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2. Zr a9 D2FoM FAHAHS
Zr $3& AR AgA nee BMHO &
& DOl #3719 ¥4 wgstel 3 BW
Fol Zr0; 48l g4, WA AP "ot

Zr + 2H;0 (or D,O) = ZrO; + 4H (or 4D) (1)

ol2j g Zr 39 sl A MY Fx2H
EA4E AsAE B opde}, skl yby
t 74%42 A8 Az 43 d(hydrogen
embrittlement) 59 ZAE olr|A|A Ydx=E A
Ao HFYE AP & YohD Zr BFY 1
FEIINAY Bae dutxog AE3

Ao wat uniform #4] 3 nodular B4 g F

Table 1 Typical compositions for the commercial
zirconium alloys(unit in wt%)

Element Zircaloy-2 Zircaloy-4 Zr-1wt%Nb Zr-2.5wt%Nb
Tin 1.20-1.70  1.20-1.70 -

Iron 0.07-0.20 0.18-0.24 - -
Chromium  0.05-0.15 0.07-0.13 - -
Nickel 0.03-0.08 - - -
Niobium - - 0.6-1.0 24-2.8
900-1300 ppm*
(400-700 ppm)**
Balance Zirconium plus impurities

Oxygen 1400 ppm max.

*Canadian alloys, **Russian alloys

Table 2 Typical reactor environments in which
zirconium alloys are exposed

BWR PWR CANDU  RBMK

Qutlet Temp.(C) ~288 310-330 300 335-340

Pressure(MPa) ~7 ~3i5 ~10 8.5-8.6

[0,)(ppb) ~200 ~5 <5 100-300

(H.)(ppm) ~0.02 25 05-1 -

pH 7 6.9-7.4 10.2-10.8 -

Neutron Flux 8x10° 10" 3x10 2-3x10%
(n/cn’/s, E>IMeV)

Alloy Type Zircaloy-24 7Zircaloy-4  Zircaloy-4*  Zr-INb*

Zr-2.5Nb**  Zr-2.5Nb**

*Cladding, **Pressure Tubes

Bxlo] dedsln ¢chl?) Pressurized water re-
actors(PWR) 27| A 2](Table 2 ZZx) Zr ¥ &
2 gutAH o 2 uniform EAAHF L& Hol: why,
boiling water reactors (BWR) #7 2] Zircaloys®=
“nodule” YJefe] FHEAHQ oxide PAol o3 B
A&x7t 71485 E nodular FAAFE Hol
£o, Zr-25Nb $3¢ ETPY OE Ir g
HE ol2g ZAgHs} BRATHIO

2.1 Uniform 54

2.1.1 At# Kinetics

Uniform oxide 4 & kineticse ¥YWlAH o E 7r
o @gste AL (oxygen)d ¥, & FAFL
22Xy fEFHEU, FE BFHA Zr0,9 ol 2
AT g AE8 1, oxide AV FYITE AT
2E Y49 oxider AWel 20hE §AYHE
ZAAE: ok Zr ¥ 2 2o UE [
1% 2502 BA =7} kineticse Fig. 13
Zol & 2wtA4, & pre-transition® post-tran-
sitiong] & P7te g Yol A %79 pre
-transition T2E A|7te] wit FASZI &7}
Zase B4 Aed, duyo g
cubic & & guartic A& kinetic curved] 233}
A doh. o] W BAFIL Ne t S o2
FRHA

- -~ CURVE CONNECTING DATA POINTS FOR A SINGLE SPECIMEN

~— ENGINEERING APPROXIMATION CURVE

PRE-TRANS:AW* = k.t

POST-TRANS: AW = k.t POST-TRANSITION
LINEAR 2" pan

7' NO FLAKING
WEIGHT PRE-TRANS .,
GAIN ~TRANSITION P
CUBIC 7 BLACK

BLACK TRANSITION

260-400T

EXPOSURE TIME ~— —

Fig. 1. Schematic representation of the corro-
sion of Zircaloy-2 and Zircaloy-4 in the tem-
perature range 260-400°C.5
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AW = k -t (2)

q714 ke 45, te A8 AL, 281 nd
0.25~0.60]c}, o] 9} & 43} kineticsd #ol =
F2a3A HLHE oxide AFo) FLdA ¥
oAUA %3, oxide BFAAA A NFH7

e Reg €A AY

Zircaloy 39X = oxide FA7F & 2pmo)
ol2d, BAl F7i7t Alztel whe} lineardtAl F
7}8} = post-transition T4 7} e

AN = k-t {3)

olz3t dl&x Ho] @A oxide W] barri-

er o] PFAHE $E9 pore ¥ crack 4o
2 9% barrier ¥ HAYEHE7 FYPE ol FV)
Weow yzsy oy, 13y, Zr-2.5Nb § &
oA ol Ze 4glE: Mol @Al dojut
A god, WrtE df&xe] FriEAge]l glol
A3 Al paralinear FE| Q] kineticg Belttl
g A Yk

Zr 39 12 HOMe §44g2 proton
XA} "2 anodic % cathodic ¥lgog P2
T ATh

proton AJAH/AFA vacancy AW

2H,0(g) + 2Vo?* (ox) = 200(ox) + 4H™ ,(0x),
(4)
anodic ¥

200(0x) +Zrz(m) = ZrO.(ox)+2Voét(ox)+
deq(m/ox), (5,)

cathodic ®¥+2

4H* 4 (ox) + 4es(ox/g) = 4H..(0x), (6)

Zrz (m) + 2H,0(g) + 4es(ox/g) = ZrO,(ox) +
4H,s (ox) +4ea(m/ox). (1)’

A71A, Vot (ox)E (+) S0 " 4
vacancy, Oo(ox)+= matrix oxide W] 2] 24 o] &
, 28] H*,(ox)E matrix oxide FHo} &
T4 o2& Yl E8 Zr(m)E A

=3

& $x)eol Ax zirconium WS o}

2 o

'
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, ea(m/ox)E matrix 2% /matrix oxide
oM 4t vacancy FA4gol s Y4B A
,» 18 1 eslox/g)= matrix oxide (ZrO,)/
gas ZA A protonel] &) Lu|® HaAE
ERdi T},

Matrix oxide A(ZrO;)o} F&E 44, H.(ox)
= T4 714 EAEZE $EYAY,

o T
te X £ oo
kl

N
=

4H.((ox) = 2H.(g), (7a)

% 2 matrix oxide A £o2 F5Hu},

4H,.i(ox) = 4H,(ox). (7b)
F423" 424, Halox)E matrix oxideE Ed}o|
gtsit.

g4 (1)'8 AR ead es7t A E coupled

9 Zr g2 AA RABELS JR s, me
trix oxide 44€ Z3}o] anoded X (matrix =t
4 /matrix oxide Z A 2)Z RE] cathode2] 3
(matrix oxide 42 FHW L i (subsur-
face))2 ©]F3dt= A8 Agy vy,
F7§2] partial electrode ¥+g9l 4 (5)% (6)L,
A FANEEA 4 (1) o= FEHAL FHof
g Zolnt. ek 9o o= 3 uwkgo] O
hgol vlal AEs] =#A APk, A
A&z e =" ¥go o3l AAYE AHeld.
o]213t oA cathodic UYL I} anodic 4+
kg F o= wRo] HA RANE &5
A A5t =710l whel H2]¥E8 & cathodic contrel
7} anodic control ¥l£ 02 EE3c}.

2.1.2 Pre-transition Oxide A%

Zr @39 43 Z7|d FAEE pre-trans-
tion oxidex FY§ FEHE 713, L A &L



Zr g9 - ngeldy B g $aF5e W e 137
grey-black A& H1 glom, F&of Gots B2 9 F83th Zircaloydl e 247 SIEo)
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2 243l 247t 8% S (intermetallic com- 2, FAZ $5 745 4ol s =,
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A3l leaky solid-state electrolyte 7o)t} 54 H5el ABPY. Holy w4y dJdegE,
kA zirconium® Exo] HFAWHE L oxide/ PAGoHE ol &8 BAE F3lo] oxide W
metal A o) A2 anodic W< 4 (5)¢), crack network®] Aol 7]ol® ZAeg HIY
oxide/&7% A Fol Aol 4bx vacancy B4 ul ATh® aeiy m29 A@oll 4 porosimeter
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o] £3}9] oxide impedance® Z#3 A3}, tran
sition Mo % oxide 3ol FA A, &y
737 WO E cracko] HASR Fo HoZHE
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“del transition® TAPcn Aty ¢l
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=

ETCH PIT PRODUCED

DURING INITIAL OXYGEN, AIR
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THIN Zr0,
LAYER
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A\

INTERMETALLIC
PARTICLE STILL IN
METALLIC CONTACT
WITH THE MATRIX

Fig. 2. Schematic diagram of oxide film on Zircaloy-2 and the processes occurring in it during oxidation.8’
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AYE e BYe NAH #HP 743 &
ol 412] impedance 2% AM}TEE §=
A2 2R £ Uk A4 AHEd BH v}
A2, Zr g4£FWHAM Zr0, A % 1569
=2 Pilling-Bedworth ratioo] (oxideZ H3tg
o] B3 thy] oxide ¥3 vl &) 7|QE] &
84 o| oxide FHA &4 o crack ¥ pore
o] $urgEitt: ZHoltk® Iy oxide B
oA QALwo oxide/2& AAEZT USE
R gaste A g2 2xog WA
Bk w9 - % A $, cracke]ut
porex ©X| oxide WA Q¥ ¢H JIg7Aw
FAHE Aoz Yz, 420 oxide/F&
ZA MR pore7t BAHE AL o3 7]
Mol BA FME= Hoig & Qi)

Oxide W ©v}A)3) microcrack Ao w3t &
& 7}A4 e monoclinic ZrQ, 2R Eol AR
Wl BPHL e HOoFTRE FEHLE

H, ol#13 WAL oxidert Z71o) cubicolt}

JO

o ol
o I

ot
ox

tetragonal 7Zr0,2 ¥4 ¥ T monoclinic ZrO,=
HElsls AL JtAE Aog dagel An”
o] 3 7} oxide o] partially stabilized
zirconia(PSZ)2e] & el 2 4], tetragonal ZrO,7}
E2 ¢FHA Y fREn P 9
T} o] 2| & tetragonal oxidex H2jo] X3 o
Wet 3 ®ol Mze oxidert WAHo AR
oxide H}Z2Z o2 F3A Hi, olel uwtet %F
8o "zt 7Aslod tetragonal ZrO,E A A
71716 BZ38tA € Aolth. mhebA] tetragonal
oxidex martensitic ¥ 8] £ §to] twin 722
A =y, ol9} T Bo| Fig. 36|48 Zo] twin %
S 73 Aol microcracke] FA ke 7Hdol o l®

o] 7t1d& o wed YAH JtddAEn
oxide Y X Z) & crackingg 4T £ A1,
oxide/metal 7 Al %2} barrier & 577} matrix
o Hxol @ Utk AE A = YA
Eoh o8 E AFe ’:—.Mli B0 w2 BEE
Z+o Zr-25Nb & 29 oxide W Zircaloys?]

e

MICROCRACKS

Fig. 3. Transformed ZrO, particle from partially
stabilized zirconia (t-ZrQ,) particle in ALO, ia)
and mechanism of microcrack formation during
twinning on transformation (b).1%)

A9RT TAL barrier 30| YYPTE BB
B QAsn QekID

M, Zr-25Nb @M= 99 2L rate
transitiono] A2 dojuz] ¥ Aoz Uy
ded, olzd dAde H4 2715E porosily
7b e Ee] Aol porosity’} FAAEE &£¢
el A =2-& barrier oxide’} FAHE= =17}
A3 HFPeol linear kineticE 7}x]7] wj &<l
o2 dysa Jup®

2.1.4 Post-transition Oxide 2J%}

Zircaloy®] A& % &= oxide FA 7 ¢F 2umof
olZd, FA F77F Alztol ubeh linearstA] -
7}sl &= post-transition @A 7F vrebdoh whe) A
post-transitionoll 4] = oxide W barrier Z&o] &4
HE= £59 pore U cracke] YAHE &%
HYL o|FE= Ao AZHDT Ytk Bl @+
400C ol 49 T2 % & gHrMe HP

opi
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A= post-transition® 22| kinetic ¥H3ls A
Aoln, & A# 9 discontinuitys #RE A 9
ATHP gy Yo £x, & ddor9
post-transition2 A AHE &£ W 93
ARE D, dEe RAAF cycled Boltir), H
Fol = AEE o] lineard post-transition rateZ

HolA frhl¥

H

2.2 Nodular 54|

Zr 39 9A4E A Fol 'LAYsE nodu-
lar 24 & Ao FRA<Q spot AL 1960
o] #AFHJA oY, oo Wi AEAHQA A7
% Johnson'®o] )& AZEQT}. 2 o]F B
ATE Tt Fig. 49 ol HAAE AW,

r

Z Yzir 2%, Y4 £9 44 ¥k, 24
I FAMARFE(irradiation flux)o] wa F A3 ej
o] Holg =)Aoz el £ YA HYohD
2 F9F nodular o] e A<t oz 2d
22 3A Taylor 93 Ramasubramanian!®gj
T rdr 7% 5 Urh

2.2.1 Taylor 24

Taylor 548 oxide?} |9 ¥& A} AL
1A we Ht o] &Eo] oxide/metal A F
I ZAMA Eaks vhA BdHE= AL,

L]

>

NODULAR
—"" | CORROSION

UNIFORM
CORROSION

(0.1

Fig. 4. Effect of oxygen concentration ([O.]),
temperature (T), and neutron flux (@) on transi-
tion between uniform and nodular corrosion.’)

nodulec] #HAHEG 1 FA3LEh Oxide/metal
AA FHeiA A os HTzRe 43
He 44 ¥2+2 $2€ 5 ¢vh Oxide W
Fol F& H'= oxided] 23 54E FHdle
g, ol= Zr0,9) long-range orderE wa&jsl=
hydrated oxide (£ ZrO(OH),) & ¥ A3l oxide
AT E Fa2AHeZA BHHOF nodular #
Aol HFsteE gt e Zr0,8 M=
T matrix o]&¢ Zrtie] ©}E valenceE
7} A& aliovalent Y425 23 X3og 27}
g 4 Utk Fig. 5009} o] Zrttel] tia) Fe
+39} 2o subvalent 9429 XL valence
bandell hole€ TS 1, Zrt1e] Nb+59} zre
supervalent Y40 2% X F2 empty bandof
HAAE Fo| oxide AEEE F7HAZITH o]of
bzt Ht = oxide/H4] 873 HoA #dglo
22X A oxideZFE {4 BHoz wiE
T & Zolt. wEtA Zircaloysol| A 24
A5 L matrix2 B aliovalent ©]2& 744
#, 15 4 ¢ #7} matrixol noduleo] ¥ AEE
£ dti= AHolth

Cheng 51998 dx8)& %3] matrix W
HAEYAEE AE glds AS Zircaloy-29
nodular R w3 AFPAHel IA TAHE
B %o 24 nodule FAJo) 3 Taylor o] &F
A8t ot

2.2.2 Ramasubramanian 2 &

Zircaloy®] nodule Aol 1ol A A249 &

HO - 07+ 2H* ~_ COOLANT
| h
| H*+e —H°
T “a
o OXIDE
j Fe*% +{hole
f Nb*®+ e~ )
4 ‘
v I !
Zr+20" - Zr0,, 40 < T T ¥ METAL

Fig. 5. Schematic of model of Taylor et al.*) for
nodular oxidation in Zircaloys.
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0 + H,0 + 2~ = 20H- (8)
TRANSITION
HLO — 0= + 2R’ COOLANT XHF,GION
\ o7]A] OH™ o] &L oxide We] 4tA vacancy

1Y
=

Fig. 6. Schematic of oxidation processes in zirco-
nium alloys. Zr{ ), represents Zr(CrFe), inter-
metallic precipitates, which are more noble than
zirconium.'®)
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ATk Zhou?®:= oxide ¥l ¥ F£ 9] disloca-
tiono] oxideZHE ZL£o g9 Aio]LL &u}
gl &4l pipe 98-S Fo 2N o £l nod-

uleo) WA HT T F5R

3. Zr gt@el 2o mE SaES

Zr-based =& YAZ A& Foto] 129
HO £& D09 RAHFS S do7]A Hoh

Zr + 2H, 0 (D) = Zr0, + 4H (4D) (1)
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g4 7HA Ran.
31 7r gEe R4 $28% JI7

Zr @3e) ¥Aol we £o§5d dal o8
g4 e 7ol Agtxe]l Yth® Zirconium
2o E wed uw 7= F47F oxide

surfaced| F&H £4 JAZ HAFHE=H, o=

proton©] oxide filmg &3] Yo HASd g
3 s GGt ol g Aol dojus
A= oxide filme] Hejol w2t ch=n}. Fig. 2
o)A et 2ol Fe, Cr, Ni(2 ~0.3 wt%7}3) S
o] M7 Eol 2E2H e A2 A E=AE
T Zircaloy$} 22 39 A9, A2 3§

F2 o8 F& FFPEE BE Lo ad
%l oxide short-circuit& ol RM F=2
zath a2y Zr-25Nbst o] Ho]Z4Ee
FE7 dAEE o F HAU, XA ¥ &
FolAel ARNEZEL oxideE E3 FL3HA o
FoiZch ol @ FAFT 71 TY ROl R Zirca-
oy-2%} Zr-2.5Nb @33t 74 59 2 3|8
ABEE ¢ Aok

Ak 2] protond] WAoo F LAH £
H2EL FE 22 48 EA7MAY $4
ZIAE AAPstey HEHEH, & o029
TAFF HEL olF ¥ BAHY Ko 93
AR EY. 28y 249489 AEY £ ¢
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