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Compression is one of the typical parameters measured in material mechanics. In this research, the
compression displacement fields on the front and rear surfaces of an epoxy sample are measured
by using a tilt depth-resolved wavenumber-scanning Michelson interferometer. The light source
is a distributed feedback laser diode, the wavenumber of which can be modulated to about
1.017 x 10* m™! by the temperature without mode hopping. A random-sampling Fourier transform
is designed to evaluate the phase differences before and after the applied loads. Experimental
results show that the depth-resolved measurement of the compression displacement field is of high
accuracy. It can be used to analyze force propagation inside resin-based composites.

Keywords: depth-resolved measurement, compression displacement field, wavenumber-scanning inter-
ferometry, epoxy.

1. Introduction

Subjecting an object to an applied load produces deformation or displacement in the
whole body. Since the 1990s, phase-shifting interferometry (PSI) has been developed to
measure the displacement perpendicular (out-of-plane) or parallel (in-plane) to the sur-
face of an object[1].In 2010, YANZHOU ZHOU et al. designed a 128-frame phase-shifting
algorithm to measure the out-of-plane displacement at the bottom of a granular pack
resulting from the indentation of the weight of §-mm balls on BK7 glass [2]. The accuracy
of this PSI was as high as £0.1 nm, and the method is robust. Recently, measurement
of the displacement field inside the object using interferometry has begun [3-5].

The distribution of the in-plane displacement field can be mapped easily to mechan-
ical parameters such as compression and tension. DE LA TORRE IBARRA ef al. presented
a phase-contrast spectral optical coherence tomography that can measure both in-plane
and out-of-plane depth-resolved displacements within a sample consisting of a trans-
parent water-based polymer rubber and two glass plates under applied shear loads [6].
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By using three illuminations, CHAKRABORTY and Ruiz proposed using wavelength-scan-
ning interferometry to measure the three-dimensional phase change at every voxel
within the volume of a sample with a semitransparent scattering layer between two glass
plates [7]. In this paper, depth-resolved wavenumber-scanning interferometry (DRWSI)
is proposed to measure the in-plane compression displacement fields on the front and
the rear surfaces of an epoxy sample by tuning the temperature of a distributed feedback
laser diode. In the next two sections, we introduce the configuration of the optical sys-
tem and depict the principle of tilt DRWSI. In the final two sections, we give out ex-
perimental results and present some conclusions.

2. Configuration of the experimental system

The experimental system was developed according to the principle of Michelson inter-
ferometry, as shown in Fig. 1. After the output of the laser is enlarged and aligned by
aconvex lens L, it is split into two beams by a 50:50 splitter cube. One beam illuminates
the epoxy sample. Another illuminates a 6-mm-thick optical wedge with a tilt angle
of 6'. The optical wedge is used as reference surfaces and applied for wavelength
monitoring at the same time. The reflected light from the sample and the optical wedge
are combined by the cube again and form fringe patterns on the imaging plane of the
CCD camera (CCD-1300QF, VDS Vosskuhler Co., with 1024 x 1024 pixels and 12-bit
digital output). The polarizer P in the reference optical path is used to adjust the re-
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Fig. 1. Optical system configuration. UAL — applied load unit,  —tilt angle, OW — optical wedge, F —filter,
CBS — cube beam splitter, L — convex lens, LD — laser diode, TCM — temperature control unit, PC — personal
computer, and LC — laser controller.
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flected light intensity from the optical wedge to match the light from the sample to
optimize the visibility of the fringe patterns.

The light source is a Toptica LD-0860-0150-DFB-1 laser diode, mounted on
a TEC LD mount TCLDMO (Thorlab Inc.) and driven by an ILX LDC 3724 laser diode
controller (ILX Lightwave Co.). The laser wavelength, centered at 860 nm, can be
tuned by 1.2 nm when its case temperature is changed from 40 to 20°C, while, over
the same time, the CCD camera can collect 500 frames of wavenumber-resolved in-
terference images. Therefore, the method used in this research is static. The range of
wavenumber-scanning is 1.017 x 10* m™!. The depth resolution of the profile inside
the sample is 0.618 mm, and the depth range is 77.2 mm. The root mean square error
of measuring the displacement is 100 nm. The (x, y) resolution of the profile is
9.98 um/pixel. The field of view is 10.12 x 10.12 mm.

The epoxy sample is made by mixing an epoxy resin and curing agent in a volume
ratio of 3:1 for 8 hours at room temperature. The epoxy sample size is 70 x 55 x 4.5 mm.
It is polished by using 2000 grit sandpapers with a sand grain size of 0.74 um until its
two surfaces are uniformly speckled.

As shown in Fig. 2, the epoxy sample is set up in the applied load unit, which is
composed of two metal grooves and a metal base plate. On one side of the metal grooves,
a round-head micrometer screw is installed. On the other side, two 5-mm-diameter
steel balls are fixed onto the metal groove every 40 mm. The two small steel balls and
the round-head micrometer screw form three-pivot point mechanical loading. The epoxy
sample is slightly preloaded by finely adjusting the micrometer screw. A high-precision
rotating platform is used to tilt the applied load unit at an angle 8 = 80° to the optical
axis, as shown in Fig. 3. The load is applied to the epoxy sample as the micrometer
screw is driven to generate a transverse displacement field.

Three groups of loading and displacement experiments were conducted with dis-
placement of contact point (DCP) of 5, 10, and 20 pum, respectively. Wavenumber
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Fig. 2. Applied load unit.
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Fig. 3. Tilt Michelson interferometry.

-scanning interferometry is used to evaluate the compression displacement field on the
front and rear surfaces of the epoxy sample, as described in the following.

3. Principle of tilt depth-resolved
wavenumber-scanning interferometry

3.1. Measurement of the series of wavenumbers

To depict the interferometry clearly, we draw the optical paths and the reference plane
together in Fig. 3. Its principle is shown in Figs. 1 and 3. R, R,, S5, and S, represent
the front and rear surfaces of the optical wedge and the epoxy sample, respectively,
and 6 is the tilt angle between the sample and the optical axis in the reference optical
path. As the laser light is reflected from those surfaces, respectively, fringe patterns are
formed on the imaging plane of the CCD camera. The series of fringe patterns photo-
graphed by the CCD camera can then be expressed as

M M
1053, 0) = S S LG0T, 06 9) 008] 24,06 )k + 9, (1)

p=1lgqg=1
A (x,y) = Ayt Adp x+ A4,y )

where the wavenumber k& = 2n/1 is tuned, as shown in Fig. 4a, as the temperature of
the laser is modulated, (x, y) represents the spatial coordinates, M is the number of
reflecting surfaces and M is 4 here, [/ is the reflective light intensity, the subscripts
p and g represent the interference signal from positions p and ¢ in depth, respectively,
where 1 and 2 are the front and rear surfaces of the optical wedge, respectively, ¢, is
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Fig. 4. Monitoring the wavenumber scanning series: wavenumber scanning series (a), and amplitude map
of the interference from the optical wedge (b).

the initial interference phase between p and g, 4,,,(x, y) is the optical path length (OPL)
between p and ¢, 4, is the OPL of the optical wedge in the original point, which is the
upper left corner of the field of view photographed by the CCD camera, and A4,, and
A4, are the change of OPLs of the optical wedge per pixel along the x and y direc-
tions, respectively. The two-dimensional (2D) spatial Fourier transform of Eq. (1) is

F[[(u, v, k)} = % % 11, a[uigpqu(k), viQqu(k)] exp[,u jsqu(k)} 3)
p=1g=1

and
Qp,, (k) = (Ady, /m)k
Qi (k) = (Ady,, /m)k (4)
Pip(k) = 2410k + 915

and u, v are the 2D coordinates of the spatial frequency mapped from the x and y di-
rections, respectively, d (u, v) is the 2D delta function, Q and ¥ are the spatial frequency
and spatial phase, respectively; Q,,,(k), Q2,,,(k), and ¥|,(k) are the spatial frequencies
and spatial phase of the optical wedge as shown in Fig. 4b. Because the spatial phase
ofthe optical wedge is linearly proportional to the wavenumber £, it can be expressed as

_ (k) =91y

(%)
2415

Equation (5) can be used to evaluate the wavenumber series of the light source in
terms of the unwrapped spatial phase of the optical wedge; the result is shown in Fig. 4a.
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3.2. Evaluation of the wrapped phase map

In order to eliminate the nonlinear effects of wavenumber scanning, the random-sam-
pling Fourier transform (RSFT) is applied [8]. Using the RSFT, the fringe patterns
I(x, y, k) in k space can be written as

i) = 3 1[xre ko) k) exp [ 2 k(s)| (6)

s=1

where S is the total number of the images photographed by the CCD camera, k(s) is
the wavenumber as the CCD camera takes the s-th image, w is the window function,
and f'is the frequency in & space. Substituting Eq. (1) into Eq. (6), we obtain

~ M M ~
Iy, ) = S LG W06 9) % (5 0) |exp| 470,05 )

p=1l1g=1
where (7)
A ’
frgy) = # (8)
Ppg(X:¥) = 24,,(x, ¥) kg + ¢,,40(x, ¥) 9)

where W is the frequency expression of the window function, f,.(x, y) and ¢, (x, »)
are the peak frequency and phase from the interference signals p and ¢, respectively,
and k is the initial wavenumber of the light source.

The phase ¢,,(x, y) in Eq. (9) is wrapped between [, 1), owing to the property
of the tangent function; therefore, it is called the wrapped phase. After being un-
wrapped, it is linearly proportional to the OPL of the interference signal.

3.3. Evaluation of the distribution of the in-plane displacement
on the front and rear surfaces of the epoxy sample

If the wrapped phases are q)ﬁq(x, y) and (p}?q(x, y) before and after loading, respec-
tively, their difference is

sin| o2 (v, ) [ cos| gy (v ) | = cos| B (x. 1) | sin| g (v, ) |

AppP(x,y) = tan
T oot eos o]+ snof e [sn o35

(10)
The Ago;V;p(x, y) is wrapped into [T, 7) too; therefore, it needs to be unwrapped.
The unwrapped or real phase difference before and after loading is

g™ (x,y) = unwrap| AgyP(x, ) | "
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The unwrapping process follows the method described in [9]. According to Egs. (9)
and (11), before and after loading, the displacement field inside the epoxy sample along
the direction z is
Ag,, P (x, y)
2kon,,,

Aw;q(x,y) = (12)

where n,,, is the refractive index between signals p and g, which can be predetermined.

As shown in Fig. 3, the epoxy sample is set to a tilt angle 6 with respect to the ref-
erence optical axis. The load is applied along the epoxy sample surface to produce only
the compression displacement. The compression displacement field inside the epoxy
sample is the in-plane displacement field, which can be deduced from the out-of-plane
displacement field in the direction z, as shown in Fig. 3:

AWE (x, ) 03

Aw‘“ g% ) = cos(6)

4. Experimental results

A reflective white-light image of the epoxy sample is shown in Fig. 5a; the speckle
on the front surface is clearly visible and the fringe pattern from the sample and the
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Fig. 5. Fringe pattern analysis of the epoxy sample. White-light image (a). Fringe pattern (b). The £-do-
main interference patterns at a line of y = 5 mm (¢). The k-domain interference signal at a point (x, y)
= (8 mm, 5 mm) (d).
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Fig. 6. Amplitude and phase maps of the interference patterns at the line y =5 mm. The range of the OPL
is from 0 to 15.8 mm (a, b), and from 14.2 to 39.6 mm (c, d).
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Fig. 7. Amplitude and phase maps of the interference signal at the point (x, y) = (8§ mm, 5 mm). The range
of the OPL is from 0 to 15.8 mm (a, b), and from 14.2 to 39.6 mm (¢, d).
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optical wedge is shown in Fig. 5b. The k-space interference signal at a line y = 5 mm in
Fig. Sbis shown in Fig. 5S¢, and the k-space interference signal at (x, y) = (8 mm, 5 mm)
in Fig. 5b is shown in Fig. 5d.

First, the relative wavenumber series as the fringe pattern is measured along the time
axis. Each fringe pattern should be transformed to the 2D spatial frequency domain,
according to Eq. (3), as shown in Fig. 4b. The phase at the peak of the optical wedge
(see Fig. 4b) is extracted with respect to its fringe pattern to form a series of phases.
After unwrapping, the wavenumber £ is obtained, according to Eq. (5), as shown in
Fig. 4a. After the wavenumber series is substituted into Eq. (6), the RSFT formula, the
amplitude and phase maps of Fig. 5¢ can be created, as shown in Figs. 6a—6d, respec-
tively. The amplitude and phase maps of Fig. 5d are shown in Figs. 7a—7d, respectively.
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Fig. 8. Compression displacement fields on the front surface of the epoxy sample (a, ¢, e) and on the

rear surface of the epoxy sample (b, d, f). The samples are subject to an applied DCP of 5 um (a, b),
of 10 pm (¢, d), and of 20 pm (e, f).
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Fig. 9. Isoline contour plots of the compression displacements on the front surface (a, ¢, e) and on the

rear surface (b, d, f) of the epoxy sample. The samples are subject to an applied DCP of 5 um (a, b),
of 10 um (¢, d), and of 20 pm (e, f).

In Fig. 6¢, the peaks in the amplitude, representing the interference signals between
R,S;, R,S,, Ry S5, and R S,, respectively, are clearly obvious. In the same position of
Fig. 7¢, the interference signal between R,S5, R,S,, R;S;, and RS, is also clearly vis-
ible, despite the speckle surfaces of the sample.

The phase at the amplitude peaks of R,S; and R,S, is extracted pixel by pixel in the
whole field of view to form a map. Those phase values are located in the range [—m, 7),
as discussed with respect to Egs. (10)—(12). After phase unwrapping and in-plane
displacement computation, the maps of the compression displacement field on the
front (S53) and rear (S,) surfaces of the epoxy sample subjected to applied DCP of 5,
10, and 20 um can be calculated, as shown in Fig. 8. Their respective isoline contour
plots are displayed in Fig. 9.



Depth-resolved measurement of the compression displacement fields...

321

The compression displacement field is generally maximum to the left of the sample
where the loading is applied and is the zero to the right of the sample where the two
steel balls are located. Because the field of view is smaller than the displacement region
of the sample as shown in Fig. 2, the maximum compression displacement in the field
of view is smaller than the applied loads. Furthermore, the compression displacement
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Fig. 10. Compression displacements vs. DCP at the points (1 mm, 1 mm), (1 mm, 9 mm), (5 mm, 5 mm),
(9 mm, 1 mm), (9 mm, 9 mm), and (10 mm, 5 mm) on the front surface of the sample (a) and on the rear

surface of the sample (b).
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Fig. 11. Compression displacement vs. DCP at the lines y =5 mm (a, b) and x =5 mm (¢, d). Front surface
of the sample (a, ¢), and rear surface of the sample (b, d).
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field decreases from the left to the right. Because at the left boundary of the field of
view the initial phases are set to be zero, all the compression displacements are set to
be zero at the left boundary; therefore, the measurement results are the relative com-
pression displacement fields in the field of view. As seen in Fig. 9, the distribution and
propagation of the displacement from the left to the right roughly follow along vertical
line, because the loads are purely compressive and away from the field of view.

As shown in Figs. 8a and 8b, six points (x, y) = (1 mm, 1 mm), (I mm, 9 mm),
(5 mm, 5 mm), (9 mm, 1 mm), (9 mm, 9 mm), and (10 mm, 5 mm) on the front and
rear surfaces of the sample are chosen to evaluate the relation between the displace-
ments and DCP, which is shown in Fig. 10. At the point (x, y) = (10 mm, 5 mm), the
compression displacements on the front surface of the sample are 1.35, 2.43, and
4.49 um, respectively, while they are 1.41, 2.54, and 4.67 um on the rear surface of
the sample, when the DCP are 5, 10, and 20 um, respectively. The relation between
the compression displacements and DCP at the lines y =5 mm and x = 5 mm are shown
in Fig. 11, respectively. It is concluded that the relationships between the compression
displacement fields and DCP are approximately linear.

5. Conclusions

We have presented a way to measure the compression displacement field on the front
and rear of speckled surfaces of a translucent epoxy sample by using tilt depth-resolved
wavenumber-scanning interferometry. Since the sample is tilted about 80° to the op-
tical axis, the use of this interferometry method makes it possible to measure the dis-
placement in the z direction to ascertain the in-plane displacement. Using a device to
apply only a compressive load, the compression displacement field on the front and
rear surfaces of the epoxy sample are measured successfully. The proposed system and
method have the following advantages:

1. It is a nondestructive, depth-resolved measurement that can be used to simulta-
neously measure the displacement fields of the internal reflective interfaces of the sam-
ple before and after loading.

2. The measurement of the compression displacement field is of high precision, with
a root mean square error of £100 nm. The depth resolution of the profile measurement
is 0.618 mm.

3. The signal-to-noise ratio is high and no numerical filtering is required in the data
processing.

4. Without movable component, the measurement system is simple and reliable.

However, the proposed system does not take into account that a phase error will
appear that may lead to spurious strains due to the non-constant magnification of the
imaging lens, which can be improved by using a telecentric lens in further research.
In summary, using tilt depth-resolved wavenumber-scanning interferometry to measure
the compression displacement field in an epoxy sample has good application prospects.
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