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ABSTRACT

The effect of penultimate annealing temperature and cooling rate on the corro-

sion behavior of Zircaloy-4 cladding tube has been investigated. Both nodular corro-

sion and uniform corrosion resistance can be improved obviously after changing the

heat treatment from the original annealing at 650 °C to quenching from 830 "C (up-

per temperature of alpha phase region or lower temperature of beta phase region).

Although the nodular corrosion resistance can be improved obviously after quench-

ing from beta phase, there was a second transition in the variation between weight

gain and exposure time, which shows a poor uniform corrosion resistance after a

long exposure time during the autoclave tests. The main factor of affecting corro-

sion behavior is the solid solution contents of Fe and Cr in alpha zirconium rather

than the size of second phase particles. About 200 f*g/g Fe and Cr super saturated

solid solution in alpha zirconium could get good uniform and nodular corrosion resis-

tance, but much more solid solution contents of Fe and Cr in alpha zirconium could

bring about a trend toward poor uniform corrosion resistance for long-term expo-

sure time.



INTRODUCTION

Zircaloy-4 is used as the cladding material of nuclear fuel elements in PWRs.

Under the current mode of reactor operation, water side corrosion of fuel cladding

is not regarded as a life limiting problem yet. But incentive to reduce fuel cycle

costs and increase the discharge burn-up have led the requirement to improve water

side corrosion resistance, which several approaches can be considered such as im-

proving the design of fuel assemblies, readjusting and controlling reactor operation

condition and improving the corrosion resistance of cladding material etc t-1]. Several

ways can be taken into account for the last point mentioned above: a) Seeking for

a new zirconium alloy. At present some interesting work have been carried out • for

example, a new zirconium alloy by decreasing the content of Sn and adding suitable

amount of Nb based on Zircaloy-4 composition possesses a good corrosion

resistance C2]. b) Adjusting the contents of alloying elements in Zircaloy-4 within

the allowable range to find the optimum composition. So far it has been drawn a

conclusion that the corrosion resistance of Zircaloy-4 can be improved by taking Sn

mass fraction to be the lower limit ( 1 . 2 % ) , both Fe and Cr contents to be the up-

per limit and lowering the content of impurity carbon l-3-J. c) Changing the mi-

crostructure of Zircaloy-4 through heat treatment to improve corrosion behavior M.

The last way is easy to implement, but the reasons is not clarified. In this work the

effects of the heat treatments at penultimate annealing during fabricating tubes on

corrosion resistance of Zircaloy-4 has been studied.

1 EXPERIMENTAL METHODS

The mass fractions of alloying elements in Zircaloy-4 are Sn 1.5 % » Fe

0. 20% and Cr 0. 10%. The contents of Fe and Cr is not more because of their very

low solubility in alpha zirconium in equilibrium state. Therefore the most of Fe and

Cr in Zircaloy-4 will be precipitated in the form of Zr(Fe,Cr)2 second phase parti-

cles. If heating specimens at beta phase and quenching, the Fe and Cr can be super-

saturated solid solution in alpha zirconium. The ingot got through twice using vac-

uum-consumable arc furnace, the tube blank obtained by extruded were heated at

beta phase and quenched in order to homogenize the composition in alloy. Finally

the finished tubes of 09. 5X6. 4 mm were obtained through pilgering five times at

room temperature which were intermediately vacuum-annealed for four times at

650 "C. Because a precision dimension of finished tubes is needed and the worked
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strengthening will be expected; therefore the change of heat treatment conditions

such as quenching from beta phase only at the penultimate annealing is proper, at

this time the size of tube is j*16X2. 5 mm. Two tubes (jS16X2. 5 mm) were encap-

sulated in the evacuated quartz capsules and heated at 1030 °C (beta phase) or at

830 °C (the upper limit of alpha phase or the lower temperature of beta phase) for

1. 5 h , respectively, then quenched in water and broke the quartz capsules simulta-

neously. The oxide scale on tube surface was removed by means of the sand blast-

ing and dipping in acid solution. Ultimately the tubes were cold-pilgered to j49. 5 X

0. 64 mm and stress-relief annealed at 470 °C for 4 h to release stress. The three

kinds of specimens which include the original penultimate annealing at 650 C are

named the specimen A, B and C, respectively, and the conditions of heated treat-

ment for specimens are given in Table 1. The effect of the variation of composition

in Zircaloy-4 on corrosion behavior can be negligible because these specimens come

from a same ingot.

Table 1 different temperature of penultimate annealing
for three kinds of tubes from one batch

specimen

No.

A

B

C

penultimate

annealing

650 "C-2 h annealing

and furnace cooling

1030 € - 1 . 5 h

quenching

830 C- l . 5 h

quenching

tube size
mm

#9.5X0.64

. #9.5X0.64

#9.5X0.64

final annealing

470 "C-4 h

470 "C-4 h

470 r-4 h

One group includes three specimens cut from each kind of tube with 30 mm in

length. A standardized pickling procedure in nitric hydrofluoric acid bath was em-

ployed for preparing the surface of tubular specimens. The autoclave tests were car-

ried out at 360 °C elevated temperature water under 18-6 MPa, and at 400 C •

450 °C and 500 "C superheated steam under 10. 3 MPa, respectively. The variation

of weight gain with exposure time was measured, and the microstructure of alloy

and oxide film was examined by means of transmission electron microscopy

(TEM).

2 EXPERIMENTAL RESULTS

2. 1 The microstructure of specimens

The microstructure of specimens A, B and C in Figs 1~3 shows that partial
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recrystallization has taken place for all three kinds of specimens, which reveals that

the stress relief annealing temperature must be higher than 470 "C reported from

manufacturing factory. The microstructure of specimen B quenched from beta phase

shows grains elongated along the pilgering direction. A typical morphology of sec-

ond phase particles Zr(Fe,Cr)2 in specimen A is shown in Fig. 4, and its crystal

structure is hexagonal MgZn2 type Laves phase identified by selected area diffrac-

tion, which exists as obvious layer structure due to its low stacking fault energy.

The size and distribution of second phase particles in specimen A, B and C are also

quite different because of their different heat treatments at the penultimate anneal-

ing. The second phase particles specimen A are much more, and their average size

is about 0. 2 fim. Even though the ingot was homogenized by heating at beta phase

and quenched, because the size of ingot was still larger and cooling rate was limited

so that it could not restrain entirely the precipitation of second phase particles at

that stage. And the alloying elements dissolved in alpha Zr matrix would be re-pre-

cipitated in the form of second phase particles during the subsequent intermediate

annealing. Thus, the solid solution contents of Fe and Cr in alpha Zr is still lower.

The second phase particles in the specimen B which was quenched from beta phase

could be hardly found, and the tiny second phase particles being about 0. 01 /im in

average size could be observed only under the TEM with higher magnification. It

indicated that the most of Fe and Cr alloying elements are super-saturated solid so-

lution in alpha Zr matrix when quenching form beta phase, which could not be re-

precipitated in the form of second phase particles yet because the stress relief an-

nealing temperature was lower. The specimen C which was heated at 830 "C and

quenched in water involves the large second phase particles with about 0. 5 ^m in

average size. This is because the solubility of Fe and Cr in alpha Zr increases also

with the increase of temperature in the alpha phase range. On the one hand,the sec-

ond phase particles will be dissolved, and on the other hand they will be grown si-

multaneously during specimen heated at the upper region of alpha phase when the

contents of Fe and Cr exceed the solubility limitation at that temperature. The solid

solution contents of Fe and Cr in alpha Zr in the specimen C are less than that in

the specimen B, but more than that in the specimen A. Charquet et al. '-5-' have

drawn a conclusion that the solid solution contents of Fe and Cr in alpha Zr can in-

crease to 120---200 /ig/g during heating at 830~850 "C. But about 3000 pg/g Fe

and Cr alloying elements in Zircaloy-4 can be dissolved completely during heating at

beta phase region.



Fig. 1 The microstructure of specimen A (second phase particles are indicated by arrow)

Fig. 2 The microstructure of specimen B (second phase particles are indicated by arrow)

Fig. 3 The microstructure of specimen C Fig. 4 The morphology of a second

phase particle in specimen A



2- 2 Corrosion behavior of specimens

The variations of the weight gain with exposure time after the autoclave test at

360 °C elevated temperature water in 18. 6 MPa and at 400 °C , 450 °C and 500 "C

super-heated steam in 10. 3 MPa are shown in Figs. 5 ~ 8 . The general considera-

tion is that the corrosion behavior of specimens testing in the autoclave in 400 C

superheated steam can represent the uniform corrosion resistance, and that in 450

°C or 500 °C superheated steam can represent the nodular corrosion resistance. The

regularity of the variation of weight gain with exposure time during the autoclave

test in 360 "C elevated temperature water and that in 400 "C superheated steam is

similar* but it is quite different from that in 450 "C and 500 °C superheated steam.

This reflects the different behavior of three kinds of specimens in respect of uniform

corrosion and nodular corrosion resistance. The weight gain of all three kinds of

specimens is similar at the initial stage during the autoclave test at 360 "C and 400

C t but the transition time for specimen B and C is longer than that for specimen

A. There is an obvious difference for the weight gain in three kinds of specimens

after transition. It is always A W A > A W C > A W B . The weight gain of specimen B is

only about two-thirds of that of specimen A after the exposure time to 300 days at

360 °C and 200 days at 400 °C respectively. But the weight gain of specimen B ex-

ceeds or equals that of specimen A and C after the exposure time to 395 days at 360

°C and 260 days at 400 °C respectively. There is a second transition phenomenon

in the variation of weight gain with exposure time for specimen B, and the weight

gain increases quickly after second transition. Therefore it is found that the uni-

form corrosion resistance for specimen B after the autoclave test for long-term is

not good.

The regularity of the variation of weight gain at 450 °C and 500 C in super-

heated steam is similar. The rapid increase of weight gain for specimen A reflects

the process of nodular corrosion taking place. The nodular corrosion was appeared

on the specimen A after the autoclave test for 300 h at 450 C » but there was no

nodular corrosion appearing on the specimen B and C till the end of the autoclave

test for 1070 h at 450 °C. At 500 C there was nodular corrosion appearing on spec-

imen A for 7 h , but no nodular corrosion appearing on specimen B and C for 420 h

till the end of the autoclave test. The nodular corrosion resistance of specimen B and

C is much better than that of specimen A. The surface morphology of specimen A,

B and C after the autoclave tests at 450 C super-heated steam in 10. 3 MPa for

560 h (A) and 1070 h (B, C ) , and at 500 C under 10. 3 MPa superheated steam
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for 30 h (A), 420 h (B) and 270 h (C) are given in Fig. 9. It shows that there

is a obvious difference of nodular corrosion resistance among them.
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Fig. 5 The weight gain for specimens

after the autoclave test at 360 'C

elevated temperature water in

18-6 MPa with different exposure time

Fig. 6 The weight gain for specimens

after the autoclave test at 400 "C

superheated steam in 10. 3 MPa

with different exposure time
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Fig. 9a The surface morphology of specimens after the autoclave tests at

450°C-540 h for specimen A and 1070 h for specimens B and C

•H 1

Fig. 9b The surface morphology of specimens after the autoclave at 500'C-30 h

for specimen A» 420 h for specimen B and 270 h for specimen C

3 DISCUSSION

Garzarolli et al. t6-1 regarded the second phase particles in Zircaloy specimens as

a variate to examine its effect on the corrosion behavior and considered that the size

of the second phase particles in Zircaloy materials should be less than 0. 2 JJLUI used

in BWRs or tested in the autoclave at 500 "C » otherwise it will induce a bad corro-

sion behavior, and too small second phase particles ( < 0 . 1 (im) is not good for uni-

form corrosion resistance used in PWRs or tested in the autoclave at 350 "C. Re-

9



cently, Foster et al. [7] investigated the corrosion behavior of Zircaloy-4 sheet and

Kruger et al. [8] investigated the nodular corrosion resistance of Zircaloy-2, both of

them are still looking for the relationship between the size of second phase particles

and corrosion behavior. Although there is really a certain regularity when plotting

the size of second phase particles against the corrosion rate (uniform) or weight

gain (nodular corrosion). But it should be pointed out that the different size of sec-

ond phase particles in specimens was obtained by the different process of heat treat-

ments* and the solid solution contents of Fe and Cr in alpha Zr will be also differ-

ent. Therefore it is unreasonable as judged the corrosion behavior by the size of sec-

ond phase particles only. In this experiment though the second phase particles in

specimen C is much larger than that in specimen A, but the solid solution contents

of Fe and Cr in alpha Zr is more than that in specimen A because the specimen C

was quenched from the upper temperature of alpha phase region. So the nodular

corrosion resistance of specimen C is obviously superior to specimen A. If consider-

ing the size of second phase particles only» a opposite result should be obtained.

Anderson et al. [9] proposed that the corrosion behavior of Zircaloy can be

modelled with an annealing parameter. The annealing parameter described as A can

be defined as

A=

where t\ is the annealing time ( h ) , T\ is the annealing temperature (K) , Q is the

activation energy for precipitating process of second phase particles,and R is the gas

constant. In general Q/R = A0 000 K is taken. The A is the total amount of anneal-

ing for each time after quenching from beta phase. When plotting the corrosion rate

(for uniform corrosion) or weight gain (for nodular corrosion) against A, it can be

found that there is a sharp transition in corrosion rate or weight gain with the A in-

creasing or decreasing. It indicates that the corrosion resistance can be improved by

controlling the annealing parameter. Garzarolli et al. M have suggested that A ^

10~18 h is reasonable for cladding tubes used in BWRs, and it should be controlled

within 2X 10"18 h < A < 5 X 10~17 h for that used in PWRs. From the definition of

Ay it is essential that A reflects the sufficient degree of precipitating second phase

particles with Fe and Cr alloying elements from supersaturated solid solution state

after quenching from beta phase, which can be also reflected the difference of solid

solution contents of Fe and Cr remained in alpha zirconium. Because there were

some difference of the operation conditions for quenching ingots from beta phase

during producing cladding tubes in different factories, the supersaturated solid solu-
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tion contents of Fe and Cr in alpha zirconium were also different probably. Even if

the same annealing parameter could be controlled, it is not sure to obtain the same

corrosion resistance for cladding tubes. In this experiment the A value for specimens

A, Band Cis 1 .2X10" 1 8 h, 1. 6X10"2 3 h and 2. 6X 10~16 h , respectively. The

A value of specimen A conforms to the recommended value, but specimen A pos-

sesses very poor nodular corrosion behavior. And the A value of specimen C is

much larger that the recommended value,but specimen C possesses very good nodu-

lar corrosion resistance and good uniform corrosion resistance as well. This indi-

cates that solid solution contents of Fe and Cr in alpha Zr is a main factor affecting

the corrosion behavior, but not the size of second phase particles.

Urquhart et al. '-10-' have proposecfthe second phase particles in Zircaloy embed-

ded in oxide film can serve as the electronic paths, which can affect the growth of

oxide film. Thus, a chain-like second phase particles precipitated along grain bound-

aries, which can be obtained by heating at beta phase and followed air cooling, can

improve the corrosion resistance of Zircaloy. However, the results obtained in pre-

sent work show that there was no a chain-like second phase particles distributed

along the grain boundaries in specimen C. But both its uniform corrosion and nodu-

lar corrosion resistance are always better than that of specimen A. This illustrates

that the corrosion behavior of Zircaloy is related to the solid solution contents of Fe

and Cr in alpha Zr matrix and not to the size or distribution of second phase parti-

cles. The specimen C was quenched from the upper temperature of alpha phase re-

gion, so that increasing the supersaturated solid solution of Fe and Cr in alpha Zr

will be expected. However, it is still a problem which need to be investigated for the

Fe and Cr dissolved in the oxide film to affect the diffusion of oxygen ion or anion

vacancies and to improve the corrosion resistance of Zircaloys.

In order to understand the effect of Fe and Cr alloying elements on corrosion

resistance of Zircaloy-4, the behavior of second phase particles Zr(Fe,Cr) 2 in the

process of corrosion and the long-term behavior of Fe and Cr elements dissolved in

ZrO2 should be investigated. We have tried and got some results in which the oxida-

tion products of Zr(Fe,Cr)2 metallic compound are ZrO2 ,(Fe,Cr)3O4 and alpha-Fe

(Cr) in 500 "C superheated steam [12], and supersaturated solid solution of Fe and

Cr in zirconium oxide might be reprecipitated [13-1. The Zircaloy-4 samples were

heated in vacuum at 1050 C and followed by air cooling, which were tested in the

autoclave at 500 "C superheated steam for 72 h in order to obtain a black oxide

film. The TEM samples for examining the structure of black oxide film were pre-
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pared by using ion sputtering thining from parallel to oxide film. A detail procedure

for preparing TEM sample described in early paper '-14-'. Fig. 10 is a high resolution

TEM image on which the ZrO2 lattice image and a second phase particles surround-

ed by stress field about 10 nm in diameter can be seen. Because a high internal

stress was produced in the process of the formation of oxide film, which induce a lot

of defects in crystal lattice, therefore it is unable to identify a very tiny second phase

particles from a common diffraction contrast image. The very tiny second phase

particles are likely to be re-precipitated from ZrO2 after the formation of oxide film.

Owing to a high internal stress within the oxide film, the atom diffusion can be ac-

celerated , and the process of grain growth in oxide film have been observed during

the autoclave test in superheated steam at both 400 "C and 500 °C , so it is possible

for Fe and Cr to be reprecipitated from solid solution state in ZrO2. Due to the vol-

ume change of precipitation phase, moreover an additional stress will be produced

within oxide film, which would also promote the diffusion of anion vacancies and

accelerate the corrosion rate. This might be a cause that why the second transition

was observed during the autoclave test at 360 °C elevated temperature water or 400

°C superheated steam after specimens were quenched from beta phase. Therefore,

when specimens quenching from beta phase were reheated in alpha phase region the

second transition phenomenon will be disappeared gradually with the increase of re-

heating temperature in accompany with the reprecipitation of Fe and Cr alloying el-

ements from supersaturated solid solution state in alpha Zr matrix '-11-1.

I * - * *

Fig. 10 A high resolution TEM image of the oxide film formed on the
specimen heated at 1050 "C and followed by air cooling after the

autoclave test at 500 °C superheated steam for 72 h
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One of the authors in this paper proposed a model to interpret the process of

the formation for nodular corrosion Cu-1. Who considered that the bumps which are

the thicker oxide film in local area in black oxide film act as nuclei of nodular corro-

sion. Thus the factors affecting the formation of bumps will directly affect the

nodular corrosion behavior. Such as the inhomogeneous distribution of alloying ele-

ments in solid solution or of second phase particles, the difference of grain orienta-

tion, and the variation of surface energy on specimens induced by environmental

medium» all these factors could promote the difference of growth rate of oxide film

among local regions, which lead to the formaton of bumps within the black oxide

film and result in the bad nodular corrosion behavior. After increasing the solid so-

lution contents of Fe and Cr in alpha Zr matrix, the unfavorable factors mentioned

above could be modified and the inhomogeneous growth of black oxide film could be

restrained. So that the bumps in black oxide film are not easy to be formed, as well

the nodular corrosion resistance can be improved.

4 CONCLUSIONS

(1) The second phase particles in Zircaloy-4 are mostly Zr (Fe ,Cr) 2 , and their

size and distribution in matrix can modified by quenching from 830 'C or 1050 °C ,

while making a partial Fe, Cr alloying elements to be supersaturated solution in al-

pha Zr matrix.

(2) The main factor of affecting corrosion behavior (both uniform and nodu-

lar corrosion) on Zircaloy-4 is the solid solution contents of Fe and Cr alloying ele-

ments in alpha Zr matrix rather than the size of second phase particles. Therefore

a remarkable improvement for both uniform and nodular corrosion resistance can be

obtained by quenching from the upper temperature of alpha region. In this case the

second phase particles are much larger and the solid solution contents of Fe and Cr

in Zr matrix are about 200 /*g/g.

(3) quenching from beta phase or the upper temperature of alpha phase re-

gion , both of them can improve obviously the nodular corrosion resistance in

Zircaloy-4. But the uniform corrosion resistance is not good after quenching from

beta phase, because a second transition in the relationship between weight gain and

exposure time will appear to increase the corrosion rate after long exposure time

during the autoclave tests. It might be the reasons that much more Fe and Cr alloy-

ing elements are supersaturated solid solution in alpha Zr matrix.
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