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Abstract The hole-drilling method is one of the most well-
known methods for measuring residual stresses. To identify
unknown plane stresses in a specimen, a circular hole is first
drilled in the infinite plate under plane stress, then the strains
resulting from the hole drilling is measured. The strains may
be acquired from interpreting the Moiré signature around the
hole. In crossed grating Moiré interferometry, the horizontal
and vertical displacement fields (# and v) can be obtained
to determinate two strain fields and one shearing strain field.
In this paper, by means of Moiré interferometry and three
directions grating (grating rosette) developed by the authors,
three displacement fields («, v and s) are obtained to acquire
three strain fields. As a practical application, the hole—drilling
method is adopted to measure the relief strains for aluminum
and fiber reinforced composite. It is a step by step method;
in each step a single laminate or equivalent depth is drilled
to find some relationships between the drilling depth and
the residual strains relieved in the fiber reinforced composite
materials.

Keywords Grating rosette - Hole-drilling - Moiré
interferometry - Residual strain
1 Introduction

Hole-drilling method is one of the most common methods
for testing residual stresses. It was widely used to measure
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the residual stresses in various materials, such as metal and
composite materials. In most applications, a strain gauge
rosette [1,2] is used to determine the residual stresses. Addi-
tionally, various researchers obtained the residual stresses
by Moiré hole drilling [3-5], hologram interferometry [6]
and digital speckle pattern interferometry [7]. In most case
of Moiré interferometry, by means of crossed grating, two
directions displacement fields are obtained, i.e., u and v
fields, from which two strains and a shearing strain can be
acquired. Especially in reference [3,4,8], excellent studies
on Moiré hole-drilling method were carried out by using
a finite element method based approach and incremental
hole-drilling method for residual stresses measurement. It
is well known that there are high sensitivity, high contrast
fringes and all field displacements test in Moiré interferom-
etry [9]. For residual stresses measurement, it is capable of
testing strains in a very small area, just like one point in a
specimen. It is more accurate than average strain in the strain
gauge method.

In this paper, by means of Moiré interferometry and three
directions grating (grating rosette) developed by the authorsé
three displacement u, v and s fields are obtained to derive
three strain fields, i.e., three directional strains are derived
from the horizontal, vertical and 45° displacement fields.
Compared with crossed grating Moiré interferometry, three
strain fields are always along three certain directions, the
specimen can be repositioned accurately by comparing the
Moiré patterns after drilling with the one before drilling,
it means the Moiré patterns after drilling can be modified
according to that before drilling. It can eliminate the errors
resulting from the hole drilling.

As a practical application, the hole-drilling method is
adopted to measure the relief strains, in which each sin-
gle laminate or equivalent depth was drilled step by step.
Some relationship is found between the depth of drilling and
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Fig. 1 The principle of drilling-hole

the residual strain relieved in the fiber reinforced composite
materials, and the relief strain within neighboring laminates.

A small area of the surface, which is under plane stress
conditions, is investigated as shown in Fig. 1, where com-
ponents o1 and o> denote the principal stress. A hole with
diameter 2a is drilled at the interested point of the surface.
The center O of the hole is a conventional point, where the
residual stresses is to be determined, and r is the distance
from the center of the hole to point A, or point B or C. The
residual strain relieved from the hole drilling at point A, B, C
are g, ,, €, 5, and g, -, respectively.

In crossed grating and Moiré interference method, two
perpendicular fringe patterns (u, v field) can be obtained in
each test (see Fig. 2), and two strain components &y, &y and
one shear strain yy, are further determined by comparing
fringe patterns before and after loading. It should be noted
that in the grating rosette system, three fringe patterns can
be obtained to determine three strain components (&g, €99
and &45).

2 Measurement principle

When a hole is drilled on the specimen, the residual stresses
in this small area are relieved, which can be determined by
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Fig. 2 Grating rosette and its diffraction orders. a Grating rosette;
b Diffraction orders

detecting deformation on the specimen surface. For
measuring the deformation, the grating rosette and Moiré
interference method are applied. The directions of the grat-
ing rosette are distributed along 0°, 45° and 90°, the corre-
sponding Moiré patterns in each direction before and after the
hole drilling can be obtained. Comparing the corresponding
Moiré patterns before and after the hole drilling, three strain
components &g, £45 and ggp can be computed [9] as:

_BU _ 1 Ny — Nyq

T ox  2f Ax M

Ex

where ¢, is the normal strain along x axis, x denotes 0°, 90°
and 45° directions, f is frequency of the grating, and Ax
is a small increment in the distance, N, N2 are numbers
of Moiré fringes in Ax before and after the hole drilling,
respectively.
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Fig. 3 The basic set-up of grating rosette Moiré interferometry.
L laser, B.E. beam expander, M|, M>, M3, M4, M5 mirrors, C.L. col-
limate lens, S specimen with grating rosette, and f = 500lines/mm
in three directions, H holder, PZT piezoelectric transition, CCD video
camera, PC computer

3 Experimental set-up and procedure

The basic set-up designed for grating rosette is shown in
Fig. 3.

In Fig. 3, the coherent light beam provided by laser is
expanded into spherical waves when passing through the
beam expander, and then collimates by the collimate lens.
Six incident collimated beams (A, B, C, D, E and F) are used
to illuminate the desired area of specimen surface with the
same angle « (here o = arcsin(Af), A is wavelength of the
incident beam, f is frequency of the grating rosette). The first
order diffraction of all the six beams will intersect at the same
point and propagate along the direction normal to the speci-
men. Each pair of symmetrical diffraction beams—A and B,
C and D, and E and F— will interfere and form a virtual grat-
ing rosette in the area along 0°, 90° and 45° direction, respec-
tively. Therefore, three displacement fields (u, v and s) will
result from superposition of the virtual grating rosette and
the specimen grating rosette. By means of CCD camera and
computer, the Moiré patterns can be acquired, gathered and
stored for analyzing the deformation information.

3.1 Material

The composite laminate specimen is composed of carbon
fiber and epoxy and combination with 16 layers, and its
size is 150 mm x 100 mm x 2 mm. The forming pressure,
temperature and angle of ply are different and expressed
in nomenclature. For example, in 20MPal135°C[0/90];¢,
20MPa: pressure, 135°C: temperature during forming,
[0/90] : fiber angle of ply, and the subscript 16 is number of
layers.

3.2 Testing
The specimen with replicated grating rosette should be

installed properly in the holder so that the first order diffrac-
tion of all the six beams will intersect at the same point and

Grating rosette

Fig. 4 Schematic of specimen geometry and grating position

propagate along the direction normal to the specimen. Each
pair of symmetrical diffraction beams will interfere and form
a virtual three-directional grating which will superimpose on
the specimen grating. The three directional Moiré patterns
before the hole drilling were gathered by CCD camera. Sec-
ondly, a I mm diameter hole is drilled in the first layer and
the specimen is re-positioned by comparing this Moiré pat-
tern with the pattern before the hole drilling. This procedure
is repeated when drilling the second layer, the third layer. . .,
up to the final layer. Finally, all three directional relief strains
are calculated by comparing Moiré patterns before and after
the hole drilling in each step.

3.3 Calibration test

Figure 4 shows an aluminium alloy calibration specimen of
the size of 150 mm x 2 mm x 2 mm. Before hole drilling, a
uniform tension was applied in the x direction (¢ = 930 pe)
to fix it in the holding frame. After the strain was almost
steady (the movement of strain is no more than 2-3 pe in
two hours), the specimen was regarded as ready for testing.

The experimental data for the aluminium specimen were
obtained using the Moiré interferometry system described
earlier. The calculations were carried out using the following
equations [10]:

S a’ S 3a*  4d?
O'r—z 1_r_2 + — 1+r_4_r_2 COSZQ, (2)

2
S a? S 3a*
00:§(1+r_2)_5(1+r—4)00529, 3)
S 3a* 242\ .
TrQZ_E (1_r_4+r—2) sin 26. “4)

In this case, we just computed the results along 6 = 0°, 45°
and 90°, and their comparison is shown in Fig. 5.

Figure 5 shows a good agreement between the experimen-
tal data and the calculation results with maximum relative
error not more than 15%, and thus this method is found suit-
able for testing residual stresses.
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Table 1 Experimental data B . .
p Relief strain (pe) Specimen

20MPal25°C[0/0]16

20MPal35°C[0/90]16 27MPal35°C[30/30]16

H 45° \Y% H 45° \% H 45° \%
1st layer 121 —-80 —260 260 —180 120 215 —120 112
Algebraic sum of 16 layers 118 =80 —275 259 —142 74 237 —54 152

4 Results and discussion

Three kind of composite laminate specimen were tested, and
the residual principal strains (g1, £2) are shown in Fig. 6.
For composite materials shown in Figs. 6a—c, the relief
strain of the first layer is dominant. For the subsequent lay-
ers, the character of relief strains is alternated. From Table 1,
we can find that the algebraic sum of relief strains over all 16
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layers is nearly equivalent to that of the first layer, especially
in the horizontal and vertical direction.

Secondly, the relief strains between neighboring layers
vary not only in their magnitude but also in their charac-
ter, implying that the residual strains between layers in the
composite laminate are very complicated.

As shown in Fig. 6d, for aluminium alloy, the relief strains
are monotonically increase or decrease with the depth of



Hole-drilling method using grating rosette and Moiré interferometry

393

a 2a

Fig. 7 Theresidual strains between neighboring layers during drilling.
a Drilling first layer; b Drilling second layer; ¢ Drilling third layer

drilling. When the drilling depth is approximately less than
the drilling diameter, the relief strain gradient is much more
than that when the drilling depth is larger than the drilling
diameter. The algebraic sum of relief strain over a drilling
depth equal to the drilling diameter is dominant, there is 75%
or so residual strain is relieved in this period. But the total
relief strain is sizable after the drilling depth exceeds the
drilling diameter.

As shown in Fig. 7, when the first layer of composite
material [0/90]¢ is drilled, the relaxed strain is contributed
by the stress along certain direction, so it should lead to a spe-
cific direction strain. When the second or subsequent layer is
drilled, the relief strain is contributed by two or more layers,
and thus depends on the combination of different layers, so it
is more complicated than the relief strain when a single layer
or isotropic materials (aluminium alloy) is drilled.

5 Conclusions

Grating rosette, Moiré interferometry and incremental hole-
drilling techniques are used to determine the residual strain
relieved in fiber reinforced composites as a function of the
depth of drilling. The results show that whereas the resid-
ual strain relieved exhibited a systematic variation with the
drilling depth in the case of unreinforced aluminium, the
behavior was quite complicated in the case of composites,
and depended on the residual stresses in neighboring layers.

For composite materials, the relief strain of the first layer
is dominant. In other layers, the relief strains are mostly alter-
nated in their character.

For aluminium alloy, the algebraic sum of relief strain over
a drilling depth equal to the drilling diameter is dominant,
and the relief strains are monotonically increase or decrease
with the drilling depth. But the total relief strain is sizable
after the drilling depth exceeds the drilling diameter.

Appendix
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