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Abstract Hole-drilling and Electronic Speckle Pattern
Interferometry (ESPI) are used to measure residual stresses
in metal specimens. The slitting method is chosen as an
alternative to the more commonly used hole-drilling
method because it involves less material removal and
leaves large areas of highly deformed material available to
be measured. However the conventional single-slitting
method is sensitive only to the stress component perpen-
dicular to the slit direction, and thus has a strong directional
bias. Conventional ESPI has a similar bias because it
responds to surface displacements in a specific sensitivity
direction. In this paper, a novel cross-slitting method with
dual-axis ESPI measurements is proposed to address both
directional biases. Cross-slitting is introduced as a means of
releasing all in-plane stress components. The dual-axis
ESPI system uses diagonal-mirror and shutter devices to
provide surface displacement measurements in orthogonal
in-plane directions. The combination of the cross-slit and
dual-axis measurement gives isotropic sensitivity to the in-
plane residual stress components. Experimental measure-
ments are described that illustrate the capability and
effectiveness of the cross-slitting/ESPI technique.

Keywords Residual stress measurement . ESPI . Slitting .
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Introduction

The strain gauge hole-drilling method [1, 2] is one of the
most widely used techniques for measuring residual
stresses. It is practical, reliable and causes relatively small
damage to the test specimen. However, the installation of
strain gauges and associated wiring is very time consuming.
The amount of available data is also limited. For every
measurement, only three discrete readings are available,
just sufficient to evaluate the three in-plane residual
stresses.

Electronic Speckle Pattern Interferometry (ESPI) [3, 4]
provides additional opportunities for measuring surface
displacements for hole-drilling residual stress evaluations
[5, 6]. The non-contact nature of the technique avoids the
significant time taken to install strain gages, associated
wiring and surface coating. In addition, ESPI provides a
much richer, full-field data set than is available from strain
gauges. However, hole-drilling involves removal of the
most data-rich part of the specimen, the material within the
hole. It is possible to reduce this loss of data-rich material
by cutting a narrow slit [7, 8] instead of a circular hole.
Significant areas of highly deformed material then remain
adjacent to the edges of the slit. However a single slit can
only relieve normal stresses perpendicular to the slit and the
shear stresses. Thus, it can only indicate up to two of three
in-plane stress components, and so creates a biased
estimation.

Typical ESPI systems use a single axis illumination,
which allows the method to give a single directional
displacement measurement. This single directional mea-
surement is a further source of biased estimation

This paper presents a novel cross-slitting method with
dual-axis ESPI measurements. The proposed method
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combines the advantages of ESPI and the slitting
method. It gathers a rich source of data and overcomes
the directional measurement biases by cross-slitting and
measuring two orthogonal displacement maps. The
effectiveness of this method is examined by doing
example measurements in a specimen containing known
residual stresses.

Cross-slitting Method

Figure 1(a) illustrates the single slitting method [7, 8]. A slit
is cut in the specimen and the resulting deformations are
typically measured using strain gauges attached to the
upper and/or lower surfaces. However, only stresses
perpendicular to the slit face, σx, τxy, are released and can
be calculated from the strain measurements. To overcome
this limitation and get a full evaluation of all the in-plane
stress components, a new cross-slitting method is proposed.

Figure 1(b) illustrates the proposed cross-slitting meth-
od. Two perpendicular slits are cut into the surface,
vertical slit 1 releases in-plane residual stress components
σx, τxy, and horizontal slit 2 releases σy and τxy. The length
of the slits determines the capability of the method to
determine subsurface stresses. Stresses down to about half
the slit length can be evaluated. For conventional hole
drilling, the equivalent circular hole shown in Fig. 1(c)
would have a diameter equal to the slit length and would
also allow subsurface stress evaluation down to about half
its diameter.

Ideally, the slit width would be very small to maximize the
four adjacent areas of highly deformed material around the
slit intersection. These data-rich areas contain high surface
deformations that greatly enhance the accuracy of cross-
slitting measurements. They are lost during hole drilling
using the equivalent circular hole shown in Fig. 1(c). In
practice, the slit width has a moderate size because it must
be cut using an endmill. Typical endmills have a cutting
length four times their diameter. Thus, if they are to reach a
depth equal to half the slot length, the slot width must equal
one eighth of its length.

Electronic Speckle Pattern Interferometry

Figure 2 shows an Electronic Speckle Pattern Interferom-
etry (ESPI) arrangement for in-plane displacement mea-
surements. In this arrangement, the light from a laser source
is divided by a beam splitter into two halves, one becoming
a reference beam and the other an illumination beam. After
reflection from mirrors, both beams interfere at the surface
of the test specimen. A CCD camera images and records the
resulting interference (speckle) pattern. The surface defor-
mations caused by slitting are evaluated by subtracting the
phase maps measured before and after slitting. These phase
maps are evaluated by measuring sets of speckle patterns
with 90° phase steps introduced into the reference beam by
a piezo actuator behind one mirror [4]. For the arrangement
shown in Fig. 2, the displacement sensitivity vector is in the
plane of the specimen surface and perpendicular to the
adjacent mirror. The optical arrangement shown differs
from conventional in-plane ESPI systems by the use of this
adjacent mirror. It enables the illumination and reference
beams to be close to each other over most of their span,
thereby improving ESPI measurement stability by the
sharing of an “almost” common path [9].

A typical limitation of the conventional single axis ESPI
technique is that it measures surface displacement compo-
nents only in the one specific sensitivity direction. This
feature causes a bias in residual stress measurements
because the associated displacement components derive
mostly from the parallel in-plane stress. The perpendicular
in-plane stress produces much smaller displacements in the
sensitivity direction, mostly due to the action of Poisson’s
ratio.

Figure 3 illustrates the residual stress measurement bias.
The diagram shows the single-axis ESPI fringes theoreti-
cally expected for axial stresses of 100 MPa in aluminum.
Figure 3(a) shows the expected fringes for a surface stress
parallel to the sensitivity direction. Six fringes extending
over a large area are created. Figure 3(b) shows the
expected fringes for a surface stress perpendicular to the
sensitivity direction. The associated displacements derive
solely from Poisson’s ratio effects, and only two localized

Fig. 1 Single and cross-slitting:
(a) Single slit, (b) Cross slits,
(c) Circular hole
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fringes are formed. This small response significantly
impairs the accuracy and reliability of the perpendicular
stress evaluation.

Dual-axis ESPI Technique

A novel dual-axis ESPI system is presented here that is
capable of making displacement measurements in two
perpendicular directions. This arrangement eliminates the
measurement bias inherent in single-axis ESPI measurements.

Figure 4 shows the proposed dual-axis ESPI system.
This optical arrangement is a generalization of the single-
axis system shown in Fig. 2. Light from the laser is divided
by beam splitters into three switchable parts. The first part
goes to the lower of a pair of diagonal mirrors and is
reflected to the specimen surface. The second part goes to
the upper mirror and is also reflected to the specimen. The
third part acts as a reference beam. It illuminates the
specimen surface after reflection from a mirror attached to a
piezo actuator. This actuator steps the length of the
reference beam by quarter wavelength intervals to enable
use of the phase stepping method [10]. By controlling some
shutters, the lower and upper mirrors can be illuminated
separately. The two sensitivity vectors for the dual-axis
ESPI system can be identified from Fig. 5. In the plan view,
all beams are (approximately) parallel, with reflection angle
θ. The reference beam has vector direction k0, while the
illumination beams have vector directions k1 and k2 after
reflection from the diagonal mirrors.

For diagonal mirrors that are perpendicular to the specimen
surface in the plan view and ±45° in the front view, the
sensitivity vector in direction 1 (using the lower mirror) is:

S1 ¼ k0 � k1 ¼ � sin q iþ jð Þ ð1Þ

and for direction 2 (using the upper mirror) is:

S2 ¼ k0 � k2 ¼ � sin q i� jð Þ ð2Þ

where θ is the reflection angle and i, j are the unit vectors in
the x and y directions. The two sensitivity directions S1 and
S2 are orthogonal, thereby balancing the calculation sensi-
tivity for the in-plane normal stresses and making the
residual stress evaluation more accurate overall.

The phase shift change measured using the ESPI
technique is:

Δϕ ¼ 2p=lð ÞSx � d ð3Þ
where a 5-step phase stepping procedure [10] is used here
to evaluate phase change. By subtracting the phase maps
measured before and after slitting, “wrapped” phase maps,
i.e., with modulo 2π discontinuities are obtained. The
discontinuities can be removed mathematically to produce
unwrapped phase maps [11], from which the displacements
in the two sensitivity directions can be determined.

Residual Stress Calculation

The relationship between the measured displacement data
and the residual stresses for the slitting method has the form
of an integral equation [12]:

d hð Þ ¼ 1

E

Z h

0
g H; hð Þ s Hð Þ dH 0 � H � h ð4Þ

where d(h) are the measured displacements when the slit is
cut to a depth h. The stresses σ(H) act perpendicularly to
the slit, and are uniform over the length of the slit.1 The
kernel function g(H,h) describes the displacement response
due to a unit stress at depth H within a slit of depth h. This
function depends on the geometry of the slits and the
specimen. Equation (4) shows that the displacement d(h)
depends on the combination of stresses σ(H) at all depths H

1 In a recently published paper, Montay et al. [13] presented an
interesting ESPI procedure where subsurface stresses were determined
for the case of non-uniform stresses along the length of a single slot.

Fig. 2 Schematic arrangement
of in-plane ESPI
measurement
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within the slit depth h. The equation is an “inverse
problem” [14] because the stresses σ(H) to be determined
are within the integral, while the measured displacement
data are outside.

The stress vs. depth profile σ(H) can be estimated by
making surface displacement measurements after each of a
series of increments in slit depth [12]. If the stresses within
each depth increment are assumed to be uniform, then
equation (4) can be rewritten in matrix form:

G m ¼ d ð5Þ
where m is a vector containing the stresses within each
depth increment and d is a vector containing the displace-
ments at each slit depth. The matrix components Gij

represent the displacements caused by a unit uniform stress
within increment “j” of a slit “i” increments deep. For 5
depth increments, equation (5) becomes:

G11

G21 G22

G31 G32 G33

G41 G42 G43 G44

G51 G52 G53 G54 G55

2
6666664

3
7777775

m1

m2

m3

m4

m5

2
6666664

3
7777775
¼

d1
d2
d3

d4
d5

2
6666664

3
7777775

ð6Þ

Figure 6 illustrates a physical interpretation of matrix G.
The figure shows that only stresses that are within the slit
depth contribute to the surface deformations. Thus, matrix
G is lower triangular.

In practical calculations, each element in equation (6)
represents a group of quantities. Element mj of the stress
solution is a vector of nine quantities (σx σy τxy ω1 ω2 ω3

ω4 ω5 ω6)
T. The first three quantities are the Cartesian

stresses within the depth increment j. The second three
quantities are the rigid-body motions (one translation and
two rotations) of the specimen observed in measurements in
sensitivity direction 1. The third three quantities are the
rigid-body motions observed in measurements in sensitivity
direction 2. The various “rigid-body motions” also include
additional measurement artifacts induced by local variations

in air temperature within the beam paths. These combined
motions tend to degrade the measured data, and they appear
in equation (6) only as a means of removing their effects
from the stress calculation [6]. Their calculated values do
not relate to residual stresses.

Similarly, element di in equation (6) represents a vector
of quantities comprising the measurements of all the pixel
phases measured using the upper mirror, followed by all the
pixel phases measured using the lower mirror. Correspond-
ingly, matrix G has a block lower triangular structure where
each block has the form:

××××××
××××××
××××××

××××××
××××××
××××××

=

000

000

000

000

000

000

     ijG

x y xy 1 2 3 4 5 6

Sensitivity direction 1

Sensitivity direction 2

ð7Þ

Each block contains nine columns corresponding to the
components of mj, and rows corresponding to the sum of
the number of active pixels in the two sensitivity
directions (only three typical rows are shown for each
sensitivity direction). The first three columns of Gij,
corresponding to the stresses, are computed using finite
element calculations. The upper half of the next three
columns correspond to the apparent rigid-body motions
observed in sensitivity direction 1, and the lower half of
the last three columns correspond to these motions
observed in sensitivity direction 2. The unused half
columns contain zeroes.

When expressed in fully expanded form, matrix G in
equation (5) is very large, with several tens of columns
and many hundreds of thousands of rows, causing the

X 

Y 

(b)(a)
Fig. 3 Synthetic fringes for
sensitivity in the x-direction: (a)
σx=100 MPa, (b) σy=100 MPa.
Material = alumimum, E=
70 GPa, slot length=12.7 mm,
slot depth=6.35 mm
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resulting matrix equation to be highly over-determined.
The equation may be solved in the least-squares sense
using [14]:

GTG
� �

m ¼ GTd ð8Þ
Matrix GTG and vector GTd are of relatively modest

size, with only some tens of columns and rows. If some
care is taken with the sequence of the summations done
when pre-multiplying by GT, it is possible to avoid having
to form matrix G explicitly. Instead, one may work directly
from finite-element computed deformation maps such as
were used to evaluate Fig. 3. Some further computational
economy can be achieved by noting that matrix GTG is
symmetrical.

Figure 7 shows some details of the finite element mesh
[15] used for calculating the displacement responses
contained in the first three columns of equation (7). With
consideration of the symmetric geometry, one-quarter
models with various cutting depths can be used. These

models are capable of calculating displacement responses
separately for all three stress-states by appropriately
changing the loads and boundary conditions. A rectangular
mesh pattern was chosen for the area around the cross-slits
to simplify interpolation of the displacement data at each
point on the top surface corresponding to the measured
pixels.

Experimental Results

A test specimen made from a T6061-T4 aluminum plate,
8″×4″ (203×102 mm) and 0.5″ (12.7 mm) thick was used
to demonstrate the cross-slitting/ESPI technique. Known
residual stresses were created by loading the plate in a four-
point bending fixture and monitoring the applied load and
the surface strains in the central section as the load was
increased substantially into the plastic range and then
removed. The plastic deformation during loading followed

Fig. 5 Diagonal-mirror assem-
bly and sensitivity vectors

Fig. 4 Dual-axis ESPI system
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by elastic unloading created an in-plane residual stress
profile within the specimen. This profile could be deter-
mined from the uniaxial stress-strain curve computed from
the bending load and surface strain data [16, 17]. In this
case, where the beam specimen was a wide plate, the
central portion underwent plane strain deformation. Conse-
quently, transverse stresses were also created, ν times the
longitudinal stresses.

An initial reference set of stepped images was recorded
in the two sensitivity directions before any slitting. A
25,000 rpm electric drill with a 1/16″ (1.59 mm) diameter 2-
flute milling cutter was then used to cut the cross-slits. The
drill was attached on a 3-axis translation stage, thereby
creating a miniature milling machine. Cross-slits 0.5″
(12.7 mm) long were cut in five depth increments of
0.050″ (1.27 mm) to a maximum depth of 0.250″
(6.35 mm). After each depth increment, a further set of
stepped images was recorded in each sensitivity direction.

The corresponding phase maps were evaluated using a five-
step phase identification algorithm [10]. To minimize the
time between the reference and subsequent phase maps,
each phase map was used as the reference for the next depth
increment. This practice improved correlation between
images and thereby improved the resulting fringe image
quality. Using this approach, the measured fringes repre-
sented the incremental changes in the surface displace-
ments. To accommodate this arrangement in the residual
stress calculations, each block of rows in matrix G was
modified by subtracting the previous block of rows. Before
proceeding with the residual stress calculations, the phase
maps corresponding to all the incremental depth increases
were unwrapped [11] to eliminate modulo 2π phase
discontinuities.

Figure 8 shows the five incremental ESPI fringe patterns
measured in sensitivity direction 1. The diagonal tilt of the
fringe patterns reflects the 45° tilt of the sensitivity
direction 1. The opposite diagonal tilt occurs in the fringes
measured in sensitivity direction 2. The illustrated fringes
have several desirable features: 1) they are well-defined,
indicating good image quality, 2) they are numerous,
indicating a high sensitivity, and 3) they have distinctly
different shapes, enabling the inverse calculation to separate
the various stress components well.

Figure 9(a) shows the stress profiles calculated from the
dual-axis ESPI cross-slitting measurements using equation
(8). This graph illustrates the stresses within half the
specimen thickness. The bending-induced residual stresses
are compressive at the surface (depth=0), linearly changing
to a tensile peak at 4–5 mm depth, and then reducing to
zero at the neutral plane at 6.35 mm depth. As expected, the
normal stresses σx (parallel to the original bending loading)
are the largest. The normal stresses σy are about one third
of the σx stresses due to the action of Poisson’s ratio in
plane-strain bending. The shear stresses τxy are close to
zero because of symmetry. Similar ESPI/cross-slitting

Fig. 7 Details of the finite
element model: (a) Top surface
view, (b) Side view

Fig. 6 Physical interpretation of matrix coefficients for the slitting
method (adapted from Schajer and Prime [12])
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measurements were done 6 times. All the measurements
gave similar results and demonstrated the consistency of the
measurements.

Figure 9(b) shows a comparison of the dual-axis ESPI
measurements and the stresses evaluated during the
bending test. The measured and expected stresses closely
agree. The similarity of the stress values computed from
single-axis and dual axis data shows that the fringe images
obtained in these measurements are mutually consistent.
This is an encouraging sign that the measurements and
calculations are working well. The dual-axis calculations
often give stress results between the results computed from
the two single axes. However, this is not always so, for
example, the dual-axis calculated stress for the fourth
increment in Fig. 9(b) is closer to the expected curve than
either of the associated single-axis results. Although not
apparent from the graphical presentation, it happens that all
the dual-axis measurement results in Fig. 9(b) fall closer to
the expect stress curve than the corresponding single-axis
results.

The benefit of the dual-axis ESPI technique can be seen
more clearly in Fig. 10, which shows the computed shear
stress profiles drawn to a much larger scale than in Fig. 9.
The shear stresses are expected to be zero at all depths
because of symmetry. The shear stresses computed from the
single-axis measurements substantially oscillate around
zero, but the dual-axis results remain stable and small at
all depths.

Discussion

The cross-slitting method can be considered to be a variant
of the hole-drilling method with a different shape “hole.”
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Fig. 8 Incremental fringes
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The surface displacements have the same general response
to sub-surface stresses, with greatest sensitivity to near-
surface stresses and diminishing sensitivity to deeper
stresses. For conventional hole-drilling, the stress sensi-
tivity extends to a depth equal to about half the hole
diameter. For cross-slitting, the analogous depth dimen-
sion is half the slit length. The main advantage of cross-
slitting is that it requires removal of much less material.
After cutting, there remain four large areas of highly
deformed material around the intersection of the cross-slit.
These areas provide high-sensitivity data for the inverse
calculation in Equation (8), thereby improving computa-
tional stability. In addition, the reduced volume of chips
produced during cutting is beneficial because these chips
tend to scratch the specimen surface as they exit the cut,
and impair the ESPI measurements.

The measured stress profile shown in Fig. 9(b) is
computed directly from equation (8), without any regular-
ization (a form of smoothing) [18]. Stress profiles of similar
smoothness can be achieved from conventional hole-
drilling measurements, but they typically require additional
regularization. Stress solution stability decreases when a
greater number of small depth increments are used. Thus, it
is possible that in that case some modest regularization
could be required with cross-slitting, but still less than with
similar conventional hole-drilling. Since all smoothing
processes involve controlled computational distortion,
minimizing or removing the need for regularization is a
desirable feature.

The combination of data from dual measurement direc-
tions increases the measurement and computation burden
compared with a single axis measurement. However, care
was taken to minimize this burden in both the mechanical
design of the apparatus illustrated in Fig. 4 and the
associated computations. A particular feature of the appara-
tus design is the use of a single camera with the multiple

beams. Thus, the pixels in all measured images are similarly
arranged, with no cross-registration of pixels between
multiple cameras required.

Equation (7) shows that the use of dual-axis data adds
about 50% to the size of the required calculations. With
modern computers, this is not an excessive burden. The
computations to give the stress profile results in Fig. 9 took
approximately 20 s using a low-end desktop computer. The
additional time to collect the second axis images is
negligible because most of the overall experiment time is
consumed in the slit cutting. Given these modest increased
costs, the improved accuracy achievable with dual-axis
measurements, as exemplified in Fig. 10, is a practical and
useful advance. Correlation of the two single-axis measure-
ments can provide important capabilities for data consis-
tency checking. This will be explored further in subsequent
work.

Conclusions

Cross-slitting has been demonstrated to be an effective
and accurate alternative to hole-drilling as a method for
measuring in-plane residual stresses and their variation
with depth. The use of cross-slits enables all three in-plane
stress components to be evaluated. The cross-slit geometry
has the advantage over a circular hole that it leaves
available for ESPI measurements four substantial areas of
highly deformed material adjacent to the cross-slits. These
areas provide a rich data source for the residual stress
calculations, thereby enhancing evaluation accuracy. In
addition, the cutting of cross-slits removes much less
material than from an equivalent circular hole. This
feature reduces the volume of chips produced and
minimizes the occurrence of surface damage as the chips
exit the cut.

A dual-axis ESPI system has been developed that
removes the directional bias inherent in a conventional
single-axis system. The additional data from the second
axis enriches the available data pool, and thereby
enhances the measurement accuracy. This benefit is not
limited to the use of cross-slits, and could also be gained
when using the hole-drilling technique. With organized
arrangement of the data handling, the residual stress
evaluations from dual-axis data are only about 50% more
demanding than an equivalent single axis calculation, and
can be done quite compactly with an ordinary desktop
computer.
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