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Abstract

Commercial Zircaloy-4 sheets were charged with 230±250 wppm hydrogen by the gas-charging method and were

homogenized at 400°C for 72 h in vacuum. The hydrogen charged specimens were corroded in pure water and aqueous

LiOH solutions using static autoclaves at 350°C, and then characterized by measuring their weight gains with the cor-

rosion time and observing their microstructures using an optical microscope (O/M) and a scanning electron microscope

(SEM). The elemental depth pro®les for hydrogen and lithium were measured using a secondary ion mass spectrometry

(SIMS) to con®rm their distribution at the oxide/metal interface. As the concentration of Li ions in the aqueous LiOH

solution increased to more than 30 ppm, the normal Zircaloy-4 specimens corroded abruptly and heavily, forming more

Zr-hydrides by the larger amount of absorbed hydrogen at higher Li ion concentrations. The specimens that had been

charged with amounts of hydrogen greater than its solubility limit corroded early with a more rapid accerleration than

normal specimens, regardless of the corrosion solutions. At longer corrosion times under 220 wppm Li ion concentra-

tion conditions, however, normal specimens showed a rather accelerated corrosion rate compared to the hydrogen-

charged specimens. These slower corrosion rates of the hydrogen-charged specimens at longer corrosion times under

220 wppm Li ion concentration conditions may be due to the pre-existent Zr-hydride, which causes the hydrogen

pick-up into the specimen to be depressed after the formation of the oxide with an appropriate thickness. Ó 1998 Else-

vier Science B.V. All rights reserved.

1. Introduction

In pressurized water reactors, presently, lithium hy-

droxide (LiOH) is not only added to the primary coolant

to maintain its pH, but also to increase its pH to ranges

of 7.2±7.4 for high pH operation, which results in a re-

duction of circuit activity levels. It has been well known

that the addition of large amount of LiOH severly accel-

erates the corrosion of zirconium-based alloys such as

Zircaloy-4, which is used as a fuel cladding material.

However, the corrosion mechanism of zirconium-based

alloys is still not well understand, irrespective of the nu-

merous researchers who have suggested various theories

and models during the past 30 yeas. Of the researchers,

Hillner and Chirigos [1] reported that corrosion was ac-

celerated by the increasing anionic vacancies caused by

the substitution of the Li� ion with the Zr4� ion in the

oxide layer. Jeong et al. also found that any signi®cant

acceleration of the oxidation kinetics for the zirconi-

um-based alloys in equimolar alkali metal hydroxides,

such as NaOH, KOH, RbOH, and CsOH, was absent,

except in the aqueous LiOH solution. Thus, they insisted

that substitution of the Li� ion with Zr4�-sites in the ox-

ide layer occurred easily during the corrosion reaction

because of the similar ionic sizes of Li� and Zr4� ions,

and this accelerated the corrosion [2±4]. Moreover, ac-

celerated corrosion behaviors were observed in speci-

mens with hydrogen concentrations as high as the

solubility limit or more [5]. Kido [6] and Blat et al. [7]

reported that the corrosion of hydrogen-charged
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Zircaloy accelerated when the hydrogen level was higher

than the limit of solubility at the corrosion temperature.

Simultaneously, the metal±hydride, composed mainly of

Zr-hydride, was formed in the metal matrix near the

front of the oxide layer by hydrogen absorbed from

the aqueous corrosion solution during the corrosion re-

action. It was also reported by Garde and Johnson that

the hydride in the metal was oxidized more easily com-

pared to the matrix and then metal containing the hy-

dride was oxidized more rapidly than the one not

containing it [5,8]. Thus, the zirconium-based alloys hav-

ing many Zr-hydrides are expected to be rapidly corrod-

ed in various corrosion solutions, but how the pre-

existent Zr-hydride, already formed in the metal matrix,

a�ects the corrosion behaviors of zirconium-based alloys

has not been studied widely yet, especially in an aqueous

LiOH solution.

Therefore, there is an ample interest in the accelerat-

ed e�ect of pre-existent Zr-hydride on the corrosion of

Zircaloy-4 materials in aqueous LiOH solution at

350°C. In this paper, the corrosion behaviors of the both

normal Zircaloy-4 material and hydrogen-charged Zir-

caloy-4 material with hydrogen concentration at levels

greater than the solubility limit (�120 wppm H at

360°C [5]) before the corrosion tests were carried out

in detail in pure water and aqueous LiOH solutions with

various Li ion concentrations.

2. Experimental procedures

Rectangular-shaped specimens, 15 by 25 mm in size,

were cut from commercial Zircaloy-4 sheet material con-

taining 1.5 wt% Sn, 0.2 wt% Fe, and 0.1 wt% Cr. A typ-

ical microstructure of the Zircaloy-4 sheet material is

shown in Fig. 1. The specimens were mechanically

ground using SiC paper and chemically polished using

a pickling solution (a mixture of 5% HF, 45%

HNO3,and 50% H2O) in the ®nal step. The polished

specimens with thickness of 0.6 mm were homogenized

at 400°C in a vacuum for 72 h after being charged

with hydrogen from a gas phase to concentrations

230±250 wppm. Then, corrosion tests were conducted

in both pure water and aqueous LiOH solution with

various Li concentrations for di�erent times under static

stainless steel autoclaves at 350°C and 17.5 MPa.

The corroded specimens were characterized by mea-

suring their weight gains with the corrosion time. An op-

tical microscope (O/M) and a scanning electron

microscope (SEM) were used to observe the thickness

and microstructure of the oxide in the corroded speci-

mens. The amounts of hydrogen in the specimen ab-

sorbed by the gas-charging as well as the hydrogen

contents in the specimens before and after the corrosion

test were quantitatively analyzed using the extraction

method and a hydrogen analyzer (Leco Co.). The ele-

mental depth pro®les for hydrogen and lithium were

measured using secondary ion mass spectrometry (SIMS,

CAMECA IMS4F) to characterize their distribution at

the oxide/metal interface after pre-sputtering for 60 s to

remove the surface contaminants. Then, the SIMS was

equipped with an oxygen ion (O�2 ) source to scan the

specimen area of 50 ´ 50 lm2 with an incident angle of

about 60° and was controlled to detect the secondary

ion at a direction perpendicular to the scanned area.

3. Results and discussion

Fig. 2 shows the corrosion behavior of the commer-

cial Zircaloy-4 alloy corroded in an aqueous LiOH solu-

tion with various Li ion concentrations at 350°C for 550

days. The specimens corroded under pure water or

2.2 wppm Li ion concentration conditions show almost

identical cyclic corrosion behaviors with the ®rst transi-

tion after about 180 days. For the 30 wppm Li ion con-

centration, they show also similar behaviors as the pure

water over the entire range, but the ®rst transition (at

about 120 days) occurs earlier compared to their behav-

iors for the pure water condition. The di�erence between

the weight gains obtained from pure water and 30 wppm

Li ion concentration conditions increases continuously

with an increase in exposure time. It was reported that

a concentration of 30 wppm Li ions was the critical

point to accelerate corrosion for the Zircaloy-4 alloy

[9]. Above 220 wppm Li ion concentrations, which

may be acquired by local boiling on the surface of the fu-

el cladding in a nuclear power plant, the alloys corrode

very rapidly and heavily, showing very short pre-transi-

tion regions. Therefore, it is thought that corrosion of

the Zircaloy-4 alloy accelerates heavily with an increase

in Li ion concentration in aqueous LiOH solutions.

The absorbed hydrogen and hydrogen pick-up frac-

tion obtained by the corrosion tests under pure water

and 220 wppm Li ion concentration conditions are
Fig. 1. A typical microstructure for the commercial Zircaloy-4

sheet materials.
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shown in Fig. 3, where the hydrogen pick-up fraction re-

fers to the ratio of the measured hydrogen concentration

to the hydrogen amount theoretically generated by the

corrosion reaction. In pure water, when weight gain in

the post-transition increases up to two times as large

as that in the pre-transition, the absorbed hydrogen con-

tent almost up to two times that in the pre-transition as

well. However, their hydrogen pick-up fractions have no

changes regardless of weight gains after the transition.

In the 220 wppm Li ion concentration, on the other

hand, when the weight gain in the post-transition in-

creases to an amount nine times as large as that in the

pre-transition, the absorbed hydrogen content increases

by up to 17 times compared to that in the pre-transition.

As a result, the hydrogen pick-up fraction in the

220 wppm Li ion condition increases by up to about

two times as large as that in the pre-transition. Thus,

it can be said that the hydrogen pick-up fraction in the

pure water condition does not change with an increase

in weight gain but that in the 220 wppm Li ion concen-

tration condition, it increases greatly with weight gain

after the transition. It can be also said that an aqueous

LiOH solution accelerates the corrosion of Zircaloy-4 al-

loys and makes them absorb a large amount of the hy-

drogen during the corrosion reaction.

Absorbed hydrogen at concentrations greater than its

solubility limit (�120 wppm H at 360°C) in the Zircaloy-

4 alloy at 350°C would precipitate as Zr-hydride in the

metal matrix. To investigate in detail the e�ect of Zr-hy-

dride on corrosion, Zircaloy-4 specimens charged with

230±250 ppm hydrogen were corroded using both pure

water and an aqueous LiOH solution with a 220 wppm

Li ion concentration at 350°C. The results are shown in

Fig. 4. In pure water, all corroded specimens show the

same behavior up to 80 days, regardless of the charging

of hydrogen into the specimens, but after 80 days, the

corrosion of the hydrogen-charged specimens start to

slightly accelerate compared to normal specimens (hy-

drogen-uncharged specimens). In 220 wppm Li ion con-

centrations, the hydrogen-charged specimens show rapid

increase in the corrosion rate after 30 days, whereas nor-

mal specimens start such a trend after 43 days, showing

severe corrosions compared to those in pure water. After

52 days, the corrosion rates for the hydrogen-charged

specimens decrease gradually with an increase in expo-

sure time, and then their corrosion rates become slower

than those of normal specimens. Fig. 5 shows photos of

the cross-sectional microstructure of a normal specimen

corroded in a 220 wppm Li ion concentration for 550

days. In general, oxide grown in 220 wppm Li ion con-

centration conditions grows ununiformly, like a nodu-

lar-type oxide, due to localized accelerated corrosion,

as shown in Fig. 5(A). It can be observed from the

enlarged SEM micrograph of Fig. 5(B) that many

Fig. 2. Corrosion behaviors of the Zircaloy-4 in pure water and the various LiOH solutions at 350°C.
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Zr-hydrides formed near the front of the oxide layer dur-

ing the corrosion reaction. It was also reported that the

hydride in the metal was oxidized easily compared to the

matrix and then the metal containing the hydride was

oxidized more rapidly than the one not containing it

[5,8]. Thus it can be thought that the growth of the oxide

will be a�ected and enhanced continuously by the exis-

tence of the Zr-hydirde. Therefore, it can be also as-

sumed from the corrosion behaviors that the

hydrogen-charged specimens having many Zr-hydride

precipitates in the matrix corroded more easily than

the normal specimens due to rapid oxidation of the

Zr-hydride. As shown in Fig. 4, however, the normal

specimen corroded rather more rapidly than the hydro-

gen-charged specimens at longer corrosion times under

220 wppm Li ion concentration conditions.

To understand the slower corrosion rate of hydro-

gen-charged specimens at longer corrosion times, the

distributions of lithium and hydrogen in the oxide,

metal, and oxide/metal interface were measured using

SIMS with an oxygen ion source after corrosion tests

of hydrogen-charged specimens and normal specimens.

Fig. 3. Comparison of hydrogen pick-up for the Zircaloy-4 alloys in the pure water and the 220 wppm LiOH aqueous solution at

350°C. (WG: weight gain, H-C: Hydrogen pick-up content).
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Figs. 6±8 show the depth pro®les for a normal speci-

men corroded in pure water conditions, and for normal

specimens and the hydrogen-charged specimens cor-

roded in a 220 wppm Li ion concentration conditions,

for 52 days at 350°C. The specimens corroded in a

220 wppm Li ion concentration for 52 days were select-

ed and analyzed because they had similar weight gains,

as shown in Fig. 4. The thickness of the oxide ®lms

were measured using SEM. It was also con®rmed that

the oxide ®lm thickness almost agreed with the location

of the interface determined near the starting point of

the constant signal for Zr�� from the surface to the

metal matrix with sputter time. Determining the loca-

tion of the oxide/metal interface is possible from the

di�erent intensities of Zr�� due to the sputter yields

in the oxide and metal. It is also possible to compare

the concentrations of hydrogen and lithium qualita-

tively when the Zr�� intensity in the metal side is as-

sumed to be equal in all environments. Here, the

intensities for hydrogen and lithium were measured

from the signals of H� and Li�, but the Li intensity

in Fig. 8 was just measured from the signal of Li�2
due to the high intensity of Li� over the limitation of

the equipment. Also, very low intensities for Zr��,

H�, Li� and Li�2 near the surface in all spectra may

be generally due to fundamental e�ects occuring in

the pre-equilibrium regions at surfaces [10].

The high intensity of hydrogen near the surface of the

oxide ®lm, as shown in Fig. 6, indicates that the hydro-

gen pick-up occurred from an aqueous solution into the

metal during the corrosion reaction. As shown in Fig. 7,

the relative amount of the hydrogen at the oxide/metal

interface of the normal specimen absorbed under a

220 wppm Li ion concentration condition is larger than

that under the condition of pure water (Fig. 6). It is even

much larger in the case of the hydrogen-charged speci-

men (Fig. 8). However, it can be known that the hydro-

gen pick-up content or rate into the metal interior of the

normal specimen regardless of the exposure time is high-

er than the hydrogen-charged specimen in the corrosion

condition of a 220 wppm Li ion concentration, as shown

in Table 1. Specially, the hydrogen pick-up rate of the

normal specimen increases with the exposure time,

whereas that of the hydrogen charged specimen decreas-

es with the exposure time. In the case of the hydrogen-

charged specimens corroded in a 220 wppm Li ion con-

centration, the hydrogen intensity increases in parallel

with that for Zr�� at the metal side with an increase

in sputter time. At the same time, the Li�2 intensity de-

creases abruptly with sputter time in this region. There-

fore, as shown in Fig. 8, increases in SIMS intensities in

the metal region with sputter time are attributed to the

general edge e�ect by the increase of penetration depth

of the SIMS ion source into the metal interior when

Fig. 4. Corrosion behaviors of the hydrogen charged Zircaloy-4 specimens corroded at 350°C.
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the SIMS ion source has an incident angle of about 60°.

From the SIMS data, it can be said that the absorbed

hydrogen by the gas-charging method is distributed uni-

formly, depressing the hydrogen di�usion from the ox-

ide/metal interface into the metal interior with no

uptake of lithium at the metal side.

On the other hand, the Li content measured in the

oxide layer is higher for the hydrogen-charged specimen

than the normal specimen. This indicates that the pre-

existent Zr-hydride attracts larger amounts of Li ions

into the oxide layer, together with depressing the hydro-

gen pick-up from an aqueous LiOH solution. Jeong et al.

[2±4] reported that any signi®cant acceleration in the ox-

idation kinetics for Zirconium-based alloys in equimolar

alkali metal hydroxide solutions, such as NaOH, KOH,

RbOH, and CsOH, was absent, except in the aqueous

LiOH solution. Therefore, it is likely that the hydro-

gen-uptake by the negative potential at the oxide/metal

interface obtained by the Zr oxidation causes the forma-

tion of Zr-hydride near the front of the oxide/metal in-

terface, and then again the hydride attracts a lot of Li-

uptake in the oxide layer. Then, the Li-uptake may be

accomplished by the easy substitution of a Li� ion with

a Zr4� -site because of the similar ionic sizes of the Li�

and Zr4� ions in the oxide layer, as reported by Jeong

et al. and Hillner et al.

Fig. 9 shows SEM photographs for the cross-sec-

tional surfaces of specimens corroded in both pure wa-

ter and a 220 wppm Li ion concentration for 52 days at

350°C. The normal specimen corroded in a 220 wppm

Li ion concentration has a relatively uniform oxide lay-

er compared to the hydrogen-charged specimen. The

hydrogen-charged specimen (Fig. 9(C)) has a more lo-

cally and rapidly corroded oxide layer than the normal

specimen (Fig. 9(B)) and even shows a thickness of the

thinnest oxide part which is almost the same as that of

the normal specimen (Fig. 9(A)) corroded in pure wa-

ter. It was observed that these trends for the oxide layer

thickness were maintained continuously, even after 82

days. Therefore, it can be said that although the hydro-

gen-charged specimen has locally a thicker oxide layer

than the normal specimen due to oxidation of the

pre-existent Zr-hydride, the average thickness of its ox-

ide layer becomes smaller than that of the normal spec-

imen at longer corrosion times. It may be that the

additional hydrogen pick-up can be depressed because

the amount of hydrogen in the hydrogen-charged spec-

imens is larger than the solubility limit (�120 wppm H

Fig. 5. Optical microscope photograph (A) for many hydrides and nodular-type oxide layer grown in 220 wppm LiOH solution and

SEM photograph (B) for the enlarged part of (A) at the oxide/metal interface.
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Fig. 7. SIMS depth pro®les for the Zircaloy-4 specimen corroded in 220 wppm LIOH aqueous solution for 52 days at 350°C.

Fig. 6. SIMS depth pro®les for the Zircaloy-4 specimen corroded in pure water for 52 days at 350°C.

120 S.-J. Kim et al. / Journal of Nuclear Materials 256 (1998) 114±123



at 360°C) in the metal. In summary, the pre-existent Zr-

hydride in the matrix causes the hydrogen pick-up to be

depressed through the oxide layer into the metal at

longer corrosion times and then the corrosion rate de-

creases gradually, although a thick oxide was formed

in a short time by the rapid oxidation of the Zr-

hydride.

4. Conclusions

Commercial Zircaloy-4 sheets were charged with

230±250 wppm hydrogen by the gas-charging method

and homogenized at 400°C for 72 h in a vacuum.

The hydrogen-charged specimens were corroded in pure

water and aqueous LiOH solutions using static auto-

claves at 350°C. The following conclusions can be

drawn.

As the concentration of Li ions in the aqueous solu-

tion increased, the normal Zircaloy-4 specimens corrod-

ed rapidly in more than 30 wppm Li concentrations.

This is due to the rapid oxidation of many Zr-hydride

precipitates formed by the large amount of absorbed hy-

drogen, as well as the enhanced oxidation resulting from

the increased substitution of Li�� ions with Zr4�-sites in

the oxide with increases in Li ion concentrations. The

Fig. 8. SIMS depth pro®les for the Zircaloy-4 specimen corroded in 220 wppm LIOH aqueous solution for 52 days at 350°C after

charging with 230 wppm H.

Table 1

Hydrogen pick-up content and rate of the corroded Zircaloy-4 alloy measured after removing the oxide layer

Intial hydrogen content, Wi

(wppm)

Hydrogen content at 52 days,

W52 (wppm)

Hydrogen content at 82 days,

W82 (wppm)

Rate� (W52 ) Wi)/52 Rate� (W82 ) Wi)/82

H not charged specimen

(in 220 wppm LiOH solution)

6 89 232

1.60 2.76

250 wppm H charged specimen

(in 220 wppm LiOH solution).

250 312 329

1.19 0.96
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specimens charged with more hydrogen than their solu-

bility limits (�120 wppm H at 360°C) were corroded ear-

lier with more acceleration than the normal specimens,

regardless of the corrosion solutions. At longer cor-

rosion times under 220 wppm Li ion concentration

conditions, however, the normal specimens showed

a rather more accelerated corrosion rate than the

hydrogen-charged specimens. It can, therefore, be

thought that the corrosion of the hydrogen-charged

specimens accelerated relatively easily with the rapid ox-

idation of the Zr-hydride in a short time, but the slower

corrosion rates of these specimens at longer corrosion

times would be due to the pre-existent Zr-hydride, which

causes the hydrogen pick-up into the specimen to be de-

pressed after the formation of oxides with appropriate

thicknesses.

References

[1] E. Hillner, J.N. Chirigos, WAPD-TM-307, August 1962.

[2] Y.H. Jeong, H. Ruhmann, F. Garzarolli, in: Proc. of the

IAEA Technical Meeting on In¯uence of Water Chemistry

on Fuel Cladding Behavior, Rez, Czech Republic, 4±8

October 1993, p. 161.

[3] Y.H. Jeong, Korean J. Mater. Res. 6 (2) (1996) 188±196.

[4] Y.H. Jeong, J. Korean Inst. Met. Mater. 34 (1) (1996) 14±

23.

[5] A.M. Grade, in: Zirconium in the Nuclear Industry, C.M.

Eucken, A.M. Grade (Eds.), Ninth Int. Symp., ASTM STP

1132, American Society for Testing and Materials, Phila-

delphia, 1991, p. 566.

[6] T. Kido, in: Proc. of the Sixth Int. Symp. on Environmen-

tal Degradation of Materials in Nuclear Power Systems,

San Diego, 1±5 August 1993.

Fig. 9. Optical microscope photographs for the cross-sectional surfaces of the corroded Zircaloy-4 alloys at 350°C for 52 days: (A) the

normal specimen in the pure water conditions; (B) the normal specimen in the 220 wppm Li ion concentration conditions; and (C) the

hydrogen charged specimen with 230 wppm H in the 220 wppm Li ion concentration conditions.

122 S.-J. Kim et al. / Journal of Nuclear Materials 256 (1998) 114±123



[7] M. Blat, D. Neol, in: Zirconium in the Nuclear Industry,

E.R. Bradley, G.P. Sabol (Eds.), Eleventh Int. Symp.,

ASTM STP 1295, 1996, p. 319.

[8] A.B. Johnson, Jr. PNL-SA-17065, IAEA Meeting on

Fundamental Aspects of Corrosion of Zirconium Base

Alloys in Water Reactor Environments, IWGFTP/34,

Portland, Oregon, 11±15 September 1989, p. 107.

[9] F. Garzarolli, J. Pohlmeyer, S. Trapp-Pritsching, H.G.

Weidinger, in: Proceedings of IAEA Technological Con-

ference on Fundamental Aspects of Corrosion, IWGFTP/

34, Portland, 1989, p. 34.

[10] D. Briggs, M.P. Seah Eds., Practical Surface Analysis, vol.

2, Ion and Neutral Spectroscopy, 2nd ed., Wiley, New

York, 1992, pp. 267±270.

S.-J. Kim et al. / Journal of Nuclear Materials 256 (1998) 114±123 123


