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ABSTRACT Isothermal oxidation behaviors of Zr–alloys Zr–A and Zr–B cladding tubes in flowing
oxygen were measured and compared to Zr–4 cladding tube over a wide temperature range from 700 !
to 1200 !. The results show that the kinetics oxidation curves of all the alloys basically obey the
parabolic rate law at the temperature range from 700 ! to 1200 !. In 700 ! oxidation of alloy Zr–B,
a rate transition occurrs at about 1200 s. The rate transitions in 800! curves of alloys Zr–A and Zr–B
occurr at about 600 s. The oxidation kinetics curves are changed for all the alloys at 1000 !, which
is resulted from the crack in the oxide layer due to the ZrO2 phase transformation from a monoclinic
structure to a tetragonal structure. At the temperature above 1100 !, the oxidation kinetics curves
of all the alloys obey the parabolic rate law, and no kinetics changes were observed. The results also
show that the alloy composition has a negligible effect on the oxidation resistance at the temperature
above 1100 !. The parabolic rate constant Kp of the oxidation reaction was get through calculating
weight gain due to oxidation.
KEY WORDS zirconium alloy, high–temperature oxidation, oxidation kinetics
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�)�3#6$LMJ4$ $--NI.;�J1. >
GK1 SETARAM SETSYS Evolution 24K;10H,
0 Zr–A � Zr–B 5!"3 O2 4 700—1200 O$--
./O.1,..

1 LMNO
ACI1$)�/0PPPQQJ$ Zr–A� Zr–B

5!"R), Zr–4 R)SC Areva–NP, 3 F5!"$L
K'1T8 1.

/QMR$1NSO.UK: OL, 3 He JTV
%M 100 O/min $10UK*=HPU$V 100 O

Q, PM 50 O/min $10UK*PU$V. --JW
/ 60%O2+40%He J (�W13) $X!J�, J�R
2/ 1 L/h. NS3ACTY1OUO.X;.

/YR Zr 2 Pt(NSZ[) 3 1180 O;V\Q"
�, 3 1000 OM/O.--T, NSESL3 600 O-
- 1 h.

2 LMTUVWX
2.1 YZ[\]

P 1 ]91 3 F5!"3 700, 800, 900 � 1000 O
Q$--ZWQXR. �M^9, --^;S--Q6$
TH+^U, +YS_--$V$4 , ^;BUU7, 3
!V$--Q6Z, $V[ --^;W1, AXB$V
�`Y--10$.�+Z. 700 OQ, Zr–A � Zr–4 !
"$--ZWQXR![, 82/\\R_], ];Va
b, + Zr–B !"3-- 1200 s YZWQXR92ab.

c 1 ^^_de`a[_`\]
Table 1 Nominal compositions of three alloys tested

(mass fraction, %)

Alloy Sn Nb Fe Cr O S C Zr

Zr–4 1.30—1.50 – 0.18—0.24 0.09—0.12 0.09—0.14 – – Bal.

Zr–A 0.80—1.20 0.20—0.4 0.30—0.40 0.07—0.15 0.08—0.16 – – Bal.

Zr–B 0.90—1.10 0.90—1.10 0.10—0.4 – 0.08—0.16 – – Bal.

f 1 Zr–A, Zr–B � Zr–4 	
� 700—1000 ��	���
Fig.1 Oxidation behaviors of alloys Zr–A, Zr–B and Zr–4 at 700 ^ (a), 800 ^ (b), 900 ^ (c) and 1000 ^ (d)
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1, 1200 s YZWQXR92ab. 800 OQ Zr–4 !"
$ZWQXRhD92ab, Zr–A � Zr–B !"+"d
c�O= (α+β)b!c, !I$`YeBU (P 2b� c),
ZWQXR3 600 s Yf/\\RaI/7R. 900 OQ
3 F5!"$$ZWQXRhD92ab. P 1d � 3 F
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P 3 ]91 3 F5!"nN3 1100� 1200O$-
-ZWQXR. �M^9, 3 1100 OM/, 3 F5!"-
-Q--ZWQXR]92ab.  $% O2 4 Zr–A �
Zr–B !"$--^;2 Zr–4 !"!o, AXB!"'
105!"$E $ O2 $-- �`Ym7, 1100 O

f 2 �	
	� 1 h ��	�okp
Fig.2 Morphologies of oxide layers of zirconium alloys after oxdizing for 1 h

(a) Zr–B, 700 ^, thin lateral cracks were observed within the oxide

(b) Zr–B, 800 ^, vertical cracks were observed within the oxide

(c) Zr–A, 800 ^, vertical cracks were observed within the oxide

(d) Zr–4, 1000 ^, long lateral cracks were observed within the oxide

f 3 Zr–A, Zr–B � Zr–4 	
� 1100 � 1200 ��	���
Fig.3 Oxidation behaviors of alloys Zr–A, Zr–B and Zr–4 at 1100 ^ (a) and 1200 ^ (b)
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0 $--$7n3,.J�U--Y--e$p

V2--Q6$Ukq'oo, fIe$\\R_]. F
C^; W 2--Q6$�'�M8q/

W 2 = Kpt (1)

r4, Kp /\\R1033, mg2·dm4/s; t /--Q

6, s.
3 F5!"$ $--./mj�p5\\R_],

qH�37=$V--Q, +., �1--ZWQXRa
bT6*$p5\\R_]rp$--^;35, l5r
(1), 1rmqrEsnmV$V%$--"�$ Kp, T
8 2. �M^9, 3ID$VsoZ, Zr–B !"$ Kp J

�o Zr–A � Zr–4 !" .
--Q$ Kp 2$Vt !�, H Arhennius 8k

L6%:
Kp = Aexp(−Q/RT ) (2)

r4, A �33, mg2/(dm4·s); Q �--"�$uv�,
J/mol, R �J�33, 8.314 J/(mol·K); T �"�$V,
K.

JAC$V1/ 700—900 OL 1050—1200 O 2
p, 18 2 4$ 3 F5!"3mV$V%$-- Kp, q
5r (2) sn9 3 F5!"$"�uv�, 6* Kp $8

@r1t/

Kp = 1.86 × 108exp(−143906/RT )

(700 − 900 O, Zr − A) (3)

c 2 3 se`a[spqrtuu KP

Table 2 Parabolic rate constants KP of the three alloys

Temperature, K KP, mg2·dm4/s

Zr–4 Zr–A Zr–B

973 2.93 3.27 5.17

1073 1.27×101 2.12×101 2.62×101

1173 5.74×101 6.69×101 8.13×101

1273 3.65×102 6.29×102 7.38×102

1323 3.87×102 4.89×102 5.78×102

1373 7.07×102 7.88×102 1.10×103

1423 1.57×103 1.44×103 1.91×103

1473 2.50×103 2.62×103 3.61×103

Kp = 5.88 × 107exp(−131145/RT )

(700 − 900 O, Zr − B) (4)

Kp = 9.98 × 107exp(−140678/RT )

(700 − 900 O, Zr − 4) (5)

Kp = 6.46 × 109exp(−180913/RT )

(1050 − 1200 O, Zr − A) (6)

Kp = 1.34 × 1010exp(−186362/RT )

(1050 − 1200 O, Zr − B) (7)

Kp = 4.23 × 1010exp(−203646/RT )

(1050 − 1200 O, Zr − 4) (8)

2.3 tu
�v�
P 4 ]91 3 F5!"3 700—1200 O--vw

f 4 Zr–4, Zr–A � Zr–B 	
����s�w���
Fig.4 Microstructural evolutions of alloys Zr–4 (a), Zr–A (b) and Zr–B (c) matrix with temperature
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3 TX
(1) 3 700—1200 O$ O2 4--Q, Zr–4, Zr–

A � Zr–B 5!"$ZWQXRc>/z4\\R_].
700 OQ Zr–B!"-- 1200 s Y1092ab; 800 O
Q Zr–A � Zr–B !"$--1092ab; 1000 OQ
3 F!"ZWQXR/\\RI/o[7R; 1100OM/
--Q, ZWQXR/\\R], ]92ab.

(2) 3 O2 4--, $V H 1100 OQ, !"'10
3 F!"$ $-- �`Yxt.

(3) 6*1 Zr–4, Zr–A � Zr–B 5!"3 700—
1200 O$ O2 4--Q, --"�$\\R1033 Kp

8@r.
(4) 5!"--vwYnNc�txPl/: 800 O

QUt0x/ α !; 1000 OQ, 4B*Zlz/--e<
-uU α–Zr !�c�46gT βi!; 1200 OQ,gT
βi!w", j�aI// $-uU α–Zr c�.
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