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Table 1 Serial number and treatment process of Zircaloy-4 specimens

Specimen Thermal treatment Specimen Thermal treatment
Quenching in water and breaking the Quenching in water and breaking the capsule + hot rolling, cold rolling,
1# 10# - .
capsule and annealing at 600 ‘C/0.5 h
Quenching in water and not breaking Quenching in water and not breaking the capsule + hot rolling, cold rolling,
2# 20# - .
the capsule and annealing at 600 ‘C/0.5 h
3 Air cooling with the capsule 304 Air cooling with the capsule + hot urolllng, cold rolling, and annealing at
600 ‘C/0.5h
. Cooling at furnace mouth + hot rolling, cold rolling, and annealing at
4# Cooling at furnace mouth 40# 600 ‘C/05 h
5# Furnace cooling 50# Furnace cooling + hot rolling, cold rolling, and annealing at 600 “C/0.5 h
al

1 T~ Zr-4 A 4AR A E 500 “C/10.3 MPa it #2875 AR it 7 h J5 X 3% T 2 WL 5

Fig.1 Morphologies of different surfaces of Zircaloy-4 specimen produced in factory after corrosion in superheated steam at 500 C

/10.3 MPa for 7 h exposure: (al, a2) surface with severe nodular corrosion and (bl, b2) surface with nearly non-nodular

corrosion
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Table 2 Contents of Zr, Sn, Fe, Cr of different surfaces with different nodular corrosion resistance on Zircaloy-4 specimen

produced in factory after corrosion (w/%)

IC-PAES XRF
Alloying element Sn Fe Cr Zr Sn Fe Cr Zr
Surface with severe nodular corrosion 1.19 0.18 0.08 Bal. 1.39 0.18 0.12 Bal.
Surface with nearly non-nodular corrosion 1.25 0.19 0.09 Bal. 1.29 0.19 0.11 Bal.
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Fig.2 SEM images of distribution of second phase particles on
different surfaces with different nodular corrosion
resistance of Zircaloy-4 specimen produced in factory:
(a) surface with severe nodular corrosion and (b) surface

with nearly non-nodular corrosion

H4I0%K Fe Ml Cr £ Zr &G HE T RE 2
Flre 1 Flo DUEVE 0 7 AEE TR &5 5 1
UL Zr(Fe,Cr), 85 ZAHBE b o [F—A> Zr-4 F£ i

M2 AN T W55 380 58 — A RS R E B AN, A4
X 2ANH EE S m I E RSB S AAEZE R I,
Tl A= (¥ Zr-4 & S A5ORE  ANTHT _L i7 0R 8 kv
LR 2 R R AT R TE Tt O T 4R Tk A
(1] Zr-4 & S B H BN TR S Pl e Be AN ST R A, A
T BAH AL BRI VA H) E X Zr-4 B Gy bR S ek R
ip- A

2.2 BHELBEFRAEIRES Zr-4 & & R HMALEF

i Ak S okt B A 220

221 Zr-4 EEHmNWEMALR

BESHTE B R INFA CLAS [ VA 5033 2R 4 H1 )5 10 2 4l
U 3 fian. AT LLAE H, L#RE S IO AR 25 0 96 FE I /DN
KR TAEERR, foa KAEMBRKEAREKX,
TRz, TR A& kil 7EPUE A J i FE
WA KK, A ELFERASE M H (8
3a). 5 I#KESLAHLL, 2480 3#EE MR & okl B 2 A8
B (41 um), 5 AT a-Zr IRZ A AT,
TR R AT AR AR SR S RLEE 58 (49 2 pm),

R

K3 1 g AN E ISR A B AL B 1 Zr-4 5 G4 bl ) 2 Rl 21
Fig.3 Microstructures of Zircaloy-4 specimens with different cooling rates after § phase heat treatment: (a) 1#, (b) 2#, (c) 3#, (d) 4#,



- 2706 -

Mol SR A RS T

i 45 %

and (e) 5#

Kl 4 ZAFREEE BAHMEE Zr-4 K&, BHRIHE. A5 600 CiR K51 & MAN
Fig.4 Microstructures of Zircaloy-4 specimens with different cooling rates after # phase heat treatment followed by hot rolling, cold
rolling and 600 °C annealing : (a) 10#, (b) 20#, (c) 30#, (d) 40#, and (e) 50#
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Fig.5 Mass gain vs exposure time for Zircaloy-4 specimens after

£ phase heat treatment, followed by hot rolling, cold

rolling and 600 °‘C annealing after autoclave tests in

superheated steam at 500 C

b

Fig.6 Morphologies of oxide films formed on Zircaloy-4 specimens corroded in superheated steam at 500 ‘C for 3 h exposure: (a) 10#,

(b) 20#, (c) 304, (d) 40#, and () 50#
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Effect of g Phase Cooling Rate on Nodular Corrosion Resistance of Zircaloy-4 Alloy

Chen Chuanming™?, Zhou Bangxin 2, Yao Meiyi %, Gou Shaoqiu *?, Zhang Jinlong *?, Li Qiang *?,
Liang Xue *?
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. The Key Laboratory for Advanced Micro-Analysis, Shanghai University, Shanghai 200444, China)

Abstract: Effect of cooling rate after £ phase heat treatment on the nodular corrosion resistance of Zircaloy-4 specimens produced by a
factory was investigated by autoclave tests in a superheated steam at 500 <C/10.3 MPa. The nonuniform nodular corrosion resistance of
the Zircaloy-4 plates was also studied. The results indicate that the precipitation of Zr(Fe,Cr), second phase particles along a-Zr grain
boundaries occurs with the decrease of cooling rate after g phase heating. Thus, supersaturated solid solution contents of Fe and Cr
alloying elements in a-Zr matrix are reduced, and the nodular corrosion resistance is also degraded for the Zircaloy-4 specimens after cold
rolling and recrystallization annealing. It is considered that the nonuniform nodular corrosion resistance of Zircaloy-4 plates is attributed
to the variance of cooling rate at different parts of the same slab during  phase quenching in industrial production.

Key words: Zircaloy-4; g phase heat treatment; microstructure; nodular corrosion resistance
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