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Abstract

This research studies the influence of starch powder on the porosity, thermal
conductivity and electrical conductivity of the CuAly oFeq 10, compound. CuO, FeO,
and AlO; powders were mixed with the starch powder and varied 0 — 3 % the
mixtures were heat at 873 K and 1473 K ,respectively. The research found that the
structure and the national spin structure CuAlQ, structure CuO powder into chaos
when density is reduced. Porosity will affect the value of thermal conductivity. The
porosity of the alloy powder 3% porosity than the dew-point powder at 0% -2% is
43.44%, and the porosity is less popular is the alloy powder at 0% is equal to
12.00%. Conductivity at a minimum, the alloy powder at 0%, measured at a
temperature of 298K is 4.52 (Wm 'K ) and trends of conductivity with the most is the
alloy powder at 2%.A 0.12 “em ' 5o that the most appropriate alloy powder at 1%
-2%.
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2.6.1.2 MSEYIUUVDS X-ray (X-ray diffraction)
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2.6.2.3 Backscattered Electron Image (BEI)
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d Aeemuvuiuy (density) (g cm )
2.6.4.1 MSUNIAINTBY (Thermal diffusivity)
Fawnaunsi (2.16) NMSINFN NSNS o UARITNSIANTISUNS
awdeudadunsiad dannensiomaudoulastutunan NMIIANITUNIANT DU
M3IREWIBA lwosunay (laser flash method) TnataSes TC-7000 H 983 ULVAC-RIKO

I3 = < = 9 1 v oa
eI Rb ‘ENLﬂ‘lJLﬂ‘S’QﬂfI@WE]’WTEJ ﬂ’]'i“LJaBFJLﬁWBﬂUﬂi%WUﬂUN'ﬂBQﬂT?

JUW 2.21 drudsznevveunseuaesunay
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=

MNFUR 2.21 Wevhnsudesiawesluduaud lawesainaudass
lunsgnuduRlansaleeng aglunldarsiedrudussvuagynia uazidunise
5 £ & o o a - P W ¢ Ha v 9
maﬂummaﬂﬂummqquu WazaIN3UN2.22 () Wondsnuaasannsenuiadumin

14 I

VDIATMDE WAAANSINUAINEIU UnTruasieeluBndunil TneTiinduasue s
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asmedreazgningungiilaeduriuse  weslufiwmes mntduszduiinnsmSaeenundy

a - ' v = o 'Y =
gaumpiiuagiiafiinanisunsanudeuludnsu wiliBauansdisgun 2.22 (1)

|
laser beam g 08 ]
upper surface a i
llliillllofspecimen 5 0.6 4
®
5 04 -
(vl 4
o271/l
back surface R L b
of specimen
temperature detection ol 0 02 04 06 08 1
heater dimensionless time o = afe™
(n) ()
ai s L3 s s 1 .7 =
3UN 2.22 (n) wannsiawasunay (9) namANEITUSTEN I Tug Mg
=l s as € £ 7 Vs n:I
FAUNIDVEUANUANNUSYBINTNTLNEANTaUlARIFUNITT (2.17)
1.37d?
D=—3 (2.17)
n tl/2
Wil d A9 ANVUILULYDIEATSAIDEN

t,, Ao iawesgunglivesansiedsituluinlmiliweseumngiigan
iudenswAmsuniaussuansamaanmnisihaufeulfenaunisi
(2.16) Tngidneuganuieusumizeesas C, sxgnindsiaisuaivesunavirufioaiuty

NISUNIANTBU AIAIINAI O UTINIE VI T ALARIA LR US A EuNS T (2.18)

CP:%I: (218)
P

dle  Q fs Uiainuaufeuiignganau
p FB ANAINUULULYBIENSTBE

L A8 ANe1198981569819

2
as

1 EJU'%mmmm%'auﬁgﬂ@mnﬁu’ummsﬁ'sadnqas%ua&iﬁ’uamﬂwﬁw%msLLrJﬂawu%’au

U

Emissivity ;&) lnemsTngamgiifiinturesansiaedidnsdaiivsiuamiugauien
Jumisuazimun  wdsnuilifuarsiedne daluayldpudiiussevintguugiiiia

Juiundsnunlaan mwasaunsauansladaunis (2.19)
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og'=pL'c AT’ (2.19)

dwdumegreiilinsuamugasdouslingdsnuriiuansauandli

AUN59 (2.20)

oe = pLc AT (2.20)

= v & pu| ) o [
Taefl e=¢' fatuaunsi (2.19) widuaunish (2.20) 9¢lé

pL'c,AT'= pLc AT (2.21)
fo rATr
o L (2.22)
pLAT

2.6.5 wan M INHIA2835TadeUasuaNEE ua LY A URS S

(linear four-point probe method)

1%

Winmstilarsunandiduniauuadunss  (Unear four-point probe

method) Lﬂuﬁﬁm%’ﬁ'uaEJ'Nﬂ"mmwmﬂ’hﬂ‘mwuamawﬂﬁﬁammiﬁaﬁ'sﬂﬂmﬂ NEGIPGG)

‘U’J'J’NL'iENﬂuaEJL‘UULLH?LE‘LJFINLﬁEl’Jﬂu Ima’t‘mm.,LLa'Lwﬂ'ﬂwamumamaﬂuaﬂ dunduian

Y Y

A fansadndihnRnulugy

=
©

Tudun

|
N—

‘Uﬁ 295 LLHﬂ\'iG]']LL%U\?“U?J\?‘UTJE??JNﬁF]’IQJ'Jﬁ’Jﬂﬂ?EJ’U'DUB’]EJLLWMJEVU’JWMLLWJLE‘T‘LJGﬁ@

= —= ]
< — 1
<= —)

Y] o [ ] 3 o A @ w & o
anvagvanlnsulududngivhanlansiauses 4 \Undasengluwun

Weniuduidunss Undssesieseniaduesdosndt 1 mm delwsugnaslsishasaudura
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v a o = o o 2w = v oA ' P W a2
AURINUIENTNIIAIN LuAuuen 2 1iu aggnliiiverunssuamasilufans Tuvas by

9/
S ]

ddlu 2 By W dudaimaudnedng Tunsdidrnnuvuindunssuassllainaus
Huidsudidounseuaduaunamunglilvai JywiSosaunalwihvuiueuiosmualy
waglainainudan dmdunsinudundnansisiniddiaumundy d Taefi d >> s
dle s fie szuzseviaduudtazy uasmsinseinhanveusiuNEnRBme vEldann

aumulidulumuaunis
Vv 4
p= ZnsTd (Q-cm) Wo s<<d (2.23)

U =t 5 l:é as o 4 as = I L7 :j
AMUVUIVBIUNEN d wSBTUENSNNARINTIadaiasnd1 s 1in Fatiu

NRLY s EDF AT Fry P A \\ ¥ (2.24)
2 I I

uae:ﬁ'uﬁaul‘u’l,umﬁmas_jiwq’wq%’aﬁwumﬁaaaa%’wﬁu%ss’faqﬁwﬁL,mema'a’mm

o i %) o Ao vy
gnAas (correction factor) lWsAMAUA1 p N9ale

9

Blnsu 4 Wudiiusglewiuindenisinduansiesiifiuig agatuy Tunseliilo

pvnoud1sIIavRIm sylanilagnunsTusaenszuaun1In1enudeu (thermal  diffusion

process)  aslUluiuarsiainhvlafidasifovunsedinn ndaniinisunssuyssanm 1

{
s

Talu figamaiige (Uszanal 800-1,000 Q) duunquuimiihansieiaihas@euduain

¥ 2 v
@

psatuiuluieanstu eilidiesnevaearsiFelmlsiiinniesnenaisiseduiaimi
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luunlifumsdiauetaggunsalilflunsduiiumsise Snsdanser uasmein
o - a
AldAsnzat @susenau CuAly goFeq 100, Wistlabigaumadl 873 K wag 1473 K waz
o = =
WasuwlasUSunalunisidonaudady 0%, 1%, 2% Laz 3% laeuia

3.1 aUnsmmimmumu% o

3.1.1 WM g

(1) —)

2) |

‘gﬂﬁ 3.1 W mIDve Thermolyne U 47900 Furnace
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(2) Yuliuangaungl

Y

(3) YuuSuiiunaumgi
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i
@ e vV

(@) uansgauiinnInIsldu

v

a

(5) LAPIYAUNNILALNN

U

NTAIANGUNNTVDUAM
mimvuaugamglinzuninisidnuhlalasnisnadu Up Button wasz

P ] ady a 5 1 3 !
Down Button titamnungamgiividesns lasgumgiiigniiliazusingoeniniveuanua

Y

v 1 Lo 4
ATUANAIFUN 3.2
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t Indicator

‘umace Chamber
Temperature

functional
Indicator
functional

tpoint Temperature
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=
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a o a =
3.1.2 A3949 ﬂlﬂiﬂiaﬂllﬂu $21d)e!

L 1 s a &
NBIUAIAILAY TR 3500 Ay

R o
YINUAIUAU

uvusealuadmsusn

{ IR .'
SUVI 3.4 miaqamlﬂmiaﬂunmmm

3.1.3 asnuad1s (Alumina mortar)

gﬂﬁ 3.5 Alumina mortar

9zgiun(Alumina) - dTBIBNN1ALIT oY glvleneenled dansmunll Ao

v

ALO;  TegUnAayiden wieluild lﬂﬂnmmLUu’Jaw'l%'Lumimmn‘umm'ﬁ(ALumina

Y

mortar) 1#89310 Iﬂ‘iﬁﬂ%’]\‘l‘ﬂ@ﬂ@i‘i@ﬁiﬂ’! U‘SBﬂE)‘Uﬁ'TJEJWUS%‘ESWTNE]%QMUEJHF]UE]@ﬂ%Lﬁ]‘uﬁﬁ

%

ALTILTIN uazevgilundamuauieunaznsin nsauNasiAlvdanieg Tiduaeng

=

A32lasnuaasiililunisaaesil Ussnaudwergiiun 99.5% & mwgiaun 15 Jadans

S [ L3 o a a a
UFAUNIUAVENANN 65 UARLUAT N 31 Uaalums
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U 3.11 f

vy
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i

arch from rice

) P2 a £ v o
HA1979RAU UDHANT ﬂ"J"IﬁJU‘iEj“ﬂﬁ UIENNHAR
[N Fe203
99.0 % Sigma-Aldrich
Iron Oxide
Wi CuO
Copper 298 % Sigma-Aldrich
Oxide
N3 AlLO;
Aluminum >99 % Sigma-Aldrich
Oxide
UM 3.10 13 ALO,
N9 Starch
from rice Sigma-Aldrich
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LN CuO, AlLO; Fe,05 Uay He Starch from rice =0%, 1%, 2%, 3% lngina

UARILATAUAANT

Wuman 2 Falus

y

dauigia

A

=Y

U

=

- o | a
LNWWQEM%I]&J 873 K L{:JULFJa'] 2 ‘ﬁ‘]‘h,]\j LLa&LmG}E]EJﬂWE)mMQJJ 1473 K Lﬂumla’]

[}

12 Flusluemaagyiliduiadaeandesangama

Y

y

AnsevaniRdalassasismomaila
Scanning Electron Microscope (SEM)

uagweaila X-ray diffractometer (XRD)

- AnTzvautidemiusou
mewAlia laser flash
—"3miwﬁmmwguﬁwadﬂ?}}umu
FelA3Dg pore sizer distribution

AAsrvianIwnisu Lo

muwnatia Four-point probe

UM 3.9 wiudinsinssuuayiinsisiansinoeng
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s
— AUNEU
] 12hr
1400 -
1200
< 1000
9 ] 2hr
= 800 -
o ]
K3 ]
400 -|
200 —-
0
Time (hr.)

4 y &
gthn 3.10 TUMBUNTITLHIVDITUITU

Bmsduansiarsiiegelnel438UiASowemTs (Classical solid state reaction)

HUunousail

1)

2
=l ar

NANHAUDIANTLALAIAY  CuO, Al,Os  Fe,05; WA¥HY Starch  from  rice Qﬂﬁqmu

o

BNTIAIUNAIUIUA 3T

2Cu0 + 0.90AL,0,+ 0.10Fe,0, ® 2CuAl, , Fe, ,,0,

2CuO=2x(69.546+15.999)=159.096®1.0000¢

0.90A1,0,= 0.90 x ((26.981x2) + (15.999x3)) ® D" _@siy g
159.0960
15.9687

0.10Fe,0,= 0.10 x ((55.845x2) + (15.999x3)) ® 50080 S 1003 g

Starch from rice WWasuWasanslunsiady 0%, 1%, 2%, 3%, 4% laeya

0% 9¢lA 1.6770 x 0,00 = 0 g

1% 9tla 1.6770 x 0.01 = 0.01677 ¢

2% 2¥ld 1.6770 x 0.02 = 0.03354 ¢

3% %¢ld 1.6770 x 0.03 = 0.05031 g
wdnuarauiulagldnsnunansalumina mortar) Wunan 2 $9luq
threansiedsiigninienludod 1 Wéaluduidaanaudvuiadurugudnans
Useana 11,90 dafums  wuidszana 2.20 fadwes  wanifuuviedimdsy 4.90
fadns x 3.20 Tadwns uazANeIUszann 19.60 fadns  sreirdeesalalas

a 9] o )
anlaaldusadan 1000
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3) ﬁﬂa'ﬁ@f’;aﬂwﬁlﬁluLﬁﬂlﬂﬁﬂmmﬁqmwgﬁ 873 K 1funan 2 Hludluermauaziiluin
an 1473K

4) Wunan 12 F1lus uazrevangumuiias

as

-] LY 1 P a € e | ¥

5) Wesieg Wi La AT eiaN AR fail
L7 e & v d . .

- ToaudRdelassaiilaeiaies( Scanning Electron Microscope )SEM Tagl4Tuyn

backscattered electrons, 1A51¥3i519 84MA91U (EDS) wagmAian1sIalULYes
Fedidnd X-ray diffractometer (XRD)

Y o v o . . . .
- IMYUINVBITNIURALNIINTLAUAIVBITHTUMELATD Pore sizer distribution

173 s } 2 ::i s (]
- EJ'I:‘UU'iawamLwﬂlﬂwgwqwaamsmamq

s 1

= ';mmamwmaﬂmam%’auimam'%‘m Laser flash (TC-7000)

as

- InAnanTAN 1WA (Electrical Transport Option, ETO)
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NAN15798azaAUsI8NE

’Luuwﬁwrﬁlumiﬂ'u,auamam'i"‘;%’mtaxﬂﬁaﬁﬂ'mwawaamié’ammsﬁmsﬂszna‘u
CuAlgsoFen 1007 gﬂﬁ’amﬁsﬂmamnmﬁqmwﬁ 1473 K \ilefinudvinaresnisiunautl
Tuasusenau CuAlyseFeq 160, ﬁﬁwasiammwwﬁmawhamwﬂ'ﬁu’]mm%'au‘[mmﬂﬁau
wlasUSinaumsizerawtiadu 0%, 1%, 2% uay 3% Tnuna InesanTILAsIZIAe Land

fanolull

4.1 uavasdnswaanmsidanaule 0%, 1%, 2% uaz 3% lasuna feautaiddaseadng
Va9815UT2NaY CuAlysoFeg 100,
4.1.1 gﬂu;uum'a‘l,gmwu%’ﬁtﬁnﬁ*naaﬁqsﬂssnau CuAly soFey 100, Tng
n15199Muts 0%, 1%, 2% uas 3% lauuda
N1THLATIERA1TUTENDU CulysoFe 140, ta¥In153tAs1eslassadsnas
aaiUsEnauYBIAsUsEnausemaliamadsnuude3diing fevhnnsadoud Ny 20 =
10 - 80 B9 ShsMSIBLRN 0.02 B3mAsIuTi Ui 4.1 uansgUuuunIsAgULYs
S@Bnduostiuauiingamai 1473 K TneRensutiadludaud 0%, 1% 2% uag 39 Tow
e wuilassairadnimudiulngdulaswadeiaeals neifiguivgiudeyaunsgiu
JCPDS 75-2359 flgfmwadiduuvuienszlnuen FusuiliFerwdauinlasadiamedles
Dundn uaziialasiadre Cuo ifsudntes dleifisuriugiudoyaunasgiy JCPDS 74-1021
wazAnlATIAse CuAlLO, 1antay Lﬁ@;ﬁﬂUﬁ’Uﬁwu{r’agamnmigwu JCPDS 73 -1958 uay
9NHA XRD AUInAATlASINERUe BT e nautl e aus 0%, 1%, 2% uway 3% @4

A5 4.1

4 1 ? =€ =y
159 4.1 UWanAAIlATIHENY83a15UsENDU CuAlysoFe 00, TnBnIsidanaulls

0%, 1%, 2% uay 3% lnuula

Uinamsidenautia a (A”) A7)
0% 2.8717 16.9661
1% 2.8611 16.8270
2% 2.8688 16.9561
3% 2.8717 16.9902
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R3 ] - CuA|02 O : CuAl,04 A:cuo
@
R2
@
R1
=S
&
=
2 &
9 A
=2/ IR0
(104) (018) = (1010) (292
009 m (110
(003) | ( -)(017) ( -). (116)
v . A
v T Wl P T L T X T ’ T 4
10 20 30 40 50 60 70 80

20
U 4.1 guuuumsideauvesssdidndvestunuiidenutistausd 0%, 1%, 29% way 3%

lnoana suiugudeyaunsg i JCPDS 75 = 2359

NNHA XRD aansadwsamAnunieiinugaiu 0.5 whuesniugegean (Full
width at half-maximum ; FWHM) &sasananianunsayaiainuiaien (Strain) 39uamnd

ANUAUUSlamaNnSTl (4.1)

+ 4etand (4.1)

B = Ki
"M Deoso

= 4 2/ o o L N 1
LD Bhkl AD FELLAINUNINVINAVIAULALLATY 0.5 ‘il@\'lﬂ'l’ii.lL‘UiJEjQE‘jﬂ

K Ao FAsi (0.8-1)
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U d’ o = & ré‘j a1
A AD ANANINEIAAUYBISELE NS e CuK,, A1 0.154 nm
D  fe vunvesuan (Crystal size)

£ Ao ANAULASER (Strain)

Al i o w 'Y o
lnefirauAsen (Strain) aansouaninuduNussaunsa (4.2)

= —B i (4.2)
4tan®

=t o o 8/ LY. ] P
uazvWIAURINAN (Crystal size) anunsamulralananuduRussiaunisi (4.3)

B\ LY 43)

PracosO

NnauNsT (4.1) oliogsuuuvaunsi (4.9)
Bycosb = %—+ 4esind (4.9)

Wa¥ANANNITN (4.4) amsathnimal auesee (¢ ) laanaudurusssning

' = ] =
Buicos® uay 4sind  MUAAIRNINNTINA 4.2 - 4.5 waggl 4.2



a i = i o -
A3 4.2 A1 FWHM M3uan9u89a15Usenay CullogeFeg 100, NnTsiiandutly 0%

41

Seud 26 (a3rm) P Gua) 4sin0 B cos0
(rad)
i 15.64 0.114 0.544 115
2 31.60 0.148 1.089 0.143
3 37.62 0.197 1.289 0.187
a4 42.04 0.230 1.435 0.215
5 57.01 0.292 1.909 0.257
6 64.88 0.344 2.146 0.290
7 73.95 0.428 2.405 0.342

P I P 1 < &
P3N 4.3 A1 FWHM Ayusn99089813U58n0u CuAly sofes 100, Tn1sidenautls 1%

ddud 20 (9471) bkl 4sind Bacosd
(rad)
1 150 j). Yl 0.544 0.121
4 31.91 0.149 1.089 0.144
3 3733 0.197 1.289 0.186
a 42.36 0.234 1.435 0.218
5 578 0.284 1.909 0.249
6 B5.1¥F 0.321 2.146 0.270
7 74.23 0.423 2.405 0.338




A 1 t:l 1 n:J =
71379 4.4 A1 FWHM yyusnequeeasusenay CullygoFe 100, N154900ILTN 2%

42

Sdud 20 (a4rn) PN Ba) Asin® B cosO
(rad)
| 1565 0.129 0.544 0.128
2 31.64 0.139 1.089 0.134
5 37.66 0.189 1.289 0.179
4 42.08 0.211 1.435 0.197
5 5706 0.288 1.909 0.254
6 64.97 0.366 2.146 0.309
7 73.99 0.351 2.405 0.280

- [ = 1 d‘ =
P13 4.5 A1 FWHM %3umn99)9esa15U5enau CuBlygeFeq 100, AnMsidanautle 3%

fetud 20 (23d1) e At B cos0
(rad)

1 15.58 0.251 0.544 0.249
2 DlE3a 0.190 1.089 0.183
b 37.58 0.210 1.289 OF189
4 42.01 0.236 1.435 0.221
5 56.98 0.289 1.909 0.254
6 64.88 0.358 2.146 0.302
7 73.93 0.355 2.405 0.284




£=0.12372
0354 r2-0.96635 .
0.30 4
0.25 4
[==]
w
[=]
0—
% 020
[-=H
0.15 o
0.10
1 B T 4 T b T X |
05 10 15 20 25
4sin0
= -
() CuAlggoFen 100, MN1SLABMIMTe 0% (RO)
0.35
e=0.11329 L
0.30 4 R’=0.9372
o 0254
w
Q
o_
= 0,20 4
0.15 4
0.10 , : y > A
0.5 10 1.5 20 2.5
4sin0

() CuAlygoFeg 100, Ansidonautls 1% (R1)

SUN 4.2 ANUAUNUSIENING Beosd kay 4sind vesansussnau CuAlg goFeg 100,

lagidonaudlanaud 0%, 1%, 2% waz 3% lnewna
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n
0.30 4
£=0.10924
2 _

o2s]  R*=0.92247
2
O 0204

0.15

L]
0.10 L) v T ik T i Ll T L T i I o T

- —_— v
04 06 08 10 12 14 16 18 20 22
4sin0

(M) CuAlgsoFen 1,0, IN1staenautls 2% (R2)

0.32 4

1 e=0.10595
0.30 — . ]
J R" = 0.9567
0.28 —
0.26
-
(<] -4
3
g 024
o 4
0.22 ~
0.20
0.18
T T . T ¥ T T T
10 1.2 14 1.6 1.8 20 22
4sino

(4) CuAlysoFes 110, Tnstaanautl 3% (R3)

U 4.2 (D) AuduUSsEnang Peosd wag 4sind vasansUsznou

CuAlggoFeq 100, Taatdanaudlanaus 0%, 1%, 2% uag 3% lnguna

A L7 -7 ¢ 1 .
lng3ui 4.2 uansauduiussenine Peosduay 4sind v89a15UsEN0Y
CuAlygoFen 100, WaNILUIRILA 0%, 1%, 2% way 3% laswna faanueseady 0.12372
0.11329  0.10924 uay 0.10595 MIWEWU IANAAIAINULATEANUIT @15USENBY

CuAlygoFeq 100, MAnmutdadnlunsus 0% 843%  HAmueieniilndfeaty dauly
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nuifefenandlédn asidensudluasuseneauy CuAlogoFeg 100, ludsuanumn
AUPE AT
4.1.2 HANITIATIENSITIWAY (Energy dispersive x-ray spectroscopy , EDS)

Y89815U52NaU CuAlygoFeq 100,

NMIFUATIENEISUTENDU CUAl soFey 100, ANNISANTITFBUBIAUSENBUYDIESEA
ad19INMITIiAeilaeieqanssiaidnnsounuudensia(SEM) luluun backscattered
electrons 3AUMTIATIEs M BandsU (EDS) Iinauansiegy 4.3

,;".

Fa

\\

-”Spcclfl.’lll_‘l"l. 9“ ;

(n) RO

Spectrum 3

0 2 4 6 8 10 12 14 16 18 20
Electron Image 1 Full Scale 722 cts Cursor: 0.000 keVl

e}

(v) R1

31!171' 4.3 EDS v89a15U52nau CuAlggFey 140, Lmﬁqmmﬁ 1473 K i onautisluysunm

FN9AUE 096-3% Laeaig
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-

3 2 6 8 10 12 14 16 18
! 50um ' Electron Image 1 Full Scale 3080 cts Cursor; 0.000

(m) R2

R~  W\> 12 M4 5 18
Elestron Image 1 Full Scale 1468 cfs Cursor: 0.000 y

(4) R3

gU‘ﬁ 4.3 (M9) EDS 909815Us2NaU CUAlyoFeg 100, Lmﬁqquﬁ 1473 K fisansutldly

USRI FIUE 0%-3% laeaIa
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=

m‘mﬁ 4.6 WwanadnsIdu [Cul : [AU : [Fe] : [O] vatuey CuAlggoFeq 100, Lmﬁqmwﬂu

U

1473 K ﬁﬁamLgﬂq’[ml'%mmsha‘]&gmsi RO-R3

Atomic
B Cu Al Fe 0
RO 15.25 18.79 7.42 58.54
R1 24.09 22.45 6.24 47.27
R2 31.97 14.07 2.94 51.01
R3 27.55 19.49 3.36 49.6

139 4.6 (Wunsduduitesmenvemauteiideluasiedhaluiiasgilavinle
dinlaseasaanslulunszuiunmsdunsz fe liwusin C uagsig H w3e organic phases
‘\)Wﬂﬂ’lSL%amLLﬂGL%WlUL‘d@W’]ﬂﬂﬂiLNﬂ%ﬂﬁﬂuﬁqmﬁﬂuﬁ 873K unan 2 47l Mnuadang
aanndaafunuITeves SL, uazame]28dlddnw [raamuiinazn1InIyefmvasgngy
MNMsknvusiinlaemM Ay liin wuinisiiunsutisazyilid oreanic phases uay
mstndunuitgamgdl 873K Hunan 2 Faluwiil organic phases @18529UVLA

4.1.3 wa‘uaﬂm'sLﬁamLLﬂqﬁ'ﬁaNafﬂ'aw'mwa\un'suuazﬂ'rquuﬁ"a
NTAUATIENEITUIENDU CUAlygoFeg 100, ANITARSIIADUAN ML R LAY
TWNVBNNTUAISHIDE MuiAdosqanssiBifinaseunuudensin  (SEM) Tnedinsneily

= = = o &
Inundianaseunigi (Secondary electron) uanafagzuil 4.4
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(1)

4 AW SEI ve9ansusyneu CuAlo_goFeo‘sz‘ﬁL%BNGLLﬂ\‘]‘LuU%N'lmGi’N‘]ﬁzdl,l,(ﬂ'
(n) Starch from rice 0% RO, () Starch from rice 1% R1, () Starch from rice 2%
R2, (1) Starch from rice 3% R3
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JUN 4.4 Udnanw UBNINYUINTDANTUYBIATUTZNDU sem A15USENaU

‘d = Ll 5 1 s dy
CuAlg goFeg 100, MAansudelulZinuansqdaus (n) RO, () R1, (A) R2, (1) R Huunainsusi
7.42 um, 5.15 pm, 2.38 pm wag 2.07um AuaIaunuInsaarsutludunudssase
A & & A4 o v & Moo -
YuAvaRnsUY Wealin1sdanailsuuninsuanianas Waisuiudunuildidontlvse RO
yuansuazivua gy 3 whkagruiwiundd Weudulunuiimsdossudall 3%
1 s < q‘ di d' :'17'
LagrunnTuanase ndmaunsiienleil R2 wag R3 Weswindiomunsuleeziiy
YUINVBINTUILLANAY
PNHARINANADAAGIAUNWITBYEY S, wazmAmz[2]dsladne ANUNTUAILAY
o - = [ = 1 & =Y ﬂJ
NNINTENBMVBIFNTUIINNSHIRET TN Ine N sLwae Ll AunuInToRunautledl 40%

A o 9 aw o o & a @ <
LLBSLi.I'E]LV?EJUﬂUQ’]H"J’i]EJ’B]U‘]’UU’]WUENLﬂ'iu‘*ﬂ‘lﬂ']ﬂ’ﬁm"mqm‘ﬂﬂuﬂ 1473 K La@minansen 4.7

< - - aw - o a
M990 4.7 L‘LJ‘SEJ‘UL‘WEJU“EJ‘LI’]WU@QLﬂ'iU‘UENx‘i’i‘lJ’JilEJG]’]\‘i‘]MLN’WIQ?IMQN 1473 K

MU a15Usenav YUIAVBINTY (L m)
K.Park uag Ay [4] CuAlysoFeq 100, 2.08
RUNGNAPA ~,
iRl CuAly goFe01005 Tuainn 4.00

MSAAATIEVAITUIENBU CuloeoFer 100, MRanaudsluuFuramagsfas 09%-3%
1AELIAENNSINTIVEDY ANUNTUAMUAZVUIAFHTU MIemaila mercury intrusion TngnTs
9 v v & ' i & pa] a
aUsenlagldmudung 1.451 — 29746 psi ULALIY usenluunsnuinagnguves

JuU lpematafIngI? AnnsamvIavesgngulaaInaunisi (4.10)

i SN (4.10)

P

p A AudusaUsen dausudus 1,451 - 29746 psi

d, Ao yurmdusuguENaIueITnIY Mt lwns

o Ao UsFIRIvesUTEN Failen 480 erg/cm’

0 fo yuitusovannsenuiutuay

m'ﬁLLﬂnngwEumaq%umummiamﬁwuwuaq3w§ulﬁmﬂmma"mﬁuﬁiwdw
YNATEIgNTU U ~dV/d(logD) 3nms1eit 4.8 FusuiiFenautsluusinasineg (n) Starch
from rice 0% (¥) Starch from rice 1% (p) Starch from rice 2% uag (3) Starch from
rice 3% wuinile ~dv/d(logD) fiFgean seflvuinvesgugy Ao 0.30pum , 4.29um, 4.34

pm, 4.97 um AINAIGIU
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5 NILARANENTUS ST ITIATasINgU MU —dV/d(logD) (n) RO, (1) R1, (A)

R2, (3) R3
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>
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T
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gﬂﬁ 4.5 (mo) rmwu,aﬂqquﬁ’uﬁuﬁ‘sw:iwmmmmmgwqu U -dVv/d(logD) (n) RO, (¥) R1,

(M) R2, (4) R3
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NITWINUIFNIUVBITUNIUA I TIMIAITUInYBIgNT Ui InA LA TUS sEn g

a =4 v & =l o v ' & oo M val
YWINYBIFNTU AU -dV/d(logD) awuiuledni RO azdlsrufindrevsueninBuauidslaflas

= v =l = = =t Y i
madanudadluiivuinvesgnguinuiivainwanssunn Seeglutasdaus 0.2-1 Tulasiuns
i - < ¢ i

WATWIATBIgHTUNNUIERTANNTIgRAD 0.3 lulAsiuns Twumna199Ing1uves R1 R2 uay R3
agiulad 3 nsmiliiguueulndidsediy Bevavenldivunnvesgnudnlngiinuazer

i = d' 1
luths 2-6 lulasiuns wazuinesgnsuinuinnfianigesiivssana 4 lulasuns

9 U

- @ a
A9 4.8 YUINVDIGWTULAZANNTUAIVDITUIUY CUAlygoFeq 100,

fiFonautsluuinasnefous RO R1 R2 wae R3

CPRIER Porosity ( % ) wiuruAugnans (um)
Starch from rice 0% 12.00 0.30
Starch from rice 1% 29.65 4.29
Starch from rice 2% $552 4.34
Starch from rice 3% 43.44 4.97

a TN - o < P o &
15799 4.8 WU'nLuammnﬂawwn’luﬂsmmwwauwﬂmﬂgw;uL.La:m'mw*gumm
N e Y a Mo aw | ° s ol B
UANNLYUAIBAINITND DA INUITBVa S.Li, wagaug[20] agAuIIUSUIUNS
- - Y o A %) o o X o § v
Lﬁmmm’meanUmquumuaz‘um@gwqu WaenulatlUluusunamuniuagvinlaiw
S UANIINTUAILALYUINTHTUINNT Y Favualduiuaudnansvosgnguiidsea 4

lunsou dsmeandosivrwiadurinugudnasvesmutl

4.2 nwsedanianianesluBianninduasdrsusznau CuAly sFe, 1,0,

Tngn1sidenauds 0%, 1%, 2% was 3% laguia

4.2.1 WamIdauaziiasizdardaninnisuilnma

AAaNINNISU LA H1999815UTENBY  CUAgFep O,  TLaonautlaidnly

Usuad 0% D4 3% Tﬁﬂﬁﬂﬂﬁi’rﬂmamwmsﬁﬂﬂﬁwﬁqmmﬁﬁaq 300 K fmedsmsinnuy
four-point-probenuianmmstihwiianaiiod susunamsudad luinndy aunse
osuelitn mslenudadluluinaiinaiuilmfnaunguiuniy Swdmavils
vnaveunsudnaniesnnwmedassiiansiedeuildlusssmaiitoras Sevlseann
nsthlwiae aneadinandenadesfuauise V.Siriwongrungson  uazmug [3] Ao A

anmmsihwihdusgivuunavesnsutazanaumsusi VUIAVBANTUNIVRYAIUNGURI D

v
o

anas AN Wb isLaLanslafens1en 4.9
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EJ U o
M15°99 4.9 ArannnsilWivesatsuseneu CuAlggoFeq100;

Tnendomsutlanausd 0%, 1%, 2% uay 3% lagaia

USunain1sidonaids anmnmsdluih (@ 'cm™)
0% 0.315
1% 0.235
2% 0.162
3% 0.079

4211 anwnahlviihiuauwsuds (Porosity)
1 ﬂl = = d QI l;’ 1 o a1 s
wudllensutdulsinamiaduaman s nidaanass
A 1 o d‘f 1 ar s 5? s 1 -
mInd 1 leeranimhilwihszduegiuanuwsuivesiunuanuadsnanasnsassung

U

Ieraunsi (@.11)

3
6 =0,(l-=p) (4.11)
2
b o feanmiiluiestaqitludsnu
p ABAIUNTUAT (Porosity)

M5 99 4.10 Aan sl TuAILnUiavETUTENBY CuAlysoFey 1,0,

Tnendonautlanaus 0%, 1%, 2% uaz 3% lagula

Yamunisiienauts AIUNTUR (Porosity) | @nwnisthlwih (@ 'em )
0% 0.1200 0.2583
1% 0.2965 0.1305
2% 0.3554 0.0757
3% 0.4334 0.0275

v aa

1NN 4.10 awuituldinanunsuiidnswasoannilnives

@3U58N0U CuAlpgoFen 100, lmeTununiifesazarunguimnazirmaninnisilaiii

'
[

#in ﬂ‘uﬁ‘aamwmiﬁﬂlw%LLinﬂﬁuﬁU%'aaaxmmw;uﬁ? laga1susznay CullygoFeq 100,

= a v ~ P~ = a ° o o -
nimadosudairluludiinafiunigndo 3% aslidanmmsihlisiiande 00275

1

= '1 ::I. = o ﬁl’ d' =y
(Q cm ) WaeunuTuIIUNRerLle 0%,1% uaz 2% laguia



4.2.2 dnmn15ud1AUTaU (Thermal conductivity)

#13uUseneu CullygoFe 100, witnzaziluldnuludisgumgias Tnodinse
Aranmnsthauseudemaia laser flash (TC 9000) InsvzBaalwed WhauuuTes
%umuqmwgﬁ%ﬁaaqLLwémﬂﬁ’ﬁuuuajﬁmfi'lmax ATUANTY
e annsagninlutgumgiigelie v‘hms’i’mﬁamiqmwgﬁﬁmﬁaqquﬁ 523K 371nKHa
m?wﬂaaqw*u:i'nﬁaqmwgﬁﬁﬁwmﬁm@qﬁuﬁhamwﬁwmm%auﬁLLu'ﬂﬁmﬁﬁ%"uﬁaﬁwamWﬂﬁ
hanussuiiAanas Lﬁaqmmqﬁﬁﬁ'}mﬁmqq%u‘luv;nﬂ%mmnﬁﬁawmﬂa faudfevay 0 fis

W a
3 lae3na Aemns1en 4.11

s

q Y

A U o d o a 5 U
MI9N 4.11 a1 5ANTEUYEETISUTENBY CuAlysoFeq 10OV TnRaws

Uil WAty 873 K

GRETZPLIRN gaumndl (K) an1mn15uANTEY (W/m*K )

298 4.52
oR3 4.16
373 AL

R=0
423 3.35
473 oy
523 2.84
298 2.12
323 1.9
X3 1.68

R=1
423 L5
473 1.39
523 1.29
298 1.27
525 147

R=2 =t 1.05
423 0.96
473 0.88

Tauvniualdsludifma




A 1 -] A -] L2 5 1
ININN 4.11 AENMNNTIIANEEUVNEITUTENBY CUAly soFeq 100, M¥NNI5Tndaus

gaumnnil e 873 K
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523 0.82
298 0.85
323 0.78
373 0.69
R=3
423 0.54
a73 0.57
523 0.54
’ = RO
4 e R1
44 = ’ A R2
1 |—%- R3]
4.0
S 3.5 < \4
§ i -
= 3.0
= ] .
S 25
=)
e~ -
b 0 P
= |
E 15- T e
E A e @
1.0 4 = —— [
i v 3 ~ A
0.5 T T u T =5 T T q—ll
300 350 400 450 500 550
T(K)

o | o v A A a |
JUN 4.6 AmanwinAuTausesasUsEnay CuAlgegFeq 100, wwamuﬂﬂwsmmmqﬁ]

#au RO R1 R2 uas R3

INFUN 4.6 Wuf R1,R - Ruaz23 A1 tesniudlafisuiuduauiildi@ensuds K

R filoeigadak uazdn 3 fiewiiu 0.58 W/m*K figaumgdl 523 K e K toeniwaiil

- P a a v e T ] a d & X °
LQENQLLﬂQquﬂQNLWUUﬂUQQ 5.25 ﬂaLﬁJ'ﬂLQSNQLL{]QIUUiﬂJr]mWqumuﬂqﬁﬂqWﬂqiu7

1% a1 s 1 a o H‘
AUIDUNAIAADIRIN HAPINEIEINISaRE U ARIENNTST (4.12)

K =K,(1- P)

(4.12)



56

a - ° 1) -1 -2
Li1® AD ANINNITUIAIINTOU )Wm K )

A8 IUIAVBITNIY

A~ TR

o Ao Aanmnmiauseulaglifatatevesgngu

MNALNST (4.12) wudwﬁmmwmﬁiwmm%’auasﬁuayjﬁummwguﬁwaa%umu
fufte funuitlignqunaianmmsdesdeulisiosas tasvnamAsemuidunuiide
wontslutBnaifsdunumsuinasiumuesdiunndusevildeanmnisimimdoy
808 INWANINANANNNTONBINAIN 9WATves SLi, uazamz(2]

4.22.1 Bvidwavesguuniiinder k
Tnvhluanmihaudou () Aannsasuimuneesan s

AufauLiles nnlnuaulkuaz dnmwmsiinudoudewindidnnseu (ke) 21007 VRS
Wiedemann-Franz dsmildainamuduiussisaunisi (4.13) MNJUT 4.7 wanslisiugn

nalnlunisihanuseudiuunuuinainnisduresuaniionse TWusutules
k =k +k, (4.13)

P ' o o Al
We ke AaniwnisdianuSeudesaininuey
k, Ap anmnsdiANLeuiasndidnnseu

' o v - ) o
TaeArdanIwnsmIN oL TNLY B1UISOLARIS AL (4.14)

k,=L,To (6.19)

e L, #® f1 Lorenz factor (2.43 x 10° WQ/K)
T Ao gomgil (k)
o f Ananwnsi i

1NN 4.7 wudnflevimsintusuiionmaiigelumaninnisi

]
]

Awseudiruiiuiy o nfigamgiiguihliliuouinnisindeuiuaseuiusenindniueon
fulwueuundu mndnwuednardunssuiuluusuway (Umklapp phonon) @1u130

WARIAINFUNUSFIENNTT (4.15)

K, = Bl:(Tm )3f2 M(-m)pzfz}To(-l] (4.15)

1o K k) Umklapp phonon
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AAeit

gaunilviaeuivan
UIAVDIRDY
AN UYD T e

RUnQiiNviin1Tin

ﬁl ! l:ll o v 1 dd‘ =l s 1
NIUN 4.7 w39 R1 ,R2uaxR3 e slope UagMBLINEUNU RO waze slope

o v P S [ 4 2 { =f '
V]UBEJ‘ﬁE“mﬂE] R3 dAnvnu 1.135 An slope Ua8eNI1 RO 019 5.022 1N

! = U ny o = Y a a [
WU RO 1A slope wnnnBunuilensudaliosanlasudvswaanniswsusiy

! o L A A v a0 v d o )
swinslrusuiulueauuin uidlefeinsuautiad luly slop faesaumasiiofiouiu

s gj d‘ 1 o 12 v 1 1
R3 slop uavezluidunssfaiui R1 R2uazR3 fidaannnistiauseutosni Ro lilg

iaanililunsgamgiivesniswnudiinainnisidesaududrlulutiuey

Thermal Conductivity(W/m*K)
N
w
|

R T S — £ b

® RO. slope =1.135
® R1.slope = 0.556

1.8

A R2. slope = 0.306
v R3. slope =0.226

Ll ¥V FARW N/ FUA

2.0

0.5 -M —

2.2 2.4 2.6 28 3.0 3.2 3.4
1000/T(K)

JUN 4.7 wameAdniwannnisvuiusewinslwueusuliueuyesasUsenay

4

CuhlyzaFeq0s ﬁﬁamLLﬂa‘luﬂ%mmm"Nqﬁgmsi RO R1 R2 wa¥ R3
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mu";{]’aﬁlﬁﬁ'}m‘sﬁﬂmﬁw%wa%mﬁLﬁumLaﬂeé?qmi 0%, 1%, 2% uway 3% lasuaaly
#15U52n0U CuAlysoFeq 0, ﬁﬁwa@faﬂ’ﬂmWEHﬁ’JLLﬁSﬁTﬁﬂ’!Wﬂ’liﬁ’]ﬂ’l’llﬁ‘%UIﬂEJ‘??UQ’]’LJ
AnansgnasIvaeulainTzilaemsinauiinanesludidnvinddeinanisnsaaou
warn1sinseisaaeluid

NANTAATIEIA XRD Wud1asUsenay CulyeoFes:0, Tiionautlsdaud 0%, 1%, 29%
way 3% lovuia IAnlassadsfamealedidundn wasifnlaseadas CLUO Lag CuAlO, B4
Entioy Funsaedlasiaiionintuileasusznat CuAly goFeg 10, Qmmﬁqmmﬁ 1423
K Pl uasdeasulfimansidensdniiniulifiedorammiaion

HATATIENTUIAVBUNTUAEWATIA SEM Yaea5Usenay CuAlggoFeq 0, WuIINIsHl
liFenauts armmuudusesmrmsuiszdidrsudannuasivunavennsu 5 um way
psAUsEnaUYBsAISetiediy EDS fuffuirliiAnlaseadhs oreanic phases 91AN15L30k4
g

anmnstlihansuszneu CullysoFeg 0, Tidonawtidaus 0%, 1%, 2% was 3%
Tnennaile 0315 (@ cm ), 0235 @' em™ | 0162 (@ em™) . uaz 0,079 (@ " em™)

o w |

AUy Aanmnisirlwihanaastefeuiinameudtiadluinnty osinuina LU
sniy Sedwariivuinvsansudnanfiesonmmeasianandouildlus s
tovas Failirnaninansuilnitsi

mmw;uﬁwm%umuﬁwam’aﬂ'wamwmaﬁmm%’awmaaawaﬂisﬂau CuAlggoFeo 0,
MTenautiasiaust 0%, 1%, 2% uaz 3% lneusa Ao 12.00%, 29.65%, 35.52% way 43.44%
ANUEFIU LﬁaL%}“awﬂ’ﬂﬂuﬂ%mmﬁﬁuﬁwmmgwquuazmwwquﬁ'sﬁ%ﬁﬁh;ﬁuﬁuﬁ@wa’lﬁﬂ'w
anmnstausauana

wAAeinuanTivemniouiiemaie laser flash wuihguugiidnasioniny
Wi,w"hE‘ioLmﬁqmwq:‘]qqzﬁma‘lﬁmquuﬁ";amﬁﬂﬁﬁﬁ'mmwmsﬁﬁmm%'auqaLwit,ﬁ'aL%am
ulls naudearluifismnungusta TasnsiSenautiedt 3% ffnanmnisimuieushande
0.5¢ W/m*K figaumndl 523 K

dl' 1 [ I ql' (] = a a [ a a [4 a o rz’f
o ZT Wumivsvenieuss@vsnmeesianmesludidnvind lumAdeis
lailedinassaan ZT upausaUszliulaanndndiuseninsranimin i uasenaninin

AI5DUTBY RO, R1, R2 uag R3 %ﬁﬁﬁh 0.0697, 0.1108, 0.1276 wag 0.0929 wuanu
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Effect of Particle Size of Different Crop Starches
and Their Flours on Pasting Properties
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The effect of particle size reduction on the pasting properties of rice, wheat, corn (maize), potato,
sweet potato, and cassava starches was elucidated. Before pulverizing, the mean particle size and the
pasting properties of the starches differed by crop. With increased pulverizing, the mean particle
size decreased in all flours (to<10 gm) and the pasting properties converged. Commercial flours
containing the larger starch granules have the higher starch damage after pulverization.

Key words: Starch, Pulverization, Particle size, Pasting property, Starch damage

1. Introduction

Rice, wheat, and corn (maize) are the three major
sources of starch around the world, and their flours are
extensively used for making bread, crackers, flakes and
other foods. Potato, sweet potato, and cassava are also
made into flours for food manufacture. Root and tuber
starches such as these exhibit high viscosity [1]. Potato
starch has the highest swelling power and the highest
viscosity among all commercial starches [2]. Cassava
starch reportedly has a unique, very high single-stage
swelling property and peak viscosity [3]. Starches
obtained from such crops have different particle sizes,
and mixing one starch with another changes the pasting
properties [4,5]. The particle size of rice flour affects the
pasting properties, starch damage [6], and flowability
[7]. Mechanically damaged starch during milling [8] is of
considerable importance to the baking industry since
damaged starch both absorbs more water and is more
susceptible to enzyme degradation than intact starch at
dough-forming temperatures [9]. However, no study has
reported the effects of pulverization of different starches
on their physiochemical properties. A better understand-
ing would extend the use of various flours.

The main objective of this study was to find out the
effects of particle size reduction and starch damage hy
pulverization among different flours on pasting properties.

(Received 3 Nov. 2010; accepted 18 Jan. 2011)
T Fax: +81-29-838-8122, E-mail: okadome@affrc.go.jp

2. Materials and Methods

2.1 Materials

Commercial starches were purchased: rice starch
(Sigma: S7260), potato starch (Sigma: S4251); wheat
starch, sweet potato starch, cassava starch (Cuoca
Planning Co., Ltd., Tokushima ] apan); and corn starch
(Noguti Food Industry, Japan).

2.2 Experimental and analytical methods
2.2.1 Pulverization of samples

All flours were pulverized three times in a Co=Jet mill
(Co-jet system-« MK III, Seishin Enterprise Co. Ltd.,
Japan). The nozzle pressure was 0.6 to 0.7 MPa. Samples
were slammed against the impact plate of the mill with
high velocity air and were pulverized. Figure 1 shows the
schematic diagram of the Co-jet mill. A cone shaped
ceramic impact plate was used with the diameter of 51
mm and pinnacle of 14 mm.
2.2.2 Particle size distribution

The mean size distribution of the flour samples was
analyzed by laser diffraction particle size analyzer
(SALD-2100; Shimadzu Co., Kyoto, Japan). Deionized
water was used as the medium for wet size measurement
of flours. Sonic measurements were performed to avoid
the aggregation of flours.
2.2.3 Moisture content of starches

The moisture contents of different samples were mea-
sured by oven dry method [10]. Samples (2-3 g) were
placed in a pre-weighed aluminum container and
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Collectorjar

Feeder

Fig. 1 Schematic diagram of Co-Jet mill grinding chamber.

weighed. The samples were then dried in an oven at
135°C for 1 h, cooled in airtight desiccators containing
silica gel, and reweighed.
2.2.4 Starch damage

Starch damage was determined according to AACC
method 76-31 [11] with a starch damage assay kit
(Megazyme International Ireland, Ltd., Bray, Ireland).
Damaged starch granules were hydrated and hydrolyzed
to maltosaccharides plus «-limit dextrins by careful
treatment with purified fungal «-amylase, which gives
near-complete solubilization of damaged granules with
minimum breakdown of undamaged granules. The reac-
tion was terminated by the addition of dilute sulfuric

acid. Aliquots were treated with excess purified amylo-
glucosidase to completely degrade starch-derived dex-
trins to glucose. The glucose was measured with a high-
purity glucose oxidase peroxidase (GOPOD) reagent
mixture. Values are presented as damaged starch as a
percentage of flour weight on an as-is basis,

Starch flour and starch control (supplied with the
assay kit), 100 mg each, were placed in two thick-walled
glass centrifuge tubes and incubated with 1 mL fungal «
amylase at 40°C for 10.0 min. Then 8.0 mL of diluted sul-
furic acid solution was added (0.2% v/v). The tubes were
centrifuged at 3000 rpm for 5 min. Supernatant (0.1 mL)
was transferred to the bottom of two test tubes, 0.1 mL
amyloglucosidase solution (2 U) was added to each tube,
and the tubes were incubated at 40°C for 10 min. GOPQD
(4.0 mL, supplied with the assay kit) reagent solution
was added to cach tube (including glucose standards and
reagent blank tubes), and the tubes were incubated at
40°C for 20 min. The absorbance of all solutions was mea-
sured at 510 nm against a reagent blank in duplicate.
2.2.5 Pasting properties

The pasting properties of the samples were measured
with a Rapid Visco Analyser (RVA-4; Newport Scientific,
Warriewood, NSW, Australia) [12]. Flour (3.5 g, 14%
moisture basis) was transferred into a canister and 25 +
0.1 mL of deionized water was added (with correction for
moisture content). Figure 2 describes measurement pro-
cedure and definition of RVA parameters. The slurry was
stirred at 960 rpm for 10 s for thorough dispersion and
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Fig.2 Measurement procedure and definition of RVA parameters.
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then stirred at 160 rpm. The slurry was held at 50°C for 1
min, heated to 93°C over 4 min and held there for 7 min,
and then cooled to 50C over 4 min and held there for 3
min. The pasting temperature (at which viscosity first
increases by at least 25 cP), peak viscosity, peak time
(When peak viscosity occurs), trough viscosity (mini-
mum viscosity), final viscosity (viscosity after cooling),
breakdown (peak viscosity-trough viscosity), and set-
back (final viscosity—-peak viscosity) were calculated from
the pasting curve with Thermocline v. 2.2 software
(Newport Scientific). Analyses were performed on dupli-

cate samples.
3. Results and Discussion

3.1 Pulverization and moisture content of
flours

Table 1 shows particle sizes and moisture contents of
different flours with pulverization. The mean size of the

commercial flours ranged from approximately 5 to 50 zm
before pulverization, and was reduced to<10 xm in all
samples after three pulverizations. The mean size
reduced gradually with pulverization, and the moisture
content reduced. Particles with smaller size had greater
surface area exposed to the environment and removal of
moisture occurred. Besides high velocity of air inside of
the co-jet mill takes away moisture from flours and

reduces their moisture contents.

3.2 Particle size distributions of commercial
and pulverized samples

Figure 3 describes the particle size of commercial and
pulverized starches. Among the commercial samples, the
particle size of rice starch was relatively small; those of
corn, cassava (both narrow distributions), sweet potato,
and wheat starches were medijum; and that of potato was
large and wide distribution.

After three times pulverizations, the mean size of rice

Table 1 Particle sizes and moisture contents of different flours with pulverization.

Commercial 1st pulverization 2nd pulverization 3rd pulverization
- Size MC Size MC Size MC Size MC
RuE (2m) (%) (z¢m) (%) (2m) (%) (rem) (%)
Rice 44 TL.{ 4.4 5.3 4.3 33 3.9 5.0
Wheat 19.4 12.6 119 5.9 8.5 5.1 o 5.1
Corn 16.9 12.1 125 6.3 7.9 4.9 73 4.7
Potato 50.4 12.5 30.9 8.0 12.9 6.0 8.1 4.8
Sweet potato 18.5 16.1 1142 7.2 7.6 6.6 6.6 52
Cassava 16.3 8.3 9.7 6.2 7 5.6 5.6 5.3
MC=moisture content.
Commercial Starch Triple pulverized starch
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Fig. 3 Particle size distribution of commercial and triple-pulverized starches (1, rice; 2, wheat; 3, corn; 4, potato; 5, sweet

potato; 6, cassava).



32 Md. Sharif HOSSEN, Itaru SOTOME, Makiko TAKENAKA, Seiichiro ISOBE, Mitsutoshi NAKAJIMA, and Hiroshi OKADOME

starch was slightly reduced and the relative volume of
the shoulder near 2 ym increased slightly. All other
flours developed a similar shoulder near 2 ym, and
wheat, potato, sweet potato, and cassava developed
another tiny shoulder near 70 #m. The dissimilar size
distribution curves before pulverization became similar

after pulverization.

3.3 Pasting properties of flours

Figure 4 illustrated RVA pasting curves for commercial
and triple-pulverized starches. Among commercial sam-
ples, potato showed the highest peak viscosity, followed
by cassava, rice and corn showed the lowest values.
Cassava and wheat showed the highest final viscosities,
and thus had the highest ability to form a gel after cook-
ing and cooling [13].

On the other hand, after pulverization, the peak,
trough, and final viscosities of all flours were decreased.
The decreased peak viscosity shows that smaller parti-
cles are more resistant to swelling [14], and that particle
size affects the RVA measurement [15]. Table 2 shows
RVA pasting properties of starches with different pulveri-
zation. After pulverization, the peak viscosity was highest
for rice starch, followed by cassava.

These results show that the potato, cassava, and sweet
potato starches became more resistant to swelling or lost
their swelling competence after pulverization,
Pulverization to tiny particle decreased the ability of all
samples to form a gel after heating and cooling. The abil-

ity of wheat, corn, potato, and sweet potato starches to

| | Commercial Starch

900

600

Viscosity (RVU)

300

Time (min)

form a gel became similar after pulverization, as shown
by their almost identical final viscosities. Rice and cas-
sava starches had a slightly higher ability to form a gel.
The commercial potato starch showed a very high peak
of around 1000 RVU, but after pulverization the peak and
curve dropped drastically. Commercial potato, sweet
potato, and cassava starches had higher peak viscosities
than final viscosities, but pulverization reversed this
order.

Figure 5 shows the effect of particle size on peak and
final viscosities. Peak and final viscosities decreased with
particle size in all flours. Thus, particle size profoundly
affects both. After pulverization, the pasting properties
became more similar among different flours.

Figure 6(A) shows the effect of particle size on starch
damage. Starch damage was minimal in all commercial
flours (0.3%-6%) but increased after pulverization, as indi-
cated by the smaller mean particle size (15%-40%). The
potato starch showed the highest damage at 8 »zm mean
size. Cassava, corn, wheat, and sweet potato starches
showed a similar trend of increased damage with mean
size reduction. The results indicate that in these
starches, particles of the similar size have similar level of
damaged starch. Commercial rice flour had higher
starch damage than the other flours before pulverization
and a smaller mean size reduction but a lofty increase of
starch damage after pulverization.

Figure 6(B) shows the effect of starch damage on peak
viscosity. The correlations between starch damage and

peak viscosity were similar among wheat, corn, sweet

Triple pulverized starch
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Fig.4 RVA pasting curves for commercial and triple-pulverized starches (1, rice; 2, wheat: 3, corn; 4, potato; 5, sweet

potato; 6, cassava).
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Table 2 RVA pasting properties of starches with different pulverization.

33

Peak

Trough

Final

S:EEIE Starch state viscosity viscosity Brc(e;l\(/%;wn viscosity S(‘;{ts?;k
" (RVU) (RVU) (RVU)
Commercial 330 274 56 402 2
Rice 1st pulverization 260 211 49 a3 77
. 2nd pulverization 226 182 45 306 80
3rd pulverization 209 165 45 290 81
Commercial 424 348 76 579 155
Wheat 1st pulverization 210 215 5 388 178
- 2nd pulverization 157 155 2 300 143
3rd pulverization 136 131 5 253 117
Commercial 345 209 136 362 17
c 1st pulverization 242 172 70 298 56
s 2nd pulverization 172 136 36 231 59
3rd pulverization 157 125 32 215 58
Commercial 1087 T 956 345 —742
et 1st pulverization 572 216 356 323 —249
2nd pulverization 328 205 123 31 —-17
3rd pulverization 139 126 13 220 81
Commercial 496 215 281 302 —194
Ehvadbaotzl 1st pulverization 318 186 132 307 =11
BN 2nd pulverization 192 145 47 256 64
3rd pulverization 149 124 25 217 68
Commercial 727 500 227 636 -32
Cassav 1st pulverization 438 331 107 590 152
M 2nd pulverization 236 205 31 425 189
3rd pulverization 182 171 y 1| 363 181
RVU=Rapid visco units, IRVU=12 Centipoise
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Fig. 5 Effect of particle size on (A) peak and (B) final viscosities (ll rice, &> wheat, A corn, ¢ potato, [] sweet

potato, and cassava starches. Rice and potato starches
showed different trends. The peak viscosity of each sam-
ple decreased linearly with increasing starch damage.
The characteristics of individual starch granules might

potato, O cassava).

be altered by the damage. As damaged starch has less

ability to swell, the more-damaged starches showed

lower peak viscosity. Pores or cracks in damaged gran-

ules may act as sites for amylolytic action and water
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absorption [16].

4. Conclusions

In the commercial flours, the mean particle size and
pasting properties varied with the crop, As pulverization
increased, the mean particle size decreased in all flours
(to<10 y«m) and the pasting properties converged. Thus,
particle size reduction made the pasting properties simi-
lar. Pulverization also increased starch damage, which
affects the pasting properties. Level of starch damage by
pulverization may affect the dough mixing. Commercial
starches have lower level of damaged starch and thus
have less ability to absorb water for forming dough.
Altering the level of starch damage by pulverization may
alter the dough mixing ability of different starches,
Results of this research may become useful as basic data
in controlling water absorption and rheological property
of pulverized starch flours during processing.
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Abstract

Porous alumina ceramics with ultra-high porosity were prepared through combining the gel-casting process with the pore-forming agent technique.
Porosity and pore size distribution of the sintered bulks were evaluated with and without adding starch, respectively. In particular, the influences of starch
addition on the properties, including thermal conductivity and compressive strength were studied. It was found that the incorporation of starch increased the
nominal solid loading in the suspension and subsequently promoted the particle packing efficiency. The porosity is raised with increasing starch content
from 0 to 30 vol%, which brings the decrease in thermal conductivity, whereas the compressive strength isn't seriously degraded. The further higher starch
addition (40 vol%), however, would deteriorate the performance of the alumina porous ceramics. It is believed that the appropriate starch amount (lower
than 30 vol%), working as a pore-forming agent, suppresses the driving force of densification without affecting the connections of neighboring grains while
excessive starch amount would lead to the collapse of the porous structure.

© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

Keywords: B. Porosity; C. Mechanical properties; C. Thermal conductivily; D. Al03; Gel casting

1. Introduction

Porous ceramics have attracted increasing interest due to
their applications as separation media for molten metal, hot
gases, a variety of liquid filtration processes and as catalyst
supports, bone scaffolds, and electrodes in fuel cells [1-4].
A number of techniques have been developed to fabricate
porous ceramics, including the direct foaming method, the
sacrificial template method and the gel-casting method [5-10)].
Each of these methods has its own merits and drawbacks. For
example, reticulated porous ceramics produced by the polymer
foam replication method can have ultra-high porosity with
large interconnections; however, these materials often have
poor mechanical properties because of the defects generated
during the pyrolysis of the polymer foam. In addition, this

*Corresponding author. Tel./fax: +86 10 62785488,
E-mail addresses: wangca@tsinghua.edu.cn,
wangea@mail.tsinghua.edu.cn (C.-A. Wang).

method is only suitable for generating ceramics with relatively
large pores with a size of several hundreds of microns, or even
millimeter scale. Tape casting with pore-forming fugitive phases is
also a commonly used method, owing to its simple processability,
yet it is difficult to optimize the pore structure using this method.
Since each technique has its own inherent advantages and
disadvantages, many attempts have been made to combine those
methods to fabricate samples with some mechanical and structural
properties that cannot be attained by either method. Ramay et al.
prepared porous hydroxyapatite scaffolds by combination of the
gel-casting and polymer sponge methods, which provided a better
control over the microstructure of scaffolds and enhanced their
mechanical properties [11]. Mao and co-workers produced porous
ceramics with tri-modal pores by foaming and starch consolidation
[12]. The resulting materials consisted of a hierarchical structure
with large-sized cells, moderate-sized pores in cell wall and small-
sized voids among grains. However, the integration of gel-casting
and pore former agents is rarely reported.

For more than decades, preparation of porous ceramics
using starch as pore-forming agent is attracting more and more
attention because of its chemical purity and easy burnout
without any residue as well as good body-forming ability

0272-8842 © 2013 The Authors, Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

http://dx.doi.org/10.1016/j.ceramint.2013.04.072
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[13-15]. Lyckfeldt and Ferreirab reported starch consolidation
casting as a new shaping technique that utilized the ability of
starch to swell and gelatinize in water at high temperature [16].
Starch worked as pore-forming and body-forming agents
simultaneously in the starch consolidation casting process.
However, starch granules generally change their size as well as
the shape due to its swelling in the aqueous suspension, and
therefore it becomes difficult to determine the characteristics of
the pores of the final porous ceramics. In this study, we report
a novel technique that integrates gel-casting with pore-forming
agents by adding starch into alumina/TBA slurries. Micro-
structure including pore morphology, and pore size distribution
was characterized. Thermal and mechanical properties were
also investigated. An explanation was given to clarify the
mechanism of starch addition working in the processing
as well.

2. Experimental procedure

As starting materials, Al,O; powder (about | ym average
diameter, Shanghai Chemical Regent Co., China) was used,
Tert-butyl alcohol (TBA, Beijing Yili Chemical Co., Beijing,
China) was used as shaping solvent and pore forming agent in
the gel-casting process. Commercially available wheat starch
was used as pore former agent and binder. Experiments were
carried out using the as-received starch, without any subsequent
processing. The average size of the spherical granule of starch
was approximately 10 pm. A premix solution of monomers and
cross linker was prepared in TBA with a concentration of
14.5 wt% of acrylamide (AM, C,H;CONH,) and 0.5 wi%
N,N’-methylenebisacrylamide (MBAM, (C,H;CONH),CH,).
Initiator and catalyst for gelation reaction were ammonium
persulfate (APS) and N,N,N.N- tetramethylethylenediamine
(TEMED), respectively. All chemicals used in this study are
of analytical grade. The TBA-based gel-casting technique
typically consists of preparing a liquid suspension (slurry),
molding, drying, binder removal and sintering. Different
amounts of starch added to the stabilized Al,O; suspension
were meseaured as a volume fraction of ceramic powders,
ranging from 0% to 40%. Slurries with 15 vol% solid loading,
including Al,O3 powders, starch, TBA, and acrylamide (AM)
were prepared by ball milling for 5 h. To adjust the suspension
to a proper flow ability during casting, selected citric acid
solution was added into the slurries. After ball milling, initiator
and catalyst were mixed into the slurry. The slurries were
poured into molds and dried at 52 °C in nitrogen atmosphere.
During the drying procedure, the polymerization of AM took
place and the TBA gradually volatilized. Green bodies were
then produced and finnally sintered at 1450 °C for 2 h.

Thermal = gravimetric-differential scanning calorimetry (TG-
DSC) analysis was performed using SDT Q600 (TA-Instruments)
with air flow at a heating rate of 10 °C/min from room temperature
to 1450 °C. Microstructure was observed using scanning electron
microscope (SEM, JSM 6700F, JEOL, Tokyo, Japan). Pore
size distribution was analyzed by mercury intrusion porosi-
metry (AutoPore-IV9510, Micromeritics Instrument Corp., United
States). Porosity was obtained from the ratio of the bulk density,

measured from the samples' mass and dimensions, to the theoretical
one of this Al,O; material (3.98 g/cm®). Three samples were
examined to determine the average porosity. Linear shrinkage was
obtained through recording the image changes on a sintering point
testing device with screen display machine (SJY, Xiangtan
Instrument and Meter Factory). A cubic sample with a dimension
of 1x1x 1 mm’ was heat treated from 50 to 1450 °C and the
heating schedule was the same with the green body. Then we
measured the size change and calculated the linear shrinkage based
on a series of images got at a interval of 30 s during the sintering
process. Thermal conductivity at room temperature was measured
on 5 x 5 x 3 mm® machined specimens, using Thermal Transport
Option (TTO) of Physical Properties Measurement System (PPMS,
Model 6000, Quantum Design, USA). For the compressive
strength measurements, samples with 6 mm diameter and 12 mm
height were loaded with a cross head speed of 0.05 mm/min
(Instron 3369, Instron Corp.). Five specimens were used to obtain
average values and standard deviations.

3. Results and discussion

In order to produce the desired porous ceramics without
generating any defects, the organic phases (the starch and
polymer) must be completely removed before sintering the
alumina green bodies. To establish a heating schedule,
TG/DSC analysis was carried out and the result is shown in
Fig. 1(a). As revealed, the green body would go through
weight reduction at two stages: a remarkable loss of about
30 vol% occurred at about 380 °C, and a following decrease
continued at about 520 °C. The organic components were
completely degraded at a temperature of < 600 °C. This result
is confirmed by the DSC curve. A negligible amount of
organic phases remained after the heat treatment. Based on
this result, the optimized heating schedule for the sintering
could be determined in Fig. 1(b). Samples were heated from
120 to 600 °C at a rate of 0.5 “C/min and maintained at this
temperature for 2'h to remove the organic phases completely.
Thereafter, the samples were sintered at 1450 °C for 2h,
followed by furnace cooling.

Fig. 2(a) and (b) respectively represents the SEM micro-
graphs of the green bodies and the sintered compacts without
adding any starch. Interconnected pores, which arise from the
detachment of the solvent TBA during the drying process, are
observed in the green body and amorphous materials exist
between the spherical particles, which are polymer binders.
Fig. S1(a, b and ¢) shows SEM micrographs of the original
wheat starch granules, the wheat starch milled in TBA and
water for 5h, respectively. The mean granular size was
approximately 10 pm before milling. When dissolved in water,
starch would absorb water and generate fibrous structure (Fig.
S1(c)). Such phenomenon has been applied in the starch
consolidation, in which starch works as a body-forming agent
to connect the ceramic powders together. However, after ball
milling in TBA, the original large starch granules tum to
regular small spherical particles with a diameter of about 2 pm.
Fig. 15(d) represents the micrograph of the mixture of alumina
particles and starch granules after milled in the TBA for 5 h.
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Fig. 1. (a) TG/DSC curves for thermal behavior of dried body in air and
(b) the optimized thermal schedule.

As can be seen, these two kinds of solid particles are well
mixed. After sintering at 1450 °C for 2 h, the amorphous
materials disappear and the grains are connected to form a
strong skeleton. When different amounts of starch were added
into the slurry, although roughly identical grain connections
also can be found in the sintered compacts, as revealed in
Fig. 2(c)-(f), the pores dispersed in the alumina matrix are
quite unlike in samples with various starch additions.
Obviously, the most homogenous pore distribution is observed
when the starch addition is 30 vol% while the pore size is not
so uniform and larger pores as well as agglomerated particles
occur in other cases. The mercury intrusion method was further
used to verify the above observation of pore size distribution in
the porous alumina ceramics with different starch additions. In
Fig. 3, the curve of 30 vol% starch addition exhibits a sharpest
increase from 0 to a stable value of cumulative volume,
indicating monomodal and uniform pore size distribution. On
the contrast, for the samples with higher or lower starch
addition than 30 vol%, the upward trend seems to be sluggish
and the total cumulative volume is lower, which indicates the

broadening pore size distribution and the reduced pore volume,
Despite the slight larger pores after adding starch, the total
pore volume is significantly promoted and therefore higher
porosity is expected in samples with adding starch.

Fig. 4a shows the relationship of the relative densities of
both the green and the sintered compacts versus starch
addition. A similar trend in relation to starch amount for both
compacts is clearly illustrated. A linear decrease in density of
green body with different starch contents was observed:
however, for the sintered compacts, the density declined to a
minimum value in the beginning, i.e. 0.75 g/em®, at 30 vol%
starch addition, and rose to 0.89 g/’cm3 as the starch addition
further increased to 40 vol%, which may result from pore
collapse caused by starch removing. Furthermore, the variation
of liner shrinkage of the porous alumina ceramics is investi-
gated as a function of starch addition in Fig. 4b. As can be
seen, the liner shrinkage of the samples firstly remained a
similar level, about 19%, as the starch addition increased from
0 to 30 vol% and then went up rapidly to 26% at 40 vol%
starch addition. Tt was believed that the sintering shrinkage is
determined solely by the intergranular matrix porosity and the
large pores resulting from starch burnout as well as the TBA
eliminating process does not actively contribute to shrinkage
[17]. From the porosity changes as a function of starch content
in Fig. 4b, it can be seen that the porosity is raised with
increasing starch content from 0 to 30 vol%. However, when
the starch fraction exceeds 30 vol%, samples are incompletely
sintered and therefore prone to crack, which means that there is
an upper limit for starch content. Further adding of starch
would lead to samples' cracking when the starch fraction
exceeds the upper limit. As for samples without adding any
starch, the porous structure is formed when TBA and polymer
were eliminated at high temperature, approximately 600 °C,
and then the two components traveled along numerous
irregular channels from inside the ceramic to the surface. Once
an appropriate amount of starch (lower than 30 vol%) was
added into the suspension, it suppresses the driving force of
densification without affecting the connections of neighboring
grains. In this case, the porosity is increased with increasing
starch addition while the linear shrinkage remains a similar
level. On the contrary, excessive starch (i.e. 40 vol%) would
lead to the collapse of the porous structure and therefore the
opposite tendency of porosity and linear shrinkage is observed.
In order to provide further evidence to support the above
assumption, we investigate the relationship between linear
shrinkage and the volume fraction at different heated stages
before and after adding starch. As indicated in Fig. 5, the
shrinkage rate starts later after adding starch, which is probably
because of the larger average distance between alumina
particles due to the interposition of starch granules in the
green body

The above results demonstrate the microstructural develop-
ment with adding starch and the subsequent changes in thermal
and mechanical properties were investigated then. Fig. 6 shows
the room-temperature thermal conductivity of porous alumina
ceramics, together with the predicted values from the Max-
well-Eucken model and the EMT equation. On the basis of the
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Fig. 2. SEM micrographs: (a) green body without starch and (b) sintered bulks with different starch additions (b) 0%, (c) 10%, (d) 20%, (e) 30%, and (f) 40%.
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Fig. 3. Pore size distribution for porous alumina ceramics before and after
adding starch.

component volume fractions and conductivities, Hashin and
Shtrikman [18] derived effective conductivity bounds that
were the best (i.e. narrowest) possible bounds for

macroscopically homogeneous, isotropic, two-phase materials.

Those bounds were mathematically equivalent to the two

forms of the well-known Maxwell-Eucken model.
Maxwell-Eucken 1:

i 2ky +ka—2(k1—=kz)v>

k.= 1
3 2ky + ko + (k1—-k2)V2 ( )
Maxwell-Eucken 2:
Y L e ) ) i

*T 2% + ki + (a—ky)(1—v2)

where k and v are thermal conductivity and volume fraction.
Subscripts of e, 1 and 2 represent the two-component material,
component 1 and component 2, respectively. The thermal
conductivity of air and dense alumina ceramics were chosen to
be 0.026 and 33 W/m K from literature values [19,20].

For a heterogeneous material structure in which the two
components are distributed connectively, either component
may form continuous heat conduction pathways, depending on
the relative amounts of the components. James et al. [21]
pointed out that the effective conductivity of this type of
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structure could be modeled well by the EMT equation.
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Fig. 6. (a) Comparison of experimental thermal conductivities and theoretical
thermal conductivities based on the Maxwell-Eucken model and the EMT
equation and (b) comparison of thermal conductivities of porous alumina
ceramics with different starch contents.

The experimental thermal conductivities fit well with the
values computed from the EMT equation, which gave values
located between the bounds derived from the Maxwell-Eucken
model. The initial thermal conductivity of fully dense alumina
ceramics was about 33 W/m K [20]. In contrast, the thermal
conductivity of porous alumina ceramic declined with increas-
ing porosity, reaching a low value of 0.055 W/m K for the
sample that had a porosity of 81.1%. The good agreement
between the experiment data and EMT-calculated values may
derive from the “interconnected” structure of porous alumina
ceramics: pores and ceramic grains were distributed randomly,
with neither component necessarily continuous or dispersed.
Each component may form heat conduction pathways, depend-
ing on the volume fraction of the components. The effective
conductivity of such an “interconnected” type of structure
can be modeled well by the EMT equation, as established
previously [22]. The observed decline in thermal conductivity
with increasing starch addition could be explained by the
microstructures developed within the porous alumina ceramics:
the large number of pores trapped air, which is a better thermal
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insulator (i.e., lower thermal conductivity) than alumina, and
these air-filled pores constituted obstacles against the through-
thickness heat transfer propagation; meanwhile, the large
number of pores and micro-sized interfaces provided signifi-
cant phonon and photon scatterings.

Fig. 7(a) shows the variation of compressive strength of
porous Al,O3 ceramics with starch content. The increasing
starch addition brought the higher porosity, but no apparent
deterioration in compressive strength was found, indicating
that no obvious change in the size of the effective or critical
load-bearing area within the specimen. Generally, a number of
expressions can be used to describe the compressive strength-
porosity behavior of porous ceramics. One of the simplest
methods was firstly proposed by Ryshkewitch [23] and
Duckworth [24], and developed to be the Rice equation [25]:

o = 0y exp(—bP) (4)

where oy is the strength of a dense material, and ¢ is the
strength of the porous material with a porosity of P, and b is a
parameter depending on the structure and material composition.
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Fig. 7. Variation of compressive strength (a) and value of parameter b derived
from the Rice equation (b) with different starch additions.

The value of the parameter b represents the susceptivity of
strength on porosity, i.e. the larger & value, the more susceptivity
of strength on porosity.

Altention has to be placed on the exponent parameter b
because it indicates the susceptivity of strength on porosity.
Fig. 7(b) shows the variation of the value of parameter b
derived from the Rice equation (i.e. Eq. (4)). ¢ and P are the
measured compressive strength and measured porosity of
porous alumina ceramics. ¢, is the compressive strength of
dense alumina ceramics, which is taken as 4100 MPa for this
Al;O; material [26]. A slight decreasing trend of the value of
parameter b with higher starch content was observed except for
the sample added 40 vol% starch with an unexpected high
value of parameter b, further verifying that similar grain
interconnection is formed when the starch addition does not
exceed 30 vol% while the skeleton becomes weak once the
starch content reaches 40 vol%. The value of parameter b
(6.6~7.6) calculated from Eq. (4) indicated a moderate
porosity-dependent compressive strength of porous YSZ
ceramics, by comparing to the corresponding values of some
other porous ceramics (i.e. hydroxyapatite, b=9.2-10.8 [27];
YSZ, b=7 [24]; and mullite, h=5.6-6.2 [28]).

4. Conclusion

Porous alumina ceramics with ultra-high porosity were
prepared through combining the gel-casting process with the
pore-forming agent technique. It was found that the incorpora-
tion of starch increased the nominal solid loading in the
suspension and subsequently promoted the particle packing
efficiency. The porosity was raised with increasing starch
content from 0 to 30 vol%, which caused the decrease in
thermal conductivity, whereas the compressive strength was
maintained at a relatively high value. The further higher starch
addition (40 vol%), however, would deteriorate the perfor-
mance of the alumina porous ceramics. It is believed that the
appropriate starch (lower than 30 vol%), working as a pore-
forming agent, suppresses the driving force of densification
without affecting the connections of neighboring grains while
excessive starch would lead to the collapse of the porous
structure. This porous structure with ultra-high porosity s
considered potentially useful in many applications such as
heat-insulating structure, electrode in fuel cells and catalyst
support.
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Abstract Sintering temperature is a key parameter that
affects thermoelectric properties. In this study, a suit-
able temperature to synthesize thermoelectric properties of
low-cost delafossite CuAly gpFeq 1902 was  investigated
through the sintering of CuO, Al,O; and Fe,O; mixed
powder at 1333, 1423 and 1473 K. The optimum sintering
temperature is at 1333 K, where the single-phase CuAlO,
and the highest dimensionless figure of merit of 0.014 at
the measured temperature of 873 K were observed.
CuAlO, with trace amounts of CuQ, and CuAl,O4 and
CuO were found at the sintering temperature of 1423 and
1473 K, respectively. The highest Seebeck coefficient and
thermal conductivity was at the sintering temperature of
1473 K, with the maximum electrical conductivity and
power factor at the measured temperature of 873 K of
570" em™ and 9.81 x 107° Wm™' Lo respectively,

1 Introduction

Thermoelectric materials with high thermal energy con-
version efficiency are crucial for thermoelectric power
generation, the refrigeration of electronic devices, com-
bustion engines, concentrated solar radiation sources and
furnaces. In general, the performance or properties of
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thermoelectric materials depends on the temperature gra-
dient (A7) and the figure of merit (Z) and is described by
the dimensionless parameter (ZT) and power factor (PF)
[1-8]. The PF is the relationship between the Seebeck
coefficient and the electrical conductivity, which can be
written as PF = §°g, where § is the Seebeck coefficient
and o is the electrical conductivity. When PF is divided by
the thermal conductivity, k, the result is Z. The product of
Z and absolute temperature (7) is ZT. High electrical
conductivity, high Seebeck coefficient and low thermal
conductivity result in high Z, which indicates good ther-
moelectric performance, as the Seebeck coefficient, elec-
trical conductivity and thermal conductivity are interrelated
[5-7]. The improvement of the thermoelectric performance
requires the compromising of these thermoelectric prop-
erties. Yet according to the dimensionless parameter ZT,
thermoelectric performance can also be improved by
increasing the temperature gradients.

Due to poor chemical and physical stability under high
temperature in air and a relatively high level of toxicity of
thermoelectric materials in the chalcogenides group, ther-
moelectric oxide materials, including CuAlQ,, have been
investigated as  optional thermoelectric  materials
[4-6, 9-15]. Although thermal and chemical stability at
high temperature in air is high, with a low manufacturing
cost, the thermoelectric performance is lower than that of
semiconductor alloys [4-6, 8].

To date, delafossite CuAlO; has been studied by many
researchers. Its thermoelectric properties were first studied
in 2001 [16]. Conventional processes, such as solid-state
reaction and a sintering process at temperatures in the
range of 1323-1623 K, were applied to synthesize the
delafossite structure of CuAlO, with a low cost
[2, 5, 17-19]. An approach to increase thermoelectric
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properties using a conventional process is the substitution
of Ca [2, 5], Fe [6, 18] and Ni [19] in Al-sites. Park et al.
substituted 10 % of Al with Fe in the sintering of CuAlO,
at 1473 K for 20 h. The highest PF for CuAly ooFeg 160, of
1.1 x 107* Wm™" K™ was observed at a measured tem-
perature of 1140 K and a sintering temperature of 1473 K
[6]. The sintering temperature plays a major role on the
microstructure, such as phase, grain size and porosity,
which affects the thermoelectric properties. Therefore, this
study seeks an optimum temperature to synthesize good
thermoelectric properties CuAlg goFeg 00, using a low-
cost sintering process.

2 Experimental

Delafossite CuAlO, with 10 % Fe substituted in Al-sites
were prepared from a mixed powder of CuO (Sigma-
Aldrich, 99.99 %), Al,O; (Sigma-Aldrich, =98 %) and
Fe,O5 (Sigma-Aldrich, 99.99 %) sintered at 1333, 1423
and 1473 K, respectively. The mixed powder was ground
for 6 h using an alumina mortar. The ground samples, after
phase transformation analysis, were pressed into a rectan-
gular bar and sintered in air at various sintering tempera-
tures for 12 h. After that, they were rapidly cooled to room
temperature by quenching in air. The sintered samples were
then ground, pressed and sintered again twice in order to
obtain homogeneous samples and reduce the sintering time.
The sintering temperatures were chosen according to the
preliminary information of the phase transformation of
CuO, Al,O3 and Fe,0; mixed powder, using Differential
Scanning Calorimetry/Thermogravimetric Analysis (DSC/
TGA, Mettler Toledo) in air at the rate of 5 K per minute.
The crystal structure, phase segregation and grain size of
the sintered sample was analyzed by X-ray Diffraction
(XRD) (D8 ADVANCE, Bruker) and Scanning Electron
Microscope (SEM) (EVO MAI0, Zeiss). The Seebeck
coefficient and electrical conductivity were measured at the
temperature from 300 to 873 K using the DC four-terminal
method (ZEM-3, Ulvac-Riko, Inc.). Thermal conductivity
was examined using the laser flash method (TC-7000,
Ulvac-Riko, Inc.). The porosity of the sintered sample was
quantified using the mercury intrusion porosimetry method
(PoreMaster 33, Quantachrome).

3 Results and discussion

3.1 Delafossite structure of synthesized
CuAlggoFep 100,

The analysis of the weight change and suitable synthesis
temperature of the delafossite structure of CuAly goFeq 005

using DSC/TGA is shown in Fig. 1. Three sintering tem-
peratures of 1333, 1423 and 1473 K correspond to: at
phase transition, after phase transition, and for comparison
with other research. At the temperature of 1343 K, the
weight loss is 3.19 %, whereas the endothermic reaction
occurred between temperatures of 1333 and 1353 K. The
temperature range of the endothermic reaction is close to to
the study of Park et al. on the synthesis of CuAlg goFeg 200,
from CuO, Al,0; and Fe,0; at the temperature range of
1324-1359 K [6]. The weight loss and the endothermic
reaction is due to the solid-state reactions of the mixture
that formed CuAlO, as follows [1, 5-7, 20]:

CuO + A1103 —* CUA1204 (I)
CuAl,04 + CuO — 2CuAlO; + 1/20, (2)

In addition, the exothermic reaction was observed to
occur in the temperature range of 1353-1373 K. Further
analysis using XRD was conducted to understand this
exothermic reaction.

XRD patterns of the sintered powder mixture of CuO,
Al>O3 and Fe>O5 at 1333, 1423 and 1473 K is shown in
Fig. 2. At 1333 K, only the delafossite structure CuAlO,,
according to the matches with those in the JCPDF 75-2539
standard, was observed. At 1423 K, CuAlO, was detected
with trace amounts of CuO and at 1473 K, CuAlO,,
CuAl,O; and CuO were found. Reaction products at the
sintering temperature of 1473 K complied with the study of
Park et al. and Liou et al. [3, 6]. Please be advised that the
minor shift of CuAlO, peaks from the standard is caused by
the ionic radius difference between AlI** and Fe**, which
are 0.53 and 0.65 A [21], respectively. The ionic radius of
Fe* is larger than AL’; hence the XRD pattern of CuAlO,
peaks shifted slightly to the left, toward lower 20.

According to the analysis from both the DSC/TGA and
the XRD patterns, it could be implied that the exothermic
reaction is due to the change in delafossite CuAlO, to CuO

8
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Fig. 1 DSC/TGA measurement of CuO, Al,O; and Fe,0; mixed
powder
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Fig. 2 XRD patterns of the sintered CuO, Al,O; and Fe,;0; mixed
powder at a 1333 K, b 1423 K, and ¢ 1473 K

and CuAl,O,4. This change of delafossite CuAlO, is the
reversed solid-state reaction as written in Eq. (2) [22].

2CuAlO; + 1/20; — CuAl,O4 + CuO 3)

Single phase CuAlO, will occur when the sintering
temperature is lower than 1353 K. In this study the sin-
tering temperatures where an exothermic reaction occurred
are at 1423 and 1473 K yet they depend on the influence of
the sintering temperature on the microstructure and ther-
moelectric properties of sintered CuAlyooFeq 1005.

3.2 Effects of sintering temperature on grain size
and porosity

The SEM images shown the grain size of synthesized
CuAlygoFey 100, at various sintering temperatures is
illustrated in Fig. 3. The grain size and porosity as a per-
centage of sintered CuAlyggFep 00, at 1333, 1423 and
1437 K are summarized in Table 1. It can be seen that the
grain size increased with the sintering temperature, which
agrees with the study of Ashlyn Kirupa et al. [23]. As the
grain size increased, the density of the samples increased;
hence the porosity decreased. This is because most pores
were located at the grain boundaries [1].

@ Springer

3.3 Thermoelectric properties of synthesized
CuAly g9Feg 190,

Considering the Seebeck coefficient of sintered CuAly g,
Feg.100, samples at 1333, 1423 and 1473 K as shown in
Fig. 4a, the Seebeck coefficient of sintered CuAlggo.
Fep 100, as a function of measured temperature decreased
from room temperature up to 475 K then started to increase
at 873 K. The decrease of the Seebeck coefficient is due to
the increase of carrier density while the increase of the
Seebeck coefficient is because of the decrease in density of
the carrier [1]. The decrease of carrier density is caused by
the collision between the carrier and the dopant atom at a
higher temperature, in this case at more than 873 K. The
changes in the Seebeck coefficient as a function of mea-
sured temperature are in accordance with conventional
semiconductor theory [24] and the change in the Seebeck
coefficient is a function of carrier concentration and scat-
tering factor as reported by Park et al. as follows [1]:

~r—Inn, (4)

where r is the scattering factor and n. is the carrier
concentration.

The Seebeck coefficient as a function of sintering tem-
perature was found to increase with the sintering temper-
ature. The increase in the Seebeck coefficient is due to the
insulating properties of CuO and spinel CuAl,O,, which
are well-known insulators. The CuO phase lowers the
carrier concentration by hindering the transportation of the
carrier [25, 26]; hence the Seebeck coefficient is higher, as
shown in Eq. (4).

The change in the Seebeck coefficient with the sintering
temperature does not affect the pore phase or bulk density.
The effective medium theory (EMT) can quantitatively
explain the effect of pore phase on the Seebeck coefficient
in terms of thermal and electrical conductivities. This EMT
of the Seebeck coefficient of a two-phase composite system
for the porous Bi,Te; bulk has been recently described by
Zhao et al. as follows [27]:

6k (S:D;)
=¥ Ve el 5
AR, )
with D,‘ = a

The effective thermal and electrical conductivities of the
two-phase composite system can be estimated by the EMT
as (,’f;:zi) =0 and (J5) =0, where the subscript
i and <> denote the ith phase and volume average of the
property parameters, respectively. Both the thermal and
electrical conductivities of the pore phase are considered to
be zero. Therefore, it could be implied from Eq. (5) that the
pore phase has little or no influence on the Seebeck coef-

ficient compared with the carrier density.
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Fig. 3 SEM images of
CUAIQ‘QDFﬁo‘ |002 Samples
sintered at a 1333 K, b 1423 K
and ¢ 1473 K

Table 1 Grain size and percent porosity of CuAlj ooFeg 100> samples
sintered at 1333, 1423 and 1473 K

Sintering temperature (K) Grain size (um) Porosity (%)

1333 1-2 12.41
1423 4-5 953
1473 More than 5 2.14

The electrical conductivity of the CuAlygoFeq 00,
samples sintered at various temperatures—1333, 1423 and
1473 K—is as shown in Fig. 4b. The electrical conduc-
tivity tended to increase from the measured temperature at
room temperature to 873 K, which is a characteristic of the
semiconductor [7]. The relationship between the electrical
conductivity, carrier density and carrier mobility can be
written as in Eq. (6) below.

a = ngu (6)

where n is the carrier density, g is the electric charge
(C) and p is the carrier mobility (cm?® V™! s~ ).
Electrical conductivity is influenced by grain size and
porosity, as this affects the carrier mobility [28]. The
larger the grain size, the greater the electrical conductiv-
ity. The largest grain size was at 1473 K; hence the
electrical conductivity at 1473 K was the highest of the
three sintering temperatures. The electrical conductivity
reached the maximum of 5.70 Q™' cm™! at the maximum

measured temperature range of 873 K. Porosity varies
inversely with grain size. The high porosity at the sin-
tering temperature of 1333 K, compared to the other two
sintering temperatures, caused a significant decrease in
electrical conductivity and also thermal conductivity [21],
as can be seen from Fig. 4b.

In general, charge carriers must be excited from bound
charges to free charges followed by the mobility mecha-
nism in order to generate electronic transport in thermo-
electric materials. The variation of electrical conductivity
with the sintering temperature can then be explained
through the overall activation energy for conduction (E,),
which is equal to the summation of activation energy for
carrier mobility (E,) and activation energy for the pro-
duction of free carriers (Eg) [29, 30]. The relationship of
these activation energies can be written as in Eq. (7), as
follows:

Ec =E,+E;s (7)

Es, E; and E,, can be obtained from various relationships
summarized as follows:The relationship of the Seebeck
coefficient for a semiconductor is written as Eq. (8).

kg |[Er — Ey
e et 8
g e l: kBT ] ( )

where kg is Boltzmann’s constant, e is the electronic charge
constant, Er is the energy at Fermi level, Ey is the energy
of the valance-band edge and 7 is the absolute temperature.
Es is defined as the difference between Er and Ey,
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Fig. 4 a Seebeck coefficient of CuAly ggFe; 100, samples sintered at
various temperatures—1333, 1423 and 1473 K. b Electrical conduc-
tivity of CuAlg goFeq 100, samples sintered at various temperatures—
1333, 1423 and 1473 K

Es = Er — Ey. Therefore, Eq. (8) can be written as in
Eq. (9) below.

kg | Es
5=k {ﬁ] (9)

E; for one electronic charge constant is the slope of the plot
of the Seebeck coefficient as a function of 1000/7 as shown
in Fig. 5a. The Eg is depending on the sintering tempera-
ture, which implies that free charge carriers are easier to
ionize for the conduction mechanism at a lower sintering
temperature, in this case at 1333 K.

Electrical conductivity, which is known to be as
Eq. (10)

—E,
o = gpexp Tl

with the Arrhenius plot, E can be determined as the slope
of the Inc and 1000/T as shown in Fig. 5b. The activation
energy for conduction at the three sintering temperatures is
in the same range, with an average of 109.43 meV.

(10)

a Springer
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Fig. 5 a Activation energy for the production of free carriers (Eg) at
various sintering temperatures of 1333, 1423 and 1473 K, b Activa-
tion energy for conduction (E), at various sintering temperatures of
1333, 1423 and 1473 K, shows the average E, of 109.43 meV

According to Eq. (7), E, can be calculated using the
known Eg and E estimated from the slopes of the Seebeck
coefficient and Inc versus 1000/T. The relationship
between E, and j can be written as in Eq. (11) as follows
[29, 30]:

_Ey
H= Aexp 'kB—T

where A is a constant.

It can be implied that E, is mainly influenced by Eg,
rather than E,. E, tended to decrease with increasing sin-
tering temperatures in the range studied. As E, decreased,
carrier mobility, p, increased; hence the electrical

(11)
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conductivity increased with the measured and sintering
temperatures, and grain size in the range studied.

When considering the Seebeck coefficient together with
electrical conductivity in terms of the power factor of the
CuAlg goFeg 100, samples sintered at various temperatures
as shown in Fig. 6, the power factor increased as the
sintering temperature increased. The highest power factor
of 9.81 x 107> Wm™' K~2 at a measured temperature of
873 K is obtained from the synthesis at the sintering
temperature of 1473 K. This is the highest power factor
when compared with the power factor estimated at a
similar measured temperature of 873 K at the same
sintering temperature of 1473 K from the previous study
of Park et al. which is approximately 7.9 x
107 Wm™" K2 [6].

To investigate the dimensionless figure of merit, the
thermal conductivity of the CuAly goFeq 1,0, samples sin-
tered at various temperatures 1333, 1423 and 1473 K was
measured. In general, thermal conductivity occurs from the
movement of phonons and electrons according to the
k =k +k,, where k, = LyTa, where L, is the Lorenz
factor (2.45 x 107% WQK™?) according to the Wiede-
mann-Franz law [7, 31]. When measuring thermal con-
ductivity from room temperature to 873 K, the thermal
conductivity from electrons is very low compared to the
thermal conductivity from phonons as illustrated in Fig. 7a.
Therefore thermal conductivity is mainly influenced by
phonons. As the measured temperature increased, thermal
conductivity decreased, due to the scattering of phonons
[24].

The contribution of phonons to thermal conductivity can
be explained through the relationship of Umklapp phonons,
thermal conductivity and measured temperature as written
in Eq. (12) as follows [32]:

10 Tg = 1473K
94 -
= TS-1423K
o
¥ B84
£ 5] L
s 7 Tg =1333K
%
o 6-
b 4
5 54
ks} 4
8 44
5 >
£ o
Q' <4
24
1
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Fig. 6 Power factor of CuAlygyFeg 00, samples sintered at various
temperatures—1333, 1423 and 1473 K
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Fig. 7 a Thermal conductivity from phonons and electrons of
CuAlyeoFeg, 100, samples sintered at various temperatures—1333,
1423 and 1473 K, b Linear relationship of thermal conductivity
versus 1000/T at the sintering temperature of 1333, 1423 and 1473 K

(12)

where ky; is the Umklapp phonon, & is the proportionality
constant, T, is the melting temperature, M is the average
atomic mass, p is the density and T, is the measured
temperature. The Umklapp phonon is inversely propor-
tional to the measured temperature. When plotting thermal
conductivity versus 1000/T, as shown in Fig. 7b, a linear
relationship is observed. This implies that thermal con-
ductivity is influenced by the movement of phonons. In
addition, the declination of the slope of the plot is relative
to the density in the sample, as written in Eq. (12). The
slope of thermal conductivity versus 1000/T tends to
increase with the sintering temperature; hence increasing
the density of the synthesized CuAly goFeq, 1005 relative to
the sintering temperature. This tendency of density agrees

ky = 5{(3".")3/2M(_7/6)p2/3} 7N
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Fig. 8 Dimensionless figure of merit (ZT) of CuAlg goFeg. 1005
samples sintered at various temperatures—1333, 1423 and 1473 K

with the study of Park et al. that the density of sintered
CuAlO, at 1473 K is higher than that sintered at 1433 K
[1].

Porosity, which is a function of sintering temperature,
also contributes to thermal conductivity. The relationship
of thermal conductivity with porosity can be written as in
Eq. (13) below [33]:

k = ko(1 - P) (13)

where kq is the thermal conductivity at the theoretical
density and P is the porosity. The porosity varies inversely
with the sintering temperature. Therefore at a higher sin-
tering temperature, thermal conductivity is higher than at a
lower sintering temperature. In this study, the sintered
sample at 1473 K is observed to have higher thermal
conductivity than those at 1423 and 1333 K.

The highest dimensionless figure of merit of 0.014 is at
1333 K, while the lowest dimensionless figure of merit of
0.011 is at 1473 K, as shown in Fig. 8. The dimensionless
figure of merit is the multiplication of the figure of merit by
the absolute temperature and varies directly with its power
factor and inversely with thermal conductivity. Although
the highest power factor is at 1473 K, thermal conductivity
is also the highest at 1473 K at the measured temperature
of 873 K. Consequently, the calculated dimensionless fig-
ure of merit increases with decreased sintering temperature.
Therefore the optimum synthesized temperature for
CuAly goFe. 100, according to this study is 1333 K.

4 Conclusion
An optimum sintering temperature for delafossite
CuAlg goFeq. 100, with good thermoelectric properties at

low cost turned out to be 1333 K. Three sintering tem-
peratures of 1333, 1423 and 1473 K were chosen according

) Springer

to the DSC/TGA analysis. The endothermic reaction
occurred due to the solid-state reaction that formed
CuAlQ,. The exothermic reaction, which is the reversed
solid-state reaction that was observed, changed the
delafossite CuAlO; to CuO and CuAl,O,. The grain size of
sintered CuAlggoFeq 100, increased while the porosity
decreased with the sintering temperature. Thermal con-
ductivity reached its maximum at the sintering temperature
of 1473 K and measured temperature of 873 K, as the
porosity is the lowest for the sintering temperatures in the
range studied. The Seebeck coefficient was found to
increase as the sintering temperature increased. The See-
beck coefficient increased with the sintering temperature
because of the insulating properties of CuO and spinel
CuAl,O, from an exothermic reaction at higher sintering
temperatures in the range studied. Electrical conductivity
and power factors reached the maximum of 5.7 Q' ¢m™!
and 9.81 x 107> Wm™' K2, respectively, at the sintering
temperature of 1473 K and the measured temperature of
873 K. The highest dimensionless figure of merit was
estimated to be 0.014 at 1333 K.
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