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An optical shearing technique has been used to produce high quality strain
contours of centrally loaded, or thermally stressed and clamped plates. An
analysis of strain from these fringes provides good agreement between
experimental and theoretical values. It has also been shown that this
technique is compatible with infrared thermographs in the detection of
deflamination in a composite laminated plate.

The above work was followed by developing an 'on-line' electronic speckle
shearing technique in which the optical camera was replaced with electronic
camera and its associated data storage and analysis and display system. This
latter method shows good promise. However, it requires further work and
equipments for better image processing facilities to improve the fringe
resolutions.
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W.i.,, .m-dset~ructive Of strain, strew and banding mosmants med

- e " smd ce them parmterm proide Information am strength,
"sety and lifetime of mechanical structure of materials and

components. Strain is a kinematic quantity related to the derivatives

. of dsplacment. Streas and bending movents can be inferred from

strain measurements and Hookes'law of elasticity. Strain is also a

tensor quantity requiring nine components for its complete

specification. Six of these components are independent, consisting of

three components of normal strain (i.e., change in length per unit

length of a small element in each co-ordinate direction) and the

remaining three representing shear strain.

A determination of strain requires a differentiation of a measured

distribution of surface displacements. A direct numerical

differentiation may be made using a finite difference approximation and

then fitting an interpolating polynomial to the data. The accuracy is

seriously limited in this method as experimental error is magnified

during the differentiation process.

Alternatively, optical differentiation (i.e. Moire differentiation) may

be employed which has the advantages of obtaining results which provide

a visual display of strain. However, Moir5 fringe technique tends to

demand stringent requirements of absence of vibration and rigid body

rotation. Now Shearography is a speckle shearing technique, developed

recently I-5, which also allows a direct measurement of displacement

gradient (strain) and it does not require the stringent requirement of

Moire technique, mentioned above.

2. Shearography (The Speckle Shearing Techniaue)

Shearography employs a coherent light source (figure 1) to illuminate

the surface of an object which may suffer an out-of-plane displacement

due to the application of a mechanical or a thermal force. The

reflected beams from this surface are imaged with an optical camera

vhich has a small angle optical wedge covering half the field in the

Iris plane of the image forming lens of the camera. The glass wedge
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(i.e. prim) deviates the incident path of a ray and thus two

laterally sheared images, (focussed by each half of the lens), P1 and

PF of the object point P(x,y) are formed. This shearing occurs (say)

. • in the x-direction for a ray "Wvelling in the z-direction. If two

neighbouring points P(x,y) and P(x+dx,y) are now considered (figure 2),

for the correct wedge orientation in the x, z plane, the rays from the

two point sources will meet at the same spatial location in the image

plane. If there is any out-of-plane displacement (i.e. backwards or

forwards), then the rays will move apart and shearing 6x, will be

produced which, for unit magnification, is given by:

D- (0-1) e .6
i

where Di is the image distance, i.e. the distance from the object to

the wedge, U the refractive index of the glass wedge and 8 the wedge

(i.e. prim) angle.

The photographic plate in the image plane is double exposed with the

object being stressed between the exposures. If the object is deformed

under stress, an optical path change occurs due to surface displacement

of the object which provides a phase chanle A between the two sets of

sheared wave fronts, where,

A - (2n + 1)w ... (2)

where n is the fringe order and the dark fringes occur with 1,3,5 7 ...

(odd orders). Thus the resulting intensity distribution on the

photographic plate after double exposure thus provides a speckle

sheared fringe pattern. Although these fringes are visible with

non-linear photographic recording, a high contrast fringe pattern,

however, can be obtained by blocking the zeroth-order spectrum using

Fourier filtering. Figure 3 shows typical 'Bull's eyes' speckle

sheared fringes of a centrally loaded rectangular metal plate which was

obtained in ttie present work.

_ _ _ _ _ _ ___
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The optical orranmt for the production of a shearogran is shown in

figure 4. A Nm-Ne laser (Spectra-Physics, type 125A) of wavelength

0.633 um and 50 mv power was used as a coherent radiation source

throughout the project. The laser was provided with an external

exciter (spectra-physics model 261) in order to keep all heat

generating components isolated from the optical resonator, thus

providing good thermal stability which is of importance. The laser

beam is spatially cleaned by x4O microscope objective lens and a 30 pim

aperture arrangement in order to provide a clear Gaussian intensity

profile. This 'clean' beam is then expanded sufficiently to span the

width of the sample. In the present arrangement, the beam is incident

on the sample surface at angle of approximately 30 degrees, the

reflected beam being always normal to the focussing lens of the optical

camera. A Toyo-view camera (Model 45E) in conjunction with a Schneider

-Ireuznach symer S150 -m, F5.6 compound lens has been used in this

work. The optical wedge, located in the iris plane of the camera lens,

consists of one-half of a circular glass disc (type Bk7, refractive

index 1.517642), the other half being plane parallel and of uniform

geometry. The angle of the wedge is 1 degree.

Figure 5 shows schematically the sample holder arrangement in which a

load cell has been incorporated (ELF 1000) in series with a

displacement pointer and a micrometer (Mitatoyo) head. The load cell

is connected to a digital voltmeter which is designed to give a full

scale 250 V output for a range of 0-1 kg load.

There was a 15 minute warm-up time for the load cell and re-zeroing was

necessary after every load change. Also included in this arrangement

is a battery operated LED circuit which provides an identification when

the displacement pointer is Just in contact with the sample located in

its holder. The micrometer device is capable of measuring accurately a

minimum out-of-plane displacement of 1 W and the load cell is able to

measure a minimum load of "0.Sg. The test samples employed in this

6



work ware discs of stainless steel and brass (0.3 - thickness each)

and ad RHL of 1.8 - thickness and 80 in diameter. The surface of

the dim was sprayed matt white using cellulose based paint to increase
the surface reflectivity. Also drawn on the white surface were two

fine intersecting lines in the horizontal and vertical planes

respectively. The sample was mounted in the central cut out of the

ample holder (Figure 5). The sample surface was at first imaged by

the Toyo-view camera for zero displacement on a photographic plate

(type Agfa-Gevaert Holotest IOE75), the exposure time being 5s when

the separation of the laser and the sample and the camera were 73 cm

and 26 cm respectively. The camera apurture was set at f5.6 throughout

the experiment. With the camera plane normal to the surface, the image

was first adjusted to give an approximate 1.1 magnification, thus

reducing the effects of lens aberrations. The image shearing wedge was

adjusted so that no shearing of the horizontal line was present, thus

allowing shearing only in the. vertical direction. The laser was

allowed to warm up for an hour before exposures were made. Over a

period of five hours, the power drift of the laser was approximately

52. A second exposure of five seconds was then made on the same

photographic plate after providing an out-of-plane displacement by a

specific magnitude in the range of 2-80ps. The double exposed plate

containing the original shearogram was then developed (Ilford PQ) for 8

minutes and fixed (Hypam) for a further 10 minutes. Emulsions are

prone to swelling and shrinking during development. Changes in

thickness of the mulsion may result in a phase shift giving a loss of

diffraction efficiently. Non-uniform swelling or shrinking can also

occur during developing and fixing. Thus it is necessary to have as

short a developing and fixing time as possible. This can be done by

over-exposing the plate and under-developing it.

The sensitivity or speed of emulsion is determined by the size of the

silver halide grains, the larger grains being more sensitive than the

smaller ones. The reason for this is that the incident light frees

electrons which are then trapped, thus becoming available for reducing

7



a mo.bie silver ion to silver atom which absorbs light strongly giving

high pin and sensitivity. The films employed in this work can resolve

down to 0.2 lm giving 1500 lines per um which makes it ideal for

Holographic work.

The reconstruction of the shearogram was performed using the original

plate as the object and the optical arrangement is shown in figure 6.

In this case, the optical wedge was removed from the iris plane of the

Toyo-view camera. An apurture of 4.. in diameter and displaced by 8am

from the central optical axis way located in front of the camera to

provide high pass Fourier filtering. For reconstruction an exposure

time of 8 seconds has been found suitable in general.

4. Reults and Discussions

4.1 Mehanicl Loadinm and Out-of-Plane Disolacement

Figure 7 shows a typical set of reconstructed shearograms of a

stainless steel plate with an out-of-plane displacement of 12 vm

which was obtained by imaging and Fourier filtering of an

original double exposed photographic plate containning a speckle

sheared fringe pattern, obtained at unity magnification. Also

on the shearogram is superimposed a sheared image of a reference

grid line. Figures 7(a) - 7(f), 8(a) - 8(f) and 9(a) - 9(f)

show the shearograms with out-of-plane displacements in the

range 10 Um - 43on for stainless steel, brass and PHNA plates

respectively. Since the fringes are symmetrical, only one half

of each set is shown in these figures (7-9) for brevity.

These figure patterns represent the derivative of the

displacement component in the z-direction with respect to the

x-coordinate, i.e. 6w/6x. For normal illumination and viewing,

placing the origin of the coordinate system between the two

symmetric lobes as seen in figure 6, it may be shown 1-5that:

6w (2AX M 1) ... (3)

8 i



where Ais given by equation 2, Ais the wavelength of the

incident coherent laser light and 6x is given by equation 1.

Thus the values of Sw/Sx may be evaluated from equation 3 using

the experimental data.

Now the deflection (in the z-direction), of a clamped circular
7

plate loaded at the centre is given by :

w(S) - 2 t +s P (R2 _ s2) ... (4)

where s is the distance from the centre, P the total load

applied, R the plate radius. D is the flexural rigidity of the

plate and is given by :

zh3
D - ... (5)

12(1-p 2 )

where E is the modules of elasticity of the material and P the

Poissons ratio and h the plate thickness. Differentiating

equation 4, we get:

dv PS in. (6)
ds "4wD ,

Thus the theoretical values of dw/ds may be calcualted using

equation 6 and compared with experimentally observed values of
6w/6x (equation 3) in order to establish the suitability of

shearographic system for the out-of-plane strain as a

non-destructive method. Table 1 gives the values of modules of

elasticity E, and the Poisson's ratio for the three materials

(i.e., stainless steel, brass and PMMA) and in the present work.



Table 1 Material Constants

Stainless
Steel Brass PAA

E(psi) 28 x 106 14 x 106 0.4 x 106

P 0.30 0.33 0.4

The amount of shearing 6 was measured directly from the sheared

reference grid lines on the plate. The fringes were then

numbered, the dark fringes being integer values of n and bright

fringes being n/2. Thi co-ordinate system was placed centrally

between the two lobes of the pattern and fringe positions were

measured. Thus the stress of individual fringe positions were

calculated and compared with theoretical values using equations

3 and 6. Some typical results of these calculations are shown

figures 10(a) and 10(d) for stainless steel, figures 11(a) and

11(b) for brass and figures 12(a) - 12(d) for H MA plates in

which stresses against distances from the centre have been

plotted. As is expected, the largest gradient corresponding to

the largest displacement is at the centre of the plate. Also

when the distance from the centre is equal to the radius of the

sample, no gradient is expected since it is clamped at this

point. The maximum strain and hence stress were found to occur

10



at 0.8 cm, 1.25 cm and 1.25 cm from the centre, for stainless

steel, brass and PM4A samples respectively. Rather

surprisingly, this was not found to be significantly sensitive

to flexural rigidity.

For small displacements, few fringes were produced so the

agreement between the theory and practice is not as good as with

fringes obtained with increasing displacements. The

discrepancies between experimental and theoretical results can

be attributed to not being able to accurately defining the

sample boundaries. Using adhesive as a method of clamping means

that the effective radius of the sample varies between 35-40 -m

around the perimeter. The uncertainty in radius R, of the

sample was found to have a significant effect on the calcualted

stress values in comparison with the uncertainties in x, D and

P. Nevertheless, the results show good agreement between the

experimental and calculated values in most cases for

out-of-plane displacements provided by mechanical loading

(forces) of the samples.

4.2 Thermal Stressing

On heating a clamped plate internal stresses are developed which

are compressive on the warmer side and tensile on the cooler

side. The surface stress r is given by:T

r EaAT (7)2(-p)

AT is the temperature difference between the two sample

surfaces, ,is the thermal expansion coefficient of the material,

the other symbols have been defined earlier. In the steady

state the thermal stress is proportional to AT and and

independent of sample thickners. Under transient conditions,

initially the temperature gradient is confined to a thin layer

of the surface and the initial stress is 2rT before equilibrium

is reached.
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In this work an 18W heating element was applied to a 270m thick

stainless steel sample, 8 cm in diameter. An exposure was taken

of the sample which was initially heated for 30s and then a

second exposure was made after further heating of the samples

for an additional period of 90s. Figure 13 shows the strain

contours of the thermally stressed sample. The temperature

change in this case is estimated to be approximately 60 c

assuming that the glue acted as a-perfect insulator and that the

heat was distributed uniformly. The fringes are not as sharp as

those with mechanical loading probably due to the fact that the

sample temperature was changing during the five second exposure

time.

Further experiments with thermal stressing were made at the U.S.

Army Materials Technology Laboratories (Watertown, Ma) using a

graphite epoxy, ten layer, cross ply, laminated plate in which

teflon flaws were embedded in between different layers (see

figure 14) in order to study shearographic delamination

detection abilities. In this case, a heat lamp was used at the

back of the laminate to induce thermal deformation. In order to

reduce the exposure time and thus freeze the plate's thermally

deformed state, a Ruby pulsed laser of 15-30 ns pulse width was

used instead of the He-Ne continuous laser. Figure 15 shows

sharp displacement gradient contours which were obtained by this

technique. Figure 16 shows an infrared thermogram of the same

graphite epoxy plate which was produced by heating the sample

from one side with a high intensity pulsed Xenon lamp. As in

the case of shearogram, the flaws closest to the surface may be

detected by the thermographic technique.

Thus, it may be stated that optical shearography provides high

quality displacement gradients (strain) contours with centrally

loaded and thermally stressed clamped plates. The quality of

this technique for delamination detection is comparable to that

of infrared themography.

12 __ M
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The next stage is to replace the optical camera with electronic

camera and data storage and analysis equipments to provide

on-line (real-time) display of strain i.e. electronic speckle

shearing technique.

5. Electronic Speckle Shearing System

The on-line electronic speckle shearing system has obvious advantages

in detection of strain in a non-destructive manner, although its

resolution will be reduced from more than 100 lines/e for holographic

emulsions to 500 lines resolution of TV image. The electronic system

comprises of three components, i.e. (i) optics to form the image, (ii)

a photo-active surface to detect the image (active area 12xlOnm) and

(iii) scanning electronics (625 lines at 25 frames per second for PAL

and 525 lines for NTCS) to read the electronic image. The small angle

optical wedge in this system is located at the iris plane and the

optical lens associated with the electronic camera. The video camera

provides an electronic charge which is proportional to the intensity of

the image and the photo-sensitive layer of the camera phase plate is

scanned by an electron beam thus generating an output voltage, i.e., an

electronic equivalent image. Figure 16 shows schematically an
'on-line' shearographic system using electronic processing. Here the

video signal of the speckle sheared pattern of the unstressed object is

stored digitally. The object is then stressed in the video signal

ofthe stressed object and then subtracted from the stored signal of the

unstressed sample. The output is then high pass filtered and rectified

and displayed on the monitor. Those areas of the two images where the

pattern remains uncorrected give zero dark fringes and correlated

images give non-zero bright fringes. It may be shown that for the

subtracted image the brightness B (averaged along a line of constant

phase change, A), varies between maximum and minimum values B max

and Bmin , where,

BB
max - (2+)i, - 0,1,2 ...

Bmin - 2Tr - 0,1,2 ... j(8)

_ _ _ , _13
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A comparison of equations 8 and 2 shows that fringes obtained by this

method are identical to those obtained optical photographic

correlation.

In general, subtracted signals have negative and positive values. The

video monitor se# however, negative signals as areas of blackness.

Hence, the subtracted signal is rectified before it is displayed on the

monitor. A high-pass filtering of the signal improves the visibility

of the fringes by removing low frequency noise, together with mean

speckle intensity variations, thus enhancing the fringe clarity.

6. Electronic Sneckle Shearin Exoeriments

With the above in view, a modified 'Vidispeck' electronic stress

analysis and data display system was purchased from Ealing

Electro-Optic plc. of the U.K. The original 'Videospec' system is

based on electronic speckle Interferometer (ESPI) and not on specae

shearing technique. Furthermore, as stated earlier, we already had a

50 mW laser and we also purchased an HTI-Nuvicon electronic camera

(type NC-68 with RS-330 sync., 2 interface, sync/Drive lock outputs)

with a 54076 selected Grade 1 tube. Thus the modified 'Videospec'

system did not have its lasr and video camera and consisted of the

electronic frame storage data subtraction and monitor units with analog

output. The Nuvicon camera was used with a Micro Nikon lO m optical

lens at f16 and the optical wedge. Figures 17 and 18 show the fringe

contours obtained with the electronic speckle shearing system for two

different out of plane displacements for the RIMA plate using the

present system. An IVS-200 system was used for digitising and

processing of full frame TV imaging at 'real-time' speeds. The IVS

syswtem has a special resolution of 512 x 512 pixels and a digital

dynamic range 256 grey levels. Only two narrow bands of grey levels on

either side of the central high intensity values were used to obtain

these fringes. It seems to be necessary to expand the spatial

resolution significantly, together with an increase of the dynamic

range of the grey levels for improving image quality.

14 f



Further work on development of image processing will be required to

establish a satisfactory 'on-line' Electronic Speckle shearing

techniques for stress analysis. Present work, however, shows clearly

that this technique has considerable potential in diverse applications

in the non-destructive measurement of deformation and strain.
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