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INTRODUCTION
The uses of laser speckle photography are widespread in mechanics
and metrology[l][2]. Most, if not all, of the applications of 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 Young's fringes or isothetic fringes may be produced when the
specklegram is processed(3]. It is from these fringes that one
quantitatively determines the speckle spacing from which such information
as displacement and displacement gradient (strain) can be calculated.
However, 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 lost and
the fringes are either distorted or simply no longer visible. In this
case the speckle patterns are said to be decorrelated and accurate
quantitative information about changes to the system is no longer
available.
In this study, measurements were made based upon the loss of
correlation between speckle patterns. Position and growth of regions of
decorrelation were mapped in the highly strained area ahead of a
quasi-statically propagating crack-tip in a four point bend specimen. By
limiting the displacement of the loading head between exposures of the
specklegram, the contributions to decorrelation of tilt and displacement
(in and out of plane) were able be neglected, leaving only excessive
strain or surface morphology changes to account for decorrelation of the
speckle patterns. Since surface morphology should change only under
plastic or extreme elastic conditions, the decorrelation region proved to
be a very good indicator of the size and shape of a plastically strained
region.
This decorrelation zone mapping is particularly useful in studying
the brittle-ductile nature of fracture. Because ductile fracture absorbs
so much more energy than does brittle fracture, the high strain region
ahead of the crack tip is significantly larger in ductile fracture.
Therefore the type of fracture easily can be determined by simply speckle
photographing the surface of the fracture specimen as the crack
propagates, and then examining the zone of speckle decorrelation.
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(4]. Although it may be obvious how this interference would occur
on a plane some distance away from the surface, it is often more
instructive to look at the interference pattern in the output plane of an
imaging system.
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The most useful property of a speckle pattern is that it is unique
to the surface from which it is derived. Since no two surfaces have
identical microscopic surfaces (although their macroscopic appearances
may be the same), their respective speckle patterns are uniquely
different as well. This suggests that one way to follow the changes on a
surface is to observe the speckle pattern produced by that surface. One
therefore uses speckle photography to store or transfer information about
the surface's change.
·
In speckle photography, the two speckle fields corresponding to the
initial and altered states are imaged onto photographic film (usually an
emulsion on a glass plate). This information can then be extracted by
Fourier filtering the double exposed specklegram. A slight variation on
this method is the sandwich specklegram method in which two plates are
used with only one exposure per plate. One plate is exposed with the
emulsion side away from the lens and the other is exposed with the
emulsion toward the lens. However, in order to guarantee that both
emulsions record from the same plane, the second plate is placed behind a
clear glass plate of the same thickness as the first film plate. Once
these plates are developed, they can then be placed together with their
emulsion sides in direct contact, and the two speckle patterns will
occupy very nearly the same plane.
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, and these are
represented in Figure 1. The first is a relatively small elastic strain
in the pattern of Figure lA. Here, although exaggerated in the figure,
the solid line represents the initial state of the surface, and the
filled areas the initial state of the speckle pattern. As the surface is
strained, shown by the dotted line and the hollow speckle, the speckle
pattern is stretched proportionately, depending on magnification. The
speckle at the top have not moved, while those at the bottom have moved,
but are not significantly altered in overall shape. The second type of
speckle change is a rigid-body translation, shown in Figure lB. In this
case, all of the speckle are translated uniformly along a vector which is
proportional to the motion of the sample surface, once again depending on
magnification. It is here that the sandwich method is of great
importance because it allows one to remove the effects of rigid-body
motion by translating one specklegram, and therefore one speckle field,
relative to another, thereby removing the translation effect entirely.
Finally, the speckle pattern can undergo a morphology change, as in
Figure lC, where the initial and final states are totally unrelated. The
corresponding surface may have undergone one of several transformations
in order to explain this speckle morphology change: excessive surface
displacement (either in-plane, out-of-plane, or rotational), excessive
elastic strain (inducing Poisson contraction), excessive surface tilt, or
by plastic deformation of the surface. It should be noted that lens
aberration in the imaging system can also cause the two speckle fields to
be unrelated even under simple rigid-body translation, but this is
unrelated to changes of the surface(S].
OPTICAL FILTERING OF SPECKLE INTERFEROGRAMS
The most commonly used method of extracting the interferogram's
information is that of pointwise spatial filtering, shown in Figures 2
and 3. In this case, the interferogram is scanned and interrogated by a
very narrow.collimated beam (i.e. a raw laser beam), a~d a screen is
placed at a distance sufficiently large to satisfy Fraunhoffer
diffraction conditions. As shown in the figure, the matched speckle
pairs will, if their separation is greater than the speckle diameter
given as
'Af

a= l.22d,

(2)

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, as would be approximately true for
small displacements or strains of a few percent, their Young's fringes
would be coincident, and would be separated by a distance
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as given in the figure where A. is again the illuminating wavelength,
the interferogram to screen distance, ~is the interferogram's
magnification, and d is the surface displacement.

is

DECORRELATION
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 as illustrated in Figure 3[6]. Considering in
greater detail the diffraction halo caused by pointwise filtering, some
relationship can be achieved between the degree of speckle decorrelation
and the change at the surface. The average intensity at the diffraction
screen can be represented by
< I(U) >=I h(u){ I+ fl1VRe[ y(U)exp( j2pid~/)

]} .

(4)

where I.(U) is the diffraction halo that results from the illumination of
a single exposure, d, is the speckle displacement, u is the position in
the diffraction plane, A is the wavelength of the laser light, z is the
int~rferogram to screen distance, nand~ are decorrelation factors
associated with the influence of the illumination area of the narrow
laser beam, andy(U) is the generalized decorrelation factor which is
generally a complex function and represents decorrelation caused by
differences in the surface structure (and therefore the speckle
structure) between the two exposures[S]. It should be noted that there
exists also a bright spot in the center of the diffraction plane which is
unrelated to the fringe distribution and is therefore not represented in
the equation above.
Note that the amplitude of the Young's fringes is affected by three
factors; n, w, and y(U). The first factor, n, is given by the ratio
s,
fl=s

(5)

of the areas s1 and s, where s is the area of the illuminating raw laser
beam and s1 is the area of intersection of the illuminating areas of the
first and second exposures. This essentially means that the larger the
displacement of the speckle, the greater the decorrelation. The second
factor, w, is a function of the displacement gradient in the interferogram
(or non-deforming strain of the surface). If a circular uniform
illumination is assumed,
J ,(p)

11J=2 - - .
p

(6)
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where
(7)

and u is the position vector in the diffraction plane, E is the strain or
displacement gradient in the interferogram, r, is the radius of the
illumination spot, and 1 is the interferogram to screen distance [ 5] . In
this case, as displacement gradient or illumination area increases,
correlation decreases. Note that this decorrelation is not uniform in
the diffraction field, but increases in severity as distance from the
halo center increases.
The final contribution to decorrelation is that of the actual
structural change in the speckle themselves as represented by the y(UJ
term. It is this effect which can be used to delineate regions of
plastic deformation. This term is given in Ref. 5 and represents a
normalized cross correlation function of the initial and final states of
the speckle field pattern.
EXPERIMENTAL ARRANGEMENT
A schematic drawing of the test specimens is given in Figure 4. The
bend specimens were made of ASTM A515 steel at room temperature (in the
brittle state) and at 100°C (in the ductile state). The steel bend
specimens were 4.1 em high, 2.0 em thick, and were loaded symmetrically
about the crack at an 20 em lower span. They were loaded in four point
bend to keep material compression at the point of application from
interfering in the decorrelation analysis. ASTM A515 was chosen because
of its high brittle-ductile transition temperature (just above room
temperature). All four point bend bars were fatigue pre-cracked to a
length of 60-65% of the bar height and their surfaces were grit-blasted
to insure a uniform roughness and reflectivity. The uniaxial tensile
specimens also shown in Figure 4 were 4.8 mm thick, 9.5 mm wide at the
grips, 4.8 mm wide in the central region, and had a gage length of
approximately 2.5 em. The surfaces of these uniaxial specimens were also
prepared by grit-blasting for surface uniformity.
The optical setup is diagrammed in Figure 5. The figure is not
drawn to scale, but the magnification used was 1:1 and the imaging system
had a 10 em focal length and a 2.5 em diameter aperture. The
illuminating beam was collimated in order to maintain uniformity of
reflection angle and high illumination intensity.
RESULTS AND DISCUSSION
The bend specimens were each tested individually in the same four
point test fixture; the brittle steel was A515 tested at room temperature
(200 C) and the ductile steel was A515 tested at 100° C. They were
loaded in a screw driven tensile machine at a rate of 0.5 mm per minute~
Figures 6 and 7 show the corresponding load-displacement curves. Each
square along the curve represents the point at which a double exposure
speckle.interferogram is made. Here an initial stationary exposure is
taken, the bend specimen is displaced by 0.05 mm, and then a second
exposure is made on the same film plate. These interferograms were taken
at 0.25 mm intervals through the load cycle as indicated. As the crack
extended through the bar, the intervals between interferograms were
extended to 0.5 mm and later to 1.0 mm.
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After being developed, the interferograms were examined using
pointwise spatial filtering. The diffraction screen was placed one meter
away and a clear aperture was cut in its center to allow the undiffracted
portion of the laser beam to pass through. Each interferogram was
rigidly mounted and scanned across the laser beam of approximately 0.8 mm
diameter. The perimeter of all points where decorrelation was so severe
that DQ measurement could be made of the fringe spacing or alignment was
recorded and plotted. There did exist regions where partial
decorrelation occurred, but a fringe measurement could still be made, and
these areas were not plotted. A representative plot of this
decorrelation zone is shown in Figure 8. Here the crack is running from
left to right, the crack tip is offset to 0.0, 0.0, and the axes are
plotted in mm.
It is important here to recognize that the speckle technique in this
from gives a differential plastic zone rather than an total one. That is
to say that since each specklegram compares the state of the speckle
field before and after an incremental displacement of the crosshead, the
corresponding decorrelation zone is representative only of the changes on
the surface that occurred during that displacement. However, by summing
or graphically superimposing these differential elements over the entire
fracture event, one can determine an integral total decorrelation zone
representing the net effect of the whole fracture.
The superimposed zones of all interferograms for a single low
temperature (brittle) steel bar are superimposed and plotted in Figure 9,
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and those for a high temperature (ductile) steel bar are plotted in
Figure 10. Before crack growth occurs, the two appear to have almost
identical zones, as shown in Figure 11. It should be noted that since in
determining where decorrelation is present a total loss of diffraction
fringes is used as the criterion, and due to the 0.8 mm width of the raw
laser beam, the actual zone should be expanded outward at all points by
approximately 0.4 mm. This is because the indicated zone of
decorrelation represents the coordinates of the center of the laser beam
when the entire beam is passing through decorrelated speckle. This shape
and size may be compared with those predicted by finite element analysis
(F.E.A.). The F.E.A. prediction for total effective strain just below
the surface. shows a zone which matches very well with that seen
experimentally in shape if not in size.
The difference between the two steels becomes very distinctive in
both zone size and shape once the crack begins to grow, as illustrated in
Figure 12. Here the brittle and ductile zones are plotted after 4 mm of
crack growth. It is easily seen that the ductile zone has much greater
lateral and longitudinal extent, and that it appears to be two long
narrow arms emanating from a small cartioid region immediately ahead of
the crack tip. The brittle zone on the other nand shows a much larger
cartioid region ahead of the crack with much smaller "horns" extending
from there.
In order to explain these differences between brittle and ductile
behavior, several potential contributions were considered. Because the
point of greatest translation was fully correlated, excessive in-plane
displacement could not be a contributing factor to localized
decorrelation. Next, the effect of grit-blasting the specimen surfaces
was called into question, as this may have resulted in an uneven
hardening of the surfaces, thereby causing the speckle decorrelation to
give an unrealistic or varying representation of the condition of
fracture. It was determined experimentally that in fact the surface
hardening had no observable effect whatsoever on the speckle
decorrelation.
Next, the contribution to speckle decorrelation of the surface tilt
and out-of-plane displacement were considered. Once again finite element
analysis of the final speckle interferogram before crack growth was
employed. To make the comparison, the change in x (perpendicular to the
crack), y (parallel to the crack), and z (out-of-plane) position of each
element at the specimen surface between the initial and final state of a
crosshead motion of 80 ~m was determined. From this z displacement, the
surface tilt was computed.

1744

By comparing these values of out-of-plane displacement and surface
tilt with their corresponding theoretical contribution to decorrelation
as determined by Li and Chaing[5], one can easily see that first of all,
the peak out-of-plane displacement of less than 1 ~m is by far too small
to cause any loss of correlation. Since the displacement is even lower
at the edges of the decorrelation zone, this can be ruled out as a
contributor to decorrelation. Secondly, the peak surface tilt of 1
milliradian is also only sufficient in our imaging system to induce a 1%
reduction in correlation, which is essentially unnoticeable. Once again,
the tilt at the edges of the decorrelation zone is an order of magnitude
lower, and therefore can also be ruled out as a cause for decorrelation.
The sole remaining possibility for loss of correlation was an actual
deformation of the specimen surface, either plastic or elastic. An
analysis was therefore needed to compare the amounts of deformation
necessary to cause decorrelation. In order to give some quantitative
value to these decorrelation zones, uniaxial tensile specimens were again
examined in the same apparatus as used for the 4PBB's. Here a uniform
strain field could be examined to determine empirically the strain
necessary to cause decorrelation in a particular material. In this case,
the tensile machine was set up in tension and the sandwich specklegram
method was used. The sequences of exposures for the two steels are shown
in Figures 13 and 14. These sandwich specklegrams, which were able to
remove any pure displacement component of change in the specklegrams,
were then paired in various combinations to look at the effect on
decorrelation of elastic strain, residual plastic strain, and the
combination of both. The pairs were filtered by the single point method,
and the quality of the resulting fringes in the diffraction plane was
qualitatively judged and placed into one of four categories: good, fair
poor, or zero. The results of this analysis are represented in Figures
15 and 16.
Both of the curves are statistical representations of the strain
necessary to cause a given level of correlation. This means, for
instance, that in the ductile steel at a total strain of 0.0035, we have
the greatest confidence that the degree of correlation will be in the
fair range. For purposes of this study, the most important point on
these curves is the edge of the zero correlation, and this is the value
of strain that will be used for comparison. There are two noteworthy
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points to be made regarding these curves. First, for both the brittle
and ductile steels the total strain curves match almost identically with
the plastic strain curves, which for that reason are not shown,
indicating that the bulk of the correlation properties are controlled by
the plastic strain. The second point of note is that the ductile steel
does decorrelate at a slightly lower strain (0.006) than does the brittle
steel (0.0075). An interesting point arises in that both of these strain
levels greatly exceed the 0.00015 predicted by finite element analysis.
However, the difference is understandable when one considers that the
crack tip strain field is strongly three-dimensional in both load and
constraint, whereas that of the uniaxial tensile specimen is essentially
.one dimensional in load application and constraint. One would therefore
predict that although analogies could be drawn between the uniaxial and
crack tip fields, the actual changes in the surface characteristics would
be quite different between the two cases.
Finally two more bend bars, one brittle and one ductile, were again
fractured and analyzed. Again the two were indistinguishable until crack
growth occurred, and then the zones were of the same general size and
shape as the initial set.
APPLICATIONS
Although the method of laser speckle interferometric brittle-ductile
fracture differentiation is generally applicable in most situations,
there are two for which it seems most useful. The first of these is in
an aggressive environment where postmortem fracture analyses such as
fractography are of little use due to degradation of the fracture surface
immediately after fracture occurs and impact testing is impractical as a
result of its bulky nature.
The second and more important application of the laser speckle
methods is that it can operate at very high speeds. This gives a
two-fold advantage.
During a transient fracture event, one in which the
type of fracture changes as the crack progresses, the speckle technique
allows one to determine exactly when the type changes. This gives a
distinct advantage over impact testing, which assumes a constant fracture
type during the entire event, and postmortem analysis, which cannot alone
connect points along the fracture surface to events occurring during the
fracture itself.
The obvious use for such information, and that for
which this work was intended, is to study the fracture rate dependence of
the brittle-ductile nature of fracture. As a specimen is fractured
dynamically, the rate and type of crack advance changes, so by taking
multiple speckle interferograms during the event, one can correlate the
decorrelation zone (and therefore the instantaneous brittle-ductile
nature of the crack) to the instantaneous rate of crack advance.
CONCLUSIONS
Empirical determination of the regions of laser speckle
decorrelation in the image of a cracked four point bend bar under load
has been shown to be a novel and good means of differentiating between
brittle and ductile fracture.
The brittle material showed a zone shape
which was narrow laterally, short in longitudinal extent, and fairly full
ahead of the crack tip, whereas the ductile material gave a zone which
was much greater in both lateral and longitudinal extent but appeared as
long thin regions emanating from the crack tip.
The shape of this "zone of decorrelation" is almost identical to
that predicted by Finite Element Analysis. Contributions to this
decorrelation from theoretically predicted surface tilt, out-of-plane
displacement, and elastic strain have been shown to be minimal at best.
In plane displacement was fairly uniform across the entire region of
interest and therefore could not have been a contributor to localized
decorrelation. Uniaxial tensile tests wee conducted which showed that
the elastic contribution to decorrelation was negligible.
In fact, when
the elastic portion of the bend bar deformation was relaxed, there
appeared no decorrelation whatsoever, further reiterating the point that
this decorrelation is a result of plastic changes in the specimen.
Finally, laser speckle decorrelation promises to be a strong tool
for studying fracture in ways presently unavailable. Not only will it
afford inspection of fracture in presently inaccessible environments,
since speckle only requires photographic access to the specimen surface,
but more importantly it will now allow for the direct examination of the
rate effects of brittle-ductile fracture.
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