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Study of thermal expansion in a joint material by optical Hilbert transform method
for phase analysis based on orthogonal linear polarization phase shifting
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We study thermal expansion in a joint material (ceramic-copper-steel) by optical interferometry with spatial phase
shifting. The method for quantitative phase analysis is based on optical Hilbert transform (HT) method. It uses both
temporal and spatial interference signal, where HT is carried out optically by separation of orthogonal components of
polarized light via Wollaston prism. The phase is obtained from the cosine and sine interference patterns that are
recorded simultaneously in one frame. Volume data representing the temporal development of 2D deformation field
were obtained. The accuracy of the method was estimated to A/10.
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INTRODUCTION

In many structural components ceramic—metal
joint materials are used. Such joint materials are
subjected to different mechanical stresses due to the
difference in thermal expansion coefficients and
elastic modules, which can lead to fracture of the
material. Therefore the studies of the deformation
of the joint materials under thermal loading are of
great interest in experimental mechanics. Optical
interferometry as a method that provides high
spatial and temporal resolution is an ideal one for
in-situ measurement of dynamic events [1]. To
obtain the deformation field, in optical
interferometry it is necessary to analyze the phase
distribution. Currently there exist numerous
methods that mainly include Fourier transform for
fringe demodulation, phase shifting and Wavelet
transforms [2]. For dynamic event analysis of
special interest are the spatial phase shifting
methods, because the phase shift is carried out in
one frame. Recently, several methods for spatial
phase shifting have been proposed [1-11] that can
be used for studying both static and dynamic
events. Generally they use either diffractive
element or a polarizing element to perform the
spatial phase shifting, where in one frame two,
three or four phase shifted images are recorded. In

all these methods, however, some additional
technique is required to estimate the bias intensity.
Moreover, the unwrapping of the phase is
performed in space domain, which is not always a
trivial task, especially in speckle metrology and in
circularly distributed fringe patterns, for example.
In this study we propose a method that combines
both time and space domain to obtain the phase
distribution and does not require capturing of
additional reference images. To obtain the bias
intensity we use temporal averaging of the
interference signal. The unwrapping of the phase is
also performed in time domain, which makes the
method entirely automatic and straightforward. The
spatial phase shifting is carried out with Wollaston
prism where the orthogonal components of
polarized light are separated spatially and recorded
in one frame. Since in one frame we capture both
sine and cosine functions, we call this optical
Hilbert transform. We implemented the method for
studying temporal development of deformation
field in joint material (ceramic-cupper-stainless
steel) due to thermal expansion.

EXPERIMENTAL

In the experiment, a Michelson interferometer
was constructed with light source SHG-YAG laser
at wavelength of 532 nm. The schematic of the
setup is shown on Fig. 1. Linearly polarized light
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(QWP) and is converted into circularly polarized
light. The light beam is equally split into a
reference and a sample beams by a non-polarizing
beam splitter (NPBS). The circularly polarized light
is incident to the sample. A polarizer at +45° with
respect to the horizontal direction is introduced in
the reference arm that converts the circularly
polarized light into linearly polarized one.
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Fig. 1. Michelson type interferometer for spatial phase
shifting. L1-L3 lenses; PL — polarizer; NPBS — Non
polarizing beam splitter; QWP — quarter wave plate.

The reference and sample beams are recombined at
the NPBS where there is a m/2 phase difference
between the horizontal and the vertical component.
The two orthogonal components, which represent
the sine and cosine interference patterns, are
spatially separated by Wollaston prism. They are
captured in one single frame with CCD camera
(Sony XCL-U1000) with resolution of 1200x1600
pixels and acquisition rate of 15 frames/s. Fig. 2
illustrates one frame of spatially shifted sine and
cosine fringe patterns. The imaged part of the
specimen is 3 mm by 6 mm.

Fig. 2. Spatially shifted patterns, imaged on the CCD
camera plane.

The mathematical expressions for interference
patter have been previous presented in our work
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[12]. They were obtained using Jones matrices
formalism. Here we present only the expressions
for the sine (Eg. 1) and cosine (Eg. 2) functions,
and the estimated phase (Eq. 3):

L (%Y,6) = Iyias(%Y) + In (6, Y)sin (B Gey, ) = 5) (1)
Ico(X' Y t) = Ibias(xr Y) - Im(x' y)COS (A(p(x' Y, t) - %) (2)

where Ipios(x,y), [ (x,y) and Ap(x,y,t) are the
bias intensity, modulation intensity and the phase
difference between the reference and object fields,
respectively. The bias intensity and the modulation
intensities in general do not vary considerably in
time, especially in short time span, which allows us
to obtain them by applying some signal processing
method in time domain. In our experiment the sine
I;(x,y,t) and cosine I..(x,y,t) fringe patterns are
captured continuously and we can obtain I,;,(x,y)
by averaging the frames in time over the whole
acquisition interval. The obtained I,;,,(x,y) image
is binarized and then used to determine the identical
points on each sine and cosine patterns. This
procedure is critical to the correct calculation of the
phase value. The translation vector of sine image
towards cosine is determined by using the
autocorrelation function of the binarized image and
used to adjust positions of sine and cosine images.
After subtracting the bias intensity, translating the
sine image to overlap the cosine image, the phase
can be obtained as follow:

— T — -1 ISi(xfy!t)_IbiaS(xfy)
Ago(x’ y’ t) /4 a tan (Ibias(x‘Y)_Ico(x’ﬁV;t)) (3)

The phase is then unwrapped in time domain,
where each point is unwrapped independently,
converted into deformation field and filtered in
space domain with median filter to remove the
spiky noise. The two-dimensional distribution of
the deformation field yielded in this manner can be
followed in time, since it is obtained for each point
in time.

RESULTS AND DISCUSSIONS

In this experiment we use joint material
Ceramic-Copper-Stainless Steel illustrated in Fig.
3.

Ceramic Copﬁer Steel
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Fig. 3. Schematics of the joint material

The linear thermal expansion coefficients as
follows: ceramic (SizN,) - 3 x 107%/K; cupper -
17.7 x 107°/K and stainless steel - 15 x 107¢/K.
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The joint material was heated from 33 °C to 51 °C
and then cooled from 60 °C to 46 °C using a Peltier
device. During the heating frames were captured,
until temperature reaches predetermined value. The
same was performed when the sample was cooled.
The temperature of the Peltier device was
monitored with thermocouple. These data were
used to stop the acquisition of the frames when no
change in the temperature was monitored. Fig. 4
shows the temporal change in the temperature,
compared with the temporal change in the
deformation at one point. It demonstrates clearly
that the deformation growth follows nearly the
same slope as the temperature change slope.
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Fig. 4. Comparison between the temperature growth and
the deformation growth at given point of the deformation
field.

Fig. 5 shows two-dimensional distribution of the
deformation field due to temperature change from
33 °C to 51 °C. The step-like change that occurs
due to considerable difference in the linear thermal
expansion coefficients can clearly be seen. There
are several areas with remaining spikes, where the
phase was not correctly determined. The incorrect
determination of the phase is mainly due to
incorrect overlapping of the sine and cosine images
and the presence of high level of noise.
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Fig. 5. Two dimensional distribution of the deformation
filed due to temperature change from 32 °C to 50 °C.

We examine the difference between the
deformation in the steel and in the ceramics.

Theoretically it has to be 864 nm and we estimated
it experimentally to be 811 nm. The deviation of
2A/10 from the theoretical value accounts for the
imperfection in the polarisation elements, the
presence of noise, the expansion of materials along
other directions, the uneven surface of Peltier
device, and the incorrect superposition of the sine
and cosine fringes. The method is especially
sensitive to incorrect superposition and can be
improved by the improving the autocorrelation
algorithm.
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Fig. 6. Cross-sections of deformation at different
moments of thermal load at 40 °C — blue line, 48 °C —
green line and 51 °C — red line.

In Fig. 6 we demonstrate cross-sections along
ceramic-copper-steel at different moments of
thermal load (40 °C, 48 °C and 51 °C). The step-
like distribution of deformation can clearly be seen.
It can be noticed also a slight dent (indicated by
arrow in Fig. 6) in the curve corresponding to the
joint between the copper and steel and caused by
the slight difference in their thermal expansion
coefficients.

CONCLUSIONS

In this paper we presented spatial phase shifting
method based on the separation of orthogonal
components of polarized light via Wollaston prism.
The phase analysis method is performed in both
space and time domain. The method was applied
for studying thermal expansion of joint material.
We demonstrated two dimensional step-like
distribution of the deformation field that is due to
considerable difference in the thermal expansion
coefficients of ceramic and steel. The temporal
change of deformation for different thermal loads
was also demonstrated. The method achieved A/10
accuracy that can be improved further by applying
a more sophisticated algorithm for superposition of
sine and cosine patterns.
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N3CJIIEABAHE HA TEPMHWYHO PA3IIMPEHNE HA CbCTABEH MATEPUAJI YPE3 OIITUYHA

XWUJIBEPT TPAHCO®OPMAILIMA 3A AHAJIN3 HA ®A3ATA, OCHOBAHA HA ®A30BO
OTMECTBAHE HA OPTOI'OHAJIHO JIMHEMHO TIOJISPU3UPAHA CBETJIMHA
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(Pesrome)

I/IBCHCI[BaHO € TCPMUYHOTO pa3mIMpCHUC P CbCTABEH MaTCpHrall (KCpaMI/IKa'MCZ['CTOMaHa) C IMoMoI1ITa Ha OIITH4YHa

nHTEp(HEPOMETPHsI ¢ IPOCTPAHCTBEHO OTMECTBaHE Ha (a3ara. MeTObT 3a KOIMYECTBEH aHAIN3 Ha (a3aTa ce OCHOBaBa
Ha ontnuHa Xunoept Tpanchopmanys (XT). Toif n3nons3sa KakTo BpeMeBHs, Taka M MPOCTPAHCTBEHUS! HHTEpHEpeHIEH
curHan, kpaeto XT ce u3BbpIIBa ONTUYHO 4YPe3 pas3feisHe B MPOCTPAHCTBOTO HA OPTOTOHAIHO MOJSPU3HPAHUTE
KOMIIOHEHTH Ha TIOJSIPH3UPaHAaTa CBETIIMHA C IIOMOIIITA Ha mpu3Ma Ha YonacteH. (aszarta e momydeHa ot COSine u sine

uHTep()EepEeHUYHH HBHUIM, 3allUCaHH EIHOBPEMEHHO B EIUH Kalbp.

[Tonydyenn ca oOeMHM JaHHHM, KOUTO JaBaT

BpeMeBara IpoMsHa Ha 2D monero Ha nedopmanus. TodHOCTTa Ha ompezneisiHe Ha AedopManuaTa e oreHeHa Ha A/10.
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