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Abstract

Mechanical properties including Young’s modulus, Vickers hardness, 3-point bending strength, and fracture toughness, were evaluated fc
p-type semiconductive thermoelectric &i; hot-pressed at four different temperatures ranging from 738K to 753 K in order to study the
effect of sintering temperature. Young's modulus increased linearly from 58 GPato 76 GPa with increasing sintering temperature. The hardnes
exhibited a similar proportional relation, ranging from 1.4 GPato 1.6 GPa. The bending strength and fracture toughness were 56—70 MPa an
0.64-0.7 MN n7%2, respectively. Based on experimental data, the anticipated thermal stress was estimategSby eamponent assembled
in a thermoelectric power generator.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction When Zn,Shs material is used in a TEG device, the tem-
perature difference between the hot and cold ends might lead
Recently, p-type semiconductiveZn,Shs has attracted  toahighthermal stress load within the component, in addition
much attention in relation to thermoelectric application [1,2], tothe mechanical stress for good thermal contact between the
because of its excellent performance as a p-leg component oflevice and heat source. Thus, the requisite properties for a
a thermoelectric generator (TEG). The compound has a highcomponent of a TEG device include not only high thermo-
figure of merit: ZT = 1.3 at 673K [1,2], where ZT is defined electric performance but also mechanical durability under the
as ZT =a?0Tlk, with «, o, T and« representing the See- TEG operating conditions.
beck coefficient, electric conductivity, absolute temperature ~ Many authors have reported on the properties ofghe
and thermal conductivity, respectively. Among the fabrica- Zn,Shs compound, but most studied the physical properties,
tion methods for the ZtBbs material, the most attractive is  especially the transport characteristics. Regarding mechan-
hot pressing, because it provides pore-free specimens withical properties, Ohzora et al. [4] have reported the bending
better transport properties and benefits from the view of com- strength of the material. To the best of our knowledge, how-
mercial production. In previous work [3], we have studied ever, there is no other research related to the material's me-
the effects on the thermoelectric performances-@n,Shs chanical properties except relating to the thermal expansion
of different hot-pressing conditions, including sintering tem- coefficient [1,2,5].
perature, time, and atmosphere, and found that the optimum In a TEG device, the thermoelectric components need to
sintering temperature was 748 K. Only theyBin; specimen be strongly joined with the electric collecting metals, and
fabricated at this temperature in vacuum has exhibited a ZT thus important mechanical parameters fordhén,Sh; ma-
value over 1 at 673 K. terial include not only strength but also the elastic modulus.
The matching of the components thermo-elastic behaviors is
* Corresponding author. Tel.: +81-29861-5286; fax: +81-29861-5754,  Cfitical for stable operation of the TEG device. In particular,
E-mail addressueno.kazuo@aist.go.jp (K. Ueno). when the compound is used as a component in a segment-type
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TEG device [6-8], its mechanical characteristics should be O——T——T T T T
compatible with the other coupled thermoelectric materials L i
such as Bi-Te compounds. g 801 _
In this study we have fabricatedZn,Shs specimens by - 4
hot pressing at four differenttemperatures between 738 K and = 0- -
753 K, and have evaluated the mechanical properties includ- 8 L ]
ing Young’s modulus, Vickers hardness, bending strength and § 60l _
fracture toughness. In addition to these experiments, we con- §’ | i
sidered the mechanical requirements for application of the S sl i
Zn4Shs material as a TEG component by performing ther-
mal stress estimation, and herein discuss advances in fracture 40_ N 1
strength through microstructure control. 730 735 740 745 750 755 760
Hot-pressing temperature / K
2. Experimental Fig. 1. Young's modulus of &-ZnsShz hot-pressed at various temperatures.

The fabrication procedures are the same as reported prethe center with athin diamond blade to form a straight notch
viously [3]. Briefly, e-ZnsShs powder with a mean particle  with asharp V-shapetip. The relative notch depth, a/W, was
size of 19.5.m (Toshima Manufacturing Co., Higashimat- 0.27-0.32, where a and W are the notch length and specimen
suyama, Japan), prepared by solid-state reaction of high pu-width, respectively. Fracture toughness, K|, was calculated
rity Zn and Sb, was hot-pressed at 738, 743, 748 and 753 K, by the equation [9]:
under uniaxial pressure of 49 MPa for 5h in vacuum. Pore- 12
and crack-free sintered specimens were obtained after fuIIKIC _ 3PLYa 1)
densification. X-ray diffractometry confirmed the specimens 2BW
were single-phase-Zn,Sh. Table 1 shows the densities and  whereP, L, Y and B are the fracture load, lower span, numer-

hot-pressing conditions. The sintered specimenwas ground ajcal correction factor and specimen thickness, respectively.

its surface with a diamond wheel, and cutinto parallelepipeds A|| measurements were carried out at room temperature.
with sizes of about 3 mnx 3mm x 20 mm.

Young’s modulus was evaluated by the sound resonance
method. Vickers hardness was measured by indentation of3 Results
a diamond pyramid on the polished surface. To avoid any
cracking at the indent corners, the indentation load was fixed  Fig. 1 shows the variation of Young's modulus with hot-
at 0.49 N, which left a small indent with a diagonal of less  pressing temperature. Young's modulus increases linearly
than 25.m. The indentation was conducted on a single grain ith increasing sintering temperature, ranging from 57 GPa
larger than 15Q.m in order to observe a clear indent without - 4 77 GPa. Vicker's hardness also shows a similar tendency
any influence fromthe grainboundary. Five indentations were (rig. 2). These results suggest that the higher sintering tem-

carried outfor one sample. Bending strength was measured byperature leads to robust bonding in the ZnsSbs lattice and
a 3-point flexural test with a lower span of 16 mm and a cross- fewer crystal defects.

head speed of 0.5 mm/min. Five test pieces were tested to get  Fjg. 3indicatesthe bending strength and hot-pressing tem-
the average value for each temperature. The stressed Surfacﬁerature. The ZnsSbs specimen failed in a brittle manner

was polished to a mirror plane to avoid the influence of sur- it negligible plastic deformation. The average values in-
face defects. Fracture toughness was evaluated by the single

edged notched beam (SENB) method with three test pieces

. . 2'0 T T T T T T
for each temperature. The parallelepiped specimen was cut at o ' ' ' ' '
= L _
e 1.8 -
5 | |
Table 1 = 16
Bulk density and open porosity of hot-pressedn,;Shs ﬁ T 7]
c - i
Sample HP Bulk density Open T 14k _
number temperatur® (gen3) porosity ﬁ L |
(K) (%) T 12 _
z1 738 6.20 <a St 1
72 743 6.40 <0 o) A T I NNY U
73 748 6.41 <a 730 735 740 745 750 755 760
Z4 753 6.30 ® Hot-pressing temperature /K

@ Hot-pressing was conducted at these temperatures for 5 h under 49 MPa
in vacuum. Fig. 2. Vickers hardness of &-Zn,Shs hot-pressed at various temperatures.
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Fig. 3. Bending strength of &-Zn,Sbz hot-pressed at various temperatures.
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Fig. 4. Fracturetoughnessof e-ZnsShs hot-pressed at various temperatures.

dicate a dight degradation with increasing sintering temper-
ature, ranging between 60 M Paand 80 M Pa. Fracture tough-
nessof ZnsSbz ranged from 0.65 MN m—3/2t00.7 MN m—2/2
(Fig. 4). Values decreased with increasing sintering temper-
ature up to 748K, then increased for the specimen at 753 K.
This temperature-dependency is the reverse of that for bulk
density asreportedin our previous paper [3]. Therelationship
between the bulk density and fracture toughness for Zn,Shs
materials is shown in Fig. 5, indicating an inverse propor-
tional correlation between them, the meaning of which is not
clear at the present time.

0.80———————

0.70- —

0.60— -

Fracture toughness/ MNm 32

050 L | L | L | L
6.1 6.2 6.3 6.4 6.5

Bulk density / gom®

Fig. 5. The relation between bulk density and fracture toughness for -
Zn,Sbs hot-pressed at different temperatures.

4. Discussion

In the present work we have evaluated the mechanical
properties of semiconductive e-ZnsShs material. From the
viewpoint of practical application as a component of a TEG
device, it is necessary to evaluate the mechanica durabil-
ity and compatibility with other device materias. Using the
mechanical data, we can estimate how much stress emerges
when the material is assembled in a TEG device.

Firstly, we consider the stress occurring through thermal
expansion mismatch between Zn,Shg and a current collector
metal. If thesematerial sarefirmly joined, thestressin Zns Shz
which accompani esatemperature changeis expressed asfol -
lows [10]:

07 = Ez(om — az) AT (2

where o, o, and AT are the stress, thermal expansion co-
efficient and temperature difference, respectively, and z and
m designate the Zn,Sh3 and current collector metal, respec-
tively. When the collector metal is nickel and is joined with
Zn4Sbg during hot-pressing, the estimated tensile stress in
Zn4Shs (Specimen Z3) is 140 MPa, using oz and oy of 18.3
x 1079K~1 [11] and 13.8 x 10~6K~1 [12], respectively,
and AT = 400K. The stressis amost two times higher than
the mean fracture strength of ZnsShs; hence the component
may well be damaged at an early stage of operation, or even
during cooling after hot pressing.

The stress which occurs through thermal expansion mis-
match can, however, be suppressed by selecting an adequate
metal with am ~ oz, but it is difficult to avoid the thermal
stress caused by the temperature difference between the hot
surface and the inner part of the Zn,Sbs component. In this
case, the thermal stressis expressed as[10]:
oy = E,a; AT 3

1-n

where 1 is Poisson’s ratio. This model is applicable when
the Zn,Shz component is heated rapidly from a heat source
whiletheinsideistill cold. Thelow thermal conductivity of
Zn,Shs, comparable to that of glass, may easily cause such
a temperature difference. Poisson’s ratio is calculated to be
0.247 from longitudinal and transverse sound velocities [2].
Assuming that AT is 100K, the thermal stress in Zn,Sbhs
(Specimen Z3) is estimated to be 172 M Pa; two times higher
than its strength.

These two fundamental simulations revea that the
strength of the measured ZnsShs, less than 70MPa, is ob-
vioudly insufficient as a thermoelectric material for TEG,
and should be improved. There are two possible routes to
improve the strength of Zn,Sbs. The first is to use starting
material Zn,Shs powder with asmaller particlesize. Thefast
fracture strength of brittle polycrystalline materials such as
intermetallic alloys and ceramicsis known to predominantly
depend on the grain size as long as the material is pore- and
flaw-free and the lattice bonding strength and fracture tough-
nessarethe same. Therelation between the strength and grain
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size is known empirically as the Orowon relation and is ex-
pressed as follows [10]:

k
U=m 4

where o, and d are the material’s strength and grain size,
respectively, and k is a constant. The equation is essentially
the same as Eq. (1) with d ~ a. By entering the experimental
datafor o and K¢ into equation (1), it is possible to estimate
the size of the grain that triggers fast fracture as an initia
flaw. Slow-crack growth before unstable fracture is assumed
to be negligible because of a high stress-loading rate.

Thusthe estimated strength-determining grain sizeranges
from approximately 20 pm to 50 pm, which covers a major
part of the grain sizerange of the starting Zn,Shs powder [3].
If we can prepare Zn,sShs powder smaller than 10 wm, the
mean strength is expected to be over 150 M Pa, sufficient for
the Zn,Shz component to remain intact under the anticipated
stress during operation.

The second possible route to improve Zn,Shg strength is
to enhance K¢, but the toughnessis hard to improve because
it strongly depends on intrinsic lattice characteristics, which
dominate the relaxation phenomenon of stress intensified at
acrack tip through mechanisms such as plastic flow or dis-
location slipping.

5. Conclusion

Several mechanical properties of the thermoel ectric mate-
rial Zn,Shs have been evaluated. Young'smodulusand Vick-
ers hardness exhibit a linear correlation with hot-pressing
temperature, while bending strength and fracture toughness
show degradation by high-temperature sintering at 753 K.
From the viewpoint of selecting the optimum hot-pressing
temperature, specimen Z3, fabricated at 748 K, had the high-
est strength and a moderate Young's modulus. Specimen Z3
also displayed the best thermoelectric transport characteris-
tics, asreported previously [3]. We conclude that 748 K isthe
optimum temperaturenot only from athermoel ectric view but
also from a mechanical view, although the material strength
is poor at this stage.

e-Zn,Shz isatypical brittlematerial similar to many other
intermetallic compounds, and has a low fracture toughness
compared to that of glass, resulting in poor strength. The
thermal stress anticipated for use of the material as a compo-
nent in a TEG device possibly exceeds its fracture strength,
and thus improving the strength and/or fracture toughnessis
greatly desired.

Acknowledgements

We appreciate Prof. Masakazu Okazaki of Nagaoka Uni-
versity of Technology for his helpful discussion regarding
thermal stress and fracture mechanics.

References

[1] T. Caillat, J. Fleuria, A. Borshchevsk, in: Proceedings of the 15th
International Conference on Thermoelectrics, 1996, p. 151.

[2] T. Caillat, J. Fleurial, A. Borshchevsk, J. Phys. Chem. Solids 58
(1997) 1119-1125.

[3] K. Ueno, A. Yamamoto, T. Noguchi, T. Inoue, S. Sodeoka, H.
Takazawa, C.H. Lee, H. Obara, J. Alloy Comp. (2004), in press,
doi: 10.1016/j.jallcom.2004.03.134.

[4] Y. Ohzora, A. Nagai, H. Hayashi, K. Fujii, in: Proceedings of the
Thermoelectric Conversion Symposium 2002 (TEC 2002) of Netsu-
den Henkan Kenkyukai, 2003, pp. 24-25.

[5] T. Souma, J. Alloy Comp. 340 (2002) 275.

[6] T. Caillat, J.P. Fleurial, G.J. Snyder, A. Zoltan, A. Borshchevsky, in:
Proceedings of the 18th International Conference Thermoelectrics,
1999, pp. 473-476.

[7] D.P. Snowdon, D.T. Allen, B.A. Cook, N.B. Elsner, in: Proceed-
ings of the 18th International Conference Thermoelectrics, 1999,
pp. 230-233.

[8] T. Caillat, J.P. Fleurial, G.J. Snyder, A. Borshchevsky, in: Proceed-
ings of the 20th International Conference Thermoelectrics, 2001, pp.
282-285.

[9] A.G. Evans, Fracture mechanics determination, Fracture Mechanics
of Ceramics, Plenum Press, New York, London, 1974.

[10] W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to Ceram-
ics, second ed., John Wiley & Sons, New York, 1976.

[11] Unpublished data.

[12] C.J. Smithelils, Metal Reference Book, vol. |1, Butterworth, London,
1962.



	Optimization of hot-press conditions of Zn4Sb3 for high thermoelectric performance. II. Mechanical properties
	Introduction
	Experimental
	Results
	Discussion
	Conclusion
	Acknowledgements
	References


