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INTRODUCTION
A video-based laser speckle technique has been developed for non-contact
surface deformation analysis and mapping at speeds approaching video frame rates.
This technique, Computed Speckle Decorrelation (CSD), makes use of the speckle
decorrelation associated with surface deformation. In its current application, CSD is
a method of fuU field inspection which has been used both to locate fatigue damage
sites and to measure damage severity during fatigue deformation in reverse bending
fatigue of a cylindricaUy notched aluminum specimen. With the development of the
CSD method it will now be possible to ex amine in greater detail the progression of
fatigue damage in thick graphitejepoxy composite materials, aUowing a much faster
and much more quantitative analysis than was previously available through film
based techniques[l].
The uses of laser speckle photography are widespread in mechanics and
metrology[2][3]. Most of the applications of traditional laser speckle involve
the comparison of two correlated speckle patterns of a given field before and after
some perturbation to the system has occurred. From the relative displacement of
the correlated patterns, either Y oung's fringes or isothetic fringes, which
quantitatively determine the speckle spacing, and thereby displacement and
displacement gradient (strain) information, may be produced when the information
recorded on the specklegram is processed[4]. If the displacement, displacement
gradient, surface tilt, or surface out-of-plane displacement is excessive, or if the
surface morphology changes, the correlation of the speckle patterns is reduced or
may be lost so that the fringes may become distorted or lose visibility altogether. In
this latter case the speckle patterns are said to be decorrelated and accurate
quantitative information ab out in-plane surface displacement is no longer available.
However, the regions over wh ich speckle correlation is lost have been shown to
correspond to areas of plastic deformation in alloys and, as such, have been used to
study plastic zone growth during fracture of aluminum and steel aUoys[5].
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 11
Edited by 0.0. Thompson and D.E. Chimenti, Plenum Press, New York, 1992

487

The laser speckle decorrelation technique is now being used to monitor for
fatigue damage in thick composite materials[6]. To evaluate properly damage to
specimens under cyclic loading, the inspection system must be capable of showing
both instantaneous changes in the condition of the specimen as weIl as keep track of
cumulative degradation. The feasibility of using the speckle decorrelation method
simply to map cumulative damage has been established using quasi-static
deformation and paused fatigue testing. Unlike the previous work in the fracture of
alloys, however, deformation localization alone is insufficient to provide a complete
analysis of the fatigue process. A new technique is therefore required which will
provide both quantitative decorrelation information, and provide it in real time.
A more recent application of traditional laser speckle interferometry,
Computer Speckle Interferometry (CSI), overcomes one of those two obstacles by
incorporating video methods to speed processing time[7]. Computed Speckle
Decorrelation (CSD) now combines earlier speckle decorrelation work with this
newer computer based technique to achieve a method which not only discerns
regions of deformation, but also provides a quantitative measurement of the degree
of deformation at each image location. In addition, it provides this information far
more quickly than traditional film based systems, with speeds potentially
approaching video frame rates.
Examined in this study was the application of CSD to monitor for fatigue
degradation of a specimen of 2024-T4 aluminum subjected to reverse bending
fatigue. The specimen was cut with symmetrically located cylindrical notches, and
the decorrelation of the specimen surface between the notches on the un-notched
side was monitored as a function of fatigue cycle number.
LASER SPECKLE DECORRELATION
Recall that laser speckle is the complex interference pattern that results when
a coherent source (e.g. a laser) illuminates an optically rough surface, one on which
the microscopic perturbations of the surface are on the order of or greater than the
wavelength of the illuminating light[8][9][1O]. The resulting speckle
patterns are unique to the surface from which they are derived, and as that surface
changes, so will its speckle pattern change. One may therefore use speckle
photography, where two speckle fields corresponding to the initial and altered states
of an object are recorded (usually on photographic film), to store or transfer
information about the surface's change. This information can then be extracted by
Fourier filtering the specklegram[1l][12].
Effect of surface change on speckle pattern
There are three distinctive ways in which the speckle pattern can change owing
to alterations of an imaged surface. These are in-plane displacement, in-plane
displacement gradient, and morphological change of the pattern. Traditional laser
speckle interferometry analyzes and maps the first two, but it is the third that is of
interest in this work. The imaged surface may have undergone one of several
transformations in order to produce this speckle morphology change: excessive
surface displacement (either in-plane, out-of-plane, or rotational), excessive elastic
strain (possibly inducing Poisson contraction), excessive surface tilt, or by plastic
deformation of the surface.
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Optical filtering for decorrelation of speckle interferograms
The most commonly used method of extracting information from correlated
speckle interferograms is that of pointwise spatial filtering. In this case, the
interferogram is scanned and interrogated by a very narrow collimated beam (i.e. a
raw laser beam), and a screen is placed at a distance sufficiently large to satisfy
Fraunhofer diffraction conditions. The matched speckle pairs will act as coherent
pairs which give rise in the diffraction plane to Young's fringes, perpendicular to the
displacement vector. If all of the speckle are separated by the same vector their
Young's fringes would be coincident, and these fringes would be separated by a
vector related to the speckle separation. If the speckle pairs are separated by
substantially different vectors, or if the morphology has changed so that matching
pairs no longer exist, the screen will show only a diffraction halo, and no fringes will
be visible[13].

As described in Ref. [4], the Young's fringe contrast is proportional to a
normalized cross correlation function of the initial and final states of the speckle
field pattern. For most experimental methods, surface tilt, displacement, and
defocus can be controlled so that their effects on decorrelation are insignificant.
Decorrelation will be dominated therefore by changes in surface morphology, which
result from surface deformation. It is this effect which was used to delineate
regions of fatigue damage.
Computed decorrelation
The film based decorrelation method described above can be quantified to
some extent by comparing the contrast of Y oung's fringes at each location, bu t
factors such as filtering beam illumination area and secondary speckle would still
contribute an error to any measurement. There is however no way of speeding the
development and analysis process in film. Therefore CSD appears to be a good
solution, allowing the computational determination of an exact correlation value
while eliminating the cumbersome film development and pointwise analysis
processes.
In order to apply video techniques, the imaging system must have a large
enough f-number to produce speckle larger than the element size of the CCD
imaging array, to avoid the error caused by speckle averaging, but not too large, in
order to maintain high resolution. Once the camera and image acquisition system is
set, a reference speckle image is digitized and stored to computer memory. The
512x464 image is analyzed in 810 discrete 16x16 pixel subsets, neglecting the outer
16 pixel boundary (to allow for rigid body motion as explained below), yielding a
30x27 reduced correlation image. The correlation of each subset is computed using
the expression for correlation
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B( ('),<1» =5T{b(x,y)},

(lc)

a(x,y) and b(x,y) represent the "before" and "after" image intensity fields being
correlated, .9 is the Fourier trans form, and B' is the complex conjugate of B. The
amplitude of the correlation peak, which is located at the center of motion between
a(x,y) and b(x,y) (0,0 for no motion), is normalized by subtracting the average
amplitude of the uncorrelated background then dividing by that background, giving
the normalized correlation factor
CF(n,m)

=

(mpeak _m av8 )
C

C
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where n and mare the indices of the 16x16 subsets.
Owing to the finite number of speckle within each subset, and the potential
non-uniformity of illumination, the integrated intensity in each subset will not be the
same, and therefore the CF(n,m) will vary from subset to subset even when the two
images are perfectly correlated (i.e. during autocorrelation). As a result, a
reference CFautO(n,m)generated by correlating the reference image with itself, must
be kept for each subset. Subsequent CF(n,m)'s are then normalized by the reference
CFautO(n,m}vhich should result in a final correlation value of exactly 1.0 for an
unchanged speckle pattern, and drop off toward 0.0 as the speckle pattern
decorrelates.
The other potential difficulty in this technique is the partial decorrelation
which occurs when the two images have been slightly displaced relative to one
another. This contribution to decorrelation is essentially the same as that
mentioned above for the film based speckle technique where the illumination area
of the laser beam is finite and any motion of the images causes a reduction in
"common area" between the two interfering speckle patterns. Tbe computer based
technique is able to deal with this problem quite simply by shifting the one of the
images in computer memory to remove this motion. The images can then be
correlated as before in 16x16 subsets. However, if motion occurs, the outer 16x16
subsets would still be slightly decorrelated by the motion itself, and they are
therefore not analyzed.
EXPERIMENTAL ARRANGEMENT
Figure 1 is a drawing of the experimental fatigue fixture showing the 2024-T4
aluminum test specimen. The specimen was 30 cm in length, 3.33 cm wide, and
1.25 cm thick, with a 0.5 cm radius cylindrical groove cut through the thickness on
opposing sides. The specimen was clamped as shown, where the fixed end was
clamped 3.2 cm from the notch centers, and the last 2.75 cm of the other end was
held in the deflection arm. The bar was illuminated from above by a 20 m W HeNe laser inclined at an angle of approximately 30 degrees with the specimen
normal. The camera used was a Pulnix 540 with a Nikor 1:1 macro lens set for O.3x
magnification and was also mounted above the specimen looking normal to its
surface. For this system, an f-number of 32 was used. This would give a speckle
size of 25 11m, and with a CCD element size on the camera of 15.5 11m, we had an
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Figure 1. Diagram of experimental fatigue fixture and specimen.
average of at least 2.5 pixels per speckle. Once the system was prepared and in
place, a reference image was taken and the correlation process was begun.
While a 386 20MHz computer processed the autocorrelation of the reference
image, the specimen was cycled with an end deflection of + / - 0.95 cm for 1000
cycles at 28.75 Hz and returned by visual alignment to its zero position. The second
image was then digitized, and while that correlation was in progress (each image
correlation took approximately 4 minutes), the specimen was cycled for another
1000 cycles. This process was repeated until the total number of cycles reached
20,000, at which point the 20,000 cycle image was also written to computer memory.
The specimen was cycled an additional 2000 cycles, and two correlations were
performed comparing the 22,000 cycle image to the initial 0 cycle image and the
20,000 cycle image. This provided both cumulative (22,000 vs. 0 cycles) and
incremental (22,000 vs. 20,000 cycles) damage information. Next, three consecutive
images were digitized at 22,000 cycles and correlated with the 20,000 cycle image,
each time after visually resetting the rotating drum to its zero position, to determine
the effect of error in drum alignment for each image. Finally, two consecutive
images were digitized with no changes to the specimen between them to determine
the effect of camera noise.
RESULTS AND DISCUSSION
Figure 2 shows the raw images corresponding to 0 and 22,000 cycles, as weil as
the plot of their correlation. Although no specific region of decorrelation is directly
evident in the raw images themselves, the damage is easily seen in the resulting
correlation plot. Figure 3 shows the progression of these damage zones through
22,000 cycles. The specimen outline is illustrated to show the loeation of the
notehes. As would be expected, the damage zones are relatively symmetrie, and
gradually grow from the noteh tips as the specimen is cycled. Figure 4 shows the
eorrelation plot generated by the final two eonsecutive images with no cycling
between them and illustrates the eontribution of camera noise to decorrelation.
The minimum correlation is approximately 0.9, which represents a decorrelation of
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Figure 2. Comparison of images A)
at 0 cycles, B) after 22,000 cycles,
and C) correlation between a and b.

E)

0)

Figure 3. Correlation plots after
fatiguing for A) 2,000 cycles, B)
4,000 cycles, C) 10,000 cycles, D)
20,000 cycles, and E) 22,000 cycles.

10%. This error could be corrected or at least minimized by running aseparate
sync signal from the camera to the computer and/or by applying frame-averaging
algorithms. Finally, Fig. 5 shows a comparison of correlation plots of three attempts
to "zero" the rotating fatigue drum at 22,000 cycles, as correlated with the 20,000
cycle image.
Two things are evident. First, Fig. 5 shows that the instantaneous
decorrelation occurs only at the tip of the damage zone, and that the material which
was deforrned in cycles 0-20,000 remains essentially unchanged in cycles

B)

A)

C)
Figure 4. Plot of decorrelation
contributed by camera noise.
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Figure 5. Correlation plots of three
attempts to "zero" the rotating
fatigue drum.

20,000-22,000. Microscopic evaluation revealed a fatigue crack in the specimen with
its tip located at the center of this instantaneous decorrelation zone. Second, these
plots show the error associated with slight misalignment of the drum to be up to
20%, but that this error occurs only on the deflected side of the specimen, as would
be expected. This error could be corrected by altering the reverse bending machine
to include a "keyed" zero position, but such action was not feasible during this work.
CONCLUSIONS
Computed Speckle Decorrelation has been shown to be an effective tool for
monitoring for incremental and cumulative fatigue damage. Localized regions of
damage were indicated at the tips of the specimens' notches, and the size of those
damaged regions was shown to increase with the number of cycles. The technique
also demonstrated the ability to discern instantaneous damage accumulation,
indicating that previously deformed regions were relatively unchanged in subsequent
fatigue cycles.
Three minor improvements in the technique were indicated as necessary. First,
although the speed of this method is much greater than that of any film based
technique, substantial improvements could and will be made by performing most if
not all of the correlation algorithm in hardware through the addition of a DSP
board to the system, rather than in software, allowing for analysis approaching real
time. Second, camera noise could be reduced markedly by improving the
synchronization of the camera-computer interface and/or by performing some
degree of frame-averaging at the image acquisition stage, although frame-averaging
would likely reduce the speed somewhat. Finally, for the system to be used to its
optimum capability, the object of analysis should either not move at all or at least
be returned to its reference position with greater accuracy than was possible in the
studies presented here (ideally to within less than a wavelength of the illuminating
light).
Several potential applications exist for which this technique appears well
suited. For localized corrosion processes, CSD would be able to determine in situ
regions of corrosion, requiring only visual access to the corroding surface. For wear
studies, CSD would be able to localize and, to some degree, quantify the worn areas
of any rough surface so long as the surface could be returned to some reference
position after wear with the accuracy given above. For the study of impact damage,
CSD could localize the surface plastic zone around the impact, and possibly even
determine the distribution of the degree of damage in that zone, again if the
specimen could be impacted in the same position asit was analyzed.
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