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Abstract Since the 1990s, the second generation of Zirconium alloys containing main alloy compositions of Nb,
Sn and Fe have been used as a replacement of Zircaloy-4 (Zr-Sn-Fe-Cr), a first-generation Zirconium alloy, to
meet severe and rigorous reactor operating conditions characterized by high-burn-up, high-power and high-pH
operations. In this study, the mechanical properties and creep behaviors of Zr-Sn-Fe-Cr and Zr-Nb-Sn-Fe alloys
were investigated in a temperature range of 450~500°C and in a stress range of 80~150 MPa. The mechanical
testing results indicate that the yield and tensile strengths of the Zr-Nb-Sn-Fe alloy are slightly higher
compared to those of Zr-Sn-Fe-Cr. This can be explained by the second phase strengthening of the B-Nb
precipitates. The creep test results indicate that the stress exponent for the steady-state creep rate decreases
with the increase in the applied stress. However, the stress exponent of the Zr-Sn-Fe-Cr alloy is lower than
that of the Zr-Nb-Sn-Fe alloy in a relatively high stress range, whereas the creep activation energy of the
former is slightly higher than that of the latter. This can be explained by the dynamic deformation aging effect
caused by the interaction of dislocations with Sn substitutional atoms. A higher Sn content leads to a lower
stress exponent value and higher creep activation energy.
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Table 1. Chemical composition of Zr alloys.
(Wt.%)
Element Nb Sn Fe Cr (0] Zr
Zr-Sn-Fe-Cr - 1.36 0.21 0.11 0.12 bal.
Zr-Nb-Sn-Fe 1.00 1.00 0.10 - - bal.
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Fig. 2. Yield strength and U.T.S on Zr alloys.

formen)E ol&3t 28 A4S
ZZAA AAE recoderol| 7=
s& Tt

Creep FH7| 75 371 3l creep Al 5, vhct
AEE oMIE S 25TE AL, FARIA
173 (SEM)S ol-&-ste] stebzzl s #Esirh. A9
MNEE Ass B3] fEIA, saEA] &2 23
7+e] creep A1HE 70um 744 SiC AviR 2 -4 An}
& &, HAE AF 3mm Y23 JEjo] AAS A &a}
At} o] gaay AAES FAaL 10%d dEES &
3Hel 8918 Twin Jet Polisher AFE-3Fe] —40~45°C, 21
7P 12~20 VatellA] Hafjdnts AAlste] ubat AJH
A Zbstdnt. olef 7ol A=A AlHS 200kV 7+

R
AL, 4

TEMo| $-2H¢9 EDS #H|2

Signal conditioners
sto] 7 3E creep

=
=

SE o i

A

L

H H o
}\(-D]'J_‘ '\_r_‘/‘\jlt‘

3F T,



328 P - A -
3. #m ¥ IE

Fig. 2& 7} §5¢] €48 =0 mE 42 9 1
Ao HJIZAE 2 FEAE #skE e Zlo|th
T TR S5 BT A2 v& X8 2=7F S
S5, AU 9 FEAETE sk Rkl
Wik w59 545 JeRiaL ok AdRolx et A
oM e] JIFAETE & AolE Hole AL 29 dA
o} gEo == H919 ols Aujdel wet A9
o] Ay} MLdre] AvE YA, o] wet W
ke 2 A9 Aol &olstAl Ho| Zr Ee W &
o] Asl]7] wEel Aoz FAEch $HH, 18 204
H5o] 2E7F S71EFE Zi-Nb-Sn-Fe 3] 7=
9 SHEIIE T Zr-Sn-Fe-Cr &0 H]&) oM Z7)siar
AS E 4 Utk o= Zr-Nb-Sn-Fe F=oll EAlsl=
B-Nb AE&ol| &gt Zstaste] 7I91s Aoz FAE.

Fig. 39l= Z47te] ol sl 94882719 creep
: !

AEE Bt 27 WS ALS A7l e dF
W] creep WA o] YERRITE F 5 BF A 7
ol Ax AFHel 1,2 B 33 79L& 2= creep M
Mg BolFy Quh, dukdow 7y & EAL] creep
HYEEEE 5 A, dee 2 =949 9
FE e Ao el vk 28 4oll= 450°C, 480,
500°C 5 7zt A= e 7 59 creep HISE

olth. o] ZFA] HEo] &% W o] =y}
s A creep rate’t S718FAL 19W, Nbo] H
7he A2A §F<l Zr-Nb-Sn-Feoll B3 A 14t =
2l Zr-Sn-Fe-Cre] creep Aol Atld oz =74 e}
UL ek
dulr o7 Sp& Zr Z|AWAA] X3+ 7 &A= EX|
s, Sn3} Zre] YAxPEA zpolo] oJsA }

fuslel wAse el A9t 229 o5 el
she 7o Aol 92 s Zom JelA A
IR E 7

=
TS Sn Zr 1AW e] A4
&g s ZoE HuEi gl

o3
-
9
2 sebiel glon, 434F9) & AFAPIUA
%
A}
A

- R

zh= 73 golle FEASE 1] 14 S
o HEE cross slipg AT OZH creep A=
]

K

. GEA Sne creep & A JTFS FE T8
Aaol, 7 A3} Zr-Nb-Sn-Fe &= ®]3] Sn
o] &2 Zr-Sn-Fe-Cr &9 creep Ago] 4
2 s vehd Aew AdtEt) Ze-Nb-Sn-Fe ¢
o] 710 A= Nbe| ZE&IAE 0.6 we%=Z v
ob &A= EAstaTE HolAW 1 o]
71 Al B-Nb HEEZ EAste] H&73la
HE zZH=t)) ZrSn-Fe-Cr §79] ¥ Sng ol 2%

% 2 o
of o &

oy ML ml o d

Lo

A4 - A - B - )

= 450°C SO0MPa
O 450°C 100MPa
® | @ 450°C 120MPa
- - 1 450°C 150MPa
u® - ® 480°C 80MPa
= - o 480°C 100MPa
E - @ 480°C 120MPa
g P o 480°C 150MPa
w - 4 500°C BOMPa
a - L "
3 - L A 500°C 100MPa
S oo 4 500°C 120MPa
k] = & 500°C 150MPa
2 —
2
&
£
-
5 R L L
(a)
T T T T T T T
] 100 200 300 400 500 D] Joo
Time (h)
= 450°C BOMPa
O 450°C 100MPa
®  450°C 120MPa
— B 450°C 150MPa
v ® 480°C BOMPa
- o 480°C 100MPa
£ @ 480°C 120MPa
£ o] o 480°C 150MPa
o og 3
a o A 500°C BOMPa
] 4 500°C 100MPa
G 4 500°C 120MPa
= 4 500°C 150MPa
T
2
&
E
a2
£
]

(b}

T T T T T
aoo 400 500 600 T00 800
Time (h)
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Fig. 8. TEM micrographs of Zr-Sn-Fe-Cr and Zr-Nb-Sn-Fe alloys at 480°C, respectively (a) Dislocation (x 50K), (b) Precipitation
(x 50) Zr-Sn-Fe-Cr and (c) Dislocation (x 50K) and (d) Precipitatin (x 50) of Zr-Nb-Sn-Fe alloys.
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