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Abstract

Sintering temperature is a key parameter that affects the thermoelectric properties
through variations in microstructure such as phase, grain size, and porosity. In this
study, a suitable temperature to synthesize desired good thermoelectric properties
delafossite CuAlO, ‘was investigated through the sintering of CuO, Al,Q; and Fe,O,
mixed powder at 1333, 1423 and 1473 K. Single phase CuAlO,was observed at the
sintering temperature of 1333 K. At 1423 K, CUAlO, was detected with trace amounts
of CuO and at 1473 K, CuAlO,, CuAl, Q4 and CuQ were found. The grain size of as-
sintered CuAlygoFeq 00, increased with the sintering temperature. The porosity was
varied inversely with the sintering temperature of as-sintered CuAlyssFen 10,
Considering the thermoelectric properties, the Seebeck coefficient was at the highest
at the sintering temperature of 1473 K. The electrical conductivity ‘and power factor
were found to reach the maximum of 5.7 @ em  and 9.81x10" m K respectively,
at the sintering temperature of at 1473 K and measured temperature of 873 K. The
thermal conductivity at the sintering temperature 1473 K'was more than the thermal
conductivity at the sintering temperature of 1423 and 1433 K. The highest figure of
merit of 0.0134 was observed at the sintering temperature of 1333 K and measured
temperature of 873 K. Therefore, it can be concluded that the most suitable
temperature for the optimum thermoelectric properties of delafossite of
CuAlygoFeq 100, is at 1333 K.

Keywords Thermoelectric, Thermoelectric materials, delafossite CUALO,, sintering
temperature.
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Uszdnsnmuesianmesludianvsnd gniviuadiedl ZT (Dimensionless figurer

Y

of merit ) evnlaanasiniss (1)
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7T = SK"T (1)

Toedl S fo AduUszarsaiun (Seebeck coefficient) (uV 1K)

A o

o fe anmihlin (Electricalresistivity) (Q'm ™)

A o ¥

K A8 d@n1mu1A1nusau (Thermalconductivity) (W/mK)

I a

T A9 gaunnu (Temperature) (K)
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Fanwoesludiinnindngnduaseitunilutegduiivateviia wu Bi,Te; , PbTe
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SiC , Si-Ge vWudu lnedagmalivedfie Nounginissdafininesesnueings uile
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\Aauffzeneondiatuenn wardiranateslunisinldou [3] lunsufuusantBnanes
TuBEnnsnduasansuseneu CuAlD, T aunsavnldlneniside Fe luunufioznouwas Al
TuuSunu 10% lneersau laansusenau CullysFe O, [4] LLé’aﬁﬂULmﬁqmmﬁ 1473 K
gsilldamnesurlamesgeiign 1Ju 1.1x10* Wm k2 figuungil 1140 K wseenslsd
A3 NUIINSEUATITRATUTENBU CUALO, Immmﬁqmm:ﬁ 1473 K ansUsznauiilaaziiia
lnssasrmdnidusaivealed was winlassadia Cuo nszatwegdnties Tnedi Cuo 9zl
auvRduauiuled [5] Sse1avhaneautinianesiuddnrsnduesansusenau CuAlo, tay
1A598519 CuO AELANIINAITALATIER CuAlyooFeq 100, ﬁqmmﬁqﬂ [6]

Fathluanuidedaslafnumsdanseviansysenau CullysFeg 1,0, W3ealaBLE
figaumgil 1333 K 1423 K uay 1473 K iilefnwndvdnavessamaniildndeandinianes
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1.3 YoULUAYDNIUINY
1 @3eua15Usenau CuAlyooFes 100> ﬁﬂmmﬁqmmﬁ 1333 K 1423 K uag 1473 K
2. TpszinSUAsuaWMNIA NS e IEIH 981 $ae Differential scanning
calorimeter (DSQC) wag Thermogravimetric Analysis (TGA)
3. Jpszilasiadedewnies XRD (X-ray Diffactormeter)
4. ATIZAVUINVDUNTURAZIAUILNOUVBIATFIE9AIY NEBIgavITIALBLaNATOU
WUUADINTIN (Scanning Electron Microscope)

3 £

AATEVAMENURNIIANLSEY mewmAata laser flash (TC 9000)
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L4 %

'3mewmquumLLaszlmeLﬁumaﬂ%umu AIUNANNIT Mercury intrusion
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unil 2 nanfmguidededldeluisusingmsal aneuiRuazusednsainmis
wosluddnvind wazuideiiiades gavheasedursimdnmsieiesdlefildlunisia Tae
fvaudundwolull

af &J = =
2.1 vanmMINUgILVRIUTINg Nsalnasiudianningd
2.1.1 Usmngmsaidiuna (Seebeck effect)

1wl AA. 1821 Thomas Johann Seebeck WnfiEndwigosiudunuii (eiinaau
wanevegamgiivinusesievewnhaswiasieswiulasfansrualuiluaduaie
Tuinh nusingmsaifinaiiaBendt Usingmsai@ium (Seebeck Effect)

b

U 2.1 Usingmseifiue [25]

N3U 2.1 dumnlavvansiia Ao viia a uazeln b gauieusplag I adaude Xc
Faugamaiisn (To) uazan X, gudugamyligs (T) wine (Carrier) Tuarirdfiamnanns
wns (diffusion) Tulufiemadeaiunasaewgamall (Temperature Gradient) a1ufiamis x
ﬁu?nmiﬁqﬁm%’auwmwsﬂwé’muqﬁaﬁﬂﬁtﬁmmiLLW'ﬁ'"LUmé”mﬁtﬁum"1 [eanndssnuas
vibinvzegluanrauna iesnmaitimsaswiulanssswiinfud sl duussans
mswilenirlwihsegamnd (5) Ty washliAnusmnesessaidousernsaesd wansls
feaunsi (2.1)

W BIT, =T 2.1)

Wo  V Ae Anusednglni (v)
S Ao duUsedAnsTum (V/K)
T, Ao gaungisnudou (K)

Tc fio gamnRanudu (K)

U



2.1.2 Usngmsaliwaditeas (Peltier effect)

Usingmisalinadiieas (Peltier effect) luusingnisaifiuadsundaaulnindy
wé’mumwn%’au%amaﬁ'uﬁmﬁuﬂ'i'mgm'izﬁ%wm lngusingmsaimaiiieasiinainn1saneg
nszualwihssliiuinh fgui 2.2 Mliviuasesdevesinurfinisaeainuiouniesn
AN mammmiﬂmmamsmEJFmmaumﬂuammunvnsuualwﬁ1 deansauandls
NnANudTuSUoIaNNTi (2.2)

3U 22 Usngmisainaiiieas (Peltier effect) [26]

Q=71 (2.2)

= A w v '
Wa o Q AT BNTIANNTEURUIY (W)
7 _fio AdiszanSue A naiies

I Ao Anssnalnihuuie (o)

2.1.3 Usngmsainaudu

Tl 1954 Jadivy neudu (William Thomson) w3a-a836 waadu (Lord Kelvin)
waﬂawnaﬂamﬂaﬂm“Lnamiuualwﬁwmumuﬂwﬁ'}aawmmuamwnmmmmwnu VGHEE
ey agfiunmsiviaveanse LLa"Lwﬁ']mnwmulﬂmmaumamnamaulﬂ%mwu .
U'ﬁﬂgmsmwauaummwaaﬂ‘uam37miLst'umﬂ’nmauqunaUlm Fauanaleainaay
&S (2.3)

AQ=0; -0, (2.3)
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FaomsIMUNsvesINMLTBURUUNAUIsAnTuI B NS uTaanssua LA A
o -] A s ¢ | - i 3/ L s fd
sniipgisuniladieleamgiingifioud Fwanddanauduiusa (2.4)

=yt (2.4)
die T fo gamaiisnuidy
Th Ao gumgiisusau

MU 2.3 wasiidaussiulvinviliidansunsesninuiousinga Q. 1

1 1 s o v ﬂd ! QI d':’

NANgn Q. amasliAnasawviriuye T, wavinligumngiiiiye Q, ALYy

U1 2.3 293N TUNT TR IR B [27]

2.14 wasludianvindluea
wiesludidnindligaiinaniaamesludifnnindviia P Felinansdraunidulea
wazwile N Afvveiranadusidnaseu FwefunuUeUn Ty TutenaLtuiieissiiin
wazillaveri I dugeiien (interconnect) izw'j']aawﬁqﬁaﬁ’lﬁ%aawﬁmLLamﬁquﬁ 2.4

CERAMIC -
SUBSTRATE —eeiommsiine

P-TYPE
NEGATIVE ()  CONDUCTOR : SEMICONDUCTOR
TABS PELLETS
N-TYPE

SEMICONDUCTOR

POSITIVE(+) PELLETS

UM 2.4 lassasnnmeluveanesludidnninluga (28]
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Heat Applied

Hot Junction

Cold Junction

Voltage Generated
S ® = S |

U7 2.5 Tusiendnnszualwih

1. nuamsudanszualiih legldusingmsci@iun 99nguit 25 Tngldaaiudisvey
gamgiivuusuginsuuudusuieunasdudiadumubu Tuar shsdaniadudad
winzdannidudidneseu (Electron) Wiavszaau wedanufeudifaduuumnnnitdiudis
nsluavesruspuassililiansivave sovedhann Bidnnseuazlinasiniiasnuuullg
fuan daluansisinnheliedl fnvsihanndulea (Hole) vioUssuan Wefinaudoud
Rauuuannnimiuans leafvrlmaanfamuvulusuasiuidenfu dafufiani wea
nssualihlumestdidnvsndlugaddlnanuiulyulufiedoariu

Electron Bismuth| :OIe
e ” ETSEALRALEE . R—
Ab::;t:ed Absorbed
heat
o i e
Il
1

DC power source
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JUN 2.6 nuandnanududaluih
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JUN 2.7 soguadsengandnu [29]

wamlihannunan NusauInI L IaetdmesluBlnvinduRatiuung ey
v d a & [ ey & ¢ o v “ o8 v a 1
FOUTIMABY 191N IAL WazdndnuIERnasaUns aliies sunar ey Hevih W iRenasie
vougunall ansodnsnnannszidlihesninldiuls Juansisui 28

JUN 2.8 msudans sualwihanenmesu [29]
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Uil 2.9 §idumesludidnnind (30)

wiagdlsinaraqmesludidnvindfivhnldoulutiigtu Sfiduyulunisuinuay
mslinuiifdndnin ﬁqﬁuﬁatﬁuﬁmium3a‘iwﬁaﬁ]maﬁmﬁﬁﬂw%ﬂéﬁﬁﬁunu’lumiwﬁmﬁw
wazsiUszavsnwlumsldnuiiai ?}GUw%w%mwmaﬁac—gmaﬂuﬁtﬁnm%ﬂéax“ﬁuag' 3 Jadv
fio anmmmsthluih AduysEdvsduaiazanimnmsiianudou Swndluidessly

2.2 autimanasludianvsnd
2.2.1 anmmwmsinlwiy (Electrical conductivity)[7]

wa Q d o o & 1 ] A
audAimsunluiheesansisidisdusgiuananiuveswne (Carrier concen
tration) wagAanwAGDIRLBININEBasY (Mobility) Faunish (2.5)

o =nqu (2.5)

Toeft o Foanmhlnih
n - AD AINNUILUUYDININY
¢ A9 vHAvRININY
4 PR AN NARBIUDIN AL

ﬁwmmwmuﬂwaawwmﬂgu%‘fua@jﬁ'mmmﬁuawaqdwwaumuwé‘famu A
MUUUUTDIDENDUTBINTITD Lol duanwadosvamvedassiina1nnisvuiy
UDIDTMDUNTBNTNTUI %aﬁag' 2 Jaduvan Ae nsruiusssesRaufULaNidLasns
yufusswisansidefidudnly

2.2.1.1 anuvnuiuvasngluasisiniduniuda (Intrinsic concentration)

MTAATILIANTDITERUNG 3 U T D luansfesnun L?umﬂaumimwmﬂunma
fumﬂ‘suﬂ"l,wﬁwqmﬁwanmsm'] aamvmmamwmmwuﬂmqmqlwﬁw Tude Usvyau
Hmunay Lmﬂw'iuamﬂmwmwLﬂmfaumH'Lumsmmm TuansAesinldléfilea nie
uLanmauLmuuwwiquwﬂw omaNvaIASIIaN MlarasnENT 8 3a 15T 9 U wgnlaaalw
nanewulessunifiusyqlwihfowuiu lnglosausznouvesfiidulosauuan (N;) 3l



Usggiihuin (+4) wazlossuvesemeudiudulessuay (V) Fefluszalwiau (—q)
aumsrudunalwesszamnsadouldsaunsi (2.6)

PotNp=n,+N; (2.6)

lao#t  (N) fie muamwuiuresesneussiieq bifile osludifulessuuin
(N}) fie evuvuuiuvasesneauasidediuiilessludilulessuay
a 1 a o = = (=
nywaz p, An mvuLduveBidnaseuluuaui lwih&divszqiuay wazlaalu

ra}d [ @ 1 =
wounaudnivszaduuan luanizaugamiusounudifuaunuiwiuvesdidnasey
Weauldannaunisn (2.7)

2.7)

E, —E(‘]
KT

n = pe="N .exp [

g E, Fio seiunasuinesy
E. fpanusndanuvauasgavesuauiy
N AD ANUMUNLUUT0E0 U NI YR I4a U

4 el 6T k)R
K fia apsnliwuiugamadl = 2 = | (m'm’
d Y h2 g

T fie eamaliduyseidimiseidu K
AD ANMUTILUNYBIElua SN as BurSuda

3

= 1 ~ s
N,_.- AR ATTHWUTRUUTDID SRR UNINIE UL

PN\
_"___EE_) (2.8)

%30 n, =n,.exp [ %

El’ o EF }

wazFAMuvUWUTalea p = p, = N,.exp ( —

E—-E.
%30 Do =N,.€Xp (—’——’) (2.10)

dmsurnAnuLuueseynealsiedsuiilessluddulessuau (V) wildain
HARNYDINIMUILLLTBIBERBNA SR BN s U MIaAdluan SRt (V) fuAiiuvuiudu
vaslamanaznudianaseuissiundnugiu (£,) sajuiieamgll T laq agli



1

E,-E; )
KT

N;=N,.

(2.11)
1+ exp[

luhuesfeniu muamuuiuveseznevaisiiedlifignlessludidulessuuin
(Np) mldanwaguussanumuiwiivesessenasiedlivionunfifiluansiedat (V)
s 1 ' Eil 1 = d s s Vo e 5 i =
ﬂUﬂ’lﬂ')’lﬂmuﬁLLHU‘UBxﬂamEWI‘-\]511JWUGL§HG]SBH%H‘SB@UWENG’]UQ‘E‘U (E,) fduigamgdl T

o9 azlan

Ni=N,|1- 1 = N (2.12)

1+ epqa(—E”KTTE" J L exp{—E"'I;TE’ . }

Taumsunuen n, pe N uae-N; adluaunsi (2.6) asililaauns (2.13)

Ny.emp | Z e 14 al: =N{..exp,(£’i 7~ : (2.13)
- 1,@[5_—_{} ’ D N HW[EA-E,,J
KT

KT
MNAUNTN(2.13) fRRIssssiundsuaud E, finnviadu 0 Sidnaseuliad
andussiuinlilih | E. Afie suiavesiesitmdinu E, dutes aunisi (213) Jeuln
Ju

=&, E, -E,
N,,.exp.( & J+ Ny W e N 1 (2.149)
KT KT

= o a ° o i o ca v
WeounuA1m199 asluaunisi (2:14) sxialwdrion Arvesssauesll £, 16

PmiudiorAmesiiluwiadluaunisiiiun asilfausanidn n, p, N uwaz N,
Wmuddu dsduaunmseudunanswesszelwihansadoulsidu

Po+tNp=n+N, (2.15)

%30
py+ny=N,+N, (2.16)



WONTILATIEANBTULTIELUIN s R sanEauly unisiawslundasns  Faaevin
Tilad maufldrenazdaau

nsdiansiyinieiiodu N, =0
' a & = & | o P
AIVUILUUTRB N ATeududuwIvzduann wldanaumsi (2.17)

2 b4
n, =2, (&) +n] (2.17)

wion, = N, dle N, >>n,

ns@iasfdnigien N, =0

' a ¢ | v al
ANNLLUUYRE BN AsuTLduwW I AN g naunisi (2.18)
2
N N 4

3o p, = N ila N, >>n,

o el = ' - a a = =
NN N, > N, 58011 ansnignumessunsudnvilapey
| ! 2 o d & o
ANUNUILUUTDI N AEE IWINNUU DN ATOU ‘Wﬂﬂ'fﬂ’?ﬂﬂuﬂ’]‘iﬂ (2.19)

2 »
N -N N, =N
ny = —2—4 4[| —2—dA | 45’ (2.19)
2 2
w39 ny =N, "NALﬁla (ND _N,-J)>>ni
ns@fl N, > N, unh m‘aﬁqm}mwaﬁuw%w‘z‘imﬁmﬂ
AuvLUUTYzauInndulea wildainaunisi (2.20)
2 A
N,—-N N,-N
n, =(%J+ (%) +n12 (2.20)

wia n,=N,—N, dip (NA_ND)>>ni



22.1.2 anedesvioldan (Mobility)

niildnanadrediundain ffhamwaa'awaqwmzax?ﬁyuag:ﬁ’umwut.l,axﬂ'lsﬂizLﬁwaa
winy 3sde1un1303n 91 n1siedeuiiveamiveiiosannlaYunseatnauiulnia iy
dnnsoudalivsralinay Weegluaunilwiheuiaiusinswindedidnnseu fe F =—ge
usaEansindidnasewndouiishornuse (@) Wluimmmssnufvauaniy wazdmdy
Teaiiuszqltituduuan usdiinonauslwinde F = +qe avililoawdeuitlulufianis
Geafuaunailvih e ifntussdenindumuiiedmt Orift velocity: v,)

mswdeuiivemnusluasvedslnofiansvondnzlsenavludivesnonuazuan
faduIuin ﬁaﬂ#uﬁuﬁmﬂi'mgmsfﬁ NMIPUNUTEN TN AELTUY 5L§nmau wio l8a Au
PG LLavmawmsmmsmmuwuwuwmnlwaumlﬂﬁmwg wamwnummw 0 K
didnmsouluansihn a]vaa’luawawamaamwamumwmauLtavmﬂaumlw%ﬁ Tunsdi
Fmumqwﬁmmuiuwﬁma“uaqm&mﬂamaﬂWﬁ'} Faussnaurnluiinezvinlisidnnseud
AISY @ W38 AU s uTuLan LL@iLﬁadmﬂﬁm's‘uuﬁ’uﬁu wanyia Fevinlnma1uisa
maqmaﬂmsauaﬂaammmuﬂua waamﬂuumanmam gni3Ing EJﬁ‘LHLIl‘Nﬁ’I@ﬂﬂN%Ud
mmmna“mmumaq a]unimmmwuﬂuaﬂﬂswmmmmﬂavaﬂaqLﬂuﬂuaanﬂsa 41
lﬂmumiaaq aﬂwmuwmumnmn'ﬁnsvm AU INAYRINITTU S e aves
Blinmsaugniifn warilALadsAinde 3ondd AN IR daunAdanaisuand
(Relaxation time: 7,) ifufumnapmuduveunu i asialsilidiamandins wives

a

dianaseunusiludndiulaensiiuanuduaunuliihvse

Viee' =g, (2.21)
fafu anudieadidnnseudunusuauaiiniiiag
V=g £ (2.22)

Fapsemngay uansnaiiaitees sihaifuaalii way g, ferammwilignidendy
“@anwaast”v3a Wdas (Mobility) 9naunisi (2.22) ena@eulwilady

u.=— (2.23)

#

Fuduorafiony anvedeswemngldin vuneds auivemnzsouiioiae
aulihiiuies woavgniinrsaninfurnnsi lunsdflaunlwirdageq nsifinduves
P meIIMrITTrasiauanslutsiim A nige annpdesasiiag
Linsusiarasaswaeiaunaiidaiuiy Adusud eneduidliindesainiiaurslni
gaanhlidadimswufunniu anmadememuesdan anasaaugandmiluaniizas
fhavuandliluaumsi (2.24)



Wy Wt SR (2.24)

didnaseutiagluaniizaaiainnundand wislsaunsi (2.29) deifeuivaunisi
(2.22) 9glen

amwedewwaBilinasey g, =-— (2.25)
m-“.‘
wazlunsaivaslea V=48, (2.26)
P
! q 2"r
aneaesvedlea B= (2.27)
m

RNEUNTT (2.25) Uay (2.27) TeRuInan mPRe RN MELUSHNE LR UA 118 S ana
vaame Flumsfviniudasuinmnadmassiidiunninaty Sy an wagevesnIngly
ashwhusaseiassimlivinty 1w nidluesdaeey fuknaidouanwludinadinaves
sidnaseuluddreulidunnninadmaredidnaseulutnadononelus daiuddinavile
anweaswowdiannseuludamsuiiddesniluknaideuonalug (eu 5 wih Wuduy
uennfiudrmanimedessomuyarudslnonss fFuAT a1 3uans 7, kaviilosanniaani
Luaﬂﬁﬁ%uagif“ﬁJﬁv’aqmugﬁLLazﬂ'nuLﬁu%'wmasmaumiL%a Foduaninedesiauieatosnas
Tusgutadoismpimeituii

NNauNs (227) aviuinanmedesdslasas sfuaisiand wie por, Wt
Junarsuand videramassewismssuiuremveiuosnaulunanal svetudlunday
A%t Feozmonlaq lundnansveadduiiformmnsiiesneuesastuios fadlon Zondn
“waviia(Lattice)” wioanailuozmenansida (Impurity atom) gridisdnluAld fadu a¢lé
Tu 1 3unil efimsvufusaaionin -1/ 7, A% wasdali

7, ADLAUANT 1UawINNNSTUTBINIVE TuLaNTIa
T, Ap haTuand WesnNmsTUTeI Ve fUD ¥ha L5138

welainlu 1 Sndieslimsvuiuvesnveiuwandia 1/7, A31 waelinsvuiuveswveiy
2¥MRNANTND 1/7,

Aauu MITUAUTIINUA = NIsTuUiuLanya + n1svuivoznaualside

w0 — =t — (2.28)



WellasR1nan waae wUslaens U aIsuansg seaun1sn (2.28) mmimﬁau‘lugﬂ
| v o
YA NAaaIlARIELNST (2.29)

e bt (229)

B By K

e g, Ao anwAdedlagsIuueInIe
4, A8 annedediliosninnissuiuLaniia
war 4, A anwAdeullowInnsruiuezneNa1siie

U, amm&imgﬂmmﬂmwuﬁ’uuawﬁaqmuqﬁ 3o waniia Mgamgiigs wdsay
mnudeutirnnnvinlfermeuiinnisduann (Thermal vibration) lassasnavesuaniiadqey
Tuanaglids nsdidlonmaiiazinnissu Sflganifionmnidigdint sduvoserney \intu
dntfes mswufudemnamafinanigndenit “nrsnszidailpeinuaniia” (Lattice
scattering) w38 “msn3#duiiesainAnuion” (Themal scattering) lun1sgauaii 0 K
newazlifimsduas Tassadisuosuaniiaszagluaniaviia vielidnwasdy Stationary
Lattice fadumsmuiuazhifntuas

4, anwageuflosnnmstuivesneuasiie szneNaIsiangnifvatluluansi
s liAsmssunuauisdndiduvesaniia faiuluvdinmesnovats.deauiudng
vauaniiadsfien biadnane Weddnrsawedsuiiauagiliinmsinminiy fadunayin
Tilomawuiuliiof sy pvaNasiolduruninlentanissufargs Tnganiznsdl
gamgfimdinssuiudosarnaniuiaunie Thermal (w3e Lattice) Scattering flona
Antutfersnnnissuiuiietunsald tnidesmnnn ssufuiufvevnoud1sie en 15y
nm‘iﬁgm‘%an'ﬂﬂ “Misvuiiionanside” (impurity scattering)

2.2.2 mdudszansdiun (Seebeck coefficient) [8][9]
wsasulyiin Seebeck (V) difwinfiuaanuunndn sussssfundsnumess ¢,
Uanevhansvesansiaia wiilesann &r ‘?Yuaq'ﬁuqquﬁ WeIzaiuAI A ATB U8
fzﬁULN@%ﬁﬁﬂajﬁwLﬂuﬁauﬁ’lﬁ"ummmmmammuwﬁmumngﬂﬁ 2.10 V, fimwifiu
V.= wiwumsiwdsusumisesveuwauhliih (V) + mswBsuwlasumiss i

ca - ot
vauWINaBUNUYBY &,

Vo=V +—(8’“—_‘3)AT (2.30)
‘ dT e



luanwauna Wesnnswualwihfitinainnisunsns vaneasiesaugaiy
nszualwihiiinanemusedng ¥ dadustlidaunsy (2.31)

dn(x) dv

= ”(x)(—e)ﬂe[—_] L

D, (-e) =

Taoii n(x) Ao ArumuLiuvedBEnasouiidumia x
D, fie duuUssdvSmIunsnszansvedidnaseu

n

1, fio AUPERWNVDIBLANATOU

WeteremsmwIn auudlin uarnve wumiua vauulihluansfssinihduiiaash
BRI R RN
dT/d¢ =AT/L.dV/dx=V/L

Taef L Aam1u811999a157 9010

wlfaumseudwiusvesledalml D, =k,Tu, /e wadlyi dnfdx = dn/dT -dT/dx #niu

k .;TAT
Lt a8 (2.32)
en dT
A M fien
* 3/2 N
n:2[2—mn"—,—}fﬁlJ exp| = e bk (2.33)
h k,T
dofuramen (1/n)dn/dT =dinnfdT wiunudnaslugunsii (2:32) 9zl
oo B WO e N T (2.34)
eT 2 e dT e

J (V/K) (2.35)
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| 1

Mniigamaligsluggampimuuisnnnnimdsusaivedidnaseuitndousiousslnin

a v =

(induced) 3 n¥igaminilugiigumgiigadivsintsunnsdsinaagyiilvaininumig

U

g
a

@ a o 4 2 v o aa & o o a = @ =
ﬂﬂ‘t’ﬂ"i‘lﬁ’mﬂﬁLWlJ“UULﬁﬂU’?JE)LLﬁSﬂMUiﬁﬂWﬁ?iLUﬂ’UE)Gﬂ']‘5ﬂ~391‘4u1'UUGILDUQ%LLHC’NGNﬂQJﬂ’]‘i‘V]
(2.36)

S —(-‘ﬁ + 21‘-”-J (2.36)

dunurauns (2.33) adluaunisii (2.36) Avgwuinlunsdlansishudnensuan
Sy Wutuansidesvdeuiunans avmRLAIsRvsagvIiuLard nIn3eReadulidesuin
ilnldiiamsusnszaundanutatern o dula UNE19IY 81A2T8MU WY LT D IN Nl
Faidy vy lidmnusneding nindidanas

uanmﬂﬁﬁvmiﬁ'aﬁaﬁwLi‘;lwﬁm%qw‘éw%aas\j’[u&huamwgﬁ intrinsic region M1y

DMANEIP LU U UYRIBENATOULAYIEAY T L LasNINENdaeaTlALLNI N8Ry

a

Wenugaumgiisn uwasnaliifnaualihaiegluiu udidesannimmisvasauialni fiia

- = s } 7 ot L7 ul; s = a & a‘ -3 cg s 13 5 =Y
Mndianaseunazlaalifimaindnsiu seuLseuesluBEnns ndnaiav Ul T uaziAa

'
- =

MNUNANDIVBINAT DI ULANATITDINIUAB DIFVDINIUET DT AT AL D8N

ganpiin umpiig

o

JUM 2.10 ununiiuouwaanuinfina auanen wwese ama

Y

wazanendulsedvsdiunvesienill wuhmduszansdiuassiusgfuaninnis

Dlvih wazAtmuUI kLRI Ve Beanunsauanslassannis (2.37)
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S T G (2.37)
n 3e dE E=E,

k. T
3e

lnef c, =( JN(E)

N A ANUMUILULYe I A
C. Az MANMUYMINTOUT Y
= U d £ @ L2

K Ao Apsnvuedluandsiug
NE) A9 ANAIUMUIWLUYBIEN U

'3
= s o

:J A a v 1 a -l
Rnaun1sh (2.37) luwesn 1 aunsaaSuielain AANUTEANTVUAITUU TN NEUNU

ANAIUNUILULYDININE AD WDAIUMUIRULTDININEU AR FUUS e ANSTiuaaziiatae

|
o = =1

wazaInWeNT 2 annsoosuaelein FdusyEvEumsuUsiunssfugamand tuie e

gamglanniedanavinlimdiseavsduann
uaﬂmnﬁmminmmwé'muﬂizﬁu'lunﬁﬂ'ﬂwqﬁﬂuaxwﬁwuﬂizﬁuﬁﬁﬂﬁlﬁmwwvw

Sassldmndranmnishlihiasidseviawalioil) - Teefidindinunsydulunis

o v s ar ) ' a £ Aal o i ﬂll d L

uﬂwﬁwmmmwﬂmmﬂﬁmuauwuéiswmmwa\mun's:mumm'lmmmmaaumazwaww
v oo g va a = @ =

nssAU Iianviedass Jaanswsanmsi (2.38)

T (2.38)
E, A ndwunssiuievhliiinmnzdase (mey)

- o v A o8 wa = =
E, Ain wasnunszguiiveviliifian1siadouiiva smng (mev)
E, A9 wasnunszgulunisin il (mey)

TnefimduUs AV i ALan AL IRIS Asa A TS T (2.39)
k| E.-E,
S =t E "V (2.39)
e k,T

We  k, fe mesilundunu

= a o

AD Uizqmmal,aﬂmau
=l Q/ =Y
AP WEIUTBANDTL

e 5|

Ap nasnuluwauIaus

'
a oo L3

Ao gamyinduysal

=+ B & s



IINAUNINNAT AT NEIIUNTEHUAvI I Ran e Basraninsomiianuaniave s
WA UNEST AUNTINULOUIAUANENNSA (2.40)

E;=E,-E, (2.40)

L I‘J’ ai' = 1 L7 d
FRULINANNIN (2.39) anusaisulndlamsaunsi (2.41)

S = k—*{ o } (2.41)
e | k,T

'
= o

VINAUM SN IF@ WA AIMNFIUNTERUT I IR Aanngdaseldannaiiu
dnfuspwineendsydviuaiudrunduvesaangll (1000/T) lnsiidraaudu Aa
wdsnunszuivhliAnnmydase

Amasnuns Aulun s lihann soldn s unisi (2.42)

~E o
o =O'03Xp( prom J (2.42)
B

danaumsdananannsamamdaunsgilumsilihliaina uiussening
Ay NG Audannduresgamgdl (1000/T) uavdionsrudmdssanlunasinluiuas
Amfanunseiuii liiavomedassdsnnsomamdsnunsegulumsidouive anng g
Tadlensiuamdunssdulumsindoufianu soanidran waaesve swanelddsaunsi
(2.43)

p=Bexp(-E, /kT) (2.43)

2.2.3 Aanmn1sunA1u3au (Thermal conductivity)[12][13]
msmmwmaumwﬂn{]mimwmﬁmaummmlmumﬁm'1 nUIMUN) R

U

e

=

‘JiL?liUE]EHWﬂiJG]’T ﬂmall‘Uﬁ‘VILLﬁﬂﬁﬂMﬂﬂUm”ﬂ?’maW1J'1‘iﬂ‘UEN'DEIﬂI‘Nﬂ']Sﬂ’]EJL‘V]F]'J'I&JiE]‘LJ AB
ﬂ']ﬂ’J']Q.I‘Lﬂﬂ']']!JiﬂUUEJ’]&JVLﬂﬂQﬁMﬂTiW (2.44)

g g (2.44)
X

] @
oo v

= - v ¢ v & v ' | " A A

% q Fevdndmnudau (heat fiux) vsermuioulvasominsnaisefiuil (ufifids
2nuiEnaNsivg) k Aedanuihanusounay dT/dx Aon19nIzaNevsen1LLANRAI
20M)IMARAMNANILIAMNTEUNUIBYDY g uaz k Ao W/ m> (Btu/fr2-h)uay W/m-K



(Btu/f£2-h-"F) mua1div a1naums (2.44) 16lddunsdinnusouluansii dudeaniiei
wandeaudpulideumunan iwlemnsauluaunsuans fievnsmsivannufeusindeu
iunieanmisnszanegamgll (rauuanssgamgll) aun1s (244) adrefungdenilivas
Wn (Fick’s fist law) @un1s (2.45)

Fomple, (2.45)
Y

[

NITUNSVBIRERaNdMSuaun1THAY k WisuldAuAtauUseAns nisuns (diffusion
coefficient, D) warn13nszanegauuiilusununsnsyaneanuuty dC/dx

mamemanuiaugnarsmluianuesndelasadunisdurewdn (nusu) uaz
flannsoudasy %;amsﬁwmm%’auwzwmLﬂumasumaaﬂ"]mmﬁwmwaﬁaumaqnalnﬁ"’aaaa%‘q
LARIIEUNTT (2.46)

k=k +k, (2.46)

dla &, A Areudianusouilleswinmsduvesin (wueu)

1 (-] v A < =
k. fia Aenuiausaulissannsiannsaudasy

winunmieuieminnisdurestiuaugndremiluiignisnasinaeuiivediluou
i k, Lﬂuwamﬂm3Lﬂ§auﬁwaqTWuauﬂ'1nu?nmqquﬁqaaju%L'mqmmiﬁﬁ%’ﬁﬁms
nwmamqquﬂtﬁm%ﬁwmﬁmﬁ'u"i’a@U3zLﬂwa1sﬁqﬁaﬁ1 d1ulangnistrgmainuiou
dewndidnaseudaselidnnnnitmstemenudoutiomnmsduvadiuey n15uiaay
Soululanzu3qrs Jaulumuminduiusvesng Wiedemann-Franz fadamsf (2.47)

L=— (2.47)
ol

We o Ao Araun i
T e Argaunasysal
4 < -8 5
L A9 AmAInNve9 Lorenz factor 2.43 x 10 W —Q/ K2

NSEUIUNTBNAGU (Umklapp Precesses) WWunsyuruipdeuvesinusuvisanalwuau
Adusmguaamsiiaanmwinunu anydoustlaildeglusuiuy K, + K, = K; laefl K 1Ty
SSinaeuind uivgeglusuwuvaumsi (2.48)

Kl T Kz = K3 + G (2.48)



e G Ao neAnaswanisdIunau Fauanaresun 2.11 %qni:ﬁmumiﬁngn Benn
NSEUIU NISOUAGU

K

>
SN

- NSRS E RO el e - B ey

(n) (v)
31)*7{ 2.11 nszUIuNsTUiUYasiuauwuY (N Unk Ki + K, = K, Was. (¥) SuAdU K, + K, =
K; + G

MngUT 2.11 (0) TuariieansaaedindmAsaluuiarsuuansiuialaulyuusnluys
pilvueu K iufie Vinnisdszneulufiemidululdfomnvesinmesadue ey
nawes K Alvhgnasiinenalwaslsutanslriuaufignanndulusendienssuaunisou uay
naweifilhgnasvisinaainarsvedeunansitduuauiignuassseninlus snitan svulu
3U (@) sziuldhlunssuiunsguaduiirvemdndlrueulussduszneuinu x Yuazgniinly
nduiiems Ineamaiianfisdundu 6 fudasiiinnugnaviiy 27 /2 dsogluiinvurufy
WU K, Uas a A ApIkaniitvaan dmiunng nssuauns (Nvse W) wdtuasdaadl
oudng fuiu o +w, =,

naumsi 2.48 uliiavenilusswinssninsdnsunsisoivesndulundn
‘funmﬁ%‘auLLUaqauamﬂl,ma%ﬂ?iummlﬂﬁnLﬁuﬁaqﬁmwiwﬁ’ugméuﬁimwzﬁmwhﬁ’unmma%
wanfivdiundu G nssurumsinamidsuiniulivesnsluwaniisuuuiizosdnlasany
agsBatulnuey tufle ueuitienuddyiunmeoiaau K IzAategiiauAnIgluu3l
Taulouusnvindu dnfunamedrdu K loq datusnnssuIumstusddiaduanleunsn
Sndufersesgniilindulusgmelulsuusndasnamasiiudainie 6 Fafunisouy
vesdedlviuouifii K, uauigileinmsvuiulasnseuiunsguadu G+ 0) udrassinli
annsaaddlwueuiitien K, Wuvanld nsvuau msguedul awrsadendnegrmiliin
N52UIUMS U (U processes) Wazdvsunssuiumssusudidan 6 = o WYNITUNIINTE VI
M3UN (normal processes) %38 NszuwMs N (N processes) figamgiias T



2.3 UszAvSnwvasTagunesludanvisnd

2.3.1 lawuduiaaiininesoevlwadn ZT (Dimensionless figure-of-merit)

Feaunsom laanaunisi (2.49)

a = a qu' 1 t:l q’j v = ey v 1
lngTanuesluddnnIndniia ZT Ngedudetianlts 3 Uszmsleun

o v o ) v o v v o A& v oA w
1. wasumIusauesiaguuIzes nuudiedeUs e lwinliinnian Aededlad

S e dnsEAndaun Seebeck coefficient (V/K)

o f® an Wit Electrical conductivity @m)"

k Ao anwudmuseu Thermal conductivity (W/Km)
T 7o gamall Temperature (K)

(249)

uananilunsainliiimsinAraniunisuiniudou arwinesunames (Power
factor; PF) avgnihnldilususuenysy@nianmmamesludidnvSadladuifeaiu Jaen
wIasuNAWmas A LIRS LaLNIST (2.50)

PF =50

Useanddiuaiige

1
LY

3

1
u v

9

3
U

AAAUUR

U

v

IANFADIU

#

&

(85) Seebeck coellicient

23RS M U7 Asaatwmsurlnihag
anuseulis Aeaniwnisthanusaumes

~10%em™

I
=

. .:'% .
g

Thermal conductivity (k)

e

e

hd

(2) SpAanponpued [EILYIY

+

Insulator

carrier concentration (em-)

2.12 uansaud@dne quasianiiduauiu arsnini uazlany

Senuconductor

Metal

(2.50)



1IN 2.12 uamsmsudalaneanidu 3 ngu Ao auiu asisinh uatlave Tasan
o o 1 0' ! 4 a0 U d‘
anwmsemnaseuskazan i lihiisdigelunguiduawiuuaziidrgegalungui
& (. a £a o e, a o i comll e -
Wulave mduussavsdueasiimguarlunguiduauiukasiidrdgalunguindulansile
WRaNTe 3 Ussmainfmuwimmaiinneseeruwessn wuin nquiiduaisfedaindu
Tanuwangauiltilutagwesluddnvindunniign TnofidianunuintuveswiveUseua
15 -3
10 ecm

@t sl

Taqwesludidnnindfimsliiusgaunsvatsluvaeiiiien ZT Ussana 1.0 wans
fagui2.13 %qazuﬁulﬁiﬁaqmaﬂu%Lﬁnw%ﬂﬁl.wiamﬁmmmsaﬁmﬂﬁmuﬁ'qquﬁﬁshaﬁ'u
WU Sb,Te; ﬁmﬂﬂﬁﬁﬁqmwgﬁ@ﬁ PbTe , TAGS , PbTeSe , CeFe,Sh,, way PbTe agldau
I#Tigamaiinanaq @ Yb,MnSb,, uaz SiGe wldnuiigamgiigaldd

]

|

0 200 -~ 400 . 600 800 1000
Temperature (°C)

JUN 2.13  ZTaeviagmesluddnviindeiianieg [31]

wiaglsfimuddtianmesluddnvindunnguidsddesitalumsldon wu

naw bismuth telluride (Bi,Tes) [14] ;ﬁa’lﬁmuﬁqmwgiqﬁum ZT 2%ana i
fumslinuiigamgiliiiu 450 K AaUiiteneendiedulidne leldenuitonmgligeaniy
o Aauandouuaranshaduiisiamums

nau silicon germanium (Si-Ge) [15]4mnzAumsldnuiigamyiasliiu 1300 K
Anuiiseneondaduliineg uazansiasmidiseung

nndedrindnarailiinidelfassmiagiiannsaunldeuiiguvgiaslad 1
Huiwivdwnden aufisensendnduldonn ufio arsusvnevsenles  lassadreiian
woaladiduarsuszneveenledusziannis Aiflgasvily Ae ABO, uazgnsmiuaiie
A'87(0%), dlelevou A Usznaushesnn Cu’, Ag, Pt uaz P’ dalessu B> suunléiiu
i nduﬁdﬁ naul Li‘Jumﬁ] Trivalent Transition Metals l@uns1® Cr, Mn, Fe, Co, Ni, Rh 1Ty
M nau2 sy Group Il Metal Elements ldunsne Sc, Y, La ngu3 1us1g Group 13
Metal Elements l¢iuns19 B, Ga, AL In, Tl uag nqu4 1Jus19 Rare earth elements 1A
519 Pr, Nd, Sm, Eu usiu wenunilluansusznevdanvealedarunsauvsantinisun
Wifhoanlu 2 nqu Aendulave uasnguansisini Tavaisuszneunansandddulans

dofuvusvadlossu A Wusng Pt wie Pd” wasuamandmduasisiidiod unises



laaou A" Wuse Cu” vide Ag' [16] CuAlD, WuasusenavesnlesiiauTamduaisia
fh sliauasslumsinanldou Hinmsdansizwiiidne wazarsead puilsnaign e

Jiuiu BisTes uae Si-Ge wingnalsfimudaiairaninnisilwiifisn sadu nisessls
Jiulysaud@ansuseneu CuAlo, Tillamwnisihnihinvu

2.4 1A59a5149 CUALO, [17][18]

AIO, edge-sharing < ol “;
octahedral layer N caxis

-

O-Cu-0 -]
dumbbell layer !
W
5 @; ﬁ

W o v O s
‘ > ¥ 4 |
$ N \ Mg& LV
0
*&

* a,~axis
g‘dﬁl 214 lassasiavealun (Delafossite) [17]

AaNURve lATIATI CUAlO;
- Wulaseadsilanvieales dedignsialy A8 70,
- fylinwad wuueneslnuea fwadiiugiu wusalludasa wazflawaniy u
WUU R3m

- fssua=b-c B a= 28571 Swanen ¢ =169 Sansou

- Wuansusznevwia p - Type

- anwmsilwih 036 @' cm’”

- flanwadeswamnzegi 0.1 - 0.4 cm’/ Vs

- audiEnslvihduansissanisemiconductor)

a3UsEnau CuAloUsenaulume Cu liaveendindul+ waziavlpeadiuduiinfu
2 lag Cu azduiveendiau 2 szmpuatradudulusuiuua (0-Cu-0) Al flaveandindy
3+ waziavlrafuduwiiiu 6 lag Al eduiveandiau 6 avmaudunnindsuudauiii
3% O fllaveandintu 2- wazavlrosduduwiniu 4 Tas O Sufu Cu 1 e¥noy waz Fe 3
svmeudiuzuinnsednia dlassairaiaviodles



2.5 NUMUITIUNTIU

niildnannudrinfanmesluddnyinaiunldlutagtuddius sans anlunns
Tuswitsh uariagmesludidnvinduneUssnnigaidosialuntsunundszandldany
a3 Usenau NaCo,0, dovinlinuiigumgfl 1073 K Todssnznanedule wazezdinarin
Widnfwioduwandon19] fufuiaduiiraulalunisdupsivitanmesludidnning
defasiunldlugamgiigen 16 Tessasrafiamiodlest (Delafossite) Wuansusvneveenled
fannsaanlinuiigamaiigaasinuiitoisendindusin Cualo, Wulassairsdavea
lesidruaiosuavannsanumusouiigamaliadls widslimanmmailiiiid §adfy
HhinAseldusuUssaumniRanssenou CuAlo, Tneiliail

KPark uazAnuz[20] ldnTevansusznoulaseaine CLAO, Insm sl igungil
1433 K uay 1473 K w1y 20 ¥l Jawud audfimesludidnvindvasansusenau CuAlo,
ﬂzﬁuagﬁ’uqmmﬁﬁlﬂuﬂmm Serniigamgigdurmmneiunamasaziidgaiu wut
fininneigeanionmail 1140 K o 4.98x10° Wm 'K~ way 6.62 x 10~ Wm K~ et
%uq’aulﬂtmﬁqquﬁ 1433 K uag 1473 K smuddiu venanddmindlegaumgditlélunas
sfstufunuasiisnguanss

K. Park uazang21] WUSuuTauiRimesludidnninduaslaseasne CuAlo, Tnenis
JFoovneuves Ca iounuiieznounes Al v lwiilassadaady CuAl.Ca,0,Taui 0 < x <
0.2 winhlwniigamait 1473 K Fawiiieds cao lulsinadnmirlfinsufivuralug
TU9N 094 wm B¢ 301 LmMUATIUNATBIFNTUITANAINIA 29.3 % . B9 68 % LA

€
a a

uannitawy e x = 0.1 seflanmilniinazarduuseansaiungfian uazdien
sneiunAmeiigamnl 1140 K U 7.82 x10° Wm 'K

Yi-Cheng Liou, Uang-Ru Leef22] laiuussanimiaamesudiannindvaslasaina
CUALO, Tasnsideasresues CaCO, unufiovmauvas AL ¥ 1l aseadrafy CUAl,,Ca,0,
Toeil x = 0 uae 0.1 WTigamgll 1473 K - 1623 K ilieid s CacO; Tuu3anal x =0.1 ¥l
msufwum‘lmy}?’meazﬂ'mwuwmiwaa%mwaxLﬁmﬁaqmmﬁmﬁun’rmnﬁu“"ﬁu

K. Park uazany [4) lausudgaudfmesludidnnindvesarsdszneulaseasig
CUAlO, TaensiToaznavves Fe lUunufiavmenves Al #siilassadraiy CUAl Fe,0, Tab
70 s x s 02 Ivihmswiendunulasnsisnigamal 1473 K u 20 $alus wuidle
Fo Fe lutsinamnmilduunavennsulua@uain 0.94 s 2.73 pm wagnuinge x = 0.1
wimunneiunpnesgefiandu 1.1x10" Wm 'K” figaumgii 1140 K

Yi- Cheng Liou uagani [23] lousuugsauiBimdlwihlasmsiiessneuans Fe U
uwnu Mezmeuves Al vinliillaseadnadu CuAl, Fe,0, Tnsfl x = 0, 0.1 wag 0.2 udminly
enilgamnil 1373 -1623 K ieilsemgamgiiinnzalunisyilid e iuramesas
faauazdlovniigamgll 1373 K wuiilassaimdnueshesadulpswairiaoalydus
Saillaseairaaliuuua (CuALO,) nszarvegdnten alunfigumadl 1473 K laeil x = 0.1
ilifnnesuramesgiiaadu 549 x 10° wm 'k? figuugil 873 K

PNNUITEMNENINUIINMSFUATIENATUTENBY CuAlysoFe 0, ba3ulatIHAT
samgil 1473 K ylildamnnesunamesgeian uiludnvamdslassasiedmulasadie



CuO NNNUWITYYDI HF Jiang wazane [5] linana1n Cuo Wuauiuagvinlwaninnisun
ihanas FnduSeeedimsmin Cuo namuAseveanunns A3na [24] IIBsida Cuo
lpen15nsBuasUsENoyU Cullysofey 1,0, 1nunauny CuO ALO; LA Fe;05 dnldumdu
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2.6 NOWUATHANNITVDITIUY
2.6.1 1A309XRD (X-ray Diffactometer)

wedawenesdiwinsndy 3o inaila XRD (Wuvadafidr$diandunld5inse
msUszneviiliegluansineswaniinlddnwissandonifivaiulasiadiandnveans
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destructive testing) 389 i18 s iae X-ray Lﬁﬁltﬂui’aﬂﬁﬂxwmaauué’aﬁuﬁﬂﬂﬁﬁ
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207UMuREnINY (X-ray Crystallography) 1Jumaiiafildautfves X-ray
Aeafumnaeniadu sumisasaraduves X-ray Maeuuly (diffracted) drerdnuds
nbinsiudeyalulassairsvemdn sshvsenovvemdn YuIATEBYNIA MANFIUVBINTS

aanumn1IEwudng U (polymorphism) nmsdamvesezneslunan Wusu

3.ma Xeray inldadesgisabiviadwunimuesdalima wasduuuulifes

Maea3/29813 (non-destructive testing) X-ray beam Aifinds ugr uidnlvluans



motazyinliie X-ray (K-X-ray, L-X-ray) Feldnwoasian giranunsaldiiasensiaida
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4. X-ray aansntnWlduisd@utn (Radiotherapy) lewsny X-ray arunsavinane
waalavsosdnTInlaswianldsnulsaunss

2.6.1:1 m‘ngﬂ‘uuu'uaq X-ray (X-ray diffraction)
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SUT 2.15 issuaumsifindsdiond X-ray (X-ray diffraction) [32]
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Aun59 (2.51)

2dsinf = nhA (2.51)
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o = aa ) 1 ode = v =
lenaunsy (2.51) lunsdifarsmesrsmihlunaasvilaseasraidunvuianeslnuaasy
o 1 i = . v o
AUNTOAMUIUNIAIANYIWAN (lattice constant) Aaaun1Th (2.52)
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h, k. | faaviilaaos
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LARIIANNTST (2.53)
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P, cos8

(2.53)
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wazElaNI UA FWHM 21n:@ XRD ansatluniAnanutas ena1nnisiias v

89 Williamson — hall [33] #aumsii (2.54)
Py cosl = 4£sin9+% (2.54)

2.6.2 #3839 SEM (Scanning Electron Microscope)

v 9 va b o = 4 & deaw v
Wundeswanssmiilididnaseufuundsiidauas Faduniesflefld@nvdnveas

o i
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gﬂﬁ 218 d1uisnauveileies SEM [34]
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2. Backscattered Electron Image (BEI) Backscattered Electron fie Sl@nn58ULUY
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2.6.3 1399 ZEM-3 (Seebeck Coefficient / Electric Resistance Measuring
System)

1389 ZEM -3 Huindosilefldinensnstnsmis s v FEDLVACER
Inquaazyiln (Seebeck Coefficient) wazd1AIUA UNIUNIIINHT  (Electric
Resistanc , Resistivity) mugumMsyhaieszuuresninmeifisdealsznaudaag
vuguRgIiuLazannsauengiusananiulaludase



g"dﬁ 2.23 |33 ZEM-3

dusruunsiavan (Main Measurement Unit , Main Body )
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Thermocouple
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FumuaNgunil (Programmable Temperature Controller)
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® aunsadnAnselalinsaDC) ﬁzwn%uanuﬁaaﬂwmaammahaﬁné(Vottage) TN
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AUMUANUTIEINA(Atmosphere Controller)
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2.6.3.3 vENNSNLIBUATBY ZEM-3

MsRATI 9N A" FUUEANE A (Seebeck coefficient) Inmdnnn s ude
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PloeB

High Temp. Block

B pomt measurem ent
Temp b

JUM 2.25 lepgunsuvdnmsinAduusyvsdium [35]
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N £ (2.55)
Temp.B —temp.A

g samgam)invinmsinlainaunsi (2.56)

Temp.B +temp.A (2.56)
5 :

UNYIMINNITIA =

MsMAMIEIUUSli (Electric Resistance) 99n3U# 2.26 uanslnazunsy
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lref: |sampie (257)
nEuNs vV = IR
I/njf' ) V\'umpfe (2 5 8)
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k=DC,d (2.62)



de D Ao msuwsmuiou (Thermal diffusivityXcm sec )
C, fip AMuYMNEBU (heat capacity) J mol 'K')
d fi® AMuMUILLY (density) (g cm”)

MIuNsSALTU (Thermal diffusivity)
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L #® AMNEIUII5H0E14

lneUSinenusauignganiuvesansinetsesfuediudinszdnsnisukaiiusou
TH A W Y ad o g ot 1 2/ a = ' 2
Emissivity ; &) TaumsingamInifisturesansiieg s diinsauaiAnugniuieu
Tinziavivuandsunliiuasfie g1 deduagldanuduiussvndtegung R
Jufiuwdsnuildnniagesauisananlaifaums (2.65)
(. " ’
og'=p'L'c) AT (2.65)

dmfushegilinsuianugmiueud indemuiiuaiainsouans g saunisi (2.66)

o¢ = plLc, AT (2.66)
i e=¢' Feduaunsi (2.65) Wiiuaunsi (2.66) a¢le

PL'¢, AT = pLc AT (2.67)

L'c| AT
c, =£T£T— (268)
yo)



2.4.5 \n3aeinautanianiening 89749 (Versalab) Tuluuanisiaau Ufinieluin
Inawmatia four-terminal resistance measurement (ETO, Electrical Transport
Option)

m’%‘lm*'fmﬂmauﬂ'?mwan'}EJmW'uaq"J’ara w38iA3s Versalab fin1uaruisalunis
AuAugamgivesiusnulifaud 50k - 400k Taglaidesldlulnsioumaramsols
auwimdngagalaiia 30 kOe finuarusalunsiafsautinaslnfiwazaudinig
wimdn
1A383 Versalab mumsrIuAIsnaufinmesiulusunsy Mutivu Tasanunsnde
AnuantFnImenesTanldiomn 3 Tnuanshou fe 1. bumnisiaaudauiminlag
wallansduduIY (Vibrating Sample Magnetometer, VSM) 2. Tuuan1sinnmuaudfnig
i (Electrical Transport Option, ETO) waz 3. Imuantsinamantanieaiuiey
(Thermal Transport) laglulyuanisinaaauidinislnihazudseandu 3 Yssinnde
- Amanwiunmulvih (Resistance)
- kAR IEuS ST INsELEwaLA LN ARSIV Curves)
- Differential Resistance

SnsamuIaanunuleenngueley

v
dia V Ao enuiefngsnn AsouTu Iy
| A8 NFLUAMHIUTUIIY
warA U AN I ne unuli leannaunis
RA

@ R Ao Anumumulava
L #@ voltage lead separation

a & A v oo o4 i
A A9 NUNVUIRAVINT ZLANIU

lunideldieios Versalab mArmamuuiuvasmelagldusingnisaleeda

bR f




A
[ ]
v

I~ o w W i Y ¢
E‘U‘V] 2.30 219FAMTUINALTIAUE DaR

MNUT 230 wamwiudnhfiirnuniiet 813 L wazaur W lunsdiendaedn
asfsiindu (n-type) Tnsiinssualvifia luarulufinandrudolusuean viales
aunallwihfle E=v/L (mvedstafedidnmssundsuiilufiasseinuiunseualuiinan néinuean
Wihudne) deldaunuusimén 8 Tufimitukasfminguvetuadudan 9sAnus wilndn
Fs Nszviiudidnaseu vilvddneseuiudlunmssuntihvemusoulr (dulsediv) deman
swlUaziiBidnmseugnudnluishumindauatnn drusumds Gdudiv) axfnuszelwih
vansannwuiy msiiiselheseaiuiivaaeadau drlRiAnaua g sndn
auliheead ( hall field, E4 ) Tuuslushiiy awidlwihidalusdustadmuduiusiu
ANANAANG Vi, 718 V= EMW Ratiumssedivesiaifinesiitos1udus s v, ﬁagﬂﬁ 2.30
Auseunuau uarlunsdituufhinumiidueiind (p-type) ATusediu v, aiia
Juwan ﬁ’aﬁ”’um3&mmsmxwﬁﬂmmms?{dﬁaﬁﬂﬁ MINs NS IuiiAnIT0InIsLALDS
fianavesauuuivan lagdnsnisnesifounesuszanive (Carrier drift velocity) @11150
Aeuldweannsi (2.71)

L=gnv, A (n-type) 30l =gpv, A~ (p-type) (271)
e 1|, fe nsvualufie +x Adnenaunuldn

R 3 . ; 3
n %39 p AD USIUBIWINY /cm” (carrier concentration/cm”)

. X d e - v alai i 2 v sl
A A9 WUNRUIAAYDITUNUAUNA ANSEZWA LUVUIY cm (’umsmmmgﬂ‘w 2:32)



i/' Area A

a A wl e w P v aa
JUT 2.31 Wunuwthsinveadunumuidansud
PNANNTITN 2.72 Waldrn uduiusvas
qlEgl=qlv, - B,| (272)

wannsdInsUvesA Ey Iisaumisi (273) uax (2.76)

—IyB,

Ey = Iqm (n-type) (2.73)
+
= Iqlp ‘. —2=2 (o-type) (2.74)

wudimihda A 1Hinon 319 x 817 Taelugui 230 fie wi t uaslduduiudves vi= EW

wlmdussaunsi (2.75) wax (2.76)

Vy = E W= ﬁ(n-wpe) (2.75)
Vy=EyqW= —"—z(p—type) (2.76)

lalpt

gnuiluaunisil (2.75) Vy, By, I, t waz q @a1unsansiuldvanunannnisdmnisuns
NAADY ﬁa‘tfuﬁmﬁulﬂiﬁﬁmﬂvawmmﬁmmmﬂ'ﬁmmwmLLu'wuaawmv (n %30 p)
Lma]~wuwmﬂauwaumﬂawmawmaww Fehiddimsiansandudduussans
dadradenismuan
- induusyAvissead ( Hall Coefficient)
AduUse avsoeadaninsadeulddaunisit (2.77)



Vyt
i 2.77)
IxB;

RH:

WAZMINWNULAT V,; 1naunsh (2.76) Tuaunsi (2.77) agladumvunudunsoUSun o

WI%E n 3o p Reaunsii (2.78) uas (2.79)

dusuansnein n-type

=1
Ry= s (278)
Amsuansiaia p-type
ik
qp

- ANUWUILUULAS AN NAE DIUBINIU Y
WBNSIUA ANMURUILULYDINIULL AT AVBIENSAWANULEY TeaLNSOTvE AN

AABIUDININE (carrier mobility) Ifeanaunish (2.80)

_Rul (280)

’ P

ANTNAGDILAL ANUVUILULVD INTA WAL AUELRUS 1 T

- gsnenvie n
1
(281)

- ashwheida p
1
(2.82)

- =
W q Ao Ui

P A9 anmwiunu

N %39 p A USaNUeIwIvERagnuI AU Alns



‘J o s o/
JUT 232 inSesinAmanUinismeninues¥an (Versalab)

2.6.5 avliaisulsasunuilauaaasiitnas (Differential scanning calorimeter
;DSC)
Alveisulenauwnuilswpassfiwes (differential scanning colorimeter ) w3a7ii3un
o T1uA3s DSC (WunAaeiiimes (catorimeter) Wumadan s ¥andasiuiinans1efuain
mslandsnuinluluamsmetisivarssrss duiliduiveamnilasdindsn uildadaly
whvsrUANMElUsUNSIATUANGAMYR DSC curve udnslugl 2.33

Heat Flow in W/g

80 100 - 120 140 180 - 130
Temperature in *C

gﬂﬁ 2.33 wansdnwaiziialuuas DSC curve [32]

Weiamswasumammaeiviemamenmaziivalfiinnauseudy (emission
heat n3® exothermic) ¥3agandun11usau (absorption of heat #38 endothermic) fu
Mot ndnuruFeuidadldidnfuasietmietuan se1adaiverinligunglives
a3hng1aiuansieBaniniu 1des DSC a:i’mlé‘lmamaﬁ’aqmmﬁuazwé’aa’:umWu'%’au*uaq
MIdsuuas



Reference Sample Heat Sink

e Heat Driver || CPU |

Thermocoupe
Temp. Control
Temp
e } W_’ Recording
Temp. Difference
(Heat Flux)
Recording

SUT 2.34 daudsznouiriaviiasizyt DSC [39]

'u\v

asrUseneuYpATRITENBUMEdIeY Tid) auam’tugﬁﬁ 2.34 DSC Sensor
U amplifier

1. W (Furnace) way Wulgos (sensor) mﬁfmqmwgﬁ

2. WUsunsu vio raufames

3. szuumsuwuasiayauia msuanstoyansiv

26.5.1 G (The sensor)

Hugunsaiiilidmiuingumnimoniarode wagarssnede udumesluduilad
l¥gamaiishasldimesluddadu copper-constan 138 chromel-alumel ngun)ligeas
19 Pt-Pt 13% Rh msfediuaza1sd19899vagluday (Pan) wananfudaguil 234 ud
whesnwliignmgivisaanviniu wisuvgnaewiviinahfundsan ufignann duvie
wdnuisenniilesnifinm ssuwamesmsieddadumsinuaasitineflagnse

2.6.5.2 W (Furnace) wax (B o3 (sensor) ﬁhwqmwgu

i linszualuinlunishinisaulagnushssyuvdidnnseindlusnsn1 sl
ANU3BUILBYTENIN 0 War 100 /min uimaaRazldiiaiussuna 10 /min Tunsdild
DSC 'wmwmwammwawumammumiaammmwuLasmumiwvxm zau8191Y
lulmsiouman we svhaududug mmsauﬁ‘[wﬂuuaanﬁ]u'mLLavmUmﬂﬂmaiﬂiLm'su
fidelWgnumniiuvieanils mwdouansiiocns Qs uasans 3145 Qs #0931 N9t
anumsumu R lWdansiede wararsensde gamaglianssedns Ts uazaissnada
Tg%Lﬁu%w?aamamé’amﬂﬁmm%’auﬁ'*uem'mzaaaaLﬁaqquﬁmmmsﬁaaa}w Wazans
Srdaiinaiu AT =T, ~T, asgninli arséhetrauaranssnideasiiantidossaniny
Soudsilafiosiugamnifiseiulasysana Wewnmganifousieiy nieean
Susudutrnamilguuglieniuvioan nsmillduanmuduiugsening AT sy
naviegumalvesansietne Ty aslifnuaisfaguil 235

2653 ARNTIMBY way display

1A383 DSC frudndudedldreuamesiton1saivaunszuiunisuastayads
wweusy dyaiinlivsgnivdsuidudyeyn AP (differential electrical power) lagld



3

uARaR3linesNfiA1A1lge (calorimetric sensitivity) iulugenuas eonunidunsindagy

o
W 2.35
Q.2
9540°C 65.13'C
iy 1 aguky EIRGEAg
0.4+ B Ea— e
114430 ils F’
LE~ I' 1
. \
£ k
= 0.8 i
g I
c
= 104
£ |
|
|
i '
4.4 i
vetasd Huobewy Raun 160 &6°C
Heat at 1°Chisn i 200°C
16 L3 s TR | oY ke i T S0 4 b
47 &0 3 100 120 143 160 130 <02
Essip Tﬁmp‘f#'.'}f. E*Col [ERV TG LR I IR

SU# 2.35 wane DSC curves [39]

2.6.7 A3 999LAT1V NS UABUL a1 NUa9Ens 10 a0 Ag Aneu UANI9A 15U

(Thermogravimetric Analysis ; TGA)

g ar e

Wumadamsites sidmensinavesmnstdusgiugamglivi et sidufugamad

4 &/ as ol = b ::’ i/
luvafiansldfuamiuieumugamy TlsunsaRansl s

Thermogravimetric il8vhn1sinet 3 35 Ae

1. 14 isothemal Thermogravimetry 35n5uld%n wavesaiseegradu e fuiu

RLRITDLI RGN

2. 19 quasi = iso thermal Thermogravimetry Fnstiansiethazgnunauld

warsiiluusiavyadlaltgamniviady

3. 1§ dynamic Thermogravimetry 35msilansediaavgnunludandon 7

a 4 9o A
QﬂJ‘ViQNﬁﬁWﬂVIEWUL‘}JEﬂ‘UE}ﬂi'}ﬂQW

L3

Thermogravimetric Analysis (TGAMJuABMsIAsERtuiugulumsTinsgiaaiy

=

Souninadansiasuulasiminvesans wisdleadsWustseuiaiiun (furnace) 19

Aau thermobalance 1a5un139iu191n K Honda Tud 1915 Wuauusniiadranse s

'
o

siintl denlaannlilildensiaiadu wazduiin curve ves Amvs T Wuuuudnlusda
LamuANATDslianaanIudns1N1sinusauiyTEUURBNA M



Almosphere control

Fumace - Samgle holger

Fumace Hacorder
temperaturs
programmer
Termperature
sensor 3
Recording Balance controd
balance

'g“d‘i?'i 2.36 dulsvneuranaias TGA [32)

2.6.7.1 Thermobalance
dl' ai 7 s 13 1 aa w ©° [ ] = 4‘ )
LABY TGA WWUﬁMUU?”ﬂBUﬂ’JHﬁ’JUW a1 EULLEFl“‘ﬁ]’lLU‘LI 3 981749 AD LATDIYY LW]LN’\

&

LLa”LﬂiENiJEJm’Uﬂ?UﬂﬁJ fagui 236 Lmaa‘uamu fladonasdage waznidodals muuavaa
ASINANBUATES USEMAIINNAINAALIAT DY TGA sensitivity mauﬂiawwuaa‘lmumu 1
g LLaumwunaaamwmiulm fio 1 nfu lnevhlumsneaaddaeld TGA shogrsasldinin
e 10 i 50 mg

L

2.6.7.2 w1 (furnace)

tewgamgivesmnitluiiuiuiamiliadie dr9asomngiléss 1000 -
1100 “Ca11% fused ‘quartz tube 323U kanthal - type heating element materials
onnaeldléifisgrumgil 1500 = 1700 “c foamsingnulniiduwsiin 1wy avgiiul ude ya
lavi msldmseiedns Therfueg 3 madlaiieuduiessadsuazimniuifegud Tukdasia
wilsziivenuazaidsnanonu fe mamw.,maalmiumwsauaawamLauawﬂmuwaa
anunuanadetrsedlésunstesiunnauieusamianigniiansou

2.6.7.3 MuuwaiuimIeazgiuy (Pt , Al crucible)

Yanioclddmiuldarsiotimazansénsda vrliinuf3enfvansinediadie
I#surnufeudasinansenuronsnnaswetsan Inoamzusseamafiogseuansiaegig
wseseyluaniazausa wWu Senegindu CaCo, ielifurmudouivaarsdiinufa co,
fufildensiedhad@ali co, fimuazesiinaaniy ngnsiiermadnly lunsdiias
Wasutheldanssegiann ALy Pt n3e silica (Si0,) %38 alumina az@pafia1saunlia
wsrzisusasyiafinsiranuounasmsthemanudoudiunninaiuy suiresdauifidau
Ay Lu mamuwsaﬂwnnmavmam’lmﬂmm'iLwamLmammUQsmﬂumwaammau
inliAnnsunsnseaerefaiifinanuisenseniulfing usdhdretrnuay uazdnenavia
Wufianyudsusn

2.6.7.4 Wsunsuues (Programmer)

gaumpiiveuminlsanmesluduila dygrauanmesTudilaveanninn azdeluss
Wsunsuuesuazgumginldimualivie set up Vseinmsia deamgidiiuly szuy
zmpvaueshensiuhamseliihigdutumen widgamalgaiulumanissng
liihfaegnasasshedmsnfivanzasdseylutas 10 K/min - 100 K/min



2.6.7.5 @13979873 (sample)
Ielagldasiedhaduveuds thwinvesedaiiliazaglutises 10 - 50
mg FMILAIuTAVSUazUAlia YR

100 = i, S o i, i, i oy
i ¥
-~ 90+ i
- a0 -*. \
= A
a WA Am=44%
W
3
= 01 Trnae = 850°C
(0 [
50 + “ $ t t | +

0 200 400 600 800 1000 1200
Tem perature (°C)

gﬂ‘ﬁ 2.37 uaed Dynamic thermogravimetry [39]

2.6.6 nﬂi’ﬁ'ﬂgwqul.l,azmﬁni:ﬁl'lw 243N (porosity and pore size Distribution

measurement)

suiliAeduluesidnduinennisdmduiususasnaunin lunsyuaunisiun
symavesnsIuiansUasuwasguin sosdutarhsidondefuiaidndufuiierfu
ﬁaﬁuﬁmmacgwqu fio AndruteaSinpsvegroviinesvesian 1osannusuipsvasuds
UssnaudegnangUssam iu sumeiisagluiiminsalaghausnion wsuida (open
pores) wiomnliannsnlasengniouen Son §n3ula (Close pores) Faiuaviiolding
wyunaraunsuduaivengsaiin insagamn soilinsavdnastidowsfinld e
adlsiterieliifnusvlomigean msTavuisuosgnyuvhlivaieis udinednusazinaiad
foRuardoidessil

1. Mercury Poresimetrywafiafiaunsoiasisignsulfossusiugnnn ustlsiaunsa
Amsignuuuulale uagannsadnnisnszarogniulaluie 0003 = 360 wm

2. Gas adsorption mﬂﬁﬂﬁlﬁmm:ﬁ’ugmu‘umﬁﬂ,wg't.wimmzﬁw%’u;wguﬁﬁwm
@nnd1 100 wluwnes wazannsainn1snseagvasgngulaluTag 0.00035-0.5 1om

3. Image analysis mﬂﬁﬂﬁmmsnimew“lﬁmwwsgw?umﬂ swjulanasainnisda
wiridy

4. Helium pychnometry mﬂﬁﬂﬁmmmmﬂ'iwﬁﬂ';mw;uﬁ'mxwum Ao @159
Ieseildiagngudinuarngudn wailsigninsansusinafiuiuouvesgwsuld

5. Water adsorption weflaitlianunsalideyaifisafugngu 1wy vurauaznis
nseRneila

mnnAdeiildhnsiagnquiemaiia Mercury Porosimetry ifiunasinaanamgulag

liusen Bilgnimurdulul a.a 1945 FsusenBuvosmaritiminzanlunisiinsiey
esnniwseniimnfdhguanihlitandentasas uratlsfiousenlaiatuisaunsn



Lﬁﬂlﬂaﬂiuwmulﬁﬁwﬁum Ay fugrunisesiataiaduluniuaunis whasbure
equation Faaumsai (2. 83) wmmauwuﬁwmmmmﬂuﬂiaw'iwaamﬂ’luiww u,auuaqm
wsuwaucﬂmnu WS (P) ¥ waanumama (6) uazussiaia (y)

Jeo
p
d, Fo YVWIAFURIUANENABIIHTY MDY LR
o 9 useiaiIveUsen wue N/m
p A Auduiidausen wiae PSI
0 fe uumﬂsammnmzwunwumu Iy DA

uazannsam AL vestunuly Tnemdesumnuivveduaudidlalésndae
Uson u,a::mmwmLLﬁu%aq%umJﬁgﬂé’aaé’ﬂUﬁaw Faslarhnisdausenludetiususia
Wiusonluunuiilugnguvestuny LAYENNIMUINMIAT A TUNS AU 9T U W LS
aunsil (2.84)

5 :{1—&}100 (2.84)
P,

o & fie ATUWTUR
= ' 3
£, A9 ANURUILUUTI Kg/m

& I a 3
£, A9 ATUNUILUUIFL Kg/m

. o at ) L at A s L g
Washburn equation MM UL TEVDBNINEINUAINAUDAUTEN ml‘ﬂug
Applied Pressure
i Hydraulic
Capillary 44 Liguid

Tube N

I & i Detector for

Height of Hg
Hg

\
Specimen
_@ b~ Holder
Porous <1
Fragments '@ @

U1 2.38 dinwauzuos Mercury Pore seizer
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uni 3

N15AUUIUIY

Tuunihilunisiauefanaunsaliildlunisaniiuniside FBnmsdunsien wazinaile

AT TUSENOU CUAlysoFeq 100, m%'anﬂmmmﬁqmmﬁ 1333 K 1423 K wag 1473 K

o

3.1 gunsainsaiiuauide

3.1.1 i igungiige

(D)) - (5)
(4)
() (3)

U7l 3.1 101e1B%e Thermolyne 1 47900 Furnace A1 28.6 Lewufluns an 39.40

LY

\UAIAS. 89 45.70 wuRmes dasnsldlilt 220-240 1aad 4.2 weud

a a A

Aaalnih 1000 IndTgamniiageann 12000 C
(1) aindiUn/An
(2) YudSuangaumadl

U

(3) duliuiiiugaumgil

(4) wansgaumiinaensldeu

(5) WAAIQUNNILAILNT

WILNUTENBUALE i%UUﬂ’JUﬂNﬂ’NN%@u‘U@\‘iLG]']LN’]LLﬁ% ﬂﬂiﬁﬂﬁ'@m‘lﬁﬂﬁ‘ﬂ@ﬂm’]m’]

1) 3¥UUAIUANAIIUTOUTBUAAN
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FoaausauveungniinuTeulagvaainsunuliin 2 @ wasliauiuiu
anuseulunuulmivesisidia gaumgignatuaumeiiaiuauwuudndiudnlud@lagly
wesluAudaviin K dwsulloundutoyanse muauesidudvostoyaridn n1sauauas
oejfulfvastasmnuiou uardiauutesturnanudouiiiatulusesaudoureuniun
iAo (CYCLE) Tugudl 3.2 avainstuidierasluignanelnmn seuuieatuvoan

wazaansRemaaliliiielinnuseusiasileysegueuniungniln

5UN 3.2 UanUa/An o waglnuandng

mmm@mqmmgﬁ‘umLml,msuﬁmﬁﬁﬂzwm 2 WUUPR N1IAIVANGUNNIMENILBY (Manual
Temperature Control) 4agN13AIVANYUNNTWUUSALLIR (Programmable Temperature
Control)

- N3AIUANQUUNINMEILEY (Manual Temperature Control)

Y

mmuauveaeniivszneulumenalnareslasiduanisdeuteya Inensldduiuiiay

a 4

Sredalefiguund usgliwosuuvanagdniunise gyl feuaugangivai
wliildunislioudeyanndesaaiudou dudu nsuanwmavesiaduiunsdniudedldy
nsnsaaeuliuilainlsinsnsiauigndesteaniin waziiedestugumgifiniuau
Tadlet
- NIAIUANYUNNIWUUSRIUIR (Programmable Temperature Control)

fnvauren L iusenaulufelulasinswuiesfidifanun 3 nua (Proportional,
Integral, Derivative) lufmuaunsisgngangiifulusunsutostugumaifiguiuliua
nalnmsduiasudeyaresniivanzauiiioriuaumien Ais1ulduussuaninavetos
Arufou (Fruuureseuaning) uaziigagumnifiaouansaduans usnaniilaldnaty

PAR (Parameter) flauananiuguil 3.3
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PROCESS VARABLE
[SOFTWARE VERSION

ONPOWERLP)

|

®

! : OUTPUT POWER
SECONDARY DISPLAY " ]

/mmm

SCROLL BUTTON OF ADJUSTASLE
| " PARAMETERS

)
Ay

JUN 3.3 TUSUNIUAIUANLUY 2 ram & 2 dwell

Fen1smvaNgav ik uudnluiRvean i suilldnismuangamgiiuuulusunsy 2

ram & 2 dwell Asianslugun 3.4 ramp 1 fis dasnisiiavsenisanvesnuiouly aem

Ao, level 1 Ao syAuaaumglinl ramp 1 9AulUfs, dwell 1 fie szagianlu 1 wiiiiie?

Y

winwsviulvinseglusedugnmaiin 1, ramp 2 fla dnsinisiiuvseananuseulusssie

W19, level 2 Ao s¥AUQUNAAN ramp 2 agTulUtanaz dwell 2 As iatlu 1 williensn

9 Y

wiszaulvinseglusgauamgiin 2 slusunsuegluseninmisaniiuaiumse Snuseauns

9 Y Y
(%

afivaulvinad PAR 1 ASsasUsnglunveuansamuasiiavenanuslagiuvadius
wAH (ramp 1, dwell 1, ramp 2, dwell 2) wSoaumisuonAtesAIwaldoanie aeasule
wazilUsunsudagtuegluns dwell 1 uay dwell 2 ArfiuanseeniItdINITTINBsIvIAY

Hasvouliiuiwianfirseglugiiwed dwell 1 uaz dwell 2

LEVEL 2 OWELL 2
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JUT 3.4 UansiiegeanvazuuuIaeadlusunsy

2) MIFIAYUNNAVBAUAHT
nsAuANmginvanzuinisidnuinlalagnisnady Up Button kag Down
Button \ierinnungamniiinenis lnggamgingnasliszusingeenunelaninaniuang

U

Flaguit 3.5

t Indicator

urnace Chamber
Temperature

functional
rm indicator

functional

setpoint Temperature

“SEL" Bution Daown Button Up Bution Enler Button

U1 3.5 J8uaRINATR AN URITIRN A

mnasamMaUasuLUateamaiinaslivinady Up Button %38 Down Button 3unseis
QUVITIARINTHAAIULIBLANINARWEANA TumaulazsuliauSouwAmIEN 1110
gaunganaslniasniigamgiiviediulagdu gaumgiveunnizgninlagmesluduidan

nanslugudi 3.6

wastuaUula

b

= v A aAo a 1% | %
EU‘VI 3.6 me'qmaamaﬁmﬂL‘Uammqmmu LazUAaInANNSoU NYlureInusau



3.1.2 190990 balAsANLAULALA

54

¥
Y

NBIUAIANUAY TN9UA 3500 Fad

S e T ——

e of

SUM
Y

3.7 139990 LalAsANLAULAL?

3.1.3 asnunada1s (Alumina mortar)

"'_': - { a U
30 & T | lwAueu

WNUTBIUAEI NS UDA
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gﬂﬁ 3.8 Alumina mortar

a

azaiu(Alumina) fiTesunmaaiin avadllloneanlyn dgnsniuail Ae ALO; g
Unfaziidvn viielaiiid ignihandutaniildlunisviasnunansialumina mortan) 1ilesan
Tassaisveseraiiun Uszneuseuseseninsergiidouiueandiaudifininuudaussuin
uazezgiundmuaudeu uazmsiansouanasiaiivinsieg Indueds32lasnunansi

Tdlun1snaaesil Useneumeergilun 99.5% danugniavua 15 faddns didurugudnals

65 fadiuns g9 31 Jadns

3.1.4 5299NATEY 4 ALLVUS

||f||? T

5UN 3.9 insesdamatioy 4 suvida 8vie Sartorius Ju AZ Series

11 i gl

10
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JUN 3.10 nthasuanwawazUun159us1ee Yeuaestedmtingu Sartorius- AZ Series

1 withgvesunin 7 Bunmsldanulusunsudu

2 fhusdnisana (dldadmin 8 Yuau@unisvinuwduillaeniluldly

(%
o

3 WnAimitinvesnvue NsENENNITYINY - 98naNlUswNTY
4 Fyanwallvuanisldan - NNNUYUHURNS
5 dydnwelanasiy w3eeans 9 Ju \Un/Un

6 m3dveantoya Yuilifioderiionnld 10 dydnuaidmiuriegud
ludideusiedeya 11 uanseniwiinlumbethwiindidon
- tumeumislfrudowi
1. \Unaasts Tnonal
2. vhmsinaniwiinvestesamurlidauga tnenatu

3. UniATeeds lngnad

3.1.5 aunIaldaguuvis

2)

JUN 3.11 QUNIalanuniavinInauauLes

(1) TUu1aANNNIG 2.00 9. AUAUI 0.50 @3, LazAIINET 2.60 @il
2 FUUIMANAING 2.00 9. ANUNUT 0.50 . WagAI1NE1I 2.00 T

(3) HlvunAuNINg 4.50 Y3l ALY 5.00 B, LagAINE 3.00 Tl

3.1.6 gunsnldnguenay
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) )
3
JUT 3.12 aunsaldadavihannaumues
(1) Jvwmduniugugnans 1.23 gy, AueEe 7.70 wl.
(2) vunaduriuAudna 1.23 9. ANES 0.60 T3,
(3) Fyuraiduruaudnats 5.80 @i. ANES 6.00 .
P3N 3.1 wanenaianURvesansnswuluniside
Haes AAUUTEND USENINGR
NS Fe,0 ,
o\ 99.0 % Sigma-Aldrich
Iron Oxide
N3 CuO
. o
Copper Oxide >98 % Sigma-Aldrich
U9 3.14 13 CuO
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N3 ALOs
>99 % Sigma-Aldrich
Aluminum Oxide

UM 3.15 19 ALO;

3.2 A5N1589LAS1ZME5A29819

NEHUKS CuO, ALO; ez Fe,Os

l

CUA[1_XFeXOZ ; X = 0.1

l

AATeREulRTInINTaunemala Differential Scanning Calorimeters

(DSC, Mettler Toledo Model TGA/DSC1) Lilemgaumgifimanga

l

NAUNS CuO, ALO; g Fe,Os

l

CuAlFe,0,; x=0.1
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—> UAPNEASNUAAISITUNAT 2 Tl l

dadudinienan durugudnansUszann 11.90 mm w1 2.20 mm u

LV9AALY 4.90 mm x 3.20 mm karA1u817 19.60 mm

|

wnfigaumgdl 1333 K 1423 K wag 1473 K 1unan 24

FNusdluo1nia wazvinlidusiagnasnsi

Y191 2 AS9

l

l

v

- . 4L - e S N . - ApTizant@anig
- AATgandnidalassasneg - AATERaNTRTIAINTOU . )
» o 5 wesluBlannvsnd
wAflA Scanning Electron ABNAUA laser flasch A3Y 5
A3e L flash ( TC-7000 ) 6 |
Microscope (SEM, EVO-MA10) AARY, I

uay wailla X-ray diffractometer

(YRN Rriillar D] Arhianca)

terminal method,

(ZEM-3,Ulvac, Inc.)

AATIZRANUNTUFIVOIT U

AIBLATDN pore sizer
had {1t - Inanipnnaluii

IBAsduRsIeRasied sUT 315 upusinaswseuans olid state reaction) ftunau
Y

&
U

1.

e

HALNIYBIENSIATIRNIA CUO ALO; Waz Fe,05 gnTanudnsIdIuNAIMeL
2Cu0 + O.lOFe203 + 090A[203 — > ZCUALO'QO Feo_looz

2CuO = 2x(69.546 + 15.999) = 159.0960 — 1.0000 ¢
91.7631

0.90A1,05 = 0.90 x ((26.981x2) + (15.999x3)) ——» ———— = 05767 ¢
159.0960

0.10Fe,O5 = 0.10 x ((55.845x2) + (15.999x3)) —» 15.9687 = 0.1003 ¢
159.0960

waltuusnaufulasldnsnuaals(Alumina mortar) Wuvan 2 $2las
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thnsansiegeignmienluded 1 luimsziantmdeninuiousiomain
Differential Scanning Calorimeters (DSC, Mettler Toledo Model TGA/DSC1) law
ﬁmumé’m'}miLﬁmﬁumaqqmugﬁLﬂwﬁu 5 aafwaLdea/unil
thrsansfetsigniniosluded 1 lusaludusinsnanivuadusiiugudnag
Uszan 11.90 fadwns wuiuseuna 2.20 fadwns wazduurisdiviey 4.90
fiadung x 3.20 Taduns wazALe1IUTzINN 19.60 Tadwnsiiowniosdalalns
anlagldusadail 1000 s

a

thanssegnaildlunlailusniionmgill 1333 K 1423 K wag 1473 K 1Junan

24 Fludluenne waryilidusiegnesngs

thanssheginudunualiazideaudwhemuded 34 Seivioun 2 ads an

ﬁf’uﬁwaﬁé”;asmliﬁmiwﬁauﬁ’asmﬂﬁqﬁu

- Apaudidalaseasilaendes Scanning Electron Microscope (SEM, EVO -
MA10) Inaldlyun backscattered electrons, 3LA31¢11519)W0aNE 1914 (EDS) ,
Tnundidnnseunisnll tnglddidnnseunindseu 15 kv 1¥idsens 20000
Wi kazwaila X-ray diffractometer (XRD, Bruker D8 Advance) Imai’mﬁ]’mgu
20 = 20-80 8371 WaLARLTY 0.02 BeAsio 1 Juil

- AVNULNAYRITNTULAYNSNTTRNLEYBIFNTUMIBLATEA Pore sizer distribution
Tagldusonsmanluinsunasansiogns Tarmsi 30000 psi

- fadanwinsiinuieulnsiades Laser flash (TC-7000) ¥nsiafigamadl
0484 873 K

- SnaudRdsiliilnewses ZEM - 3 Saausimanesludidnvindsnomaia DC
four-terminal method, (ZEM-3, Ulvac, Inc.) ﬁﬁmﬁmﬁqquﬁ pInd 873 K

- ’?ﬂﬂmamﬁjaVHﬂWﬁﬂ (Electrical Transport Option, ETO) TneiA3ad versalab
WigliamzsiaaumuLTe s vsLazanaaesve e tagldusingnisel

808 Nauuudivin 1.5 T igaungil 300 K wag 350 K
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NANISIYUAZNI5AUSIINE

Tuuniavfunisiiausranisidouarnisefivsionavesnisdaasiziaisuseney
CuAtO,QOFemOZQné{’aLﬂﬁzﬂmmﬂmﬁqmuqﬁ 1333 K 1423 K waz 1473 K iflefnw1dvina
madqmwﬂ“i?ﬁ?ﬂumﬂmﬁiaauffﬁL'Tjﬂﬂsaa%'ﬁaLLazauﬁﬁmamaﬂu%Lﬁnw%ﬂé‘uaaaﬁﬂ‘szﬂau
CuAlyeoFeq 100, LaUNANTILATIENAS wanasasolud

4.1 WaN15ATIZA DSC/TGA Va9a15HEN CuO ALO; Way Fe,0,
MsduAsIZRANTUTENDU CuAly ooFeq 100, mmsmmmaauﬁmqmwgﬁﬁLﬁmﬂﬁﬁ%m
Yaea1TUsznousIswALA Differential  scanning calorimeter (DSC) Wag  Thermogravimetric
Analysis (TGA) lmgtiwe CuO AlO; Wag Fes05—d2uau 1.0000 nsU 0.5760 n3U Way
0.1003 n§u Auaeu wuaduea 2 47lue wdniluiasien DSC/TGA Fsivundnsinis
Lﬁuﬁumaaqquﬁ winilu 5°°C /unil ﬁwmwwaaﬁ[umimmﬂ&?\iLwiqquﬁﬁaaﬁq 1483 K

8
: - 0.001
d | LN 2
[ SR temei |- 0.000

4 - [ _

e - -0.001
] F0002 o
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o a
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Temperature (K)

gﬂﬁ 4.1 DSC/TGA wpansUsenoulaseasna CuAlg ooFeq 1002

SUA 4.1 wanaman15iATIed DSC/TGA Wuiiwa TGA flgamail 1343 K e
anad 3.19 % luvnsifediunaves DSC fnujiegarinuieu (endothermic) 479
goumqll 1323 - 1353 K uauifinufitermeninuiou (exothermic) 929gaumail 1353 -
1373 K 910911338 KPark wazamg [4] lndumsieviansusenau  CuAlygoFe, 0, 1l



A1 DTA wuludngumgil 1324 - 1359 K aufinuf3eganiusau (endothermic)
lngsendinunisifinudisedionan Tae KPark wazanz (4] ldnaninduteumain
\AnUfATeuansisaunisit 6.1) Tnotrsgamglisananfiailndidvsiuna DSC vasiideil
Flagui 4.1 ﬁaﬁuaﬁnﬁinaqﬂlﬁdﬂ nmsiiaUfAsensgaauioulutag 1323 - 1353 K 1y
Uiiseniiansisdusausiulalasadnefiaesles

2Cu0 +0.941,0, +0.1Fe,0, — 2Cudl, ,,Fe,,,0, +1/20, (4.1)

wragnslsnmudsliansaasugrnnsiiaufisonmeanuiouls fadudansouans
Usznou CuAlygoFeg 100, 1aanaLNg CuO ALO; Uay Fe,05 tnlumfigaumil 1333 K 1423
K way 1473 K ieanazmnisifiaufisensainan

=

4.2 wavasuu)iinldduasidoauimelasasinavesaisusenau CuAl gFeg 00,

a

4.2.1 gﬂwuum'sl,ﬁyﬂ':L‘uu%'aﬁtﬁnsﬁmaamiﬂi:na‘uCuAlo_goFeo_sz Lmﬁqmwgu
1333 K 1423 K uas 1473 K
N1IF9LAIIZNA1TUTENBY CUAl ooFe 100, LRNNINNSIASIEMLlASIAS 1Ay
pafUsEnaUYRasUsEnaUMEmeTiamsiasaui e Eiang aviinisTndaud wu 20 =
20 - 80 paFn SATINTIANTBIY 0.02 BIFNAOIUT FUT 4.2 uamsgULUUMIEL VLD
%’a&ﬁn«ﬁ%ﬁ?umuﬁmqmmﬁ 1333 K 1423 K uwag 1473 Kwudw%umuﬁmﬁqmmﬁ
1333 K \Julasadudamealemiiodasiaiiude Ingifisuiugiutoyauinsgiu JCPDS
75-2359 flynwedifunuuiensglnuon Sunuimiiigungdl 1423 K fialassaduiaea
lydifumdn wazifialasadns Cuo Lilsaldntasiiss 35.60 s was 38.77 oef wlaiioy
fugudeyauInsgIu JCPDS <74-1021 u,a:%umuﬁl,mﬁqmwgﬁ 1473 K (finlnseasnafan
vipalwst waz Taseadne CuO i 35.61 aA WAy 38.77 03 War CUALO, Tl 31.24
B471 44.79 BN 55.60. B9AN WAL 59.30 83en Wialflsuiugiutoyasinsgiu JCPDS 73 -
1958 wazanwa XRD ﬁ’lmmf-ﬁﬂmﬁimqmﬁn‘uaﬁumuﬁmﬁqmmﬁ 1333 K 1423 K uag
1473 K sfansneil 4.1

miwﬁ 4.1 LLE‘iﬂQmﬂdﬁIﬂNNﬁﬂﬂa\iﬁ’i‘iﬂ‘itﬂau CuAlygoFeg100; Lmﬁqquﬁ 15355
K 1423 K way 1473

Qv (K) a (&) c (A)
1333 2.8741 16.9325
1423 2.8717 16.9427
1473 2.8708 16.9133

NPT 4.1 NUNAAAlATIRENYRITUUTINIgUNgTE 1333 K 1423 K uay
1473 K funu a uay ¢ danlnalAesiy lnefiansusenau CuAlO, fiAiaenlasinan a Ao



28567 (A) c Ao 16.9430 (A) [20] Tuweuriiansusznou CuFeO, flAmsiilasawdn a Ao
3031 (A) c fie 17.092 A° [36] FaiuankanIsiesIesinuIAasilassHanvesiuaudl
ﬁﬂaﬁj‘sij’mmmﬁimmﬁnmmaﬁﬂixﬂau CUALO, U CuFeO, \ilpa91naudTodlavin
Fupszvansuseneu CuAlO; inside Fe3+ wio Fe  lumundwes AL U%mm 10 % oy
LMoY Uaza NI 4.2 mawmmmmammumaa CuAlgsoFep 100, Lm‘maﬁu‘wnu 1333 K
1423 K uaz 1473 K Luamamumwauammmwaa CUuAlO, WU umamwummﬂmaau
Wity 20 flanas esandnisunudl Fe™ wie Fe” lusumisues A’ Tneflovmenves
Fe’” fi3mil Ao 0.645 A" Fe”* fiefl Ao 0.780 waz pxmouves AU 15wl fle 0.535 A” [37]

i ®: CcuAlo_ © :CuAlLO, A:cu0
2

T!=1423K
f G\ T e |
o
0. T =1333K
= -
-("% -
| N oo
= -A 7 M J\...J\_- A
(012)
CuAIO2
(101)
(006) (104) (018)
(110) (1010) 116
(009) (017) ( I)(zoZ)
L) 1 o 1 L L 1 k L 1 - 1 & L
20 30 40 50 60 70 80
20

JUM 4.2 JUuuunadeaivuresisdianduestunuiiwifiguugil 1333 K 1423 K way 1473 K

U

lnaiiyuiugutoyaunsgu JCPDS 75 - 2359



A XRD awnsadwamaunisinuguiu 0.5 whesseugegedn (Full
width at half-maximum ; FWHM) &4A199na1381u15091ARuA3ea (Strain) 9uans
ANUALNUS AR ANNT1ST (4.2)

KA
ﬁhk! = m +4dgtan @ (4.2)

P a v a a Y a1 & o
We B,y A srurANUNINYINANAMuTNtA LTy 0.5 VOIAINHULUVUE IR
1 A
K #o A1mei (0.8-1)
A AR ANANENMIARUYBISIELDNDLSETY Cuk, 1M1 0.154 nm

D A9 wuInueswan (Crystal size)
e fp AIAUASEA (Strain)

TRgfAIAASEA (Strain) ANASaLARIAILAURUSAIEaNA1TT (4.3)

4tan @

wazvWIAYBINEN (Crystal size) @ansarnulrnauduiusssaunisi @.4)

KA

D=—F— (4.9)
B cos 6
Mnausi (4.2) dalegsuutvanmsii (4.5)
B, cos & =%+4£sm9 (4.5)

WaraNaUNI (4.5) anuseiuavian anueses (2) ldananuduiussewing
By cosOuay 4sinf uaninannian 4.2 - 4.4 Uag3Un 4.3



MINN 4.2 AFWHM 73119 989815U52n0U CuAlysoFeq:00; ﬁLmﬂﬁqquﬁ 1333 K

grerud 260 (a9/) FWHM (D) 4sin @ By cos @
(rad)
1 31.67 0.26284 1.0908 0.0044
2 42.07 0.34124 1.4368 0.0056
3 57.06 0.39102 1.9112 0.0060
4 66.75 0.39557 2.2004 0.0058
5 73.94 0.48232 2.4060 0.0067

= i - i = - a
M99 4.3 A1 FWHM VI3unn99u83en3Usenau CuAlysoFeq 100, MWgaumgil 1423 K

St ICTLD) 2 4sin@ B cos 0
(rad)
1 31.65 0.2267 1.0908 0.0038
2 42.10 0.3031 1.4368 0.0049
% 57.08 0.3584 1.9112 0.0055
q 66.75 0.4061 2.2004 0.0059
5 73.96 0.4660 2.4060 0.0065
13799 4.4 A1 FWHM ﬁ:guﬁhqs]‘ummsﬂisﬂau CuAlgseFer 1003 ﬁtm'ﬁ'qmwnﬁ 1473 K
an ru‘U“‘ﬁ: 20(097n) N (ﬂhk{) 4sin @ B cos @
(rad)
1 %, Wl 0.2267 1.0908 0.0038
2 37.66 0.2932 1.2908 0.0048
3 57.08 0.3584 191 17 0.0055
4 66.75 0.4061 2.2004 0.0059
5 73.96 0.4660 2.4060 0.0065
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0.0045 -
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10 12770 16 18 BALNZ2 24 26
4sinb

(P) gaunnd 1473 K

;:Uﬁ' 4.3 ANUEUNUS I B os@ wae 4sinf 103a15U5NoU CuAly ooFen 150, IBLHIT
gaundl (n) 1333 K (1) 1423 K - Uaw (A) 1473 K

U 4.3 uaaInuFuRUSIENING Boosd way 4sind vesa1sUsynav
CUAlogoFen 100, TR TgmQR 1333 K 1423 K wag 1473 K SenennaaSen (u 0.0014
0.0018 uay 0.0013  MNEWU INNARIAIINLATEANUIT a15UT8NBU CUAlysofey 140, Tl
thlvsnnqgomaiifimaaaisailndidsstu dahlusuiseierandnledn gamndild
Tunswnidhidmatuaeunionvoeduny

AINLASUAVLFINARRATENINUIANLSOUVDITUN UL AYAIANINN1TUIA2 LS DU
aunsamlansaunisi (4.6)

K = T (4.6)

- - ° v -1 -2

We kA9 @nwn1suiAusauy (Wm K)
A fiD AAINTBIAIANTNATUNIUAINTBUTBININYAUNNIBIVBINEN
B Ad ANAINYEIAIENTNAIUNIUAIINS DULLDIIINANSIUADUNTUAN

o el L | ¥ o 1 5! s 5 1 o 12 =f e‘{ 1 as U
Tunuideldide Fe™ wnusumua AU felufnanmwnistharudeudatuegiuen A u
dulug Tnean A anansamlaseaunisi (4.7)

Ve

A= :
3hv”

(4.7)



A9 USumsnsnauvaiansiie
AD ANAINUDINAIA

= a

Ao ANuSvealiuay

AD N1SNTEIRsvRLluay

e RN I el

N19N5LLIWAVIVRINUBUALLAAL 2 WUU AD NISNTZIRBIINLOULIDIRINNARS
w74 (T,) way nsnseidwedlnusuilonndvsnamnuassaveswanie (O F@1unso
PIANUFURUSIAANANNTITN (4.8)

r=r, +T, (4.8)
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(4.9)

I"M:x(]—x)[ =i J

XM, + (1= %)M,

NASINNITNTELIVBIWLBULLBIIN BN NERNULASEATDIMANTIA @1N150UILARINAUNTITN
(4.10)

2
= x{1=x) /7 it (4.10)
x6, + (1= x)5,
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4.2.2 Nﬁﬂ'l‘ﬁtﬁ‘i’lzﬁﬁ’lﬁlﬁﬂwﬁﬁ'm (Energy dispersive x-ray spectroscopy , EDS)
V29a15U52n9U CuAlygoFeq 100,
N15dUATIZNEISUTENDY CuAlygoFe 100, A1U150MTIVABUBIAYUTENIUYDIATSHY
aa’wmnmﬁmmzﬂmam’%‘awawﬁﬂﬁ idnmsauluudnnsIn(SEM) Tulviun backscattered
electrons Saufun1siiasizvisnnBendanu (EDS) ldnauansiaguil 4.4 - 4.6

1 0 2 8
Electron Image | Full Scale 1822 cis Cursor; 0.000

U7 4.4 EDS vesansuszney CuAl, soFe; 100, Wnitgamail 1333 K

3'1J'v1 44 LLamLUaﬁtmumawmamaamm’lumwivﬂaU CuAlggeFeq 1602 meammu
1333 K WU']’!“UUQ']‘LJ&JELVHHLQ’]EJWJ@EJ’NHQJ’]L&&JEJ INNTAIATIEY EDS WUIUSIINGINEa
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951824 CuAlysoFeg 1005

#17

- 2
ANy

Spectrum 1

6
Full Scale 2416 cts Cursor: 0.000
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Spectrum 2

B 6
50pm " Elmatron image 1 Full Scale 1845 cts Cursor. 0.000
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SUT 4.5 EDS vasansusznay CullgsiFey 00, Wiiaamgil 1423 K

=

JUT 4.5 wanaUesidusosnauvaisnluasusenay Cullgsore 100, WINRMNAI
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Snsnduse [Cul 5 [AU : [Fel + [O} Winfy 26,27 = 20,17 : 287 : 50.69. Falndlduariu
8037187 CUAlyaoF e 100, HaegU () Uhaidvdl wuansiaus e [Cul : [Al : [Fe] : [O]
WinfU 25.19 ¢ 19,90 : 2.67 - 52.28 G 2 Usadirnlndlde sty tionaidesnann viow
Aiduiivsinaniosnndodouiuding FuinliarsEnnseudinnnsznuudnadm iy
fuaznauvaIsARlndifes damnradinanannsovivenliindunuiiviniigumgii1a23 K
alngidulaseasns CuAlysFeg 160,

 Spectrum 1
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r 200m 1 Electron Image 1 Full Scale 2311 cts Cursor: 0.000 keV




Electron Image 1
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0 T - 6 8
!F'.;Ii Scaie 2692 cis Cursor, 0.000

20pm . Electron Image 1
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Ul 4.6 EDS w@tensys¥neu CuAlysoFey 1,0, Wifigaumgil 1473 K
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91N0N5199 4.5 WU U 4.6 (n) fidmsndausin [Cul : [AU : [Fe] : [O] HAnlnaiAss
1A59a$79 CuAlysoFeq 100, U 4.6 (1) H8m31dUv03519 [Cu] : [AL] : ] (0] fAlndlAes
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4.2.2 Nﬁﬂﬁ%tﬂ‘i'l::ﬁﬁ’lm%dwﬁw'm (Energy dispersive x-ray spectroscopy , EDS)
V4a13UIENDY CuAlyeoFep 100,
N3AUATIENAISUTZNDU CuAlygoFey 100, ANMNTONTIVNEDUDIAUTZNOUTDIENSHA
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electrons SwiumMAaTwisndmdsau (EDS) lnauansisgul 4.4 - 4.6
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UM 4.6 EDS v@3e5U5enau CullysoFey 0, Wiilgaumgil 1473 K
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A5197 4.5 uanadasEIu [Cul : [AU : [Fel : [O] vasBuau CuAlysoFeq 100, WA
BaUNNil 1473 K
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4.6 | 1256 24.12 2.78 60.55
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fwnfigumgll 1473 K auiialaseaine Cuo uay Taswadsatiunuaiiatu Feenanandlé
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MNATEUee Y.lu wazauy [6] lnduasiedarsusenau CuAlD, waulaeLuai
gumndl 1373 K wudiiialassadsdamiealaiifiuslaswaituies wazlaihansuszney
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Tasead1e CuO wazlasadng CUALO, 21N1U33BYD1 Yun U wagAne dwisoasulaiinig
Wasumanlaseadeiamealemdulasiaiia Cuo  waslas@ing CuALO, dufald 2
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4.2.3 waﬁaaqmwgﬁm‘t’ﬂumﬂmm'aﬂmmaaLnsuuazmmw'guﬁ's
NM58UATIZE1TUTENOU CuAlggeFey 100, A@11150ATIEBVANYULNURILAZIUNG
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WANIINTUANLNTOATIVADUANUNTUFILAYIUINFWTY AI8ImALlA mercury intrusion
Tagnseausonlagldanudufaus 1.451 - 29746 psi vudunulasnusenluunsnuinmg
wyuvestunu lnemadadndm awnsamnvuavesgnguldangunisi (4.12)

d = 4.60056’ (4.12)
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mmsnmmmwmmwawumu Imﬂmsmmﬂiumwawmmmaqlmlmwmﬁam
ABUTON WAy Uimmwuamwmnammaﬂiaw TmﬂﬂimmﬂiawlﬂLmum’luiwswawumu
LmamaunUﬂimmiwwmwm 100 % VBITUIL muamlmmiﬂw 1.9 (n-A) YBIBUIUKHT
gaumall 1333 K 1423 K uay 1473 K Usiavesusanluunilugnsufiandu 0.0370 cc/g
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mmmmmmmwgummawua'\ummsnmmﬂmmaumiw (4.13)

g=[1—&}<100 (4.13)
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o | VR - " <
g p=; FRTUAUNTUAIA NN TOUAAIEUNTN (4.14)

8=(1—%’—]x100 (4.14)

dlo & Ao AnaWgUsA
V, Ao Yiinasvesunuidililavinnisdasslsen (cc/e)

V. Ae YSuwwsusenitoadnluluduiiu ( cc/e)

t

AT 4.7 LARIANMISAMUIRAILNUS VBT CuAlgeoFey 00z WTigamgil 1333 K
1423 K way 1473 K

T. (K V, (cc/g) Vi (cc/g) V. (cc/g) AUNTUS (%)
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T, = 1423 K
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A3 4.8 'umﬂ'umgwquuaxmquuﬁwaa%umu CuAlygoFeq 100 Lmﬁqqun 1333 K
1423 K way 1473 K

guUnETEN(K) VUMWY (Um) ANUNTUAT (%)
1333 0.30 12.41
1423 0.16 9.55
1473 0.02 - 0.04 2.14

A5 4.8 'wmf1Li'lav‘hmsLm"?}/wuﬁammmﬁuﬁu mmmwwuaxmmwmﬁaﬁﬁﬂ
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duusgandiuaiivdundugungil 1000/T (K) laefifnaiuduvensii Ae wasunsequ
Ailianmvedase () 3nANUEURUSAINaNEINITOLARIAIANNTT (4.16)
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S e aninnisunlngn
A9910879 YN (K) Sy L
S (@ cm)
323 0.28
373 0.75
473 173
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T.= 4423 ¢
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e 041
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T.= 1473 K
573 3.23%
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E, =B pE (4.19)
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1333 K 44.95 109.43 64.48
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1473 K 87.02 109.43 22.41
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M1519% 4.12 WANTSILATIEN Wﬂ'}’luﬂuqttﬁu‘ﬂEQW’WI’JLl.a&’?i’]ﬂﬂWWﬂa'ﬂQ‘UENW']ﬂB‘UEN
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4.3.5 Dimensionless figure of merit (ZT)
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N3 IV Hall effect CuAlO, Lmﬁqzumu 1333 K
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men= = Ry=SoPed ho06cm B=15T
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Abstract

This research studied the effect of sintering temperature on structure and
thermoelectric property of Cudly oFep0n. - Solid state reaction method was sintered a
powder of high purity CuoiO , FeaO; and AlO:; mixture in the rafio CuAlycFep 04
milled for 2 b then sintered at 1373 K. 1423 K and 1473 K for § h for 3 times. XRD
Analysis found that the compounds of CuAly ;Fep 104 had a delafossite structure. The
lattice constant was a=285 A and c= 1672 A . Analysis of SEM and porosity
indicated that the temperature of the sintering has an effect on grain size and
porosity. when the temperature of sintering was increased, grain size was larger and
porosity reduced. The results of the measurement of the Seebeck coefficient and
conductivity at temperature range from room temperature to 973 K. found that
conductivity of the sample sinfening at 1473 K was lowest because the surrounding
area to CulD in Cudly oFey 30, structore CuO was expected to hinder the movement of
the carrier. Sample sintering at the temperature of 1423 K had higher conductivity
that that at 1473 K Due fo the larger grain size. the thermalconductivity depends on
the porosity of the material The sample sinfering at 1373 K had the highest porosity,
and The thermalconductivity is lowest caleulated ZT walues found that sample
sintered at temperamire of 1373 E_ 1423 K and 1473 K has 7T value of 0012, 0.022
and 0.021, respectively. All results considered for  performance and power
consumption found that the optinmm temperature for photosvnthesis CuAly oFey 05 is
1373 K
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Abstract. In this study, we investigated a CuAlpoFeq 1Oz compound prepared at two different
sintering temperatures in order to find out the effects of sintering temperature on the compound's
figure of merit of thermoeleetrie properties. The thermoelectrie CuAlysFep 102 compounds were
prepared from high purity grade CuwO, ALO; and Fe:0; powders. The mixture of these powders
were ground and then pressed with uniaxial pressure into pellets. The pellets obtained were sintered
m the air at 1423K and 1473K. X-ray diffraction (XRD) patterns showed a single phase of

CuAlyoFeo10; with rhombohedral structure. R3m . along with a trace of CuQ second phase.
Moreaver, the XRD peaks of the sample sintered at 1423K indicated that more Fe™ atoms replaced
A" atoms in this sample than they did in the sample sintered at 1473K. The average grain size of
the CuAlgoFeq 10 compound prepared inereased with inereasing sintering temperature, whereas its
mean pore size and porosity decreased with inereasing sinfering temperature. The dispersed small
pores markedly decreased the thermal conductivity of the compound, while the Fe™™ substitution of
AI’" inereased its electrical conductivity. The highest figure of merit (Z7) found was 0.021 at 973K
i the CuAlyoFep 0, sample sintered at 1423K. Our findings show that this low-cost material with
a reasonable figure of merit i a good candidate for thermoelectric applications at high-temperature.

Introduction

The term thermoelectric material refers to a material that exhibits substantial thermoelectric
effect. which is a voltage difference caused by a difference in temperature and viee versa. This
effect oceurs to a varying degree in different thermoelectric materials. Thermoelectric performance
of a material 13 commonly evaluated by a parameter called dimensionless figure of merit (Z7). ZT
1s determined by equation (1) below:

{Z'ZLT
ZT = T, 1
= (1)

where T is absolute temperature, @ is thermoelectric power, ¢ is electrical conductivity and K is
thermal conductivity. There are several materials with high ZT, but an interesting one, CuAlOs, has
the advantages over other existing materials: it is low cost and non-toxic and has a high oxidation
resistance and operating temperature, up to 1400K [1, 2]. Delafossite CuAlQ, has a rthombohedral
crystal structure with lattice constants a=2.85670 A and ¢=16.9430A [3]. Its electrical conductivity
is of p-type semiconductor due to native defects in its erystal structure [4]. Our review of literature
on this subject turned up several papers that are directly related to our study. They are the
following. Park er al. studied the effects of sintering temperature on thermoelectric properties of
CuAlO; [2]. They found that the porosity of their samples sintered at 1423K and 1473K were
26.6% and 25.1%, respectively. The highest value of the power factor of the CuAlO: sample
obtained by sintering at 1473K was 6.62x107 W/(mK"). In order to improve CuAlO:'s
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thermoelectric property. groups of investigators have doped it with dopants such as Ca and Fe. In a
study by Park et al., CuAlO; was doped with Ca to obtain CuAl; xCayO; (0 = x = 0.2) [5]. They
found that substitution of Al with Ca in a propertion of about x=0.1 increased both the electrical
conductivity and thermoelectric power of the compound. The highest power factor of the
CuAlgoCap10; samples was 7.82 <107 \V.-"(m.Kz). In another study, Park er al. also reported that
electrical conduetivity inereased with addition of Fe dopant, up to x=0.1 of CuAl;Fe,0r (0 =x =
0.2) [6]. The highest power factor of the CuAlyoFey 0, samples sintered at 1140K was 1.1x10™
\\-".-"(111.1{2). The highest power factor reported was 12x1071° \V:’(m.K:} for CuAlyoeNigg1O;. The
findings from all of those studies indicate that we can improve the thermoelectric property of
CuAlO; by adding suitable dopants to it and sintering it at a proper temperature. Substitution of
10% of Al with Fe in CuAlO; yielded a compound with the maximum power factor of 1.1x10%
Wm 'K~ [6]. However, none of the above studies investigated the thermal conductivity of the doped
CuAlD; compounds, a key parameter that determines the compounds’ ZT and thermoelectric
efficiency. In this respeet, Mikio Ito er al. studied the thermoeslectric performance of n-type and p-
tvpe p-FeSiy compounds added with Cu and prepared by pressureless sintering [7]. They observed
many small pores dispersed in their samples. These pores effectively reduced the compounds’
thermal conduetivity and mereased their thermoelectrie efficiency. It was also found that porosity of
CuAlO; depended on sintering temperature [2]. The specific purposes of this work were to study the
effects of the sintering temperature on the thermoeleetric power, eleetrical conductivity and thermal
conductivity of CuAlysFep 0, prepared by solid state reaction and to determine the compound’s
ZT, calculated as a function of the operating temperature. Two sintering temperatures; 1423K and
1473K were used in this study because we choose from the literature reviews of this compound.

Experimental

High purity grade Cuy0(99.99%), Al03(99.9%) and Fe:03(99.9%) powders were mixed
together and then pressed into pellets. The pellets obtained were sintered in the air at 1423K and
1473K for 8 hours. After that, they were ground, pressed, and sintered again for three times in order
to obtain homogeneous samples. The crystalline strueture of the as-sintered samples was
mvestigated by x-ray diffraction (XRD. Bruker AXS:D8 Discover) and scanming electron
microscopy (SEM, Carl Zeiss EVO MA10). The porosity of the samples was measured by mercury
mirusion porosimetry. Thermoelectric power and electrical conductivity of the samples were
simultaneously measured at room temperature and up to 973K by de four-terminal method (ZEM-
3.Ulvac, Inc.). A sample’s thermal conductivity was determined from its thermal diffusivity and
specific heat measured by laser flash thermal constant analyzer.

Results and discussion

Figurel(a) shows the XRD patterns of CuAlpoFeq 102 sintered at 1423K and 1473K. The
patterns matched well with that of CuAlQ; in JCPDS No. 75-1988. Both samples consisted of Fe-
doped CuAlO; with trace amount of CuO. Fe;03 and CuAl Oy structures were not observed in the
XRD patterns: this might be due to the amount of Fe,0; and CuAl,Oys being smaller than the
detection limit of the XRD machine. In addition, the CuAlyoFep 0, sample sintered at 1473 K
exhibited a higher erystal quality than the other sample sintered at 1423K. Regarding the effect of
sintering temperature on the Fe substitution of Al atoms, the (012) and (101) peaks of the sample
sintered at 1423K were found to shift toward lower angles compared to the one sintered at 1473 K,
as shown in Fig.1(b). indicating that more Fe™ substituted AI'” in the sample. The ionic crystal radii
of Fe’” and Al'” are 0.65 A and 0.53 A, respectively [8]. Note that. the peaks of CuO were used as
reference peaks for indicating the shift peak.
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Figure 1. (a) XRD patterns of the CuAlygFey 10, samples, 1(b): Comparison of XRD (012) and
(101) peaks of the CuAlgoFep10: samples sintered at 1423K (dash line) and 1473K (solid line).

Figure 2. SEM images of the CulAlyoFep 10s samples sintered at 1423 K (left) and 1473 K (right).

~

Figure 2 shows the SEM images of the CuAlpoFep102 samples sintered at 1423K and
1473K. It was found that, as the sintering temperature increased. the grain size of the samples also
inereased from 2.0 to 5.0 um. and their porosity decreased. From mercury intrusion porosimetry
measurements, the pore size and porosity of the sample sintered at 1423K were 0.16 pm and 9.53%,.
respectively, while those of the sample sintered at 1473K were 0.02 pm and 2.14%, respectively,
showing that sintering temperature strongly affected the degree of porosity. The porss were mostly
located at grain boundaries. Figure 3(a) and 3(b) show the temperature dependence of the
thermoelectric power and electrical conductivity. respectively. In this work, the thermoelectric
power was found to be positive for all samples. meaning that hole-like carriers dominated the
electron transport. The thermoelectric power decreased with inereasing temperature up to 300K but
then increased at higher temperature. This result agreed with that in the study of Park er al. [6]. The
thermoelectric power of the sample sintered at 1473K was significantly higher than that of the
sample sintered at 1423K. Figure 3(b) shows that the electrical conductivities of all samples
inereased rapidly with increasing temperature, indicating a semiconductor behavior. In general. for
a given compound, electrical conduectivity increases with inersasing grain size and decreasing
porosity. However. the electrical conductivity of the sample sintered at 1423K was higher than that
of the sample sintered at 1473K. This could be explained as an effect of more Fe' substitution of
AT in the former because the electrical conductivity of CuFeO; (2.0-10.0 S/em) [9] is higher than
that of CuAlO; (0.7-1.5 S/em) [2], and the thermoelectric power of CuFeO; (250-290 nV/K ) [9] 1s
lower than that of CuAlO; (500-525 uV/K) [2].



188 Materials Science and Technology VIl

135

__ 5404% (a) .
~ 1 §
| o
?_: 510_ II| E
o] 1 z
5 480 | 2
a S
Q 1 o
= 450 =
8 VT = 1473 K 8
[ ] - - o
Q 420 I e 8
E o - =
9 1 =" T = 1423 K B
= 390 T

400 600 800 1000

400 600D 800 1000
Temperature (K)

Temperature (K)

Figure 3. Temperature dependence of (a) the thermoelectric power and (b) the electrical
conductivity of the samples sintered at 1423K and 1473K.
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Figure 4. Temperature dependence of (a) the total thermal conductivity, (b) the lattice component
(K,) and electronic component (K ). and (¢) Dimensionless figure of merif of the samples sintered
at 1423K and 1473K.

Figure 4(a) shows the temperature dependence of the thermal eonductrvity of the samples
sintered at 1423K and 1473K. The thermal conductivity of all samples decreased with inereasing
temperature, Total thermal conductivity (Formi) consists of two basie components: lattice component
and elsctronic component, in the following relation K= Ka+ Kpi. The electronie contribution to
thermal conductivity, Ky was caleulated using Wisdemann-Franz law, Ky = LoT, where L is
Lorenz number, ¢ is electrical conductivity and T is the absolute temperature. The lattice
contribution, Ky;. was obtained by subtracting K; from K.,y The temperature dependence of Ky
and Ky of all samples are shown in Fig. 4(b). The influence of electronic contribution on thermal
conductivity was rather small in comparison with the lattice contribution. As described above,
bigger pore size and higher porosity were observed in the sample sintered at 1423K compared to the

sample sintered at 1473K. A possible explanation for these results is that these bigger pores
effectively caused phonon seattering that decreased the K.

Dimensionless figure of merit, ZT, was caleulated from thermoelectric power, electrical
conductivity and thermal conductivity. Figure 4(c) shows the temperature dependence of
dimensionless figure of merit of the samples sintered at 1423K and 1473K. We found that
dimensionless figure of merit (Z7) increases with inereasing operating temperature and agree with
the previous studies [4-7]. Moreover, the highest ZT of the compound is firstly reported up to 0.020
at 973 K in this study. The results indicate that the porosity in thermoelectric compound exhibits an

important parameter to enhance the thermoeleetric properties. We came to a conclusion that the
- i+ . . i+ . . - . -

influence of Fe’  substitution of Al and the higher porosity effectively improved the
thermoelectric efficiency of the CuAlpoFeq10: compound.
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Conclusion

To conclude, the effects of sintering temperatures on the thermoelectric performance of
CuAlyeFep10: were determined in this study. XRD patterns showed a single phase CuAlpoFeg 101
with a rhombohedral structure, R3m . along with a trace of CuO second phase. Moreover. the XRD
peaks indicated that the sample sintered at 1423K had more Fe'  substitution of AI*" than the
sample sintered at 1473K did The grain size of the samples inereased with increasing sintering
temperature while the pore size and porosity decreased with inereasing temperature.The high extent
of Fe'™ substitution of A’ and the high porosity of the samples enchanced the compound's
thermoelecric properties by inereasing its electrical conductivity and decreasing its thermal
conductivity. The first report on highest ZT was 0.021 at 973K in the sample sintered at 1423K.
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