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The 17 Sustainable Development Goals (SDGs) of the 2030 Agenda for
Sustainable Development adopted by world leaders at a UN Sustainable
Development Summit in September 2015.

Possible solutions :
(e.g.)
* Energy saving technology 35
« Earth-friendly energies
 Green sustainable technology
* etc.

Thermoelectric

A thermoelectric module:
How does it work?

Cool side
{ om| Current &
Exhausted heat

+ ex) from steel plants,
Metal  Motor vehicles, etc.
Seabeck effect

v N\ plate. ,
| Electric | Heat
pover w L . J

generation!

A typical thermoelectric module
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How is the eﬁiciency, n determined ?

> The higher

_____ 1+ZT

favorable
Carnot efficiency (1)

ZT is the more

How to improve the ZT value

Strategies to improve the ZT value
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Microstructure controls
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What about the &, (phonon contribution) ?

> Grain refinement
» Composite
> Precipitation, etc.
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(1 Case-1 Zinc antimonide I

Zn,Sh; compound
- A promising thermoelectric material
High figure of merit in 200-400 °C
ZT=1.3 at400 'C
Ref. T. Caillat et al., J. Phys. Chem. Solids, (1997)
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Zn,Sb,
14Sby X

Potential applications: ’
- Power generation from waste heat at factories

SiC whisker (SiCw)
* high strength
* high stability
+ high thermal conductivity (~360 W/mK)
+ dimensions:
diameter: 0.1 ~ 2pm
lengths: 5 ~50pm
SEM image of SIC whiskers

Tangmston 121

Temperature dependence of thermoelectric figure of merit (ZT) of Zn,Sb,
compared with other materials [ G.J. Snyder et al., Nature Materials, (2004) ]

Questions

Difficulties in achieving high density and
homogeneous dispersion of reinforcements

+How does the performance of products depend on
forming processes?
(e.g. hot-pressing, hot-extrusion)

- How does the reinforcement influence on

used in this study

Drawback :
€ Extremely low fracture toughness
Strategy for improvement :

& Incorporation of SiCw into matrix as reinforcements
in order to introduce toughening mechanisms

thermoelectric properties?
—_-_
Objective: To clarify the effect of SiCw addition on

microstructure, mechanical properties, and
thermoelectric properties of the Zn,Sb; bulk materials

(| Experimental procedure '

*Zn, Sh powders ePowder mixture

*SiC whisker

Sample preparation

Mechanochemical Forming Characterization
Milling

eHot pressing
eHot extrusion

*Microstructure
*TE performance
eHardness
eFracture toughness

Evaporation

‘Vacuum encapsulation

Planetary mill
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Fig. SEM images of

HoRontusion (HE) or Bolpressing (EP) ]—\
Exlru:mn ratio R= 7

350MPa

4Zn+38b—7n,Sb,

\_ Zn and Sb powders.

Products

Typical pictures of (a) appearance and
(b) cross-section of the HEed sample
sample

Typical pictures of (a) appearance
and (b) cross-section of the HPed
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Extrusion load vs. stroke curves
under the conditions of R=7 at 450°C

HPed bulk samples

Volume fraction of SIC whiskers (%)

Relative density of HEed and

20 (deg.)
XRD patterns of the HEed and HPed samples
with addition of various amounts of SiCw

(I Thermoelectric properties
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Temperature dependence of the Seebeck coefficient and electrical resistivity of (a) HEed and (b)
HPed Zn,Sb, samples. The filled and unfilled symbols indicate the Seebeck coefficient and
electrical resistivity, respectively
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perature dependence of power factor of (a) HEed and (b) HPed Zn,Sb; samples
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Temperature dependence of thermal
conductivity of the HEed Zn,Sb; samples
with various SiCw contents

Temperature dependence of dimensionless
figure of merit of the HEed Zn,Sb; samples with
various SiCw contents
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SEM images of Zn,Sb, bulk samples; (a) cross-section of the HPed sample without SiCw addition, (b) cross-  section = @ O Hotextruded o8 £

section of the HPed sample with 3vol% SiCw, and (c) and (d) cross-section and longitudinal-section of the HEed 210 O Hotpressed &
sample with 3vol% SiCw, respectively. 0 - . - - - ~— o6 | : 1
Volume fraction of SiC whiskers (%) % =
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Vickers hardness and fracture toughness of the Typical Vi k‘ indentati

HEed and HPed Zn,Sb; samples as a function of Iypl_c'ad' 'CI ers inden 2 'og on (a)

volume fraction of SiCw ongitudinal-section and (b) cross-
section of the HEed sample

Toughening mechanisms

3vol% 5vol% 3vol% 5vol%
Pullout
SEM image of a fracture surface of the HPed sample with
SEM images of the fracture surfaces of HEed Zn,Sb, SEM images of the fracture surfaces of HPed Zn,Sb, samples 3vol% SiCw, exhibiting a typical trace of whisker pullout
\ samples with addition of SiCw with addition of SiCw Y, (a) =P Extrusion (b)
direction
- . - Bridai
| summary — Zinc antimonide | N . reans
rack
(1) Dense and sound Zn,Sb, bulk materials have been fabricated by both hot pressing and hot ) / deflection
extrusion techniques. Bridging I Crack.
. . . . Ly propagation — Crack
(2) Mechanical properties, especially toughness, were enhanced due to crack deflection, bridging m ﬂ Otpropagaﬁon
and pUHOUt mechanisms. Crack deflection and crack bridging seen in (a) HEed
(3) The thermoelectric performance was suppressed by addition of large amount of SiC whiskers. and (b) HPed samples
. J J
/—|Case-2 Bismuth telluride I
. d Strategies for fabrication of high-performance Hot-extrusion process for bulk
Bi,Te; compoun Bi, 4Sb, s Te, bulk material Biy ,Sb, ;Te; materials
. A well-established thermoelectric material P — a.llo 'ng.(MA) for starting powders : :
o ’ . ~ i Vi i W .
=> High figure of merit, ZT ~1 at 300 K -> To promote reaction between raw powders M:ﬁ:;"n';a' Py
= a’T a: Seebeck coefficient, -> To refine the sizes of the powders
) T = p: electrical resistivity, .
. PK K : thermal conductivity, <+ Hot-extrusion process
T : temperature -> Introduction of a preferential orientation
Crystal structure: -> Grain size reduction
Rhombohedral (R-3m), a layered structure
-> Large anisotropy Coramic ot & bl
ae/ aye<1.10 Objectives
Pic/Pyc=4.2~6.67 To clarify the extrusion behavior as well as thermoelectric and
Ko /Ky = 04~05 mechanical properties of hot-extruded Bi, ,Sb, ¢Te; (p-type)
049016183
. =Ty ~27T bulk materials
Crysta;‘;gcmre of -> Cleavage at (0001) basal plane Conditions:
21€3 R =25, Bi-Sb-Te
Observation 360 ~450°C alloy compact
XRD patterns of the hot-extruded and EBSD analyses SR
. arecton
SPSed Bi,,Sb, ¢Te; bulk sample;sn ; ~ ; 7 Extrusion pressure vs. stroke curves
ERp-ica : e 23 < % Extrusion oM 500 A B
° @400C) 3 s po,eo o (/= sirection map oS 5 450
£3 £ a0 D T=360°C
450'C Longitudinal section e = g 3% T=s0°C
3 —_— —— i c T
HPRL I Extruded at 360°C Extruded at 400°C £ 20 BigSbsTes
£ 380°C s 450G
4 50 A C D
360°C (0001) ¢ 0 5 10 15 20 25
ot ’F‘ Pole figures Stroke (mm)
powder | AN -
15 25 35 45 55 65
26 (deg.) [Cu-Ka] ‘
+ The indices for peaks are reduced from (hki I) to (hk ). Extrusion direction
Thermal conductivity and dimensionless )
Seebeck coefficient and electrical resistivity figure-of-merit at room temperature Vickers hardness
16 120
Seebeck coefficient, Electrical resistivity, =
eebeck coefiicient, a » lectrical resistivity, p ‘Ij:if“m/mm 1: [ m/min _ 110 % o Hot-extruded
= o at25°C 1o [azsc A ¢ Z 100 ]
) £ e . 2 HV 108 (360°C) :
S g0 ¢ M * ¢ M K08 ¢ 2 % ¢ 2.5 times higher
i i o6 T g ® than the Hot-
*im. Eried 2005 %:: @ room temp gvi [ ¢ @ roomtemp g 70 l pressed sample
0 :: T s 375 400 425 450 350 375 400 425 450 > s
B T‘::m":;_c;s" o Bowom g m wn Processing temperature (‘'C) Processing temperature ('C) 40
Heat flow Thermal conductivity, x was measured by , 340 360 380 ,400 420 440“ 460 480
) w—y Exsion laser-flush technique 7T = a’T Processing temperature (‘'C)
Heat flow s
Ref. for the HPed sample: D.B. Hyun , J. S. Hwang , J. D. Shim, J. Mater. Sci., 36 (2001) 1285-1291. _(D' - m?;‘:" P
Summary — Bismuth telluride !
(1) The Biy4Sb, ¢ Te; bulk materials have been successfully prepared by mechanical alloying and hot-extrusion techniques.
(2) The grain refinement and preferential orientation could be obtained simultaneously.
(3) The enhancement in hardness (HV108) and ZT value of 1.2 at room temperature were obtained.
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