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Corrosion Behavior and Mechanical Properties of TREX in Manufacturing
Process of K1 and K2 cladding tube
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Abstract

Corrosion behavior and mechanical properties were investigated for TREX in manufacturing
process of K1 and K2 cladding tubes. K2 TREX showed better corrosion resistance than K1
TREX irrespective of annealing temperatures ranged from 580C to 640°C. This is caused by
that the cumulative annealing parameter of K1 TREX is higher than that of K2 TREX. The
hardness of TREX increased by increasing annealing temperature although K1 and K2 TREXs
showed the similar hardness. The effect of crystallographic orientation on the corrosion of K1
and K2 TREXs was examined. It was found that the corrosion behavior of Zr alloy depended on
the crystallographic orientation of corroded plane. The plane with higher fn parameter showed
better corrosion resistance, suggesting that the excellent corrosion resistance could be
achieved by controlling process parameter to manufacture the cladding tube with high fn
parameter.

1L A 8

HOASUSAMEZAN 27EHE S22 SdA S+HHAH0 &1, A2 JistdA
A WWAED JIHE SH0] ?20t0{0F SHCH 4Lt 199090 E=PHRH NS LHAQ
tsxd2 JIES AAZUS2MEC! Zircaloy-4 8301 =506t HdE &2z 2
J A= FHOICH 2HAC FHd gds ot AHZ2 AAEE SIHAIZII 2 &
FINDALERHE, S S4AIID| g 2 sS4, €8x 1X HS2 M =
fIE ZAAIZID RSt 1 pH 2 S22 Jts=2401 JISoHH HEH [et 1960E CHO
W= Zircaloy-4 &3S UHME = JAs LALAEE Zr &= HE0 et 7 SUHELD



Ct[2,3]. £0l, NbOl EItel zr &322 Sotgd ExXel 250 et 8&=22 E41
Sd0l i< 2ZotH Blote A2z 2 UL = AFlAME dEs LS2HMEA
SOZMN =S

EBES S2AHA ATl CHotH RASED D
ds0l DIXle SA4EAHS M8 2
Ol 2o JHEED U= K1, K2 AMES D=2 MZAl HIEE—’SBI = EﬁIOH-I o
TREX & SZATHO et FASd & JIAHHEES LTAlo e

o ATHE Y=ot 2B LN2E, TEM OINER2E, texture =24, 358 &
MAE S &t

02

LT
e
0
_|
Py
m
X

MY 4l =4
T lox >

2. Mgy
Table 12 2 10| AIRE 329 sIEZMS LIEW 200iCh 839 MZEs X203
2HUHS 0|R5I0 MESIAS0, forging & B2EAS DESES 2510 AL ANA =
N S 288 2 K1 829 22E 2%, K2 &

Matdel g g & +=HolRLt, 11 = extrusion
22 Z2= 1Xtd 2 pilgeringdt S2HEXElE +=AHotH 20&F 50.8mmel TREXZ Ml Zot%
Ct. K1 & K2 TREXOl OHot0d 22 580C, 600C 620TC % 640C2 2% 0lA SAEXH2E
+SHBIACEH OI2 20l HMZES TREXO CHSIO K12 FR= 4HH, K22 &= 3HAHQ
pilgeringdt ZXclE =&t 2Z 9.5mm2l %=ZE tubeZ HMZESIUCH = HIRUMe=
TREX & pilgering &H2l ATHE =0t 2S0IZEZA2E, TEM 0| M T & 2Z, texture
T4, AT=E Y RAANE S sHOIALCH

SAAIEHE 10X10X1Imm32 3J|2 Jt30ot0d 0Ll 800Xl JIHEAHDIS
5% HF, 45% HNO,;, 50% H,0 SHH A ALAIH EIoWEP 2 AAE 2 autoclave
360C water, & 360C 70ppm LIOH =&%o| 2JtX =AM =oIA 1D, FASLHE2
AAZHH HE RASIOIESZ HILGHRUCH ZF T EUE SAHEO 549,%% X AFGHD
Ot Fig. 10t 20l TREXZSH 37tA UE YE#HES JIkle AIEHE MESHH SAA|
+HIIRAUCH S22 DME=E2 ZSs0IZ3OMU ENRNMGSHOIZ(TEM)S 0|25t &2Ed

O, M 242 ZHZ2 EDSE 0/Ec0tH =Z240tALCH TEM AlEE 10% HCIO; 90%
C,H;OH S0l Al twin-jet polishing &&= 0lZ0otd EH|otULt

0

ﬂJ|0 (O I

|
-

w

20 ¢ 0

ne

Fig. 22t 32 K11t K2 TREXS €Xcl 2=0 HE OIMEA2 HEE UEHH A2 A,
2t2to gtk HE DIMEES UEHHRALH Fig. 28] K1 TREXZ2 el HE OIAEAS
2ESH B 580CHA 640CZ ZHel 2&0F SIHE0 et 2EES &0 MHAZAU2
Lt, 580001|k| 600CE== ZEE0l S&otA2LE 600COHA 620C X 640CZ22 2SIt
liANs 288 d&832 22X ZUACH 20old 24ote X222 UERECH 83, Fig. 32
K2 TREXOl CH&t OIMIER2E 23, Xl 2% 580COHAM 640C=2 SIOte0ll
80| d&¥cote A2 UERHSH, K1 TREXSZH HlW6tH Z2&E 30t E0Ls |
Ol A EMoles ARz 2FLA2U, 8MESZ K1 TREXEU= 0IAE £&S
N2 =2 LIEFECH

b

|'E
2=
o=
2=
=

Fig. 4= K11t K2 TREXOl OiotH EXel 250 HE BXgtel HalsE LPEP._ 2 0ICH.
drg2 EXclsot SIIEsS Z24cte X222 UHEIRCH, Ol 2Xa2=It Sotat
o g=2 2380l d&otAJ H20i LFE}LP._ Aoz THHECD K1 TREXS ’“?t 23
2o 40l 2FLX LASUWET =76t SHMel=2c0 Met 2EIt 2AactsE ZUE

Lt

EFLHRUCH &, Fig. 5= K1t K2 tubel MZEZSHHON (HE BogtE2 =SS ZUEAM
pilgering 2l==Jt SIOt&W M2t &S Sotote H2 =2 LIEHSCH

Fig. 62 K1 ¥ K2 TREX2l RAHS= LIEtH H2Z A static autoclaveE Ol &6t 22

360TC2 = % 360CS2 70ppm LIOH =S XU AN SAAEES ot FIIHLE ANEHS

HUHN 2AHSIHES SFst Z200ICH SAAE 20, X250 2H8I0l K2 TREXS



LHAIAE 0l K1 TREX 2L 2% A2Z UEH2H, 0l K2 TREX2l &It K1 TREXO
I.

HIStH HMESE S XlE A LU W2 X2z THECLCH Nb &It zr 39
PASLH2 3L L SH20 e e Hez2 BuHD JALH, S5, HE3BES
o B30l &2 Xl SE0l Mt &322 Wad2 3 tﬁéUﬂ ECh JIES #HAHZ1
S2MHZ Q! Zircaloy-4 832 A<= 0ld8 @Hele S0 S)Hgs+S &332 WAL
Eotot 2, 2 HAF0UM ALSE= Nb &0 }Zr g39 %?‘: gxelel 520 Sotg=s
S WALl Zacte Hez 20D UL 2 HAMM AEE TREXS HMZEZFE &
HE ™, K1 TREXS &= E 23]9| pilgeringdt S2tE X e2lE HAM BHoll, K2 TREXH Cial A

= 15]9| pilgeringDt Z2HSH2I0H0| ABEUCH MetH MEZHSO HE2E x| =
20| K2 TREX2l ZE<Jt K1 TREXW HIotH &EI| MH20 K2 TREXS fAE=40| K1 TREX
Oof HiotH O =8 Hez THEC

otE, SXcl2=0 HE WadsS XZAE 21, 360C S22 0AME 600TCOHAN SX gt
TREXS LHAISO0| JbE Lh® 2102 LIEFHOO, 360C 70ppm LIOH £ EUXAHUAHE o
Hel 250 U 2 X0le HEIA LUA2LE 600CHM SXels TREX2 WAAHO0l T
2 UZ H2Z2 UERLH 2 HF0A AtE= Nb EJF Zr &322 RASd2 S2UE XL
250 e st 22 Ledd JU2H, Ol &332 /\*%%E 40 S 2E0l Y=
Hez 25D UL Fig. 72 KL TREXON ot EgxXeles ol tE TEM OIMIZEHE
S UEtH JO0ICH 580T2 640C2 ZXel 2L8HRUAE B= 0l
ALD As H2=Z LIEHEC HZ2E 2UUlis U S22 0 U=s ez &
HEUCH, Olde A&5==2 Ills sLHEXHe=2Z0 EE} f OF EolL UL
AEF2 JII2E= =2 WHAado 2 get= 0IXs F‘LIJ_EIOi UL, STt
A A= I AdLe dEH8e 2Hes &2 t”o#XIII ®2 £ L G=0l JI&
o AHAZII=2 MI Q! Zrcaloy-40iAd=E A&==2 3AJ|10t S0t SJtotes
2102 21D 0l YASLH4], 0I%= BHHZ NbO| &ItEl 7 & 20 3|0}
=olsta= AIHO| 2A5Hs 222 2D TNQUCHS]). NbOl =D 5! 5
PASEHS 2| st vtEAS DIMEEE 0IMst M 24 S0 E%éml = =
‘E'_I’_EII’_ UL Zr-Nb 23 H =0l et A= ZUUAE6,7] JIXNZE Nbe s&

ISt B-NbOl X 2422 MEE M IIE 28 WAHEZS UEUWEsE 22
b, E£8t Zr-Nb-Sn &30 A= M 242 3JIJt 50nmOlot20 HE < W<

IS LIETHR20, Ml 242 3J1JF 200nm Ol&42 =2 XUl B RAEH
2 iéré 2102 BNEACHE]. E£3 Zr-INb-1Sn-0.1Fe 20 M= X 242 3

Y I 228 CUHRASES LIEHHJ2M, Olefst DIMES H 24
21504 %JS SN MZEHRIE ste 202 2DEACH]AL

s JI
for (x

MIBEXZHES Ot

Ogom
_O'j

rr

vy o I

SEA
=T
pun §
=

ol
=

Zr 32 FA)s2 detyo 2EFL 2 SN S2 et S0l 2o 235
M, Olcfet &tsty %38 A0 MAHEHA A0 ZSEH=s =20 2ol AN S
£ Y= X222 2NN RUCH 5o, 1x 0l = &steto] RS A0 FHEHUM S=F
©Z HEE LHA'/\OI =S40l dAoteE W22 LM UL Ol FH4F0UHAM SFTE2
29| BEHZ Qo Z2Z YA HAHOl SItotd 0l2 oo ZHYHE S8 &A0I=229 =
A0l DFSE0 M)l X2 AT D ULH 0128 SFEHEAXEsE Ao 28 A==
o FHUAN == 2EHH UetA A2=S0] Moo BN HEE ISAJl=s A

CZ BHEM, Sol SE3J| 0ld2 A===01 AU Z2SE I Olciet SHEROE It
e NCZ HHECH 0lde ZUZFH NbOl EItE Zr &€30AM= DIAIE X 24
Ol ZzgotH 422 M WAHE0l I SaEesE X2z SreEdh

=2

=

0ol

Fig. 82 580TCOAM S XHMc2Ist K1t K2 TREX2 Z&E AHN s RFASLES “UP%._
ZU=ZAM, 602 FAANE = AlES 0l A0l K2 TREXIH K1 TREXO| BlotK <
ot RAEHS LIEHUHALH KITREX ¥ K2 TREXS ZEHBHN HE FAHSS T AE Djl’f

B39 RANSS 2AGC AZYLW (fet AZH0| 2 AO2 HOICIYC LA fn
N0t 2242 YAH0 248 202 LEIHSH, Metd MEZHZS MOSHo f X+
b =2 ISES HESLE 248 YANS 22 £ US AHO2 BHDCL



4. 2 E

=2 H70M=E II=

2 HMZ=EH2 TREXO et fASEY JIAHEEES ZAoHRUCH
Kidt K2 TREXSl SASHES ZAtet 210, X201 2AH8I0l K2 TREXS! WAIEO]
K1 TREX 20 28 X222 UERH2H, Ol HME38ES HEE ZXle S0l K2
TREXS Z2Jt K1 TREXO HIGHH HI| H2 Hex BEECH TREXS = €XL
250t SItgsS 240”2 U, K1t K2t |ALEH 22 =HQIEJYCH K1 TREX & K2
TREXS 2P0 ME FAHSS ZAe 21, &2 RANS2 FAEHS 2HLRA0
et ELHO 2 RS2 SQIEULE. RAHO fn NI =25 WAL =8 A2
2 UEH2H, O2tH HMESES MO0t fn NIt =2 LSS NIXgxFE SR8
Uads 22 = US A2z o

o
K
Ho
r

[1] F. Garzarolli, H, Stehle and E. Steinberg, Zirconium in the Nuclear Industry: Eleventh
International Symposium, ASTM STP 1295, E. R. Bradley and G. P. Sabol, Eds., American
Society for Testing and Materials, Philadelphia, 1996, pp. 12-32.

[2] G. P. Sabol, G. R. Kilp, M. G. Balfour and E. Roberts, Zirconium in the Nuclear Industry:
Eighth International Symposium, ASTM STP 1023, L. E. P. Van Swam and C. M. Eucken,
Eds., American Society for Testing and Materials, Philadelphia, 1989, pp. 227-244.

[3] A. V. Nikulina, A. M. Vladimir, M. M. Peregud, Y. K. Bibilashvili, V. A. Kotrekhov, A. F.
Lositsky, N. V. Kuzmenko, Y. P. Shevnin, V. K. Shamardin, G. P. Kobylyansky and A. E.
Novoselov, Zirconium in the Nuclear Industry: Eleventh International Symposium, ASTM
STP 1295, E. R. Bradley and G. P. Sabol, Eds., American Society for Testing and Materials,
Philadelphia, 1996, pp. 785-804.

[4] G. P. Sabol, R. J. Comstock, R. A. Weiner, P. Larourer and R. N. Stanutz, Zirconium in the
Nuclear Industry: Tenth International Symposium, ASTM STP 1245, A. M. Garde and E. R.
Bradley, Eds., American Society for Testing and Materials, Philadelphia, 1994, pp. 724-744.

[5] H. Anada, K. Nomoto and Y. Shida, Zirconium in the Nuclear Industry: Tenth International
Symposium, ASTM STP 1245, A. M. Garde and E. R. Bradley, Eds., American Society for
Testing and Materials, Philadelphia, 1994, pp. 307-327.

[6] V. F. Urbanic, B. D. Warr, A. Manolescu, C. K. Chow and M. W. Shanahan, Zirconium in the
Nuclear Industry: Eighth International Symposium, ASTM STP 1023, L. F. P. Van Swam
and C. M. Eucken, Eds., American Society for Testing and Materials, West Conshohocken,
PA, 1989, pp. 20-34.

[7] V. F. Urbanic and R. W. Gilbert, Proceedings of IAEA Technical Committee Meeting on
Fundamental Aspects of Corrosion on Zirconium Base Alloys in Water Reactor
Environments, International Atomic Energy Agency, Vienna, IWGFPt/34, 1990, pp. 262-272.

[8] G. P. Sabol, G. Schoenberger and M. G. Balfour, Proceedings of IAEA Technical
Committee Meeting on Materials for Advanced Water Cooled Reactor, International Atomic
Energy Agency, Vienna, IAEA-TECDOC-665, 1992, p. 122.

Table 1. Chemical compositions of the Zr alloys used in this study (wt.%).

Nb Sn Fe Cr Mn Cu Zr
Al 0.4 0.8 0.35 0.15 0.1 Balance
A2 0.2 1.1 0.35 0.15 0.1 Balance




RN : Radial Normal
AN : Axial Normal
TN : Tangential Normal

Fig. 1. Orientations of corrosion test specimens manufactured
from K1 and K2 TREX annealed at 580°C.



(c) 620°C (d) 640°C

Fig. 2. OM microstructures of K1 TREX.



Fig. 3. OM microstructures of K2 TREX.
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Fig. 7. TEM microstructures of K1 TREX.
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Fig. 8. Corrosion behavior with orientation for K1 and K2
TREX annealed at 580°C.
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