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Abstract

The hydrogen uptake behavior of two types of Zircaloy-4 specimens containing fine or coarse Zr(Fe,Cr), precipitates
was studied at 623—723 K in the pre-transition period of oxidation in steam. The amount of hydrogen uptake of the specimen
containing fine precipitates was smaller than that of the specimen containing coarse ones, and the former was independent of
the oxidation temperature while the latter increased with decreasing temperature. These results were successfully explained
with the model that the Zr(Fe,Cr), precipitates remaining unoxidized act as the short-circuiting route in the hydrogen
transport through the oxide film. The amount of hydrogen uptake of the present Zircaloy-4 specimens containing coarse
precipitates was larger than that of the Zircaloy-2 specimens containing comparable sizes of precipitates. This was attributed
to the fact that the concentration of precipitates remaining unoxidized in the oxide film of Zircaloy-4 was higher than that of

Zircaloy-2. © 1997 Elsevier Science B.V.

1. Introduction

Reduction of the amount of hydrogen uptake of zircaloy
during the operation of light water nuclear reactors is one
of the important subjects to retain the favorable mechani-
cal property of the fuel claddings, and, hence, numerous
studies have been reported for the hydrogen uptake behav-
ior of zircaloy [1]. However, up to the present, the hydro-
gen uptake mechanism of zircaloy has not been fully
clarified. It has been at least ascertained, however, that the
size distribution of the intermetallic precipitates such as
Zr,(Fe,Ni) and/or Zr(Fe,Cr), have an influence on the
rate of hydrogen uptake. Generally speaking, the rate of
hydrogen uptake may be controlled by two factors, i.e., the
thickness and the hydrogen permeability of the dense
oxide layer. Therefore, it is important to clarify the influ-
ence of the size distribution of the precipitates on these
two factors.

Recently, we have studied the role of intermetallic
precipitates in the hydrogen transport through the oxide
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film. In a previous paper [2], we have examined the
influence of the size distribution of intermetallic precipi-
tates, such as Zr,(Fe,Ni) and Zr(Fe,Cr),, on the hydrogen
uptake behavior of Zircaloy-2. Two types of specimens
containing fine or coarse precipitates were prepared with
heat-treatment, and the hydrogen uptake behavior during
the oxidation in steam was examined. The former speci-
men took up a small amount of hydrogen compared with
the latter, and the amount of hydrogen uptake of the
former did not show the oxidation temperature dependence
while that of the latter increased with decreasing oxidation
temperature. These results were attributed to the fact that
the intermetallic precipitates remaining unoxidized in the
oxide film act as the short-circuiting route in the hydrogen
transport. The influence of Zr,(Fe,Ni) and Zr(Fe,Cr),,
however, could not be separated.

In the present study, the hydrogen uptake behavior of
the two types of Zircaloy-4 specimens containing fine or
coarse Zr(Fe,Cr), precipitates was examined in the pre-
transition of oxidation to clarify the role of Zr(Fe,Cr),
precipitates in the hydrogen transport through the oxide
film. The concentration distribution of hydrogen in the
oxide film was measured with secondary ion mass spec-
troscopy (SIMS).

0022-3115 /97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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2. Experimental
2.1. Specimen preparation and oxidation

The alloy composition of Zircaloy-4 used in this study
is shown in Table 1. Two different disk-type specimens
(8.5 mm in diameter, 3 mm in thickness), in which the size
distribution of the Zr(Fe,Cr), precipitates was extremely
different from each other, were prepared with heat-treat-
ments, i.e., annealing in the B phase region (1323 K) for 1
h followed by water quenching or slow cooling. These
heat-treatments are similar to those conducted to prepare
the Zircaloy-2 specimens [2] except that the cooling rate in
slow cooling was decreased from 270 to 10 K s~ !. The
reason why the cooling rate was decreased is that the
growth rate of the Zr(Fe,Cr), precipitates in Zircaloy-4
was smaller than that of Zr,(Fe,Ni) precipitates in
Zircaloy-2 and the comparable size distribution of precipi-
tates was not obtained at the same cooling rate. The
specimens treated in the former and latter way will be
described hereafter as B quenched and B slow-cooled
specimens, respectively. The specimens were mechanically
polished with abrasive papers and finished by polishing
with 0.3 pm Al,O; powder.

The microstructure of the specimen was examined by
the scanning electron microscopic observation of the speci-
men surface etched with a solution of 10% HF-45%
HNO;-45% H,O. In the B quenched specimen, no inter-
metallic precipitate was observed: The intermetallic precip-
itate whose diameter exceeded the resolving power of
SEM, 50 nm in the present study, did not exist in the
quenched specimen. In the B slow-cooled specimen, coarse
intermetallic precipitates were observed at the grain bound-
aries. The average and maximum diameter of the precipi-
tates were 0.5 and 1.7 pm, respectively.

The specimens were oxidized in 0.1 MPa steam at 623,
673 and 723 K for 1-4000 h. The oxygen weight gain
AW, with time ¢ could be approximated by the cubic rate
law: AW, = kt'/, where k is the rate constant. From the
oxidation temperature dependence of the rate constant k,
the activation energy of oxidation was estimated as 0.53
and 0.36 eV for the B quenched and B slow-cooled
specimens, respectively.

The amount of hydrogen uptake was measured with a
hot extraction method; the detailed procedure of the mea-
surement has been described in a previous paper [3].

2.2. Measurement of hydrogen distribution in oxide film
with SIMS

The specimens for the SIMS analysis were prepared
with two steps oxidation in H,0 and D,O steam. First, the
specimens were oxidized at 673 K in 0.1 MPa H,O steam
up to about 1.8 g m~? in the oxygen weight gain (1.2 um
in the thickness of oxide film), and then oxidized in 0.1
MPa D, O steam up to about 2.0 g m™~? in the total oxygen
weight gain (1.3 wm in the thickness of oxide film).

Table 1
Alloy composition of Zircaloy-4 rod
Element Sn Fe Cr (0] Zr

Content (mass%) 1.56 0.21 010 0.13 bal.

In the analysis, 16 keV argon ion beam which was 600
wm in diameter was employed as the primary ion beam,
and D" ion and 'O ion were detected. The diameter of
the ion beam was larger than the diameter of the precipi-
tates and the distance between the precipitates, and, hence,
deuterium in both the matrix zirconium oxide and the
Z1(Fe,Cr), precipitates remaining unoxidized in the matrix
zirconium oxide was detected.

The D* ion current was converted to the deuterium
concentration by measuring the radioactivity of tritium
being present in the oxide film of the specimens oxidized
in tritiated steam instead of D,O steam. The method of
conversion was described in detail in the previous paper

[21

3. Results
3.1. Hydrogen uptake

The hydrogen uptake behavior of B quenched and B
slow-cooled specimens is shown in Fig. 1. In this figure,
the amount of hydrogen uptake of the B quenched and B
slow-cooled specimens of Zircaloy-2 is also plotted for
comparison. The amount of hydrogen uptake of the present
B quenched specimen is smaller than that of the present B
slow-cooled specimen, and the former is independent of
the oxidation temperature while the latter increases with
decreasing temperature.
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Fig. 1. Hydrogen uptake of B quenched and $ slow-cooled
specimens.
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Fig. 2. Concentration profile of deuterium in the oxide film
formed on 8 quenched and B slow-cooled specimens at 673 K.

It should be noted that the amount of hydrogen uptake
of the B slow-cooled specimen is larger for Zircaloy-4 than
for Zircaloy-2 while that of B quenched specimen of
Zircaloy-4 and -2 are comparable to each other.

3.2. Concentration distribution of hydrogen in the oxide

film

The distribution of deuterium concentration (D /ZrO,
in mol%) in the oxide film of both types of specimens is
shown in Fig. 2. In this figure, the deuterium concentration
in the oxide film of the B quenched and B slow-cooled
specimens of Zircaloy-2 measured in the similar procedure
is also plotted for comparison. The deuterium concentra-
tion is clearly gradient in the oxide film of both types of
the present specimens. This indicates that the rate control-
ling process of hydrogen uptake is the transport of hydro-
gen through the oxide film and not other processes such as
dissolution at the oxide surface. The deuterium concentra-
tion of B quenched specimen is lower than that of B
slow-cooled specimen.

It should be noted that the deuterium concentration in
the oxide film of B slow-cooled specimen is higher for
Zircaloy-4 than for Zircaloy-2 while that in the oxide film
of B quenched specimen of Zircaloy-4 and -2 are compa-
rable to each other.

4, Discussion

The hydrogen uptake behavior of Zircaloy-4 shown in
Fig. 1 is similar to that of Zircaloy-2 except that the
amount of hydrogen uptake of the B slow-cooled specimen
is larger for Zircaloy-4 than for Zircaloy-2. This indicates
that the mechanism of hydrogen transport through the
oxide film of Zircaloy-4 and -2 is basically similar. The

detailed model of hydrogen transport through the oxide
film was given in the previous paper [2], and hence only a
brief description of the model is given here.

It has been known that the Zr(Fe,Cr), precipitates are
accommodated in the oxide film in an unoxidized state and
then gradually oxidize [4-7]. The hydrogen released from
water molecules dissolves in the oxide film and diffuses
through the zirconium oxide phase into the Zx(Fe,Cr),
precipitates remaining unoxidized since the chemical affin-
ity of Zr(Fe,Cr), to hydrogen is appreciably large [8,9].
The precipitates may be saturated by hydrogen immedi-
ately since the concentration of the precipitates is apprecia-
bly low. The concentration of Zr(Fe,Cr), precipitates in
Zircaloy-4 can be estimated as 0.26 mol% from the alloy
composition provided that almost all Fe and Cr form
precipitate. After the precipitates are saturated, the hydro-
gen in the precipitates again dissolves in the zirconium
oxide phase at the downstream side, i.e., the base alloy
side, of the precipitates and diffuses to the base alloy. Here
the Zr(Fe,Cr), precipitates may act as the fast transport
route of hydrogen, i.e., the short-circuiting route in the
hydrogen transport, and may thereby enhance the hydrogen
uptake since the diffusivity of hydrogen in this intermetal-
lic is considered to be appreciably large owing to the fact
that Zr(Fe,Cr), absorbs a large amount of hydrogen rapidly
even at low temperature (< 373 K) [8,9]. In the case of B
quenched specimen, the precipitates are fine, and hence
they may be completely oxidized immediately after the
oxygen potential in the oxide film becomes high enough
for the oxidation of the precipitates. On the other hand, in
the case of B slow-cooled specimen, the core region of
coarse precipitates may remain unoxidized even at the
oxygen weight gain of 3.5 g m™2. This may be the reason
why the amount of hydrogen uptake of the B quenched
specimen was smaller than that of the B slow-cooled
specimen. The difference between the deuterium concen-
tration in the oxide film of B quenched and {3 slow-cooled
specimens observed in Fig. 2 may correspond to the
amount of deuterium being present in the precipitates
remaining unoxidized in the oxide film of  slow-cooled
specimen.

The present result that the amount of hydrogen uptake
of the B slow-cooled specimen increased with decreasing
oxidation temperature can be interpreted as follows: The
relative oxidation rate of the precipitates to the matrix
zirconium decreases with the temperature and, hence, the
concentration of precipitates remaining unoxidized in the
oxide film increases with decreasing temperature at the
same oxygen weight gain. This mechanism was confirmed
for Zircaloy-2 by measuring the electronic conductivity of
the oxide film [2]. In the case of B quenched specimen, the
temperature dependence of hydrogen uptake is determined
by that of the hydrogen transport rate in the matrix zirco-
nium oxide and the oxidation rate provided that the contri-
bution of precipitates to the hydrogen transport is negligi-
bly small. Hence, the present result that the amount of
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hydrogen uptake of B quenched specimen was indepen-
dent of the oxidation temperature may indicate that the
activation energy of hydrogen transport in the matrix
zirconium oxide is comparable to the activation energy of
the oxidation of B quenched specimen, 0.53 eV.

The reason why the amount of hydrogen uptake of the
B slow-cooled specimen was larger for Zircaloy-4 than for
Zircaloy-2 is considered to be that the concentration of
precipitates remaining unoxidized in the oxide film is
higher for the former than for the latter because of the
following facts:

(1) The deuterium concentration in the oxide film of B
slow-cooled specimen was higher for Zircaloy-4 than for
Zircaloy-2 while that in the oxide film of B quenched
specimen of Zircaloy-4 and -2 were comparable to each
other. This indicates that the amount of hydrogen being
present in the precipitates remaining unoxidized in the
oxide film of B slow-cooled specimen is larger for
Zircaloy-4 than for Zircaloy-2.

(2) The maximum amount of hydrogen that Zr(Fe,Cr),
can absorb is considered to be comparable to or smaller
than that Zr,(Fe,Ni) can do. The maximum amount of
hydrogen absorbed by a molecule of Zr(Fe,Cr), is known
to be three atoms [8,9], and that by a molecule of Zr,(Fe,Ni)
is considered to be 3—4.5 atoms since Zr,Fe and Zr, Ni are
known to absorb up to three and 4.5 hydrogen atoms per a
molecule, respectively [10].

The concentration of Zr(Fe,Cr), precipitates in
Zircaloy-4 can be estimated as 0.26 mol% as mentioned
above, and that of Zr,(Fe,Ni) and Zr{(Fe,Cr), precipitates
in Zircaloy-2 can be estimated as 0.23 and 0.16 mol% [2];
the total concentration of the Zr,(Fe,Ni) and Zr(Fe,Cr),
precipitates in Zircaloy-2 is higher than the concentration
of Zr(Fe,Cr), precipitates in Zircaloy-4. Consequently, it
is appropriate to consider that the oxidation rate of
Z(Fe,Cr), precipitates is smaller than that of Zr,(Fe,Ni)
precipitates.

In the present study, it has been confirmed that the size
distribution of Zr(Fe,Cr), precipitates controls the rate of
hydrogen transport through the oxide film in the pre-transi-
tion region. Then, the next problem is to clarify the
influence of size distribution of the precipitates on the
breakdown behavior of oxide film.

5. Conclusions

(1) The hydrogen uptake behavior of two types of
Zircaloy-4 specimens containing fine or coarse Zr(Fe,Cr),
precipitates was studied in the pre-transition period of
oxidation to clarify the role of Zr(Fe,Cr), precipitates in
the hydrogen transport through the oxide film.

(2) The amount of hydrogen uptake of the specimen
containing fine precipitates was smaller than that of the
specimen containing coarse ones, and the former was
independent of the oxidation temperature while the latter
increased with decreasing oxidation temperature. These
results were successfully explained with the model that the
Zr(Fe,Cr), precipitates remaining unoxidized in the oxide
film act as the short-circuiting route in the hydrogen
transport.

(3) The amount of hydrogen uptake of the present
Zircaloy-4 specimen containing coarse precipitates was
larger than that of the Zircaloy-2 specimen containing
comparable size of precipitates. This was attributed to that
the concentration of precipitates remaining unoxidized in
the oxide film was higher for Zircaloy-4 than for Zircaloy-
2.
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