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SUMMARY

The safety and efficiency concerns have arisen due to an increase of CRUD
(Chalk River Unidentified Deposits) on the fuel surface, since the long-term fuel
cycle were introduced in PWRs (Pressurized Water Reactors). This fuel CRUD
has been reported to create a well-known AOA (axial offset anomaly)
phenomena and an increase in the dose rate of the working area. At present,
many approaches and researches have been carried out to mitigate a fuel CRUD
formation. As the chemical composition of CRUD gives us the information on the
source and the impact of CRUD, the chemical analysis of a fuel CRUD is one of
the important subjects in relation to the determination of the optimal reactor
coolant chemistry. However, it takes lots of time and cost to chemically analyze
fuel CRUD by wusing the conventional method, including the collection of
radioactive CRUD {from the spent fuel rods.

The LIBS (laser induced breakdown spectroscopy) is one of the best
methods to analyze the elemental composition of metal oxide samples without the
pre-treatment process such as the dissolution of samples. In general, as the
intensities of emission spectra caused by laser beams depends mainly on the
structure and composition of target materials so called the matrix effect, the
emission spectrum database on various metallic oxides should be prepared in
order to apply the LIBS technique for the analysis of CRUD.

In the present study, we prepared various metal mixed oxides to obtain LIBS
spectrum database for the analysis of CRUD. The metal oxides were synthesized
by a hydrolysis of nickel nitrate and iron nitrate mixed solutions and heat treated
under a high temperature steam condition. Their composition, structure and
chemical bonding were identified by using ICP-AES (Inductive Coupled Plasma
- Atomic Emission Spectroscopy) spectra, XRD (X-Ray Diffraction) patterns and
FT-IR (Fourier Transform-Infrared Spectroscopy) spectra, respectively. After
this, the emission spectrum database of the metals including Ni, Fe, Cr, B in the
oxides were established in order to analyze the CRUD. In addition, we established
a laser beam ftransport technique by using an optical fiber to improve the

mobility of the analysis system.



CONTENTS

Chapter 1. Introduction - 1
Chapter 2. The present R&D state--—-mm o o 3
Section 2-1. State of domestic technology -----------------------mmmmmmmmmmm e 3
Section 2-2. State of international technology ---------------------=-----------mmmmoooo 4
Chapter 3. R&D contents and result - 6
Section 3-1. Preparation and chemical characteristics of simulated crud --------- 6
1. Preparation of simulated crud -----------===-=mmmmmmmmmrm o 6
A. Simulation of reaction condition for crud formation ----------------------------- 6

B. Preparation of Fe-Ni mixed oxides ------===---======rmmmmmmmmmmmoo oo 3

C. Preparation of Ni-Cr-Fe mixed oxides----------------------------mmmmmmmmmmooooo oo 10

D. Preparation of Ni-B-Fe mixed oxides----------=--====----mmmmmmmmmmom o 12

E. Preparation of Ni-Zn-Fe mixed oxides - 14

F. Preparation of Ni-Si-Fe mixed oxides -—------=-----======mmmmmmmmmmoo oo 16

G. Preparation of B-Fe mixed oxides - 18

2. Chemical characteristics of simulated crud -----------=---=-==------m-mmmmmmmoooee 20
A. Chemical characteristics of Fe-Ni mixed oxides --------------------mmmommm 20

(1) Thermal behaviour of Fe-Ni mixed oxides-------------=---=-mmmmmomomoev 20

(2) Characteristics of crystal structure and chemical bonding -------------- 22

B. Chemical characteristics of Ni-Cr-Fe mixed oxides------------=-----=--=-----= 27

(1) Thermal behaviour of Ni-Cr-Fe mixed oxides-----------------------------=- 27

(2) Characteristics of crystal structure and chemical bonding ---------------- 27

C. Chemical characteristics of Ni-B-Fe mixed oxides-------------------------— 32

(1) Thermal behaviour of Ni-B-Fe mixed oxides ---------------=---mm-m-mooo- 32

(2) Characteristics of crystal structure and chemical bonding ---------------- 32

Section 3-2. Deposition of crud in high temperature and high pressure loop



2. Deposition of crud by using high temperature and high pressure loop system

*************************************************************************************************** 40
A. Crud deposition under Fe-Ni solution condition ---------------=---mmmmmmmmmm- 40
B. Deposition characteristic of Fe-Ni oxide deposits -------------------------------- 40

(1) Deposition behaviour of Fe-Ni oxide deposits -------------=--========--=----- 40

(2) Elemental composition and crystal structure of deposits ---------------- 40
C. Crud deposition under Fe-Ni-Zn-Cr-Si solution condition -------------------- 42
D. Characteristic of deposition composed of Fe, Ni, Zn, Cr, Si----------------- 42

(1) Deposition behaviour of Fe-Ni-Zn-Cr-Si oxide deposits ------------------- 42

(2) Elemental composition and IR absorption of deposit ----------------------- 42

Section 3-3. Establishment of LIBS system and a remote transmission system

of laser beam ~=--------mrmrmmr 44

1. Establishment of LIBS system for crud analysis----------------------------m------ 44

2. Performance test of LIBS system - 46

3. Establishment of a remote transmission of laser beam system with optical
110 e T T i o 49

4. Feasibility test a remote transmission system of laser beam system with
optical fiber —---------m-mmmmr ol
Section 3-4. Establishment of LIBS spectrum data for analyzing crud and
impure materials found in nuclear power plants--—------------------ 92

1. LIBS spectrum data of Fe-Ni mixed oxide -----------------------mmmmmmmmmmo o o2

2. LIBS spectrum data of Ni-Cr-Fe mixed oxide ----------------m-mommmmomo- 90

3. LIBS spectrum data of Ni-Zn-Fe mixed oxide ----------------------------m--mmo-- o8

4. LIBS spectrum data of Ni-Si-Fe mixed oxide --------------------mmmmmmmmm 61

5. LIBS spectrum data of B-Fe mixed oxide ----------------------m-mmmmmmmmo e 64
Chapter 4. Achievement and its contribution to the related fields------------------- 67
Chapter 5. Technology developments and its application plans ------------------------ 63
References --------------m-mmmmmmomo s 69

_|v_



tHr

A2 = Ve e d

EAzx Y s 5

EAb=E

S|
=

Al 1

3 E
= |

= 3

2. BALAH

=K

=K

E
=

329 se

<7

-
-
folm
%
)
NG

=K

(2) Y

1. 22 7% loop AHE



xa

ol

Az 74

A

L.

et

'V

ool
eyl
N

—

:AU
bl

-—

ol

&l

(1)

et

TEH A4

A

B

&l o]

o)
=

& A

4 LIBS

-

A 34 A

44

=

1. 28= &4& LIBS &A +

2. 29

AA

4 LIBS

o

et |

LIBS 23 Ed ol o]~ 2=

3

3
OOJ

% g9

ki3

52
99
o8

61

=
=

=Y dolguel s 7

&9 LIBS &

P

=¥

U E3

&l

1.

= o __
=

2

EY dolgH| o]

=)
359 LIBS 2" EZ do|guolA~ F

<]

o oo
.;L

=
T oo

= o __
=

o] LIBS Z2FEY H o] o]~

]
=

s}
&9 LIBS 29 EZ ©o|guol A~ F

64

=

A5 APALAFE FE AE oo 68

_\/l_



FH
i
>

Table 1-1. Fe/Ni ratios of Fe-Ni mixed oxides. - 9

Table 1-2. Cr contents of Ni-Cr-Fe mixed oxides after heat treatments. Heat

treatment was carried out at 500C for 8 h, - 11
Table 1-3. B contents of Ni-B-Fe mixed oxides. ——--------------=-=mmmmmmmmmmmmmmmmmo e 13
Table 1-4. Ni/Zn/Fe ratio of Ni-Zn-Fe mixed oxides, --=-------==--mmmmmmmmmmmmmooooo- 15

Table 1-5. Si contents of Ni-Si-Fe mixed oxides after heat treatments. Heat

treatment was carried out at 500C for 8 h,---------=-----mmmmmmmm 17

Table 1-6. B contents in Fe oxides after heat treatments. Heat treatment was

carried out at 350C for 3 h under air condition, - 19

Table 2-1. Chemical composition of metal oxide deposits obtained from metallic

iy, <mnemm e 43

Table 4-1. Mean values and standard deviations of Fe intensity, -------------------- 54

Table 4-2. Mean values and standard deviations of Cr intensity with internal

reference of Ni intensity., - 57

Table 4-3. Mean values and standard deviations of Cr intensity with internal

reference of Fe intensity. - 57
Table 4-4. Mean values and standard deviations of Ni intensity.-------------------- 60
Table 4-5. Mean values and standard deviations of Zn intensity.-------------------- 60

- Vil -



Table 4-6. Mean values and standard deviations of Si intensity with internal

reference of Ni intensity. - 63

Table 4-7. Mean values and standard deviations of Si intensity with internal

reference of Fe intensity. ------------rmmmmmmmmmmmmm 63

Table 4-8. Mean values and standard deviations of B intensity with internal

reference of Fe intensity. -----------------mmm 66

- Vil -



Fig. 1-1. Preparation of simulated crud: metal oxide pellets sealed by quartz

Fig. 1-2. TG-DSC curves of Fe/Ni mixture: a) Fe/Ni=0 (only Ni), b)
Fe/Ni=07, ¢c) Fe/Ni=14, d) Fe/Ni=20, e) Fe/Ni= (only Fe). ---------------- 21

Fig. 1-3. X-ray diffraction patterns of mixed oxides with various weight ratios of
Fe/Ni. NiO(H), NiFe:O4(@), FesO3(A), Fes04(V¥): a) Fe/Ni=0 (Ni only), b)
Fe/Ni=0.7, c) Fe/Ni=14, d) Fe/Ni=20, e) Fe/Ni=o (Fe only). - 24

Fig. 1-4. FT-IR spectra of Fe-Ni mixed oxides with various weight ratios of
Fe/Ni: a) Fe/Ni=0 (Ni only), b) Fe/Ni=0.7, ¢) Fe/Ni=14, d) Fe/Ni=20, e)
Fe/Ni=00 (Fe only). e 26

Fig. 1-5. TG/DSC curves of Ni-Cr-Fe mixture. (containing Cr 10 wt.%) - 29

Fig. 1-6. X-ray diffraction patterns of Ni-Cr-Fe mixed oxides. NiO(H), NiFe;O,
(@), NiCr:04(A): a) 1 wt.% Cr, b) 5 wt.% Cr, ¢) 10 wt.% Cr.---- 30

Fig. 1-7. FT-IR spectra of Ni-Cr-Fe mixed oxides: a) 1 wt.% Cr, b) 5 wt.%
Cr, ¢) 10 Wt.% Cr. - 31

Fig. 1-8. TG/DSC curves of Ni-B-Fe mixture. (containing B 2 wt% in mixture
with Ni/Fe= 1.5 wt. ratio) - 34

Fig. 1-9. X-ray diffraction patterns of Ni-B-Fe mixed oxides. Peaks

corresponding to NiO(H), NiFe;:O4(@), Fe:O3(A) NisFe(BO3)O2(V¥): a) B 0.3
Wt%. b) B 1 Wt%, ¢) B 2 Wt%. d) B 4 Wt%, - 35

_|X_



Fig. 1-10. FT-IR spectra of Ni-B-Fe mixed oxides: a) B 0.3wt.%, b) B 1wt.%,
c) B2wt.% d) B 4wt %, - 36

Fig. 2-1. Photo of high temperature and high pressure loop system.---------------- 38

Fig. 2-2. Photo of crud deposition reactor. (Heater parts not installed)

Fig. 2-3. Photo and diagram of zircaloy cladding heater, -----------------------------—- 39

Fig. 2-4. Zircaloy surface covered with metal oxide deposits after the test in the

solution with 10 ppm Fe and 2 ppm Ni. (320C, 13 MPa, for 40 h) --------------- 41

Fig. 2-5. X-ray diffraction pattern of metal oxides deposited on surface of
zircaloy cladding heater. Test solution: 10 ppm Fe and 2 ppm Ni, Temp.: 3207C,
pressure: 13 MPa test time: 40 h. - 41

Fig. 2-6. Zircaloy surface covered with metal oxide deposits. test solution: 20
ppm Fe, 5 ppm Ni, 5 ppm Zn, 0.5 ppm Cr and 05 ppm Si (320C, 125 MPa,
for 40 ) -----—-—-—---————---J- - A BEsSsas 43

Fig. 2-7. FT-IR spectrum of metal oxide deposit obtained from metallic filter.
Test solution: 20 ppm Fe, 5 ppm Ni, 5 ppm Zn, 05 ppm Cr and 05 ppm Si

solution, Temperature: 320C, Pressure: 12.5 MPa, Reaction time: 40 h --—------- 43
Fig. 3-1. Scheme of LIBS system for crud analysis. -------------------=----------------- 45
Fig. 3-2. Photo of LIBS system for crud analysis, --------------------------------mmmmmom- 45
Fig. 3-3. Photo of spectrometer of LIBS system.-----------------------m-mmmommmmm o 45
Fig. 3-4. Photo of plasma induced by laser pulse. ------------------------------mmmmmooo 47



Fig. 3-5. Photo of crater at Cu pellet surface produced by Laser ablation.

Fig. 3-7. Comparison of LIBS intensities about standard sample (532, 355 nm). 48

Fig. 3-8. Photo of a remote transmission system of laser beam. a: optical fiber,

b: biconvex lens, c: beam homogenizer --------------mm-mmsmsmomoiooioooooooooooo 50

Fig. 3-9. Photo of a beam homogenizer (left) and cylinder type lens of beam
homogenizer (right). - 50

Fig. 4-1. Emission spectra and relative LIBS intensity of Fe-Ni mixed oxide: a)
Emission spectra of mixed oxide with Fe/Ni(wt. ratio) = 0.688, 1.424, 1.975, b)

Relationship between Fe content and relative LIBS intensity

Fig. 4-2. Emission spectra and relative LIBS intensity of Cr: a) Emission spectra
of Ni-Cr-Fe mixed oxide, b) Relationship between Cr content and relative LIBS
intensity at 359.349 nm. - 56

Fig. 4-3. Emission spectra and relative LIBS intensity of Ni and Zn: a) Emission
spectra of Ni-Zn-Fe mixed oxide, b) Relationship between Ni, Zn contents and
relative LIBS intensity -------------------------mmmmmm 59
Fig. 4-4. Emission spectra and relative LIBS intensity of Si: a) Emission spectra
of Ni-Si-Fe mixed oxides, b) Relationship between Si content and relative LIBS

intensity at 288.158 nm ——— 62

Fig. 4-5. Emission spectra and relative LIBS intensity of B: a) Emission spectra

_Xl_



of B-Fe mixed oxides, b) Relationship between B content and relative LIBS
intensity at 249.773 nm - 65

- Xl -



M.

-

KO

A1

1278 Lol A 18704

=
=

A 71

Ag

il
i

o]

—_
o
oF

oj

00

g

[e)

7] e #EA

(subcooled boiling)

=

o

]

B
o|J

Bl
Do

N
)
e

m
B/

o

~
NJo

%ol

st AA
(dissolved hydrogen

of AHL UTh

%239 A A (ultrasonic cleaning)

=
=,

WA} 8} 5]

at

Ao 2 HE of7]H

|

712 ot F<9 (zinc addition) 7]
272 pH (elevated pH)

st TAAE S
HAF I7

o

o

h
71,

ol ¢} &

—_
o

% 9

Q.
o

U A

71

&5

3|
&

7ol

Sol dA

control)

K

o)
o

G

)

I

—_
o

0

il
b

—

o

x
B

oM &

—

<
ot
<
J|J

R

oW

i

JJ.)

—_
o

T
pig

~

ol

(=)

—_
fiTe)

=3
[i%e)

)

jze]

~X
b

-—

Gz
B/
T

HA

i

A2 okl A

A

],

7hetel weh A

A 7t

=
fei3
]

[$}

27t

_g_}\é o]

=

1

)
°

R

oh

JJ

R

¢

oV

i)

!
X
]
T 0
)
= 0
el

o|J
ot
o

—_—

0
N
e

NJ

= =0

bl g s

= MNE ZAMS

=1}
L=

gl o] A
LIBS (laser induced breakdown spectroscopy) WS A 89 Axz A glo)

&t7] o

S

o

.

el Htel 7

o ¢

=1}
=i

Al Aok 22y g eolA

<

°]

Q.

o



—

HolEZ LIBS 71&€< A

R =

E g A
=5

el

s

1 3}

7}

AR

Rl W 1

del o

|

et

)

HEY dolEuo] s FHIL Mook

O~

LIBS

1

)
pul

CECR!

]

o
<]

L=

H HlolEH o]~ 3

=)
H|

h

I

o

&

RS

<

==

°] Ni, Fe, Cr, B &

FAc Le

[

71 (FT-IR) & XA}

A
A

ol

_Zrl

7 gE ST

R

i
il

7
4o



T

o
pl

=

]

o]

7he v

=

o

of AT A ET}

=

RN

= S7HA7171 o

Al 18 =W 7]

yasel

oh

o

Yo

ol A

S

e wwel As

T
w
=)
v
b
Ho

o}
4
+

N

bt
=0

Fof o]
7]

°

.
T

T

ol
o] 7}

173 (SEM) 3%

A

=L
A3
oA,

vl
Jo] o] 014 7] of
st 7R
z}

A

be-of
q

R

stth. 18y LIBS

g 7

o
/\é/&

S

A4
=

(<13

?_

H

Al kel

o

o)
Zj
49 ol g

o

1

j

il

] AR 7= 24

R

&

}

o
9
pl

T

EF A= A
[ =

5]
wl
=

]

o) &
2

=

f

A 7FA A8

P

ot

=

FAT1.2].

o

A2l 74 glel v

ol 7}

Alg

[

o

A
=

A

= o
I
I

=)L O
FFE AF
S
T

1

Al
2

o )7t

FATH5.61.
Laser Induced Breakdown Spectroscopy(LIBS)+ LA,

28 Ak Eofol A, LIBSE o] &

1
R

sl

S
2

AR &4 71 (EPMA)
=

EN
LIBS

=

1

G

W
™

)

Bl

W
oo

of LIBS7} 4

S|
A~

o o

-

L AAIRE

71A]

o}

A

y

s
Rius

[e]

s 8.

3ot

|

El 1ol

g

Fell A LIBS

LN

Ho

==l
=

A

R Y

<

s

v
o
Zul

Ko

ol A

2

o ol A EFAl

14 91
243 obelitel

©
T

B3

e
o

£
7}3

J

=

FA T

S

ted LIBS 7e<s €&

[

]

b

[e)

171

S

T

=]
=

= 7N

)
=

E

al

s



ANEE Az om, AEFH 532, 355, 266 nm A9 #FolAH WS YAl
st BASHE Fekzete] WHFAM7IE ZH2 vlast ok A S YA
735l 7HA g whagel wls) gl 71 7F oF 108} SUhete A
YA7F 41.72-515,5 ppm _1_@' H NIST ¥FA525H Sr A
AAXAE FAL °)EFE oF 15 ppme] HEIAE A
£ ZA317] 9189 U7 500-5000 ppmel E§H
U% o] AlEZ%E 500 ppme LIBS H¢lE 2 HEZIAE AAG7].
A LIBSE ol&3ted ¥xg i AFTAL] &%, 2H<d
9 AL FF i THTLEAN FFE AolE FEsHAUTE 9]
+ 355 nm FFe Nd:YAG #HolAE &9 10 mJ= ZAtste &2
ARANA 2+ FE44EY emission spectrumS HAEeA T @ax7te =
485~575 nm & G oA Vet Cr/Fe9t Mo/Fe®l emission peak®]
o] gate] FEIACH, 2HHAGE] FRHRE 485~575 nm FHFYF ol
¥+ Mo peak® A o Fo oz FREAT AFZd AE d=54 TF
20~510 nm IFFGHolA EeElE Cr/Fe9t Ni/Fe9 emission peak®] H]E
ted FEskA T8
S $H7 okl = LIBSE ol &3 EY, t7], &3 8749 2d=2=
7] 43 A7t AgEHL Ao FFAEIEA[9]M =

o NP n;&i RURNA
= o o 1o ko -
- o o
My L =~ 2 ol %’
R [o E E
—_>‘:1 0_1.,
N

o e du (N r2 wE
o]:o o e e

R

i

o

ANZeR
LIBS A282 olg3te] SGEY ANE Fo @RIl FF%(As Cd
Pb)S #H3Gth EPNEE YO A2 F AREA BL Fo] 5~

22 1064 nm IFolA 120 mJQl Nd:YAG lasergE YAMAA &
3 %, Z2F2v19 emission spectrume FA3IY ES U &
= AR EXYStu[10]dAM = AFE FafolA A FH
sk WA R Ca Y49 g Fol Foksle

A#}E EYQE sto] LIBSE ol &3 sl &4 2d Al 7€ A& 7HsAds

A Al 3F L H

o
oz
1o
2
Y
(o
il
2

LIBSE 1962 4] o]
o AFor A7 LA FEHAUT. I o
b s Thde Zokoll AFgEe stoh H
71719 71e NER Qdste] 24 F o=, 3. <+
FEHEAT LIBSE #&= Zk=vk F5 233 (ICP-AES)
Fetzrt A9 S4HACP-MS)# 2 tE 34 Wyl vst
At FgE=rF Do olH e He HEsy] flste] F fe] oA
AFE-3F= double-pulse LIBSOl gk A-F[11,12], 7150 RHA O Z ALE

P>
=
i
[o
i)
©
(o]
(@)
rL
-~ -{01'

-
& e
wn
rr

)
o
2
d
!

—_

ox, ML ox 2

ol
fT (2
o 2
to !
N
rlo i)

e

ox rlr

r {
L
okﬂ
kol
-
oS
wn
oX

rr
H

2 Fo
o
JLL VR P A e [ U

o
oo o o O ox o T



‘)rlw:fiio dolA e} AT B3t 3 e XEY HEX HoJAE o] &3 Y
T [12,13] o] B =i Ut

=& Az Fofel A, LIBS & tigt A+&= A 4 #H7]
I3 FEE] Be AFEo] MPFH T vk Al Whitehouse S[14]1& J=2
A AR FAAA TAE AL #H 71 &< steel componentE 2 A7)
< 9]_,_01]/\1 gdolA Ha ZASte] BMAMIHZIEY AR 48T Steel
component®] w4 A IdAF AAHE FAHNA AAEE  zirconium
molybdate®] F¥ F/Y4< Mot Zro]l AE= At

Masaki Oba S[12]2 ddge AREAY

g
4 A
o 1%

F

< HME X double LIBSS I EZX single LIBSE ©]&3to B W3 H O

=R S|

=4

e o EAS YEl £ intensityes HEX double LIBSOlA] #2493 43
oANAM F7tete Aol dFEAT

Arnab Sarkar $[15]2 Aol ZAL #H71E ol £d¥ platinum Al<E
°f ¥%¢ Pd. Rh. Rus &4s7] flsted LIBSE ol&3atth 7ol 1064
nm¢ Nd:YAG laserE &3 200 mJE A8t Al59] Zetzuls A A
A LIBS emission spectrume< AU F% H$ 0~1000 ppm<? Pd, Rh, Ru
o) RFEEH S Axs] 2tz Pxo) td LIBS spectrume A F4E 29l
sk



=
B\l

oK
010

=
110

<

-l

ol

In

T

o)

-

KO

A3

ze)

wjr

[l
<1

5 3

A Z&

s

A 1A BEAAY

8= AY dF[1.2]e dntdo R

o,
AT AL A loopd] FwE wHA W

=

RN

1. BAa8E Alx

¢+
ol
Mo

ol
ﬁO
o
o

olo
A+

5

o}
™

o ol

S Ty

at717F o1g 7]

S

3t
4

[

T

3}

Fol of

be 249 a9=g 4
[¢}

°

R

4

HAl Ao

5,

[

(e}
a

=

Xél'

£

!

=0

°]

SR TH3.4].

ofo

A AHEE A

Zl

Nd

o obgsh gl T35

o

]—0

=

/\Oﬁlﬂ

o A

|

oV

ol

0

X
N

0|

N
o

%

=~0

AV
0(G/1)/oT)) p=—H] T*
0(AGI T)/oT)) , =— AH/ T
dG= Vdp—SdT
(OAG/oP) ;= AV=~0

Gibbs function dependence on temperature
Gibbs function dependence on pressure

FesO3 + NiO — NiFeOy,



ol
T
o

0

BAANAT, RS Al F&

il
W

) 2}o]

o

ol
s

7}3]

KeX
=

8 55 kg/cm’

3]

3 &t T

]

&
ol

0

s

Ae g 4

]
=

A

~N
£
(o]
3
Q/N\/

o
i
=

=
©
i_
@
o
£
©

z

oy

i)

I

Pellet

Steam
C

Fig. 1-1. Preparation of simulated crud: metal oxide pellets sealed by quartz

tubes.



Nd

]

-4 E kst

&l

L.

)

o

|

A9 ol

B
L

, MY EloE 202 d#x JuH3.4.6].

s

A} o]
3} UAR pAHdE AYEE o
2M Fe(NO3)3¢F 2M Ni(NO3)22]

0.7, 14, 2.0, co(Fe only)°]

o
=

)

Yz

45 o] £,

S T

o AA= Az

KeN
1=

H] 7} 0(Ni only),

kel
T

o]

o= AAsAT

ol

ot

r

ol

;ot

0, 0.688, 1.424, 1.975, only FeZ A X A

T
.

A A g

=

7‘(4/

Aah 2 o)

°ol-&

o
=

H(ICP-AES)

-
o

= B
=

e A

—_
file)

=

ol
ol
-

o)
o

veel

O

7}k

o
=

g AZ A Y7 55 kg/cm’e 4F

stel @-1]

R

Lol A

1
ofJ
!

AL
00

B

i
o

% olgatel 2}

FAIH (TG-DSC)

ol

ol

ol

H(FT-IR)

-
[e]

W(XRD)3} 94 F5 3

4 24

- A

al

Abetz] flste], X



Table 1-1. Fe/Ni ratios of Fe-Ni mixed oxides.

Mixing ratio Measured Fe/Ni wt. ratio
(wt. ratio) of Fe/Ni by ICP-AES

0 (Ni only) 0

0.7 0.688

14 1.424

2.0 1.975

oo (Fe only ) oo (Fe only )
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Table 1-2. Cr contents of Ni-Cr-Fe mixed oxides after heat treatments. Heat

treatment was carried out at 500C for 8 h.

Mixing ratio of Cr in mixed oxides Cr content in mixed oxides after
(Wt.96) heat treatment measured by
EPMA (wt.%)
0 0
0.05 0.02
0.1 0.10
0.5 0.30
! 0.72
3 3.45
> 5.15
! 6.21
10 9.07
15 1165
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Table 1-3. B contents of Ni-B-Fe mixed oxides.

Mixing ratio of B in mixed B content in mixed oxides
oxides (wt.%) measured by ICP-AES (wt.%)
0.3 0.36
1 1.37
2 1.75
4 4.07
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Table 1-4. Ni/Zn/Fe ratios of Ni-Zn-Fe mixed oxides.

Mixing ratio

Measured weight ratio of mixed oxides

by ICP-AES

(wt. ratio) of Ni, Zn, Fe -

Ni /n Fe
Ni/Zn/Fe=0/1/2 0 1.30 2.00
Ni/Zn/Fe=0.25/0.75/2 0.28 0.94 2.00
Ni/Zn/Fe=0.5/0.5/2 0.52 0.58 2.00
Ni/Zn/Fe=0.75/0.25/2 0.84 0.28 2.00
Ni/Zn/Fe=1/0/2 1.00 0 2.00
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Table 1-5. Si contents of Ni-Si-Fe mixed oxides after heat treatments. Heat

treatment was carried out at 500C for 8 h.

Mixing ratio of Si in mixed Si content in mixed oxides
oxides (Wt.%) after heat treatment measured
by EPMA (wt.%)
0 0
0.05 0.05
0.1 0.25
0.5 0.48
1 1.16
3 3.10
5 4.76
7 711
10 8.45
15 10.60
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Table 1-6. B contents in Fe oxides after heat treatments. Heat treatment was

carried out at 350C for 3 h under air condition.

Mixing ratio( \(;ft B)in Fe oxides Eegfntziztﬁeﬁxeie(;iﬁreesd aff;
e ICP-AES (wt.%)

0 0

0.05 0.03
0.1 0.09
0.3 0.17
0.6 0.30
1 0.44
3 1.64
5 3.32
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Fig. 1-3. X-ray diffraction patterns of mixed oxides with various weight ratios
of Fe/Ni. NiO(H), NiFe,04(@), FeO3(A), Fes04(V¥): a) Fe/Ni=0 (Ni
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Fig. 2-1. Photo of high temperature and high pressure loop system.

Fig. 2-2. Photo of crud deposition reactor. (Heater parts are not installed)
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Fig. 2-4. Zircaloy surface covered with metal oxide deposits after the test in

the solution with 10 ppm Fe and 2 ppm Ni (320C, 13 MPa, for 40 h).

v V. Fe,O,

Intensity / -

T T T T T
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Fig. 2-5. X-ray diffraction pattern of metal oxides deposited on surface of

zircaloy cladding heater. Test solution: 10 ppm Fe and 2 ppm Ni, Temp.:

3207C, pressure: 13 MPa, test time: 40 h.
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Fig. 2-6. Zircaloy surface covered with metal oxide deposits: test solution: 20
ppm Fe, 5 ppm Ni, 5 ppm Zn, 05 ppm Cr and 05 ppm Si (320C, 125
MPa, for 40 h).

Table 2-1. Chemical composition of metal oxide deposits obtained from metallic

filter.

Element Chemical composition of deposits Metal ion conc. in
measured by EPMA (wt.%) Solution (wt. ratio)
Fe 73.15 64.51
Ni 12.77 16.13
/n 12.46 16.13
Cr 1.62 1.61
Si 0 1.61
595Icm'1
8
5
€
)
@
=

T T T T T T T T T T
1500 1300 1100 900 700 500
Wavenumber / cm™

Fig. 2-7. FT-IR spectrum of metal oxide deposit obtained from metallic filter.
Test solution: 20 ppm Fe, 5 ppm Ni, 5 ppm Zn, 0.5 ppm Cr and 05 ppm Si
solution, Temperature: 320C, Pressure: 12.5 MPa, Reaction time: 40 h.
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3-5. Photo of crater on Cu pellet surface produced by Laser ablation.
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Fig. 3-8. Photo of a remote transmission system of laser beam. a: optical

fiber, b: biconvex lens, c¢: beam homogenizer

ROC : 184,28

Fig. 3-9. Photo of a beam homogenizer (left) and cylinder type lens of beam

homogenizer (right).
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Fig. 4-1. Emission spectra and relative LIBS intensity of Fe-Ni mixed oxide:
a) Emission spectra of mixed oxide with Fe/Ni(wt. ratio) = 0.688, 1.424,
1.975, b) Relationship between Fe content and relative LIBS intensity.
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Table 4-1. Mean values and standard deviations of Fe intensity.

Fe/Ni (wt. ratio)

Mean of Fe intensity

Standard deviation (SD)

0.688 2.2186 0.01753
1.424 2.7269 0.01901
1.975 3.1309 0.02447
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2. UA-28-3 EFAsE LIBS 230 EY dolguolx 73
355 nm 39 ND:YAG #HolA ¥ 4 mje =82z YA-I5-4
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Fig. 4-2. Emission spectra and relative LIBS intensity of Cr: a) Emission
spectra of Ni-Cr-Fe mixed oxide, b) Relationship between Cr content and

relative LIBS intensity at 359.349 nm.
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Table 4-2. Mean values and standard deviations of Cr intensity with internal

reference of Ni intensity.

Cr content in Ni-Fe Mean of Standard
oxides (wt.%) Cr intensity deviation (SD)

0 0.20233 0.0171

0.04 0.31317 0.05629

0.20 0.37643 0.05829

0.60 0.73552 0.11743

1.44 1.03019 0.10373

6.90 1.38512 0.06833
10.30 1.82981 0.04801
12.42 1.88519 0.13538
18.14 2.34088 0.19256
23.30 2.59386 0.0719

Table 4-3. Mean values and standard deviations of Cr intensity with internal

reference of Fe intensity.

Cr content in Ni-Fe Mean of Standard
oxides (wt.%) Cr intensity deviation (SD)

0 0.08972 0.00666

0.04 0.13952 0.02491

0.20 0.16827 0.02606

0.60 0.33081 0.05265

1.44 0.45454 0.03637

6.90 0.63583 0.03373
10.30 0.82083 0.02324
12.42 0.87249 0.06347
18.14 1.06254 0.0669
23.30 1.19182 0.03091
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3. UA-otd-d EAatstEo LIBS A EH dolH o]~

355 nm I ND:YAG #eolA W& 4 mJe 2802 YA-od-3d &
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Fig. 4-3. Emission spectra and relative LIBS intensity of Ni and Zn: a)
Emission spectra of Ni-Zn-Fe mixed oxide, b) Relationship between Ni, Zn

contents and relative LIBS intensity.
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Table 4-4. Mean values and standard deviations of Ni intensity.

Ni/Fe (wt. ratio)

Mean of Fe intensity

Standard deviation

(SD)
0 0.2854 0.0128
0.14 0.8424 0.0534
0.25 1.2178 0.1620
0.42 2.2918 0.2758

Table 4-5. Mean values and standard deviations of Zn intensity.

7Zn/Fe (wt. ratio)

Mean of Fe intensity

Standard deviation

(SD)
0.14 2.8155 0.7281
0.29 4.2392 1.0515
0.47 5.9664 0.7469
0.65 8.8187 0.9568
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4. YA-Ag7t-2 E3¢stES] LIBS A ER dHoEuo]l X 75

355 nm FFe] ND:YAG #eolA ¥WS 4 mJe 8oz YA-AHg7-4
eatstEe] YARAIA el YA, " AbstEd x2dEdE A 0.0~212
wt.% W19 LIBS 2H9EF tolE Mo 2E F+H3Ath

zkzre] UA, A AbstEe] x3E A8 0.0~212 wt% W99 LIBS &
HEY volHMo|AE FLF317] A, 500THA 8 A7 Exeer YA-Ag
7HSi:0~10 wt%)-2 E323E(Ni/Fe=1 wt. ratio)®]  emissions
wavelength 358.0~360.0 nmolAl z+z 7 3H =AH At YA emission
peak (294391 nm)9t 22 emission peak (293.690 nm)°l intensity <

internal reference® F23 A2 7F2] emission peak (288.158 nm) 2l intensity %t

S AAsAY. 19 4-4= YUA-2g -2 E332E3HE 2] emission spectra®b Y
A, Ad stEd 3 HdE A7t v ¥l uE relative intensityE U
Bl Ao},

I8 4-4 a)dAe, de7tel w7 Sl wEl d27ke] emission
peak® intensity #FS =718t th 18 4-4 b)) A, Al 79 relative intensity
we At F=7F 05 wte7h A= JAAFH SR st e™, 05 wt% ©l
Aol FLoa MPgHoz Frtetdth UZ 9 emission peak (294.391 nm) <]
intensity 7} internal reference?l 7% relative intensity #rel 71<7] W&
RI= 12953 log(Si) + 0.0.9196°1™, 3]AAF+= 0985192 AAEAT, H o
emission peak (293.690 nm)<] intensity”} internal reference¢l 7% relative
intensity #tel 71€7] WA RI= 1.1341 log(Si) + 0.7492¢|9, S AAF=
0.9787= A2F= ST}

yA-Adg7-2 Z¢AEE(Si: 0~10 wt.% in Ni/Fe=1 wt. ratio) <
wavelength 358.0~360.0 nmolA 7 3% =A% 22719 intensity ke
ZY EZFAAE JEdY. & 4-69A =, UA 9 intensity’}  internal
reference®! 739, A 2]7}9] intensity B %ol 0416-3.881=2 WH3slE o, %A
2HE 0.014-0.302 A= AFEHIAT £ 4-7TAAM =, HE intensity 7} internal
reference?l A%, A2]7+9] intensity H7ke] 0.32578-3.21317= W32
THAE 0.03-0.25 M E AEEH AT
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Table 4-6. Mean values and standard deviations of

reference of Ni intensity.

Si intensity with internal

Si content in Ni-Fe Mean of Standard
oxides (wt.%6) Si intensity deviation (SD)

0 0.41661 0.03621
0.10 0.48187 0.04411
0.50 0.54194 0.0345
0.96 0.96348 0.05307
2.32 1.25506 0.08279
6.20 1.91185 0.02248
9.52 2.37012 0.14585
14.22 2.88192 0.20521
16.90 3.09799 0.16904
21.20 3.88156 0.30254

Table 4-7. Mean values and standard deviations of Si intensity with internal

reference of Fe intensity.

Si content in Ni-Fe Mean of Standard
oxides (wt.%6) Si intensity deviation (SD)

0 0.32578 0.02275

0.10 0.38218 0.03603

0.50 0.42137 0.02960

0.96 0.77975 0.05451

2.32 1.03192 0.08598

6.20 1.54507 0.03854

9.52 1.95271 0.13226
14.22 2.41840 0.17482
16.90 2.53044 0.13347
21.20 3.21317 0.24825
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5. 4&-FH EFisES] LIBS ¥ EY HolHHols F+5
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Fig. 4-5. Emission spectra and relative LIBS intensity of B: a) Emission
spectra of B-Fe mixed oxides, b) Relationship between B content and

relative LIBS intensity at 249.773 nm.
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Table 4-8. Mean values and standard deviations of B intensity with internal

reference of Fe intensity.

B content in Fe Mean of Standard

oxides (wt.%) B intensity deviation (SD)
0 0.29956 0.00373
0.008 0.38734 0.01404
0.03 0.44315 0.0143
0.09 0.48094 0.01105
0.17 0.63108 0.02924
0.30 0.71143 0.02519
0.44 0.81631 0.01333
1.64 1.00244 0.01496
3.32 1.09765 0.03358
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