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ABSTRACT 

In th is research , Seebeck coefficient system was designed for usin~ in laboratory. The 

des i~n system is capable to measure Seebeck coefficient from room tem perature to 100 

0c. In addition, the system was ca librated by u s in ~ CuGa02 doped with Fe203 sample 

which was measured by standard inst rument ZEM-3. The compari son results were 

concluded that the design syst em had accuracy in confidence level of 95%. 
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'Wi(~~l'U61lJ 'Wi('J~l'UJl 'Wi('J~1'UA11lJ~8'U1vl~'U~Jl'W'Wi(..'l~1'U~llJl61 b.u'U~'U 
1(?j CJ 'W i(~~ltlAl1lJ ~eJ tI11?l fI ntlllJl1oU bf'i eJ U'Vl 

, 
n fl'i1 m 'jlJ'lJ eJ ~ lJ tI'tf~ b 'litl m:::u1 tI fIl 'j e.J ~ \911 'U1 'J" ~ ~ l'U

'\J , 

'Q\91?!IVlm 'jlJ 1'U bA~eJ..'ll'Jtlii 'jfl l'J'U ii fIl'j'lltl?i..'l bb(1 ::;~'U1 VI t1~'<illnm llJ~eJ'U ~otlllJlH1'U m::; u l'Unl'j 

~1'J61 bb~l Al1lJ~tJ'UU1 ~?il 'U~ bVI ~ 8V1~ eJ'Wt1'1 ~l'UAlllJ~eJ'U?! ru bU~ l"l):t; fI nu ~ tJ l'Jvi'~?i~ ~ bbl(?1~tJ;W ~ ~ 
I 'U v 'U 'U 

b U'U?!l b VI\9jVl'ct~vll1Vi' b fl(?jU'j1 nnnl'j ru'1(1 n~eJ'U ~'Jli'l b'J" I?! llJl'jfltllAlllJ ~eJ'U bVI ~ eJvi'~ bVI~111lJl1 ml?l 

BfIb'jl n'<il:::?!llJl'j flU 'j:t;VlrJ(?1 b~8 b'W~ ~VI t1omoU8cJ(1 ~11?lB 01~UeJCJ bbm:w?! llJl'jfl n'Wi1~'Jl'U~?l ru b~ l'J1 '1.1 
'U 'U 'U v 

1tlnl"llbVI~eJvi'~11nt1u~'U:l.n1mVI~11?l,ff..'lVl;w(?j bb~8cJl~1'jn\911lJn?lllJl'jfltll'Wi1~~ l'U ni1ulJl1mVI~11?l 
lJlO b(1 CJVl b~l'Jl b'VlA1'U1618 b'VleJ{tlJBb~ n\91~n(Thermoelectric) ~~f1 n1oUb u'U B n'Vll~ b~eJ nVl~~ b'W'J"1::: 

'\J 

?! 1 lJ I 1 fI b U ~ l'J tI 'W t1 ~ ~ 1 'U A 1 I ;W ~ tJ 'U ~ U ~ tJ CJ vi' ~ ?i ~ ..'l bb 1 (?j ~ eJ lJ 
'\J 

mbu'U 1 ~V1111?l1(?jl'JeJl~l'JUllnJJ nllru6libuA(Seebeck effe ct) ~nA'U'Wu1(?jl'J1'Vlii'?!1'<il bbtl''UU 6libUA 

(Thomas Joha nn Seebeck) t(n~~m=1'lJllbCJmii''U~'Wull djeJ:iJml:iJbb\91n~l -:I'lJ tJ..'ltJruVlJl~ 
, 'U 

1::;Vll1..'l18CJ~eJ'lJeJ~1'11tll?!eJ..'l'lJD(?j'<il ::;Vll1Vi'bfl(?j1~V111VI (11'Ul~ '<il l 

C.u:ftffit flow , 

Seebeck effect 

http:VI~eJvi'~11nt1u~'U:l.n1
http:u'W~~�ni.J1
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1'LJn l'H~tJ ~~'tj 1I\jcr;j,nUfr;mJ ~eJ'Uj,J1bU'UVi6l;j ;jl'U1vJyh~"il~1~'lJ'a~~'Vl5m11\j~;j iJ'U 

l?1(?lb'Vltl~1jJBb~nM~n"il~ ~8 ;jJ'jAl ZT(Dimensionless fioure of m erits ) ~?I ;j ~;j ~eJ;jli Af'j?ljJU~
'1 ::> 'U .. 

3'lJ'a~m'a 

sZaT 
/ 1--­ 11 ' . ,- K ... .. . .. ... ..... .... .. \~) 


'a ~Vl1l;j Bi bb61~ Te eJl"illim 'a b~eJ'lJ'U?ll'a~'Ub1~m~jJ'lJ 'a~~'Vl5m11\j .ueJ~'lJeJ;j?ll'a'lJ'a~m),ln~Vl1l;j Bi 

-Te AmU'Ul?l~b'VleJftjJ5 b~ n'Vl~n~~li'lJ'a~~'Vl5m1'1~;j li;jl'Ui~CJ'a~~1l Bi2Te3 li ZT = 2.4 ~ 
mlJV1Jl:iJ ~eJ;j bb l91bdeJeJruVlJl :iJ ?I;j~'U'lJ'a ~~'Vl5m1'1"il~61(?lm ;;jbu'U.ueJ'<illn(?l'IJeJ;j Bi2Te3 'UeJn "illnd 

'I 'U 'I '\.J 'U 

?ll'a ~;j(9)'U AeJ Bi bb61~ Te iJ'alAl?l;j bb61~ Te "il~bu'U'V;'l"1~mUVlJllJ?I;j [2J l?l(?l1J 'a~ bJlVl~'U~iJm'a 
'U "I OJ 'U 'I 

A'UAlli -;(18 b'll'U ?ll'a'lJ'a~nmJ'lJ eJ;j Fe - Si bbI91Ubl!VllVl6ln'IJeJ;j ?ll'a'lJ'a~neJu Fe - Si AeJ~'U MeJ 'Um'a 
~;jbA'al~Vl1Vl1mA'a;j?l~l ;j'lJ eJ ;j?ll'aM;j011I..h bb61~"il~~eJ;jUl?ll'a ~;j~'U1'lJVl61eJjJ1'U?l ru ru l nlf'1V1~ eJ

q .., .., 

u'a'amnlf'1'IJeJ;jbbn?lb~eJ CJ~-qrulJjJJlJ 1450 O( b~mlENn'Unl'abn(91 Fe203 bb61~"il~(9)eJ;jUl~'U;jl'U~Hl 

l'lJeJu~muVlJl:iJ 800 ' ( - 950 ' ( tllWJlnn1l 30 .rrlljJ ':lb~eJ1mmA'a;j?l~l;j'IJeJ;j?ll'aM;j011Ul [1]
q q; 

'iJ'<il -.ijE.) b'll'U 'lJ ~~~1~5mVIj eJruVlJliJbb61~ blm1'Um'a~;j bA'al~~ 'aljJt);jeJruVlJliJ~"il~Ull'lJ'lJ 'a~8 n1'l1.u 
"I '\J 'I 'U 'I 

;jl'U 1'U;jl'Ul~ -d?l'U1"il6i';jbml ~~l?1~ b'VleJ~1jJBb~n'Vl~n~'<illn?ll'a'lJ'a~neJu (uGa02 b~eJ;j"illn 

1. (uGa02 ?lljJl'afl6i';j bml~V!1~~eJruVlJl:iJhi ?l;jjJlnAeJ 1050 T 
q q; q; 

2. "illnnl ',j~ n'l"1~lbdeJ;j(9)'U~i~ml\ju1l (uGa02 liAdl:!Jb?l~mbb61~hi 61J~CJ'U1A'a;j?l~l;j1 'U'Ill;j
q; 

eJruVlJl:iJ~eJ;j t);j 700 O( 3 . ( uGa02 lifh~:!J'lJ'a~~VI~~buA~?I;jjJlnn1l 780 Ilv/K bbl91?1m1'1Ul 
"I 'U 'U f'"" 

Lib
Textbox



3 

, ~ ~ ~ 


~'1"1t,'Ll\'l8.;;l S 1i61 .Cl.'..J't-. ,r{IJi~'1./'lJ~lJtJJ~ ~1~~;l'U i'1 ~ UrI 1f1n Jrl;Lnl'15lj)n l ~i ln ;'In '~'''lGlV1 iiY1blJrI:W1''0i 

1,..' I < ~, 'U • ~ 'I 

, - '1 I '"1 .., ,' ,~ ~ ~.. .,: • I ~ 0 ..,/Q

1.l)'l! ~ Oj?ijJ\/1 eJf11,!~J 1 b'~ 'tj':i;: tJ n :'l'Li ~liH'11 1.; ~ 'VlfJ1 bJng'1 nli!';,n b b i:1~L '\I{;LJ u',l~tl'Vlu :Y,Y~n -IT)1~! ~ TWTID;j;\T~' , 
, , f ri n1~'1 ;'lt1- ~w1:j.nHf111 Ht'J ~J'~h~ b~i (q~f'l,,'uVfr/l -:.J ,,~']' 1Al~3J'l ';j~A'VlS~kJfIhltll'~'Lfl5iJ'Iij8 ZE fJ 

3 l fJ'W~fl~;J 'j'l YI~J -i(71Srl'JL .. lj'l.d8~\Jlt1r·nlLf!Jl2';-00JlIbf1~£l,,'Jj"j(J~~ I\RrniJ:i r'A~ '~LLYI~l:w' TU1 ~(JU~;j 

h1'1.JI.l'Lr"JAI'I~hJ.; "§)£l nlbt 'L 1,1,6'.;: (\~'"I nA~B'llV'A~ ~l.nJJt?t1B"'JL'LflLt1V'lf'klv~8t~1·u,~e:. ''L5Ui:'fl')''J~'" 

1. b~fl ;;1'1I,A';jl~~ CuGa02~d rJ15tJiJn~tJl'(JeJ 'II,I,~'1 bbfj~tJ1''tjtJ1.:J?\:JJLJ~ 'Vll.:J1v'h~1 1(7) EJ m';jl,~eJ~drJ 

Fe 

2. 

n l'H~fl~h CJ Fe 1'W tJ~ :JJlru\9il'l 1 ~eJ 0.0 % atom Fe, 0.1 % atom Fe, 0.2 atom Fe, 0.3 % 

atom Fe, 0.4 % atom Fe bl,fj:;:: 0.5 % atom Fe I,l,fj:;::6'I~1'l bA~fl'll(7)fi1;;1:JJtJ';j~~'Vl~~iLUA~ 

6'll:JJ1';jbl l l1l1(9)~'1bbl>ifl ruV!ilJJ1XeJ'Ibl'l 100 "C 
, 'U 
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.::::I 
'UVlVl 2 

2.1 tl11f1!)f111clb'VleJ~1~€h~f1~~f1 (Thermoelectric Effect) 
, 

, Y 

U';llnDm ';lrubVl€)'f[:lJ 8b~ nl'1~n (thermoelectri c effect) blJ'WU';llnDm';lrum';lbtJ~tJ'W~tJ 

';l~vr-h~'W~,:j,:jl'Wml:lJ~eJ'W bb6'l ~'W~,:j,:jl'W1'~ '~l All:lJib~ tJln'UU';ll nD m';l rubVleJ~l:lJ ~ L~ n(9)~ m ~:lJ~'W 

~'W1'Wu A.A. 18211(9)tJ Th omas Johann SeebecktJn :W~ n~'1l1lbCJeJ';ldJW·l'W'W'U1l b~8Ln \?iAl l :lJ 

bb (9) n~1,:j '11 eJ ,:j eJ ru VI Jl :W 'U ~ bl ru ';l eJ tJ ~ eJ '11 eJ ,:j tih L11 (C 0 n duct0 r ) ?l eJ ,:j '1l ~ (9) 'J ~ bn(9) bb';l ,:j ~'W bb 6'1 ~ bn(9) 
, 'U 

m~ bb?l1 ~1;111Vl6'lJlll1'Wr11L11 b~ m lJ'Wl ,:j'J';ltJ (9) ~,:j b~tJn11U';l1 nD m';lru611b'UA (Seebeck Effect) 

~ eJ:lJl1'WUA . A. 1834 Jean ChalesAthanasePeltiertJnv~~ml'1l1l~~,:j bY'1?l~'W'W'U1l b~ml1 r11L11 

?l eJ,:j'1lU (9) :lJ 1~ eJ fI'W bbfllvll nl';l~1 CJ n';l ~ bb?l1 VfLVI 6'1 ~ 1'W ~1L11 ~ ';leJ tJ (9)1) ';l ~ Vlll,:j r11L11~,:j ?l1),:j 'J ~ iJ A'J l:lJ 

bb(9) n~ l ,:j ';l ~Vl1l,:j 1) ru VI Jl:W bn(9) ~'W ~,:j n 1 ';l b U ~ CJ'W bb U 6'I ,:j"U eJ,:j 1) ruVlJl:W~'W eJ cJ fI'U ~ AVll,:j nl';l1Vl6'I"U eJ,:j
9 \J 9 \I \I 

2.2 tl11f1!)f111cl6/1b'UI"I (Seebeck Effect) 

x 

Xh 

Th 

Conductor 1 

Conductor 2 Xc 

Tc 

'JlmU~2.1 b61'Um(9)16'1V1~?leJ,:j'1l~(9) (Conductor 1 bb6'l~ Conductor 2) flm~eJ:lJ~eJblJltJ'J(9)
'U 'U , 

b~mJ(9)1) Xh~,:j:neJruVlJl:W?l,:j (Th) bb6'l~OJ(9) XC~,:j:neJru VlJl:W~l (Tc) 'W1Vl~1Yhi11 (Ca rrier) 
<t \I 'U 'l 'I 'U 

1 tJ1'W~ A Vll,:j b~ CJ'J fI'W fI'U n 1 ';l ~ 1 CJ bVl 1) ruVlJl :W 
, 'U 

(Temperature Gradient) 1'11:lJ~Y'1Vll ,:j x ~'U~bl ru~,:j~h 'W~eJ'W'W1Vl~ 0J~:n'W ~,:j,:j1'W?l,:j 'J ,:j'W tJltJl ~Jbbvd 
'U 

1tJ Vll Jll 'W ~ b~ 'W n11 bf; 8 (1 (9) 1''1 ~ ,:j,:j 1 'W 6'I,:j vl 11 VI'W 1 VI ~1~ V11 eJ cJ1'W Jlll ~ ?l:lJ (9) 6'1 b~ eJ,:j 'J 1 ni.l 'J \?i r1') L11 
'U , 
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v , v 

Vl wi l ~ nt! 'V el ~ \lV1 ~el'V1\J?1 el\J n'tm ';)\J I'1'UVi bn (9)~'U, 

(2.1) 

, v 

~T= fim,J61 ~ l\J'VB \J elruVl.fl:WVi'J(9)v1eJ'V1\j?1eJ\J (K), " , 

AlS 'J~~'Ut)~n'lJ'u'J~tJ v1 l\j"1 At) eJruVl.fl:D1A,;)\J?1~l\JB~~eJlJ bb61~'iJiJ(9)'lJeJ\j1i111.1l ~\JVlln1 .u 
~ I 1 ~ 

~l 1.1lv1 l \j'iJiJ(9) 'J ~lalA l s1~ bvll n'U vll1 Vfv~lal 'J ~~A l1~ bu'Ul"1 'U ~ eJtJ n';) ru b VI eJ 11lJ ~ L ~ n l>l ~ n" , 
h.l ~fl\J 'ii) 'i'U\'! 'J~1i?1l,;)~\J1i11tll (Sem iconducto r) ~ f.h'Um~Ul'\.Jnl ,;)b~eJ (Dop i ng)b~B1Walb 0; t! 

?1l';)~\j1i11tll'iJ -U (9) bSU (N-t y pe) fiB?1l';)~\jAltll~~Bb~nm elU ('lb~~61'U) bU'U'\fIIlVl~il \j lJlmb61~'iJiJ(9) 

V;( P-ty pe) fieJ?1l';)~\j1i11tll~m~m ('lb~~'Uln) bU'U'\fIIlVl~il\JlJln 

1'1 P nl II 

Vc Vh 
Tc Th 

, v 

'\fIIlVl~til \j lJ l n'V B\j?1l ';) n\j ~l tll Vi'\J?1B \j 'iJiJ (9) 'J ~ ~ Vi 1"1 Vll \j n l ';) bb 'Vv~ (d iffu sio n) bti t!1'll I>l llJ 

';)tJ ~ 2.2 Am~ lVl~ ~ nl ';) 1Vl61 I>l l lJ Vi l"1V1l\J nl,;)Dl m VI eJ ru'VI .fl iJ'J l nB ruVl.fl:W?1 .:1 hJ tJ\jBruVl.ll :W~l 
'U 'I 'U ., 'U '\J " I\} 

nl';)6b '\fII~'VB\j'\flllVl~til\jlJlnn'J~bn(9)nl,;)1Vl61'VeJ\jm~ 666'1 m ru'\flllVl~il\JlJln 6 UUB 6~n ~,;)eJ 'Um~66?i 

n "il~1Vl611 'U Vi l"1?il UVil \j n'U fll ';) 66 i'v~1 'U ';)'ll ~2. 2 1Vl61 'J l nil tJl 'll'V 1 l 6661 ~ ?llVll n'\flllVl ~i l \jlJ l n 
" 

6 UU 1em n';)~ 66?1~ 6n(9)~u'J ~1Vl61ViI"1V1l\J 6 ~tJl n'U n'UVll\j b6 'vv~1 'U ';)tJ~ 2. 2'J~1Vl61 'Jl n'Vl l1tJiltJ b661 ~ 
" 

http:bb61~'iJiJ(9)'lJeJ\j1i111.1l
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S = -6.Vl6.T = -(Vh-Vc)/(Th-Tc) (2.2) 

<::>0. V r.: I 

Tc : ~ f')VlJllJ\911'UlCJ'k VI'Ud tJ K 
, '\J 

S = Seebeck Coefficient (VlK) 

2.3 b'Vle)'n:W~b~n(9)1n1:W~(;1 (ThermoeLectric ModuLe) 
'U 

bVl8~8 b~ fW1~ nllJ~~~\91 b u'U ~u n'Hu~m~tJVI~n nl 'l'1J8'1D'l1 n~ nl 'lru b Vl8nlJB b~ n (Y1 ~ n 

oIT'I l1n tll1ll1<b'b1J 'U El Dm ruvll Al llJ b ~'U (thermoelectric coo ler) VI~m1n 111111H1'Unl'l~ ~{91
u , 'U 

m~bb?\1'jIh~h (t hermoelectric oenerator) l?\\91~;;)~1111111<b'b'U'U8Dmru~b~ tJ li8'1 flU:;, , , 

D'll n Jl nl'l ru b Vl 8nlJBb~ n(Y1~ n~~J'U (Y1 1lJVI~nAT'j;;) ~ bU'Ul?\\91~~y;h nl'l bVl~ tn 11111~vh~8 8 ruVlJl5J~ 
d..J "., "U 

?\ '1 VI~eJ ~y;h~lJU'l~~ Vlt6iJ b UAlJl n oIT'If)8l?\\91U'l~bJl Vll~VI~flU?\1'l~'1~1 111b~8'1;;)1 n~u'l~;;)h~vh" , , 
8?\ 'l ~lJln U ;;) ~u'UbVlAl'Ul~ 8 bVl 8nlJ8b~n(Y1~nJ'UcJ'I~811~U'l ~~Vl5m~ (efficiency) ~~llJln bb~ ~ 

~ 811~1~ ?\\911 'UU'l'l \91115 n l'l bD~tJ 'U 'l U1"l~'1 -:J1 'U;;)lnAl1lJ ~8'U~'1V1 lJ\91 bb~ b~8'1;;)1 n~oVeJ bvi 'U1'U b~8'1 , " 
'lJ 8 -:J 'lJ'U 1\91~ b~ nlll mb~ ~hJ~~'U~1'U'1JcJUvl11VlU 'l1 f'j ;;)l nlJ~ VJ 'tfVll 'I b~ tJ'I 

~1'U1~ ii-:J cJ~A 'I ilin'tfl b~tl~~'U lU 'l~~Vl5m~'lJ 8 '1l?\ \91 bVl8nlJB b~ n (Y1 ~ n 1 Vl~t'l ~'U, 
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- ThermoeLectric cooLer(TEC) 

o E PEl rtfR DE VICE "counE" r. ONSI STS Of ONf y' 
N-TY"" AND 0 E !'.i-vlol; SEMIC ONDUCTOR PUt " 

t~L . !a. _ _ "'" 

U , ! T" .L I!. UU1H II 
t.LL J 1"0 £ ,,--­

t 
e i-C t: f rtO~f 

'LO~"" 

t 

O~ 0 · ... [ "- "OL I Cf 

TiH1 C't4Ilo"Q. c.4'''II',rps , Nt.cl. , ....t: t l. lr:·Rat,,~ 

t.\ H:J OS I H V L H"L.ItS -ru t~~POP:l' TI'1I W~QT . 

nl 'S vhn w'tJ€l -;J h'llJl'I ~-W\9),J 'UId..J1\)ln'\J ';lInn n1';1~Ub ~~I61 bVlCJ~ \)ln~'\J~2, 4 b~€l~1 CJ hHh 

n';l ::; bb 6'1 9) ) -;J1 iX n'U 1 :u 1'1 61 ~ 'I tJ n lJ 1 €l5 'U 1 tJ bV1 CJ -;J VI ~ -;J AI~ -bB'U1'U ~n 'tf ru::; d\I ::; bU'U n 1 ';1611'1 'W ~ -;J -;J 1 'U 
~ ~ 

'i.I d <VO~ <=> t~ i.I ~ ,Q ~ ~ 
'tJ€l-;J'W1 V1::;'tJ l lJ l n'tJ€l-;Jr11';1n-;J ~ 1'Ul~-;Jr1€l-;J'tJ'U1'I n6111~€l'W1V1::;'tJl-;JlJln 'tJ €l-;J~-;J'tJ 'U~ b€l'UU61::; 'W 

\)::;bb'W~\)l nJll'U~I-;J (CooL Junction) 'W~€llJn'Ul'Il'I~lrllJ~€l'U~'Ud..J1J11'U'U'U (Hot Junction) vll1Vf 
~ 

'tJ eJ ~ bb VI ~ -;J ~ 1 tJ 1 VI 61 Vl f1 ~ 1-;J b~ tJ 1 n'U n'U VII VI::;.u1 ~ lJ 1 n 1 'U 'tJ 'WI'I V1 VI ~ 'i)1 eJ 61 ~ 1 'U161 VI::; ;(1 t!1 b .u 11 iJ 

1 V161r11'U~I -;Jn'UVlf1~I -;Jn 'U'W1V1::; .u I-;JlJln1'U'tJ'W~b~~ V ~€l~b~n~';IeJ'U U~lb.ul~l61'U 

.~ eJ~ bb VI~ .:I~ 1 CJ 1 'Utin 1:J ru::; Vlf1~ 1 'U b~ lJ'U l~nl VII n n ~'U.u1-;J bb VI~-;J~ 1 tJ ~~ f1'tJ €l-;J n ';I::; bb r1 'iJ ::; n ~'U .u 1-;J 
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- Thermoelectric generator (TEG) 

Se,rn lCd JlJJ:Ju Tit \~mocotJ pl • 

S- _ ~ "~.,"'- ~ 


1Vl :W ~f,J~\Yl1v~.yhOJ~ bU'Lll VI:w~~1.rrA1l:W~tl'Ll1tJf,J~\Ylm~ bb?!1v.Jvh~lnVl~n6tm-:JtJ';jlnDn1'HU~ 

b'lJA 1VI:w~ d~ ~vll-:Jl'\.Jb~ tltlruVlilihJtl-:J~-:J?!tl-:J.ul-:J'tJtl-:Jl:w~mn~ml:W bb\Yl nl9il-:Jfl'\.J tJn~l mh-:Jn1';j 
, " " 

vll-:J 1 '\.J ~ 1 n il 1 'V'l ~ 2 . 5 ~ ~1 VIA 11 :w ~ tl '\.J ~ Jll '\.J 'IJ '\.J bb (;'1 ~ ';j ~ 'IJ 1 tJ A 11 :w ~ tl '\.J tl D n ~ Jl1 '\.J ~ 1 .:J 

vl11 ,x Ln~A11:W bb\Yl nl9i 1.:J'tJ tl-:J tl ruVlilm~tJ ~Jl1'Ll'IJ 'Ll~ tl ruVliliJ?! -:l nl1 ~ ~vl11VI'V'll VI~.u1-:l:W 1 n 
q 'U 'I 'U 'U 

1~ tJ 'V'l1 VI ::; ,t1 -:J :w 1 n 8b~ n \Yl ';j tl '\.J 'tJ tl-:J 'tJ 'U ~ b~ 'Ll ~ ~ vl11 VI bn~ n ';j ~ 1 '\.J Vl f'1 ?! 1 '\.J Vll -:J ~ 'Ll Jl 1 'Ll 'IJ 'Ll 

bb(;'1~ 'V'llVl::;leJ(;'1'tJ tl-:J°(j'U~'l~~~vll1VI bn~m~ bb?!Vlf'1 b~ mfl'\.J(;'1-:JJll'\.J~l.:J b~tl?!l';j ~-:J~lU1'tJ'U ~ bi1 'Ll bb(;'1::;'V'l :W 

1(;'1 VI ~ ~ u11 vJ 'j!~ 1 :w 1 b ~ tl :w b U 'Ll ~ ~ I9i tl bb (;'1 ~ vl11 VI b U '\.J 1 -:J ~ ';j u~ n 'i ~ bb ?! ~ ~ 1 VI (;'11 Jl A ';j 'IJ 1 -:J ~ ';j, 

Vl lnvlln1';j?!~'IJ.ul.:JJll'Ll~1Vlml:W~tl'\.JbU'\.JJl1'\.J~ 1-:J bbm~Jl1'Ll'i::;'lJltJm 1:W~ tl'\.Jb U'LlJll'\.J 'IJ'\.J 

~::;vll1Vlm::;bb?!1VI(;'1n~'lJVif'1V11'\.Jb~:W'LlT~m 

~-:J'\.h ~~Vl5m'V'l'tJtl-:Jl?!~~~1'iru1~lnA1 Figure of merit (Z) l~tJ~'UcJl:wil-:J?!:Wn1'i~ (1.1) 

VI~ tl~ -z.: 1'i ru 11Jl~1 n f,J (;'1 Aru'tJ tl -:J A 1 Z fl'IJ A1 tl ruVliliJ bQ~ CJ (T) 'tJru~vll.:J 1'\.J Atl ZT b~ tJ nll
" , " 

http:Vlml:W~tl'\.Jb
http:vll-:Jl'\.Jb
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OL ~~'---~--T-~~~~---r----r--~ 
r rr=HlIE 41 l'5j 

os C....R OT~ ('; ...E • 21=7 ~ 
II:! .. " J. .,. .. ......L. 

• • ...... ~ .. 
Sf!! ._. ... ... 

II! .. • •• 

• .. ... I erm!EIE.:tri>: fa cary.. ... 
of' ...... 

L = ..::, 

.'" ZT=1 ...... 
mOlJije 

ZT 

10 

ZT=-~ 

=-CL5 

1. lA'j ~?1~l"1 delafossite 

[S 

en 

Dela foss ite lU'U?11~LJ~~n€lu1lJ I?1';J~ n61mJn1"1lri il?1mvt11LJ~ €l AB02 (Marquardt, 
~ ~ 

2006) lVl cwll llV!U"I A 'Il~t:1n llVl'U~JlltJ €l~\Yl €l:lJ'lJeN Cu, Ao, Pt v!~€l Pd 1'U'lJru~~1'11llV!il"l B 'Il~ r1n 
~ ~ ~ 

lbVl 'U~ ~htJ €l ~\Yl tl :lJ'lJ eJ~ Fe, Co, Al, Ga llfl~~'U1 [4J ?11~LJ~~neJu Delafossite 'Il~ll?1\?1"1?1:lJU~ 'tJ €l"l 
lmlj ~ bjj €l °l llV!il~ A b1mlVl'U~~htJ Pt v!~eJ Pd 

~ 

Lib
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Ie) 

. ~.~J­
~ '(..1C-J1C, 

" c 

o 

~u~ 2.8 (a) lA'l-:J61~l-:J spinel iJ~(?)';iy(lhJ~e:J AB20 4 biie:J A ~e:J1e:Je:Je:J'U'7Je:J-:J1C11tj~~filblbC1'UscJ 
b'vh n 'U +2 bbC1~ B Ae:J1e:Je:Je:J'U'7Je:J-:Jlm'1~~iJfilmC1'UscJbvh n'U + 3 1'U1A'l-:Je.Jfiflbb'U'U spinel 

e:J Bfl 'Bl~'U1 e:J e:Je:J'U '\l ~ e:JcJ ~~lbb1tj1J-:Jbbf1(?)V1"1l'7Je:J-:J1A';i-:Je.Jfin FCC ~1'U1 e:Je:Je:J'U'7Je:J-:J A bbf1 ~ B 'il~ 
" 

'U'J';i 'ilmn 'U"Ile:Jn tetrahedral bbf1 ::; octahedra l , " 

R.B Gall bbC1::; 

Aru~ (2005) 

[5J 

y , Kumekawa 

(2010) 

e.J61:We.J-:J'7Jm CU20 bbC1::; Ga203 bb fll 1~~'U-:Jl'U~mA';i-:J61~1-:J delafossite 

111hjB'U~Bru1tjJlrJ 1000 °C ~-:J 1200 ~-:JiJ61:WU~ bU 'U P-type bbf1::; ii fi l 
1 " 

e.J61:We.J-:J'7Je:J-:J CU20 bbf1::; Ga203 bb~l'U(9l 1~~'U -:Jl'U~ffiA';i-:J61~1-:J delafossite 

1~w101l ball mill 'Ul'U 3 ill:W-:J bb~l b~e:J111~'U -:J l'UhJe:J 'U ~ eHlJ1tjJl rJ 700°C. " 
1..1'1hJ B'U~t(ru 1tj ~rJ 1100 °C 'Ul'U 24 1'Ue:J1n1f1'Ul'U 12 ill:W-:J 'W'U l l 

ill:W-:J 1'U'U'J ~ tJ1 n1f1~ iJn1';i flow bb n?l lA';i-:J61~l-:J'lJe:J -:J ~'U-:Jl'U~ bl'1~tJ:W1~'il~ 
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[6] 

K. Sumio bb~~ 

Aru~ (2009) 

[7J 

(2008) [8J 

K. Gurunathan 

(2008) 

[9J 

'1 'Wh l'J b'OJ'W bb~~~l"rnlJ~\J'IJ eJ'l bbf16'\ 
d .: 

bUmJ'U'OJln delafossite bti 'W spinel 
.:::. -Cl ~ 

eJeJn"IJb'OJ'ULh~mru 10 atm 'OJln'U'U 

tll~'U'l l'UhJ eJu~eJruVlJl:D 700 O( 1'U , " 
eJlnlY'1'Ul 'W 12 .rrl1:iN 

j:.J 6'\:lJ(;J'l'IJeJ'l (U20 bb~~ Ga203 bbfhu(91 'l~~'U'll'U~mA'5'l6'\~l'l delafossite 

blY1 81<li ball mill bb~~b~:lJ b eJYll'WeJm~eJ 

eJruVl i1lJ 860 O( 'Wl'U 6 - 36 .rrl1lJ'l , " 
1'UU'i'5tJlnlY'1~:W nl'5 flow bbn6'\ 

l'U1(f)'H'OJ'W~l tJ eJml 200 cm 
3
/min 

eJ(9l '51~1'U (U0 09Ga02 i'i'l (U10SGa02 

'OJ 1m1'Utllluu (911(91 CJ1<li ball mill bD'U 

" 
eJml~l'U'lJeJ'l 02/N2 = 0.1 % 'OJlml'W 

Hm~Ul'Wnl'5 quenchinlS 

I 
.." 

(;J6'\lJ(;J'l'IJeJ'l (U20 bb~~ Ga203 tlllu lJ1~'W'll'W~mm'l?l{l'l spinel bbl9icJ'l 

'\J(?11'W eJl nlY'1~e:lruVl i1 lJ 500 O( 'Wl'W 5 'lllJu1m'l6'\{1'l'IJeJ'l (U20 , " 
.rrlllJ ~eJ1'11CJ 800 O( 'Wl'W 15 .rrl1:lJ'l 

bb~~tlllUeJ UB nA~'l~eJruVlJl:D 975 O( , " 
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• 
2.5 15n1"al~~1ir:wtJ"a~~'Vl56lib'Ul"1bb6'1~6'lfll'V'fu11vJ.w1 

bVI A'U fl n 1 ':i \>l ".j 1 <ill~ 61 dJ tJ ".j ~ ~ 'Vl t6/l b'U fl ~ 1i fl'U eJ ~·~~l1 tJ fi eJ lB bb'U 'U Diffe rential 
'U 

bb ~~\'b'\J'\Jlnteg ral 1'Uifibb'U'UD ifferen tial 1~~lnnl"jl~ dTViflltJirii I,l,fI~1~dV ~(1eJ~ A f1eJ,:j 
~ €lruVi.fl~J'U61 mldJoU'W 'Utl ~I,~'Um~ dT-dV \1nnlVi'U~1oX I, tJ'W A1~dJtJ"j~~'Vlt6/lI,'UA~eJruVi il~J'U 61 15 

~ '\J I 'U 1 "U I 

I,b 'U '\J 0 iff e re nt i a l ~~ I, ~ dJ J'U 11 n 1 "j v11 bU'U n 1 "j ill tJ 1 ~ I, ~ eJ 'U 1 'U ?I illl ~ A~ ~1 ~ ~ 11 n 1 ".j1ib 1 ~ 1 
, V I V ) 

btJ 'U eJ ~' 'l dJl n biJ B ~ "VI n ii nl"jtJ~'U Al dT V1 fI~o/Y'U(9l eJ'U lBnl"j?lilll ~ n~ A~ ~l ~~1~\1 n~(9),J'Ul'1J 'U "V 
'U 

L~ ~ iifl l1dJ ".il~l, ~lnl 1 1 5 nl"j?lill1~A~~lb~eJ~"Vl n l1 n l".jnl ~~ n "j~'Ul'Unl".jdTA~ ~ eJ eJn1tJ 
~Bhj'U l'Umd Ponnambalamet al. 1~l1m';)1i15n1".j 'Vl ~(1eJ'U1V1:W1'UnT;) realization 15n1,;) 

?I ml~ ~~A ~l>i'l 1,1,6'1 d:in1 ';)ml <ill~6Wl'V'IJll 'U'Vl l'U~ldJ fl'U ~dJtJ,;)~~ 'Vl t6/l I, 'U fI eJ(9l ';)1 n 1".i1oXm ldJ 1eJ'U~ 

25-3°C tl m~ eJ n 1 -til 'Ui'B n1 "j.Qb ~ eJ A-:iA 1 A 6'11~ I,A~ eJ'U I, ~ eJ~ "VI n n1 "j I, ~ b '1 b'UWIJ eJ ~mWVlil :lJ 
'U , 'U 

1'U"j~ VI'i 1 ~~v11 nI,;)bn 'U .vtldJ fI ~tl ruViil:lJ nI"j(9l"jl"Vl~1~ 61 1oX~Al b~ nUtltJ tl~1'l1"jnmdJm~'Ul'Un1"j
'\J q 'U I 

A~ fJ 
, 
ruVii1 

'U 
:lJ1'U n1 ') 1'1 ".i l "Vl~'U tl~lBm,)?lml~ M'lA'l~lJ'U cJ~ A~l1 n1"j141blf11'U1'U 1(71 tJ I,Q'Vil ~ eJ ~1'l ~ ~ L~ tl 

ii m ldJ\ll b tJ tll'leJ 'l I'1 ".j l'~l~ 61dJtJ "j ~~ 'Vl~ 6/l b'UA~~ ruVlJJ:lJ~l~ '11 'U1 5n1"j1 ntegra l ~ tJ fI1 tJ~l'UVi~'l'V eJ'l 
~ 1 eJ ~ 1 'l \1 n n 1 Vi 'U ~ 1 l' ~ eJ ru VI iI :lJ A 'l ~ bb 6'1 ~ tJ 6'1 1 tJ Bn ~ 1 'U VI ii 'l 

'U ' 'U 

~nl,) I, ti~ 'U I,I, tJfI 'leJruVl il:lJ'l 'U '1i l 'l~(1'U1<il eJ~l'l~ eJl,~eJ'l 61dJtJ ,)~~'Vl~6/l 1, 'UA~eJruVlil:lJ~ l,~eJ n1 ~"V l n 
It 'U ~ 'U 

m l dJ oU'U'U 'lml1~mldJ~1'l f1mJ~h'UmV1tJ'Ufl'UeJruVlil:lJ I, b 6'1~ Wood et al. 1~v11n1"jI'1"jl ;;)1~ 
, 'U 

61dJtJ)~ ~'Vl ~"/H1JA<il 'Uf)'l 8ru Vlil:lJ 1200 K ~l tJ 1 Dn1"j.Q ~'ll1lh~~'Vl5mv~1'Un1 "j 6'1V1 D 'Vl 5'Vi6'1 
, 'U 

~ZEM- 3 

-

'U 'W V1(SeebeckCo efficient)bl,fI ~AlmldJJll'U'Vll'U'Vl1'l1~vl1 (Electric Resistance ) Resistivity) 


m'UA,dJ n1"jv11'l1'U~1m~'U'UA eJdJ'Wl 1,(91 eJ~ 


1 V1 CJ iiVl~n1'Un1"jl~fieJ "V~v111 oXtJflltJVr'l?leJ'l.ul'l'UeJ'l~leJ~l'll1eJruVlil~l,l,(91n~l'lfl'U1:wmn "VlnJ'U<il~ 

q 'U 

1i I, 'VleJndJAtJ I,U61l~mldJA1'lf1n ~ 1V1tJVI~n m,)'UeJ'l I, 'VleJ~ldJAtJ I,U ~ nfieJ "V~l~ t:-I fI ~l 'leJ t;I.J Vlil :lJ eJeJ nm , " 
I, ~ tm1.l '1'l TldJ lPi l'lf1n~ I,~m"jl1~t:-I~ \ih ~ 'U eJ 'lAlldJ~1'lf1n~ n"V~?llm"j\1V11Al~dJ tJ".i ~~'Vl~~h'Uflhl 
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~ 'I fHi eJ t.V L~ €l ~TA eHl 11 :lJ bb \Y1 n I'l l HI €l 'I eHUVl Jl iJ ~ '\J ~ 1 CJ ~HI €l 'I 'U B '1 111 1 €l ~ 1 'I 
t.T ' 'U 

1'U n l'l~ J1-;;)1 (;l~1 b f1~ e)'l ZEM-31oil b1~ l A €l'UoUl'l'Ul'U b ~B'I ~ln ~::;vh n1Jml~ lVl1 IYlJ'U J::;'\J '\J 

'\J:-5C?1eJ~m.n'UaJlll::; steady stateABBruVlJliJf1'1~ hjij mJbtl~ CJ Lb'\J~'1 djm1m~1'U1tl 
'U , 'U 

0' 


~v
S=------ (2.3)

Temp .B - temp.A 

Temp.B + temp.A 
(2.4) 

2 

'f.J I I v 

bb6'1 ::; nlVl'U (91 fnl :lJC?11tJeJl 'l 8~'liU:lJ l (RreD b-w BVi~::;VllA11:lJ(9)1'U'VI1'U (Rsam ple) 'UB'I:a'U'Il'U~l B ~ l'l 

~'1 1(;lA1 1 :lJ 'l'lyllm J nA~B:lJA1 1 :lJ (9)1'U'VI1'Ue)1'lB 'I m yllCJ n.omJ bbtJ'IbbJ'II91'U'VI1'11V'iyh 
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Ire f= Isample (2.5 ) 

(26) -1 


" " 
(i)·r u'U m11J~1 'U'Vl 1'U'lJe:l ~'ll'U~1 'U~lmh~ 

= V sn JIIPIe X R (2 .7) 
RsalllP'e V reI 

reI 

R X L probe 
r =-----'- ­ (2.8) 

AS(II11ple 

..., ... 

AsampleAe:l ~'UVi 'IJ e:l ~~ml'U(?)l e:l ~l~ 

v 

Lpro b e Am;1111JtJ11"IJe:l ~~ 'Unu 

1 
CJ=- (2.9) 

r 

2.6 ~fl~~~XRD (X-ray Diffactometer) 

b'VlA ijA b e:ln 6(jb ';j~ ~ ~ bbl~';jn'li'U Vl~e:l b'VlAtJA XRD b'LJ 'Ub'VlAtJ A ~ 'l11~~~be:ln'll1J1l~l bA';il~t-4 

(,'11 ';jt!';j ~ n e:l 'U ~:lJ e:l ~b 'U(,'11';j~J e:l ~l~ bb61 ~ U11J lboifA n'l31 ';j1 t.J 61 ~ b5t.J(il b~ t.Jl nu1A ';j -:J(,'1 ~1~e.J ~ n'IJ e:l~ (,'11 ';j
'U 

~le:l ~ l~1(ilt.Jb'Vl AtJA XRD e:l1~t.JVl~nnl ';j"IJ e:l~nl';j~-:J~~~be:l n 'll ~'Vl';j1uml1J t.Jll A~'U1t!m~'VlU~'U~l'U 

vil1~d') (il nl';j b~en bU'U "IJ e:l~ ~~~~1J1J M1-:J 6"j n'U1(il t.J:lJ1Xll(il btJ 'U ~l ~U .u~1J 61 b~ e:l~ ';j) l n e:l~~1l1 'Unl ';j, I 'U 


v tJ " 


b~ t.J l bU'U"IJ e:l ~ ~-:J ~ be:l n'll ';j)~ 'li 'U e:J ~nu e:l~ At! ';j~ n e:lU bb61~1A ';j~ (,'1 ~1-:J"IJe:l -:J?\ 1 ';j Vi ile:lcJ1'U~l €J~ l~ o~ e:l 1J 61 1-1 
'U 'U 'U 
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':i lCJ 61 ~lBCJ~ b~mn'IJl1'1 ~\I ?l ~l\l'LJ e:J \le-J iin 'Ve:J\I?ll~ \Ill e:J~ l\l,r'W '11~ 'We:J n 'in nt1-iim.;l G'1~1~V\l ?llm ~(1'\.hlJ1 

Vl l 'tJ~1I 1b1J 'lJ e:J \I ?l1 ~ 'll ~~ n e:Ju Ll ~(l ::; 'lJU~1'W?ll':i ~l e:J ~l\l 'll~mru f1l1d.Jbu'W t-J ~n 'V 'l.J1 (;1'lJ B\l t-J ~ n 1'1 1111 

?\ lI'Ll 'J ru'Ve:J \l e-J ~n LL61 ::;A l111 I,A'W 'V e:J\I ?\l'j'll'j::; n e:J 'Ll1'W?\ l'j \Ill e:J~l\l Bn~\I f1l11lVl'Wl 'V e:J\I :W ~1I1~Bn~';lCJ
" 

.../ 

l1-rr\ll'U'Vll \l~1 'W Ra d io l5ra p hy ;\lLtJ'UL'VlAUA L ~ tn n'IJm':i ~ 1i1 n ~'U X-ray 1'U 'Vll \l~(91 ?\lVlm ':i1l1~ 

thm1-iiL U'W151 L A'j l ::;~?ll 'j ~1e:J EJ l\l ~ LtJ 'U'lJe:J\I LL~ \I l li1 ijhJlJm'jvllGll tJ ~le:J ~l\l (n o n-destructive 

testinl5) 15~'01~1 CJ '1 Ae:JeJl'W~l LI, 6'1 \1 X-ray L-ii11'll1'Ui'?\~~ ~ ::;'Vl (71 6'Ie:J'IJ L L~l u'U Vi n l'\I~~eJl 'We:Jtl n1l 1U'W 

LLeJ 'W~~1IV!1e:J \I e:J'V'JG'1 tl B L 'jm'l5'W "1i "'1~e:J nU'Vll\l n l'jI,L'\Al'Vl~~(91'jl\lVll~n'Vtl\lm::;1i1 n 
~ ~ 

2 \1 1'W 'Vll'l~l'Wj;.j~nl 'VlCJl (X-ray Crystal lo l5 raphy) LtJ 'U L'Vl1'1 U A~1-rr?\1I u~"1Je:J 'l X-ray L ~CJ l n'IJ1'1 1 1 11 

tnl 1'1 ~ 'W ~l bb Vl 'l1 \1 bLi;l~ 1'1 ll 11 Lill"1J tl \l X-ray ~L~CJ1Lu'Ul 'll (diffracted) ~lCJt-J ~mL~\lvl 11,x'Vl 'jl'IJ 

oUeJ:l.m1 l1'1'j \l?i~l\l'1Je:J\I e-J ~n B\l fi 'j::; n e:Ju'Ve:J'l e.J~ n 'V'U 1(71 '1Je:J \I e:J 'UJl l1'1 VI 61m51'U'1Je:J\I m'j ?\ !;11 tJ \Ill Jll l ::; 
~ ~, 

?\ l'j ....1tl 01\l (non-d e st ructive testinl5 )X-ray beam ~lJ'\Al61\l\ll'W~ eJl'UL'ihltl1'W?\l ':i \ll1 8~ 1 'OJ~ vll 

1,xLnli1 X-ra y( K-X-ray, L-X-ray) ;'1 lJ 61m~ru~ Lu'\All::;\Ill?\11l1'jfl1<ill Lml::;~5 1~ L~\lflru Jll'\Al1~LL'fI::; 

f1JlllLoUll 'lJO '1 X-ray ~ Lflli1~'U1VfVll 'll~ 1Ilru'lJe:J\I?\l':il l?i' 

4, X-ray ?\llll'HI'l11hJ1iLtJ 'U1'\I ~U1UIi1 (Ra di o therapy) lI?i' L'V~'jl~ X-ray ?\lm':i fl vllmm'1l 61 ~ll?i' 

It\~8~1~\I~lJ <El l')l l?i'~\I'l11mH1'm~11':iA1I ::; L~ \I 

2.6.1. nl'aL~tnL'IJ'U'Ve:J\I X-ray (X-ray diffraction) 

: ·l ii~"}·l."' ': l H~ 'lOb Inlen i t\ 
" ' 01;;;1~8' 

n I jtilI I 1 2 ~12 
3 2 JC2 ...., ... / , J lU 

~ / ' .. :-4 1 112 
"2 ,ff y -- -.n - '\~. 3 

, . t . ,I \/'\1'\/'-... KJ! 
tt · j :..p, \ 31221 

, . 'I' I \: j '\-I--+t--tt.,-:- 7 t 1/2 

... .. / .' _ • . III 2 1120 

ft' \ . \I\/V' .... K", 
1 ~ 112 

('U) 

II ..; ~ 

~ t. ·thl.. 'U t 1< C\1 

:,~.~nHlli I'ItH ~1 ir : 
.... ..... --{} 0001 A 

.. 

K/, I 
~~ 


(fi) 

http:oUeJ:l.m1
http:ll~mruf1l1d.Jb
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1wrn.Jl~cJ'd,jl'!-1~ btl n.zJ JJl1-if'lhi::;1tJ'lJ -WlW~ltlt:-J~nlVl (J1~-1 bb 'v1~ -1 ill dJi?l '!-1~ btl n.zJ JJlOJ In nl~1-if 

fl1llJ~1-1~'n~ 6'I 'l b~-11't18 b~n (?l ~m,JB 6'I~::;'lJtI-1Vltl-1bbi?l-1 OJlmtl~ 2. 12 m'''lbb ?l (p) -1m ::;ul tlnl~bni?l -r-1~ 
~ ~ 

b€Jn"li~n~ru::; bu '\ill l~1tl'v1 ~Bi?l e.J ~ (?l-r'l~ bB n'll~'ltl';i::; nBU~l tJ ~'W \?I tltl~'l.n (n) n1~1-ifrnllJ~1'l AntJ~ -1 

d'lb,X8 b~n \?l ';i Btl8 i;'l ';i::; In1~'v161t1i?l1 't1il V'J ~'l'lltlOJm.hJ1n'\illtl~OJ::;~'lbiil 'lJtlB ::;\?ItllJ bth 161 'v1::; bb6l1Vll1't1 

('lJ ) B b~nmtltl~ tI~ltl1 lf1 OJ~ ~tl1tl?li?l'lJtI'lB::;\?ItI:Ubth161'v1::;'v161AtltlnJJl (1"1) ~h~ n !il ~ B tl1tltl~\?ItI:U" , , 
th~'J::;~U '\iIl~'l'lltl?l'lnl WlhhJ bbVltl~-dB'l11'lBb~nmtltl1tl~::;~u'''l ii'-1'lltl n = l(~tl K) bb~ ~ 

~ 

'lJ G1 l'ltl~€JtJ-r'l~ btl n "ll1\?)tJ-r'l ~ bB n 'll~btI~'ltltl nJJlOJl n nl~bbVltl~tl·gtldb~tJnll" -r'l~b tl n'lj .fftl K" (K­

shell X-ray) ~'l '!'l~bBn -5,jbtl~'ltlBnJJlOJlnn1';i61m::;~U'\iIlii'-1'll tl'lJ tI.:)fu~nmm.J OJln~tl L (n = 2) 

'v1~B M (n = 3) 'v1~ tI N (n = 4) "1 61"11(p)tJnl'v1tl i?l b~ tJn1'-1~bBn.zJ~tl K ~bn(P)OJlnnl';i61(P)~::;~U'\iIlii'.;j.;jltl 
~J V V , 

'lJ tI;jm~n !il~B 'ltq:n n oil'tl L 11,!.;j ~btln.zJoil'tl Ka b b61 ::;nl'v1tlAb~tJn-r':)~bBn .zJoil'tl K Vibni?lOJlnnl~61A~::;~U 

'''lii'-1 ':) 1'U'lJtI ':) 8b~n\?l~m''!OJl nitl M bb61::; N 111'':)~btl n .zJ~tl Kf3 bb~::;K V l:U~l~U 
, v 

2.6 .2bfl~el -1 b~t:J1 b Utl-r 'la bel n.u 

('\I) 

X-lay cP- M<do,I . SQ'.'fi" /\ 
\ 

\ 21 '0 

Ull 

\U 

, 'v 

~tlVi 2.13 bfl~eNb~mb'Utl -r':)~ btl n.zJ 
~ 

I I '11 I t.I 
dO V~ I0 40 V d 6" c::l .::.. v 0 .::::!f ~ 

Vl?l l 1"1 L1J AtI bb 'v161.:) nl btl i?l ';l.:) i;'l bEl n"ll 91111,:) 'lJtl':)ltl bb61::; Detector'v161 n nl~Vll.;j ltl 'lJ B.:) bA~B'l bt;l m bmJ 

1'':)~ bBn.zJA B t.:),!.;j ~bBn.zJvh:u:u nu~mltl~lu11 ':) 1AtJ~'U'lltl,iti:u ii'n~ru::;bbUU btJtle.J ~n b{hmuu, 

t:-J \l 'v1~e:Hb'U 'U Vj ~:uU1':) nlA' b~B -r':)~btln'll \?I nm::;VlunU~tl ':)1 'UOJ::;i;'l ::;Vftl tl -r':)~btln"li1t1cJ Detecto r 

tll-r\l ~ bB n'll~ 6'I::; Vl tltl tI €I n m bni?l nl~ bb Vl~n?l tlA bb6l1 btJtll U(?ll:U n{j'lJB.;j bb u~nn(Bragg' s law)~.:) 
d 

?llJnl 'J Vl (2.10) 

Lib
Textbox



17 

2.14 

2dsin e = nA (210) 

" eA811,lJl11 n m~'Vlm~vril.:J~.:J~b8n'l16661~~ml'U 

( 

n A8 1,2,3.. 

6d fl{.:Ja b8 n'l1~~~ VI8LJ 6tlLJ1tJ l'l llJ n~'V8.:J 66 'U~ n n"ll~vlI1Vl~~~ I ru~lJ)iJ All1l6~ll~ .:J~.:J b6~A.:JHi' (9).:J~ tJ 

,\ : C I( I/\ 
f) : C " ...\ 1 () 

~ 1000 

" 

o 

o 1 C 20 30 ''0 50 60 7U eo so 
2 Tlleta 

, ~ v 

~ tJ V1 2. 14 m~b~ CJ d L'ULJ'VB.:J~.:J~b8n'l1 b6nLJ X A81111 2 6661~6bnLJ Y A8Alld.WVll ~tJbL'U 'U6~m 6'ULJ 
" '" 

2.7 bfl~e:J~ SEM (Scanning ELectron Microscope) 

n~eJ .:J "il,61'Vl ~~~U~1i electron 6'U LJb6Vl~.:Jn16DA b6~.:J ~WU LJbf1~B.:JiJ8 ~1ir1 n't}l~n~ru~ 

bL~ ~8.:JrltJ 'J ~ nB "rJtl .:Jl~ A~LJ .:J1 LJ1LJ ~ ~~'U"il61mf1 n i18.:J"Il61'VI~W1UB b~ nm8LJiJ nl ~.:J'V eJl tJlJl nnll
1 , , 

" 
3000 6vil n 'J :t~'U 100,000 bvil bb61~~ldJl ~m6"1l m6"1l.:J~ltJ~~ bBtJA'V8.:Jm'\l'j 

, 
~.:J;wl'U~n~ru~'V8.:J 

If(';ri) ~I.:Jl~~.:Jbbvi 3 ~.:J 100 LJllLJblJ(9)~ LJ8n"llln.Q SEM cJ.:J1i~l lJn'Ub'Vlf1Df1~LJ b'tlLJ Energy 


Dispersive Spectromet ry (EDS) bb61~ Wavelength Dispersive Spectrometry (WDS) ~bULJ 


i8lJ6l'I!1 1.:J bf1iJ 
" 

Lib
Textbox



18 

vacuum pipe electron beam 

condenser lens 

scanning coils 

objective lens 

specimen st.age 

chamber 
detecter 

U'U 8 b~ n l'l ~en..! (electron ~un) 

6HUru l nl Y'1 b~ eJ~'il:::1,x~ l~ n(Y1~eJ'Wbfl~eJ'Ul(91CJhJ61ru b~CJ'W~'1'11'W VlY'1'V11'lnl~ lfl~ eJ'W~'I.IeJ'I8b~ n lY1~ eJ 'W 
q v v 'U "" 

'il:;:t;l flf1l'U fl:IJ11?l CJb6'1'U~ bblJ b'V!~ n 1 'rlvh(e lectromaonetic lens)mh 'l tleJ CJ 2 ·ti~ bb6'1 :;:'tJ~m btl 
'\j 'I ::::. '\ 

8b~fl lY1';j8 'U~nf1l'U~dJl (91 CJ bb eJ'Wb"W{b'ileJ{(a perture) VI~eJ'lleJ'I bU(91~:iJ'I.I'Ul(91~l'li n'UmdJ~m~ru:::nl~ 

H'Il'U b61'U ~ lblJbVl~ n 1 'rl.w 1'1.1 (91 bb ~ fl~ b~ CJ fl'"Jl b6'1 'W 1"1 B'Ub(91'Ub'lJB { (conden ser lea n)btI'U BD m ru~:iJ, , 

AdldJ~lfi'1lJ~~(91 ~ eJ nl~fl1'U~dJVlY'1 'WY'1161(Y1{~b~ fl(Y1~eJ'W (electron optics) l'W~l::: bti t! b6'1'W~~vh 
Vltll~U'UeJ b~ n(Y1~eJ'U~~ '161 '1m 'il 1nbbVI~'1 rll b\J(911,xbtI'W ~1~:iJ'I.I'U1(91~'U~Vltllli1(91 b~ n6'1 'I ?\l'Ub6'1 'W ~l(Y1 ~ , 
(Objecttive lens) btJ 'Ub6'1'U~'Il(91~(91VilCJ'il:::v11Vltll~h!n61~1~ b~ n(Y1~eJ'U (elect ron beam) 1 Vf1t1(Y1fl 

m:::'VI'U 'U 'U W1 1i11tl ~1 -:J 1(91CJ:iJmbn'Wfl8tJ~(scan coil) v11Vltll~ml(91 €lb~n(Y1~eJ'U1Vl1t1'U'W~1 1i11mh'l 

Jll CJ1 'W mB'U '~'W ~ ~ bVI~ CJm~ fl i ~ '1'~ 'W ~ ~1'l.l eJ'I1i11 B~ 1'1 'U ~ b 1 t;tl~ ~ n ~'1 ;;1 CJ ~18 b~ n(Y1~B 'W 'il::: ~ fl (91 

~1lJ1lJ l ru~ l'li(Si~nal) ~'WVl6'11 CJ'IJ \J(911'W b1m b~m n'Ubb6'1::: SEM 'il::::iJ~t1 mru(Y1 ~1 'il ~'U611lJ 1lJl ru 

(Det ecto r) bbi;l :::?\'11t1t1~:::dJl i;l btI'Wmv~bb61(91'1'U'W 'il BmV~~B1tl 

1. Secondary Electron Ima~e (S EI ) btl'W~1lJ1lJlruJllV'~~1;;'illfl Secondary Electron 

Detector(SED) ~ ~'U beJl'Wf1'1'11'W 'illfl secondary electron btI'U8b~ fl(Y1~B'U~VI~(91BBn'ill nbw'U'th 

(conduction band)VI~mw'U'IAJ~'1'11 'W b 1 bi;l 'Ws&( valance band) 'I.IB'I611~1i11 B~l'l ~'1'il::::iJ'li1 'I 

'''J~'1'1 1'W 1 0 ~'1 50eV8b~ n(Y1~B'W~'VIi;l (91B BfldJl 'ill n«'U~l'l.lB'I~'W '11'W 'il:::t;l fltl~:::dJlmJ 61 m'Vi ~1;;bb61 (91'1, ~ 

1,xb~ 'lJ61m~rw :;:'1.1 tJ '1 ~'UW1 'I.IB'I (9\'1 bb VI'Li'l~61'U1<il 'U'U ~'W'Il'U (Morpholo~y) ~n ~ b~.,'j ~h~nm eJ 'U 

,j ~'U btl ~ CJ'U1~ 'U'll1'l 0.5 -30 kV (Y11dJtl~:::b[1'V1'1.1B'I~'U'Il'W mdJl~mi~ W-)l~'1'1.1 CJl tJ1;;61'1~'1t1~ :::dJlru 
" 
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1,000,000 bVll JlltJ 1161Jll l:;;m'i1oiJ-:Jlt.!~ bVl:lJ1:;;?\JJ l<ll tJ v(lltlm 'ilo~nwtl n&ilJn~d~nl~-:J 'V c.mJ (i -:J 

tI'i~ :lJ1 ru 300,000 bvh 

~tI~ 2.16 ~n1jb'J:;;'V8 ~';t.!-:Jlt.! ~1~~lmf)~€I~ SEM It.!lV1JJ<ll Secondary ELectron Ima ge (SEI) 

2. Backscattered ELectron Image (BE l) Backscattered ELectron A8 Bb~nM'i€lt.!bb 'um :;;b~ -:J 

n ~u bn mJ 1 mh Bb~ nlil'i€lt.!tI~JJJlil~:lJ1~l ntJ'UBb~ nlil'i8t.!~-:J boVl'Vt.! nU€'U~ lt.! hW ?l flJ b~ tJ'V'Jt\-:J~lt.! 
dJi \I \I v 

Ifll 1~ m:;; b~ -:J n~u~ ::: ~'Unu b6l'VJJ')6l €I:;; Iil €lJJ'iJ8~'01~~bUt.!€I-:JAtJ ':l:;;n8u'l t.! €'W,nt.!i11l:! 1l:! lru Jl1V>1~l~ 
, , v 

~ln Backscattered ELectron Detector (BED) Vi~Ub811"l~-:J-:Jlt.!~lnm':l?\:;;Vi€l t.!Vi~'U~1 'iJ€I-:J 

~'U-11'UJJ1tJ )~ JJl6lI!-J6l 1<ll tJi1'1!fld lru~lm'Ubblfl6l:;;U~b')ru~:;; bb tI'ilillJJ b6l 'iJ 8:;; MeJJJ (atomic number, 

Z) 1'Ul~8 ?\l'iU~ b') ruL1t.! 1 Jl1V>1~l~~-:JiJfn lJJ ?\11-1 boVJJVI~eJ B€lt.! \91 1JJ b6l'iJ8 :;; 8 JJ 'IJ eJ -1'Ol ~~ b U'W 

~')'UtI 'i :;; n tJ U 'lJeJ ~ b.a8?\1'i ( atom ic contrast) BE I ~-:J?\1:lJ1 'ifl bb?\ (YI-1Jl1V>1Vi bbtJ mbtJ:;;AllJJ bbM nMl-:J 

'iJ€I ,m lfl ~:;;u~ blru~iJ'O l \91,V1~ mll':ltl'i:;;neJuMl-:J'V1J(YIn'Ul~ Vhl(YI BEDbU'U bbU1J retractabLe ~-1m "J 

1,xb~ eJ'UboVl1Uti'~ 1i1 1 bb VlU-:J bVl'U8€Wl1t.! 1m:;;VI':l 1-:JloV-11t.! bb6l:;; b~8'U8 eJn b~ eJhJ1moiJ-11t.!1~b~8AllJJ 
tlm)<ll .ntJ'V €m r l l(YI 

~ tI~ 2.1 7 ~n1jru :;;'iJeJ-:J~t.!-11'U~1~~lmfl~eJ~ SEM l'U 1 VlJJ<ll Backscattered ELectron I mage (BEl) 
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3.Tr'ansmission Elect ron Image (TE l) L'tJ 'Ui1qJr~ lru.fllI~ ~1~~ln Tra nsmission El ctron 

Detector(TED) enP1tJVl ~nnl'j "tl eJ\l Transm ission ELect ron Microscope (TEM) u'J~~ n19hJl 

~'1l~\l1'U'j~U'U1J 8 \l SE bM CJ TED ~~ m.i1'U (,hbbVI U\l1~~'U\l1'Ub~8-r'U'W~\l ,n ~l n transmission 
" 

~ u'Jv~n ru 300,000 b'vi1 

TEl X 300,000 

~LJ~ 2.18 c1n't>fru~ 'lJ8 \l~'U\l 1'U~1~1-'il 1mA~8 \l SEM 1'UbVldJ(?1 Transmission Electron Image (TEl ) 

" 
'UC:Jn~ l m" tJ·;dj nl'jlbA':i1~ v1'B1I'lb '8\l'V~~\l\l1'U ( Energy Dispersive X-Ray Spectrometer; EDS) 

~\lf)lJvl1\l1'U8lP1tJVl~nf)l':i Energy Dispers ive X-Ray Spect roscopy 1inl'jd \lB b~n (il1 tl'U1 V1"" 

'W~\l \ll'U?i\l i"lmVldJl~~\l bolI1"IJ 'U~'U\l 1'U~\lLJ ':i::; n eJU1LJ ~l tJ 8~(>18dJ·lJ eJ\l'B1(i)~8 ~1 'U ?im'U~'~'U~'Uvl11VI 
'U 'I 'I Q,j 

B b~ n (>1'j eJ'U'J 1 nl \l'U eJ n~\lA l tJ'W ~\l \l1'U eJeJndJ1U 1\l ~l 'UYj~eJdJ flU b LJ ~ l:J 'U i'U 'w~\l\lrl'W b olI1dJ1 bb 'Vl'U~ 


B b~n m8'i.!~Vl~(?1eJeJ n1U "y'l61\l\l1'U~5 b~ n(>1 ':ieJ'UAltJeJeJ ndJld\l~eJ til'U':i U -r\l~ beJn <6bb6'l~iiri1bQ 'W1~(i) ldJ 

, " " 

11 ~ 1'1V1~ eJ U~ L1 ru,1'U'tb ~ nmJ~1l tJ 'B 1V)"IJ\1 '1l1I'1U1\lbl'1 CJ bb6'l \91\lt:-J6'l bUWH Un (jl -rll 'W~\l \l l'U'lJ 8\l'B l l'l ~ 1\l1 
Y~ ~eJ dJ flU 'j ~ui11'1 ~ 1'U1J~lJl ru'lJ eJ\l bb~ 6'l ~ ~l 'U 'lh~ n eJ U 6'lldJl ':it16'l~1\l bbt:-J 'U~ ':i~U1~11 bb~ 6'l ~ u l(>1 eJ t.i1 'U 

'I 'I 'I 'U 

'u~blru'trnJl \l ( Mapping) 'UeJ n \ll ndcJ\l6'l ldJl':it1.J16'l eJ\l6'lbUn(>1-rdJ1~ (Spect rum Synthes is) ~\91 

8Un':irul bml::;'~D l (>1L~\l"'i~\l\l1'U, , 
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.~ 

~tJ~ 2.19 tln~ lJ~ 'U€I'I~tl'l Tk,~'l Ji''illml"1~€I'I SEM 1tlh'l:lJ(9) Energy Dispersive X-Ray 

Spectrom eter 

~'11tl'l1'Ul~CJ ,j'"'il ~1'ih l"1~€I,:j SEM lV)1tlhnJ(9)'U€I'I Secondary Electron Image (SEI) b ~€J ~ 
tln~Dj::;~tl~llVl lJ ~ Backscattered Electron Image (BEl) b~€I~ b ,j'm'fl'j1tlLJ~blrut1tl1; -!jJl1'l"J~ 
bb~~ ,:j€l €lmJ1 'il~iJAlllJb-UlJ 'U€I'I~~ bb(91 nl7l1'lntl bbgj ~l bl"1'jl~~511')l(9)CJ Energy Dispersive X-Ray 

Spectrometer; EDS 'il~~lm'jb11 bl"1'jl~Vl'1Ji'11~tl'lltlth ~ n€lLJJi'lCJ51 I')'U'W ~11V) 

b fl~€I -l SEM ~lm'j b1vh m'jlbA'jl~~'VI(9)?I€lLJlfIlmh ~1Ji'1~'1 bbLJLJ 'lJmbb ~'1 bbLJLJe.J'I ~~:lJ 

bA ~ €I LJ lfIl €I til 'I 'VIl -!j 'ih JllV1lf1'J ·c.' ~ 1 'I 'VI 1 '1l?l v) bbgj ~B b~ n'VI".l C" 'W II ~ bbgj ~ lfIl ~tl .nw " €I 'I th11~ 1~ l Vl') fl, 

1tl nl 'i~lb'Wtlm'jl~CJ "?I:lJ:lJ~3il tl" (hypothesis) bDtl~'1 ~iJAl l:lJ~l AblJmn b~€I 'I <ill n 

m'jl~CJ bD'w m~LJltlm'j bbn-U fl!VllVl~€IfltlVnfh(91€1LJJi'l CJ15m'j'VI1'l1'VI CJll"11 ?I (91~ ~'1"'il~ b~:lJl71tll(9) CJ 

m 'Hhvl'wv) fl!Vl l 'ill nt1tl 'il~'W CJl CJ l:lJ 1'11 (9) A~ btlAl(91 €lLJ'U €I -!jU blJVl 1 t1tl m'jA 1 (9)A~ btl A 1 (91 €I LJ nA€I 

rllJlJ~ ;)It! A-!j t1tl ?l:lJ:lJ ~\i l tl nl 'jl~CJ A€I Al (91 €I LJ Vl1 €loV€I ?I'j tl'U m e.J gj m'il~CJ~ ~l ~tJ m(9)nl 'j ru Vl1€1 
~ ,;.!l "I 'tJ 

A 1 V) fl ~ btl1 l ~ 'd -!j VI if1 eJ ~ 1 'I iJ bVI I') bb gj ~ e.J gj 1(9) CJ €II Pi' CJ 'j 1 n 3i 1 tl 'U €I 'I bb tl 'd A(9) 'VI ~ 'l'fDe.J gj n 1 'j ~ n 'l'fl 

fltl Al l e.Jgjnl ';j l ~tJ 'jl:lJ~-!j tl 'J ~?lLJnl'jill'Um~l~m€l'l ;'1?1:lJ:IJ~\il tl ,j'?llm 'ji:11olibDtl bb'U1 'V1 1 '11 tl m'j
" '" 

fltl All (91gj €I(9FJtlb D'wbb tld 'VI 1 '11tlnl'jbnLJ'j'dLJ 'n:IJoV€I:lJgj bbgj ~l bA'jl~~oV€I:lJgjl1~'1~ ~l~CJ ~n'l'fl B ti0tl 
'U 'U 'U 'U 

bUtll tl (911:IJ ~ A 1 V) n 1 'i illllVl1 €I1JJ ~ 'I 11?1:IJ:IJ = \i 1 tl ~ ~'Ill €II 'il bUtl 'il ~ 'I Vl 1 €ll JJ bUtl 'il ~,:j
'" 
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1. G\ :W:W~~ l'l.ml~l ~CJ (research hypothesis) bU1..Jr;tlJ:W~~l1..J~b~m.J B ~lw~ 'lJ B'loVtlAll:W 

~ bb6'1 A'll'i -l Al ~I:W ~:Wl~1..J 15 'lJ 8'l ~l bb tJ ~ ~finljl n U Al ~ tl U~ ~l ~CJ A l 1?1 A~ b1..J11?1 CJ10Vfllljl ~ boVl1 \l ~l tJ 
" 

2 . ?I:W:W ~ ~ l1..JVll 'l?l~~(statistica l hypothesis) bU1..J ?l:IJ:IJ ~ \5l1..J~ btJ ~ CJ1..J~tJm 'l l n ... '" " 
?I ~ lJ~ \il 1..J m~l~CJ 11?1CJ1.;r~ru ~nljru'VIl'lA ru~Y'1l i,"1~1~ bb 'VI1..JA ru~nljru~ b~ m nUrh'jl'j l ';l l :W b~tl1'1Jtl'l- ~ , 
tJ~~<tllm (popu lation parameter) :IJlb~CJ1..Jtl5UlCJAll:IJ~:lJf~1..J5'1Jtl'l~lbbtJ~ i,"1:IJ:IJ ~~ l1..JVll'li,"1 ~ ~ 

\l~ tJ ~~m)~JJlllJ 2 ~nljru~AlurihJbi,"1:IJ8A8
'U 

2.1 i,"1:IJ :IJ~~ l1..Jll'l Vl~ 8?1:IJ:IJ~~l1..JVl~n (nul l hypothesis) bb'VI1..J~~~n ljruJll tJ Ho 

b U 'U a:IJ :IJ ~ \5 l1..J bb i,"1 1?1 'loV 8 A II :IJ ~ b U 1..J n 6'll 'l 1 1?1 CJ ~ ~ U ~ 'l AII :IJ ~ :IJ 9,,\J'1..J 5'1J tl 'l ~1 bb U ~1rl bvll n 1..J'" , 

2.2 i,"1:IJ :W ~~ l1..J'VIl'lb~8nVl~8i,"1:IJ:IJ~~l1..J~8'l (alternative hypot hesis) 

m~'VI1?1i,"18U?I:IJ:lJ r.1~ l1..J H11..Jnl~'VI (?1 i,"18uril'jl'jl~liJ b~8 1'1J8'lU~~'lJlm~b~lal8'lm~'VI~l Ul l 

b U 'U l tJ ~ l:IJ A ll:IJ b~ 8 ~ A1?1 11'Vl ~ 8 hJ ~ 'l i,"1:IJ:IJ ~ \5l1..J 11..J ~ i1 \l ~ Vl:IJ l CJ ~ 'l i,"1:IJ:IJ ~ \5l1..J 'VIl 'l i,"1 ~ ~ ... ... 
..­

(Statist ical hy p o thesis) ~'l111..J i,"1 :IJ:IJ~ \5l1..J Vll'li,"1 ~~Atl oV tl All~J'vhn CJl nu ri ll"J l~ liJ b{9ltJ 1... 

'V I '1.1 

'iT1..JVl 1 ~'l i,"1:IJ :IJ~~.. l1..J 
bbU1J A Ho : iJ = iJo Ha : iJ * iJo 

bbU1J B Ho : iJ = iJo Ha : iJ < iJo 

bb U1J C HG : iJ = iJ o Ha : iJ > iJ o 
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, 2 

n H1H; 1 () l'I.h ~ 'lJ l n ~ i1 n l ~ bb ~ n bb ~ -:J bb U '\.J'tJ n ~ ~ ~ 1~x~ Normal (~, ~) 
n 

x-~o
t=-­ (2.12)

s/Fn 

(2.13) 

'/ , 

oV1..!'Vl 3 nl'\l1'Um~ (Y)'\.JUCJ ~lAf\J (a) 

Ho : ~ = ~o Ha : ~ -:j: ~o 

u.. ",, .' 
I-a 

http:t=-�(2.12
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?I~~~~I'Wbb'U'U B Ho : iJ = iJo Ha: iJ < iJo 

?!~~~~l'Ub b'U 'U C Ho : iJ = iJo Ha : iJ > iJo 

.rr'U ~ 5 ?!~tJ~~n1~Vl~?!eJ'U ~~Vhn1~ tJ lJb?!D?!dJdJ~~l'U Ho ~~~H Rl'i m~eJ Al?!fi ~~ 
fl1m ru 11'l1'1 n eJ~1 'W"UB 'U b'11 \J1 '11 eJ~ n1~tJlJ b ?! DVl~m'1J~1 n~1'1 'UeJn~l nti~ ~ tJ'€ldJ~'U?!dJdJ ~~l 'U Ho 

'" v , 

nl ~ r;].:J?I~~ ~ ~1 'U ~ ~ ~eJ~r;]~eJ t.i l~?!dJ bVlI'1?1~ ~ ~ 'IJ~ ~1 ~tJ~ ~~B~'€ll ~8Vl dJl 'iJ eJ ~ ?I~dJ~~l'U 
~ ~ ~ ~ 

v 

~lnVl~lCJVll ~~~tj 

' v v 

1. Vl~ '\!f~ ~ 1~ '1 'IJ~ blJ'Ub'U ElVll'iJ eJ ~ bb 'iJ'U~1'iJ10'U '1 ~l ~(J~~~mvh n1 ~Pi n~l bl'fl ~vhfn ldJ 

loVlliJ1'U Vlt]~~bl'fl~b ';eJVll bVl~hJ'U 1'Ue)'U~~~61htJ1Vfn1~nlVl'U~u~Vll bl~~ n1~~~ ?!~dJ~31TW1J1b u'U 

Elt.i l~~ bl'fl ~V'h1Vfm~i~tJ:ij Vliln 1I'loVElA'U'W'U~~J1Vl0n,jll~'€l~eJ 

2. iJ'u A'U'W'U~lnm~l~ Vl~~vhmll~d ~~oV'€lA'U'VfUl'i l~'1 ~~'1hdlVf~1~tJ?llm~bl t11ltJ1~ 
1'U m~~~?!~~~~l'W1J1... 
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5. e:J~'Vl~Ber~ l~CJ 1'lJl ruhH~eJ\I ':;'U "I 1\7lCJbQ'vn~ ~ \l fhn~11Vl1 eJ .veJf1!Y1l~'U'lJeJ\l'LI AA6'l 
'l\J'U '\J <v I , 

lVI~lJ'U 611jJ1JmhlJ1 Hfl'Un1J~\l61:w:w&13jl'U1~ 

6. nlJ?l\l bn~1'V1 ~ &i nJJ:WVl~m VI~ nl Jru (;)1\11 ~ bil \7l~'U J1:W ~\ln1Jl~~ nlJl bAJ1~Vifi\l 
A1l:W?l:w'0''Ul5'lJB\I~1 bb't.h v11 \I 1 bb6'l ~ bb 'U11ti:W'lJeJ\I~~&1 nJJ:WVl1mVI~ nlJruJ'U 1 n\)~611JJ1Jfl1oU\1''U 

bb'U TVl1 \11'Un1J~\l 6'!:w:w &1 :01'Ul~ 
"" 

. 
61:W:W ~ :O l'UVi~mJ~~m~H\l~~\I\J 

~ .. 
1. 61 €I !Y1A ~eJ\I flU \) \7l:W \I l'ljJ1 (J 'lJeJ \I n1 Jl ~(J \)\7l:W \lVljJ1 (J ~eJ\I nlJ r;m~l eJ ~1 J 61:w:w &i :Ol'U n1"11 J 

q '1 q q J..a 

J(~'lVfmJ1'U~mmJ~ bb'UTvn\lb~ (J1fl'U
" 

2 . ~eJ\I~eJufhm:w1~AJBUA~:WUqJVllV) n 1 ~l'U~r;fl'etl 1\7l(JJ~~ A 1l:W?l:w'0''U6'lJB\I~1 bb't.h 

~61 'Ul~'l'UJ'LhJeJ \lA1 l:Wbb~ n(;)l\1 JJ1 n nll tiB(JnllV1~eJ?l:l.n~'U6fl'U ~\l611JJ1Jfl61 J 'Ll1~11 bU'U\)~ \I" , 
VI~ rJ1:w 

5. 61:W:W ~ :O 'l 'Ubb(;)6'l~ .veJ m J~ eJur\' lm:w b~ CJ .vm~ (J1Vl~ eJ'LlJ~ b~'UbvW1 Vllfl~ ~1 bb 'Ll J~ OJ~ ~rJ \lr;n'etl.. 
Vl6'l l tJ ~1 A 1 J bb (J n b tJ 'U 61:W :w &13j 1 'U cJ eJ CJ bb (;) 6'l ~ .v€I b~ J 1 ~ \) ~ 611 :w 1 J fl 61 1 'Ll fll J (J eJ:W l'UVI ~ eJ 'Lll) b61 U 

61 :W:W ~ :O l'U1~'iJ!Y1 bOJ 'U 
"" 

611 VI l'u"l 'U \11 'U 1~ tJ db J 11 ~ 'l11 VI ~ n n 1 J '\Ill \161 i:1 &1 ~ \I fif1 €I VI ~n n 1 J 61:W :w &13j 1 'U:W 11<1l 

1 'UnlJ6'!J 'Ll El1-1 B\I 1mJn1Jl!Y1fll?l:W'Ll J~~'\Il~~ b UA'lJ eJ\I~l €I cJ l\1\)lmA~eJ\I~ eJ~ 61 ~l\1~'U b€I \I b~mnu, 
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2 

.d 
'U'VI'VI 3 

1 'Unl';l(ill b-u'U ,n'Ui~tJ1f ';;)~ bU'Unl';leJeJn bb'U'U bA~eJ..:J~mh\t'l~\Jr(il61:W'lh~1;1V1t~b'lJAl(iltJ bbiJ..:J 

nl';l1i11b-u'U..:J1'Ui~tJbU'U 2 'Il1..:J 1'U'Il1..:Jbb ';lmU'Unl';l~~l..:J bA~eJ..:J~m~eJHl'(il61:W'lh~1;1V1t~b'lJA1'U'Il1..:J~ 
,;;)~bU'Unl';lVl(il~el'lJl(iltJvhnl';ll'(il61:W'lb~1;1V1t~b'lJA"(JeJ..:J ~lel~ l..:J bb~lU1:W1btJ~tJ'lJbV1tJ'lJn'lJfh~lli1 -, 

,;;)lmA~el..:J ZEM- 3 l(iltJ 1 inl';lVl(il~el'lJb~'l~~&1 ~(ilVi'ltJ,;;)~bU'Unl';lb\9l~tJ:W~l';ltJ';l~nel'lJ CuGa02 bb(l~ 

nl';ll'(ilAru~:w0&1b~..:Jlm..:J~~1..:J ~:w0&1V11..:JbVlelft:w8b~nVl~n~..:Jbbl'ielruVl.f1lJVlel..:J(i..:J 773 K ~..:J, , ~ 

';l1 tJ(l~ b~ tJ(il1'U nl'~ bOl~ tJ:wl'~(ileltJmru v1Hfl'U nl'~elelmb 'lJ'lJ bb(l~VI(il~eJ'lJ i51i11b-u'Unl~ bb?\(il..:J, , 

m1:w~m~lli1~ ~m1:W~l'UVl1'Ul'ieln1';ln(iln~el'UlJl~:W1n ~lm';lmbtJ';l~tJJl1tJi51'i1..:J 11Jl~ltJ~..:J,j'U 
1(lVl~Vlel..:J~(il..:J~..:J~n1';lU11tJ1ibU'U~Vl~..:J~~'lJ1tJA11:W~el'U1Vln'lJ~'U..:J1'U~,;;)~l'(il~1 
61:W tJ ';l ~ 1;1 VI t~ b'lJ A 1 (il tJ "(J 'U 1 (il "(J el..:J nel 'U VI el..:J bb (il..:J ~ vl1 b U 'U ~ 1 'U ~1 i1 'U 1 A ';l..:J..:J 1 'U ~ bf1 ~1f~ el 

'" 

lOxlOx4cm (~tJ a) U1:W1b,;;)1~';l 2 ';l~1i11'Ui1..:Jb~m~1Vl'~''lJ1il'(ilA11:W~1..:JAn~bb(l~elruVl.f1lJIi11'Ub~'U
~ ~ ~ q ~ 

'Ueln';;) 1n1f~..:J~ bb vl..:JVlel..:J bb(il..:J (';ltJ b) ~vl1 nl';l b,;;) 1~~~vr1 b~m~lVl~'lJ1oUl'(ilelruVl.f1lJ bb(l~ b,;;)l~';l~tJm tJ 
'\J cu q 'tJ 'U 

~ nIi11'U6f1Vl~'lJ1oUl'(i1 A1 1:w1'i1..:JAn~1i11'U~eJ'U I'i elm b U 'U~1 b~ el'U~'U-61..:J (';ltJ c) 1oU6f 1Vl~'lJtJ~'lJ b~ eJ'U 
~ 

(a) (b) 

, ., 
(c) \911 b~el'U~'U-(l..:J 
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9J~:djl5m';ilum';iu';i~nBueJUmru~lVl~'-tr"Jl-.1~U,nU AeJ 'I11bbvl-.1VlB-.1bbVl-.1JJ1~Vlb-t'lnUbb~U, 

iJU 1 U (';iU a) bbGl ~ b9J 1~ ';i~ 1'V~ bn~ CJ 1~ bbj;JUiJ U1 Ub ~ eJ ~ VI nuv1 1 b~ eJU ~U-Gl-.1 (';i U b) bbGl ~ ?lVlVll CJ 
'U 'U 'U <i 

v , v 

v11 n 1 ';i~U?ll CJ biN'U Gl 1 VlVl B-.1 bbVl-.1 bb UU ~JJ iJU 1U b-t'1 nu bb vl-.1Vl eJ -.1 bbVl-.1 9J 1 n 'l1U'111 v11 b~ eJ UU 1U ~U -Gl-.1, 
m~VlmUU\ilWlBUVlB-.1bbVl-.1 (';iU c) 

.., " 

1'U';i~Vll1-.1m~UdUm';im';ilVl~JJU';i~~Vli~bUfl,lU9J ~:Wv11 bb U';i~1-.1 'l~1'lB-.1f1 m~lAeJ BruVl.niJ 
q 'U 

~lU~eJU (TH ), eJruVl.niJ~lUb~U (Tc ),rllfl11JJbbl?1n~1-.1BruVl.niJ ( l1T)';i1JJ~-.1rllfl11JJ ~1-.1P1nCJ1~Yh 
'I 'U 'I 'U 

(V)1V1CJrll~JJU';i~~Vli~bUfl?llm';il:1Vll1~9J lne)ml~1U';i~W~ 1-.1fl11JJ bb (91 n~l-.1'IJeJ-.1mlJJ~l-.1P1n~~ 
v , v 

bRVI~'Ub~B-.19Jlnfl 1 1JJUl?1n ~1-.1'IJeJ-.1B ruVl.niJ'lJeJ-.1 ~U-.11U?leJ-.1~lUVl~ -.1 
q 'U 

1V1c.Jfi1flllJJ~1-.1P1nCJ1u';i~UUlVl9Jlmfl~m DMM 1U 21 00 'lJeJ-.1U~~VlKeithley (~U a)bb61~m';ilVi 
eJruVl.niJ9J~1.;r?l1CJbVleJf[mlubtJ61'IJDVI K (';iU b) ~eJnu DAQ ~u NI 9211 (';iU c) 1V1CJ:W 

q 'U 'U 'I 'U 

flllJJl:1nl'leJ-.1 b vllnu 0,025 B-.11"11 b"1lm~CJ?lvl-.1,l'U 1 U-.11'Ul-.trCJd.n~-.1l'leJ-.1BeJmbuu bbGl ~?l~l-.1';i~UU
" 

-.tr VI b n U .vB JJ Gl bb U U e)1?11 'U ~~ b~ JJ I'lU 9J 1 n n 1 ';i '111 ~ ru ru 1 ru1 U ';i ~ Vlll-.1 n 1 ';i v11-.11 'U 'IJ eJ -.1 ';i ~ U U 
" v v 

AB ~~IFl!lru-q ruVlJJiJ bbGl~~t1J t1Jl ru fldlJJ ~ l-.1P1n CJ1 ~V119Jl n~-.1~lU~BUbbGl~ ~lUb~U 1V1 CJ9J~~mb U Gl-.1 

~lu-qumru~b~CJnll Data Acquiaition (DAQ) ~-.1:WflllJJb~11 'Um';ibnu.vm;jGl1U';i~vluiJGl~lul'V1 
(ms) nBU~9J~-.trVl bnu 1 ubfl~mflBJJ~l b(91eJ1~lU USB port 

http:1-.1'IJeJ-.1B
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bA~eJ-:J DMM (Keithley2100) 

(c) DAQ ~'U NI 9211, 

bA~eJ-:J DMM 2100USB ~:()\?leJ~:u~~iJb\?leJ1 btJ'Ui'U1~/nj~1~I?l'lJeJ-:J Keithley DMM 

1.b~~'Vl5f11~61-:JA11~fln~eJ\lbbjJ'U(h61-:J (38ppm), A11~~~bB(J1?l61/2~'U 2100 :rJ 11 vhnoll''Unl':ill?l 
'lI 'lI 'U 'I 

bb~~ 8 Y1-:Jnoll''U'Vll-:Jflru\9lI''1161\9l~';ieJ-:J~U~1':iliJb\9leJ1~ll?l~1 n~61l?leJU mru~-:J'\t1~\91 b"1l'U611(J USB, 1~';iU, , 

~'U 2100 :rJA11~b'\t1m~61~~1'\t1~Um';i'VlI?l61eJUrh R&D 'lJmlY'llm,'l1nl'VlCJ1m61\9l1bb~~'l1n~m~n, 
m';ill?lA11:llbbjJ'Utl'1~'U~'U:Ol'Ubb~~m';iU';i~(Jn\9l1m'U';i~uu ~'U 2100 ~b61~(J';im~ A11~fln~eJ-:Jbb~~ 

doe 'I 'I 'U 

Adl:llb~l l'U';ilAl~~lmn ~'U:Ol'UA11~fln~m 'lJeJ-:Jbb';i-:JI9l'U DC l'U"1l1-:J 10V A11~fln~eJ-:J\9l1'U'Vll'U ... " " 
~'U5P'UAeJ 10kW i'U 2100 1~ 50 'Vl~mneJ1rdgs / 5 B.h'U'Vll-:JB'Ub\9leJ1byj"llUSB ';i~(J~ln~ i'U 

21 00 ~-;;)1'Ul'Unll-:J'lJeJ-:J"1l1-:Jm';ill?l bb~~Y1-:Jnoll''UI9l-:J.n 

obb';i-:JI9l'U DC: O.lV, lV, 10V, 100V bb~~ 1000V 

obb';i-:J19l'U1YJlh O.lV, lV, 10V, 100V bb~~ 750V 

om~bb61 DC: 10mA, 100mA, 1A bb~~ 3A 
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·m~m?l AC: lA bb!;1::; 3A 

·iJAd1~il"'n.JVll'U: lOOW, lkW, 10kW, 100kW, lMW, 10MWbb!;1::;100MW 

"" ,.,·Ad1~bl: ~lfl 3 Hz bl-:J 300 kHz 

v v 

'UeJfl~lfl-w fll';i~lb'W'Ufll';iVl1-:JI"HDV1Y'11?1 V1 1Yl-:J 8 vl1 bb Vltl-:Jm~~::;V)l b'W'Ufll';i~1'U1"11fll';il(9): RATIO, 

%Min/Max, NULL, Limits 1(9)8~ Microsoft Office, Wordbb!;1::; Excel b1J'Ubfl~eJ-:JiJeJ 

vl'll1tJ1'Ufll';i~(9)bfhJ.zJm.Jmb!;1::;fll';ib1tJflA'U1"11~1(9)1(1)~lflfll';i1od-:J1'UbVl~ld l(9)tJ graphing utility 

~ ::;'lll tJ1 'Ufll ';i?l ~1-:J bb~'UJliJ'(JeJ-:J fll';il(9)1"11bVltJ'Un'U';i::;tJ::; b1!;11'(JeJ-:Jbb'U11~~ bb!;1 ::;fl1';i V1 ';i1~?IeJU?(flJ flJ 1 ru 
~ v v 

bVleJfi:~l"l'iJ btJ !;1 (thermocouple) b1J'UVl';i1'U?I~1b'IJeJ1 (transducer) Vl~eJ b'IJ'Ub'lleJ1 

(sensor) 1 (9)~ ruVlJJiJ (tem perature) ~Vi1-:J1'U1(9) tJellvl1tJVl~nfll';ibiJ ~ tJ'UbbiJ !;1-:J?I~U~Vl1-:Jh~V11l'U~iJ 

'(JeJ-:Jbb ';i-:J~'U1~V11 ~(9)b1J'UVl';i1'U?I~1 b'IJeJ1iJ';i::;bJlVlbbeJflVl~ (active transducer) ?l1~1';imh b'W(9) 

bb ';i-:J~'U1~V11hi'beJ-:J bd eJiJ fll';ibiJ ~8'UbbiJ !;1-:JeJ ruVlJliJ';i::;Vl'i1-:J~(9)?leJ-:J 0J (9) 1(9)81JJ~1 b1J 'UileJ-:Jm::;il'U(1)1 tJ 
'I 'U q 'I 'I 

bbVl~-:J~1tJ~~-:J-:Jl'U~lflJl1 CJ'U eJ fl b1J 'UeJiJ mru~iJAd 1~11~eJfll';ibiJ ~ tJ'UbbiJ !;1-:J'(JeJ-:JeJ ruVlJliJ?I-:J ?l1m';ibl 
q '1 'U 'U 

1od-:J1'U1\9l1(9) tJV1';i-:J1'U';i iJ '(JeJ-:J bfl~eJ-:JiJ eJl(9) (instru ment) Vl~eJfll';i~-:J?(flJ flJ1 ruVl1-:J(1)1'U bell t9l~V11Vln'U 
'U v tV q 

';i::;'U'UAd'UI"l~ ~-:JiJ';i1 fl{) fl1';iru~ll"l'~~ bM m.zJeJ-:Jn'UbVleJfi:~ l"l'iJ bU!;1 AeJ iJ ';i1 fl{) fl1';iru61ib Ufl (seebeck 

effect) bVl eJ fi:~l"l'iJ b U ~iJ ';i::; fl eJ'U(1)'Jt.) b~'Um (9)1!;1 Vl::;~1111 ~ l-:J'(JD (9)6'1 eJ-:J b~'U~eJ b.zJ 1~1 CJ n'U (fl1';i b~eJ~ ~ eJ 

~ (9)1(9)d~::;~-:J~~~eJ'll1-:J nmfl1';iV1eJ'U?I'UeJ-:J (response time) '(JeJ-:Jfl1';i~1'U1"11) iJm8.zJ1-:JVl~-:J1odb1J 'U 
~ (9)l(9)'QruVlJJiJVl~eJ';ieJ8~eJ1eJ'U (measuring junction Vl1eJ hot junction) ?f1'UiJmtJBn.zJ1-:JVlu-:J 

1111iJ ~eJn'UiJbV1eJ~Vl~m-:J~';i~'U1 b~mb?l(9)-:J~~ b1CJfl ';ieJCJ~m~'U (cold junction) 1od~lVl~'Ub1J'U 

~(9)eJ1-:JB-:J (refere nce j unction) ~OJ(9)d~eJ-:JAd'UfI~eJruVlJlmVlfl-:J~ l(9)mdeJ'U~nruOJ(9)l(9)eJruVlJliJ
q 'I q q 'U q 'I 'U 

1~~u fl1 1~~eJ'U1'U'(Jru::;~';ieJ CJ ~eJ b~'UiJeJruVlJliJ fI-:J~ Adl~~l-:Jvl1fl~';i::;Vl'i1-:J';ieJCJ~eJ1eJ'U bb!;1 ::;';ieJ8~m~'U, ~ 

~bn(9)~'U ~::;Vi11Vlbn(9)fl1';i1Vl~'(JeJ-:Jm::;bb?l1~.yh~'U 1"11 m::;bb?l1~V11Vl~eJ bb ';i-:J~'U1,\~.yh~bn(9)~'U?l1m';i f:) 
1(9)1"11bb!;1::;iJ~U1VleJCJb'UVltl1CJ'(JmeJruVlJlm~ 1(9)CJfl1';ibiJ~CJ'UbbiJ ~-:J'(JeJ-:J1"11 bb ';i-:J~'U1~.yh~'UeJ~ n'U'lJ'W(9)

'U 'I 'U 'U 
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(tde:1s1ll1Jlg -,'lllction. T ~I ) 

~------~-.~------~ 

I .:! jJ 

1 j lr) 1 T \1'h>l (J ~ r) 1J (RefereJlce jnllctlOll. T R) 

lu~tJ~ 3.4 ltJ'Ul':)~J~'HJEl5UltJt:-J~'VEl.:);Sb'Uf1IK.:),1'U~.:)~ ThermocoupLe 1~l~~':)ltJ'U f11ldJ 

ll~n~l':)J~vr;h':)ElruVl.flD 2 ~~ , 'U , 

(n) nS"II~1u-:J..r'lsDGI 

ltJ'U IIuu~'W tJdJ1i II~~Vl~ l t.J:l.n n~?!~, 
~lVl-r'UnlJl~ElruVl.flD'lil':)~'U 6'1 ~~l~l~~ln -lS00c fi.:)tJJ~lnru 1,3500c

' 'U I 

?!llnJ1l1il~1'U':)l'U~~tJ5n~tJlElEln681~68.:) Vl~El?!ml~ ll'U'U l~EltJ(inert) l~~nllll'U'U~'U 1 

?!ldJlJ1l1in'U?!m~':)l'U~~nlJll~-r.:)~mldJ~El'U1~~ 
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1Vle)(91d"lf1I''i b U ~ tJ'Ubb d".:J bfl~ EJ'U1~V11~EJEJruVl.fliJ~ fill bb'U'U ~'U(ml:JJoU'Ubi:imJ bU'U 1) bb~~ii 
, 'IJ 

ml:JJbU'Ub~.:Jb?f'Umfl~~Vl1'U'Udd"Vll bVlEJf[:JJf\UbtJ~vl1tJ n'U, 

iffJL5V'llfNUVV K 

hibVlm~n'U nld"lVl~v1EJ.:J~:JJer~n'UuiJ n~ tJ1~~1~.:J bb~~EJEJ fI~1Vl~.:JlVl tJm.:J 


1Ji bVI:JJl ~ n'U ,n'U~mEJ'1J EJ.:J oB'~ b~EJ1 


1JibVl:lJ1~n'U~.fI1'Vi.:Jl'U~bU'U~qjqjlnli'l (tJfI bl'U"iJ~H1'U'li1.:Jb1m~'U I) 


Vlf{.:Jnld"1-1J.:Jl'U1 U 30 U '011V1~1'U~?l:UVll.:J bfliibu~tJ'U1 U ,
bU'U~~'011Vlflru~:JJU~'1JEJ.:J 

bb d" \l bfl~ EJ'U1'V~V11 bu~tJ'U1 U 

3.1.41U"ibbfl"i:\J LabVIEW 

LabVIEWvEJ :JJl"iJlf1 Laboratory Virtual Instrument Engineering Workbench 

lud"bbm:JJ~'W~'Ul~'U1VltJ1-IJ LABVIEW "iJ~b~tJfll1Virtual Instrument VI~EJ"iJ~b~tJfltJEJll1VI ~\l 
VI:JJltJ~.:J bfl~EJ.:JiiEJ1Vl b~iiEJ'U LabVI EW ii"iJVlfhb'ilVl~'U1'UtJ 1983 lVltJVll.:J'U~';VI National, 

In strument lvlb~:JJ nld"fl'Ufll1 b ~EJ"iJ ~Vl115nld"~"iJ~~Vl b 1 m 1 'Unld"b~tJ'U1Ud"bbfld:JJ b~EJ1-lit'U.:J1 'Uvll'U 

d"~'U'U bfl~EJ\liiEJ1Vl ~.:JbU'U"iJ~lb~:JJ'1JEJ.:J bb'U1ml:JJflVlnld"~~1.:J LabVIEWVlf{\l"iJlf1nld"Hbdml~tJEJtJ 
'IJ 

3 tJ 
, 

1'UU 1986 'U~';VI H)u~EJtJ LabVIEW Version 1 ?l(91mVlb~EJ1-1Jn'UflEJ:JJYhb(91EJ1Macintosh b'llhJ'U 
'IJ 

b'Vid"1~ bbiJl1 bfl~ EJ.:J Maci ntos h "iJ~1Ji b u'Uffi -IJEJ tJl \lfll1.:J'1J11\l1'U.:Jl'Uvll'Ulm f1dd":JJ bb(91Vld tJf{fI~ru~ 
nld" bb~Vl\l~rl bb 'U'U ml~ fI'1JEJ\lbfl~EJ\l Maci ntos h '011VI bVI:JJ1~~:JJ n'Unld"ud"~tJfI(911-1Jn'U La bVI EW, 
6'11V1~'Ud"~'U'Uullu~ nld"~'U~1:u1'Ii GUI J'UtJ\llJiiifl11:JJbVI:JJ1~?l:U~"iJ~1-1Jn'U La bVI EW\91.:JJ'U6'11V1~'U 
bfl~EJ\lflEJ:JJ~1b(91EJ1?l1'U'LJflfl~(PC) Vll.:J NI v1EJ\ld"EJ"iJ'Um~vi'.:Jd"~'U'ULJiJu~nld" Windows bnVl~'U 
b~tJriEJ'U 

1'Uu 1990 Vll\l NI lvlud"~~'U~~6'11b~"iJ1'Unld"111 LabVIEW version 2 EJEJfI?l(91mVl lVltJlvl 
'IJ 

U~'U bbnbb~~ b~tJ'Ud"~'U'Um'U~:JJ1VlJi~.:JVI:UVl lVltJ bu'Vil~ nld"b~tJ'UCom piler ~'011Vlb1mnld"'01.:Jl'U 

'1JEJ.:J1Ud"bbmm1Vl b~1~'U V(VlbVltJ:JJn'Unld"b~tJ'Uvl1tJ.fIl'tn~'U~'U~1'U b'Ii'U C bb~~viEJ:JJ1b~mVlfll 'U1~ ~ 
'" 

vll'Ud"~'U'Uullu~'1JEJ\l PC iiml:U'Vi~EJ:JJ~"iJ~1-1J.:Jl'Ufl'UGUI Vll.:J'U~';VI~.:Jlvl~~(91 LabVI EW for 

Windows bb~~ LabVIEW for SUN b<Vl?l(91mVl1'UU19924V1f{.:J"iJlf1J'U 'U~';Vlfilvl'W~'U11ud"bbm:JJ1V1
'U 

bVl:JJ1~6"1:JJll'UbVlfll 'Ulrl~~.:J~'U (911:JJ~Ubb'U'UuiJU~nld"~bU~ tJ'UbbUrl.:Jhi b'li'U LABVIEW 6'11V1~'U 
Windows NT, Windows 95 d"1:U~\lnld"~~1.:J Version 1V1Ji b~EJ~Vld"~'U'Ubbrl~nld"b~tJ'U1Ud"bbfld:u1V1 

61~Vl1f1mfl~'U (91rlEJVl"iJ'U611:JJ1d"bib~EJ:JJviEJ n'U~u f1dru~l.:J I :Ulf1~'U 'Vi~EJ:JJ~\l~~l.:J~\loU'Ufl~l.:J I 
b~EJ1VI bVI:JJ1~~:JJll'U fIld"1-1J.:Jl'U:Ulf1~'U'UEJfI"iJl fldtJ.:J~~l.:J1Ud" bbm:JJ~611:JJld"brv11.:Jl'U'U'U 
d"~'U'UuiJu~ nld"~'U~lJilvlb~ tJ'U'U'Ud"~'U'Uullu~ nld"J'Ulvl1VltJb~:JJ"iJlf1 LABVI EW 3 1 'UtJ fl. i'l . 1993, 

LABVIEW 41'UtJ fl.i'l. 1996bbrl~~1~Vl LABVIEW 2010 1'Uu fl.i'l. 2010 ~.:JbU'U1Ud"bbm:U~1~Vl, , 
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. LabVIEW 

- ~-- ~ 

Emply prcjed 

?IL VI from Template.. 

u .... o rt. 

PfOj.!C I .. :tft2't .'Jr 

Pro]€{ 14j~1 ,..,.1 

PrcJoI!{bt ll!2 21.. J 

H;tIlAuto.'1I 

HdU. VI 

Hail S·, ; 

• VOP4.vl 

t...J BI OlI'flt._ 

latest from ni.(om 

L.bVlfWN_ 

LabVl£W in Actton 

Exemph: ProgJ.m!. 

0nIne Support 

Cod'~ ShtUI~Y 

I< l1o wltdgeBest 

Requ~ Suppnrt 

Help 

Gelling St.".d wrth L!bVlEW 

List of AU Neow: FUlutt:5 

Find hllmpltl. . 

Filla hUtfumenl Ofl"l/l':f'i. .. 

o Find L.oVlfW Add·on, . 

.) 

l,\J':ibbm:w LabVI EW btJ'U1'\J~bbm:W~~~l'1 b~ml1:W11m'U1911'Um~1~ bb61~bfl~tl'l:Wtll~~lVl{'\J 
'11'U Vl1'11 1"11 n~~:w LabVI EW btJ'U1'\J ~ bbn~:W~~~l'1 bfl~tl'l:W tll~ b?f:W tl'U 9.J ~'11 'UVltl'l '\J 5uM n 1~Vl1'1 
11"11 n~~:W~'1J'U 9.J ~'\J ~~?f 'I AVlf(n'IJtl'l n 1~vl1'11'U'lJtl'l1 '\J ~ bbn ~:W-nn Atl n1~~~ n l~l 'U1911'U n1 ~1~ bb61 ~ , 

bfl~m:Wtll~tl~1'1:w'\J~~~Vl5Jl1~ bb61~1'U~1'IJtl'l1'\J~bbm:W9.J~'\J~~nm.Jl'\J 1911 tJY1'1 noU'Uvrt'ihh tJ1'Um~l~ 
:W1 n:w 1tJ bb61 ~ bbti'U tl'U~~~1'\J~ bbm:w-n9.J~:W'\J ~~ltJ"1JtJtl~1'1?f'l b~tl1.rr~1Wl'Ll bfl~tl'l:Wtll~VI1'11 1"11 m~:w 

, 'U 

~1'11~ '1~ LabVIEW bbV1n~1'19.J1n1'\J~bbm:W~'Utl~l'1 b~'U1I91oU~~~~nAtl LabVIEW -nbtJ'U1'\J~bbm:w 
'\J~~ b.flVl GUI (Graphic User Interface) 1~tJ~:W\J~ru,j'UAtll~"il1btJ'U~tl'lb~tJ'U code Vl1tlrh~'11~1 
~'1~'Ubb61~~~lAruf(m~ru~.fl1111vrtm'Ul'\J ~bbm:w-nb~19.J~ b1tJ n11btJ'UJl1111~'\J.fl1'\"JVl~ tl b~tJ nBntl~l'1 

v 'U 

11.fl1111 G (GraphicaL Language) ~'19.J~bbVI'Um~b~tJ'U1'\J~ bbm:WbtJ 'U'\J~~Y(~tl~l'1~b~l~'Ubfl tJn'\J 

.fl1111~'U:01'Ub 'Ii'U C, BASIC Vl~8 FORTRAN I91dtJ~'\J.fl1~Vl~tl~ruf(n11ru~'1Vl:W~~'1bbiJ111'Ub~tl'l~'U 
~ 'U v 

tlT'il'il~~'\J~'Utl~th'lbb~ b~tlA'UbfltJn'\Jm~1m'\J~ bbm:w-nbb1Kdb~1'il~~'\J11 LabVIEW -n:wm1:W?f~~1 n 
'U q 

bb61~?f1:W1~fl61~ nm1'Um~ b~ tJ'U1'\J ~bb m:W61'11'\Jll91mnl~mu~l~1'U'I1'Ub~tJ'U1'\J~ bbm:Wfltl:wYl1 bV1tl1 

b~tl b~tl:W~tln'\J~'\Jmru~'U 1 b~tl1otil'Um~l~ bb61~m~m'\J~:W~lVl{'\J~~~tl'lm~'il~1.u'\J ~~ltJ"1JtJ~'1~~ 
9.J 1 n 1 '\J ~ bbn ~JJ LabVI EW Atl ~~ 1918'1 n 1~'il ~'l11';; tl:W 619.J 1 n.fl1 tJ'U tl n b fl~tl'lfl tlJJ~1 bV1 tl i b';;1JJ 11'U bfl ~tl 'I 

'U 'U 

b~ml1m~m~1 bfl~l~~';;tl:W61'\J ~~JJd61rh bb?f~'1v.J61 bb61~1 'UVlm tJmrutm'U~~'\J'\Jfl1'\Jfl:W8V11 'UilM1911 tJ 
'U q 

fltlJJ ~1 bV1tl i';;tlll91 b '\J~tJ '\J?f 'I ?f~'IJ tl'l La bVI EW Atl n 1 ~~ tJ 1 tJ 1:W'Vl11Vl bfl ~tl'l fltl:W~1 bV18i'IJtl'l b~1 b~ tl 
'U q 

~1Wl'\J LabVIEW bb61~~'\Jmrub~tl:w~m~tlm~bn'\J';;tld.;J61 (Data Acquisition Card) bb1K1~1:W1~bI 

b'\J ~ tJ'U bfl ~tl 'I fl tl:W~1 bV1 tl i ~1'U '\J fl fl61'IJtl 'I b~11Vl nm tJ btJ 'U bfl ~tl'l:W tll~1'UVl~ 1 tJ ~'\J bb'\J '\J1~119.J ~ btJ 'U 
q 'U 

OsciLLoscope, MuLti-meter, Function Generator, Strain meter Thermometer Vl~tl 

brl~tl'liitll~~'U 1V11:W~b~l~tl'l m~vl11Vl?f1m~tll.rrfltl:W~1 bV1tl11'Um~'Vl1m~1~1 bb61~bfl~tl'l:Wtll~,ll91 

http:J~bbm:W9.J~'\J~~nm.Jl
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I V I I )' 

u~l'lfrh:J'1Jdl'l '1l'l-;;)V1ti6U'lYi 6tJtrVim'1J8'l~mfl~8'l1l8lV166'lllmj-;;)~'l (Virtual Instrument) 6661::;oVu, 

1~6'lJ~tJtI6Vltimn~HrmJ mru-;;)~'l6Vl~lJ'Ufl8 Virtual I nstrument 6'llm~1:1'lJ~'U 6'lJ~ tJ'U1Vi' 6Vlm::;6'lll, 

n'Unl~1.if'l1'U'1J8'lm.if66~61::;n~1I1mV1tJnl~6'lJ~ tJ'U VI1Vi' 6tJ'U1'lJ(?1111~u'l nl~6tJ'U6~8'l~hJ~'ltJlnt(n
'U , , 

cid'Ulh~OvVfhvo;7'ULo>bV/EW 

1'lJ ~66mll~6~tJ'U~'Um1V1tJ LabVIEW 6~1-;;)::;6~tJnll Virtual Instrument (VI) 6'\A1~1::; ... 
\ 

~n~ru::;~'lJ~l n[)Vll 'l -;;)8m'\AI6~mrtob1.if'll'U-;;)::; 6Vlllu'U n'U6fl~ u'llluVl~ 8~'lJ mruVll'lll"1d m~1I1'U 

'1Jru::;6~tJdn'UVl~'luln'1J8'l8,'lJ mru66'l1l8'U-;;)~'l6Vl~lJ'U-;;)::;6tJ'Um~v11'l1'U'1J8 'l Yl'lni'U , Subroutines 

6661::;1'lJ~66mllVl~n6V!1l8'Un'U.fll~lvfd1'lJ~lVl~'U VI Vli1'l1-;;)::; 'lJ ~::;n8'U~dtJ?id'U'lJ~::;n8'U 2 ?id'UVl~n1 

(Vl~8~iJtJ1I6~tJn User Interface) 1V1tJvfd1'lJ-;;)::;1l~n~ru::;6V!1l8'Un'UVlih-uVlli'1Ju'l6fl~8'lllm'1~8 

~ 'lJ mruffi.if'll'U~l'Um~lV1vl'd 11tI1V1tJvl'd1'lJ-;;)::; 'lJ ~::;n8'U~d tJ6'l1(?1~DV16DV1, ~lIDV1, ~lInV1-;;)m66'lV1'l~61 
Vl~8 66ii 66~ Al~m .if6'l1111~1:1 rllV!'U V1 

'U 

'.. l.-. ..... p..,' ;,-_ . J-. :tr 
, olt II 1..... __' .. . t,.. . .;J;j;. ::i::, . , . 

, ~.... 

~'lJ~ 3.7 ~d8~1'l Front Panel '1J8'lLabVIEW 
'U 

1) Control fl8'lJ~::;6J1Vl~~'UA1-;;)lnm.if (Input) ~'lm.if6'llm~1:1'Wm~Al61'l1'lJv!~81.if6111~fl~m~u 
'U 'U 

6'lJ ~ tJ 'U 66 'lJ 61'lAl1~6'11'i.lUllVlll'i.lU 1l6~ 8'U6'l1(?1'116tJ 'U~'U, , , 

http:fl8'lJ~::;6J1Vl~~'UA1-;;)lnm.if
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3) Decorations bU'W Object ~hh~m-iie:J..:Jf1'UhhbbmlJbb~~code 'U'W Block Diagram b~tJ 

bb~iJHb~e:JAlllJ6'lltJ..:JllJbU'W~~b'iJtJ'U'1Je:J..:J Front panel bvllt!'W~'Wbe:J..:J 

2. Block Diagram b~e:J1Vfbn(9lAlllJb-iilliJ~ltJ~'Wb~1e:J1lillJe:J..:J Block Diagram 'ifbU'Wb6'liJe:J'Wf1'U 

Source Code Vi~e:JhhbbmlJ'1Je:J.,:j LabVIEW ~..:J'\J~ln£rile:J~1'W~'\J'1Je:J..:Jfll'tn G ~..:J Block Diagram '( 

'if~e:Jl1bU'W Executable Program Ae:J6'l1lJ1~f1~1il ~vll..:Jl'W1Ji~'WVibb~~-iie:J~B n'\J~~ f11~Vi1i..:J nAe:J 

LabVI EW lil~iJf11~~~llil6'le:J'UAlllJ~(9I'Wm(9l'1Je:J..:J1'\J~bbmlJ\9l~ e:J(9Iblmvll1Vi1 '\J~bbmlJ'Q;)~vll..:Jl'W1Jin 

~m~e:J1:wiJ-iie:J~(9I'Wm(9l1'W1'\J~bbmlJ bvllt!'Wl(91tJrni6'lllJl~f1~Iil~Vi~ltJ61~ bBtJ(9I'1Je:J..:JAlllJ~(9I'W~lVi bb6'lVi..:J 
"\J "\J 

1Vfb~'W1Ji~61e:J(9Iblmvll1Vff11~b~tJ'W1'\J~bbmlJt!'W~ltJ~'WlJln ?il'W'\J~~ne:J'UmtJ1'W Block Diagram 'if 

'Q;)~'\J~~ ne:J'UJiltJ'W..:Jni'Wf11A..:JvIT'\J~bbmlJA1'UAlJ f11~vll..:Jl'WVi~e:JlA~..:J6'l~l..:J'Q;)lnt!'W1'Wbb~~~?il'W 
q 

bVi~l'if~.,:j'Q;)~'\J~lnD1'W~'\J'1Je:J..:J Block b ~1'Q;)~1Ji-r'Uf11~~e:J6'lltJ (Wire) ~lVi-r'U Block ~bVilJ1~6'llJb-iil 
Jil tJf1'Wb~mhVi'W(9I~n'tfru~f11~1Vi~'1Je:J..:J-iie:JlJm~Vil1..:J Block bVi~1~'Wvll1Vf-iie:JlJ~1Ji-r'Uf11~ 

"\J "\J 

'\J~~m~~~~llJ~I1le:J..:Jf11~bb~~bb6'l(9l..:J~~e:Je:JnlJ11Vfbbrirni~e:J1'\J 
"\J 

~'\J~ 3.8 ~1e:J~1..:J Block Diagram 
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3.1.5 hJ-;ibbn~lJSPSS (Statistics Package for the SociaL Sciences) 

" \ 

J 'Ll ~ 3.9b'LlJbbnJlJ SPSS 
" 

n1~1bml:::~"1i'e:JlJ~~';m
" 

hhbbn~lJSPSS (Statistics Package for the SociaL 

Sciences) 

6bt.!~ 1 nl':iH~Bn.;rBlJ6'lb~ tJf11';i fhv!'U~ Variable view (i'U~df\'1vn.J~1m'U.um Name AB fll 
" 

~:JJ'Ll ';i~~'Vlt~ b'UA) bb6'l~f11 ';imBn.;rB:JJ6'l1'U Data View 
" 

Nam. Type 

-

Label Values MIssing Column, l'. lJ gn Measure 


Seeb~c k Numenc None None ~ Righi , Scale 


~~------------------------------------~
D~I4: ."".. vanable VieW 

IBII 

';i 'Ll~ 3.1 0 m';inlV!'U~ Variab Le v iew 
" 

http:i'U~df\'1vn.J~1m'U.um
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. 38 00 

415 00 

0' ) 00 

,HOO 

467 00 

' )100 

-l !'.500 
.a !-20(l 
4J1 00 

" 
l Q . 1)00 

' 7200 
12 47500 

11 . 66 00 

I. 4.500 

15 . 1000 

16 ' 6800 
17 -IS 00 

111 4"'7 tlO 

19 ' 7J 00 

20 J J800 
: , ' €8 00 

22 . 06 00 

.~J -1 5) cO 

DllUI:'VIItw 

6l1tl~ 2 nlillr1il~~iB~~ 1~1CJ1i15 One ~ samples T Testll~~1~fh~lJth~~'Vl~'lh'Ur1 
~~B-:j nli'Vl(Y16'1B'U 1'U'/.iB-:) Test Value 

10 

11 

12 
1:. 

141, 
16 

11 

18 

19 

20 
21 
22 

43500 

443 00 
44700 

467.00 

471 00 

~ 5 5 00 

4:,2 00 

441 on 
H J 00 

472 00 

H 500 

46600 

468 00 

no 00 

468 00 

J53 DO 

447 00 

473 00 

43D 00 

.168 00 

466.00 

23 453 00 

Dlled !Ja,keling 

Ree Orts 

D£,stTl plrv6 Stati sti cs 

Ta]!les 

CO!!lpar. ".••n. 
general Un~a( I.locel 

General l~ea Lin ear MOOt Is 

f.!i~ed !,I odel s 

~OI reJale-

Regressio n 

Lgglmear 

r'J ~ ljl'a l NeI'i!orlts 

Classl", 

Qimension Reauctlon 

Se~u~ 

!:!onparam eln c Tests 

FOf6ca s!~n Q 

:2uM al 

r.tgillp le Re ~ l,on8b 

I.hs: sln g Value .l.nall sls 

f.lul!ip le Imoutall on 

Complex Samples 

Qualllj Contro l 

ROC Cur~ ... 

one-§amPle T lOSI 

In d 8 p enden~-S 3mples T Test 

EalreCl·Sampies T Tes t 

IiI Qne-Wa t ANOV'" 

o..lolllew v.... ·1 " 

~u~ 3.12 mib~Bn1ir11Gt-:) One ~ samples T Test 
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13 

Te!S1Vana:t l e ( s~ 

~ SeeceQ 

2 	 435 00 

44 300 

44700 

467 DO 

6 	 .171 DO 

~ S5 00 

45200 

9 44 1 00 

10 473 00 

11 412 00 

1: 47500 

1, 4&8 00 

14 4&8 00 

HOOD" 16 4f8 00 

17 45300 

IB 447 00 

19 473 00 

20 43800 

21 46800 

22 	 4&6 00 

2) 	 45300 

OfUaV'nl'w 

ii"' @ Ou'PI" 
~ Log 
!!!I l .' .., 

" O TI!!'" 
QNole5 
Jj AdN"- OttlaS~1 

.1!J One-Sampl. Slall 
On~·S9mp'e 1ul 

GC 

nLE=' C : ' U.:!~ =-:'} \U=er\..r).!.8i:t:::.p\ P:tC ) r!ct ", 1100- 46 . :'TR V' . 

QA':'AS'f!."l' NAJ.I,i; Cat.-,:;je:tl wnlt'~F'RCN':" . 

'!'-te'S:i.' 

l:oeS"IVAL=463 

/Mrssn:C.;:.A::A YSIS 

IVARl.ABLf.S-S~~b@'c k 


ICRn~IA;;cI ~ . ~5 ) . 


• T.Test 

One~S<:Mnple StalJS1ks 

Sid Error I 
Mean S1d . OtO:, ;)11 0n I Moan 

JO"l-.<oO ' 000 I , 240787 I 

~ On• . SampleT... 

Test Va l u ~ - 46) 

df SiU (,2 -1 31 1I3: ClJ 

(j~~ Contl!1iH1C€ I nt~r\] ' of th e 
Qln(,flJfl Ce 

· 1.280 ~9 .21 1 -2..£tOiJ OO 7 SJ] ? I , 7ll? 

mailto:IVARl.ABLf.S-S~~b@'ck
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'" , <f 

3.2. "Il'W ~B'W f111'Vl~~H)'U bfl~eHl1~fi15~'lJ1~~'Vl56lib'U fl 

ri1) 'U ':Il~ b~dJvlln1 'il(i) ':Il~ r;]1)~ll~!ill1) tJ l~1 Vi b~ tJu~1) tJu 'U n1)'U'Vl1) ~ bb(i)~ bb#i1vll nl 'i'VldJ'ULJ.:ru, 
!ill b~1)'U~'U-6'1~1ViLJm mbvi~'Vl1)~ bb(i)~dJl ~dJer?l?loQ'Vl nui'U~l'U 'Vl~~':Ill mr'U~~ b~dJ~l tJ m~ bb?l1~vht;hu 
power supply 1VinU'lJ(i)m(i)'Vl1)~bb(i)~ LJ.:ru1Vi1~filn'i~bb?l~b'VldJl~?ldJ (l'U~-dA1) 2.5 A) 

bb#i'l~~~~1Vi1LJ'ibbmdJ'Vh~l'Ub~m;nldJ bb~n~l~1)ru'VlJl:D ~~f1l?l ~?l(i)~1~~~H~~'VltJ(i)1LJ'ibbmdJ bb6'1~ 1 
~ 'tJ 'tJ <t 'I 

VltJ (i) nl 'i~ l tJ n'i ~ bb?l1 ~1Vi nu~1 ~1)'U ':Il 'U 1) ru'Vl Jl:D6'1 (i)6'1 ~ dJ l ~ ~1) ru 'Vl Jl:DVi1) ~ (1(i) tJ vfl1 LJ LJ.:r'U 
q 'I 'tJ q 'U 

bf1~1)~LJ.:r'Umf1lf1H~ 25 1)~f1lb6(jm~tJ?l)'Vhf1l'ibn'U.rrm.J6l 30 f1#~ ~1) 1 !ill1)tJl~ l(i)mn'Uf1l':llln 
.- '\J 

~~'VldJ(i) 2 !ill1)tJl~ 1~bbri CuGa02 bb6'1~ CuGa066Feo0402 ~ldJ~l(i)'Ubb#i'l'l1ldJl'Vl(i)?l1)'Uf1l~ltJ15 

'Vll ~?l~ ~ ~~ nA1) 'Vl~nn1'i?ldJdJ~~l'U dJlH1'Un1'i?l'iLJeJl~B~ ':Ill nn1'il(i)f1l~dJLJ'i~~'Vl~~b'Uf1'U1)~
~ , 

!ill1)tJl~':Illmf1~1)~jJ1)~?l ~l~~'Ub1)~ b~mnmlU'ildJ.rr1)dJ6'111lm~-;Jl'U1'UdJln'V'l1) ':Illnt!'UAl'Ulruf1l 
'\J 

b;U~?l~~'U1)~fil~1~':Illnn1'i'Vl(i)?l1)U1'Uflf1'to}ru~'U1)~n1'ibb':lln bb ':Il~.rr1)dJ6'1 bb6'1~11lfil~1~dJl bLJ~ tJU bV1 tJU;) l 
'\J 

jJf11ldJb'U'U1LJ1~~ldJfil~1~':Illmf1~m ZEM-3 'Vl~1)1:iJ 

Computer Copper 

Sample 

1'1
K 

DAQ NI9211 

DC Power Supply 

Hot 

eithley 2100 DMM 
Insulator 

'-( • • 

-~ ~-

,­ ~ ----­i i -- --­
\ / 

Cold 
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(J) (5) 

(2) (3) 

(1 ) 6'11\9ls&btJ~/tJ~ 

(2) tJ~LJ1'U61~eJruVl.ni1 
, '" 

(3) tJ~LJ1'Ub~:lJeJruVl.ni1 
, '" 
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"
,
YiBl'WfilfrmJ~'W i:ii.:j'l1lJ~ 3500 191'W 

'jtl~ 3.19 Aluminamortar 
~ 
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(2) 
(3) 

(1) 

1tl~ 3.20 bf1~e:J'Ioti''1'VlP1iJtJ:lJ 4 ~lbbVl1.l'l ~Vfe:J Sartorius ~'W AZ Series 
'\J 

(1) thJnV1bUV1bf1~e:J'Ioti''1, 

(1) ~"---7-----

(2) 

(3) 

(1) lJ'1J'W1V1f111:IJnll'1 2.00"ll:IJ. f111:IJVl'W1 0.50"ll:IJ. bbi:l~f111:IJtJ11 2.606!.l:IJ. 

(2) lJ'1J'W1V1f111:IJnll'1 2 .006!.l:IJ . f111:IJVl'W1 0.506!.l:IJ. bbi:l~f111:IJtJ11 2.006!.l:IJ. 

(3) lJ'1J'W1V1f111:IJnll'1 4.50 "Il:IJ . f111:IJtJ115.00 6!.l:IJ. bbi:l~f111:IJ?1'13 . 00 6!.l:IJ. 
'\J 

http:f111:IJtJ115.00
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(1) 
(2) 

(3) 

(1 ) lj'1J'Wl(?)b6~\.J~I'UI"\'W~mn:J 1.23 "IJ:lJ.fldl:lJ?l.:J 7.70"IJ:lJ. 
~ ~ 

(2) iJ'1J'Wl(?)b~'WeJl'WI"\'W~mn.:J 1.23 "IJ:lJ. fldl:lJ?l.:J 0.60 "IJ:lJ. 
~ ~ 
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(1)(2)(3) 


, 
(1) 	[;..J~ Fe203A11:W'U~~'Vl5 99.99 % ~nn Si~ma-Aldrich 


, 

(2) 	[;..J~ CU0A11:W'U~~'Vl5 99.99 % ~nn Si~ma-Aldrich 

(3) 	[;..J~ Ga203A11:W'U~~'Vlt 99.99 %~nn Si~ma-Aldrich 

bb61 ~n1'lrhln ruD~:Wl ru?!l'l~~~'U~vh1Vi bnVl n1'l~Vl b~CJ~ (9)l'lJB~B~ (91 B:W btJ'U1m~?!~1~~ 
~B~n1'l1\il~nn?!:Wn1'l~ (3.1) 

v 

3.3. 2'IJ'U (91 B'U nl'lb(91~CJ:W?!l'l 

1. [;..J?!:W[;..J~ CU20, Ga203bb61~ Fe203~~A11:W'U~?!'Vlt?!~ 1m\ileJ(91'l1~1'U CuGalx Fex02 (x = , " 
0.00, 0.02, 0.04, 0.06) 

2. 	 ~lmr'U1l11D'UV1\illCJ~mtJ'Ubd611 2 o/i'11:w~ bb~11l11DeJVl btJ'Ubb'\'1~ bb61~ b~V1 
3. 	 1l1~'U~1'U~1\il1Db[;..Jl~BruVl.niJ 1050 °c btJ'Ubd611 12 .rrl1:w~ 1'U'U'l'lCJln1Y'lbbn?!m~nB'U , 	 " 
4. 	 vhm~'Ul'Un1'lVi 1-2 ~1 3 A~~ bb6~i11l11Dl bA'll~~?!:WD~ b~~1A'l~?!~1~ ?!:WD~b~~A11:W~B'U 

bb61~?!:WD~ b~~1'\fJvh 
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d 
'U'Vl'Vl 	 4 

~lmtJ~ 4.1VLh.J';itJ'UeJ'l6'1I';i~leJ~I'l CuGal_xFex0 2 ~Hlunr';i'VIVl~eJ'l LmJ15lunl';i
'U 'U 

l~~m.J6'1I';i ~eJ e-J6'11Je-J'l CU20 rnl1JU~6'1'V15 
< 

99.99 %e-J'l Ga203 fll11JU~6'1'V15 
< 

99.99 % ll~~e-J'l, , 

Fe203 rnl1Ju~6'1'V1i 99 .99 % 1m~eJ~';iI~TU CuGal_xFex02 1111tJUVl~ltJiJmU'W\'lm 2.rrlL1J'l, 
ll~11111tJeJVllU'Wllvl'liJ~'W~V!'UI~Vl 4.90 mm x 3.20 mm ll~~rnl1JtJll 19.60 mm GJlm! 'W 

11Ii'W'lI'W~1~tJle-Jl~eJtUVl.f1~ 1050 oOu'Wnm 12 .rrlL1J'l1'WU';i';itJlnlPl'UeJ'lm1neJ'W 1~6'11';i
, 'U 

4.2 	 ~'Llbb'U'Un11b~~1b'U'U"UeJ"~"~hBn~"UfH CuGa1_xFex02 (O$x$O.06) 

';itJ~ 4.2 ll6'1Vl'l';itJllUUn1';il~mlU'W'UeJ'l-r'l~lSns&'UeJ'l CuGa1 _xFex02 (O~ x ~0.6) le-Jl~ 
'U 'U 

eJruVl[)~ 	1323 lfl~l'W lVitJunU~I'WoUeJ1J~ JCPDS NO.77-2495 ~lmtJ~UlILfI';i'l6'1~''lVl~n'UeJ'l6'1I';i 
q 'U d.!l 'U 	 'U 

~leJth'l~';i'lnuLm'l6'1~''l&i~lyJeJ1"1ll71 CuGa02 ll~~l~~uLfI';i'l6'1~l'l~'Wvr'l-dm~ l~eJ'l~lnoUmhnVl 
'lJeJ'ln1';illfl';iI~~~ltJ XRD ~lmtJ~ 4.3 ~UlldjeJtJ~1Jlrun1';il~eJ'UeJ'l Fe 6'1'l~'W ';i~'W1U (012) ~~ 

'U 	 'U 

l~eJ'W1tJ'VII'l1J1J l~tJl lU'W~~Vl~'l ~'le-J~~'ln~ll~Vll~'WlliJtJ~1Jlru Fe loUlltJll'VI'W~eJ~~eJ1J'UeJ'l Ga, 
;S'l1111tJ6'in1';iltJ~tJ'WlltJ~'l'UeJ'lfilfl'l~e-J~n LVltJ~-rPlmeJeJeJ1Jn'UeJ'l Fe

3 
+ ll~~ Ga 

3 
+ lvllnu 0.65 A 

'U 

and 0.62 Am1J~'~U [ ] 

http:O$x$O.06
http:11Ii'W'lI'W~1~tJle-Jl~eJtUVl.f1
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(012) 

x = 0.06 
(018) 	 (110) (116) (02 

(1010) (202)(003) 

x = 0.02 CJ) 
c 
()) 

+-' 
C 

x = 0.00 

x = 0.04 

) 

10 20 30 40 50 60 70 80 
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--x=O.OO 
4000 --x=O.02 

-- x=O.04 
-- x=O.063500 

3000 

- 2500::J 

~ 
>. 

:!:: 2000 
III 
r::::: 

r::::: -Q) 

1500 

1000 

500 

0 
35.0 35.5 37.0 37.536.0 36.5 

28 

, v 

~tJV1 4.3 btJ1tJ'UbV1tJ'U:lJ:lJb~mb'U'W'(JB~~ ~'\.J1'U (012) '(JB~ CuGa1_xFex02 (O:s;x:s;0.06)
~ , 

4.3 fl1'V'l SEM "lIeJ.:! CuGa02 (0.00 ~ x ~ 0.06) 

~tJ~ 4.4 bb(;'fVl~m'\AJ SEM '(JB~ CuGa02 (0.00 :s; x :s; 0.06) '~llmtJOJ~'\AJ'Ull CuGa02 OJ~~ 
~ ~ 

'(J'W1Vl bnJ'W~ b~ n~ (;'fVl bb61~~tl~:lJl ru~'\AJ~'W~:lJl nb~mV1 tJ'U n'U€'W~l'W~ b~ B Fe bVl tJb~ m ~ B Fe 1 'W, ,~ 

tJ~:lJlru x = 0.02 bb61~ x= 0.04 '\AJtdl€'W~1'W~f1dl:lJVl'Wlbb'L1'W:lJln~'Wbb(;'fVl~1'W~tl~ 2(b) bb61~ 2(c) 
~ 

\?ll:lJ~h~'U bb~b~B x = 0.06 n~'U'\AJ'Ullfldl:lJVl'Wlbb'L1'W61Vl61~bb61~f1dl:lJdJ'W~'\AJ~'Wb~:lJ:lJln~'W~~bb(;'fVl~
~ , 

l'W~tJ~ 2(d) ~~,r'W(;'fl:lJl~m1tJ~~h~'Ufldl:lJVl'Wlbb'L1'W'(Jm€'W~1'W0J1n:lJlnltJ~BtJl(i) ~~d ~B x = 
~ 

0.02, 0.04, 0.06 bb61~ 0 OJlne-J61~~n~ld~1Vfb~'W11nl~b~:lJ Fe 1'WtJ~:lJlru~bVl:lJl~(;'f:lJOJ~-ddtJ 
tl~'Utl~~bfl~~(;'f~l~'(Jm CuGa02, 

http:O:s;x:s;0.06
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~U~ 4.4 m~~ltJ SEfV1 'lJB'l CuGa02 (a) x = 0, (b) x=0.02, (c) x=0.04 and (d) x=0.06 
" 

4.4 ~16Y:lJth~~'V1~6l1b'U ~ bb6'l ~61fl1'Wtl11'WcW1 bt1'LlcW -!l n.ff'Ll"lJB -!lB W'Vlfl:U 
q 'U 

~U~ 4.5 (a) bbfl~ (b) bb6'1\?l'lri1~dJU~~~Vl~61lbuAbbfl~6'1m~l1l1vjYhutrw'ln.rr'U'lJmBruVlJlil 
" 9 " 

'lJB'l CuGa02 (0.00 ~ x ~ 0.06) 1'U'l1'Ul~tJdril~dJU~~~Vl~61lbUAjJrhbu'UU1nU'l1JBnll~'U'l1'U 
bu'Um~~'llilll1l'IJD\?lY1 ril~dJU~~~Vl~61lbUAfl\?lfl'lb~BBruVlJlil6'1'l~'U ~'l[;.Jflv1'ln~116'1B\?lA~mnUn1~ 

9 "" 

rll'Ulru'IJB'l P. Poopanya bbfl~Aru~ [5J 'UBml1ndril~dJU~~~Vl~61lbUA~~ruVlJ,JilVfm'IJm CuGa02 

jJrilU~~dJ1ru 700 ~V!K ~'l1n~bAtJ'lnU'l1'Ul~tJ'lJm R.B Gall bbfl~Aru~ [6J mh'lhn~ldJril 
~dJU ~~~Vl~61l b U A'lJB'lm~lillB 8l'l~ b~B Fe 'il~jJril'l!BtJ nll6'1l~lillB 8l'l~hi1(9)b~ B~'l Bl'il b U'U[;.JfldJl 

'ill n n1~bU~ tJ'U bb Ufl'lbm 'l6'1~1'l1'U~~v1U'ilflmA'lJm6'1l~lill B8l'l 
9 

~U~ 4.5 (b) bb6'1\?l'l6'1m~l1l1vjYh'IJB'l CuGa02 (0.00 ~ x ~ 0.06) 'illmU~Ull6'1m'j/lJl1l
" " 

1'V~Yhb~dJ~'Ub~BBruVlJlilb~dJ~'U 1J'lUBnllm~lillB8l'ljJAru6'1dJu&lA~ltJm~~'llilllll ril6'1m'V~l1l 
9 " 9 

h~vh~ 300 K b~B x=O.OO, 0.02, 0.04 bbfl~ 0.06 AB 0.19, 0.52, 0.24 bbfl~ 0.17 S/cm 

~ldJ~lv1U ~BruVlJlilVfB'l~Ull b~B x= 0.02 'il~jJ6'1m~l1l'V~l6'1'lnll x=O.OO dlBU 3 b'Vll ril6'1m~ 
9 " " 

I1l1vjvh~ 773 K b~B x=O.OO, 0.02, 0.04 bbfl~ 0.06 AB 1.78, 3.35, 2.67 bbfl~ 2.53 S/cm 
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(a)
6.8x10-4 

52 6.4x10-4 
:> :\:

\ " 
"I ..... 

c "-,
.!!! 6.0x10-4 \ ... 
U 

:E \ ~ Q) '" 
0 '-....,
U 5.6x10-4 ~ ..... , 

.>0: 
U 
Q) 

'. ... 
x=O 

.c "­
Q) 
Q) 5,2x10-4 • x=0.06 

CJ) 

... x=0.04 

x=0.024,8x10-4 

300 400 500 600 700 800 

Temperature (K) 

360 

(b) .------- x=O.02 
320 

- 280 / ... x=O.04-.E 
~ 

240i::' / ~X=O.06'>
'+=' u 200::s 
"0 x=O.OOc //e~ 
0 160 u 
I1l 
u.;: 120 .... 
u 
Q) / ~/::80iIi 

i .. p ' 
40 


0 

300 400 500 600 700 800 

Temperature (K) 

\tJ~ 4,5 (a) ril~lJtJ~t~'VI~~l1Jfl ll~t (b) ?lJI1V'lt11hh~l ltJ'UVJ~noti''U'Ue:l~~(1t\ll.lJil 'Ue:l~ CuGa02 

(0,00 ~ x ~ 0,06) 
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~LJ~ 4,6 ~~61<t1\lriw/n bd€J{~~"v~m\?l€J~'U€J\l CuGa02 (0.00 s; x s; 0,06) "\l1mLJ~'\.rh·i1~~ lbd€J{~~~n
~ ~ 

~\?l€J{'U €J\l611~19l1€J~1\l~ ~~ €J Fe 1\J~61\ln11611~19l1€J~1\l~1~1J)~~€J Fe ~~€J\l1\J 1 n n1~~~~~tJ'U€J\l6'lm~ 
~ 

'1111~~1'U€J\l611~19l1€J~1\l~ ~~€J Fe ri1 ~~1 ~1€J{ ~~~ m\?l€J{61\l~6'I<t1bVhn'U 9 .5x 10.
5 

W/ m .K
2 ~€JruVUljJ

'\J ~ q 'U 

773 K 'U€J\l6'l1~19l1€J~1\l x=0.02 

1.0x10'" 

9.0x10-5 

8.0x10-5 

7.0x10·5 
~ 

N 

~ 

E 6.0x10-5 

S -­
'-' 
'- 5.0x10-5 
0...... 
t) 

ro 
'- 4.0x10-5 
' ­
Q) 


~ 
0 3.0x10-5 

a... 

2.0x10·5 

1.0x10-5 

• x=O.02 

... x=O.04 

... 
x=O.06 

/ 
,./ 

,~ 
... 

... 
/ ' x=O 

~ 

/
/... 

;/ 

... 

300 400 500 600 700 800 
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~~:I!!...1.r-------- ---.....­ ..--.-.---­
l"'-ll" "'-ll'" >.If '" ":"'1'-­

'l.b ~nmJltJ J)';m 

&i1'U~ 1 mJ~~I'lllf1~~'l~eJ\?I1Jl'll~mnUfh~,;m1J J ,ihul'U 4 f1eJ~:wu~eJ Temp H , 

Temp C , Delta Temp llf1~ Volt 

SaVE file as 

.~ re la ce or create .... 

IDelta Temd 

Function (0, DC v~ Vo' 

VISA resource name 

"J.-rI.......,===~----~I

100!LIf--{RnmrHa--1I~m---1'1I=m,f. ~~23 11
I..-_....l 

'-----j" o.r ---
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r;b'UVi3 f11~l~bb~~ril'Urh~ruVlJJ:W~l'U~e)'U (Temp H) bb~~~l'Ub~'U (Temp C) bb~l 

bb 6'l ~'1I!-J~'U'U mlvJ'1Je:J'IbtJ~bbm:w 

··0 ·· ~ 
~ 

~ 

0 ssistant2 
data 

n 0 ······i"H··········· ..;·J. ·.. ...· ........ .. . .. ......... .. 


~................................................................. ......~.- ....... 


~II 
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/ 

-'~~!:b:-l~ ----..--.....-.-....­ .......-­..--­.. --..­...-.-.._.-=. ::--'4-- ....."""-'"..uo=.J 

I....".......~ 'JQ ....~ .... '<.61 "f­

~{QJ 

&il'U~7 n1~~~nm1'U n1~eil'Ubb~~lv1l"h lV1(J?l1~1~mhvruV11vjhJ~bbm:lJVl(JV1'Vh~l'Ub~B, 
nm~1'UhJb'Vh1V1 

Elapsed Time 

~ 0 Q.I d dill 

'Vl'Vlln1~'U'U'Vlf1AB Microsoft office excel 
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11000 ~ a I 


4.7 15fl1-a1oU1t1'Hbfl-a:u bb61~fl1-ael1'Ufh~1.:l ~"lJ B.:l1t1-abbfl-a:u LabVIEW~1oUfl1'U rJ:U 

1~'U'U 

6'id'\.Jnl'JLL6'l(i1~e..J61 (Blo'S Dia'Sram)'1Je:J~hJ~LLmjJ LABVIEW 611Vl-r'IJfl1~l(i1fil?(jJ'lb~~'Vlt65 
L'lJflLL6'l(i1~Ii1~~'\.J~ 4.17 '\.J~~f1e:J'IJ~d(J 6 6'id'U6'lljJl~t1e:J5'IJ1(Jl~li1~d 

" 

_.... 
(VSA __ 

.., . ....... _ .oc.v...... 
T, 

6'id'U~ 4 fil'th)'"nJ'U'1Je:J~e:JruVlJljJ~l'U~e:J'U (T H)' e:JruVlJljJ~l'UL~'U (Tc ),filfldljJbL(flf1lfil~€JruVlJljJ
'I 'I cu 'I 'U 'I 'U 

(~T ) LL61~filfldljJlfil~i(f1(J1'V'Jvh ( v ) 


6'id'U~ 5 fil~eh'Ul~~~VljJ(i1'1J€J~€JruVlJljJ~l'U~€J'U (TH) , €JruVlJljJ~l'UL~'U (Tc),filfldljJbL(flf1lfil~

'I 'U 'I 'U 

€JruVlJljJ (~T ) LL61~filfldljJlfil~i(m.i1'V'Jvh ( V) 
q " 
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f1l'atotih.l':ibbf1 ~11 La b V I EW 

l.61J(i161"1~B~DMM6~CJ'U611trr(i1ml~~h~Y'1nth.vln'U DMM (911~~11Vft1nv1B~ ~~~D~ 4.18 
" ", " , 

66i;l~6~B~I'iB DMM 6.vln'UI"1B~Y116(91B11(i1CJ1o(J USB -;;)lm1\.!6~Bnn1~6~B~I'iB.vB~i;lYi VISA 
" 

resource nameb~e:Jn USBO::OxOSE6::0x2100:: 1420944::INSTRbb~~ Function b~e:Jn 

DC Volta~e 

2. 6~€Jn Save file asu\,l'Yin.v€J~i;l-;;)lnn1~l(9) Vllnv1€J~n1~U'Ll'Yin.v€J~i;li;l~lu Microsoft 
" " 

excel1Vfu'UVin~B file (911~J)lCJ .xls 

3. I'i €J611 m'Vl €I 11~ AD 61Ji;l 'lJ'W (i1 K 6~€J1o(Jl(9) €I tuVl il iJ~-:j-;;) 1nJ)l'U~€J'U 66i;l~ J)l'U 6~'U 6'~1n'U , " 
DAQ NI 9211~-:j~D~ 4.4 66i;l~6~B~I'i€J DAQ NI 9211 6.vln'UI"1B~Y116(91€Jl1(i1CJ1o(J USB 6~B1o(Jln'U

" 
.v€J~i;l1'U61"1~€J-:jI"1€J~Y11l(91€J1

" 
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4. ll~61l 'i<9l1eJ ~l~ CuGa02 ~ b'il\9leJ~ nl'i;U~l(9)r1l~JJ'th~~'VI~~ b'Ur16HlJ'Wnm.J'VIeJ~ bb(9)~ 
bb61~VlJJ'WU -r'U<9l1 b~eJ'W1Vf'lXll(9)61 \lJJ l~JJer61 bb 'W'U61'U'VI n'U~'W\ll'W, 

5. ~l tJn'i~ bb61hJvh1Vfn'U'1J (9)6l'J (9)'VIeJ\l bb(9)~1(9) tJU -ru1VfDC Power Supply ~l tJ n'i~ bb61~ 

2.5 A bb~l~\ln(9) ¢ II (Run) ~\l1Vl1u'ibbmmh~l'W 

6.1U'i bbn'iJJ;U~ b~mll nl'il(9)r1l~JJU'i~ ~'VI~~ bUr1b~eJm lJJ bb\91 n ~l~eJruVlfl~DT fi\l r1l61~61(9l vt1'I 'U '\J 'I 

1~~~Hf1eJu'i~mru 10 ~\ln(9) qwl Abort Execution) ~\lVl~(9)hhbbn'iJJ bb61~'tH'Un'i~bb61;Uln DC 

Power Supply1VfbtJ'W 0 btJ'Wnl'iVl~(9)nl'i~ltJn'i~bb61lYJvh1Vfnu'1J(9)m(9l'VIeJ~bb(9)\l 

K Type Thennocouple 

K Type Thennocouple 

b~ eJh J'i bbn'iJJ LABVI EW VltJ(9) nl'il(9)r1 l bb~l (1(9) tJ m;u n(9)VltJ(9) beJ\l Vl~eJ1U'i bb n'il.lvll\ll'W r1'i'U, , 

\91lJJb lm~rllVl'W(9l) r1l~l~11~~\lVlJJ(9l"~nmJ'WVin111'W1'\"Jcl'1JeJ\l1U'ibbn'iJJ Microsoft Office Excel ~ 
'U 

b~eJnHneJ'Wvllnl'il(9l b~mU(9)~'Wm;u~bb61(9l\lr1leJeJnm1'W\91l'il\l~\l'iU~ 4.21 
" 
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_ -.A__ ' 

P,qr I r'llmu. Oau"' .
II '"' Tahor!H' . 11 .\ 
- ~ COP!' 

P.,uU' B J 11fcnmAt Pilntel " 4 " 

0148 

A B C 0 E 
1 Temp H Temp C De~a Ten Vor 
2 27.67 25.65 2. 02 0.000791 
3 27. 7 25.64 2.06 0.000871 
4 27.7 25.66 2. 1 0.000868 
5 27.81 25.65 2.16 0. 000889 
6 27. 88 25.65 2.23 0 .000919 
7 27.92 25.65 2.28 0.000944 
8 27.98 25.64 2.34 0. 000948 
Q 28.04 25. 63 2.41 0. 000987 
10 28.08 25.64 2.44 0.00101 
Ii 28.15 25.66 2.49 0.001037 
12 28.23 25.66 2.57 0.00107 
13 28.3 25.66 2.64 0.001099 
14 28.3 25.67 2.63 0. 001123 
.15 28 .36 25.65 2.71 0.001158 
16 28.44 25.65 2.8 0 .00118 
17 28.5 25.65 2.85 0.001213 

1'Ulf1"i~~l'U-wI.\'1~dl. "il1J1vhn1"i'Vl~~"El~~lCJ m~I.I.?11vjV111~n'U'IJ~m~'Vl"El~I.I.~~~~'U"El~"i"El'U1 

tJmml.vi~'Vl"El~I.I.~~l.tJ'Ul.lm 10 'U1Yll~CJ1J1nlVl'U~1~iJn1"i~lCJm~I.I.?11vh~1~~I.I.~ 2.0-3.5 A 1.~"ElVll 
r11 m~ 1.1.?1~ I. VldJl ~?1dJ~lVl~'U n1"i'Vl ~~"El~ ~1fl~'U,jldJ11.~CJ'U fl "ilvj U?1~ ~~dJ~'U5"i~Vl'h ~"El ruVl.f1jJ'IJ"El ~ 

, 'U 

tJmml.vi~'Vl"El~I.I.~~I.~"EliJn1"i~lCJm~I.I.?11vj.yh~r11~1~ 61 n'U61m (9)~"itJ~ 4.221~ CJ'1il~"ElruVl.f1m 'Ufl1"iI ~ ~ ~ 

'Vl~~"El~~I."il?1'Uh A"El 27-37 O( ~~~lmtJ~ 4.22 ~~'1N'Ul1fl1"i~lCJm~u?11vj.yhv'hl~"ElruVl.f1jJ
'U , 'U 

l.~dJ ~'UU~~I.~dJf1~~~l.l~ltJ"i~dJlru 5 'U1Yll~CJ~m~I.I.?11vjV11 2 A ~~vhlVl'1J1"ElruVl.f1jJ
, 'U 

34 O( ~m~I.I.?11vjV11 2.5 A ~~vhlmJ1"ElruVl.f1jJ 42 O( ~m~I.I.?11vjV11 3 A ~~vhlmJ1"ElruVl.f1ij
'I 'tI 'I 'tJ 

52 O( 1.1.~~~m~I.I.?11vjV11 3.5 A ~~vhlmJ1"ElruVl.f1jJ 60 O( (9)~~'U~~'W'Ul1r11m~I.I.?11vjV11~iJmldJ" 

___ _ _ _ • 
M lItYo' 'If '" &4d-Jtu 

, , , b 

G 

, 

http:tJmml.vi~'Vl"El~I.I.~~l.tJ'Ul.lm
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70 

60 1= 3.5 A 

1= 3 A 50 

.--. 
() 1= 2.5 A 
0 40 

-
~ 
:::J 1= 2 A 
~ 30 
<ll 
a. 
E 
<ll 20f ­

10 

0 
0 100 200 300 400 500 600 700 

Time (5) 

~'\J~ 4.22 ml~ 666'1A.;JrnldJi(dJYl\.j'B~::;vrh;JeJruvLfI:W 6~eJ~ n1~~ltJm::; 666'1rh~1.;J '1 n'U nm 
~ q ~ I 

'Jl m~\.J'J::; 6u'Un1~vnrilAl1dJ~~ 6VldJ1::;6'1dJ~eJ n1~VlA~eJ.;JlAtJ 6 ~111i16~m/hn1~VlA~mlA ril 

i(dJ'\J~::;~Vlt~6'UA'1Jm6'11~~leJtJl.;JCuAlo9FeOl02 ~Al1dJ~ 4Hz 66~::; 2 Hz V11dJ~lA'U ;.;J'Jln~'\J~ 
4.23 'J::; 6 {1'Ul11 'U nl~VlA~eJ.;J~.;J6'1eJ.;J'1il.;JA11dJ~0'UtJ.;J~1JeJdJ~'Ul.;Jril~ 666'1A.;J~.;JrilAl1dJA~lA 6A~eJ'U 

'U 

6~m'J In n1~ fhVl'UA'~l.;J n~11 'U n1~ 6fl'U1JeJdJ~~ 6~16n'U1'\J eJ1'J'J::;vh 1 VijJ'Ul.;Jril~ 6A~m1:J6'11dJ1 ~tl 
'U 

6n'U11i1V1'U 

0 006 

0004 

"0 
2­
> 

0.002 

0000 

0.006 

0.004 

o 

Seebeck coefficient = 526 "V/K 2­

> 

/ 

0.002 
 Seebeck coefficient = 544 " V/K 

0000 +-----r:il'f-"'"r-~-.---~--,---- ~----rl- ~-,,--_, 
10 8 10 

I.\T (Oel 

(a) 
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Abstract. In this study, we investigated a CuAlo.9Feol02 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 thermoelectric properties . The thermoelectric CuAlo9Feo.l02 compounds were 
prepared from high purity grade CU20, Al20 3 and Fe20 3 powders . The mixture of these powders 
were ground and then pressed with uniaxial pressure into pellets. The pellets obtained were sintered 
in the air at 1423K and 1473K. X-ray diffraction (XRD) patterns showed a single phase of 

CuAlo9Feo.l02 with rhombohedral structure, R3m , along with a trace of CuO second phase. 
Moreover, the XRD peaks of the sample sintered at 1423K indicated that more Fe3 

+ atoms replaced 
A1 3 

+ atoms in this sample than they did in the sample sintered at 1473K. The average grain size of 
the CuAlo9FeO.l02 compound prepared increased with increasing sintering temperature, whereas its 
mean pore size and porosity decreased with increasing sintering temperature. The dispersed small 
pores markedly decreased the thermal conductivity of the compound, while the Fe3 

+ substitution of 
A1 3 

+ increased its electrical conductivity. The highest figure of merit (ZT) found was 0.021 at 973K 
in the CuAlo.9Feo.102 sample sintered at 1423K. Our findings show that this low-cost material with 
a reasonable figure of merit is 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 vice versa . This 
effect occurs to a varying degree in different thermoelectric materials . Thermoelectric performance 
of a material is commonly evaluated by a parameter called dimensionless figure of merit (ZT). ZT 
is determined by equation (1) below: 

2a a­
ZT=-T (1)

K 

where T is absolute temperature, (J. is thermoelectric power, (J is electrical conductivity and K is 
thermal conductivity. There are several materials with high ZT, but an interesting one, CuA102, 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 CuAl02 has a rhombohedral 
crystal structure with lattice constants a=2.85670 A and c=16.9430A [3]. Its electrical conductivity 
is of p-type semiconductor due to native defects in its crystal 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 et al. studied the effects of sintering temperature on thelmoelectric properties of 
CuAI02 [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 fower factor of the CuAl02 sample 
obtained by sintering at 1473K was 6.62xlO-5 W/(m.K). In order to improve CuAI02'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., CuAI02 was doped with Ca to obtain CuAI 1_xCax02 (0 ::; x ::; 0.2) [5]. They 
found that substitution of Al with Ca in a proportion of about x=O.l increased both the electrical 
conductivity and thermoelectric power of the compound. The highest power factor of the 
CuAlo.9Cao.102 samples was 7.82x 10-5 W/(m.K\ In another study, Park et al. also reported that 
electrical conductivity increased with addition of Fe dopant, up to x=O. l of CuAl 1-xFex0 2 (0 ::; X ::; 

0.2) [6] . The highest power factor of the CuAlo.9FeO.102 samples sintered at 1140K was 1.1 x 10­
12W/(m.K\ The highest power factor reported was 12x lO- W/(m.K2) for CuAlo.99Niool02. T~ 

findings from all of those studies indicate that we can improve the thermoelectric property of 
CuAI02 by adding suitable dopants to it and sintering it at a proper temperature . Substitution of 
10% of Al with Fe in CuAl02 yielded a compound with the maximum power factor of 1.1 x 10-4 

2Wm-1K- [6] . However, none of the above studies investigated the thermal conductivity of the doped 
CuAI02 compounds, a key parameter that determines the compounds' ZT and thermoelectric 
efficiency. In this respect, Mikio Ito et al. studied the thermoelectric performance of n-type and p­
type ~-FeSh 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 conductivity and increased their thermoelectric efficiency. It was also found that porosity of 
CuAl02 depended on sintering temperature [2]. The specific purposes of this work were to study the 
effects of the sintering temperature on the thermoelectric power, electrical conductivity and thermal 
conductivity of CuAlo.9Feo.102 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 CU20(99 .99%), Ab03(99 .9%) and Fe203(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 structure of the as-sintered samples was 
investigated by x-ray diffraction (XRD, Bruker AXS:D8 Discover) and scanning electron 
microscopy (SEM, Carl Zeiss EVO MA I 0). The porosity of the samples was measured by mercury 
intrusion porosimetry. Thermoelectric power and electrical conductivity of the samples were 
simultaneously measured at room temperature and up to 973K by dc 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 CuAlo.9Fe0102 sintered at 1423K and 1473K. The 
patterns matched well with that of CuAl02 in JCPDS No. 75-1988. Both samples consisted of Fe­
doped CuAl02 with trace amount of CuO. Fe203 and CuAb04 structures were not observed in the 
XRD pattems; this might be due to the amount of Fe203 and CuAb04 being smaller than the 
detection limit of the XRD machine. In addition, the CuAlo9Feo.102 sample sintered at 1473 K 
exhibited a higher crystal 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 Fif 1 (b), indicating that more Fe3 

+ substituted A13 
+ in the sample. The ionic crystal radii 

of Fe3 
+ 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 I . (a) XRD patterns of the CuAlo.9Feo.! O2 samples , 1 (b): Comparison of XRD (012) and 
(101) peaks of the CuAlo9Fe0102 samples sintered at 1423K (dash line) and 1473K (solid line). 

Figure 2. SEM images of the CuAlo.9Feo l02 samples sintered at 1423 K (left) and 1473 K (right). 

Figure 2 shows the SEM images of the CuAlo.9Fe0102 samples sintered at 1423K and 
1473K. It was found that, as the sintering temperature increased, the grain size of the samples also 
increased from 2.0 to 5.0 flm, and their porosity decreased . From mercury intrusion porosimetry 
measurements, the pore size and porosity of the sample sintered at 1423K were 0.16 flm and 9.53%, 
respectively, while those of the sample sintered at 1473K were 0.02 flm and 2.14%, respectively, 
showing that sintering temperature strongly affected the degree of porosity. The pores 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 increasing temperature up to 500K but 
then increased at higher temperature. This result agreed with that in the study of Park et ai. [6J. The 
thennoelectric 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 
increased rapidly with increasing temperature, indicating a semiconductor behavior. Tn general, for 
a given compound, electrical conductivity increases with increasing 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 Fe3 

+ substitution of 
Ae+ in the former because the electrical conductivity of CuFe02 (2.0-10 .0 S/cm) [9] is higher than 
that of CuA102 (0.7-1.5 S/cm) [2J, and the thermoelectric power of CuFe02 (250-290 flV /K ) [9] is 
lower than that of CuAI02 (500-525 flV /K ) [2]. 
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Figure 3. Temperature dependence of (a) the thermoelectric power and (b) the electrical 
conductivity of the samples sintered at l423K and l473K. 
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Figure 4. Temperature dependence of (a) the total thermal conductivity, (b) the lattice component 
(Ke) and electronic component (Kph), and (c) Dimensionless figure of merit of the samples sintered 

at l423K and 1473K. 

Figure 4(a) shows the temperature dependence of the thermal conductivity of the samples 
sintered at l423K and 1473K. The thermal conductivity of all samples decreased with increasing 
temperature . Total thermal conductivity (klo /a!) consists of two basic components: lattice component 
and electronic component, in the following relation K101a!= Kel+ Kph. The electronic contribution to 
thermal conductivity, Ke/, was calculated using Wiedemann-Franz law, Kel = LaT, where L is 
Lorenz number, a is electrical conductivity and T is the absolute temperature . The lattice 
contribution, Kph , was obtained by subtracting Ke/ from K I01a!. The temperature dependence of Ke! 
and Kph 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 scattering that decreased the Kph . 

Dimensionless figure of merit, ZT, was calculated from thermoelectric power, electrical 
conductivity and thermal conductivity. Figure 4( c) shows the temperature dependence of 
dimensionless fi gure of merit of the samples sintered at 1423K and 1473K. We found that 
dimensionless figure of merit (ZT) increases with increasing 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 thermoelectric properties. We came to a conclusion that th e 
influence of Fe3 

+ substitution of A13 
+ and the higher porosity effectively improved the 

thermoelectric efficiency of the CuAlo9Feo 102 compound. 
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Conclusion 

To conclude, the effects of sintering temperatures on the thermoelectric performance of 
CuAlo9FeO.102 were determined in this study. XRD patterns showed a single phase CuAlo9Feo 10 2 

with a rhombohedral structure, R3m, along with a trace of CuO second phase. Moreover, the XR D 
peaks indicated that the sample sjntered at 1423K had more Fe3 

+ substitution of A13 
+ than the 

sample sintered at 1473K did The grain size of the samples increased with . increasing sintering 
temperature while the pore size and porosity decreased with increasing temperature.The high extent 
of Fe3 

+ substitution of A13 
+ and the high porosity of the samples enchanced the compound~s 

thermoelecric properties by increasing its electrical conductivity and decreasing its thermal 
conductivity. The first report on highest ZTwas 0.021 at 973K in the sample sintered at 1423K 
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