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SUMMARY

I. Project Title

"Study on the hydrogen behavior of Zr-basde alloy”

II. Object and importance of the project

Zircaloys have been used as the nuclear fuel cladding materials because
of their favorable neutron absorption cross-section, mechanical properties
and oxidation resistance. However, corrosion can be accelerated at the
outer surface of Zircaloys under the conditions of high burn-up and high
pH operation, As a result of the corrosion, the mechanical properties of
Zircaloy may deteriorate. Moreover, hydrogen from the dissociation of
water molecules during corrosion process can be absorbed in Zircaloys
resulting in hydrogen embrittlement. This would cause severe problems
such as degradation and radioactive contamination of fuel cladding. Up to
now, there have been few systematical researches about hydrogen behavior
in Zircaloy including hydrogen absorption and embrittlement. Therefore, in
this study, it is aimed to evaluate hydrogen behavior with respect to the
corrosion of modified Zircaloy-4 alloys. This study leads to independent
development of fuel cladding materials in domestic industries and to
acquire basic evaluation ability on hydrogen behavior in Zircaloy-4.

. Content and scope of the project

The modified Zircaloy-4 alloys were produced based on the previous
research. It was investigated on hydrogen behavior and hydrogen
redistribution in the alloys by thermotransport test under conditions with
the temperature gradient. It was also investigated on hydrogen behavior in
the oxide scale of the modified Zircaloy-4 alloys by corrosion tests using



static autoclave. It was examined on the morphology and structure of
oxide surface in relation to the size and distribution of the precipitates to
evaluate the effect of alloying addition on the corrosion behavior in the
modified Zircaloy-4 alloys. The effects of oxide property and
microstructure of the modified Zircaloy-4 alloys on the hydrogen behavior
were evaluated by determining the hydrogen diffusivity in oxide layer.
The amount of absorbed hydrogen and incubation time needed before
hydrogen embrittlement were measured under various temperatures and
pressures, The results of the modified Zircaloy-4 alloys were compared
with those of the Zircaloy-4.

IV. Results and Applications
1. Characterization of the modified Zircaloy-4 alloys

The modified Zircaloy-4 alloys (0.5Sn-0.20-0.1Fe-0.2Cr-0.1Nb-Zr, 1.5Sn-
0.1Fe-0.2Cr-0.1Cu-Zr and 1.5Sn-0.2Fe-0.1Cr-0.01Si-Zr) were fabricated by
general procedures for the nuclear fuel cladding materials, TEM analyses
on the precipitates showed that Zr(Fe, Cr)s precipitate with hcp structure
formed in all the modified Zircaloy-4 alloys. In 0.5Sn-0.20-0.1Nb-Zr alloy,
ZrCro and Zr(Cr, Fe, Nb). precipitates were also founded. ZrCuz and ZrSiy
were found in 0.1Cu-Zr and 0.01Si-Zr alloys, respectively. The average
sizes of precipitates in Zircaloy-4 and modified Zircaloy-4 alloys
(0.55n-0.20-0.1Fe-0.2Cr-0.1Nb-Zr, 1.5Sn-0.1Fe-0.2Cr-0.1Cu-Zr and 1.5Sn-
0.2Fe-0.1Cr-0.01Si-Zr) were 013 wm, 0.15 @, 0.1 wn and 0.2 um, respectively.

2. Thermotransport test (hot end : 340 'C, cold end : 300 C)

Thermotransport test was performed under the operating temperature
in nuclear reactors. The result showed that hydrogen transported from the
hot end to the cold end of specimens. It was observed that surplus
hydrogen above terminal solubility at the cold end was precipitated as
hydride. The heat of transport (Q*) of 0.5Sn-0.20-0.1Nb-Zr alloy was
turn out 7.8 and 6.8 kcal/mol for the initial hydrogen concentration of 64
ppm and 91 ppm, respectively. In 0,1Cu-Zr alloy, when the initial
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hydrogen concentrations were 102 ppm and 122 ppm, the heat of transport
were 6.7 and 7.1 kcal/mol, respectively. It is believed from the results that
the value of Q* for single phase was not affected by the initial hydrogen
concentration. The value of Q* for the modified Zircaloy-4 alloys were
considered to be about 7 kcal/mol.

3. Corrosion behavior and characterization of oxide in the
modified Zircaloy-4 alloys

0.55n-0.20-0.1Nb-Zr and 0.01Si-Zr alloys showed better oxidation
resistance than Zircaloy-4 alloy while 0.1Cu-Zr alloy showed lower
oxidation resistance than Zircaloy-4. 0.5Sn-0.20-0.1Nb-Zr alloy exhibited
the best corrosion resistance. After 150 days oxidation test, the structure
and the thickness of oxides were measured by XRD and SEM. 0.1Cu-Zr
alloy showed lager oxide scale and lower tetragonal fraction about 3.94
than the other specimens.

4. Measurement of hydrogen diffusivity in the modified
Zircaloy-4 alloys through the permeation test

All the modified Zircaloy-4 alloys showed a lower diffusion coefficient
than Zircaloy-4. 0.1Cu-Zr alloy showed the lowest diffusion coefficient
about 9.72x10-10 cm/s” Hydrogen absorption at grain boundary in oxide
layer increased as the phase changes from tetragonal phase with dense
structure to monoclinic phase with porous structure. Thus, the modified
Zircaloy-4 alloys such as 0.55n-0.20-0.INb-Zr and 0.1Si-Zr alloys showed
a lower diffusion coefficient than Zircaloy-4 since they had a higher
fraction of tetragonal phase in oxide layer than Zircaloy-4.

5. Hydrogen absorption kinetics test

0.55n-0.20-0.1Nb-Zr alloy showed the lowest hydrogen absorption rate,
It is believed that this was resulted from higher fraction of tetragonal
phase in 0.5Sn-0.20-0.1Nb-Zr alloy and Nb addition. 0.1Cu-Zr alloy
showed high hydrogen absorption resistance because hydrogen permeation
time prolonged with increasing oxide layer thickness. 0.01Si-Zr alloy
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showed the lowest hydrogen embrittlement property. The reason for this is
unknown, Further study should be conducted

6. Application of the study

This study provided a relationship between hydrogen behavior and
oxidation behavior in the modified Zircaloy-4 alloys through various tests
such as permeation test, thermotransport test and so on. The results can
be used to prevent the problems arising from hydrogen permeation and
redistribution in the nuclear fuel cladding materials. Thus the present
study is very important in improving the safety of the nuclear reactor.
However, this investigation was performed only for a short period of 2
years, and thus a further study should be performed on 0.55n-0.20
-0.1Nb-Zr and 0.1Cu-Zr alloys showing improved mechanical and oxidation
properties,

Thermotransport test, permeation test and hydrogen absorption kinetic
test of the modified Zircaloy-4 alloys reported in this study are unexplored
fields in the nuclear materials. Results would be used as reference in
many researches on the nuclear fuel cladding materials. The know-how on
the various experiments and data can be provided to the domestic nuclear
industries and the related industries as a useful reference. The results will
be reported in the famous conference such as MRS and published in the
SCI journal.
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25Nb-Zr3t o] Holg&ER TAH 34T FFE AEC] olF HAY, ¢
T #FoA e AAEEL oxideE B3 TUSA o] Fo)RT) ol F FAFS
7178 Apo|& Zircaloy-29} 25Nb-Zr §337 F4FFY & olZ A3
S1c}{18].

Z27} pickupHl® 1 o ARE 28T Bl A5EH FEAA
o =€8 E&571A &EHAY FAES P HEdn. oy W
AstEE B EAE AT & AL UHE TR AFAS EAY A Fa
HEC dis) Reguoz EAT 4 UtH19,20]. Yukx oz stsiuto] HE
oz ALY £ JE o YAAI EASE Aoz I JQEuU[19,21], L
AR 25, 49, FAd wt 2o, a8y $4/4849] 87 A X
olgold A o o Hiw A%S FIAY 5 A Hu uA e

FEHUZ SoHE Brel $HEEE A2 Aslue] FHEEE 23E
A Bt o] B &9 Aksiete] breakdown FFo] WAEA H1 1 An &
29 F&ol AWHOE WA Hol F2WF 13 HoATH2] 8
% Clayton[2]& olei@ 4/48049) Wxthe Ade] deju Hue, o
E, +4 99 ol U we 9% MANT FASAC. HBB ¥ 4
el mek FAAFY F28 wgo] AR )2 incubation
time)o] Gk B Astete A} ADSFE Aol AR e 42
e ZARA B3] AR HIolAE BN Ao YHA & 4
Y AANE YYLE olSlNE 28T o] FasHE] 7A@
incubation timeo] Ity B i1 E o] u} ¢lri24].
oY FAHFE V8] Fe SAH) W FE WAHEY 20,8
£ F20 ARATL T A4 A7 AAED U GwHeR sue 4
sl Nl HATE, 71E, BT FRED 2L AAE Y L97 £4%

N

i

B

F[F



Fol thgh Zircaloy matrix7}X| 9] A& HA2E AFs7] W hF5a
F71 golgA "Arte RoltH25]. ® thE dibeE ¢S Ahslue A9y 39y
z49 ¥4 e sty A9 3}stg-aku) G(hypostoichometry, ZrO,,) A )

o]7] Wi ol 4tax FF(oxygen vacancy)S E3dle] Fa7F €A AEEY & o

W AFAY Astetoly stz Fo e AbgiEte] Afde £ IE
7b olstA] €A Arke Aolt26]. AT o] F 7Tt FAaIF BA H

]

$8E Aog ArHET. 2o, 2 A= AZFEE D Ashuhio) Ao
T4 mobilityd] e A7 e A gle AAH, Tyl IR AFolA
400C steamd}ol]l A FAZH ZrO, B¥}o] th3 nuclear relation analysis(NRA)
71&g ol &3 AT927] In-reactoro] X} FAE oxided] thE SIMS(secondary
ion mass spectroscopy) ATE[28] T8 ZrOfe] F:4 0% diffusivity S T3}
LA A AT

R0 Be £aFF GBS WAL E e ades YRR B 4
Atk 7 FEFAAEC Zr FFY RAN FaFsd UAE e Fg 1%
2ol geid UTH9l T ols Y4B FaFid uAE AR 3
daiiE dEgoze M¥En Uk B A7l AA A%E Zrbased
alloye] B 71E A8FEH PP 2AL AR S2E5 BRE g2
Yehtele Abs s o],

O

3. Zr-base alloy9] 4 &%

a-Zr alloyol| A1 ¢] solid solubility(a 9} @ +hydride2] phase boundary)& %
W o] =9 hydride®] HAHAFAE o3 71 ot T3 T&EE T
b EAL W i AR B o] BA A9 kineticol]l F 8.3 Q1}olt).

Zirconium} 49 WL 7l F o) 2w et qtElel wig w7hsith



200 ppmAToltt. & E IAE 2T
AR FiaE ANE2IZF F4IE JUZ HZo| P d A2 7tEZAE}
B

(ZrHie) $:28480] 4254 9k

>
rr
e,
=
)
o
s
o
oy

Z7l= 2E&EY F8498 A3 a-ZrolM $£42 terminal solubility:=
HEASA ATHALY, A8 gapEe g ANE n&EE dFA7 G
th. o|F pure zirconiumo] e L FAVELE AHE EdE Sawatzky[30]
9} Ostberg[31]> Zircaloy?] 1-8&%7} pure zirconiume FH]-S B Por},
Kerns[32]2 pure zirconium %3 fAFSIT T B uslgoh ol kel xpole

oy, A Y AV YIrtE L FAILEY HWYFL nIA = Ao= ¢
#HA U

A 24 39 Vg a8

A TN = 98 FA3E HlEn A7t APH D vk Ads
HAED NS A d7e 5 9AY dFaN GRAATY LS
AL AR FES ARt Fristn e dACl HEH de Aok
& = AR il Adad dE5E AL 2 A PAAFTE ojRejA 1
A Ao s £ o AER A& AT dFd AAHo|D A&HHY AF
AFF Zelold. Wty 14d% A9 HEP P 9sixe JE28 A
HelMe saAgd 2L 712 E4%7F 77 AF8 440tk

HH

s

fr

bt



Adre] RAEd AFS Z3i WA ddE Aow vegd A =
o] 323 Zircaloy-4(Zry-4)9] AAE AzxsAT A 2 AHELS SnES

473 oo ute AAH AEe) AkE WASnA BaE Y2 A

K

fni

FE(055n- 0.20-0.1Nb-Zr), Cu® A7 F7(01Cu-Zn3 Sig I I+
(0.01Si-Zr)ol v}, Z+ A|He] 24§ Table 1¢] WERHIAT.

Zry-4, Cu, Si, 2% Sn#7} ZircaloyAl A5 AHE A&7 i =
4 VAR(Vaccum Arc Remelting) &3l ZdA 200 g ¢ button type ==
AzsAey. Az TS 1010 T &7 FolA 20870 L8 F d2E 4
Aate] Al FAE 10 mmolA 7.2 mmE Za2ANAT dxE F2 23 e
syela ExA AR mAFdoly cavityE AAS7] A AAHom
= FAoA AANAT gxd AU AEEE vty TdsA TEA
7171 98 Ar 9719 1010 CelA 3087 7tgds & FYstan. +38 9
o] Ay AL sFEA Wolx ] wid dutdd ¢4 =HS A%
A717] 98t a€® 449l 720 TAlA 15/ E A3t «d<d A3
= davt Ag WE AFH A8y AstEE AL LASI] A5 Ar £
j71 2ol A AAsaTt JExE F AdngadS AAFA AHY FAE =
7] 57 7.2 mmolA °F 52 mmE AAAFHIL GUYFLeR wEoz JbF
22L& AANA YGAA FE9 5
218 650 C ArE$i7lolA 3A17 AA s 13 97 ¢d F qdAe #
ARA L oAE7] 98t 650 TolA 3AzHESE 23 F3F AFEAEAE AN



g & 27 4de AN 13 W3 stdo® A FAE 27 £
mme] A °F 32 mm= Felx, 23 Wit 4dAE Fed HFow oF 10

mmE EQ U 700 CTolA IAEL HF NF3EHAE AA st AEA

A o] B4 AHE Az AUrh Fig. 2 AHAZ FHEE BoFa Ju

2. 2 WAz B

HF A2 242 A5 Ao AHAHA 9% F F U7 ol &
Aol s mA 2x& #Fsdn. uA 24 33 W gd F 700 C
oM 1212t e A|He| tiste] B3 dAn AL o] &8l AP oy, A
H-& HF(10 %)+ HNO;3(45 %)+ H 045 %)9] &3 fA4o= oAz & H
F EnAder 245 &S

T UA 2Ag #ARA}L, HEEY FFY 27 L RIE 2
#8l TEM % SEM ##g AAsgth. TEM 93 A8 dA %74 30 um
7HAl AR LR dvlstel 3 mm discE WE F, Si¥s AW AL =
ethanol(90 %)%} perchrolic acid(10 %) &3 & 4& AbE3la] -40 C, 13 V
o] ZHLR jet dwhste] HUAIH S ARG oW Cudst AlH A9
Hajfoz Qg Cut §&HE A& A7 98 ion millinge AA3A
. M&E #FL JEOLAY 200 KV £%9 TEMS ol4331 H2E A
42 TEMO) F#8 EDSE ol & A8t SEM Al#
%)+ HNO3(45 %)+ H,0(50 %)9] &3-&do] oA F Fu sl

D

i
o
2
i

pl_lg
£
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s
=
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3. Thermotransport test

Az dAe AHL 50 X 8 X 06 mm 9 sheetF el = 7}33tA L 7|
A odnle} A3 Avt & electrolytic cathodic charging methodE E3lA 4
2 A#d . olu F4¢ S HA 7] 9814 chargingdte F
A& N(10 vol% HySOs +90 vol% Hx0)& 80 TE FAAHL™ magnetic
stirrer AolFguh At AZFe WFe ALEIF T =05 A/em”> 2 &
#Z=lt), Alzte]l wE charging®e Faraday's lawel <siA &3 Zo
Aol d 4 A

W=Ixt / 900 - (2)
W : charging %
i AT

t : charging A%t

Ak o714 AAtgE Azke H7F AAEE AR H7F Zrd2 285s
AL ous= Aol ofuth welA charging A7t WE charging @S ¥4
o] A¥L EAM AFHoR A& £ AdAr}. ChargingFol A|HLS 7] 4
ez FAsA 7] YA 340 TolA 397 #Ast HHE HAAISGATH
Fig. 3¢ thermotransport test® $13 48 AXE =AHoz2 yekd Aot
Double tube furnaceE o]&3te] AW FE9 2x& Z+7 300, 340 T=E #A
sgon, dHMEHL A 87 A8 AHe FEL copper gripe ©|&35H
tube furnaced] TAAZATH AlH THE 53 E FE& gy st 2
He GEAgE A8 AH FEY &EE controllord FI ASHoE
monitoringF R o™, LEAA}E *+3 TE YetdAT. AlH W& constant
temperature gradient® 8913517 8t} A A Ao 5/he A

2 Agate] oul testE AAAT FaU ARZE FIH A FH ==

i



st7] 9%k FES AI7E] 309 #<¢Fe] thermotransport run & %o wWE
& TEZEE YA ol & 5 AW 2 mm Z719 discE A
o HAdE AlHo| g ol=2& M2 E carrier gas® AR E e AT =&
HLECO RH402)& o]&3ted 900 ColA 4 2RI E BA5 90}

B AH E9dte A7FE Sawatzky's modell33]0] mWEtA RE Fa7}
cold surfacedl Al hydrideZ# A& =Hi=d Fo3 A7tz Hogn s A&
e dojzirh

ts = CO a/J(TC) ______________________ (3)

Co: 27 2 1

a: AHe Ao
J(T¢o) @ cold surfacedl Al 49 flux

A el E'stE AZHe Co=122 ppm/wt., a=24 cm, AH=4459 kJ/mol,
D=6.025x10" ecm®/sec, Q=30 k]/mol& A}&sle] 9 4o mHE 36U ALY
SR

4. FH4d9

A AlEe Y 4d F 700 ColAq 1A 988 AJES 1 x 10 X
20 mm Z7]E AE$ T autoclave W] AJH Ao AW AT 4 9
=5 AW Aol A7 3 mme THE Yo} Fulsth AW ¥W AL
S8 817] $8ke] #2000 SiIC AviA 2 Hupgk ohS picklingS &G
g MIEF THTE o83y 289 AHIYL NFH T Azx" AHe =
| S S48l weight gain A4A] 27] ZA(Wo) 2 AHL34Th

4 492 ASTM G2 ®yel] ma} 360 C, 2660 psi®] 7L, 19t &
TH71NA AASFATHB4]. F2 A Aae B BA F By Zsge

X,

-10 -



[4eu32550 034

Atste Adp F4 3 AR A, Fee] Ws), 1d 78, 24 PJAHAE FA
T e W AL QT34 B AFAME B4 A F RA F7HEE
Ast A EHe] noudle WA Q] §R2 Aslule] FE S AT

Zr 39 A% AsheA TA FARER B4 ARE 0L 2o /)

AW : weight gain, mg/dm’

W, :  pre-test weight of the specimen, mg
W, . post-test weight of the specimen, mg
A . total surface area of the specimen, dm?

4 T7e gaol et FA FrtEE EHET 4§ Zircaloy-49l #1 A
He 71€ez 8o FA F719E vastgoh autoclave W FR/HF A4
0.03 cm /kg H,O o]3l& Zo]7] 93 autoclave &% 7} 120~132 CY
¢ w5718 WME3] autoclave] g FolglE FIE AABY
o, 4 FHL 2660 psi o] GO E o] AFA H|EWHE F& FF7E
HEAHdez2d FAT & JAth FHFE BEEY 4FE E017] 93t
deionized water (18 MQ-cm)E A}-839 0™, autoclaveE 7}d3sle] Adz7A
Q1 360 T, 2660 psi®] =9} A4HE AT £ 104 FoZ AHE Ao
F-2o @& FA S-S SHIAT 1509 74A] Ba& 213 AJA Absie
o] FA F2E A% en old mE FAFEI zolE HrEY] AT

permeation test A]H-2 F1|3}H T

_11_



gutA 0.2 £AEF 9] barrior® LR3I E= AT A Uy Arsluko)

o] & FAFN 5L ZAMSITE F-29 o) wpE iksiut

ZAFSH7] Y3t 4% o] AJHE 1504 H4A]Z1 F XRD, SEM
A

3}ule] tetragonal & monoclinic phase #-g,

oF YEe WM ATV 4 T 54T ARAA ABAol Uk B4
pe 2

A Waey sug A guugel 2y

6. Permeation test

Ag W 4 diffusivity$} T85E Sl $8ted 27)sighaed Wi
2l permeation testE Fa&f 4tslule] FA|, FFo| mME incubation time(t;)<]
Apol, ol ME F4d ERYEE £EEH BH D)2 ZH3ATH

T4 B3 A3 Devanathan|[35,36] 5o A/Md A7) a3 Wyog A
2(25t1 T)ollA HAsIRT AJH2 F7 100 me] sheet Fe)2A 4 E3
Ao dissolutiong WA|3T 4 FUZAEL T3 817 Hstd 39
o Pd=g& AAISIAT oW =FHL Mergey $[37]0] 1t £H8) =&
HE AE3A T Fig. 5% permeation test®] cell FAXE vheldich

2718834 celle Algi(working electrode)g Alolo] & F 7o Auto =
TASHT Celle] HH S 2= anodic electorlyte$} cathodic: electrolyte® 5
M/ ¢ KOHE Zz} ALg3tsien o= (counter electrode)©. 2+ Pt, 7]& 4
= (reference electrode).2 ¥3} 72w 7= (saturated calomel electrode)g A}

39T 54 3 494 AW Yo 2 F48 AANI At S

-12 -



T

1

2 0] "k celle H|O)E )] anode o HGE +1 V(vs. SCE)EZ fAgt= &

23t} Back ground current 7} A Elo] =Ed ¥ cathode Zo A

2
L

AN AL T 100 mA/cm’e] &3 HAFE galvanostatic A FAE F Y3}
gl Anode =02 WEHE $49 A&EF 0|23 E 93] anoded] 2
AL A +1 VE FXAZAC) o] anode Z9 HFWIE potentiostateE ©]
a5te] pA ©9e mAY AFUAA FESA FAHART DataE dojH
permeation curve2HE 49 it AFDer) H S =(Co)E ArE 4 A
t}.

74 A 24 diffusivity 2 solubility®] A4 Mcbreen[38]2] A4t
S AzxE 39 A dEy AMRER e WESY 3tuQl time-lag-method &
A3t AAE 4 9lod ol AR EE T4 OEH 2.

_ L*

Dese 6 (5)
_J-L

Cy = D F (6)

L (cm) : specimen thickness
Joo (uA/cit) : steady-state permeation current

t, (sec) : the time requried for the permeation rate to attain 63%
of the steady-state value

F (C) : Faraday’s constant

—13_
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&4 kinetic test

4
i
m
EN

o e 4P B LA L%, FYSAA ATt 28 42
3 HYELGGA BAE G 5 Ak oF FA Ague P

2
Lo
4
>
by
o,

o)

zZe T wel 4 o] F£4e ngEe F£48E A4 ¥IE
=4 & 4 A

FEol F2E F4 PESE W3S 584 PYUsoly oy How
Jehy 4 o

M+ x/2 Hy > MH + Q cal ( 6~9 kcal/mole )  —————------- (7)

Fh FF B 27 a0l FA% wek FEAR N AU

A2 a7 T8HP ol#|d 18AE o d(aesolid solution)o]g} o). o]uj
o Fie o' AT Ay FHAHY AR e Aol ofdg £Fo] A
Fo e dolM e F2e FECH)T o A3 o] ¥ ol AWE
H3Z (Sieverts' law)& W&t}

Cu=kP*®  k: &Ed W& & 0 ®)

T4 gHo] gAxY FAE oA oA B (hydride)o 2 W]
7b ARE AL o] FESHA "ok o] TFHNAME Gibbse] A& (F=C-P+2)d
o3 FolA &AM F& W Fa¥FEr FUEtgE 49 o] Wl
312 &3 AdAEA FAHEY olE Hed(plateau pressure)d}al vy, o] o
Aol A FastEo] FAHA Bk LE&AQ ool EF LR HEI} &7
G FoEE7F oS $UH gE oA f48E Y 18AE FANEA
Frd 4¥E F43] F718h o] e dWFHoE AME HAg naA ¢
=t}

_14_



o] 7t A ety 2xole] FAE ofe} Zo] HIE ZE(Van't Hoff)
Aoz vetd & Y.

In Py = AH/RT -AS/R _________________ (9)

Pu2 : partial pressure of hydrogen, 4H : enthalpy change,

A4S : entropy change, R : gas constant, T : absolute temperature

9 Hol gsiA Aee ol LEE WHNAORH F4F FF HE
AZ 5 9lee UENT. Si E4A Baw ol d=g sleFd %Y
g g8y ekl ARE $48 B € mEd oH @ REd eE

of o3t 7t AREA Astet FA W Fx W3l }E FLEFFE SHTL
25 2o BE FAEFFFE S AstHe] barrier 3
st Tk

Zircaloy-4 @ 2z} Algtgo] ths}e] static autoclave
ANAYL AN Tz AHe 109, 1508 FAE AHE F4A&FF kinetic
test A|Ao2 HAASAT) Testd FAZ} A& 8] Z Aldd AT dF =

g9 #;aPa =FFA o3 AW AlF F carbide furnance® silica boat

g
L
ofo
(oL
—
(o]
o
e
N
N
o
e

ol

oFell Al 600 C X2 147t annealingS A A8t th Annealing¥ Al AW A
A9 BB AASY) 98 reactoretel “de-oxo’®  ZHE-8lE  palladium
catalytic recombinder$} Al & F 450 TolA 10837 FABHATHIG
A5 Ao BEE AAZ g5d BA A g 259 d¥xde WA
WA FAEF kinetic SHL AA G o hydride &S AT

Fig. 62 $4%5 kinetic test &% ¢] 7AgrEolt},

lt

O

olwj, ¥ AduE reactord FYHE FaYHA FFHE F2o &
B Zol(4P)g ZAsH otdle A& ol&3 F e Fa¥E Y 7 4
o

_15_



APXV = nRT e (10)

w — MAPY)
(R

3

w82 Fad 4%
M : Sdke] B

A24d 475y A9 4 33

L AgEe Az 2 vATx a3

HE dAY AEY 24L& AR EAol AHH dFL & 4 U7 9
o & dFdAMe AF €8 AW sty 27 #FHS AA &Y

Fig. 72 HF Wzt &dd F 700 CTolA 1Az IF @Agg AjHe %
AAploltt, Zr FEe WAAAE AANE F uAzFol Ao n dal
He ez dA Jdovt Wkdd F 700 CTolA 1Az dxg s 22 oA
= Fig. 79 Holxeo] A4ld YAEL #AFHA &g} ol: Wik ¢ %
dAZ 2 Qlste] Widdd Ao AZAE P Rew Az T
o] &4 mE 239 Aol BFHA dgton] HIFLA T uw
A9 2719 Aolxm FHEA k)

FHEAEA A HEEY 7] 9 BXE xAlely] 98te] SEM #EL
AABY. Fig. 82 2 Ao SEMA O R, q&E9 FHE BW 059n-
020-0.INb-Zr A9 A F2 T8 NEED A4 2B o|Fo
A Ao, Zircaloy-4, 0.1Cu-Zr, 0.01Si-Zr A|H A9 F7 Fygog o=

- 16 -



AX AU HEEL AlE AAAA GAY Aol mEA EEata AU
olglg MEEES A
TEM¥} EDS #41& AAs9on, 2 A3E Figs. 9-149] JeEW)Th

Fig. 994 ¢ 4= gl%o] A8 Zircaloy-4 A9 AHA #AZH H2L o
Al W a[40]19F FUe Cl4 type?) Zr(FelCr)2l Ao ® Jehydt 593
AEE0] 001Si-Zr FFolAXE BFHNeH, 4&E W Fe/Cr ratios EDS
=4 A3 e 280k =3 Fig. 10914 BoJx)%0] 055n-0.20-0.1Nb-Zr 5
7 0.1Cu~Zr FadAM %= Cl4 type?] Zr(FeCr)ol TAFHY oW o|nfo] AZr
We] Fe/Cr ratios W&k 0594, Charquet[41]¥ Zircaloy-49 Fe/Cr ratio’} 4
Hop 22 Ay YAEHE AEES 23 Zr(Felr)@oly], ol &2y
Fe/Cr 944 39 nominal composition®} H]$:3 2tS Jeldltiy w3
Ak ole A B A Anet & dXFgE & 4 vk EDS M AT
Aol A Zrell dist Fe W Crol mg&EE vf$ 7] W&o #A7tE Fe Y Cr
P& dFEL 4EEZ EAAT. vdo] A& 59 EDSEY 23 18%
7 2 Snd AEFHA EShh

Fig. 112 020-0INb-Zr¢} 0.1Cu-Zr 24 A #ZHojz A&E9 AyA
A AdE HAEH AEEY AAHFRE SAD E£4247 Cl4 typed ZrCns &
ZHN o, EDS #4234 Zrdlol A Cr¥} Fe®lol Nb A#o] #25t} ol
¢l Fe/Cr ratiot nominal composition® &d3F 05%th ol& ZrCr,d AR T
ZolA Cr 9AYHE7t Fest NbE 388 Aoy durd o= 7r(Cr.FeNb)&
veRd 4 9l EDS #4 A3olA Nb La peake Zr La peak® Ze 1%
of EAstol el ErMsdttt. welta A& Eo] Ul EDS A& 44 Nb
HEL Nb Ka peako 2 FH3 T dwrd oz 318% o]de Nb(ek 0.05~

02 wt)°l 71 43¢ Nb2 71 &% el &= graio] F4ux
T, Lol e Nbe A/ A9 Aol 238 #Hadvha ¢¥A At &

g Addel o8 01 wt.%9 Nb& H7FE 2§ Nb& 7]1%] 3% ol =
8 B ofye dFE HEIEvE AME FAF F AT =% Cust Si

_17_



H7vE ZircaloyAl A1l 0.1Cu-Zrék 0.01Si-Zr ZA A E o]9} E 3k & g o
MEEol BEHJLH oy Cu9 Sit Crg XFaEE olE AMFZEe
Zr(Cr,Fe,Cu): ¢ Zr(CrFeSi) & BT <+ At} 059 B2 AFE Fig. 129
139 242} YdeEpiley. At o g Cust SiE aZr ol u4x: A9 glo]
o] v FE AYstns AF HEFHAXA o) 0.1CuE: H7}8 Zircaloy Al
AE M= Cl4 type] ZrCro7t obd A ZEE el HEEo] #AFHPoH, o
= Fig. 14°] YeRRSITH SAD patterns} EDS 42 el 9Jald o] &
Zr-Cu ol9 A Y& EZ tetragonal 7% 9 ZrCudsd & 4 AATh o] oA A

il
ro

ZrCu HE&9 4% 100 nm AE9 AVE 7R E hep FHHY ZrCr, A& E
= @8 250~350 nm AL AUFor & AV|E /AT Y&L Fols
ok olBA 77 & AEEL Asge FAM ke A R4 27)d AHA o
olFERE gt BAEHSE AFHAZ o diFHexmz 1 Azxe
FAEALS dAAe] n@AT. 55U Siemens-KWUAM 7ed PC
(Primary Candidate Alloy : Zr-1.4Sn-0.2Fe-0.1Cr-Si)¢] X & &8 BEAs A}
Zra(Fe,Si) Fele A &Eo] &A%t BuEArH42l. 71€9) Zircaloy-4%2
A= #EE W7t Qe ZnEeS) FElel HEEo] PCAJA #Id AL
PCAY Si &#o] 7129 3 (F 50~60 ppm)ETH °F 89 ppmAE &7 &
A AR AlmEY, wWEtA Siv w#FHe] AVEHAE MEE
HAEa JARE 2 AFoAE PCAJA #AFAE Aoz B Zn(FeSi)
typed] HEEL AEHA gpow, o Ao FAH o
SEHAME M2 8 AEEc] AA7sA] Aol T4 W4 EAz AR
o] Zt}.,

°jsh &2 EEol ol Image analyzer® ol&3}e] Hi 73} WH
TE&S T3 2 ZFAE Table 29 A sttt 24 AFF AHA &Ro
HA E&L Zircaloy-4 £A 9 AHEY §AIAY 22 2 d13 2L<S 7R
< € 7 Utk diHoR XNEE AV|9 RAAFA A#B#AE BWR

(Boiling Water Reactor) £¢7]1dlAE X &Eo] XL Ho| BAAg Al &&=

8

1_.
>
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ul PWR (Pressurized Water Reactor) 29710l e 4&&< 37[7F 0.1 um 7
gl ASE RAAgAe]l Faste Ao g JvH43)l B ATelA
A BE AHANA Y M&EE2 HH A7IE 010~0.14 m A
o2 fAE ZVE Yz gtk dvd o MEES A7 01~02 mY
w Zr 59 AbslE uniform corrosion FEIE WERATEIL HiEI glor
[44], o]o] wte} 283 A3l uniform corrosion FEE ZHA L o= o
Atk Fig. 15% A28 arg $XE BoF1 itk 2 Aol e a2
o) Pt AV E AY A 27E YER Jou 7] BxE g o
3 AEL wo|li gt} Zircaloy-49F 055n-0.20-0.INb-Zré A|#H e 7

7} 013 mS 015 gm BZAA Hizy] BEEXE Holil oy 0
0.01Si-Zre] A% 01 mvu e el 02 m FLINAE 39 4
T3 Pes & F Utk HEEY E&o e o "G HEEo W] &
AH Aol HEEL AlES o|FH UEYAE JAH 53 A
o AR A Ak Al EAEE AR olF TRE AESA Hol Abs W
28 Jt&EA HI, R & HEE A5 FAxT|d Axe AH olF F
zZ2 28R vt X5 ol 7t d#Ael o

A= AA ol

2. Thermotransport test

7}. 4 charging

Table 3 eletrolytic charging®& S3lA 4L Z+ §359 Aztel] wE
A Ak e AnE UErdith guwrE o= eletrolytic charging A3 @

W] 447} dec power supplydl 28] AH FHozZ FA3te] charging® =

I

4

P



& D o] WYL AHIAT Be 2x Ao a7t sty g
7] WEol 28 Fo® 49 Fito] WA =Hw[45] charging® 29 A
wol mETE ol vk wEkA fo ARE EQE AHd ¢
& THUAMNIIELA stgoy chargingdte T4 FAFFE
mornitoring@ = 813171 W&o £4 FAF FEGe Ao HF 2 Ala
Tt Pl oleFo] AUUTh Fig. 16& Alzte] wE £ F¢lZe] w3l
£ Uehd Aoz &S]l Alzke] Frbgd wEl 27)dE £
S ¢ T Uth

Fig. 17& 1009 -&9¢F thermotransport test & Zircaloy-4 &ZoA 9] %)
Th TR IE FiY AREE HAFY, 7] $£42 FE7} 76 ppm A H
o] 7% A#E4 hot enddAME Fie FE7F 47 ppmoE 74T ¥ cold
endo| X9 F£4& FEE 124 ppme B 27189 T) Cold enddl A2 44 =%
cold end®l 41 9] terminal solubility Bt} E7] W&o} &9 447} hydride®
A ZEH A Fig. 18 cold end ¢} hot end®] XRD #4 A3}E H o FEt} Fig.
189141 K.%e| hot enddlA = Holx F%W hydride peake] cold end o A=
eI =S 08 & AdY 27 42 BE7F 92 ppmsl FASE %7 44
&7t 88 ppmQl AW AL-AMHNY £47F hot endlA cold endE
transport 3L, 318 T HZoA hydride8dA <9e] YEltt}l. Terminal
solubility line2 Kearns[46]¢] data®F-E o F ).

rir

Fig. 192 05Sn-0.20-01Nb-Zr ZAdA ¢ FA2EXE JeElIT) o] &gl
A19] thermotransportoll 2]3+ 49 AEELE Zircaloy-4 A F490 AEE A
F FARE 27 4 FE7F 64 ppmel A% cold endl M9 FrEEE 117

ppm ©]A T hot endlA 9 F£4 FEE 35 ppmolRoew %7 42 %7} 93
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ppm?l 79 cold end®t hot endel A9 FihEEs 22 138, 67 ppmol A &
g 7] 4 ¥57F 64 ppm, 93 ppm&] AW BT x7] ZHolE HolA sk
%l hydride A9 9ol 320 CollA FAEAL hot end 9} cold end?] FEZ+=
vz} 82 ppm, 71 ppme] At}

Fig. 202 0.1Cu~Zr &4 59 F2EEXE JYgdn 01Cu-ZrxAe 2%
Z7l9+= A dgo] Hydride®d 99l AT thermotransport$ hot endol A
g o] yeltow o]edt A AAl F47) hot endol A cold endE ©]E 3
28 BAEFE Aot} 27 4 X7} 102 ppm&l A9 cold endo) A ¢ 4
FEE 205 ppm ©l Al hot enddl A 4 FEE 66 ppmelATh 27 F
X7} 122 ppm?l 3% cold end®} hot endol A9 FaFEE 742 183, 81 pp
oA}, olE Zzte]l AHEL 322, 325 TolA 447} solid solution® & @ —Zr

Byt

B

=

]

o] £A)8lE dArY o ¥ (single phase region) e -Zr# hydride?} &3+ o] A
o o (two phase region)2.E UH At $£49 ARTEE dAdda} o) g4
o] AANA Audez et FHE HAFT B AP 257 ujd o
exzRY N 2 2ExE A3 Sawatzky[47]9] B aro] )3 steady
state JElo] Z=e3lr] Mol AANA FE/F FASA F7HE st BACAA
F 27t hydrideZ2X 3" F AAE cold endE Fa|A o)A " o 2
T} o] g oA RE FEES AT NER T4V ST dAEHY T
A By Aagonn HEFHOE interfacedlr FE=2 W33 discontinuity
g RoFEra BHiusidt 2 A4¥8L 34 AA cold end®E o]FF AL

F AAAT Fhe ARE AL Sawatzkye] ZAHet= & cold
end® Z4E FAFE7E ARSHAl FUbetdTh oldE FA AEFE Aol

Aole due) LEAT £49 ARE BFE AHEY] WEoldy HH]

!
e
&
rlo
<o
o
—
w
3
=
o
il
1o
4
P>
1o
2
Sl
ke
it
L
Aul
=
vl
O
Q
o,
]
=
o
b
(I
>
et
A

A ¥&IF SUbete A¥E HAE UE FFEY AERZAE Fold

001Si-Zrts 9l Z4E 330 T F2d4 EAEHHQ = £XE YedH



300~330 C F7tAdlA & hydride 4 90| velyton 330~340 C F7tol
A 8 ppmAEY dAHE FA FEE solid solutiond A& FA s}

Hydride 34 B9l E oF7F9| scatteringo] 9171 AT Ao dAF ZHF§

Belth olel@ ARt wA A LA ohIW HAR Si B DA
A B AP Asdent A48y YENUDG oG 2 AT Astel osh
001Si-Zr FF) A4E ANY RE FRAN Fa) ARE FFe] Aol

A Aoz ey,

T}, Heat of transport

429 transport AEE A F3317] Y84 heat of transport(Q*)E o] &3
A 2 ZA7E ¥ Bokoh ey 0.01Si-Zrd =Y A% Fig 21914 R0,
T AT 9% 247t hot endoll A cold endZ transport® P& & S
AAA T solid solutiond g F4& FE7 dASS Qas i 4= ¢k
A4 22 thermotransport= heat of transporte] ¢siA] AFdHo =z wa=
T Ao QgL thermotransport®] 7|9} ®WFakS el

SEZ7E EAA DAY fluxe e Ze HJog FFEH| AT

_ —DC{pndinC . Q" dT\
7= {RT me -9 dx} (11)

. diffusion coefficient

: hydrogen concentration

D
C
T ' absolute temperatue
R @ gas constant

Q

*: heat of transport
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o] 2ol 2|3} thermotransport ¢+ &A YA olE& slalFE Flo] 7|<lst
DA olFomM HAED o] P2 9 Ao A WA FojA HARE
WA 5 AEyE 29, 9of £39X7 FASA EXH  homo-
geneousZ A 2XEA7F EAGCE Akl whe} BEXUF A HAabE )
Al FZ27F build up®E Aelvh. olul, AN EHE SAARY EEad] ot
flux7} &=zt 2l % fluxet Zobd Wl =93t 2 net flows AlgAz
AL BFd o] HY A

dinC _Q
d(/T) R

o 2eA Q2 solute’} o] FaHA GH HPYAHE &
ANIXZMN thermotransport®] Waa Z71& JeEhgH ou=xe vl
ool el +& e 2Ex

}_
& EHT RS FE LRI BE LEEOR 447} of

H
rir

nr

= 2

Ak @A Qikel 2719 eEAE FaAREY AEE 2R

oft ¥ N
e
o L

b 2
r oj

i
=

$1 Aol RE AFol2E In C ¢ 1I/T & plotd curved 7] &7 ¥
Q#E T + vk Figs. 22-24% 2 59 In C 9 1/TY #AE Yehijxn
ATh 2 FFEQ 7187 #L least-square methodg o] &&A Faow o]uf
QA= A7y 21, 8, 33, 23, 18, 13 %2 ygtth. a4 HJREo] datad)
scattering®] A& ol FAE EHIE B AW ol Y= oxide
skin, thermocouple $]X] ¢} #& Qo] oA A= Q'Frel ool Aoz
AZLE T, QS THE Aphase)Atoldl A ZA Wt Aoz 4HA Uy
[49]. &, Aol & A 24 F2EPD Mg 28HE 29 FER U2
et ol g o] {2 F o] EAY A Q'Fol F concentrationd] EIHE
wasrle v g gk B APNE %7 FEUF F71Ed o
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Q gk
e T Ao QHe DA Aol Q'gteltt. olHE A E BETs)
Z T of thg datats Q%9 ©HE terms
o] & dF AH4E ded =Fe) @ ¢ Ue Aol AzHEr)

Table 4= Zircaloy-49t A#F9 Q%€ e 3otk Table 4o vhebu
modified Zircaloy-4 #3529 Q%2 6.7, 6.8, 7.8, 6.8, 7.1, 6.7 kcal/molZM <}
kel Aole gley ol BAA 23 W uld T o5 HF Qe
°F 7 kcal/mole] AT}, Zircaloy-4 &9 Q"gtS 5-7 kcal/mol & X 1% o] x| o
= A9 A3 (6.7 kcal/moD) ¥ wluns) B W I XS & F A o
#A 71E9] Zircaloy-4¢F 2744 modified zircaloy-4 Abo]e] Q'7kel Wt ¢l
e Zb e GGGl 27 F4 TR Msld wE Qe Wi me
AT

hoolgHY 4 FE
AAHeIN Y o2 Fx ARIE A 1DE AvFons AL F 9
o4 (12)& A2

C=Aexp (QYRT) = - (13)

714 Av AFg o= AlHo] ZriF oA 49 terminal solubility Bt} wF
AAZASRZRE AAHA
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(13)4 3 (144 & 2 HH

_1

A A temperature gradient®] 7Z-$ dT/dx =K, 4 (15)+= vL3 Zo] Hru}

aC K
Ta O /RT
L e ar (16)

0

A =

A (18)l A y=1/T, dy=—1/TdT, Q/R=q & WHFE W3 7|A o}gle Az} 7
=3

4 = aC K
voe?
d
I, y: Y a7

A71A AW mtol7t HolA .9t yort AR H|REA HBE § A
integral4 9] y*82 integraltto 2 U& & QA Hu HFgez A&
W thga 2

aC,K (y)* _aCK(¥)’q
[" evay ey 08

Ya

A=

(1R)A oA AZLe AlH Y ZAoj(a), 7|F4%%(Cogt), heat of transport(Q”)Y

24 2 AR g 42z Bl Ax &, & K@g ol&dtd dg &

e AgE (DA ATeEA P + Uk
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2 A¥E T3 Aol Qg o] &HA o]BH i ARIEE 2AE
£ 23 Fig. 25¢} Zo] Yewth o223 2% %S A8l cold endol] A
9 hydride 43l Aol 7] 4 FE9 YAANE T3 ¥ 23} 60 ppmo
2 AMHART 2 A8E Fd 9o 49 AR ITE hot endolHE o] &
2 AAFYAT cold enddME F 9 EA eEbgEH olE cold endol A
= hydride 422 Q18] ol dge] FHHUY] WEQA Aoz AgHE,

3. AW R WS ATE BB

2 AF A= Zircaloy-49 05 wt% Sn, 0.1 wt% Cu, 0.01 wt% Sig& 2+
24 A7 AFFEY T AFE A et 1, 1360 T, 2660
ps)eke] & E971A 1505 ¢ FAAHE AAEHT} Fig. 26€ A7)
0E 4 AlEY BAAFS JYEn guh BaxTe BE AJHo] §AME
HFAATE 2o 1509 #4438 F weight gain 43 23 0.1Cu-Zrd
0.01Si-Zr Ao A 2}z 5527, 4761 mg/dm’=E W Z& & #< Jehygloen
Zircaloy-4 % 0.5Sn-0.20-0.1Nb-Zr A|¥-& 4027, 40.75 mg/dm’2 @& Z7}
Fe et dutd o HAAFgHL AR aAr|e BHo g A
oz d#x Ut

PWR £97ldMe AEE9 a77F 01 mm vivte] Z$o B233804o0)
Aastil AEE AZ77F 01~02 mm ¥ W Zircaloy-49 A8l uniform3t
corrosion HHE UEtAT L HIFHATH44], 1A9%E vz #1 A3 7}
AHe] HERe WE AVE FABIECY A7 BXE D2 Hold AZS
YEHA AT Zircaloy-4 % 0.55n-0.20-0.1Nb-Zre] A% 0.13~0.15 mm ¥
A HFEAr] BEXE 390y 01Cu-Zrd 001Si-Zr AJHe] A9 01 mm gt
ol 0.2 ym FZAANE FF5e 4EEo] YFHo] 9SS & F U} =

NEgel A% RAx/) A T e A dAe] AP o535
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o} waa] ol & sty skl SEMS o] &3t Z FAAIHe] Abshetd
2o AAEQTE Figs. 27-30F SEME ol &3] z} x49 10, 1508 F4A|
ol ¥k Zr metal/Astutstel AAGY BW AEEAS T Ao,
Metal/Atshetabo] AARZ ol & A3 Zr w57} 5
e Z718e BATh ol AR 3t SEME B3 &€ A5 £
274 A3}E Table 59 Yt 4tslete] FA FHL 2 Al
o A Yo SEM #ZL T8 ZHse HITFAS Fdss WHE A
g3ttt 01Cu-Zr §aFe Ao AV 164 m=2 74 e 0
0.20-0.INb-Zrel Al 1.18 m=Z 7H3 #e gte=z A=t 01Cu-Zrel 4%
AF e 2 AEEe EAo o3 BAUEse] d4dd dAsE AR
Teke AT

Argbebg) o] ARz A4S $l8 10, 80, 150¢ F2A#HS XRDE #
skt 1098 -2 AHA Agete] AT 2E EAT 294 EE AW
o] Ar3bulo] A monoclinic phase®] peak$}l tetragonal phase®] peake] #Z
ot} wabA Ab3ERe monoclinic phase$} tetragonal phaseZt £3H o} 3l
Zzole o 4 gl Fig. 31 XRDel 9&] #4€ Z A|HA F2A A7
of we At monoclinic E&& AT AFeltt. Z AW i
momoclinic phased] #&-& (101) tetragonal peak (T11) monoclinic peak
o intensity ¥]E o]&-3td] ArstHth 1504 FAAHE AL 104 FHA
Ho] XRD ZA3e vlms] B o z+ Aol (111) momoclinic peak?] i
A ugol 273} B & 5 AN A3y B tetragonal phase &
Wl B2l &% Fo|sl tetragonal phasedA monoclinic phase®2] R e}
A 9= Aoz dFA UrH50l. ) weight gaing WEFA 0.1Cu-Zr =7
o) AL tetragonal phase?] ¥&ol 7MF @& ;& YEUeH ol
01Cu-Zr ZAdA9 weight gain® F7F&e] Hud A& #AAT #
tetragonal phase® E&W3HE weight gainol F7+eel wel, = Aral7)l R 8
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ol wet A4S RAF) Zircaloy-4%F 055n-0.20-0.INb-Zr A9 7
0.1Cu-Zr %A weight gain¥} tetragonal phase #&¢ A##AA 9} A=A sl=
RS BYP o} 0.01Si-Zr 24 2] -9 tetragonal phase #-& 3 weight gain
o] AFE vlumA & A 249 B4 dASA Fh

4. Permeation test

AEm W 29 diffusivityet ZE&EEE 2A87] 93ste] hydrogen
permeation test® %3] AtstH} FAS Fxo WE F£49 time lagel 2o
E F8t3 2z gFUelA =429 diffusivity 2 ZE8EE 513}%1“4.

ol& s AlAY 7|EASE FAHE AASY] Y3 WA anodeZFel 1
Vel AHSHE A sl 20 mintt FAAIZ] A ARFLEI A F AA
87 #A % & background current® FAsE AL 3

Background current® ¥4 ¥ cathodeZ celld]l 5 M 5
100 mAS] AAFE EHFTAUT. CathodeZdl HAAFE E#F %7|d AH
WA e AFFE 3 dFe w3 d¥ ddo] AAHNUoY #
Z el A3 cycled FAsAT

Figs. 32, 33w & &£49 150¢ #4A "l th¥ permeation test A3}&

UEbd ot permeation curvet YA AIZbo] Ao wet AFAEs} F4
8 A 71er7r Aadte ¥9e FAET F dA HFEU 52 A
A Egste Aoz BFHAY. FANHT anodeZollA LAAF R
of & F Al WHE FAste EoloE 4T cathodeZF o2 WEHE 4
o] ZopAl AZtE ovEnt, 7 2AAA FALHC E2dtE AE &4

P o] F 2] (5), (6)2 o]-&3}o] diffusivity @ ILE{LE S Axerg o)
Table 69 Z+ AFs}AH)A 9 diffusivity ¥ ZEE g veuc
0.1Cu-Zr 49 diffusivity?} 9.72X10-10 ci/sZ 7F4 &L ze JeElhyg e
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™ 0.55n0-0.20-0.INb-Zr 249 A-$ 280X10-9 cr/s® Y] T AlHoj n)
Sl A 2 FE WA olE Zr §Fol NbE 2% H/1e A 4
=3

#o] o= R del FFduslle Bug duAel 9e A

2 BAAEL Abske / metal AMCR FAE AHolmE F o
AR ke nder & Aog ARH . dutgdog

£ T3 st A% interfaces, voids, B9, €2 YA}, vacancyst #&
Aol ofe FHE o)A, F49 ojgjd AFAlole] 434S hydrogen

trapel gt Y 2&d trappingel 93 4A =HE S ZE gheetD E3F

T2 fluxd AoIA lagE 427z FAFEHdAN F2 FAEEE Ta
A 71t
Fig. 34& 5% 71A9] grain size, A& &3 diffsivity®}e] #AE g

I AT 05Sn-0.20-0.1Nb-Zr, 0.1Si-Zr 249 AS$ ztzt 37 AR YA 9
A ¥7F b A9 AlHEHe Blg 2 RS & F Yy 2R LA

e
i
o
Mo

9 ME=L Zr 5 WERY S5 HEE ATsn(52] F429
e FXA7E #AEE & Zlolth ol Brass[53]9] grain size7t 49
diffusivityol "X dFS Hrte 492948 FHME SlE9sd & 4
Hol A A4y HEE9 277} diffusion rated] V= 9gS B rls}
717V olEslem ol FAL Astute] fa diffusivitydl AwjA FFL wl
71 WEd Ao #AaEHA webd $£4 diffusivityo] mX)E 2bsidte)
A, Fxe S SAHes mysgen 2 AFEA Fig. 350 Atsiut
o A €] relative tetragonal fraction, weight gain® diffusivitys}e] #AS ek
WAt Fig. 35@°lA  055n-020-0.1Nb-Zr %49 relative tetragonal
fraction®| 4762 4.4, 456%! Zircaloy-4, 0.1Si~Zrol v]3] %A Jelyi=d o]
= XYg F2E 2= tetragonal Aol 2 712 tEFA ¢l monoclinic T+
9 Aoz WHFoIZN F25HY HRZE AT GE JeivdE 2
HEA AzbE oY, I XRDY EHAEZF Ium B9 He ned
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o, Fig. 35(a)9] 0.1Cu-Zr A AJ#Hol w3k relative tetragonal fractione A
9o dFEe i Ay gds & 5 Aok B B A v d st
AbEberel gl A tetragonal AFY] E&o] FAxFo®E EBIEm ke
tetragonal &2 IWE EA$Hb54]= Raman B4 A#}E & A 0.1Cu-Zr
2449 A9 Azt A9 relative tetragonal fraction® Fig. 35(a)¢] 23}
#ET & Aol AstEr yWiE XWE F2E 712 tetragonal phased =
A g Aeq AR

Fig. 35(b)~= & =49 diffusivity®} weight gaind¢] #AE e,
Fig. 35(b)ollAd & & %xe] 01Cu-Zr A1AL 714 & weight gaing 231
Ae™ permeation AlHL] AHA FA thu] Aksldle] uj o] 0082 7MF =
A& & F Urh(Table 5 Fx) E3F 01Cu-Zr A s XRD £4 A3

=

of oJstd AtatEr ol 449 diffusivity’} Atslule] 29} Erd o
F& T UEFE HYFErh Manolatos[551% FU3E A E S metalt o] A ]
Ta9 diffusivitys AHE FAC F@ste] AW g Aud we gl
A sigled AlHe BHAE, & Aglgo] £2%31e 714 2 barrier®
Zgete e Adde 2ot dAHAY. = metal JE H2E

microstructure®l] €& diffusion 7}€:3}e] FFgH = Aslure] T 7z
o 93 A 425 £57 AAYL AT 4 Yk

Ase Zez guA AEUY, 21, 2 YAAE AW
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B &9 Ae(akstete) FAY 7)), 25, gl met debdn[22]

AR ex Fadtd A metald] FAaFAol LAY H§- reactord
o] gtgol FA3) gaste ), old FaFAFo] BAIE ALE FHTe=
M metal®] BARIE & ¢ o olF FA4FF kinetic testz} Tt

Zircaloy-49} A ¢ Mg BFAAIHO F4AFF kinetic test A E
93 g4 2x, dHEAE FY] A 2x¢ ¢EHS WIATIEA AdEE
AAERY, 2 Ay 550 T 2713l A 48hr ©]/49] incubation time ¥ 4
F47F dAE A 700 C o)A 2ZolAE EE A|HAAA 40~60% 9
incubation time ¥ FAFFuFSo] oyt 7 A W ArEA s}
A Baivta gdEggloen 600 T, 30 atmolA HAAzZAL && & YT
A B AFo e Atstute] FAS TR ME F4 FF kinetics: EA
32 600 C, 30 atmdtol A F43E0] AAHEH =gsts ARE 43}
o] 7} Ao AWRE v s

Figs. 36~39& z+ =49 10, 150¢ 2] Al#Ho| dig 4 &< kinetic

k2

i

test®] Z I} o|v}. Llauger[39]9] & 8t9H Zircaloy® Fa&4/3A49 dHe o
o A FRog yold ¢ gEdH A WA 99 Zrcaloy Al UWEER
A7} &9 EY 879 incubation timeolw o] ¥ AV AW A
Bl 9 annealing A7 &Xol ugl dEbdh a2 Ee F3F d9L
Zircaloy®l Ho] £4&4 49& YeEhY o] B2 V&7 R £Ee &5

=
B Agdde] o3t RE AJEA A FAL =27
incubation time% ¢o] F7letE A2 E UElWoH, 0.55n-0.20-0.1Nb-Zr =
Ao e 1509 F48 01Cu-Zr 2489 e AT BE AHAA Fi
E5 kinetic test?] 532 A 492 FEHE AL & 5 AU Fig. 37&
o] Axjolr}. 10hre] test A3} 10, 150¢ FAA1H
REON $£A42F45 49 JElA 2% incubation timeo] A& ES o
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test & AlHY FHE ZHE FAHASS AT = A 1509
H2 109 F2A|H 8]8)] incubation timed 99 71-&77} 743
HAT ol AR L% AT dolwsS v

Hel A gFA F2E Z'E monoclinic phase 289 270 98 Ao =
ST Fig. 382 01Cu-Zr 249 AZE vehdith 109 A AlH9 7
dhr o] % FAFTIL dolR oy FAFF 999 JerE B 249 A
oAxel Agels e FHELS el ole Abstul/metal AW o <l
TAFTE A g Aol dardrh 1508 B2 AH L 055n-0.20-0.1Nb-
Zr A At FARE d3E AT 055n-0.20-0.INb-Zr 243 1509
AE 01Cu-Zr 249 AlHNA E% incubation time°] X|&H 9L Az}l
of FhFAe] HIFH OB ATE FR3] st hydride P o] Brl53)

(0SS

rr
oY, Ho
oft
tlo

1
>

[
oo
2

12;
B

—o

o)

K71 W& Ze® AR 53, 055n-0.20-0.1Nb-Zr A4S tetragonal
TEE Ze AEe AstE Fx29b 01 wt% Nbe] Hrbd o8k B 1 Sad

of ALl T3 48E ¢ Aoz gaHYeH 0.1Cu-Zr 2A9 7
Absher 58] tetragonal phase?] A9 HA Abstul FAl9] sk ¢ 3§
2 APHNT. o] I AgHe] FAER REFgHozxe Js
U+ permeation test®] Ao} AL & 4 Q)

0.01Si-Zr =4 9] weight gain® XRDdl 2|3t relative monoclinic fraction
ol A+ 055n-0.20-0.1Nb-Zr 247 SAFRAA T FAFS testql*i%ﬁ}%
ARE Bk 109, 1504 FAAHAM 242z} 30 min, 2 hre incubation
time ¥ F4&Fs Aol Rt ol zircaloy-49] ZA#H¢} WAl 5]
gt Alzkolth e 2AA S} fFALE Atslebe] FAE P E B3s)

f
i #e TaFT ALE RHole 992 Sid 9% 4EEF Aduhye] &L

T

Y 40 n

ol

1

o
L1

U344 7&E e relative monoclinic A& 0] %97 o
HolAH oo e AT AL S o Ao}

T inetic test ¥ Z A9 AHWI(IP)E &4, 2

THFE testde] AW FA dig vz

>}L

o7 du

i
;

i A
=
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ek gholth 10 F-AAHY B FAFTYY

Zircaloy-4, 0.1Cu-Zr¢} 0.01Si-Zr 249 F4E54E&E 47 151, 261, 2.08
wtXolH FagF dgol YEA && 0.55n-0.

0.28 wt%s A=A olE4 Zre FAFFECl o 2 winde ILHA
0.55n-0.20-0.INb-Zr &4& A%t BE A|HA Y 4 FFFL oE
<4 % g0t}

150 F-2] A H 9] kinetic test A3 109 F2]A|H3} W]RLA] Ziracloy—4,
0.55n-0.20-0.INb-Zr, 0.01Si-Zr Z2ANA 4 FFFo] F7ke vhd 0.1Cu-
Zr 239 A FaFTss DASA EUTh ol 01Cu-Zr A9 Al¥ <
A Age B F7HE AE metal UER FAVF AFSEd AYye

incubation timeo] 2o wWjFo]H[56] test Al7HE AAA] F42E 5 93
=% o

a4 BAY FAEFEE 2712 Ao GREAY. RE 249 AW
A ANz WS Fa TR 7 49 A5 YRoNe Fags

& Skl ols Aowm woyE

Figs. 40, 412 kinetic test® Z} ZAo] thdle] hydride A o5 E <o}
17] 95t XRD #41& AAS Aoty BRE AHAAA beeTRE 7HAE
€ ~hydride®] X & & 4+ UAT}. e -hydrider= 22| A <A % hydride
4o FE metal Yol F2EE7F Mgl S of FAEE ez A gl
=3

AbstElol A e wAl #d, 71E, 57 SEER 2L JAH 2 FHe
FAa ZAE o3 Zircaloy matrix 7FA ¢ H & &
of HF7 &olatA Frt &eA Aoy 57] E H4¥E S oA el
A B3} 3 Zr-based alloyWol A Cugl Sie] T8 EE= ofF Z7] wjF o
A% FHIMAAE MEES FASA HER oFo] 4 IFE £olgA I
o] incubation timed] <F&E A HFEHAeH Fig. 412 0.1Cu-Zr,
0.01Si-Zr A9 XRD A#}eA & 4 gixol F 249 104 FAAH ¥
Hol A Ziracloy-4, 0.55n-0.20-0.1Nb-ZrZA#E <8 =& hydride peak$



o

—

o]
o

- 34 -
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L Askae] Az 9 vtz #3

A7) os] Mad AFgF(0.55n-0.20-0.1Nb-Zr, 0.1Cu-Zr, 0.01Si-Zr)
& A5 FHEAe FAGAC o AZFsHrt. TEM 93 A&Eo B
A3 BE ZAANA hep 7-F9 Zr(Felr), A&EE0 AAHY2H 0550-0.20-

0.INb-Zr ZAA = hep 25 e ZrCre® Cr 929 A 371 Fesd Nbx}
2 X% Zr(CrFeNb); A EE°] #&AHA 0.1Cu-Zret 0.01Si-Zr 249 4
G+ 42y %o ZrCwd ZrSi AEEY BEXE Isder Cudt Si 9AE
AFE7E AL loeng gifiEe] HNEE FHR ESAGAT. AEE IAV=
Zircaloy—4, 0.5Sn-0.20-0.1Nb-Zroll Al Z}2} 0.13 pm, 0.15 im 32718 EXE Ho]
L} 0.1Cu-Zr, 0.01Si-Zr A= 01 m, 02 m IV E EATS FAsHr).

2. Thermotransport test (hot end : 3407C, cold end : 300T)

Thermotransport A #ZA3 47} hot endA cold endZ transport¥ .2
™ cold endolA terminal solubility °©}Ael F4¥E hydride® A &= )
0.55n-0.20-0.INb-Zr3= ] heat of transport (Q)#L %71 Fi2E =7 64
ppm, 91 ppm¥d W ZZ 7.8, 68 keal/molol A, 0.1Cu-ZrEFe Q#e %7
A FE7F 102, 122 ppm¥ w67, 7.1 kcal/mol®E  AAH QT whEtA
modified Zircaloy-4 €59 Q'#tS oF 7 kcal/mole] Sl single phasedl Al %7)
ThEEd W& Qg Wil fIh

3. Algkwe] F4AE # e v F

1

2,
o0t

0.55n-0.20-0.1Nb-Zr, 0.1Si-Zr 5 Zircaloy-4°] #®]3] sFAH H 2
4E& BYem 01Cu-Zr Fa2 2318 XY ZA2E BHJH 1509 F24A
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#eo] SEM3 XRDE o| &3 Atsiehel Fxob itsteel FA A An
o] Zastd 4 BL FAF/F HAE 01Cu-Zr F= AF§ A
A ZAQow, 3949 14 AL AUA tetargonal E&E EAvh W
o2z BRAAFEAYS KA 055n-0.20-0.INb-Zr §FFolAx 4748 713 2
tetargonal &5 & AT + UATH

SRR
o 7
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-

2
~

4. permeation test® %3 AlgF 9] Diffusivity %7t

WaAdel zagd 01Cu-Zr TEANA 972X107° en/s’d MY we
diffusivity < E9th  055n-0.20-0.1Nb-Zr#} 0.01Si-Zr a9 AN
Zircaloy-4R.t} Tha 2o diffusivity S YEFN AT Zircaloy-4 Al#Hdl H] &)

A3} 9 tetragonal 7% E&o] & 0.55n-0.20-0.INb-Zret 0.01Si-Zr =
A Fi diffusivity?t e %S Rk

5. #4 %S kinetic test® B8 FAFHA UL

0.55n-0.20-0.1Nb-Zr o] WA Al 9 Zircaloy =l ®l8l 714 %
F8 FATS AYAL zZteE AoE FHYTE o]F ¥ tetragonal phase
253 Nbe Hrbel 23 oz HriEterd 01Cu-Zr a9 5= v
A B FAEF AFAHE BAT F2AA 7P AGUD 001Si-Zr F=
& sio] Hrbel o3 zuid HEE FAd o3 Aoz wdEHm oo i
E F7189 d77 878
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AL AFEPon o 2xWEEGgA AFHAA FF9 RAEA

A EX A BREA S V) x ABE Fd8FoAHL
2. Thermotransport A& E3] ATdFoAY F& AEE ZAE =3
3o}

b AA GAR 27190 300~340 T2 2% THlE thermotransport 23 &
A Ao LRl WE $£A2e BExlolE BATIo RN Zr-based
alloy el =49 AMEFXE ZASY T

. Thermotransport¥ 4247} hot endol A cold end® transport¥ 312w
cold end®] A terminal solubility ©|4¢] F4A7} hydride® X&¥& o
s o

t} 055n0.200.INbZrg52] heat of transport (Q)#E X7 FiFE7}
64 ppm, 91 ppm% ® Z+Z} 7.8, 6.8 kcal/mole]l 1L, 0.1CuZrr+2 heat
of transport(Q") #H< X7l F4& FZ7F 102, 122 ppm¥ W 6.7,
71 kcal/molZ ygt}. wEbAd modified Zircaloy-4%+2] heat of
transport (Q")#k< ¢F 7 kcal/mole] 03 single phasedlA] 7] $£i%
o] wE heat of transport (Q)#ke W3lE= it
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3. Zircaloy-4¢} A¥&9 FAAHYE Fa) Aslute RAAZ #E A}
A=

7}, Static autoclave® o]g38 R AL X5 o] Zricaloy-4 2 Al§Ho|
ek 1509 zhe] weight gain WslFel 24 2 RYAFS A 2
B 0.1CuZr #59 weight gaino] 552 mg/dm’e & 7}% & RAAZS
HAT &5 AHAHYA FA4E S Bt B Z73Q BAAE @
3 ATE Y Aol olE VxE HolA . Fo Y3 Hu} HEge oA

E 38T Aoth |

U FAE o At yx wE 2@ BE4A%e wE micro-
structure ¥ 4 E&9 FFE XA AT SEME B3 Aslue A
4% XRDE o]&ate] FAAIzke] wE abste Fxuss: @33
At 055n-020-0.INb-Zr #3F2 FAH Aol 713 53 Aoz =
AFE Y. % TEMS 5% A3kt o] nazze #as sy
A ATFEAE BF G Aol

4. Permeation testE& T3 4FF 9 ZrgFo uisk Agute A4 ws
429 diffusivity 2 solibility® ZAISG o FIge] 2x

A 29 g A7E SaHY
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Table 1. Chemical composition of the modified Zircaloy-4 alloys for
the thermotransport tests (wt%)

Alloy element
Sn Nb Fe Cr O Cu Si ZIr
#1 1.5 0.01 0.2 0.1 0 0 0 Bal.
# 0.5 0.1 0.1 0.2 0.2 0 0 Bal.
#3 1.5 0.1 0.1 0.2 0 0.1 0 Bal.
#4 1.5 0.2 0.2 0.1 0 0 0.01 Bal.
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Table. 2. Particle size and area fraction of precipitates of Zr-based alloys

Particle size (/m)

Specimens Average | Minimum | Maximum fraCﬁZia(%)
#1(Zircaloy-4) 0.122 0.041 0.298 1.95
#Zg’l'stb“ZOgO 0.140 0.056 0.350 2.74
#3(0.1CuZr) 0.109 0.042 0.369 1.96
#4(0.0151Zx) 0.126 0.048 0.437 2.23
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Table 3. Hydrogen concentration (in ppm) as a function of charging time by cathodic
charging method in Zircaloy-4 and modified Zircaloy-4 alloys

#2

#1 #3 #4
Zircaloy-4 O'SIS;‘I‘;;?O' 0.1CuZr  0.01SiZr

1 min 76 64 102 90

2 min 92 93 112 90

10 min 247 139 125 134

90 min 394 254 249 423

- 46 -



Table 4. Heat of transport as a fuction of hydrogen concentration
in Zircaloy-4 and modified Zircaloy-4 alloys

Hydrogen concentration Heat of transport( Q")
#1(Zircaloy-4) 76ppm 6.7
92ppm 6.8
#2(0.5Sn0.20- 64ppm 7.8
0.1NbZr) 94ppm 6.8
#3(0.1CuZr) 102ppm 6.7

122ppm 7.1
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Table 5. Oxide layer thickness of the Zr-based alloys after 10 and
150days’ exposure
(unit: um)
. 0.5Sn-0.20- .
Zircaloy-4 0.INb-Zr 0.1Cu-Zr 0.01Si-Zr
10day 1.32 1.18 1.64 1.45
150day

2.38 2.34 3.22 2.74
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Table 6. Diffusion coefficient of hydrogen in Zr-based alloys after 150days’

exposure at 298K
Diffusivity(cm?¥/s) Solubility(mol/ cm?)
#1(Zircaloy-4) 3.84X10° 0.196
#2(0.55Sn-0.20-0.1Nb- 2.80X10° 0.170
Zr)
#3(0.1Cu-Zr) 9.72X1010 0.587

#4(0.01Si-Zr) 3.37X10° 0.148
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Table 7. Hydrogen pick-up rate of Zr-based alloys after 10 and 150 days’ exposure

(unit: wt%)

#1 #2 #3 #4
(Zircaloy-4) (0.5Sn-0.20-0.1Nb-Zr) (0.1Cu-Zr) (0.01Si-Zr)

10 day

150 day

1.51 0.28 2.61 2.08

2.57 1.03 0.35 2.32
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Fig.1. Effect of alloying elements in intermetallic form
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Arc Melting

i remelted 7 times

Il

Beta Forging
11010 T, 20 min 9.8—6 mm

Beta Quenching
11010 C, 30 min Ar gas

L

Pre—Heating
1720 C, 1.5 h, Ar gas

|

Hot Rolling
1720 C, 20 min, 6—3.6 mm

]

Intermediate Annealing
1650 C, 3 h, Ar gas

Il

Cold Rolling
3.6—2.4 mm

i

Intermediate Annealing
1650 T, 3 h, Ar gas

]

Cold Rolling

:2.4—1 mm

ll

Final Annealing
:700 'C, 1 h Ar gas

|
[ [ il |
Thermotransport Oxidation test SEM TEM
L
[ | 1
Oxide layer characterization Permeation test P-C-T test

Fig. 2 Flow chart of the experiment procedure
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(5)

(1) Tube furnace (4) Glass wool

(2) Copper grip (5) Thermocouple
(3) Specimen (6) Controller

Fig.3. Schematic diagram of the experimental setup for thermotransport
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: specimen size

Specimen fabrication | 30%8+0 6

Mechanical Polishing

Electropolishing : 15 vol % HCIO,
+ 85 vol%acetic acid

Hydrogen charging . electrolytic chatodic charging
10 vol%H,S0, + 90v0I%H,0
— 0.4mA/cm?2 , 80T
Homogenization : 340°C, 3day

Thermotransport

Concentration analysis| : Hot vacuum extraction method

Fig. 4 Flow chart of the experimental procedure for thermotransport test
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Fig. 5 Electrochemical cell for hydrogen diffusion measurements
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Fig. 7 Optical microstructures of Zr-based alloys annealed
for 1h at 700C after cold rolling
(a) Zircaloy-4 (b) 0.5Sn0.20Zr
() 0.1CuZr (d) 0.01Si Zr
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Fig. 8 SEM micrographs of second phase precipitates in Zr-based alloys
(a) Zircaloy-4 (b) 0.58n0.20Zr
(c) 0.1CuZr (d) 0.018i Zr
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Fig. 9 TEM micrographs of typical Zr(Fe, Cr), precipitates in Zircaloy-4 and
0.01SiZr alloys
(a) Bright Field Image
(b) SAD pattern of precipitate marked in (a)
(c) EDS spectrum of precipitate marked in (a)
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Fig. 10 TEM micrographs of typical of Zr(Fe, Cr), precipitates in 0.5Sn0.20 Zr
and 0.1CuZr alloys
(a) Bright Field Image
(b) SAD pattern of precipitate marked in (a)
(c) EDS spectrum of precipitate marked in (a)
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Fig. 11 TEM micrographs of Zr(Fe, Cr, Nb), precipitates in 0.5Sn0.20Zr
alloy

(a) Bright Field Image
(b) SAD pattern of precipitate marked in (a)
(c) EDS spectrum of precipitate marked in (a)
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Fig. 12 TEM micrographs of Zr(Fe, Cr, Cu), precipitates in 0.1CuZr alloy
(a) Bright Field Image

(b) SAD pattern of precipitate marked in (a)
(c) EDS spectrum of precipitate marked in (a)
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Fig. 13 TEM micrographs of Zr,Cu precipitates in 0.1CuZr alloy
(a) Bright Field Image
(b) SAD pattern of precipitate marked in (a)
(c) EDS spectrum of precipitate marked in (a)

- 63 -



!
E’ E 1y - b

: ‘. T b

: ! = :

i i P

; s F. | H

T j o2

i ie m.(_ |

i i

. i

[i { 3: i f' ; W

IN i {; ‘ i .
z‘w\ﬁ*j W S uaww‘a) W o,
L — ‘

Fig. 14 TEM micrographs of typical microstructures in 0.01SiZr alloy
(a) Bright Field Image
(b) SAD pattern of precipitate marked (d) in (a)
(c) EDS spectrum of precipitate marked (¢) in (a)
(d) EDS spectrum of precipitate marked (d) in (a)
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Fig. 15 Size distribution of second phase particles in Zr-based alloys
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Fig. 16 Hydrogen concentration as a function of charging time by by chathodic
Charging method in Zr-based alloys
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Fig. 17 Hydrogen concentration in Zircaloy-4 specimen after 100 days’
thermotransport run
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Fig. 18 X-ray analysis for Zircaloy-4 alloy after thermotransport test
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Fig. 21 Hydrogen concentration in 0.01SiZr specimen after 100 days’
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Fig 22 In hydrogen concentration vs 1/T
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Fig 23 In hydrogen concentration vs 1/T
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Fig. 28 SEM micrographs and EDS line scanning image at metal-oxide
interface of Zr-based alloys after 10days’ exposure
(a) Zr1.5Sn0.1Fe0.2Cr0.1Cu (b) Zr1.55n0.2Fe0.1Cr0.01Si
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Fig. 29 SEM micrographs and EDS line scanning image at metal-oxide
interface of Zr-based alloys after 150days’ exposure
(a) Zircaloy-4 (b) Zr0.55n0.1Nb0.1Fe0.2Cr0.20
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Fig. 30 SEM micrographs and EDS line scanning image at metal-oxide
interface of Zr-based alloys after 150days’ exposure
(a) Zr1.58n0.1Fe0.2Cr0.1Cu (b) Zr1.5Sn0.2Fe0.1Cr0.018i
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Fig. 31 Relative monoclinic fraction in oxide of Zr-based alloys
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Fig. 32 The change of current density with time during hydrogen permeation
test in Zr-based alloys at 298K
(a) Zircaloy-4 (b) 0.5Sn0.1Nb0.1Fe0.2Cr0.20Zr
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Fig. 33 The change of current density with time during hydrogen permeation
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Fig. 36 Absorption of hydrogen in Zircaloy-4 at 600 °C, 30 atm
(a) 10 days’ exposure  (b) 150 days’ exposure
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Fig. 37 Absorption of hydrogen in 0.5Sn0.1Nb0.1Fe0.2Cr0.20Zr

at 600 °C, 30 atm
(a) 10 days’ exposure (b) 150 days’ exposure
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Fig. 38 Absorption of hydrogen in 1.5Sn0.1Fe0.2Cr0.1CuZr
at 600 °C, 30 atm

(a) 10 days’ exposure (b) 150 days’ exposure
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Fig. 40 X-ray analysis of Zr-based alloys after hydriding kinetics test
(a) Zircaloy-4 (b) Zr0.5Sn0.1Nb0.1Fe0.2Cr0.20
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Fig. 41 X-ray analysis of Zr-based alloys after hydriding kinetics test
(a) Zr1.5Sn0.1Fe00.2CrO0.1Cu (b) Zr1.5Sn0.2Fe0.1Cr0.01Si
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