Inversion of Speckle Interferometer Fringes for Hole-drilling
Residual Stress Determinations

by D. R. Schmitt and R. W. Hunt

ABSTRACT—Speckle interferometric fringe patterns record
stress-relief displacements induced by the drilling of blind-
holes into prestressed objects. The quantitative determina-
tion of residual stress states from such stress patterns is dif-
ficult because of the ambiguity in the order of the observed
fringes. The plane stress magnitudes are provided directly
from selected fringe positions using a stochastic, iterative
least squares minimization approach. The inversion requires
prior knowledge of the experimental geometry and an ap-
propriate uniaxial stress-relief displacement basis function
derived from three-dimensional finite element calculations.
Superpositioning of the rotated and scaled displacement ba-
sis functions allows the stress-relief relaxation for any biaxial
state of stress to be determined. In this paper, fringe patterns
were forward modeled from a large ensemble of calculated
biaxial stress-relief displacement fields. Inversion of these
noise-free fringe patterns reproduced the biaxial stresses with
negligible error. Analysis of more realistic fringe patterns that
include speckle noise gave stress magnitude errors that di-
minished rapidly with the number of selected points to bet-
ter than 3 percent for 100 points. Sensitivity of the optical
method is influenced by a number of factors, but the ensem-
ble of model fringe patterns studied indicates that the stress
magnitudes (normalized with respect to the material’s Young's
modulus) from 3 x 10~4 to 1072 can accurately be deter-
mined with visible laser radiation. The method is amenable
to automation and can easily be extended to study near sur-
face gradients in the residual stresses or applied to other op-
tical recording techniques such as moiré and phase-shifting
interferometry.
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Introduction

The hole-drilling strain gage methbdor determining

residual stresses is well accepfeth the method, stress-

relief strains induced by the drilling of a small hole into the
surface of a stressed object are recorded with a specially d
signed strain gage rosett&tress magnitudes and directions

of the material’s elastic properties and an appropriate stres
strain model. Tests of the method indicate strain coefficient
derived from finite element modeling reproduce stress ma

nitudes to better than 5 percéht.
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Despite this success, complementary efforts have focused
on developing optical interferomefty’ in recording the sub-
micron stress-relief displacemer$ts:? Optical methods are
desirable because information is obtained over the entire field
of view, the object need only be appropriately illuminated,
and little, if any, surface preparation is required. This is
advantageous in situations where strain gages cannot be at-
tached. A fringe patternimage is the raw result of such meth-
ods (see Fig. 1). The shape and density of the fringes relate
directly to the stress-relief deformations and, in principle,
may be interpreted to yield stress magnitudes.

There are a number of complementary optical techniques
that may be employed to record the information. Essentially,
the fringe patterns are maps of the wrapped change in the
phase of the monochromatic wave field of the light scattered
from the deforming surface of the object under study. Some
of the most popular methods of recording the wave fields in-
clude double exposure holographynoiré interferometry,
electronic speckle interferomefrand phase-shifted speckle
interferometryt>~15 Each of the different, but complemen-
tary, methods has its advantages and disadvantages for dif-
ferent applications.

Double exposure holography (DEH) is perhaps the oldest
of the technique$,and continues to be used tod&y8 In
its simplest form, two holograms of an object before and af-
ter motion of its surface are recorded on the same piece of
film. Reconstruction of the interference of these two wave
fields produces a series of fringe patterns superimposed on
the three-dimensional image of the object. Analysis of the
fringe patterns can allow for determination of displacements
on the order of one-quarter or better of the wavelength of the
light employed. As with the example in Fig. 1, the shape and
density of the fringes is directly related to the displacement
field on the surface of the object; but the advantage of DEH
is that fringes are often well resolved relative to the noisier

%attern of Fig. 1. Some disadvantages of DEH are, however,
t

at added steps of image digitization may be required and
gnat constructing the necessary geometry of reference and ob-
ect beams can be difficult in constrained locations. DEH has
een employed by a number of groups attempting to quanti-
fatively determine stress magnitudes using the hold-drilling
method®16-18
In moiré interferometry, a diffraction grating, typically
1200 lines/mm, is mounted or scribed on the surface of the
Bbject to be studied. The object is illuminated under two op-
posing, collimated beams both incident on the object at the
same angle. Under this geometry, the angle of intersection
between the two beams is zero and a uniform intensity is
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phase-shifting speckle interferometry (P&)which is a
modified version of ESPI. In one early version of PSI, a spher-
ically expanded coherent reference beam illuminates directly
the surface of the CCD detector upon which the object under
study is imaged. The object beam is directed to the CCD de-
tector via a mirror mounted on a piezoelectric material whose
motion can be carefully controlled; by moving the mirror, one
can effect shiftin the phase of the object beam. Ata given de-
formation state, four individual speckle patterns are obtained,
each acquired while the mirror is shifted through a number
of predetermined motions. The wrapped phase (modti)o 2
is then given directly by a simple formula, and producing
this phase is the major advantage of such a technique. De-
spite this advantage, the relative (unwrapped) phase must be
obtained by adding or subtractingt Zrom individual pix-
els until the phase difference between adjacent pixels in the
image is less tham. Without additional information, even
PSI cannot provide directly the value, in the absolute sense,
of the change in the phase that is required for quantitative
measurements. However, the technique described here can
i i be applied equally as well to the relative wrapped phase maps
Fig. 1—Speckle interferometer fringe pattern obtained from produced by PSI.
drilling a 10 mm diameter hole into an acrylic block subject to In the context of hole-drilling stress measurements, a
a uniaxial vertical compression of 3.16 MPa variety of schemes that include fringe pattern forward
modeling-1’” and fringe countintf have been employed to
address this problem. However, there remains room for im-

observed. However, once the object is deformed, the anglerovement on these techniques, especially given recent ad-
of intersection is no longer zero and the two diffracted wavevances in computational power and access to powerfulimage-
fields interfere to form a fringe pattern. Moiré fringe pat- pProcessing capabilities.
terns have good signal-to-noise ratios and are well resolved In this paper, a new method to directly invert information
such that an accuracy &f0.02um is possible. In the hole- derived from speckle interferometer fringe patterns obtained
drilling application, this is particularly useful near the stress-in ahole-drilling residual stress testis developed. The method
relieving hole where the displacements change most rapidlgfqUIreS that an appropriate basis model of stress-relief exist.
and contain the most informatidfi; 12 making the method The relevant backgrounds for the displacement model and a
particularly well suited for measuring the subtle changes du&ew method of calculating speckle interferometer fringe pat-
to the gradient in stress from the surface of the object. Onéerns that provides information on the phase moduicage
constraint on this method is that the diffraction grating mustreviewed and lead to a presentation of the inversion methodol-
be placed on the object in the area to be studied; this ma9gy in this context. The method is tested on a large ensemble
require special machining of the object or the placement off calculated fringe patterns to provide estimates of error and
a prepared diffraction grating using epoxies that could influ-sensitivity. The results of this theoretical parametric study
ence the experiment. suggest that the method shows promise for the analysis of
Another method finding wide application is electronic fringe patterns obtained from ESPI and moiré experiments
speckle interferometry (ESPI), in which slight changes in theand from the phase map resulting from PSI measurements.
speckle pattern produced by motion of the object between
two video frames provide the basic information. The methodStress-relief Displacement Model
exploits the fact that each speckle on the surface of an ob-
ject illuminated with coherent radiation is an interferometer Except for special cases, the optical methods employed
whose intensity varies cyclically depending on the changere all sensitive to some degree to the complete three-
in the phase of the light scattered from the location of thedimensional field of the stress-relief displacements. This
speckle. Consequently, the wrapped phase is determined lepmplicates the analysis in that obtaining such a displace-
local correlations of the observed speckle pattern. The adnent model is problematic and usually requires that numer-
vantages of this method are as follows: there is considerabléal methods be employed on a case-by-case B&sté.For
latitude for placement of source beams and the observinthis study, a previously describE¥dhnd experimentally tested
camera, little or no surface preparation is required and th&nite element model of stress-relief displacements is used; as
method is inexpensive to implement. such, the model need only be briefly presented here. Essen-
Relative differences in the phase are easily determinetlally, the finite element model consisted of a block symmet-
from fringe patterns, but the great disadvantage of the abovéic with respect to one quadrant around the stress-relief hole.
optical methods is that the actual value of the fringe order The model mesh had 1782 nodes of 1352 eight-node isopara-
cannot unambiguously be assigned without additional informetric elements with orthotropic material properties and was
mation. This has hindered more quantitative use of many ofalculated using ANSY'S software.
the optical methods, and sophisticated experimental proce- For the sake of clarity, only the case in which a uni-
dures have been developed to overcome this limitdffot®  form state of biaxial plane stress parallel to the flat surface
For example, the phase ambiguity is partially resolved inof the object will be considered. Relative to an ¢, z)
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Cartesian coordinate system (Fig. 2), this stress state is de-
scribed by one shear stress, and two normal stresses 2
ando,, with compression assumed to be positive. To aid

later formulations, these three stresses will be represented 3

as a vectoo = (14, 0, 0y). At any point on the object’s

surface outside the hole, the complete three-dimensional bi-

axial stress-relief displacements are described by the vector 0 E
U = (Uy, Uy, Uy), which depends on the point’s coordinates

(x, y) or equivalently £, 6), the magnitude of the applied

stresses, the elastic properties and the hole dimensions. The A
latter two factors are implicit in the calculation of a case- 2

specific finite element model and subsequently can be ig-

nored. The relationship between position from the hole and 2
stress magnitudes becomes crucial to this analysis, that is, .2 o 0

U =U(x,y,0). X jcmy)

There exist an infinite number of potential combinations I:Il]
in o, so deriving each using numerical methods is obviously
impossible. Fortunately, whereas the relaxed displacements
remain linearly elastic, all the required displacements can be
derived by the appropriate rotations and superpositions of a
single basis. This basis describes the shape of the stress-

relief displacement field for the uniaxial stressapplied at E 0
the azimuthb = /2. The three displacement components 5.
(ux, uy, uz) of this basis function(x, y, o) or equivalently 1

-2
u(r, 6, o), show the hole to be slightly elliptical, being com-
pressed and expanded at azimuth® e nt/2 and6 = O,

-3 [
B
i
1 2
=
-5
-2
2 -4
respectively [see Figs. 3(a) and 3(b)]. The surface normal 8
-2 a 2

displacement field [Fig. 3(c)] is saddle shaped. The corre- a
sponding displacements produceddyyare simply derived

by rotation of the basia by /2. Those resulting from the ¥ fom)
shear stress,, are similarly determineéd from one-half the G]_a
difference ofu rotated byr /4 and—x /4. Determination of i
the complete biaxial stress relief displacemdrmtt any point )
can then be written in terms of the single basiexplicitly
in simplified matrix formU(r, 6, o) = S(r, 6)o, where the < i
shape matriXs(r, 0) is given by E =
g ° 4 3
1
U(x,y) 2
R 2
4y
/ y a - . 5 .3
Surface clomi
Fig. 3—Mappings of the components of the stress-relief dis-
+Z placement function near the drilled hole. Displacements are
Ox Hole produced for the case of a 5 mm diameter, 10 mm deep hole

> drilled into a material with a Poisson'’s ratio of 0.4 subject to a
\J/ uniaxial stress parallel to the y-axis with a magnitude of 0.002
as normalized by the material’s Young’s modulus

Txy
RA S(r, 0) = (1)
Object— ’
Ue(r, B+ 10/2)  UL(r, 6) ux(r,9+n/4)5ux(r,6—n/4)
Oy Uy(r 6+ 71/2) Uy(r,6) LS u0O-T/h
Fig. 2—Geometry of stress-relief hole in an object plate sub- u:(r,0+7/2) U (r,0) uz(r,9+T[/4)Euz(r,9—JT/4)

ject to a state of plane stress relative to Cartesian (x, y, z) and ] . ] ) ) )
cylindrical (r, 0, z) coordinate systems. Hole axis coincides ~ Equation (1) is useful for the inversion routine, as will be
with the z-axis discussed.
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It must be noted that the finite element method only yields Sq CCD Ss
directly the displacements at the nodes of the mesh tfsed. +Z, Camera
The images in Fig. 3 are interpolations (Matlab) of the irreg- ~ +y
ularly spaced nodal displacements onto a rectangular gric I |

The interpolation procedure employed provided values only
within a circular region 63.0 mm in radius centered on the

stress-relieving hole’s axis. In our experience, interpolatior

introduced negligible errors relative to those for a closed- N1 n

form expressio® These results are based on the automatic

analysis of many thousands of candidate formulas usini (x,y) U(x,y)
r

an automated curve-fitting algorithm (TableCurve3D), with
simple polynomials dependent only prando.

Speckle Interferometer Fringes -X

6
<
We will briefly discuss the relationship between stress- Hole
relief displacements and observed fringes. More details ar
found in Ref. 5. Surface
v

Phase and Fringe Order

In a dual-beam speckle interferometer, a coherent lase
beam is split and the two arms subsequently expanded 1
illuminate the surface of the object (Fig. 4). The result- _.

. ; - . ig. 4—Geometry of the dual-beam speckle interferometer.
ing speckle pattern (i.e., grainy appearance under laser lighly; . ¢ split coherent beam (not shown) are expanded at

changes cyclically with respect to the magnitude and direcgqyrce points S; and S, to illuminate the surface. Unit vectors
tion of U and the position of the point( y) withrespectt1  n; and n, indicate the directions from the source points to
ands» as represented by unit vectarsandny. This cycli-  the surface point (x, y), which experiences total stress-relief
cal change between the speckle patterns taken immediatetiisplacement U. Speckle patterns on the object’s surface are
before and after the displaceméhbccurred is quantified as observed using a CCD camera

a phase anglé given by

-3
9(x,y) = K(x,y) - UG, y), @ b X
whereK (x, y) is the sensitivity vector -2 20
K(x,y) = @2r/nM)(n1(x, y) — n2(x, y)), 3) 4 10 g
where is the wavelength of the light employed. A measure £ ¢ L
more useful to the inversion later is the fringe order -‘i 0 ‘- " 0 é
N(xa)’)zq)(%)’)/z“’ (4) 1 dﬂﬂ_
which at each fringe intensity peak corresponds to an intege 5 ag
value. At other positions, the fringe order has fractional re- k
mainders. It is worth noting that the phase in eq (2) is mos q
=30
-2 o 2

Object

sensitive to the components Of(x, y) parallel toK (x, y).
This direction is nearly parallel to the surface, but becaus: ]
two divergent source points are employed, the direction o. xiomy
K (x, y) must vary with position. This variation is actually Fig. 5—Mapping of the phase ¢ of the displacement field of
an advantage in the present statistical method because it aifjig. 3 for the red He-Ne laser 632.8 nm wavelength. Divergent
the quality of the inversion by providing more independent(SPherical) source points at (75.5 mm, 2.0 mm, 64.0 mm) and
measures than would be available had collimated dual beanfs 24-> MM, 2.0 mm, and 73.0 mm)
of constannh; andny been employed.

In Fig. 5, the phase for the field of displacemebitof

Fig. 3is shown. This phase mapping determinestpe y)-  The calculated fringe patterns in Fig. 6 and eq (5) high-
dependent cyclical local variations in the speckle pattern. Théght the ambiguities apparent when the fringe patterns must
fringe intensityp in terms of¢ is® be interpreted. As phase increases with position [Fig. 7(a)],
the corresponding fringe intensity [Fig. 7(b)] oscillates be-
p(x,y) = (14 cosd(x, y)))/2 (5) tween zero and one. The absolute value and slope of the

phase are lost in the fringe pattern. An observer interpret-
Noise-free forward-modeled fringe patterns expected foing the fringe intensities can at best determine only a relative
three simple different stress cases as derived from the bghase to no better than an anglewafadians [Fig. 7(c)]; that
sis displacements of Fig. 3 using eqgs (2) and (5) are showis, the observer knows only that the fringe peakat 0
in Fig. 6. corresponds to a phage= 2in(i = 0,+1,+2,...) and
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Fig. 6—Calculated noise-free fringe patterns for simple stress
conditions of (a) oy = 6 MPa, (b) 6, = 6 MPa and (C) txy =
12 MPa in a material with E = 3.0 GPa. The box containing
each synthetic fringe pattern has square dimensions of 126.0
mm. The fringe pattern appears only in circular region as a
result of the interpretation procedure

does not know whether the phase should be increasing or de-
creasing between peaks (i.e., the sign is ambigR)ousS|
methods provide more directly the phagslaut still cannot de-
termine this phase absolutely, since only wrapped values are
provided. However, if a particular displacement field is ex-
pected, the interpreter knows that variation of the phase with
position and, consequently, is able to assign relative values
of absolute phase to each fringe. This constraint can be used
to construct a family of possible phase curves, a subset of
which is illustrated by the light lines in Fig. 7(a).

In speckle interferometry, the raw data consist of two
grainy speckle patterns commonly acquired before and after
the deformatiorJ with a digital camera (Fig. 4). The fringe
pattern is calculated from these two images. Researghers
noted that local portions of the fringe patterns having a phase
difference of¢p = 2i remain unchanged between the two
exposures. Alternatively, it = (2i + 1), then the local
speckle pattern differs completely. Consequently, measures
ofthe local correlation between the two images serve as prox-
ies for the phase, and mappings of these correlations produce
the fringe patterr.

Traditionally, a variety of simple means to estimate this
correlation between video frames were developed directly as
part of a sophisticated circuit, and the technique was hence
referred to as ESPI. A modified versfarin which local val-
ues of Pearson’s coefficient of correlation are mapped is used
here. The advantage of this method is that the mapped cor-
relation values are the same as those theoretically expected
in eq (5) and that the method does not require ideal uniform
illumination of the object. For example, the fringe pattern of
Fig. 1 is the direct result of one such application and has not
been digitally enhanced in any way. Inthe convention used, a
bright fringe peak (good correlation) and a dark fringe trough
(poor correlation) correspond to phages- 2iwt (or a fringe
order of N = i) and¢ = (2i + )= (or a fringe order of
N =i+ 1/2), respectively.

Fringe Pattern Inversion

The plane stresses are determined directly in the inversion
described here that is a specialized modification of a recently
developed displacement measurement techriigBziefly,
the technique consists of first selecting a series of positions
with the same phase (e.g., along a bright fringe peak). This
set of points (manually selected in this test of the concept) is
arbitrarily assigned an integer fringe order valde Points
are then selected from the peak of the next bright fringe to
which a fringe order off + 1 is attached. This continues
with the points from the subsequent fringe, which are given
a value ofM + 2. fringes on the opposite side of the initial
M-orderfringe would be assigned decreasing valuas-ofi,

M — 2, and so on. Other features of the fringe pattern such
as the dark fringe troughs or the points at which the fringe
change from dark to bright can also be used and correspond
to fringe orders that differ from integer values iyl /2 and
+1/4, respectively. Indeed, the more points selected, the
better the statistical validity of the solution and the lower the
error.

The observer must have some knowledge of the expected
character of the motions so that the fringe order values may be
applied in a proper systematic fashion. This is easily accom-
plished by studying a few forward-modeled fringe patterns
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Fig. 7—Line plot through a hypothetical fringe pattern illustrating the relationship between (a) actual (heavy lines) and a subset
of possible interpreted (light lines) phases (open circles represent selected bright fringe peaks), (b) observed fringe intensity
and (c) ambiguity in phase in the interpretation of (b)

suchthose shown in Fig. 6 for which the fringe order is known
a priori.
The position of the observed fringes can be determined
accurately, but the initial fringe-order assignations will most
likely be incorrect. These values are used, however, inaleast  N(xq, y1) ]
squares calculation to determine the displacements. The er- N(x2, y2)
ror of this measurement is determined, and a second iteration .
of the calculation is repeated after the fringe orders have been .
appropriately and automatically incremented. Thisis equiva- . — (7)
lent to moving between the set of possible interpreted phases
of Fig. 7(a). The least squares and error calculations are re-
peated until the minimum error is foutd.This procedure .
yielded errors of better than one part irf10 N (X, Ym)
The method of stress determination here follows a dif- - N
ferent approach, which is developed below. Following eqs Cga(x1,y1)  gr(x1,y1)  ge(x1, y1) ]
(1), (2) and (4) in the forward sense, the fringe order at any ga(x2,y2)  gp(x2,¥2)  gc(x2, y2)
position can be written as . . .

. . . 0‘x
N(x,y) =[K(x, y)S(x, y)]-0/2n = g(x,y) -0.  (6) : . . [oy],
. Tyy

The term[K (x, y)S(x, ¥)]/2n reduces to a vectay(x, y)
with componentsg, (x, y), g»(x, y), g-(x, y)), combining
the known information of the experimental geometry and the
shape of the basis displacements. Consequently, at each ob-
served position, the assigned fringe order in the image is
described as the vector product of a known quaigtiand the
three unknown stressesdrto be determined.

If m points within the fringe pattern are selected, the cor

responding system of equations may be written concisely in B
matrix form as c=(G'G)'G'N. (8)

| 8a Xy Ym) &Ky Ym) & (Xms Ym)

or, in abbreviated formN = Go, which is readily solved
‘with the method of least squarés:
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The sum of squares fringe order error, which is to be mini-
mized in the iterative updates bf, is

E =|N? - (S0)?. 9) 1

As with the simpler translation measuremetits, set of
rules is required to appropriately assign relative fringe or-

der values. Briefly, the procedure relies on keying the fringe ‘
pattern according to the number of lobes (see Fig. 6), detel
mining which is the zeroth-order bright fringe on the basisﬁ 0

of the symmetry of the pattern and assigning within each se
of fringes in a given lobe the incremental values of fringe =
order with approach to the stress-relieving hole boundary
This simple checklist assumes that the fringe patterns are n
contained within the translational displacements and that th
possibility of the existence of such motions may need to be
considered. If necessary, the least squares approach is eas
modified to include such movements.

Numerical Tests and Discussion
X e

An ensemble of 32 synthetic fringe patterns randomly serig. 8—One calculated fringe pattern including random
lected to have stresses falling within the ranges-6fMPa  speckle noise from the ensemble analyzed. Points selected
< oy, 0y < 6 MPa and-12 MPa< 1,, < 12 MPa were for use in the inversion are shown as white open circles.
calculated using the basis displacements of Fig. 3 and eqs (White and black lines on dark and bright fringes, respectively,
and (5). As noted earlier, inversion of data from perfectlyshow the numbered fringe order contours reproduced in the
noise-free fringe patterns such as those of Fig. 6 yielded nedPVversion
ligible error, indicating that numerical computation is not
a significant source of uncertainty. These synthetic fringe
patterns were made more realistic by simulating the random
speckle noise as is seenin Fig. 1. Thiswas accomplishedt [~ e
modulating the noise-free fringe patterns with a random root v
mean-square value of 0.4. One such synthetic fringe patter -
is shown in Fig. 8. The speckle noise results in substantie
positioning errors during fringe selection as is seen by the
scatter of the open circles in Fig. 8, which should follow a 100%
more continuous path. This problem is most severe far fron
the stress-relieving hole where the fringes are broader. |_
spite of this source of error, the fringe positions recreated b'@
the inversion match the known fringe centers well.

Up to 1000 individual fringe positions were manually se-
lected in each of the synthetic fringe patterns. This was carc
ried out manually because we feltit prudentto test the concef9
prior to developing more extensive automatic fringe selectior® 3.2%¢
algorithms. Indeed, because of the novel correlation metho
used, the fringes can easily in principle be converted to phas o, .
modulo 2t via eq (5), and there is nothing to preclude the use
of the entire set of pixels in the fringe pattern. In all cases, the _
inversion procedure yielded progressively better measures « (.39 : : ‘ : '
the three applied stresses as more selected points were i 1 3 10 32 100 316 1000
cluded. These results are summarized in Fig. 9, which show Number of Picked Positions
the decay of the error between the known plane stress magritig. 9—Average error in stress magnitudes determined
tudes and those reproduced versus number of points in eaghrsus number of selected points used in the inversion. Error
fringe pattern used in the inversion. The inversion appearbars represent one standard deviation
quite robust, with an average stress magnitude error near 3
percent produced from the inclusion of only 100 points.

These synthetic results provide a baseline for errors that

10%

entage E

L

are expected to result from the inversion itself and indicatéProblem that afflicts all hole-drilling measurements regard-
that it provides acceptable solutions. However, applicatiodess of whether optical or strain gage recording is used. Prob-
of the methodology to a real hole-drilling experiment will lems include transient thermal displacements from the heat
be complicated by a number of additional factors. The mosef drilling,2* time-dependent creep near the stress-relieving
important error is use of an incorrect or insufficiently so- holel”2°anisotropic or nonlinear elastic response of the ma-

phisticated stress-relief displacement basis model. This is trial, near-surface stress gradiéhter use of the wrong
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elastic moduli and relative hole dimensions in the developcould be automated, however. For example, observed fringe
ment of the basis model. Some experimental problems thagiattern images are easily filtered such that the final pixel
can influence the quality of the inversion are errors in thevalue is the theoretical value of the phase modulpitovid-
determination of the relative locations of the source pointsjng the same initial results as produced by the phase-shifting
the object’s surface and the hole position; and the accuracymethod$® but without the added instrumental difficulties.
with which the hole has been drilled. Translations and rotaAt this point, the relative phase determination methods de-
tions of the object during drilling are another source of error,scribed earlier for PSI could be employed; alternatively, the
but these can be accommodated as part of the least squaiagial modulo 2t phase maps produced in a PSI test could
solution if necessary. employ the iterative absolute phase assignation method de-

Although mentioned briefly, in the context of hole- scribed in this paper. Furthermore, the final absolute phase
drilling, residual stress determinations and the problem ofmaps produced by the PSI method could easily be incorpo-
large gradients in the concentrated stresses near the surfagged into the least squares inversion method to provide more
are presently of the greatest practical importance. Incremeneliable measurement of displacement if the form that the
tal drilling is often used in attempts to measure shallow stresdisplacement field must take is already known. One possi-
distributions'1~1226 The incremental drilling problem relies  ble way to further automate the determination of the absolute
on the continuous monitoring of the stress-relief deformatiorfringe or phase order is to use modern advanced inversion
with progressive deepening of a shallow hole; as a result, highrocedures such as simulated annealing, random walk pro-
sensitivity to small deformations near the stress relief hole isesses and genetic algorithms.
necessary. Recent developments toward this sensitivity have The results of application of this inversion routine to the
included both strain gadeind moiré interferometry-12 In analysis of real hole-drilling fringe patterns acquired in lab-
the latter method, a closed-form solution for the changeoratory calibrations is forthcoming.
in the displacements with drilled hole depth was developed
from finite element analysis: That is, for each hole depth, Acknowledgments
a new set of calibration coefficients describing the stress- . .
relief displacements was derived. These resulting closed- This work was supported by NSERC research and equip-
form equations are particularly well suited for application in ment grants. _Dr. Y. Liprovided his stress-rellefdlsplacement
the present least squares method. Furthermore, the time lap@t©dels for this study. L. Tober, J. Haverstock, J. MacKinnon
capabilitieg4 of the digital speckle interferometer to record @nd G. Reese were instrumental in the production of this pa-
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