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This paper analyses the influence of the coating process in the optical efficiency of replicated Moiré
Diffraction Gratings (MDGs), which are applied on real field applications for measuring both the surface
displacements and strains. The Moiré diffraction technique is an experimental full-field, non-contact
and high resolution optical method, which can reveal to be very useful in extreme harsh environments.
The optical efficiency of the replicated MDGs plays an important role in the quality of the experimental
measurements. Two processes were used to obtain the metallic coatings: sputtering and aluminum

Keywords: vaporization. A good coatings quality with high optical efficiency was achieved for both processes (e.g.,

Optical techniques

Moiré interferometry

Moiré Diffraction Gratings (MDGs)
replication

17%-28%). However, for the replicated gratings a slight decrease in the optical efficiency was found
(e.g., 14%-21%). The MDGs were successfully used for the experimental measurements of displacement
and strains in a single lap joint. The measurements also showed that high quality of measurements

allowed the identification of unbounded regions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the emergence of new materials whose mechanical
behavior must be characterized has forced the development of new
and more adapted measurement techniques [1,2]. In last few years,
the optical methods have been used by the industrial and scientific
communities as an important measurement technique [3,4], moti-
vate by their high resolution, non-contact and full-field measure-
ments. This is the case of Moiré interferometry, which is used in
many optoelectronic applications to measure displacements [5],
evaluating deformations within microelectronics devices [6-8],
and in optical communications [9,10]. Lithographic and Microsys-
tems specific techniques [11,12] can be used to replicate high-
quality Moiré Diffraction Gratings (MDGs) into the surface whose
displacements has to be measured.

The Moiré is an experimental technique which allows measur-
ing surface displacements and strains. This is based on the
interference fringes resulting from the superposition of two
gratings, where one is recorded on the surface specimen and the
other is used as a master grating and works as reference. Moiré
methods can be used to measure in-plane [13] and out-of-plane
[14] components of the surface deformation. For in-plane mea-
surements the Moiré grating must be copied on to the object

* Corresponding author. Tel.: +351 253 510190; fax: +351 253 510189.
E-mail address: jcarmo@dei.uminho.pt (J. Paulo Carmo).

0030-3992/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.optlastec.2012.09.005

surface to interfere with a master grating. The grating on the
object surface is deformed by an application of external load. The
superposition of deformed and master gratings will produce Moiré
patterns or Moiré fringes. For out-of-plane measurements is used
the superimposition of a master grating and its own shadow
[15,16]. The shadow Moiré fringes are points of equal deformation.
The sensitivity difference between the shadow Moiré and the
holographic interferometry is further than two orders of deforma-
tion magnitude [17]. However, the sensitivity of the shadow Moiré
can be improved by the application of optical/digital fringe multi-
plication techniques [18] and phase-shifting techniques [19].

The main contribution of this paper is related to the analysis of
the influence of coating fabrication processes of MDGs in real-
time strain measurements and real-field environments.

2. Moiré Diffraction Gratings and technology

The Moiré interferometry is an optical technique that uses the
diffraction of coherent light principle produced by a high frequency
diffraction grating for measuring the full-field displacements and
strain on the object surface [20]. The application of this technique
requires the imprinting of gratings into an object surface and at the
same time, it should present optical efficiency and a good grating
quality. For in-plane measurements, a secondary interference fringes
must be created in order to measure the object surface deformation.
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Fig. 1. A schematic representation of the Moiré interferometry principle [21].

A grating divides the incident coherent light into several
diffracted wave-trains of smaller intensities. These wave-trains
emerge in a given preferred direction (called diffraction orders).
Fig. 1 presents schematic representation of the Moiré interfero-
metry principle.

The angles of diffraction are determined by the grating
according to the following equation [22]:

Sin(fy,) = sin(@) +maf; [S9)

where m is the diffraction order, f; [lines mm~'] is the specimen
grating frequency, o [rad] is the angle of incidence, 3, [rad] is the
angle of the mth diffraction order, and /4 [m] is the wavelength of
the laser light. The first order diffracted beam will interfere with
the virtual grating, resulting in the creation of an interferometric
pattern which is created by the interference between the two
incident beams and has a frequency f that is a double of specimen
grating frequency (f;).

The application of diffraction grating on the object surface,
where it is intended to measure the in-plane response, can be
performed by two different ways [23]. One is the direct projec-
tion of the virtual grating onto the object surface, whereas the
other is using a replicate gratings that were previously applied in
a mold (master grating). The first can only be applied on small
objects that are easily handled. However, the most common
and flexible technique is the replication the grating from a
mold. The grating mold can be obtained by two different
processes by mechanically ruled [24], made by burnishing
grooves individually with a diamond tool against a coating of
evaporated metal applied to a plane or concave surface, or by
holographic process [25].

The holographic method involves the recording of an inter-
ference fringe field. This interference field is obtained as a result
of two wave fronts on photosensitive polymers (designated by
photoresist or PR). In this process, a glass plate with a very low
roughness (typically smaller than 1/5) is coated with a very thin
layer of photoresist and is exposed to a virtual grating of
frequency f/2. This virtual grating is created with the help of
two intersecting collimated laser light beams, using ultraviolet
(UV) and blue wavelength light. The interference pattern captured
by the plate presents a simple harmonic intensity distribution,
assuring that the furrows have a symmetrical profile. The PR is
then developed using a specific solvent for this purpose. The
solubility of the PR increases on exposure to light, and conse-
quently the resist dissolves quickly in the zones of constructive
interference. The schematic process of creating the holographic
gratings using PRs is presented in Fig. 2.

The spatial frequency of the gratings could be controlled by the
angle of the incident laser beam. Considering the angle 0 [rad] as

— Photoresist

Fig. 2. Holographic grating obtained with PR.

the angle between the two incident beams, the specimen grating
frequency, f; is given by:

fo=2sin) @

where 4 [m] is the wavelength of the laser light.

The work presented in this paper used this process to pattern
the PR. The depth of the PRs’ furrow can be optimized by controlling
the exposure. Parallel line gratings with 1200 lines/mm were
produced with good diffraction efficiencies with respect to the
two first-order diffractions. After the creation of the holographic
gratings with PR, these must be coated with a thin layer of reflective
metal (the most common materials include either the aluminum or
the gold). The most usual techniques for coating the gratings are
those that make use of the aluminum evaporation and the sputter-
ing. The gratings’ mold created by a holographic process is
replicated on the specimen surface. Before the replication, the mold
is prepared by applying a reflexive metal film above its grating
surface. A double coating of aluminum is used, where the first layer
is oxidized by allowing air into vacuum chamber and then, a second
coating is applied. This second coating is usually preceded by the
application of a wetting agent, just after the application of the first
layer. The replication of grating is achieved with the help of an
adhesive placed between the grating’s mold and the specimen’s
surface. The mold is pried off after the polymerization of the
adhesive, leaving a reflective diffraction grating bonded to the
surface of the specimen. It must be noted that a weakest interface
occurs between the mold and the metal film, which accounts for
the transfer of the reflective film to the specimen.

3. Experimental procedure
3.1. Preliminary considerations

One of the most critical factors affecting the efficiency of repli-
cated gratings is the reflexive quality of metal coatings. This factor
depends on the coating technique, the material and the thickness of
layer. In this paper, two of most common processes for coating the
gratings are analyzed: the aluminum evaporation and the sputtering.
The efficiency of the gratings are presented, considering few combi-
nations of several factors. These factors include the materials and the
thickness of the layers. With respect to the material, layers made of
aluminum were obtained by evaporation and by sputtering; layers
made of gold were also obtained using the sputtering technique. A set
of eight samples were prepared and coated by these two different
techniques. Different thicknesses with different coating materials
were also obtained. It must be noted that the process to obtain the
gratings mold was the same for the eight samples.

The gratings molds developed and presented in this paper
were crossed line gratings with 1200 lines/mm. After coating the
grating’s mold, these were replicated on the specimen surface,
which consisted on a steel plate with a roughness R, of 2.1 um.
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The replication of gratings must be performed carefully to main-
tain the reflection quality of grating in the whole area. The
diffraction efficiencies of gratings were measured before and after
the replication. The comparison of results was further done.

3.2. MDG fabrication process

It was pursued the goal to achieve good procedures (whose
definition includes high-yield and high-reproducibility) for obtain-
ing the best possible diffraction efficiencies in each of the two first-
order diffractions (e.g., +1 and —1). In the first place, it was used
the most common method and material for coating the gratings:
the application of aluminum with the help of the evaporation
technique. This procedure was followed for the first two samples,
but the results weren't very good and it was tried an alternative
technique, the sputtering. Two mold grating samples (3 and 4) were
coated with aluminum, using the sputtering, but, unfortunately,
the results were even worse than the former. Meanwhile, it was
verified that few parameters in the evaporation aluminum techni-
que could be changed. This change of evaporation parameters
allows better results compared with the first two samples. In
this sequence, three more samples (5, 6 and 7) were prepared
with satisfactory results. With respect to the samples 1 and 2, the
gratings were coated with two layers of aluminum using the
evaporation process. Between the two layers was applied a wetting
agent (Kodak PhotoFlo™). Table 1 lists the thickness of each layer.

The coating of the sample 1 seems to be the most uniform of all.
However, this uniformity have the cost to present a dark color and a
low reflectivity. The sample 2 was less uniform, showing areas with a
very bad appearance, while the others presented a good quality and
strong reflection. The gratings of the samples 3 and 4 were coated
with two layers of aluminum using the sputtering process. The
wetting agent was applied on first layer. The first aluminum layer
presented a thickness of 10 nm, whereas the second layers presented
a thickness of 20 nm and 40 nm for thickness of the samples 3 and 4,
respectively. The samples 5, 6 and 7 were coated with aluminum
deposited by evaporation. In this case, two coatings were also used.
The thicknesses of these three layers are also listed in the Table 1.

The coating of sample 5 presented a low reflection coefficient, so
this sample was not replicated in any specimen. The samples 6 and
7 presented a much high reflection, although the sample 7 pre-
sented a region whose reflection was smaller than the rest of the
sample surface. The last sample (the number eighth) was fabricated
for testing a different reflexive material, e.g., the gold. The sputter-
ing process was used to coat the diffraction grating of the sample.
For this case, the first layer had 10 nm and the second 30 nm. The
obtained results showed that few areas of the coating had good
quality; however it was very isolated and small. Therefore, this
makes this sample inadequate for using in any measurement.

3.3. MDG replication

The grating replication has the objective of recording the
diffraction grating on specimen’s surface. The replication is carried

Table 1
The layers thickness on the gratings.

Sample number First layer (nm) Second layer (nm)

Sample 1 20 60
Sample 2 40 40
Sample 3 10 20
Sample 4 10 40
Sample 5 30 30
Sample 6 30 50
Sample 7 30 70
Sample 8 10 30
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Fig. 3. Main steps to replicate diffraction gratings from mold to specimen.

out from the coated diffraction grating mold, using the procedures
which is shown in Fig. 3.

This process of replication was applied for the majority of the
samples, where the reflection quality of respective gratings was
analyzed. To compare the obtained results, the replication was
executed on specimens of steel with the same geometry, dimen-
sions and surface finishing (R;=2.1 um). These steel specimens
have a length of 20 mm, width of 25 mm and thickness of 5 mm.

Comparing the replication of the samples 1 and 2, it was
possible to observe for the first one that the coating of replicated
grating had a low quality (ripples and fractures), low reflectivity
of the replicated grating and difficulty in the diffraction of light on
the replicated grating. On the other hand, on the sample 2 the
coating of replicated grating varied among areas of low (but
better than in sample 1) and acceptable quality. The refraction
index of the replicated grating, varied with its region between
small and high values. Finally, the diffraction of the light on the
replicated grating was interspersed between areas of good dif-
fraction and others with low-diffraction.

After analyzing the replication of samples 3 and 4, it was
possible to verify that the sputtering process leads to a very high
adherence of aluminum layers. The process of pried off was
difficult, the diffraction grating transfer of sample 3 was not
uniform, causing regions with good transfer and others where
there was no any transfer of aluminum layer occurred.

It was impossible to replicate grating in the sample 4 because
the aluminum layer was strongly glued on it. For the specific case
of the sample 6 it is possible to note that the substrate reacted
with the aluminum coating layer, whose consequence was the
rising of a very dark and opaque gratings. This reaction has
occurred possibly due to the excessive dust that existed on the
area of epoxy grating.
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Table 2
The measurement of the first order diffracted beam power, before and after the
replication of grating.

Before grating
replication (mW)

After grating
replication (mW)

Sample 1 17.26 14.38
Sample 2 18.57 17.28
Sample 3 15.41 14.75
Sample 4 18.33 NR*

Sample 5 16.97 15.77
Sample 6 2143 20.02
Sample 7 2251 2139
Sample 8 27.96 NR*

* No replication.

The sample 7 is very similar to the sample 5, presenting a more
uniform coating. However, the sample 7 had a better quality of
coatings than the others samples. This was verified by the good
diffraction efficiency.

For the sample 8, it was impossible to replicate the grating
mold with a gold coating, because it was strongly glued on the
sample, a similar phenomenon happened with the sample 4.
These observations lead to the conclusion that the sputtering
process is not suitable to these applications.

3.4. Light power measurement

It is required the measurement of the powers from both the
direct laser and diffracted beams to obtain the diffraction effi-
ciency. To measure the power of beams was used a Laser Power
Meter model PM121D and a 2-W laser (from Coherent, Verdi).
The laser source used for doing the measurements presented a
wavelength of 532 nm and had a power of 100 mW. The power
measurements of the first order diffracted beam light in each
grating (before and after replication) are indicated in Table 2. The
given values were measured on the highest diffractions regions of
the gratings. The measured power of directed beam light for the
laser source was 100 mW.

4. Assessment of diffraction efficiency

The efficiency of a reflection grating is defined as the energy
flow (power) of monochromatic light diffracted into the order
being measured. This can be made relative either to the energy
flow of the incident light (absolute efficiency) or to the energy
flow of specular reflection from a polished mirror substrate
coated with the same material (relative efficiency) [26]. The
following equation presents the definition of the absolute effi-
ciency used in this paper:

diffracted beam power

efficiency= ————————
Y= direct beam laser power

3)
The gratings developed in this work are a very low modulation
gratings. These gratings operate in the scalar domain, where the
theoretical efficiency peak for sinusoidal grooves is 33.8% [27].
The diffraction beam with the first order (+1 or—1) is the one
which must be used for doing the measurements, because in the
zero order, the grating acts either as a window or a mirror. For
this reason, the absolute efficiency of first order diffraction beam
was the only one to be determined. The absolute efficiency
is computed for a diffraction angle of 39.7° and a wavelength of
532 nm. Figs. 4 and 5 represent the absolute efficiency for the
coated gratings before and after their replication, respectively.
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Fig. 4. Absolute efficiency on the coated gratings, before the replication.
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Fig. 5. Absolute efficiency on the coated gratings, after the replication.

The best absolute efficiency was obtained on the gold coating.
The efficiency of samples 6 and 7 are also acceptable for measure-
ment applications.

It is possible to verify that the efficiency decrease after the
replication. Some of mold gratings could not be replicated.

5. Case-study

Adhesives are increasingly being used to replace traditional
fastening methods in industrial applications, such as welding, bolts
and rivets. In cars and other transport applications (where the weight
reduction plays a key factor in new developments) has led to the
rapid expansion of adhesives. The adhesives can be used for bonding
different kind of materials, including ceramics, metals, glass, plastics
and composites. Their main advantages are the distribution of loads
across the entire joint area, excellent fatigue properties, attenuation
of mechanical vibrations and noise, sealant functions, reduction in
galvanic corrosion between dissimilar metals, and a faster and more
cost-effective assembly method. However, their resistance is highly
affected by the presence of unbounded regions. The goal of this paper
is presenting an experimental technique to find detached regions in a
single lap joint by measuring both the in-plane displacements and
the strain fields. To achieve this objective, an experimental technique
based on Moiré Interferometry Technique (MIT) is proposed. This
requires the development of techniques for the replication onto
the specimen’s surfaces gratings with high quality diffraction. The
analysis was performed in the specimen presented in Fig. 6.

The single lap joint was composed of two adherents and a thin
adhesive layer (see the photography in Fig. 6). The material used
as an adherent was an aluminum alloy (1050 alloy), whereas the
material used as an adhesive was an epoxy (Araldit, Standard
Ceys, Reference 3148515/00). A 100 N load was applied in the
single lap joint specimen for analyzing both the variation of
displacement and strain field within the surface of the specimen
and the influence of the unbonded region. For that purpose was
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Fig. 6. (a) The geometry of the single lap joint specimen used in this analysis (all distances are expressed in millimeters). (b) A photography of the single lap joint specimen.

developed a load system to apply a load into the specimen.
Moreover, it was used an optical set-up for Moiré interferometry
to analyze and measure the in-plane displacement field caused by
the applied load. Fig. 7 illustrates a schematic of the used optical
set-up. In this figure, LA is the laser source, Ms is a mask, C is the
collimator, WM is a window mask, CB is the collimated beam, M1,
M2, M3 and M4 are plane mirrors, PP is a parallel plate glass, Lis a
lens, SLJ is the single lap joint specimen, DG is the diffraction
grating, LM is the load mechanism and I is the interferometer. It
was also used a four-beam optical system to produce displace-
ment fringe patterns in u and v directions. The collimated laser
beam is partially obstructed by the window mask. This is con-
stituted by three elements whose function is to illuminate
simultaneously the grating and the mirrors as follows: illuminat-
ing M2 and the grating by opening the middle element allows the
measurement of the displacement in the u direction; otherwise
illuminating M3 and M4 by opening the upper and down elements
the measurement of displacement is done in the v direction.

The light source used in the set-up was a 2W laser from
Coherent (Verdi). A CCD camera, Sony model XC-8500CE (with a
resolution of 782 x 582 pixels) was used for allowing the acquisi-
tion of images. A high frequency grating previously replicated on
the lap joint surface (see Fig. 6) was also used. The used grating
consisted on a crossed 1200 lines/mm, which was obtained by
aluminum vaporization on the top of an epoxy replication of a
master grating. The procedures and parameters for obtaining
these grating were the same described for the sample 7. The
replication process was already described in this paper. The setup
proposed by Czarnek [28] was used in the virtual grating genera-
tion by means of laser interferometry, where the incident angle, o,
is 39.7°. Fig. 7 shows a schematic representation of the measure-
ment setup, as well as the photographs of the experimental test.
The reference images were recorded after super-positioning the
virtual grating over the object replication grating. Then, it was
applied a load of 100 N for producing the moiré fringes in result of
the displacements. After obtaining these fringes, they recorded
with the help of the camera. A tiltable parallel glass plate was
used to promote phase modulation, in order to perform a four
image phase calculation algorithm [29]. The phase modulation
was created by tilting parallel glass plate (PP), mounted in front of
the CCD camera (see Fig. 7).

The four-point technique was used in this paper for perform-
ing the phase modulations: This technique uses four intensities

values with different phase shifts, but with relative shifts of 7/
2 rad steps. It is written in the form

¢ =arctan Ll (4)
hi—I3

where I, I, I and I, are intensities recorded in the detector for four
different interferograms with phase shifts of «=0, 7/2, 7 and 37/2
[rad]. Analyzing the eq. (4), it is possible to verify the existence of
discontinuities for the phase values of = and —x [rad], whose values
result from the arctan(---) function. These discontinuities are
eliminated by using algorithms developed for this purpose (e.g.,
unwrapping). Thus, the absolute phase maps can be computed by
phase unwrapping to reveal the accurate displacement field. For
this purpose, it was created an artificial unbonded region in the
single lap joint specimen to study the influence of that damage in
the displacement and strain field variation. The specimen was
mounting into the load system (as showed in Fig. 7), being followed
by the load application. After the load application, four phase maps
were recorded for each orthogonal direction with phase shifts steps
of /2 [rad] [30]. The phase steps are created by tilting the parallel
plate (PP in Fig. 7). The obtained phase maps were used to measure
the displacement field on the adhesive joint.

Figs. 8 and 9 represent the four images in the two orthogonal
directions (u and v) for doing the phase modulation. The analysis of
the adhesive joint was done in a region near the end of the board,
because the highest stress value occurs in this region. Therefore,
the risk of collapse is maximum in this region. Typically, this is the
location where the rupture starts.

The post-processing to obtain the displacement field used image
processing algorithms, which mainly consisted on filtering, phase
calculation and unwrapping and spatial differentiation. The displace-
ments fields are obtained by filtering and unwrapping the phase
maps. The displacement fields for two orthogonal directions, which
are usually called u and v directions, are presented in Fig. 10. In this
figure, the ordinate axis represents the thickness of the single lap
joint, while the abscissa axis represents the length of the analyzed
region.

The unbounded region is classified as damage in the adhesive.
There are different methods for detection and evaluation of
damage, but the most important are based on the measurement
of the rotation fields and the strain field gradients [23]. It was
applied the strain field gradients method in this case-study, whose
values were computed by way of the differentiation algorithm. This
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Interferometgr

Fig. 7. (a) A schematic presentation of the Moiré interferometry optical set-up
[30] used and (b) respective photograph. (c) A detailed view of the specimen
mounted for doing the measurement.

algorithm was implemented in this paper and at the same time, it
differentiates the displacement field measured by Moiré interfe-
rometer technique.

Differentiation algorithms were used to assess the strain field
gradients [24]. Fig. 11 shows the strain field gradient for u
direction, where it is possible to observe the unbounded region.

The value of the strain in the unbounded region is higher than
in the other regions of the specimen, which allow to conclude that
this region is weaker and probably will suffer rupture before
happening the maximum stress of this joint.

6. Conclusions
The experimental results showed that metallic coatings

obtained with the sputtering process can be classified as accep-
table or good. Nonetheless, these coatings are very difficult to

Phase = 0 rad Phase = 772 rad

Phase = 7 rad Phase =372 rad

Fig. 8. Fringe pattern for the component of displacement in u direction, caused by
a load of 100 N.

Phase = 0 rad Phase = /2 rad

Phase = 3722 rad

Phase = 7 rad

Fig. 9. Fringe pattern for the component of displacement in v direction, caused by
a load of 100 N.

replicate because they stay strongly glued onto the subtract (e.g.,
the mold gratings). On the other hand and fortunately, the
aluminum vaporization process allows the fabrication of metallic
coatings with a high reflection index if the second layer is thick
(i.e., more than 60 nm), thus making this process suitable for
replicating the gratings. It is very important to control the
cleanness of the environment because any dust particle can result
on opaque surfaces which difficult the light reflection.

The efficiency before the replication was measured within the
range between 17% and 28%. Additionally, the efficiency after the
replication was measured between 14% and 21%. It is possible to
conclude that the efficiency decreases after the replication pro-
cess. However, the values of the efficiency were suitable enough
for optical measurement and control applications. For future
works is important to improve the replication process to achieve
a better efficiency.

The Moiré interferometer technique can be used to measure
the displacement field (u, v) in single lap joints with a very good
resolution. The strain fields obtained by numerical differentiation
allows successfully identification of the unbounded region that
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Fig. 10. Displacement field of the single lap joint on the analyzed region, (a) in the
direction and (b) in the v direction (b), obtained with Moiré interferometry. The
displacements units are in millimeters.
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Fig. 11. The detection of unbonded region using the Moiré interferometry
technique. The strain units are expressed in microstrains.

was artificially created. The good quality of the results makes this
experimental technique a very interesting alternative for the
detection of unbounded regions for this kind of joints.
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