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Abstract. We have measured thermal expansion coefficient of a bulk CaMnO;
thermoelectric module with a cylindrical shape, using a shadow method. The
CaMnO; module has been heated from the room temperature up to 773 K. At each
temperature, the shadow image has been recorded by a CMOS camera and
reconstructed with a HoloViewer program in MATLAB. Then the diameters of the
module have been obtained at different temperatures in the region 300-773 K.
Finally, we have determined the linear thermal expansion and the thermal expansion
coefficient for CaMnQO;. Our results demonstrate that the expansion coefficient for
the bulk CaMnO; thermoelectric module depends linearly on the temperature in the
region under study.
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1. Introduction

The field of thermoelectrics has started since the discovery of Seebeck and Peltier effects.
Thermoelectric materials can directly convert heat into electrical energy, and vice versa [1].
Searches for oxides as candidates for thermoelectric materials have started in the late 1990s (see,
e.g., the results for NaCO,0, [2]). Perovskite oxides, SiTiO; and CaMnQO;, have also been studied
in this relation [3, 4]. Note that a rapid progress in the development of thermoelectric devices in
the recent years is due to their environmentally clean energy-transformation sources [1, 5].

Good thermoelectric materials should have large Seebeck coefficients, high electrical
conductivity and low thermal conductivity [6, 7]. CaMnO; indeed exhibits a sufficiently large
Seebeck coefficient and a relatively low thermal conductivity [8]. However, its drawback is low
electrical conductivity [9]. A possible way out is to increase electronic conductivity of CaMnO;
via doping [9, 10]. A solid-state reaction method is widely used for preparing thermoelectric
materials [1, 8, 11], which requires high temperatures, somewhere in the range 750—1200°C. Then
a thermal expansion effect occurring in the thermoelectric materials can affect their thermoelectric
properties. In the past years, a number of researchers have studied the thermal expansion of
thermoelectric materials [12—16].

Several methods have been employed for the measurement of thermal expansion, such as
capacitance [13-15, 17-19], optical [20-25] and high-resolution powder-diffraction methods [16].
The capacitance methods are usually used for determining thermal expansion coefficients. In this
method, the expansion coefficient is deduced through the change in capacitance of a capacitor,
which appears due to sample dimension changes. The capacitance change is measured using two-
terminal or three-terminal capacitance techniques. The two-terminal technique is used mainly in
moderately high-temperature measurements, i.e. in the range from 50 to 150°C [26, 27]. On the
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contrary, the three-terminal capacitance technique developed by White [28], which provides high
enough sensitivity, is often used for the low-temperature measurements in the range from 4 to 30
K. Among optical methods, interferometric techniques based on Fizeau and Fabry—Perot
interferometers are also used for studying the thermal expansion effect.

In this work, the thermal expansion coefficient of a bulk n-type CaMnO; thermoelectric is
determined using a simple optical method based on a shadow imaging and a diffraction occurring
at the edges of bulk sample. The n-type CaMnOj; thermoelectric has earlier been prepared by a
solid-state reaction method and its thermoelectric properties have been studied extensively at the
Smart Materials Research and Innovation Unit (Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang). Now a bulk n-type CaMnQO; thermoelectric module has been prepared in
order to measure its thermal expansion coefficient. The results obtained by us are expected to be
useful for further improvement of the efficiency of thermoelectric materials.

2. Thermal expansion coefficient
When a solid material is heated, there is some change AT in its temperature and a change in its
linear dimension, AL [29]. If the material is isotropic, then the changes along different directions
are the same, and the mean linear thermal expansion coefficient is given by
1 AL
a, = ——, 1
" Ly AT ™

AL Ly—L

where L, is the initial length at the room temperature (300 K) and O the relative

0 Ly
length change, or the thermal expansion. The limiting value of this parameter (at a constant
pressure P) at an infinitesimal temperature change is defined as a linear thermal expansion
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Usually the thermal expansion coefficient is not measured directly. It is either calculated

coefficient:

using its definition or is derived after differentiating the relation based upon its temperature-
dependence expansion. If we have
Ly —L
0

then the relation
o =q +2Ot2T+3Ot3T2 +.. 4)

can be obtained. When the mean coefficient is determined over some temperature range A7, a
curvature correction may be needed to obtain the true coefficient at the mean temperature. For
instance, if the expansion can be represented by a third-power polynomial, then we have

a=a, —%(AT)z. (5)

3. Materials and methods
3.1. Sample preparation

A polycrystalline sample of n-type CaMnO; was prepared from a mixture of CaCO; and MnO,,
using a solid-state reaction method. The sample was kept at 1200°C for 12 h and then slowly
cooled down to the room temperature. Then it was pressed in a cylindrical mold with an inner
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diameter of about 10 mm and a height of 20 mm. Finally, a bulk CaMnO; thermoelectric module
was obtained.

3.2. Materials

This bulk CaMnO; thermoelectric module of a cylindrical shape was used for the measurements of
thermal expansion coefficient. The initial diameter and length of the CaMnO; module were
measured by a Vernier caliper. They were found to be equal to 10.05 and 20.16 mm, respectively.

3.3. Experimental setup

Fig. 1 shows the experimental setup for measuring thermal expansion coefficient of our bulk
CaMnOj; module. The light source was a diode laser emitting red light at the wavelength 636.4nm.
The laser beam with the diameter of 1 mm was expanded by a concave lens and collimated by a
collimator to obtain the laser-beam diameter of about 25 mm. It passed through the bulk CaMnO;
module placed on an electric hot plate. It heated the module, which behaved as an obstacle for the
light. Then the shadow of the module became visible on a screen behind. At the same time, the
light beam diffracted at the edges of the bulk CaMnO; sample and diffraction patterns were also
observed on the screen.

CCD
camera

Concave lens

L N

Diode laser

Computer

Collimator
Temperature
monitor

Fig. 1. Experimental setup used for measuring thermal expansion coefficient of a bulk CaMnO3; module.

In this work, the shadow image and the diffraction pattern were recorded on a CMOS camera
(Canon EOS 700D, 5184x3456 pixels, 4.29 um pixel pitch). The shadow image and the diffraction
pattern were reconstructed numerically using a HoloViewer program in MATLAB (Michigan
Technological University), which is based on the Huygens—Fresnel principle. The electric hot plate
can heat the bulk CaMnO; module from the room temperature (300 K) to the maximum
temperature about 773 K. It was measured by a temperature monitor. As a result, the shadow
image and diffraction pattern were recorded at the room temperature and at a number of higher
temperatures, 373, 473, 573, 673 and 773 K.

If the CaMnO; module with the diameter d, at the temperature 7, is heated up to the
temperature 7, the diameter of the object is enlarged. The diameter of the object at the temperature
T denoted as d can be represented as

d=dy+ dya(T-T,), (6)
Ad =d —dy, =dyaAT , (7

where Ad is the change in the diameter, AT the temperature change and a the thermal expansion
coefficient.

4. Results and discussion

Fig. 2a shows the shadow images and the diffraction patterns obtained for the bulk CaMnO;
module at the temperatures 300, 373, 473, 573, 673 and 773 K. It is seen from Fig. 2a that the
edges of the shadow images are not sharp at all temperatures. It is therefore difficult to mark lines
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along the edges and the diameter of the shadow images cannot be determined accurately from the

initial images. To obtain sharper edges in the shadow images, we have reconstructed these images

using the HoloViewer program. The images thus reconstructed are shown in Fig. 2b.
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Fig. 2. Initial shadow images recorded with a CMOS camera (a) and reconstructed shadow images (b) at 300,

373,473, 573,673 and 773 K.
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As seen from Fig. 2b, the edges in the shadow images are sharper than those in the original
shadow images. Then the diameters of the bulk CaMnO; images at all temperatures can be
determined using the distance function. The diameters of the object images obtained at 300, 373,
473, 573, 673 and 773 K are equal to 9.67218, 9.99980, 10.08165, 10.18395, 10.20441 and
10.24579 mm, respectively. These diameter values are indicated in Fig. 2b. However, the diameter
obtained by this method still depends on the observer’s eye and so is not reliable enough. To
obtain the diameter with higher accuracy, it is necessary to investigate the transverse intensity
profile of the reconstructed shadow images.
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Fig. 3. Intensity profiles for the shadow images reconstructed at 300, 373, 473, 573, 673 and 773 K.
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Fig. 3 shows the transverse intensity profiles for the reconstructed shadow images at different
temperatures. The edges can be much more precisely marked from the intensity profiles and the
diameters of the shadow can be easily determined. These values are indicated in Fig. 3 and
gathered in Table 1. Since the light beam passing through the bulk CaMnO; module is parallel, the
diameter of the shadow image is equal to that of the module. We remind that d, represents the
diameter of the bulk CaMnOs; thermoelectric module at the initial temperature 7 and d is the
diameter of the object at higher temperatures 7 (see Eq. (2)). The change in the diameter Ad, the
thermal expansion Ad/d, and the thermal expansion coefficient ¢ at different temperatures are also
given in Table 1. Finally, temperature dependences of the diameter change Ad, the linear
expansion Ad/d, and the thermal expansion coefficient ¢ are shown in Fig. 4.

Table 1. Diameter d, diameter change Ad, thermal expansion Ad/d, and thermal expansion
coefficient ¢, as obtained for the bulk CaMnO; thermoelectric module at different temperatures.

Temperature, K Dlarrrrllc:;er d Ad, mm Adjdy ;{)l;g?ia;netqu)gl}ssﬁg
300 9.95537 0 0 —
373 9.96325 0.00788 0.00079 1.08429
473 9.97612 0.02075 0.00208 1.20480
573 9.99102 0.03565 0.00358 1.31171
673 10.00939 0.05402 0.00542 1.45475
773 10.02956 0.07419 0.00741 1.57559
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It is seen from Fig. 4a and Fig. 4b that the diameter change Ad and the thermal expansion
Ad/dy dependent quadratically on the temperature in the region from 373 to 773 K. This implies
that the definition given by Eq. (3) is satisfied.
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It is also clear from Fig. 4c that the thermal expansion coefficient « is a linear function of
temperature, thus agreeing with the definition given by Eq. (2). In other words, the thermal
expansion coefficient for the bulk CaMnO; thermoelectric module depends linearly on the
temperature. Since the thermal expansion coefficient for CaMnO; has not yet been reported in the
literature, we cannot compare our results with the data of some other authors. Nonetheless, our
thermal expansion coefficient, which falls in the range (1.1-1.6)x10°K™" at the
temperatures 370-770 K, is of the same order of magnitude as those obtained for the others
thermoelectric materials (see Refs. [1, 5, 12—14]).

5. Conclusion

We have developed the shadow method for measuring the thermal expansion coefficient of a bulk
n-type CaMnO; thermoelectric module with a cylindrical shape. The initial diameter and length of
the CaMnO; cylinder have been measured with the Vernier caliper. Then the shadow images of
CaMnOs; have been recorded in the region 300— 773 K using the CMOS camera. The recorded
CaMnOj; images have been reconstructed with the HoloViewer program. The diameters of the
CaMnOs; cylinder have been determined in this way. Finally, the diameter change Ad, the thermal
expansion Ad/d, and the thermal expansion coefficient o have been calculated. Our method can be
used for measuring linear dimensions with a very high accuracy, which is not worse than 10~> mm.

Acknowledgements

Chantira Boonsri would like to thank Dr. Witoon Yindeesuk, Head of Physics Department, for
providing facilities to complete this work. In addition, she is thankful to Department of Physics,
Michigan Technological University, U.S.A., for providing the HoloViewer program.

References

1. Park K and Lee G W, 2013. Fabrication and thermoelectric power of n-shaped
Ca3;Co409/CaMnO; modules for renewable energy conversion. Energy. 60: 87-93.

2. Terasaki Y I, Sanago Y and Uchinokura K, 1997. Large thermoelectric power in NaCo,04
single crystals. Phys. Rev. B. 56: R12685-R12687.

3. Ohtaki M, 2011. Recent aspects of oxide thermoelectric materials for power generation from
mid-to- high temperature heat source. J. Ceram. Soc. Japan. 119: 775-775.

4. Fergus J W, 2012. Oxide materials for high temperature thermoelectric energy conversion. J.
Eur. Ceram. Soc. 32: 525-540.

5. Daewoo S, Dongmok L, Chanyoung K, In-Jin S, Woochul K and Seunghyun B, 2012.
Enhanced thermoelectric properties of tungsten disulfide-multiwalled carbon nanotube
composites. J. Mater. Chem. 22: 21376-21381.

6. Zhang F P, Lu Q M, Zhang X and Zhang J X, 2013. Electrical transport properties of CaMnO;
thermoelectric compound: a theoretical study. J. Phys. Chem. Solids. 74: 1859—1864.

7. He J, Liu Y and Funahashi R, 2011. Oxide thermoelectrics: the challenges, progress, and
outlook. J. Mater. Res. 26: 1762-1772.

8. Kabir R, Zhang T, Wang D, Donelson R, Tian R, Tan Tand and Li S, 2014. Improvement in
the thermoelectric properties of CaMnO; perovskites by W doping. J. Mater. Sci. 49: 7522—
7528.

9. Thiel P, Eilertsen J, Populoh S, Saucke G, DVobeli M, Shkabko A, Sagarna L, Karvonen L
and Weidenkaff A, 2013. Influence of tungsten substitution and oxygen deficiency on the
thermoelectric properties of CaMnQO;-d. J. Appl. Phys. 114: 243707.

32 Ukr. J. Phys. Opt. 2020, Volume 21, Issue 1



Determination of thermal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bocher L, Aguirre M, Logvinovich D, Shkabko A, Robert R, Trottmann M and Weidenkaff
A, 2008. CaMn;,Nb,O; (x=0.08) perovskite-type phases as promising new high-
temperature-type thermoelectric materials. Inorg. Chem. 47: 8077-8085.

Koumoto K, Funahashi R, Guilmeau E, Miyazaki Y, Weidenkaff A, Wang Y and Wan C,
2012. Thermoelectric ceramics for energy harvesting. J. Amer. Ceram. Soc. 96: 1-23.

Hikage Y, Masutani S, Sato T, Yoneda S, Ohno Y, Isoda Y, Imai Y and Shinohara Y, 2007.
Thermal expansion properties of thermoelectric generating device component. 26" Int. Conf.
on Thermoelectrics (2007): 331-335.

Ravi V, Firdosy S, Caillat T, Bradon E, Vander Walde K, Maricic L and Sayir A, 2009.
Thermal expansion studies of selected high-temperature thermoelectric materials. J. Electron.
Mater. 38: 1334-1442.

Falmbigl M, Rogl G, Rogl 1 P, Kriegisch M, Miiller H, Bauer E, Reinecker M and Schranz
W, 2010. Thermal expansion of thermoelectric type-I-clathrates. J. Appl. Phys. 108: 043529.
Jennifer E N, Eldon D C, Robert D S, Chun-I W, Timothy P H, Rosa M T, Melanie J K, Edgar
L C and Mercouri G K, 2013. The thermal expansion coefficient as a key design parameter for
thermoelectric materials and its relationship to processing dependent bloating. J. Mater. Sci.
48: 6233-6244.

Zhou Q and Kennedy B J, 2006. Thermal expansion and structure of orthorhombic CaMnOs.
J. Phys. Chem. Solids. 67: 1595-1598.

Neumeier J J, Bollinger R K, Timmins G E, Lane C R, Krogstad R D and Macaluso J, 2008.
Capacitive-based dilatometer cell constructed of fused quartz for measuring the thermal
expansion of solids. Rev. Sci. Instrum. 79: 033903.

Rotter M, Miiller H, Gratz E, Doerr M and Loewenhaupt M, 1998. A miniature capacitance
dilatometer for thermal expansion and magnetostriction. Rev. Sci. Instrum. 69: 2742-2746.
Roth P and Gmelin E, 1992. A capacitance displacement sensor with elastic diaphragm. Rev.
Sci. Instrum. 63: 2051-2053.

James J D, Spittle J A, Brown S G R and Evans R W, 2001. A review of measurement
techniques for the thermal expansion coefficient of metals and alloys at elevated temperatures.
Meas. Sci. Technol. 12: R1-R15.

Bennett S J, 1977. An absolute interferometric dilatometer. J. Phys. E: Sci. Instrum. 10: 525—
530.

Imai H and Bates W J, 1981. Measurement of the linear thermal expansion coefficient of thin
specimens. J. Phys. E: Sci. Instrum. 14: 883—888.

Schodel R, 2008. Ultra-high accuracy thermal expansion measurements with PTB’s precision
interferometer. Meas. Sci. Technol. 19: 084003.

Cordero J, Heinrich T, Schuldt T, Gohlke M, Lucarelli S, Weise D and Braxmaier C, 2009.
Interferometry based high-precision dilatometry for dimensional characterization of highly
stable materials. Meas. Sci. Technol. 20: 095301.

Okaji M and Imai H, 1984. A practical measurement system for the accurate determination of
linear thermal expansion coefficients. J. Phys. E: Sci. Instrum. 17: 669—673.

Sao G D and Tiwary H V, 1982. Thermal expansion of poly (vinylidene fluoride) films. J.
Appl. Phys. 53: 3040-3043.

Tong H M, Hsuen H K D, Saenger K L and Su G W, 1991. Thickness-direction coefficient of
thermal expansion measurement of thin polymer films. Rev. Sci. Instrum. 62: 422—430.

Ukr. J. Phys. Opt. 2020, Volume 21, Issue 1 33



Chantira Boonsri et al

28. White G K, 1961. Measurement of thermal expansion at low temperatures. Cryogenics. 1:
151-158.

29. Kirby R K, 1992. In: Compendium of thermophysical property measurement methods, Eds.
Maglic K D, Cezairliyan A and Peletsky V E. New York: Springer Science+Business Media,
Vol. 2, p. 549.

Chantira Boonsri, Pichet Limsuwan and Prathan Buranasiri. 2020. Determination of thermal
expansion coefficient for thermoelectric CaMnQ; with a shadow method. Ukr.J.Phys.Opt. 21: 26 — 34.
doi: 10.3116/16091833/21/1/26/2020

Anomauin. Mu sumipsiiu xoe@iyicHm menio8o2o po3uupents. 06 EMHO20 MEPMOENEKMPULHO20
mooyasi CaMnOj; yuninopuunoi gopmu, suxopucmogyowu minbosuil memood. Mooyre CaMnO;
Haepisanu 6i0 KimHamuoi memnepamypu 0o 773 K. Ilpu koochiii memnepamypi Oyio 3anucano
minvoge 300pacicennss CMOS-kamepoio, sKe peKoOHCMPYIO8AnU 3d OONOMOZ0I0 NPOSPAMU
HoloViewer y MATLAB. Jlani 6yno odepacano diamempu MOOYIs npu Pi3HUX MeMRepamypax y
oianasoni 300-773 K. Hapewmi, 6yn0 susnaweno aiHiliHe meniose po3uupents ma Koepiyienm
mennosozo posuupenns CaMnOj;. Hawi pesyasmamu 3aciouyoms, wo Koeqhiyienm posuupenist
o1 06’ emHoco mepmoenexmpuyunoz2o mooyas CaMnQOj ninitino 3anedxcums 6i0 memnepamypu 6
0ocaiddceHoMy OianasoHi.
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