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摘  要

通过分析优化，确定了 Zr-Sn-Nb 系两种先进锆合金。研究了新

锆合金的加工工艺、显微组织及腐蚀性能间的关系。通过在高压釜

360 ℃、含 LiOH 的高温水以及在 500 ℃过热蒸气中的实验，评价

了热处理和化学成分对腐蚀性能的影响。结果表明，两种新锆合金

（N18，N36）在含 LiOH 的高温水中的腐蚀性能大大优于 Zr-4 合

金，尤其是在 500 ℃过热蒸气中表现出极好的耐疖状腐蚀性能。

电子显微镜分析证明含细小和均匀分布β-Nb 和 Zr（Fe，Nb）粒子

的试样具有最好的堆外性能。此外，新锆合金的力学性能也优于 Zr-4
合金，所有试样的吸氢量与氧化膜厚度成线性关系。
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ABSTRACT

An advanced zirconium alloys containing Sn, Nb, Fe and Cr have been

developed. The relationships between manufacturing, microstructure and corrosion

performance for the new alloys have been studied. The effects of both heat treatment

and chemistry on corrosion behavior were assessed by autoclave tests in lithiated

water at 633 K and high-temperature steam at 773 K. Analytical electron

microscopy demonstrated that the best out-of-pile corrosion performance was

obtained for microstructure containing a fine and uniform distribution of β-Nb and

Zr (Fe, Nb)2  particles. Autoclave testing in LiOH solution indicated that two kinds

of alloys (N18, N36) showed the lower corrosion rate than the reference Zr-4 tested,

and especially, the corrosion resistance in superheated steam at 773 K was much

better. Moreover, the mechanical properties were superior to Zr-4. And the hydrogen

absorption data for all of alloys from corrosion reactions under various corrosion

conditions showed a linear increase with the oxide thickness.
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    INTRODUCTION

    Zr-alloys have been used as fuel cladding and structural components materials
in nuclear power reactor because they possess the low thermal neutron capture cross
section and excellent corrosion resistance. For light water reactor (LWR), the
common choices are Zr-4 in pressurized water reactor (PWR) and Zr-2 in boiling
water reactors (BWR). Zr-Nb alloys are used in CANDU and Russian RBMK and
VVER reactors. However, Zr and its alloys would be oxidized in the high
temperature water or steam environment such as in the power reactor. For Zr-4, it
was used as the cladding in PWRs for more 30 years and its in-pile uniform
corrosion behavior has been demonstrated to be acceptable for limited discharge
burn-up and standard operating conditions. But today’s nuclear power reactor has
been developed towards higher fuel discharge burn-up for better fuel use and higher
heat ratings and coolant temperatures for better thermal efficiency, so that the
corrosion resistance of the current Zircaloys will be not adequate for these more
aggressive service conditions. And the oxidation of Zircaloy cladding is regarded as
one of the main limiting factors of the fuel rod lifetime. Therefore, so much effort
has been devoted to developing the advanced cladding materials such as ZIRLO
alloy in USA [1], E635 alloy in Russia [2], M4 and M5 alloys in France [3], NDA alloy
in Japan [4] and so on. In which some new alloys have been irradiated in PWR to the
higher burn-up, and those new alloys presented a superior performance in-PWR
(lower corrosion and lower irradiation growth compared to conventional Zr-4).
    It has started to implement the research and development program of the
advanced fuel assembly for increasing the discharge burn-up up to 60 GWd/tU in
Chinese PWRs. Nuclear Power Institute of China (NPIC) and Northwest Institute for
Nonferrous Metal Research have developed a superior cladding material to meet the
performance of PWR fuel assembly at the maximum fuel rod burn-up [5, 6]. This
paper presents the results obtained on two kinds of cladding materials: N18 alloy
containing Zr, Sn, Nb, Fe & Cr and N36 alloy containing Zr, Sn, Nb and Fe. For
each alloy the effects of the chemical composition and the fabricating process on the
out-of-pile properties were investigated.

1  MATERIALS AND TEST CONDITIONS

1. 1  Chemical composition of materials
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Two kinds of new alloys (N18 and N36) have been determined by optimization
choice from 25 candidates before 1995. In addition, the chemical compositions of
several variations in both alloys were adjusted in order to determine their
composition range. N18 was defined by the combination of N1, N5, N8 and W1.
And N36 was defined by the combination of N3, N6, N7 and W2.
1. 2  Processing of materials
    The changes of thermal processing conditions during fabrication of new
zirconium alloys were performed to identify the effects of the fabrication parameters
on their properties. The fabricating processing of N18 and N36 alloys involves the
following major stages:

(1) The production ingots were forged into the billets at the temperature of
1173～1373 K.

(2) Water quenching of the billets at 1273～1323 K.
(3) Extruding to the tube hollows in the region of 873～973 K.
(4) Cold rolling in four or five passes with intermediate anneals in the region of

833～873 K.
(5) Final recrystallizating anneals in the region of 833～873 K.

1. 3  Autoclave testing
    Long-term autoclave testing of new zirconium alloys was conducted in several
different autoclave environments. The environments included the lithiated water at
633 K in 18.6 MPa pressure, and high-temperature steam at 673 K and 773 K under
10.3 MPa. In the all of autoclave testing the Zr-4 was used as a reference specimen.

2 RESULTS AND DISCUSSION

2. 1  Effect of thermal processing on the microstructure
    The microstructures of new zirconium alloys cladding fabricated by a process
similar to that of Zr-4 are showed in Fig. 1. The second phases were distributed with
a segregation and alignment of the particles. This is not a desired microstructure
obtained in material processed at the lower annealing temperature. Therefore several
variations of intermediate annealing during cold rolling after beta quenching were
examined to further develop an understanding of relationship between
microstructure and corrosion behavior. The microstructures of new zirconium alloys
processed under different heat treatment are showed in Fig. 2. After quenching at
1323 K (see Fig. 2a) the microstructure was changed by cold rolling with the
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different intermediate annealing (see Fig. 2b～d). To obtain the better corrosion
performance of new zirconium alloy it is necessary to achieve a final microstructure
containing a fine uniform distribution of second phase particles.
2. 2  Autoclave corrosion

Autoclave corrosion weight gain data obtained in water with 70 µg/g Li, and in
steam are plotted in Fig. 3～5. In the lithiated water at 633 K, the behavior of the
N18 and N36 series alloys were much superior to that of Zr-4 samples. Some
works [1, 2] demonstrated that the autoclave testing in water with 70 µg/g Li at 633 K
could represent the corrosion behavior of Zr-Sn-Nb alloy in reactor. However, in the
steam at 673 K, only N18 series alloy exhibited the lower corrosion rate than Zr-4,
and the N36 series alloy containing much more Nb was inferior to Zr-4 (see Fig. 4).
This means that the corrosion mechanism in the water with Li at 633 K is different
from that in the steam at 673 K. Corrosion test in steam at 773 K showed that both
N18 and N36 series alloys were much superior to Zr-4 (see Fig. 5). The sample
surfaces of N18 and N36 series alloys still remained the dark oxide films even after
500 h testing, and that of Zr-4 had been covered by the white oxide films after 7 h
testing. In addition, the results obtained in the water with high lithium concentration
(700 µg/g) exhibited an accelerated post-transition corrosion rate (see Fig. 6). But
adding 200 µg/g B to the lithiated water solution, the corrosion rate could be
lowered down (see Fig. 7) in comparison with Fig. 6.
2. 3  Hydrogen absorption
    Hydrogen absorption data were generated at various corrosion exposures. The
hydrogen data were normalized for surface and total exposure time. The hydrogen
absorption data for all of alloys from corrosion reactions under various corrosion
conditions showed a linear increase with the oxide thickness. The results indicated
that the hydrogen absorption of the N18 and N36 series alloys was lower than that of
Zr-4 under the same exposure time. Fig. 8 showed the distribution of hydrides in the
samples after 200 d of testing in the lithiated water at 633 K.
2. 4  Tensile properties
    The tensile properties of the tube and plate materials were determined by
uniaxial tension. All the alloys for crystallized condition have a similar high
ductility, and in term of strength, N18 and N36 series alloys are higher than that of
Zr-4. It implies that the irradiation creep and growth of N18 and N36 alloys in PWR
environment would be lower than that of Zr-4.
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Fig. 1  Typical TEM micrographs of new Zr alloys cladding
a——N3; b——N6; c——N7; d——W2.

Fig. 2  Typical TEM micrographs of new Zr alloys after heated at
1050 ℃ (a) and quenched in water and subsequent cold rolling

with intermediate annealing at 993 K (b) , 873 K (c) and 843 K (d)
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Fig. 3  The weight gain Zr-4 and new zirconium alloy specimens
after the autoclave test at 633 K elevated temperature water

containing 70×10-6 Li+ in 18.6 MPa with different exposure time

Fig. 4  Autoclave corrosion results of Zr-4 and
new zirconium alloys testd in 673 K steam
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Fig. 5  Autoclave corrosion results of Zr-4 and
new zirconium alloys testd in 773 K steam

Fig. 6  Autoclave corrosion results of Zr-4 and new zirconium alloys
from testd in 633 K steam water with 700×10-6 Li as LiOH
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Fig. 8  Hydrogen distribution of Zr-4 and new zirconium alloys after autoclave
corrosion tests in 633 K water with 700×10-6 Li as LiOH for 200 d

a——Zr-4; b, c, d——N3, N5, N7, respectively

Fig. 7  Autoclave corrosion results of Zr-4 and new zirconium alloys testd
in 633 K steam water with 700×10-6 Li as LiOH and 200×10-6 B as H3BO3
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3  CONCLUSIONS

Two kinds of new zirconium alloys (N18 and N36) have been developed in China.
The results obtained from the out-of-pile corrosion, hydrogen absorption and tensile
test etc. showed that the N18 and N36 alloys are much superior to Zr-4. The
application of both alloys to engineering will be confirmed by irradiation testing in
PWR and BWR environments, and they can be recommended for using as the fuel
cladding, guide tube, spacer grids and core components in PWRs and BWRs.
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