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Circumferential Creep Behaviors of Zr-Nb-O and Zr-Nb-Sn-Fe
Alloy Cladding Tubes Manufactured by Pilgering
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Abstract

In this study, the circumferential creep behaviors of pilgered advanced Zirconium alloy tubes such as Zr-Nb-O and Zr-
Nb-Sn-Fe were investigated in the temperature range of 450~500C and in the stress range of 80~150MPa. The test
results indicate that the stress exponent for the steady-state creep rate of the Zr-Nb-Sn-Fe alloy decreases with the increase
of stress(from 6~7 to 4), while that of the Zr-Nb-O alloy is nearly independent of stress(5~6). The activation energy of
creep deformation is found to be nearly the same as the activation energy for Zr self diffusion. This indicates that the
creep deformation may be controlled by dislocation climb mechanism in Zr-Nb-O. On the other hand, the transition of
stress exponent(from 6-7 to 4) in Zr-Nb Sn-Fe strongly suggests the transition of the rate controlling mechanism at high

stresses. The lower stress exponent at high stresses in Zr-Nb-Sn-Fe can be explained by the dynamic deformation aging

effect caused by interaction of dislocations with Sn substitutional atoms.
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Table 1 Chemical composition of Zr alloys
(wt.%)

Element Nb Sn Fe Cr O Zr

Zr-Nb-Sn-Fe 1.0 1.0 0.1 - - bal.

Zr-Nb-O 1.0 - - - 0.12  bal
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Fig. 1 Schematic configuration of tensile and creep
test sample

Table 2 Conditions of creep test for Zr alloy tubes

Zr alloy tube Zr-Nb-Sn-Fe, Zr-Nb-O
Temp. (T) 450, 480, 500
Stress (MPa) 80, 100, 120, 150
Atmosphere Air
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Fig. 2 Three-dimensional view of Zr alloys micro-
structure heat-treated for about 8 hrs at
room-temperature, 500 and 600T

Table 3 Grain size of Zr alloys after heat treatment

Alloy Zr-Nb-Sn-Fe | Zr-Nb-O
500C 3.2um /m 3.6um um
600C 3.5um gm 5.4um um
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Fig. 3 Comparison of the yield strength for Zr alloys
room temperature, 450, 480 and 5007,
respectively
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Fig. 6 Relationships of steady state creep rate and
stress for Zr alloys at 450, 480 and 5007,
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Fig. 8 TEM micrographs of Zr alloys at 480T
(x100K)

(¢) Zr-Nb-O Dislocation

3] Nabbaro-HerringZ} Coble
creepJ—]- 2o ARg A4YAE B3 € w
g Y g4t «]@ creep 717, n=3¢ W&
Weertman[17] o] A3 &4z n-473 ¢
ol A creepdt frAbE ZEA e HA glideol
o3 A== creep 71, n=5~7oAME 7“’”‘414
o] & (climb)ol 3 creep 7] 77t L33
i BaEgch ok e creep %537]:#?1:‘
Kaddour[18] F°] A& Zr-Nb-O 3F9 creep W
A Z(Deformation map)ol WHAE Z HLxm
Atk E=F 2 HFA T3 FA43E oA E o
2 260~270k)/mol 241 Kidson[1915 Murty[20]5 o]
o Bae Zr A7 E4te] Bad &35 Iy
& A9 dAFE AL & F AW 7r A7)
gdag 2438 duAe FFY AR o|Fd
2% AR s A& AL, creep HEHSE
AojstE AL A9 Ao 431’ Zolegtal Ay
T denw B Afdr P37 zr ¢
12t A3 AYAE s ), Zr-Nb-
F5o creep BH £5F A WIS creep WY

N

O oo & i pe
o JE

370 /er= 2413 8Ex|/H 174 M55, 20084

N
=i
fu}
B
2
Qh
ofoi
ie
1L

ZI7FE T2 A9 A5 (Dislocation climb)”|2F3L
FET Zr Nb-Sn-Fe T Aol SHAF
7b 6~7% TRl Gl o3 %‘Qb

creep 7|, SHATFel oF 490 1g¢H Tt
Al AH-FF LA dynamic strain agmgoﬂ 9]
g A48T 853 creep WY TFVF A3
A= wud
Fig. 89 480°C 80MPa A @A=xANA A4

creep GG =23 7z} zr 5 AlHA
FAREAATEM) .2 AFH HY 9L M=
Fae] ve o F @8 EF ALY 1
o] creep HHLE HIAEC] AHHT A=
obdd e A 9 Aol doju AZA 23

o) Bol wEHe} g & & vk EF 24

flo Mg —m &

el T e e MHEEEo ETddA
TEHO I3, F 7 BT MEEE 1Y 77
atoly BEHA gon, °l *4%%% F9 9 o
B AL AHEHo Y ALE Kol A o

Fig. 8(a)*| 11+ Zr-Nb-Sn-Fe §¥59 A, A=
T A9 tangle € A pile-upe] FEFHU
1, Fig. ()l A& A&EEo] AR EET ol
AEANE JAHH] 1T X3 ASE ¢
g At} EDS ¥A AT, ME4E pNb GO
JdEASH IR Fed AES i dv 57
SIFEE AZHAUGY ol B AFIAM AgH
Zr-Nb-Sn-Fe¥ 5 ‘TT/‘]'éj' FFANA  B-NbEFTH
ZiNbFedo] MEdHTE BI21-22]8F X3}
Fig. 8(c)¥ Zr-Nb-O Q:"«] ZAS By, 98 A
gl vt A2 H(dislocation network)O] A
Hi o AEE T IY tangle= FHEE
I 9t} ¥, ZrNb-O 79 Ui H&
2 bee TFEY B-Nb AL VA E AR B
AerS Frshd[23], ¥ AFolA EDSE &

’

9
2 Pse 922 Sk Aoz wedy

o5

Zr-Nb-O &59 AEE8E2
:RIR=

AAZ el A FAzEe] e wek A
2 OAAAR] SHAN HEHA] g
9 Hr7te= AgR oz "y ¢
g AzERe #AE AES Bd 2
o] Z7METE creep THOl 54
=5 ¢ F Utk 54 224 Azl
AY & x4 g AE 58
Tk Creep 8% &3t WH[24]2 25 Larson-
Miller Parameter, Orr-Sherby-Dorn Parameter, Manson-

B-Nb el o=

L



Pilgering ol 2# Ax® Zr-Nb-0 % Zr-Nb-8n-Fe &3 #8220l 9595 Creep AE

Haferd parameter 3 Manson-brown parameter 5 ©|
Atk & QATolNE wwA 7usEM 4sa]
ol g8 2% Larson-Miller Parameter(LMP)E

o] g3ttt

LMP =T{C +log(t,)} @

AN T & FHEE(0FY Aug oR, re 7

A RHN), Cv Algdggtelt ¢ 17-23 9ol
Re ALB dHA der2s] B dFlME 20
< A8

d

B AT A8 T TR 72r §F ¥ 7
ated @ o8l 2xo] F#HEA 7T LMP
oF 7H SE e #AE Fig. 9o JERUT
o aYANM BXo]l §¥ol Frtgel wak Lmp
7b #asteE dwkEcl Aol vehda gow,
A CHE B AYTA AR 2 Hewn
Re Aoz Aok 12 ceep A8 Fol, 7 7r
5 HE5Hd disly ceep FHHE SEMOE

X

=

B0l EE A¥LETo 23 By &
= 9 55% 229 dimpleo] #FHS B 4
ATk dxtdoz HAFHA AFHA dimple>
T2 UL FTFY HA, 4T 2 FA o8 ¥
ojun, Lx7t EetETE dimple® A7|E #AA

F& E
@ Zr-Nb-Sn-Fe ¥ 349 dimple® o] Zr-
Nb-O &5 ZAo wl&] wwz =y, FYs&A
ExE ded, ol S8l H2l® Zr-Nb-Sn-
Fe @&F°l Zr-Nb-O0 ael wish Z=7t e A
I AFAAZ F gtk =3 Fig. 109 AAE
450C 100MPa A HZ MM creep FHHL B
|, F &9 EF 24¥ HRE £33 Juggst
WERE W, Figs 100yl AAIE 500C 100MPa A
HEdo M creep Wt AME ZAAYAE B
& QA I gol AEs I . FHoh F
F9 creep W AVt caviyEel @Al o8
A olRojR| 3L o]#F cavityEo] AT T
fraete Ax A FH 2odA caviy’t FF
Aog mdd o2/ HTp & £x ¥ £do
FETE Z2APAE v 28 #
&7t Fold4E 44 #HE

r
o
Of

—_

4 3y
3H

ol

lo
o/ T DR
LT

2 E€E
7

3T

F7heta, B Fte] o
2] 53 ,

M fASAZ Holsle Aow wddrh

160 T T T T

Zr-Nb-Sn-Fe 450°C
Zr-Nb-Sn-Fe 480°C
2Zr-Nb-Sn-Fe 500°C

n
504 B W eQ® 0
: ’ ®
® ZrNb-O  450°C
o
=

1404

130 o Zr-Nb-O  480°C

Zr-Nb-O 500°C

& 120 %0 0.

@ 110 . -

# 100 WER O ® g
90+ N
80 oor & -

70 ¥ T T T T T T
29.5 300 30.5 310 315 320 325

(T+460)(20 +logt)x10°

Fig. 9 Larson-Miller Parameter of Zr alloys

Zr-Nb-Sn-Fe

Zr-Nb-O

(a) 450°C 100MPa (b) 500C 100MPa
Fig.10 SEM fractographs of Zr alloys after creep
deformation tests

4.4 g

B dFo|AlE Zr-Nb-Sn-Fe?} ZrNb-O TF9
sted 2k 8l &9 Wzt w2 dFEE creep
15 disl via B4 2y, g g 2B

[ m_a
ox
Of
o
=
-
o
L
=
-
o,
N

Nb-Sn-Fe Faol TEHo UE Sn £HLA
A$ote] F5 g uwf
of os 25 4 Uk
(2) Zr-Nb-O §H39)
TE Ua TUMsE S 2o 569 @S
bR A e Hy A5 JyAE dg 250~
270k)/molel ATk, Zr-Nb-O 745

st A MOIE 8 X|/HM 17 M55, 2008H/371



< A9 <% 7] T(Dislocation climb mechanism)ol
o3 Aojdra AzdEd.

(3) Zr-Nb-Sn-Fe &9 7%l SHAF gtol
6~70 A-g&H FAME X*H Fool o &4
HE creep MB7IT, X FEo]l o 49 1$H
TAME AA-§5949 dynamic strain aging®l]

o8 AAFHN F453= creep WEVTF BF
3 o= wagd

(4) 4807T, 150MPa A E &N A F &7 &
ol il vlAzA @7 Ay, =2 zﬂ@?@,o]
Bol dgso gl Aoz #Fy glon,
FEe] AEEol FAHJL, °lE oZr 7]74‘41
o Aol Walsle Nb A& o7 wdd
.

(5) Zr-Nb-Sn-Fe ¥ Z Zr-Nb-O0 #HFol i3
creep I FEES #EE di, F 2 25 v
<& 73 Jdg ReFa glon, £x 4 &
Ho] F7EFE ddfygo] Jul Ao UA
HA2 HelHi R&S FAFRT

o oEé,

% 7|

e

AFE A4ZAR AL AAFARE 9l
A2 sPHR0M, Ao BAEFYT,

#aAEH

[1] E. Kohn, 1977, Zirconium in the Nuclear Industry,
ASTM STP, Vol. 633, p. 402.

[2] K. D. Lee, S. I. Hong, M. S. Song, Y. Choi,
Hydride Formation Characteristics and the
Influence of Hydrides on the Performance of
Zircaloy-4  Cladding Produced by Various
Manufacturer , KNFC/TR-030/95.

[3] K. W.Lee, S. K. Kim, K. T. Kim, S. I. Hong, 2001,
J. Nucl. Mater., Vol. 295, pp. 21~26.

[4] G. P Sabol, G. R. Kilp, M. G. Balfour, E. Roberts,
1989, Zirconium in the Nuclear Industry, ASTM
STP, Vol. 1023, p. 227.

[S1 D. O. Northwood, X, Meng, B. O. Warr, 1991,
ASTM STP, Vol. 1132, p. 156.

[6] O. S. Ivanov, U. K. Grigorovitch, 1958, Second

372 /B2 M7 EHX/H17H MEE, 20084

International Conference on Peaceful Uses of
Atomic energy, Genova, Vol. 5, p. 34.

[71 W. A. Mcinteer, David L. Baty, K. O. Stein, 1989,
Zirconium in the Nuclear Industry, ASTM STP,
Vol. 1023, p. 621.

[8] B. Cox, C. E. Lundin, 1962, Proceedings of the
USAEC Syposium on Zirconium Alloy Development,
Castlaewood, Pleasanton, Califonia, Nov. Vol. 12,
p. 9.

[9] F. Garlfalo, 1965, Fundamentals of Creep and
Creep-Rupture in Metals, McMillan, New York, p.
73.

[10] S.I. Hong, 1987, Mater.Sci.Eng., Vol. 91, p. 137.

[11] S.1. Hong, 1986, Mater.Sci.Eng., Vol. 82, p. 175.

[12] S.1. Hong, 1986, Mater.Sci.Eng., Vol. 79, p. 1.

[13] S.1. Hong, 1987, Mater.Sci.Eng., Vol. 86, p. 211.

[14] S.1. Hong, 1984, Mater.Sci.Eng., Vol. 64, p. L19.

[15] H. Oikawa, K. Honda, S. Ito, 1984, Mater. Sci.
Eng., Vol. 64, p. 237.

[16] K. Linga Murty, J. Ravi, Wiratmo, 1995, Nuclear
Enginerring and Design., Vol. 156, p. 359

[17] I. Weertman, 1960, Trans, AIME, Vol. 218, p. 207.

[18] D. Kaddour, S. Frechinet, A. F. Gourgues, J. C.
Brachet, L. Portier, A. Pineau, 2004, J. Nucl.
Mater., Vol. 51, p. 515

{191 J. D. Lubahn, R. P. Felgar, 1961, Plasticity and
Creep of Metals, p. 210.

[20] K. L. Murty, G. S. Clevinger, T. P. Papazogloa,
1977, Trans, of the 4th Int. Conf. on Structural
Mechanics in Reactor Technology, Vol C, SF, CA,
p. C3/4.

[21] G. P Sabol, G. R. Kilp, M. G. Balfour, E. Roberts,
1989, Zirconium in the Nuclear Industry, ASTM
STP, Vol. 1023, p. 227.

[22] D. O. Northwood, X, Meng, B. O. Warr, 1991,
ASTM STP, Vol. 1132, p. 156.

[23] J. Y. Park, H. G. Kim, Y. H. Jeong, Y. H. Jung,
2004, J. Nucl. Mater., Vol. 335, p. 433.

[24] 1. D. Lubahn, R. P. Felgar, 1961, Plasticity and
Creep of Metals, p. 210.

[25] Y. Zhoy, B. Devarajan, K. L. Murty, 2004, Nuclear
Enginerring and Design., Vol. 228, p. 3.



