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SUMMARY

I. Project Title

A Study on the Characteristics of Thermodynamic Chemical

Behaviors of Spinel Compounds

II. Objective and Importance of the Project

In PWR primary water chemistry system, the major component of the
protecting oxide film on the surface of metal-based material contacted with
coolant is spinel-structured compounds such as NixFesOs. Spinel compounds
form local radiation fields on the surface of the pipings, after dissolution and
transportation, accumulation, radio—activation, re-dissolution and transportation,
accumulation. For reducing the radiation fields, it is important to estimate the
water chemistry behaviors of the non-stoichiometric spinel compounds.

In this study, we investigate the high temperature thermodynamical
chemistry behaviors of the spinel compounds concerning the radiation field

formation.

ITII. Scope and Contents of Project

The characteristics of cation distribution in the spinel lattice was
estimated by thermodynamic calculation. The non-stoichiometry and the
change of free energy of single and mixed spinel compounds containing Fe*,
Ni?', Co” and Zn®" were calculated and evaluated. Nickel ferrite was
synthesized by co-precipitation method and identified, and a chemical system

for solution pH controlling and co-precipitate washing were selected.

IV. Results and Proposal for Applications

- The non-stoichiometric inverse and normal spinel models and their
cation transfer models were constructed.

- The chemical composition and the free energy change of site transfer
and formation for each single and mixed spinels dependent on initial
mole fraction and on temperature were calculated.

- It appeared that the ferrites containing iron, nickel or cobalt had inverse
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spinel structures, while that containing zinc had a normal spinel
structure.

Each calculated value of the chemical compositions, X and y, in a binary
or ternary mixed spinel system, A* B Fe’ |« (A% B* 1 yFe’ 1y)Os
(the k is initial mole fraction), in which A or B is Fe*, Ni*’, Co® or
Zn%, was shown to be compound-dependent. The whole free energy
changes of site transfer and formation appeared to be thermodynamically
well mixed when k was 0.5 and when the temperature was higher.

A nickel ferrite, NigsFe22504, was synthesized by co-precipitation method
and identified with EDX, XPS, XRD and SEM. When the system of
potassium carbonate and secondary distilled water were used as a
solution pH control agent and a co-precipitate washing agent
particularly, the final chemical composition was identical to the initial

composition.
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Fig. 1  Schematic diagram of the oxide layers formed on the surface of the

base metal in the water chemistry system
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< BEXEMET N &8 P5ol 46, cation distribution in the lattice), 3}3H4] (b
B, chemical formula) 2 d&& Uetlls W4 542 Table 29 2t} ©
Fol A ATIMY1049] A9 [ 15 ZHA FQOUNEE #6727, octahedral site)E, Ut
WA= AV A F(PUEifE SBA7, tetrahedral site)E 7FE )W, T 2 O 59 £
A= 2 w&ol2 9 Abs S El(R{LiIkAE, oxidation state)E 7l 21 th,

2y 313t Ee AA AA-2Td(ER -9 normal spinel) ¥ & -23d
G¥fi-2~39 inverse spinel) % FAAT AT (MR -2~ disordered
spinel) = F& ¥t

AA-2=9 A (EF -39, normal spinel)®] T3 AFPAA F(MUEEE A7,
tetrahedral site) ¥%te] 1/84 =& &ol&(&E F5ol<, metal cation) AL, 1
g EA EAONmEEE 47, octahedral site) 37+l 1/20] F<% %ol BE
AYar Aok ol= B WA F9ol gk AHAHO\mEE S iU,
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Table 2 General chemistry characteristics of spinel compounds

Metal =1 ) ahedral
Structure cation ctahedra General formula Example
. preference
distribution
MHMIHQO4 FeCr204
(most) Co"Co™,04
1/8 in MYMY,0 TiZn04
Normal tetrahedral Iy 11T o
. . A << B A M 504 SnCo0204
spinel and 1/2 in
octahedral Fe[Co"FeL,0,
MIZMIVO4 FeHI[FeHFeIII]2O4
Fe[NiFe]o04
MYM"%04 | ZnlZnTilO4
1/2 B in
Inverse tetrahedral Fe'[Co"Fe™],0,
spincl and /2B | A >> B |B"A"B™MO,
with A in M"™M™,0, | Fe'[Fe"Fe™],0,
octahedral
Fe[NiFe]-04
Disordered randomly . HAI ALl plll
spinel distributed A=B BEALIA B0,




octahedral site preference)°] &40l ARTF A =7] wjFo|r}t UAwkz ol 3}
st g A'B",]0,2 VERITH

-2 AGli-2~9 9 inverse spinel)® 2T AMAA 59 (tetrahedral site)
o] B9 1/2&, gla ZHA K9l (octahedral site)oll B2l vw =] 1/23}
o] AE AUt o= F&ol Be FHA Felo g A3 (octahedral
site preference)®] w0l AXRUT AR 7] utolu, dubA ]l 3}5kA &
BH[AHBHI]O4E Q'E]“{H‘T;}

FAN -~ (k-39 disordered spinel)S, 7FR Ao R wddH HA-
2 -2 d 5o gt o] HlE, §& Folo] FHEAMSHA FEH L
H] -8} 8ok = A (JE-{LE R #R1), non-stoichiometric)e] ™, BYA"B[A", .BM0O,& 1}
ER A T},

PWR 1241 FAANAAE(—XAM WeERY), primary system corrosion
product)®] F 3}gHES NicFes 040t o= HUZA &= IWES i3 744
AEol wAdA FAAE £3dte] PCo e YCoz WMEH ] Ni'y,ColFes «Os

= o5 AR AR Y, localized radiation field) 34

A
1=

B oo

it

5+ A, 19901/:]1—H ]—6 1] OJX} I

—_

2 ‘}7#]% }JA% A 7 O #
W (X9, radiation exposure reduction)o] T3 TAHNE Fo=, ofd IFg=E
(Mg &%, zine compound)S 1245 W 7b H(/\a}ﬂﬁ coolant)dll FYsAdY
AE WAL FGRIE AR i, system radiation level)o] =LA 7FAdAtiE Kl
7F ek ol= 29 & oA AN Folzo] ofl kol (nidlt Fhol, zinc
cation) & A SHWHA  AAE DAL AERH ol S-EM NS, zinc
cation—substituted solid solution)®] =& 3}8t% Aol W37l dojdri= A&

.,d
Lo-rl

.

GebA, o)5E FAOE Aud S4E Anusl Askl, 9L 9 2 44
A~y (B — - 2 i -2~99 single inverse and normal spinel)ol w3k 3}

Stdy olgo] EFY &£ 23S 29, mixed spineDoll wigk }stn

we Mgatgt
> B 9- % AY-29d 5

slstFE4l -~y d(inverse spinel)S D[AD]IOsZ, “d2F-223] 9 (normal
spinel)& B[D:]Os= ‘/}Elrlﬂ‘:ﬂ Fol&] 25 Fig. 3% 2ol =AY = 3
oWl &xoA olEo] Hyo] masld Folo EAd wel 747 A (1)
2 A @2 o -@ri} A (LB, chemical composition)®] H} T



Cation Distrilugtion Equiibritm after
Lattice Site I verse Spinel Lattice, Cation Distrilattion,
PIAD]O, AT D W IR 1D a1 0

;

Octatiedraf

Site : N - |
? (X O

-ak ’ ?

%

i -ab
2 < {)30 ’
: Teuahedral N = !
; Site : ]
o o |
Cation Distribution Equilibiiuin afte
Lattice Site i Norinad Spinel Lattice, {Cation Distribution,
B(DPD]O, B D By D™ 0010,
: ) . i ) )
* Octahedial :
Site : - »
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Fig. 3  Cation distribution in the lattice of inverse spinel and normal

spinel



9 —29d: p [A D] O, — A%ﬁ lta [A%ta 1+a] O, (1)

44— =99 B[D,)] O, » B, D" [By" Dit,]1 O, (2)

71 A, A9t B % D= AFAA 59 (tetrahedral site) W ©]-2o]a1, [A]¢} [B]
9 [D]i ZdA 9] (octahedral site) W o] o]t}

o - ~u e A, 37H={l, tri-valent)®] B4 o] DY AMH A F-9] (tetrahedral
site)ell A1 FHA 29 (octahedral site) =, 27Fe] F&ole AYS BHA B9
(octahedral site)oll A AP Al H-9](tetrahedral site)Z ©]&3ttal £ 4 o
2 Qe mHAG v, -2 da s 37te] F&ole DT #uA
9] (octahedral site)oll A AP Al 59| (tetrahedral site)2, 27}2] T4l B
AP Al -9 (tetrahedral site)ell Al ZH A H-9](octahedral site)® o] &3rtal &
T e, A ez yehdr

-9 . a DY - a [D*F] (3)
©a [A3+] > a A3+
o—=¥9d 4B’ - d[B'] )

d [D3+] S d D3+
=49 wd o] dEZI(entropy)ol 71oidtta 7FgstHE, F40]29 o)
7] (enthalpy) ¢} NEZ3](entropy)e] Wsl= 24 5) 2 4 6oz F

=2
=
rok
=
iu}
&

—~
Ul
=

o}
oq—2349 . AH°=a(pp — Dp)
44 —29d . AH =al(pp — pp)

o —2=9dl . AS°=—R[alna+2(1—a)ln(1—a)+2(1+a)ln(l+a)]
B — 2949 . AS°=—R[2bInb+(1—b)In(1—b)+(2—b)In(2—Dh)
—2In2]
Gibbs AFfroll 4 #] W 3}(free energy change) AG'+= &3} #t}
AG® = AH° — AS°T @

Alxke]l Hel A qaps A R)F ol wi/NW S (WENE# Y parameter) 2 A4 7 3}
At

dap = exp{—(pp—pa)/RT} ®)
apgp = exp{—(pp—pp)/RT}

2 9-9 % 9-34 £F 2949 n g

A-Avdl FRGE-299 JEE inverse-spinel structure)® A4 7 3E
o] gJojeo] 2xoA E3E SO H-gstFEA &3 A FE- LB ERTY 1
& 2299 non-stoichiometric mixed spinel)S FA A, 9-o ECH-U 1
1r. inverse-inverse mixed) =3 do] 3}3t4 RdS 2 (9)¢} o] A &

_10_



k [A2+D (A 1+a) 0,]
+(1—k) [BZ*D3F, (BiF 1+b) 04] )
= A2+B2+D1 X—y (A 1 k y 1+x+y) O4

—2udy QAg-se)d @r"“LDO] st - EF 29ds o
H, 9-44 SFCh-FEHR G, inverse-normal mixed) 23] 4dle] 3}3}4

A (10)3 #Zo] dAs = & Udu:

ox
o g

’

=

to

td
1

k [A§+D?ifa (AL, 1+a) 04]
+(1_k [ D3+ (B2+D b) O] (10)
= A2+B2+D1 X—y (A 1 k y 1+x+y) 04

& 9, 247 9-20d FxE X]‘d FeFe;0, 2 CoFexO4 7 3}3HE 0]
o -9 ZICGH-5 KA, inverse-inverse mixed) 239l s}k wdl
AD) 3 zo] AAH T :

k [Fel"Felt (Fe%:FeHa) 0,]

+(1_k) [CO +Fe (CO l+b) 04] (11)
= Fe2+Co2+Fe1 ‘v (Fe FCoit Fell ,) Oy

i

o rlo

1

> o

o]zt ~vdlo] 3lslxA W AES HY O R Qoo LA 3t Ayd
o] 3} 2A (fLEMH L, chemical composition) 2 Aoy A #HES 7+ F AU

o,
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oF HeoA AAg ~9dd slekE mdSo] g AMAS F9st
3, d9sty 3 AF (BB (LEERE), thermodynamic chemical behavior)
EANS =E35%
L 2T u-saRE AL 29

oA AARE a b, x D y= AW TFE o|FE 7 FEolL HE(K
component)®] 3}8tFA ({LEH K, chemical composition)S YEFW = 1] -3}&
E(FEALE F5, non-stoichiometry)S 9w stt}, ©U (B single) =949 &
(3, inverse)-2~3] A3} AA(IEY, normal)-2~3d ZAo] #HEE a ¥ bE AL
a7 flgk AEe ted Zo] fFEEHW, ol52 2x WAA(CX JSiEX,
quadratic equation)®] 3l (f#, solution)= -3}zl t} :
B8 — 298 (1— qpp) 02+ 3qppb—2a=0 (12)
=29 (1-gap) @' Pqap)a—qap=0 (13)
A —, single) =99 3FEo] Aoy A WSH(H WA ##1L, free
energy change) AG’+s= (¥, inverse)-2=3 Ao 799 2] (14)¢F 2o a4
o} .

S

12 o9

AG® = app — aDpa (14)
4+ RT[alha+2(1—a)n(1—a)+(14+a)In(1+a)]

A(EH, normal)-2=9 4] A= A (15)9 #Zo] 3T ¢
= bpp — bopp (15)
+ R T [bInb+2(1—=b)In(1—b)+(1+b)In(1+b)]

= # Faud 2GRS 299 fiLA, mixed spinel composition)
of #HE x % yES A4S AT AES OEH Zo] fFREH, o5
Newton—-Raphson Iteration o2 +& < At} :

x (1+x+y) / [(k=x)(1—x—=y)]=aap = 0 (16)
x (1+x+y) / [I-k—x)1—x—y)]—agp = 0

g =94 33E9 Z}Troﬂﬂxl H3H(H ol YA ##1L, free energy change)

AG'E 953 ol FalAY. 9-9 EFCH- R4, inverse-inverse mixed)
23] ¢ <TﬂLfJuﬂ47%1£‘%ﬂ
AG® = —(x—ka)py + (b—kb—y)pg (17)

t+(katv—-kb—x—y)pp + Z, + Zy + Z;

_12_



oA71eNA, Zi, Zo R Zs2 G5 2

Z, = RT[xIhxtyhy+ (I-x—y)h(d—x—y)
+(k—x)In((k—x)/2) (18)
+(1—-k—y)In((1—-k—y)/2)
+(1+x+y)h((1+x+y)/2) ]

Z,= RTk[alna+ (1-a)ln(l—a)

+(1—a)In((1—a)/2) (19)
+(1+a)In((1+a)/2) ]
Zy = —-RT({U-k)[bInb + (1-b)ln(1—b)
+(1-b)In((1—b)/2) (20)

+(1+b)In((1+b)/2) 1]
2 B 234 H-3sFE A

1A 2Hed A48 FAULEES AAWFe; 049 22 H]-3}
A A EGRARLY), mixed oxide)EEZ YENE 4 Atk 1 35
Fe(ID«Fe(IlD3 «O4, Ni(IDFe(IID3 «O4, Co(ID<Fe(Ill)3 <04, Zn(IDyFe(IlD3 «O4
2 ~vd 3gEEo]| thl ststg o] o A= 4 vk H(iron), Y
(nickel), I E(cobalt) ¥ o} (zinc)s T3t #eto] Elferrite) 59 ol
E(Ppol /4n, cation distribution) 543 Aol =] WS doll A A ##1L,
free energy change) #E< T3
FeFexO4 NiFe)Os CoFexOs4 2 ZnFe 048] 50 X+ 2 (1) 2 2 (29
et 2 (213 Zo] AAd & Q)

Fe [Fe Fe] 0, — Fe’® Felt, [Fei’, Feli,] 0,

Mmook
o2
o rft

ot ox,

M opl 8o

Fe [Ni Fe] O, — NiZ* Fel®, [Nif, Fellf,]1 0,
Fe [Co Fe] 0, — Co%" Feif, [Coif, Feil,] 0,

Zn [Fe Fe] O, — Zn%*, Fel® [Zni' Fed®,] O,

7 2o wel S gap B ogeps A (®) 9a 3 v, AL
ELH B, chemical composition) a2t bS 2] (12)9F 2] (13)9] 23 #A 2] 9] & &2,
1251 Gibbs Aol WAl WS ol A ##1L, free energy change) AG’E 2
(14) 2 2 (15)& *38t¥, Table 3 ¥ Fig. 49} Fig. 5 #°] Yepdt} ojuof,
A EAF AR GRAzEC ol Y A], octahedral site preference energy)
PA, ps, pp #Ee Kleppa 52 H°lH[2]E At&3to] F3F3At

Fig. 4ol B, FeFe049F NiFex0,9 44, tli-39] Fe’'o] 23 Ni*'o]2o]
=] 25~400Tol A 7z ZHA FONmEE 7, octahedral site)E F-r

b Aoz dEsh o= €3 AJ-2ud(%es i-29)d, complete inverse

_13_



Table 3 The values of chemical composition and Gibbs free energy change

(kJ/mol) of several single spinels with temperature

2% 123 2 3
Fe " .Fe’ 1.a(Fe™"1.Fe’ 1..)O4

Temp () 25 50 100 200 300 400

a 6.60E-05 | 1.39E-04 | 457E-04 | 2.31E-03 | 6.56E-03 | 1.35E-02

1-a 1.00E+00 | 1.00E+00 | 1.00E+00 | 9.98E-01 | 9.93E-01 | 9.86E-01

1+a 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.01E+00 | 1.01E+00

AG® -16E-04 | -3.7E-04 | -14E-03 | -9.1E-03 | -3.2E-02 | -7.7E-02

-2 8 :2 3
Ni“",Fe” 1-a(Ni”"1-.Fe’"1:.) Oy

Temp () 25 50 100 200 300 400

a 292E-13 | 272E-12 | 9.65E-11 | 1.26E-08 | 3.02E-07 | 2.81E-06

1-a 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00

1+a 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00

AG® -712E-13 | -73E-12 | -3.0E-10 | -5.0E-08 | -14E-06 | -1.6E-05

2 3 2 3
Co +aFe +1*a<CO +1*aFe +1+a)04

Temp () 25 50 100 200 300 400

a 746E-02 | 8.64E-02 | 1.08E-01 | 1.44E-01 | 1.71E-01 | 1.92E-01

1-a 9.25E-01 | 9.14E-01 | 8.92E-01 | 856E-01 | 829E-01 | 8.08E-01

1+a 1.07E+00 | 1.09E+00 | 1.11E+00 | 1.14E+00 | 1.17E+00 | 1.19E+00

AG® -2.1E-01 | -26E-01 | -39E-01 | -69E-01 | -1.0E+00 | -1.4E+00

Zn” 1 pFe’ y(Zn” WFe’ 5 )0y

Temp () 25 50 100 200 300 400

b 8.88E-02 | 1.08E-01 | 146E-01 | 2.16E-01 | 2.75E-01 | 3.23E-01

1-b 9.11E-01 | 8.92E-01 | 854E-01 | 7.84E-01 | 7.25E-01 | 6.77E-01

2-b 191E+00 | 1.89E+00 | 1.85E+00 | 1.78E+00 | 1.73E+00 | 1.68E+00

AG® -46E-01 | -6.0E-01 | -9.6E-01 | -19E+00 | -2.9E+00 | -4.1E+00

_14_




T T T
05K 2+ 3+ 2+ 3+ .
0 0 Fe aFe 1-a(F§ 1-aF§ 1+a)o4
5 o Ni*' Fe™ (Ni*, Fe™ )O,
@© 04 H 2+ 3+ 2+ 3+ -
g- | Co2 aFe 31_a(Co2 1-ane 1+a)O4
= o3l ® Zn Fe (Zn" Fe"  )O, I ¢
O -
o ®
g °
O 02t ® . -
—_— [ ] u
® = n
9 [ J 5 n
=
01 o ®  °® .
2 e =
@)
00F o © o) o) o) o B B o A
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400

Temperature, °C

Fig. 4 Cation distribution with temperature in some spinel compounds
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T T T
5L i
L 2+ 3+ 2+ 3+
4 - = F62 aFe3 1-a(FS 1 F? 1+a)o4 =
3 [ O Ni 2aFe - (Ni ; F ;+a)04 ]
(_ED 2 H " C02 aFe 31_a(C02 1- F3 1+a) 4 .
= 1L e Zn Fe (Zn" Fe", )O, ]
~
5 O0F o) o) o) o) 0 0 Q Q
I R R
E -1.— ’ ® : . - u |
o ® oL ( ] -
O 2 i °
- °
4L . -
5L i
1 1 1 1

" " 1 " " 1 " " ! " " 1
0 50 100 150 200 250 300 350 400

Temperature, °C

Fig. 5 The Gibbs free energy change with temperature in some spinel

compounds
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spinel) FXE& Aduan & F Atk CoFe048 A5, 25ToA
Co” norFe” 095[Co” ngnsFe” 107504, 300T A Co™o1iFe” 05[Co” ossFe’ 1171042] 3}
8} 2 ({LELL L, chemical composition)S ZH=Th 2 Co™'o] &8 25T oA AMH
A F-A(pumis Az, tetrahedral site)E A9 HRFSEA Zx giF R ZHA F
AOUNEHE 67, octahedral site)g HrstdA F-239d FxE AYAR, 30
0CoAE o 17%7F APAA] 92 A3t B0 Co™ol2 oF 83%7F &
A F9E AFstEA, ESAS -394 FEROES i-2ad jEE,
incomplete inverse spinel structure)E ©]&t}. HHA, ZnFe.049] -9+, 25T
ol A Zn” ooFe” 000l Zn” oooFe’ 191104, 300C A Zn* ozsFe’ 0or[Zn” o 27Fe™ 173104, ]
8t x2dS AUk F Co™'olLo] 25T A oF 91%7F APHEA RS AGste
Rb, 300Col M= o 27%Rke] AbEAl F91E AFddh o= 25~300C ==
ol A ZnFe047F ESASHAI T Ad-23do] 7M7he 7325 Adus A& 9
n gtk webA, SFO 2 ZnFeOss tHE dWolle BA-23dE AlksteE Ao
gA st & & Qv
N

ojg]g wed 23|I 2o

ju)
-

2

w2 g}e A W3lE Table 39 72 &9
55 =A% Fig. 59 Aoy A W3t 4=
of o]af thA] FelE 5 Aok =, Aol R W3 AG7F FeFex049F NiFe049]
= st 22X wE zol7t AL gl WHA, CoFex049]
o= 25TClA -0.21 kJ/molel™ 300ColA -1.0 k]/mol& UEon &%
7V &4 E q-20d Fxe] Wyl d9std oz 9o F AudEHTE o
4= G4 dojdtie= 3s & 5 Ak 3, ZnFe049] 4ol = 25T el A
-0.46 kJ/molel™ 300ColA -2.9 kJ/mol& YEl}on Lw7} 28548 o- Ay
9 o] Wyl d9gHor 919 A AfdErt oS A4 dojdrta &

F

[r
2

2ol WESs s B, ZH(iron), Y Z(nickel), Z¥E(cobalt)S $3st=
Zho]l E(ferrite) 52 -2 FE2E AYH, ofd(zinc)o] FTHE HEoEE
Ad-2md F2E Adra @& F Qu ols olES EFAZE A g Ui F

83 AR & 5 9T
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F9o &3t 294l sl A 2=3d LB, mixed spinel species) R @ E
AR slar, 3tz A ((LEHILEL, chemical composition)®} AF-froll =] W 3H([F ol
U2 ##k, free energy change)oll tist E3A s} AE(EIEN) (LESRE),

thermodynamic chemical behavior) 545 =%33t}.
L E% 209 d-segE A 2d

T oY 29— 299 single spinel)o] &3 o 3}1/}94 =3 ~9d
(E& 299, mixed spine)<S AAste 45, 2 3H8wbE&A 2 A1de] 4 (10)
I ol vkl = 9l

k [A{"Di (AiZDiry) Of]

+(1—k) [B3', D" (BHD b) 0,] (10)
= A2+B2+D1 X—y (A Bl k—y 1+x+y) 0,
o] AollA D F&Holeg Fe'om A9 BT FHol258& 77 Fe¥', Ni¥,
23l (LEE, mixed

Co’ ®x Zn” o= X@ate] 2t £ 29 GehE (G
spinel  species)?] FsHAES HW 24 (22) ¥ 2237
Fe2+Fez+Fe1 x—y (Fe%{erFel k— yFel+X+y) 04
FeZ+NiZ+Fel X—y (Fe%<+xNil k—y 1+x+y) 04 (22)

2+~ 2+ 2+

Fe CO F61 x—y (F €x— xcol k— y 1+x+y) 04
2+ 2+ 2+

Fe}'Znj Fel x—y (Fei” xan k—y 1+x+y) 0y

2+C02+Fel X—y (Nl XCOI k— yFel+X+y) 04
N2+Zn2+Fe1 X—y (Nl %+k y 1+x+y) 04 (23>
C02+Zn2+Fel X—y (CO%(+XZH1 k—y 1+x+y) 04

o] &3t 23 gegFEAG 2=9d [LEFE, mixed spinel species)E°] g
3} 2 A (LB, chemical composition)¥} Aol =] WH3F([ ol | A s#1L,
free energy change)& At=3stH ths9 &3 2o

2 Fe-f £F 2949 sst24 L AU At AY

@ 2394l FeFeOy 318tFo] M= &dd 4, L sstrde 2 (24)9
2ol verd = 9l
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k [FeiFel” (Fe?lFeHa) 0,]

+(1—k) [Fei*Felt, (Feif Fell,) 0,] (24)

= FeZ+FeZ+Fel X—y (Fe%<+xFel k— yFe%Ix-‘t—y) 04
Fe;'Fei’, (Fel’,Feil,) 0,& & HelA o-2ud Fx(i-29d ji,
inverse spinel structure)® YE}OBE R %3 o]5o] &3 HE AP E
A-o ~Ayjd Z(Gi-i 2349 JH4, inverse-inverse spinel mixing) o & UHF
Aot 9-o &3 ~v)de] v]-3FsttE(JE-1bEL E i, non-stoichiometry)¥} A}
ol A W[ ol A ##1l, free energy change):= 21 (14)¢F 24 (16) 2 2]

(A7)l o&f Fatgich vl= o] Ao Fe*' 2 Fe'' 7l §Ud getgozr A
2 395 o)Fsyegts EuE v §l& Aoz ogdh
Fig. 6= 300ColA Z7]¥bs =2 E@®HKHE &=/ initial mole fraction) k

Epdinh g 2o x B oy @ Wy /o &, L4 R 9
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Fig. 19 The change of free energy of site transfer, AG’sie transfer, Of
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fraction k at 300C
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Fig. 20 The change of free energy of site transfer, AG’ste transter, Of
AT B Fe’ | (A% B ey Fe ) O varied with

temperature at initial mole fraction k = 0.5
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Fig. 21 The change of free energy of formation, A G’omation, Of

2 2 2+ 2+ 3+ . . ..
AT B Fe’ |« (A% BY 1k JFe’ 1xiy)Oy varied with initial mole

fraction k at 300C
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Fig. 22 The change of free energy of formation, A G’ormation, Of A2+XB2+y
Fe¥ | (A% B 1y Fe’ 1xy)Os  varied with temperature at

initial mole fraction k = 0.5
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[k

A4d 29d ez €98 A Z=2a9¥

% golA e vd % BF 299 HFEG - W B 27

3T

E?‘J

9 {b45%), single and mixed spinel compound)E9] E9sts spstxA L A
ol LA WSk E) (LB 2 Biiol YA 1k, thermodynamic chemical
composition and free energy change) #ES T3F7] ¢33 AWk 2 &2 wfgo
2, 0l55 Bt &olatAl AF=Estr] $13F Excel Basic AZEg ol & AR5t 7
AEEORE AAskd
H(iron), YA (nickel), ¥ E(cobalt) @ o} (zinc)S st oo dHetol

E (ferrite) 55 o= a3

Fe2+Fe2+Fe1 x—y (Fej Fel k- yFel+x+y) 0y

F62+N12+Fel Xy (Fei-‘—xNil k—y l+x+y) 0y (31)

241 2+ a2t
Coy 'Fey Fel x—y (Co" 1 k— y 1+x+y) 0,4
2t 2+ 2+
Fel Zny Fel w—y (Fexl xznl k—yE 1+x+y) Oy

2+C02+Fe1 %y (Nizt XC01 k— y 1+x+y) Oy
N2+Ni2+Zn1 x—y (Nl xznl k—v l+x+y) 04 (32)
Zl’l2+co2+Fe1 xX—y (an*x %tk v l+x+y) 04

A4t a1 e] Z(calculation algorithm)-& Fig. 233 7t}

O 2=, temperature) T, %71 ERE@IH & 7%, initial mole
fraction) k, W]-3}&F2 AFCE-LEEi R¥, non-stoichiometric coefficient)
a, b, 2 x, y, 183l F-flo]s Aol vy WHstGIAzEE H ol v A 81k, free
energy change of site transfer) A G sie-twanster, 878 Aoy =] WS4 Hib

ol 4 A #1t, free energy change of formation) A G%omation o 2] dimensions A
gk},

@ =% T, 7] 2%F kY 9@, boundary condition)S A2
- gEsta, 43 AU A GBS ol |J A, site preference energy) his ¢
EEl=g

@ w-3sUFE AF a b, F x, y, LB F9olF }%oﬂqx] W3l A
Gsite-transter, 878 Aol WA W3t AG fmation o= & Aol =3 A4 Gt

F, calculation equation)= AF&3}e] 2F&=3d}™, Newton-Raphson iteration()<
) o2 271X (PiH, initial value)S A3t 23t}
@ 7t 23] 2% 9 %7 EFE o sy 2 ZAfduyA WskE

ro
=

o =
= =
|

=)
o

of B BAH ANARES FE Aol AFAE = Aok

R4

e
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C__ Mixed spinel composition calcuiation i)

= Dim:T.kabxydGs.etc.. "=

¥

input : Es, T,k

] Calculate site preference energies : hi ]

!

| Calculate free energy changes of single spinels : dG¢’; |

I

! Calculate non-stoichiometric parameters of 2-component spinels : a. b; j

I

l Calculate free energy changes of 2-component spinels : dG,° l

Y

| Setinitial value |

I

Calculate non-stoichiometric parameters of 3-component mixed spinels : x;.

o

Newton-Raphson iteration T ————

B

{ Calculate free energy changes of 3-component mixed spinels : dG,°%

!

) // Qutput e
— : temperature- and Initial mole-dependent

|

C Mixed spinel composition caleulation

Fig. 23 Algorithm for calculation of chemical composition and free

energy dependent on temperature and initial mole fraction
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A 52 29d sekEd ¢4 R =2

PWR 125 53187 (— &l KILEL R4, primary water chemistry system)

B2 A A E(E B 814, corrosion production oxide)S A& A o 72
YA ko] E(nickel ferrite)Q! Ao 4l vt o= dvrd o2 NigFes (O
o FHE AUY(3], = FEEA FNizb =A-u DASUEL-N L,
in-core radio-activation)ell €] PCoz W3tal7] wj&o] I ARG (RES ik
F#3%, local radiation field)& FAste FLUJA(EEEA, major source)o] H
o yAdgolEx, A S ASERGSE LY, mixed metal
oxide)ol ™, &FF WM (H:kk, co-precipitation method)oll 9] A %= < loHA4].
A golEE FHORE Axdtes AGole, F899 pHE =487 95t
ammonial} potassium carbonateE Al&3tH, FHEHN, co-precipitate) S
Al H (VEik, washing)st?] faiM = o5 F&odolut 23T T (L RIRHK,
secondary distilled water)E AF&tth5]. 12, o] SFEEL =24 - 554
S (WHny - LB ##bE, physical - chemical characteristics)©] Zo]al7] it
o, o]go] HFHow A= YAdolES FstzALEMEM:, chemical
condition) o] W Y A2k T-RES, particulate structure)oll T X+ <d ko] T2 A
A =949 =9 dostd  getAs SAEDEN ALERE) ke,
thermodynamic chemistry characteristics)S 2gd o=z w#slr] 9side Y
7 (nickel) 2} Z(iron) A}e]2] & H](mole ratio)(Ni/Fe)E& 4 &slA Alxst= Aol

s

Por

2 Ao A=, TN ARG (EG S E, experimental apparatus for
synthesis) & A &stal 1 Qb A &3t 234l NigpFers048 A2g F, 12 &

AR (i BEfENE high temperature furnace) W Q. E-S Alg&3to] AJAGY,
specimen)S W&, EDX, XPS, XRD ¥ SEM<S AM&3te] HIFAAHES =4
(#:, physical property)¥ 3}8F324d ({LEHLAEL, chemical composition)S 213}
At

1. YA GolE &4

4&3 Ni/Fe & HE AW YA glo|EE A xsl7] f5td, 89 pH =
AA KR pH HEIH, solution—pH controlling agent)® ammonia(25%)t}+

Y=

potassium carbonateE, 3= MHAACGLIY PEHEH, co-precipitate washing

=z=a2 X~ =

[e}
agent) = ammonia T8 o]t} potassium carbonate FEH L 2X}FHFEE
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L3319t ol BT Al eFF(GAEERN, reagent grade)?] AldrichAF A& o] At}
A AR (AR, synthesis apparatus)© Fig. 24¢F #ow 25CTE /X517
3t e (E{E KM, constant-temperature vessel) ¢rell wWFE-87)(WF&8-7]
reaction container)& X}l F 7] AFTH(ZEEGERET, air-protecting) & A A7) A
(% FMS, nitrogen gas) & w5 eI (PHGALE, supplying line)¥ ¢ %%(i@#&b
%, homogeneous mixing)< €18t WREZ](HEFPEE, stirrer) 2 A7l FH AUk
Il AR, additive injection line) ¥ pH 57 591 GAI'E (7, measuring site)
ToE A

TR o yAdgtol|Ee] A 2HA(BikE synthesis procedure) =
Fig. 25¢ 2t} 01 /19 Ni(NO3)p % Fe(NO%)Q B8 M(RHAER, mother
solution) & A Z3lar, o] K€ Z+zb 250mA FHato]l 22 Wk &7 Wi 25T
oANA &gt EFARAH, mixed solution)o] F7]9F HFde AS 97
et AAE FYsAA 1AE Bk Rk, stirring)dta =8 pHE =
At pH7F 100] 2 wj7hx] =8 pH ZAA|OKEw pH #9Ei#4, solution
pH controlling agent)Z dropping funnel® FY3stHA T3 &S tAdstar 347
Eo} A A AT}

TR =GN, co-precipitate)= Al Z A (WEHEH, washing agent)Z A & 331
of (i, filter)d Foll, 100TCelA 4AIZF &<k A =(EZERE, vacuum
drying) AlAt AZ2E AXAES F7| 7 (ZLE 5%, air atmosphere) 3}2]
A7) 7V 2 (EEMEE electrical heating furnace) WollA 1050C = 3F A (KREE,
calcination) A| Zth. o] = ] (¥)#%, grinding)dte] 3000 1b = o= PR,
pressing)dtil, Fig. 263 #zFo] A7 12mm 2 o] 4me H23 971589 A&A
GAJr, specimen)= AZFeFATh olE TAl TRV SHY AT R el A
S5 (HIHE, heating rate)S 10C/minC. & 3Fo] 1300TColA 6417 ot B A&
A A7 Fo, skl FAA (o HTEEL analysis sample) 2 AF-8-38} 3T

AxE HZAWAE(EAmY, final product)®] 3}stxA ((LEMH K, chemical
composition)< EDX(Akashi Beam Technology/Microspec)® 24138},
XPS(Fisons, Escalab 200i)%2 3}st2] AbstAlel (LAY B 1LiIRRE, oxidation state)
£ g2l XRD(Model PW-1710, Philips Co., CuKa, 40kV, 20mA, scan
speed 40/min, 3] A ZH([af7ff, refracting angle) (28) 5~65°)% PAY] F+2E
A OB T35 ME,  particle structure characteristics)S  #¢1&}a1, SEM(Akashi
Beam Technology/Microspec, accelerating voltage : 3~40kV)o. 2 <2} e (ki
TRE, particle form)S #2353t}

2. YAseelE £4 2
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A : Mother
Solution

B : N, gas line
€ : Stirrer

D : pH meter 11
E:NHOH of K,COped T |
F: Reacting vessel

F j o

i
.

N
f
N

sy
Y d

Fig. 24 Schematic diagram of an experimental apparatus for ferrite

synthesis

_46_.



Prepare Ni- and Fe-contalning solutions

y

Mix them with stirring at 25 T for 1 hour under N; gas flow

Drop K,CO; or NH4OH
into the reactor up to pH 10
and stir for 3 hours

k

Mix them with stirring at 25 T for 1 hour under N; gas flow

Co-precipitation products formed

Wash with distilled water or with pH-10 aqueous solution
then filter

h

Vacuum-~dry at 100 for 4 hours, then heat at 1050 for 1 hour

h.
Heat ar 1300 for & hours in a box furnace
then finally obtain nickel ferrite

Fig. 25 Procedure for nickel ferrite synthesis by co-precipitation
method
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-« 12 min >

Fig. 26 The test specimen pressed under 3000 Ibs for chemical analysis



&9 pH =44 2 FH= AHACKEHWK pH #HaisE 2 Loty ek,
solution—-pH controlling agent and co-precipitate washing agent)2] Z3to] =
YA E (e, final product)oll WX FFGEE, effect)s FolR 7] $18}h
o] Table 49} o] 7 A& AAsAoh

XRD A AF(pHrfb i, analysis result):= Fig. 273 #Zo] yElytth BE A
w29 ¥ FHUZE, form)7F NiFe:O,(UAF glo] E, 208=30.3, 35.7, 57.4, 62.9)
2 Fe,Os(maghemite, 20=24.2)% 21 % ¢t}

XPS B4 A (HHr#ES, analysis result):= Fig. 283} #o] yetwt zF ¥=
So] % =& A9 A (binding energy) 02 X9-FHed|, ol A7
22 e AEE AR (LI T, oxide lattice)”} @A E 7] W& o]t} nwk
A E(CRBE M7y, un-reacted component)o]l W3 3] F+= YERLR] ko o]

24 mEke AEESo] 1300Ce oA F7] F bk o3 Al
oxidation) 2 E5F 2F3tE FEN(B(LY) RE, oxide form)Z AT HJAY} FHE

AH AN AAHJTHL & 5 vk o] XPS ZA¥+=, XRD Z#¢ &
A3 E o] AA Uikt kY fidh, final oxide crystal)oll = w]9H$-5-(CF ) JiE
un-reacted component)o] EASHA] XSS HojFEria & 4 Sk

EDX A2 3 (/¥ #5%:, analysis result)s= Table 50 Aglslgct HE413E
(&%, final oxide)e] 3FskzAd ({LELHLE, chemical composition)S, pH %=
A2 potassium carbonateE AF&3 ¢ 22STHITE FHES AFHI aol H
9ol = NipurFer23042 YEFSES ™, pH 109 potassium carbonate <840 &
SRS AHEE b AFol= NigzFers04= YWERS T BFH, ammoniaE pH
ZAAZ AMES 2T HITE FHEES AFHT co HSole Nio62%F6247704i
eyt oW potassium carbonate & % (pH 10) 0. 2 %79 S AFH3 do 4
o= NiosorFezs0304%2 YHEFSE

Table 4°] A= aol digt SEM A4 I (7 #r#5 L, analysis result)= Fig. 29
o} okt 89 pH FAAE potassium carbonateE A3 A9(a 2 b=

-5 10mm ©)8ke] JAZ 7K, particle size)E X 2™, ammonias A& 3H
B5-(c B de dYds 42715 BoFAT

UAddelelE S Hdl T 2719-SE @I EY), initial reactant) W
Ni/Fe & HZ AxH g & HFTAAAY ALY, final product)®] Ni/Fe
= H7F o9 WekerE Au 7] f15ke, RareEs 2 (23)3% o] Aot -

Initial mole ratio of Ni/F (23)
Final mole ratio of Ni/Fe

7k 9ol & Ranires a(0.994) > b(0.981) >> ¢(0.761) > d(0.633)= ERF

th Z, 89 pH ZAAE potassium carbonateE AH&3h= 492 Ryre’t
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Table 4 Experimental combination of pH controlling agent with

co—precipitate washing agent

Sample pH control agent Co-precipitate washing agent

a Second distilled water

Potassium carbonate

b Potassium carbonate (pH 10)

c Second distilled water
Ammonia

d Ammonia (pH 10)
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£ Tami

Fig. 27 XRD of the synthesized nickel ferrite
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Fig. 28 XPS of the synthesized nickel ferrite
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Table 5 EDX analysis of the

powders calcinated at 1300°C for 6 hours

sampte | St [ wioe | e | Amie | Rk | Compes

08 39 6.74 11.71 20.24

K 19 0.31 0.53 0.38 0.65
a Fe 26 39.78 68.84 34.34 59.47 2.253
Ni 28 13.8 23.89 11.34 19.71 0.747

Sum 57.77 100.00 57.77 100.00

08 44 7.56 13.02 22.37

K 19 0.42 0.73 0.51 0.88
b Fe 26 39.69 68.25 33.64 57.84 2.261
Ni 28 13.65 23.46 11.01 18.92 0.739

Sum 58.16 100.00 58.16 100.00

08 2.76 478 8.65 14.99

K 19 0.02 0.03 0.02 0.04
C Fe 26 44.98 77.94 40.50 70.17 2477
Ni 28 9.96 17.25 8.54 14.8 0.523

Sum 57.71 100.00 57.71 100.00

08 3.32 592 10.19 18.13

K 19 0.07 0.12 0.09 0.15
d Fe 26 41.74 74.18 36.68 65.19 2.393
Ni 28 11.07 19.78 9.25 16.54 0.607

Sum 56.19 100.00 56.19 100.00
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TFig. 29 SEM of the synthesized nickel ferrite



ol

ammonias AH&dtE 499 Rarelhth 2™ A9 1o Hdth =3 o] Rure
< THE MAHAAZ ammoniag A&t A47F 2ASRTE AMEStE AR
o g Zr}h o], Fe(llDY ammoniadl Wdh Hst=CHAIEL, affinity) 2 Ni(ID)<]
ammonia®} ] 23}(751k, complexation) 74 & W<l Ao = —7}7{3%‘:}.

ubebA, YA elolEo]l FFE A (ML, final composition)®] %75 H
(®WHUIE A H, initial injection ratio)®} 719 &Y% & pH =HA -3 & A
A ACKEW pH SHETE -y PEEH R, solution-pH controlling agent -

co-precipitate washing agent system), =, potassium carbonate-22}5 7 Zl

off

(potassium carbonate - secondary distilled water system)Z AF-&3t= Zo] H
o A e FA3 =0 (G EUEME, synthesis condition)e] 2l & 4 9l
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H3&% £ &8

AL H A 125 FEEAlE (A M K(LELRHE, primary-side water
chemistry system) W ®AMVAA A (Y 2L, radiation field formation)
AsE sstE de 875HE 294 33 s 1 A9 (miE 21BN,
high temperature thermodynamic) 3}8tA 5 E5A4S 1#sla, FAFH duyA
(B2l ol =], site preference energy)E EQd3dte] dstz 3etxi W3}
(BTJE (BB 8%k, thermodynamic chemical composition change) 34 &
9 =Eote], WA Ao AL, radiation field reduction) 7]7*

(B, mechanism)el the 44714 % B7p71E9) A0 FESA.

- H]-3stEH A-~ydGfi-2~34d inverse spinel)2 D[AD]O,Z, BA-
29 (B -2 normal spinel) S B[D.]Os= A3, ol o5 (b
o] & F#), cation transfer) R 9S Y33t}

A (H— single) =393y} &3t ~9d(E4G 299 mixed spinel)ol]
St ==(WLEE, temperature) % =7|HbS SR EWIMIKIE B/, initial
reaction mole fraction) ko] W& 3SFEAULEALK, chemical
composition) % F9] o] F G E), site transfer) Aol =] wW3lel A
(BB, formation) Aol YA WEtE Fob= ALA S st ALs
R s

- wd 2de gigk AbAe ostH, H(ron), YZA(nickel), ILYE
(cobalt) & 343l #leto] E(ferrite)l Fe*'.Fe’'| o(Fe®' | aFe’' 1.0, Ni*',
Fe'' La(Ni*' L Fe 1,00, Co™ Fe’ | a(Fe®' 1..Co” 1y Fe’ 1) 05 o -3
TZGi-2~0d [ inverse spinel structure)ZE, ©}4(zinc)o] ¥ ¥
Zto] EQl Zn*\Fe'' | ,(Zn” 1 Fe’ 1.)0s s AA-2adl F2(Fi -2 K
i, normal spinel structure)E AU&= Aoz e

- 2AEA 3% E4, binary mixed) ¥ del H U mWE
B ode  FastE o] E(ferrite)?] Fet'\Fe’ Fe'' (Fe*'«
Fe* |y Fe’ 1ixy) 04, Fe* NIt Fe' |y (Fe” Ni*" 1 yFe’ 1y)0s, Fe'iCo™y
Fe''| o (Fe”' Co™ 1k yFe' 11xy) Oy, Fe* Zn” \Fe'' | (Fe™ . Zn" 11y
Fe'' )0y 2 3R EA EF(ZWH% 4, ternary mixed) 22799l
Ni?'Co® yFe® |y (NI, xCo” 1y Fe¥'1e)Os 3 Nit'Zn® \Fe®' | (NI

2+ 3+ 2+ 2+ 3+ 2+ 2+ 3+
Zl’l ]7kfyFe ]+x+y)o4 ‘;‘l CO XZI’I y Fe 1—X—y(CO k—xZH 1—k—yFe 1+x+y>o4oﬂ qzl

e
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Haterial Integiity

Oxide Stabilization

Chemistry Optimization

vortosion Resistance mprovemant
Material Designs

Transition Metat (Zn) kyjection
Holle Metat Addition

faterial Scdence

Oxide Chemistiy

Fig. 30 Basic parameters

Adh Amine Appicati
Dizpersawt Addition

Water Chemistiy

for 1mproving material integrity, oxide

stabilization and chemistry optimization in water chemistry

systems of the nuclear power plants
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- YA o] EQ]l NippFernsOss W UL, co-precipitation) &2 A2
3lal EDX, XPS, XRD ¥ SEMo.2 #4] eldt & zAgegolES HF
ZA (e, final composition)©] 7] FYHSGEALR)T} Ao T
stA vEtveE RO EA, F8&d pH ZHEACKEW pH MEIH,
solution pH control agent) - & & A A A GLkA YEs#Hl, co-precipitate

washing agent) Zl+ potassium carbonate-2xt5F Al7F LS A4
ESa=

2 AFAY AN & 2 27|k EEEGRE 2 WINKE E0%
temperature and initial reaction mole fraction)o]l W& 7z} &3 ~ydEo] 3}
ZA (LEL Y, chemical composition) % Aol =] H B[] tholl YA 8#1k, free
energy change) S E2, YUY E A&t FAH SR, process), 53] YA}
A (T 18T, nuclear power plant) @742 AR F-2A A ECGRH
ME JEehE Y, corrosion product of system material) S 9] & stA $H7 (24 ))
Yy 5% thermodynamical environment)ol] w2 31875 ({LEEE), chemical
behavior)& 7}t Aol 72AERE E8E F s Aotk

E3] Fig. 303 #o] ofdFd (Mg A, zinc injection) ¥ A% HI7HE S
7shn, noble metal addition) 5o 2 YA A0 AlFAAD A A 7R ),
corrosion reduction)= & A Eo] A= AR F318H7] = OKBEEA,
water chemistry technology) HoFoll A A FH 4Aslete] AHsts stz 2

=
St = So thalk al A Sk(fighT T- B, analysis tool) &2 &&= 4 A0S Aot}

T A

B

iy

a7 el J B gAY F AR AU AT S s
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A | 2] B Ab 3}
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