Simulation

Another practical simulating aid is FEM.
In most of the well known finite element
software direct evaluation of dw/éx or

dw/0y is not possible. To achieve that,

calculation of first partial derivatives of
out-of-plane displacement needs to be post
programmed and then calculated. Since the
problem considered is symmetric with
respect to x- axis and midplane of the
model, it is sufficient to model % of the
sample. The symmetry is taken into
account by blocking the corresponding
degrees of freedom. Since the derivatives
of the out-of-plane  displacement
component are sought, 20-node solid
elements having midside nodes are used.
For instance in case 6, the tensile load is
modeled as a negative edge pressure of
2.998 MPa. First derivative
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Fig. 6. Analytically simulated shearographic fringes for case 6.

contours at the vicinity of the crack tip are (or one grey level to the next) the slop
displayed as different colors (or grey changes by 0.0001.
levels) (Fig. 7). From one color to the next
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Fig. 7. Contours of 0w/dy at the vicinity of the crack tip for typical case \\W. S| D.ir
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Three elements have been used along
thickness and total number of elements and
nodes amount to 8097 and 41229,
respectively. Tt is worth noting that since
calculation of stress intensity factor is not
intended in FEM modeling, singular
elements are not used.

By comparison, FEM simulated fringes are
in good agreement with those simulated
analytically (configuration of fringes in
Figs. 6,7), except at the origin where r
becomes zero. That’s because in the
denominator of right hand side of Eq. (16),
r takes positive values greater than zero
and thus Eq. (16) does not hold true
wherever r  becomes zero. But
experimental results show some deviations
from simulated results, although the
generality of fringe shapes are approved.
The reasons for deviations are briefed as
follows.

In Eq.(8), only first terms of stress series
are included and higher order terms are
eliminated which is a source of deviation.
Also during the tests, it was impossible to
make illuminating direction exactly normal
to the object surface and it made an angle
of about 8° with the normal to the object.
Besides, the crack was made with a 0.25
mm thick blade which created a blunt tip
instead of a sharp tip.

6. Determination of K; Values Using
Digital Shearography Results

In this section the potential of digital
shearography in  determining  stress
intensity factors of cracked specimens is
examined. By combining relations (7) and
(13) and eliminatingow/dy, another

relation for K; is readily obtained.
Although one data point is sufficient to
determine K| but in order to take advantage
of whole field shearography and increase
the accuracy, the data for several points are
registered and least squares method is
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utilized. Thus the least squares function F
is defined as:

= (vhKr? . 30, NA|
n3% NA )
;[2}:\/’“ 253,]

where m is the total number of data points.
To minimize the error in determination of
Ky, F is partially differentiated with respect
to K; and set equal to zero and thus, we
have:

(18)

-1
z WZUhKr gin? 30 AN, 36,

i=1 2 1318\/—2; 2

(19)

Using this approach, the SIF values are
obtained for six test cases as given in Table
3. These SIF values are compared against
those obtained through empirical relations.
For instance, according to [15] the
following relations yield first mode SIF for
edge cracked specimens with (finite
dimensions under opening mode loading;

K,=Yovra , (20)

where,

Y=1.'122~0.231(i]+]0.55 (fi
W W

3 4
21.71 (ij +30.332(ij
w W

It should be noted that since dark fringes
are somewhat thick, the data points are
read from centerline of dark fringes. Also
the data points too close to the crack tip
produce higher errors which must be
crossed out.

(21)
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Table 3. Comparison of empirical and digital shearography SIFs.

Case | Ksnearography (MPavm ) Kempicical (MPa+/m ) [17] |  Error (%)

1 0.315 0.342 7.8

2 0.606 0.652 7

3 0.742 0.795 6.7

4 0.426 0.464 8.2

5 0.694 0.739 6.1

6 1.064 1.123 5.2
Although as the Table 3 indicates the
accuracy of the approach, there are some Acknowledgements

differences due to a few error sources
which follows: the distance between
crack tip and data points is too small to
measure accurately, and locating exact
position of the crack tip on images is to
some extent troublesome. Furthermore
the dark bands of fringes are thick
instead of narrow that are due to human
eyes which cannot recognize where
exactly the light intensity becomes
minimum. Also the cracks were created
by a 0.25 mm thick ring saw blade which
creates blunt crack tips instead of sharp.
In addition the illumination direction is
not exactly normal to the object surface
and makes an angle of about 8° with the
viewing direction.

7. Conclusions

Comparing experimental and simulated
fringes, the credibility of generality of
fringe shapes obtained for a cracked
specimen by means of non-destructive
technique of digital shearography is
proved. Also comparing the K; values
obtained by means of  digital
shearography with the ones obtained
from empirical relations, it can be
concluded that the experimental results
are quite accurate. Maximum percentage
of error was 8.2%. Table 3 shows that the
associated error for small loads is higher.
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Council of University of Tehran under
grant No. 8106027/1/02 which is gratefully
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