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Hydrogen absofption kinetics of Zircaloy (2 and 4) and Zr-Nb (1%
and 2.5%) cladding tubes were studied by heating in hydrogen gas after
oxide film formation in steam, oxygen or air. Hydrogén absorption rate
depended on the degree of pre-oxidation. 1In Zr-Nb, the absorption rate
was also sensitive to the atmosphere used for pre-oxidation, whereas in
Zircaloy the rate was relatively indcpendent of the kind of oxidant.

In all materials, pre-oxidation to the transition point was found to
bring about high absorption rate in the subsequent hydriding step.

After pre-oxidation to the post-transition regiom, hydrogen absorption
rate by Zircaloy showed constant or slightly decreasing tendency with
increasing oxidation level, whereas in Zr-Nb, particularly in Zr—-2.5%Nb,
the rate showed a clearly decreasing tendency depending on the pre-
oxidation atmosphere.

Different characteristics of Zircaloy and Zr-Nb can partly be
explained in terms of different valencies of alloying elements which

influence the lattice defect concentrations in the oxide films.

Keywords: Zirconium, Niobium, Zircaloy, Cladding, Oxide Film,

Hydrogen, Corrosion
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1. Introduction

As higher burnup of light water reactor fuels is required, demands
for new cladding material with higher corrosion resistance is increasing.
High corrosion resistance here means not only small oxide growth rate;
small absorption rate of the corrosion-product hydrogen can be even
more Important.

An important candidate material is zirconium-niobium alloy (Zr-Nb).
Out of various Zr-Nb base alloys studied, only two alloys have actually
been used in reactors: Zr-1%Nb is being used for cladding tubes in
Russian water reactor fuels, and Zr-2.5%Nb is being used as pressure
tube material in CANDU reactors.

Expectation to these alloys or new Nb-bearing Zr alloys comes
mainly from the results of long-term out-pile corrosion experiments.

In short—term tests, corrosion resistance of Zr-Nb alloys is no better
than that of Zircaloys. As corrosion time is prolonged, however,
oxidation curves fo} Zr-Nb alloys show greater saturating tendency than
Zircaloys. Particularly, the transition phenomencn, enhancement of
oxidation from 1/3th power dependence on time to linear kinetics known
to occur in Zircaloys, has never been observed in Zr-Nb alloys during
corrosion testing at realistic temperature, the longest record being
22000 hr at 350°C in Zr-1%Np(1},

Concerning hydrogen pickup, Zr-Nb alloys are known for much
smaller pick up ratio compared with that in Zircaloys. This difference
is partly due to no occurence of transition in the Zr-Nb, because
hydrogen pickup ratio is known to increase markedly with transition in
zirconium and Zircaloys.

In reactor, however, corrosion of zirconium alloys generally
proceeds faster than in out-pile tests. There, superiority of Zr-Kb
to Zircaloys is not so clear as in out-pile test results. According
to a review of the experiences of Zr-1%Nb in Russian LWRs by Hillner(z),
although the alloy serves satisfactorily as cladding material, no
evidence exists to show superiority of the alloy over Zircaloy. Vast
- experiences of Zr-2.5%Nb as pressure tube material in CANDU reactor
cannot be used, because of the difference of temperature, to judge its
corrosion resistance as cladding material. A comparative test of Zr-
Nbs and Zircaloys in the NRU reactor (?) has shown that hydrogen pickup
ratiés by Zr-1%Nb and Zr-2.5%Nb are no less than that by Zircaloy-2

— l —
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and 4.

Thus, at present there is no firm ground to believe that Zr-Nb or
its modified alloys will show less corrosion rate nor less hydrogen
pickup ratio than Zircaloys at long-term in-reactor service. If
corrosion and hydrogen pickup behavior of Zr-Nb alloy during longer
in-pile use is to be studied by out-pile tests, entire process must be
accelerated and transition be realized by using high temperature steam.
Corrosion test in high temperature steam were frequently performed in
1950"s and 60's{(*)=(7),

As an example of such tests, an experiment in 500°C steam by Rubel
et al.¢7) has shown that, although hydrogen pickup ratios by Zr-1%Nb
and 2.5%Nb were smaller than that by Zircaloy-2 when compared at the
same oxidation level, the ratio increased with transition to show a
similar tendency as that of Zircaloy. However, this and similar
experiments have mever gone deep into the post-transition region:
heating was interrupted soon after transiticn was observed. Since in-
plle corrosion kinetiés of zirconium alloys has a similarity to the
post—transition kinetics in out-pile corrosion experiment, it is
meaningful to add an experiment on hydrogen absorption through thick
post-transition oxide films.

In the present experiment, oxidation and hydriding processes were
separated into two successive steps. It is for limiting the use of
high temperature for accelerating oxidation only, and studying the
behavior of hydrogen at realistic cladding temperature. Experiments
of this type, studying hydrogen absorption through pre-formed oxide
film, have often been performed before 1960'8(8)'(9). Since the
objective of those experiments was a simulation of fuel failure due to
hydrogen from fuel interior, the studied pre-formed oxide films were
very thin. Hydrogen permeation through thick (post-transition) oxide
film has never been studied.

Separation of oxidation and hydriding into twoc steps is of cource
far from the simulation of the actual corrosion preocess in reactor
fuels. However, it is also true that 'mormal' type of out-pile
corrosion experiments have not produced much information abcut the
mechanism of hydrogen absorption. Even the kinetic informations have
tittle applicability ocutside the boundary in which the experiment was
performed. The present experiment aims at supplementing the knowledge

about the hydrogen absorption process by zirconium alloy cladding
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tubes by adopting a rather extreme experimental condition.

2. Experimental

The specimens were taken from cladding tubes of Zr-1%ZNb, Zr-2.5%Nb,
Zircaloy-2 and Zircaloy-4, all received in the unoxidized condition.
They were used after cutting to 15-20 mm. Their dimensions, impurity
contents and some mechanical properties are summarized in Table 1.
Since these tubes were fabricated for use or testing in different
reactor systems, they have considerably different diameters and wall
thicknesses. The Zr-12ZNb tube which was fabricated for testing in ATR
has the largest and the Zircaloy-4 tube for PWR has the smallest
diameter. On the other hand, the Zr-2.5%ZNb tube whose original purpose
was a testing in CANDU reactor has a very small wall thickness relative
to its diameter. To enable the comparison between these four specimens
with different dimensions, kinetic data on oxidation and hydrogen
absorption were both expressed as the amount of reaction (absorption)
per surface area (mg/dmz), in which surface area comprises inner, outer,
and end faces.

Specimens after cutting were oxidized by heating either in steam
(carried by argon), oxygen or atmospheric air. 1In either case, the
oxidant was supplied sufficiently to sustain more than 10 times faster
oxidation than actual. The oxidation temperature was changed between
400°C and 600°C depending on the target level of oxidation: most
specimens for studying post-transition region were heated at 600°C.

The specimens for low-level oxidation in air were anodized at two ends
before heating to give additional protection (oxidation) there against
excessive local hydriding in subsequent hydriding operation. But as
this treatment turned out to be unnecessary for specimens oxidized to
more than 50 mg/dmz, it was skipped for high-level air-oxidation
samples and all of the stéam and oxygen oxidation samples.

Figure ! shows the schematic of the hydriding apparatus. The
cladding samples after oxidation (2 to 5 g each) were mounted into a
- quartz tube with an internal volume of 210 ml, and heated at 350°C
evacuating the tube to less than 2 X 10® Torr and then filling with
purified hydrogen gas to 1 atm. Before filling the tube, the impurity
oxygen in the gas was removed by reaction with hydrogen to form water

using palladium catalyst, and moisture was removed with silica-gel and

__3_
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tubes by adopting a rather extreme experimental condition.

2. Experimental

The specimens were taken from cladding tubes of Zr—-1%Nb, Zr-2.57Nb,
Zircaloy-2 and Zircaloy-4, all received in the unoxidized condition.
They were used after cutting to 15-20 mm. Their dimensions, impurity
contents and some mechanical properties are summarized in Table 1.
Since these tubes were fabricated for use or testing in different
reactor systems, they have considerably different diameters and wall
thicknesses. The Zr-17ZNb tube which was fabricated for testing in ATR
has the largest and the Zircaloy-4 tube for PWR has the smallest
diameter. On the other hand, the Zr-2.5%ZNb tube whose original purpose
was a testing in CANDU reactor has a very small wall thickness relative
to its diameter. To enable the comparison between these four specimens
with different dimensions, kinetic data on oxidation and hydrogen
absorption were both expressed as the amount of reaction {(absorption)
per surface area (mg/dm?), in which surface area comprises inner, outer,
and end faces.

Specimens after cutting were oxidized by heating either in steam
{carried by argon), oxygen or atmospheric air. 1In either case, the
oxidant was supplied sufficiently to sustain more than 10 times faster
oxidation than actual. The oxidation temperature was changed between
400°C and 600°C depending on the target level of oxidation: most
specimens for studying post—transition region were heated at 600°C.

The specimens for low-level oxidation in air were anodized at two ends
before heating to give additional protection (oxidation) there against
excessive local hydriding in subsequent hydriding operation. But as
this treatment turned out to be unnecessary for specimens oxidized to
more than 50 mg/dmz, it was skipped for high-level air-oxidation
samples and all of the stéam and oxygen oxidation samples.

Figure 1 shows the schematic of the hydriding apparatus. The
cladding samples after oxidation (2 te 5 g each) were mounted into a
- quartz tube with an internal volume of 210 ml, and heated at 350°C
evacuating the tube to less than 2 X 10® Torr and then filling with
purified hydrogen gas to 1 atm. Before filling the tube, the impurity
oxygen in the gas was removed by reaction with hydrogen to form water

using palladium catalyst, and moisture was removed with silica-gel and
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liquid nitrogen traps. After filling with hydrogen, the system was
isolated by closing the valve and hydrogen absorption by the specimen
was monitored in terms of gas pressure decrease measured by a diaphram-
type pressure transducer,

Each hydriding run was continued for different lengths of time
because, as stated later, hydrogen absorption rate varied quite
extensively depending on material and the level of oxidation. Target
hydriding level was generally set to be several hundred ppm. In some
specimens, however, hydrogen absorpticn was null even after one week's
heating while in others more than 1000 ppm hydrogen was absorbed in one
hour. Some specimens were heated in hydrogen without pre-oxidation.

In such runs, the hydrogen. gas after purification was again param-
etrically contaminated before filling by mixing dry oxygen. Tt is for
the purpose of studying a possible difference in the effects of simul-
taneous oxidation and pre-oxidation on hydriding.

The specimens before and after hydriding were weighed to an
accuracy of (.01 mg and the weight increase was compared with the
amount of hydrogen absorption estimated from the pressure decrease
data. In some specimens, absorbed hydrogen was extracted by evacuation
at high temperature and analyzed by gas chromatography. Some of this
analysis were made in two different states for a single specimen: one
specimen after hydriding was cut to two pieces and one piece was
analysed in this state and another one was analyzed after removal of
oxide film with emery paper. Results of such analyses were used to
estimate separate hydrogen contents in the metal and the oxide film.

Oxide films and hydride precipitation of some specimens were ‘
studied by metallography. X-ray diffraction study was also performed

to characterize the oxide films.
3. Results
3.1 Oxidation

Oxidation kinetics {(weight gain) of the four materials in three
different atmospheres are illustrated in Figs. 2 to 4 as conventional
log-log plots. Data points in these plots were taken from suvvessive
weight increase data in several independent oxidation runs. Figures

2(a) and (b) show the oxidation curves in 500°C air of Zr-Nb and
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liquid nitrogen traps. After filling with hydrogen, the system was
isolated by closing the valve and hydrogen absorption by the specimen

. was monitored in terms of gas pressure decrease measured by a diaphram-
type pressure transducer.

Each hydriding run was continued for different lengths of time
because, as stated later, hydrogen absorption rate varied quite
extensively depending on material and the level of oxidation. Target
hydriding level was generally set to be several hundred ppm. In some
specimens, however, hydrogen absorption was null even after one week's
heating while in others more than 1000 ppm hydrogen was absorbed in one
hour. Some specimens were heated in hydrogen without pre-cxidation.

In such runs, the hydrogen gas after purification was again param-
etrically contaminated before filling by mixing dry oxygen. It is for
the purpose of studying a possible difference in the effects of simul-
taneous oxidation and pre-oxidation on hydriding.

The specimens before and after hydriding were weighed to an
accuracy of 0.01 mg ana the weight increase was compared with the
amount of hydrogen absorption estimated from the pressure decrease
data. In some specimens, absorbed hydrogen was extracted by evacuation
at high temperature and analyzed by gas chromatography. Some of this
analysis were made in two different states for a single specimen: one
specimen after hydriding was cut to two pileces and one piece was
analysed in this state and another one was analyzed after removal of
oxide film with emery paper. Results of such analyses were used to
estimate separate hydrogen contents in the metal and the oxide filim.

Oxide films and hydride precipitation of scme specimens were _
studied by metallography. X-ray diffraction study was also performed

to characterize the oxide films.
3. Results
3.1 Oxidation

Oxidation kinetics {weight gain) of the four materials in three
different atmospheres are illustrated in Figs. 2 to 4 as conventional
log-log plots. Data points in these plots were taken from suvvessive
weight increase data in several independent oxidation runs. Figures

2(a) and (b) show the oxidation curves in 500°C air of Zr-Nb and
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Zircaloys, respectively. Oxidation kinetics of either material showed
an approximately 1/3th power time dependency until weight gain reached
about 100 mg/dmz. In this region, oxidation of Zircaloys proceeded at
a rate a little smaller than that of Zr-Nbs. Then came a transition

to a higher rate process, which correponded to a visual change of the
oxide film from black to grey. After transition, oxidation rates of
Zircaloys were larger than those of Zr-Nbs. 1In both pre-transition and
post—transition regiqns, no systematic difference of oxidation rate was
observed between two alloys in each group, i.e. between Zr-1%ZNb and Zr-
2.5ZNb, and between Zircaloy-2 and Zircaloy-4.

Figure 3(a) shows the oxidation kinetics of the four materials in
steam at 500°C. 1In steam, the behaviors of Zr-Nb and Zircaloy groups
were markedly different: Zircaloys showed a transition to a linear
kinetics after 60 hrs at a weight gain of about 60 mg/dmz, whereas the
Zr-Nb group kept on the 1/3th power time dependency even after 500 hrs.,
To obtain steam-oxidized specimens, 600°C oxidation runs were added to
the Zr-Nb groups and Zircaloy—-4. Resultant oxidation curves are shown
in Fig. 3(b). In this case, transition was observed above the oxida-
tion level of about 200 mg/dm2.

Figures 4(a) and (b) show the oxidation kinetics of the four
materials in oxygen at 500°C and 600°C, respectively. In oxygen, no
marked difference was observed between Zr-Nb and Zircaloy groups. Nor
clear transition phenomenon was observed at 500°C even in Zircaloys.
Consequently, oxidation rate of Zircaloys in the weight gain region of
several hundred mg/dm2 was smaller than that in steam. In contrast,
oxidation rate in oxygen of Zr-Nbs was 2-3 times larger than in steam.
At 600°C (Fig. 4(b)), fairly clear transition was observed especially
in Zircaloys. These runs were interrupted at various levels of oxida-
tion, and specimens with varicus oxide film thicknesses were subjected

to hydriding operations.
3.2 Hydriding

In spite of pre-oxidation at different temperature, all hydriding
runs were made at 350°C. The amount of absorbed hydrogen was estimated
based mainly on the weight increase data, supplemented by gas pressure
decrease and chemical analysis data. In specimens in which hydrogen

was absorbed at moderate rates, the amounts determined by these three

i5_
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methods agreed within a relative accuracy of * 5%. After establishing
this agreement and kndwing the general dependency of hydrogen absorption
on various factors, hydriding runs were often performed mbunting several
gpecimens in the apparatus simultaneously.

Typical examples of the hydrogen absorption kinetics for unoxidized
or slightly oxidized specimens, as measured by pressure transducer, are
shown in Fig. 5. With unoxidized surface, all four materials started
hydrogen absorption read%ly after introduction of hydrogen gas and the
hydrogen content reached several hundred ppm within one hour. Teo study
the effect of oxidant content in the atmosphere on hydrogen'absorption,
oxygen was parametrically added to hydrogen and the resultant change in
absorption rate was measured. Avefage absorption rate until hydrogen
content reached 1000 ppm was taken as an index to describe the kinetics
and plotted against oxygen content in the gas in Fig. 6. 1In the absence
of gas analysis data, oxygen content in the purest gas was assumed
arbitrarily to be 1 ppm;j the actual content would have been smaller.
Absorption rate is observed to decrease with increasing oxygen content
in the ambient gas, especially above 03/H; ratio of 10-%. This
dependency is in agreement with Bovle's observation that hydrogen
absorption from gas phase is suppressed whem, hydrogen contains more
than 10~% of moisture(10),

Hydrogen absorption kineties of the spcimens alightly oxidized in
air up to 50 mg/dm2 generally followed either of the two typical
patterns shown by the two curves in Fig. 5 for Zircaloy-2 and Zr-2.5ZNb.
They are characterized by a sudden drop of pressure (rapid absorption)
after a certain period of constant pressure (no absorption), which
lasted in some cases for several days. Zircaloy-4 and Zr-1%Nb
generally followed the same pattern as that shown by the example of
Zircaloy-2 in Fig. 5. When carefully studied, it is observed that the
kinetics of Zr-2.5%ZNb is somewhat different from that of Zircaloy-2:
although the sudden hydrogen absorption occured in Zr—-2.5%Nb too, a
pericd of slow but steady absorption preceded this 'catastrophic’
absorption.

This sudden start of hydrogen absorption has been well known in
old experiments. It has been correlated with the failure of reactor
fuel due to contained moisture. This rapid absorption corresponds to
breakdown of oxide film which starts gemerally at the cut ends of the

tube specimens and propagates to side face as spallation of excessively

i6i
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hydrided metal. However, it does not mean that this phenomenon is
limited to specimens having sharply cut end faces. In fact, some
specimens whose end faces were strengthened by anodizing before oxida-
tion exhibited rapid absorption starting both from the end faces and
side face simultaneously. Also, an example is reported in which the
'catastrophy' occured even in zirconium spherés, which naturally have
no end faces(8),

The heating time in hydrogen elapsed before this 'catastrophy' in
each run is plotted in Fig. 7 as a function of prior oxidation level.

A tendency is observed that the occurence of this phenomenon is delayed
as the level of pre-oxidation is increased. When oxidation level
approached 50 mg/dmz, examples as shown by upward arrows in Fig. 7
increased, which means that 'catastropy' was not observed within the
limited heating time. In such specimens, hydrogen absorption proceeded
nearly in proportion to time, or mo absorption was observed at all. Im
either case, it was possible to define 'hydrogen absorption rate' devid-
ing the weight incréase by heating time.

The hydrogen absorption rates thus defined are plotted in Figs. 8
to 10, as a function of the prior oxidation level above 50 mg/dmz,
separately for the three defferent oxidation atmospheres. Different
from the case of oixdation kinetiecs, run-to-run scattering in the
hydriding rate was very large even under nominally identical conditioms.
This situation made it impossible to describe the effects of different
materials and different pre-oxidation atmopsheres as something more
than general tendencies.

Figure 8 shows the hydrogen absorption rates of the four materials
at 350°C from 1 atmosphere pure hydrogen as a function of prior oxida-
tion level in air at 500°C. Zircaloy-2 and -4 showed similar absorp-
tion rates, which were nearly constant over the pre-oxidation levels
studied. In these two alloys, run-to-run scatter of the kinetic data
was fairly small. 1In contrast, Zr-Nb alloys, especially Zr-2.57%Nb,
showed a large scatter in absorption rate. It often occurred that some
specimens absorbed hydrogen comparably with Zircaloys while similar
- gpecimens absorbed no detectable amount of hydrogen at all. When seen
as a whole, however, hydrogen absorption rate by Zr~Nbs seems to
increase to a level comparable to that by Zircaloys at the pre-oxidation
level of 100-200 mg/dmz, which roughly corresponds to transition point

of oxidation kinetics, and then to decrease at higher oxidation levels.
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Figure 9 is a similar plet for the specimens oxidized in steam.

In this case, Zr-Nb specimens were pre-oxidized either at 500°C (small
symbols) or 600°C (large symbols). The data points were so arranged
that the specimens with the two different pre-treatments may overlap

in the same oxidation level. Effect of different pre-oxidation tempera-
ture does not seem to exiét. When pre-oxidation was made in steam, it
was shown by chemical analysis that considerable amount of hydrogen was
absorbed already during the oxidation step, particularly when oxidation
was made beyond the tramsition point. The absorption rates in Fig. 9
stands only for the part absorbed during the hydriding step. As far as
this part of absorption is considgred, the dependency of the rate on the
prior oxidation level is similar to the case of air-oxidized specimens.
The absolute level of the absorption rate was, however, larger than the
case of air-oxidized specimens, particularly in Zr-Nb alloys.

Figure 10 shows the case of speicmens oxidized in oXygen and then
hydrided. In this case, 'catastrophic' absorption (indicated by the
upward arrows in the figure) was observed even after pre-oxidation to
a level as high as 200 mg/dmz. The solid and broken lines in the
figure were drawn for Zr-Nbs and Zircaloys, respectively, neglecting
these runs as exceptional cases. As long as the data points described
by these lines are concerned, hydrogen absorption rate by Zircaloy
group seems to depend on the prior oxidation level in a similar way to
the former two cases, i.e. constant or slightly decreasing absorption
rate with oxidation level. On the other hand, the behavior of Zr-Nb
group was markedly different from the cases of air- or steam-oxidized
specimens. The solid line in Fig. 10 for Zr-Nb shows monotonously
increasing tendency with prior oxidation level, exceeding the rates for

the Zircaloy group at the highest oxidation level studied.
3.3 Metallography and X-ray diffraction

Some of the specimens after hudriding were metallographically
examined for hydride precipitation and the pattern of oxide films.
Since cut tube specimens were used in the present experiment, oxidation
and hydriding proceeded both from the inner and outer surfaces. Though
oxide film was a little thicker on the outer surface and hydrides were
a little more densely precipitated near the inner surface, difference

was smzll. Figure 11 shows photomicrographs (taken after hydriding) of

_8_
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oxide films grown in steam on the outer surfaces of Zr-1%Nb, 2.5%ZNb and
Zircaloy-4 tube specimens. These oxide films were so brittle contain-
ing many cracks that polishing without spallation was almost impossible.
At least inm the optical microscopic level, no difference was evident
between the films on Zr-Nb alloys and those on Zircaloys, nor between
the films grown in different atmospheres.

Figure 12 shows examples of hydride precipitation in Zr-Nbs and
Zircaloy-4. Though these examples represent the specimens oxidized in
oxygen, the precipitation patterns in specimens oxidized in other
atmospheres were again similar. Nor observed was much difference
between Zr-Nbs and Zircaloys.

X-ray diffraction study was made on the oxide films formed under
ﬁarious conditions. Although complete study was not made on all
combinations of experimental parameters, the parameters studied
included different starting materials, different degrees of oxidation,
before and after hydriding, and inner and outer surfaces of a tube
specimen. Under the poor resolution of diffractions from curved
surfaces, however, the only meaningful difference was observed to come
from the difference in the oxidation level; all materials have given
essentially the same diffraction pattern under the same oxidation level.

Typical examples of diffraction pattern from thin and thick oxide
films are shown in Fig. 13(a) and (b}, respectively. The oxide film
for the pattern in Fig. 13(a) had a thickness of only about 1 um.

Peaks corresponding to both tetragonal and monoclinic ZrO; are visible.
Zr and hydride peaks are considered to have originated from the underly-
ing metal phase penetrating the thin oxide film. On the other hand,

for thick oxide in Fig. 13(b), all peaks were identified as diffrac-
tions from monoclinic ZrO, except one peak which appears at 26 = 35.7°
(for Cu Ka). It could not be identified as a diffraction from any

oxide nor hydride nor metal phase of Zr and Nb.
3.4 Other observations ,

In the cource of experiment, some specimens were found to show an
unexpected weight decrease during storage at room temperature either
after oxidation or hydriding. Some examples of this process are shown
in Fig. l4. This weight reduction generally continued for several days

and stabilized within one week after dismantling from the furnace.
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Since the reduction was rapid in the beginning and the first weighing
had to be made after enough cooling of the specimen, the actual welght
reduction would have been even greater than the data of Fig. 14 indi-
cate.

As this weight reduction was evident in heavily oxidized specimens,

the relative reduction until stabilization was plotted as a function
of pre-oxidation level in Fig. l4. 1t is obvious that the reduction is
related to oxidation beyond transition point. In this plot, Zr-2.5%ZNb
shows the greatest reduction among the four materials. It is, however,
merely a result of expressing the amount of reductiom as a fraction te
total specimen weight which results in large value in thin-walled Zr-
2,57Nb tube. If the reduction is éxpressed as a value per unit surface
area, difference between four materials is small.

This phenomenon is considered to be due to release of a part of
hydrogen which existed in the oxide during oxidation or hydriding. To
further investigate it, selected specimens after oxidation-hydriding
were chemically analyzéd for hydrogen such that the hydrogen atoms
existing in the oxide and those in the metal could be separately
determined. The specimens listed in Table 2 were symmetrically split
into two pieces and they were analyzed, one after removal of oxide film
using emery paper and another without removal. In fact, the oxide films
were so hard that it was impossible to remove the oxide alone; some
outer part of the metal was removed together.

Each analysis result in the Table represents an average of two to
four independent operations. Local scatter was, however, very small.
The data in Table 2 are taken to show that, if the value for the 'with
oxide' specimen is higher, hydrogen concentration in the oxide is higher
than in the metal, and if the 'without oxide' wvalue is higher, hydrogen
exists mainly in the metal. It is difficult to decide which level of
difference is meaningful. Also, the number of data is too small for
the variety of material, oxidation atmosphere and the levels of oxida-
tion and hydriding.

With these limitations in mind, a general tendency is observed
that partition of hydrogen between oxide film and the metal in Zr-Nb
alloys is determined by the amount of hydrogen absorbed from gaseous
hydrogen. Two Zr-17%Nb specimens N1-76 and N1-85 which have absorbed
about 1000 ppm hydrogen during hydriding step show obviously higher

concentration in the oxlde film. Assuming that these two specimens had

— 10_.
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uniform hydrogen concentration in the metal, H/0Q atom ratio im the
oxide films in the two specimens are roughly calculated to be 1.6 and
0.7, respectively. On the other hand, Zr-2.5ZNb specimen N5-103 whose
absorption during hydriding step was almost zero shows higher hydrogen
concentration after removal of oxide film, suggesting that hydrogen in
this sample (absorbed during oxidation step) existed in the metal. In
Zircaloy-4 sample Y4-72 whose high hydrogen content comes mainly from
absorption during oxidation step, hydrogen concentration after removal
of oxide film is slightly higher.

It is difficult to draw a consistent picture on the partition of
hydrogen between the metal and oxide in different materials after
different treatments. It however seems certain, at least in Zr-Nb
alloys, that high hydrogen permeability of oxide film (as indicated by
large absorption value during hydriding step) is related to high con-

centration of hydrogen in the oxide.

4. Discussion

The present experiment was conducted separating oxidation and
hydriding into two steps, which actually proceed simultaneously. This
unusual experimental condition was inevitable if hydrogen pickup across
thick oxide film on Zr-Nb alloy were to be studied in a relatively short
period, limiting the use of high temperature only for acceleration of
oxidation, not for hydriding. This sequence of experiment, however,
contributed extensive scatter in the hydrogen absorption rate data,
which made it difficult to make any definate statement on the effects
of various factors.

Among the observed tendencies, the most obvious one will be that
rate transition in oxidation generally results in high hydrogen
absorption rate in all materials. This fact itself is a well-known
phenomenon. As for the difference between Zr-Nb and. Zircaloys,
important points are 1)(in the post —transition region) Zr-Nbs show
generally smaller hydrogen absorption rates than Zircaloys, 2) their
- hydriding rates are more dependent on the atmosphere at pre-oxidation,
and 3) the scatter of absorption rate data is also greater.

High hydrogen absorption rate at transition will be related to the
bréakdown.of the oxide film with phase change. The present X-ray

diffraction study has shown that pre-transition oxide film consists of
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diffraction study has shown that pre-transition oxide film consists of
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a mixture of tetragonal and monoclinic ZrO; and post-transition one
consists of monoclinic phase. It is in agreement with general
knowledge on the transition phenomenon. Godlewski et al.(11) have
shown by Raman spectroscopy of the oxide films of Zr-1%Nb and Zircaloy-
4 that a layer containing 15 % tetragonal phase which is the principal
pre-transition oxlde structure forms an inner structure of the film
even after transition.

On the cother hand,‘Garzarolli et al.(lz) have shown that as
oxidation proceeds, average residual stress over the film decreases,
with tentative increase at transition. Since monoclinic phase has
larger specific volume than tetragonal phase, change into purely
monoclinic phase is considered to be the result rather than the cause
of oxide breakdown accompanying release of stress. Thus the high
hydrogen absorption rate at transition and subsequent decreasing tend-
ency could be qualitatively understood in terms of disturbance of the
oxide film at transition. However, considerably different behaviors
of Zr-Nb group and Zifcaloys cannot be explained by the phase change
alone. Godlewski et al. mentioned above have not reported any
structural difference between Zr-1%Nb and Zircaloy-4.

General feature of the oxidation and hydriding behavior of Zr-Nb
alloys In comparison to those of Zircaloys could be understood in terms
of electrochemical properties of oxide film. The oxide films of the
two kinds of alloys are essentially modified forms of zirconium oxide
(Zr05), which are known to have two characters, one as ionic conductor
and another as semiconductor. Its electrical conductivity is known to
have a well-shaped dependency on O/M ratio: the bottom corresponds to
the near-stoichiometry region and the two side walls having high
conductivity corresponds to non-stoichiometry regions(13)’(1“). The
near-stoichiometry region shows the character as ionic conductor and
serves practical purpose as oxygen meter.

Vest et al.(}3) interpreted their measurements of electrical
conductivity of monoclinie zirconia (Zr0Oz) in terms of equilibrium
between latticé defects and electronic charge carriers. In the sub-
stoichimetric region, principal lattice defects are considered to be
oxygen vacancies, whose concentration is determined by the following

equilibrium:

Vg2t 4+ 1/205 + 2e” = O1attice (1)
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where V02+ is oxygen vacancy and e~ is electron in the cenduction band.
Considering that the concentration of lattice oxygen atoms is nearly

constant, mass action law is written in the following form:
[vg2t] p(0,)1/2 [e7]2 = K (2)

where p(0;) is oxygen partial pressure (atm), K is equilibrium constant
and parentheses represent concentrations.

Vest et al. asstumed that in the highly sub-stoichiometric region,
oxygen vacancies are mainly produced by reduction of zirconia and that

the condition of electric neutrality must be locally satisfied:
[V02+] = 2[e~] (3)

Then (2) is modifjed to give the dependency of the concentrations of

oxygen vacancies and electromns on OXygen pressure as
[Vg2*] = 2[e~1 « p(0,)~1/® \ (4)

Tn the hyper-stoichiometric region, their measurements suggested
the combination of zirconium vacancy and positive hole as major lattice

defect and charge carrier, for which equilibrium equation is
Vzrq_ + 2 Olattice T 4 pt =05 (5)

where Vzr“" and p+ represent zirconium vacancy and positive hole,
respectively.

In the region far from stoichiometry, condition of electric
neutrality again simplifies the equation of mass action law to give

oxygen pressure dependences of defect and electron concentrations as
[Vor*~] = 4lp*] = pgp!/® (6)

These oxygen pressure exponents were found to fit their electrical
conductivity data on the oxide of unalloyed zirconium. Even if other
type combinations of lattice defect and charge carrier were assumed,
only slight changes are necessary for these exponents. The important

point is that defect concentration depends on oxXygen pressure as

—_ 13__m
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poo~!/™ in the far substoichiometric region and as pozl/m in the far
hyper-stoichiometric region where m is an integer of 3 to 6.

Then assuming the same combinations of lattice defect and charge
carrier, we shall examine the effect of alloying elements on those
pressure exponents. Major valency of niobium is 5 corresponding to
Nb,0g5. From the analogy to the impurity effect in silicon, niobium
atoms Incorporated into ZrO, lattice will work as electron donor,
enhancing the character as n-type semiconductor. In the hypo-
stoichiometric regiom, equation of mass action law (2) still holds, but
the condition of neutrality (3) no longer holds. In the extreme case,
if we assume that concentration of electrons is essentlally determined
by the contribution from niobium, it drops from (2) as a constant and

oxygen vacancy concentration will depend on oxygen pressure as
[Vg2t) = C pgp~ /2 (7)

On the other hand, major alloying element of Zircaloys, tin, has
a principal valency of 3. Tin atoms incorporated into the zirconia
lattice will therefore supply positive holes. Then the condition of

neutrality requires the following relationship:
2[Vy2*] + [pt] = Lsn~1 + [e™] (8)

If we assume that the concentration of tin ion is significantly
high but the positive holes are annihilated by combination with

electrons, we get

2[Vy2t] = [Sn~] + [e™] (9
where

fe”] < [Sn~] (10)

It means that oxygen vacancy concentration is nearly independent
of oxygen partial pressure, and equation (2) gives oxygen pressure
dependency of electron concentration as

[e=] = const. pgz_l/LF (11)

The actual situation will of cource be much more complex.

— 14—
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Basically, however, in the hypo-stoichiometric region addition of

niobium to zirconia will make the oxygen pressure dependency of defect

concentration greater (steeper slope of 'side wall'), whereas addition
of tin (Zircaloys) will makes the dependency smaller. In the hyper-
stoichiometric region, the opposite effects of alloying elements are
deduced.

The concnetration of lattice defects concerns primarily diffusiom
rate of oxygen (oxidation). However, the present kinetic data and many
corrosion data on zirconium alloys imply close relationship between
oxidation and hydriding rates. If we assume the same type of depend-
ency of oxygen transport and hydrogen transport on lattice defect
concentration, then the above-discussed dependency on oxygen pressure
could explain the general feature of the present results.

Hydriding of pre—oxidized specimens in the present oxperiment was
performed by closing purified hydrogen gas with specimens. Tt means
that the atmosphere was strongly reducing but that oxygen partial
pressure (explicitl&, realized by Ho0/Hs ratio) was left uncontrolled.
Then, in Zr-Nb alloys, run-to-run difference of oxygen potential will
have resulted in large difference in hydriding rate because of the
strong (negative in sign) dependency of defect concentration on oxygen
pressure. In Zircaloys, on the other hand, the effect of uncontrolled
atmosphere would have been much smaller because of the smaller (in
absolute value) oxygen pressure exponents of defect concentration in
the hypostoichiometric region. It can qualitatively explain, at least
in the post-transition region, why such a large run-to-run difference
was observed in Zr-Nb alloys and why the behavior of Zircaloys was
rather stable.

The above basic understanding can explain several other findings
of the present experiment, though many other detailed points remain
unexplained, as follows:

1) It can explain why Zircaloys were superior (smaller in rate) to
Zr-Nb alloys in (pre-transition) oxidation resistance and why Zr-Nbs
were generally superior to Zircaloys in resistance against hydriding.
The above equilibrium consideration concerns primarily oxygen
pressure dependencies of defect concentrations. However, addition
of niobium and tin to zircomia will work, not only to change the
gradient, but also to reduce the absolute defect concentrations in

the hypoQStoichiometric and hyper-stoichiometric regions, respec-

i15_
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tively. Thus the two groups of alloy will have smaller transport
properties in the two respective regions. A natural comsequence of
this discussion is that better corrosion resistance of Zr-Nb relative
to Zircaloy will be exhibited in more reducing atmosphere. It is
supported, as long as out-pile corrosion rate is concerned, by a
comparative test result (18),

It can explain why rather large difference was observed between
the hydriding behaviors of Zr-1ZNb and that of Zr-2.5%Nb, whereas the
difference between Zircaley-2 and Zircaloy-4 was negligible. 1In the
metal phase, solubility of Nb in Zr is 0.6 % at 620°c(18),  Zr-1%Nb
and -2.5%ZNb are therefore both precipitation type alloys. As oxide,
the solubility of NbyOg in Zr0, is about 9 %(17) . The oxides of the
two Zr-Nb alloys are therefore both in the solid solution side. It
is difficult to explain the difference between the two Zr-Nb alloys
only by phase relationship. When the electronic effect of Nb addi-
tion into ZrO; lattice is considered, the difference between 1 %
and 2.5 % will becéme more significant.

Considering that the electronic effect of Nb addition is
dominant in the highly hypo-stoichiometric region, it is understand-
able that the differencé of the two alloys was evident in the
hydriding step, mot In the oxidation step. Also it is no wonder
that the diference of the oxide property which caused different
hydriding behaviors could not be detected.by means of X-ray diffrac-
tion nor by metallography.

The data on the partition of hydrogen between the metal and the
oxide (Table 2} become easier to understand, at least qualitatively,
by considering the electronic effect of alloying elements. The
Table 2 data on Zr-Nb show a general feature that when the hydrogen
absorption across the oxide film is rapid, the part of hydrogen
remaining in the oxide is also large. This feature denies the
possibility that hydrogen is transported via some short-circuting
paths. It implies that when the hydrogen permeabilty of the oxide
is large, it is a result of some bulk property change of the oxide.

The hydrogen partition behavior of Zircaloys seems a little
different from that of Zr-Nbs, though the small number of data
prevents definate conclusion. Roy(la) studied the partition of
tritium between the metal and the oxide of unalloyed zirconium by

autoradiography. He found that in specimens with thick oxide,
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tritium existed mainly in the metal side and the tritium remaining
in the oxide was segregated along numerous thin lines, probably
showing micro-cracks. The distribution of hydrogen (tritium) he

observed in zirconium seems to fit the behavior of Zircaloys in the

present experiment.

From the above discussions, a conclusion is produced that out of
the hydrogen absorption data for Zr-Nb (particularly Zr-2.5%Nb) having
large scatter, the data forming the lower limit have practical impor-
tance. It is becausé the transport path for exygen and hydrogen during
actual corrosion must consist of different O/M regions in series and
the region with the smallest transport property will be rate-determin-
ing. Under the uncontroled ox&gen activity in the present experiment,
data points showing considerable absorption rate beside the points
showing null absorption will have to be regarded merely as results of
too low O/M ratio of the entire oxide film. In this meaning, the
observation of low hydrogen absorption rate in the Zr-2.5%Nb oxidized
deeply into the post-transition region is a fact in favor of using the

alloy as high-burnup fuel cladding.

5. conclusion

Zr-Nb and Zircaloy tube specimens were heated in hydrogen gas
after accelerated oxidation to post-tramsition region in steam, oxygen
and air and hydrogen absorption ratio was measured. The following
tendencies were observed:

1) Hydrogen absorption ratio by Zircaloy was relatively insensitive
to the kind of oxidant used for pre-oxidation, whereas that of Zr-Nb
was dependent on the pre-oxidation condition, oxidation in oxygen
resulting in the poorest resistance to hydrogen absorption.

2) Transition in oxidation kinetics was found to result in high
absorption rate in subsequent hydriding in all materials. When pre-
oxidation was made deep into the post-transition region in steam or
air, absorption rate by Zr-Nb, particularly by Zr-2.5%ZNb, was found
to decrease with oxidation level. On the other hand, the absorption
rate by Zircaloy was nearly constant in the same region.

3) Evidences were derived which suggest that absorption property
of the Zr-Nb alloys is determined by the bulk transport property of
the oxide film rather than presence or absence of short-circuiting
paths.
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Table ! Properties of tube speclmens
Zr-1%Nb Zx-2.5%Nb Zry-2 Zry-4
outer dia. (mm) 16.46 13.48 12.23 10.72
wall thickness (mm) 0.80 0.41 0.70 0.62
heat treatment 480°C 485°C 500°C
‘ 2 hr 4 hr
oxygen content (ppm) 1060 1180 1300 1250
hydrogen {ppm) 23 <5 < 5 16
R.T. 0,2%YS {MPa) 471 545 539 610
UTs (MPa) 632 710 673 778
elong. (%) 28 25 20 17

Table 2 Results of chemical analysis for hydrogen content

No. eaterial oxidation hydriding hydrogen content (ppm)
atmos. | w. gain (x1) with oxide | without oxide
(ng/dn?) (pps=)
N1-786 Zr-1%Nb stean 90 920 1070 730
N1-85 Zr-1%Nb oxygen 462 1150 1440 730
N1-103 { Zr-1%Nb stean 520 134 840 770
N5-81 Zr-2.5%Nb| steanm 217 341 550 520
N5-X-11] Zr-2.5%Nbj oxvgen 357 442 610 510
N5-102 | Zr-2.5%Nb| stean 425 70 750 800
N5-103 | Zr-2.5%Nb| stean 465 0 690 310
Y4-72 Iry-4 steam 405 316 1620 1820
Y4-82 Iry-4 oxygen 314 258 380 330
xi

— 20 —

excludes hydrogen pickup during oxidation,
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Fig. 5 Examples of pressure decrease due to hydrogen absorption
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Fig. 6 Hydrogen absorption rates by unoxidized specimens



JAERI-M 91—132

uoTlepixo jsutrede sajea uoridiosqe usBoaply g 814

009 006 00F  00%

suswiIads PazTPIRO-AITE UT TaA®T

{zwp/bwj u)ob 4ybiem uolyopixg

002

00! 09

T

1!1171

[TTT T T

IR

i I ] T
1wy uoljaeiap

lllllll -p-—-0-———8——rp

kojpalz

- kojo2)7
Z-hojoonz
AIN%G'Z-47
aN % k- 127

Fa
\Y%
L}
O

YO

GO0

Vo

S0

("Pe3BOTPUT BUT] Yl WIYIEM INDD0 jJou PP
uotzdiosge oTydoilselEd IBYI UBDW SMOIIE pxeadn)
T9a81 uoTleprxo-a2id (aTe) 3IsureBe BuTpTIPAY
o1ydoilseles JO 2IULINDOC 210F3(q PWI] SUTIVSH

{ (Wp/Bw ) uipb jybiram uolippixQ

00l ot F4
| I
V oa
= 9-A1Z a o
(=W
3 -Kiz ¢
(1]
3 AN%GZ-1Z »
o AN%L-42 © o
74 .
S A o
=1 . —
g . ¢
m. A
[1-]
[ ]

.M ' L- s
N i
m. o}
o Oﬂ A
~ 1
Bl %ﬁ
— « A

| i

oL

00i

314

awiy

BuipipAy aJaAas 10

{44}



JAERI-M 91-132

{uotridiosqe o1ydoriseied

yits popus saTdwes sarjoedssr syl yatm

uni 9yl 3IeY3I uesw smoiie piemdn Ylim soroquiyg
*AT=2aT30edssx ‘D,009 PUB D,00S I8 PIZIPIXO
seTdwes o13] uasaadsa sToquds a3aeT] pue TTBUS)
ua3AxX0o Ul PSZIPIXO SusuUTOads UL TIADT

uoTrepIxe isureldw sajea uoljdiosqe usBoapdp 0T 814

{Wp/ bu) ujob Jybjam uo]4DPIX0
009 006 00t Q0% 002 00}
|

] ] I ! [T

y-fojoonz
z-kojponz
aN % §¢ ~ 12
aN % } - 12

JIIIIII

o & Qb

e

(-ATaataoedsax ‘3,009 PU® D,00¢ IB PIZTPIXO

sefdues oyjl jussaidai seToquAs 28ivT pue TIBWS)

suawioads PIZTPIXO-WEILS UT TIADT

uoT1epTX0 3Isurede ssjex uorldiosqe ua8oxpiH

{wp/buw) wobd yyblam uoliopixg

6 “%14

o
100 =
3

[T )

D

=

(]

=

' (=]
500 §
=

1o 3
3
%

3

[T

o o
3

[+]

=

w =

09 009 006 00t 00F 002 ol 0%
[ T T T T T T T T 1
i @MWl uond2iep g,
E -
=100 & — ° o —
3 N
o ~
-] w /
- S
— [=]
o
% s}
600 - 10) ]
=
a
10 o — —
[=]
e
3
«w
S~
(=9
G0~ - ]
b
=
l - - t- fojoaz7 & —
2-kojoonz v
- IN%G2-17 & @
IN%I-1Z © O

] | 1 i

- 2 7 .



JAERI-M 91-132

{a) Zr-1Z%ZNb
oxidized
520 mg/dm?
hydrided 134 ppm

(b) Zr-2.57ZNb
oxidized
465 mg/dm?
no hydrogen
absorption

(c) zircaloy-4
oxidized
662 mg/dm?
hydrided 108 ppm

Fig. il Oxide films grown in steam (x 400, outside surface)
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(a) Zr-1%Nb
oxidized (oxy%en)
485 mg/dm
hydrided 465 ppm

(b) Zr-2.5%Nb
oxidized (oxy%en)
318 mg/dm
hydrided 150 ppm

(¢) Zircaloy=4
oxidized (oxy%en)
. 571 mg/dm
hydrided 65 ppm

Fig. 12 Hydride precipitates after hydrogen absorption
(x 100 Left side is outer surface.)
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(a) Zr-~1%Nb oxidized in air to 18 mg/dm2
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(b) Zr-2.5%Nb oxidized in oxygen to 446 mg/dm® and
hydrided to 318 ppm. '

Fig. 13 X-ray diffraction pattern by oxide films (Tndices M and
T mean monoclinic and tetragomal zirconia, respectively.)
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(b) pre-oxidized in oxygen and then hydrided

Fig. 14 Weight reduction at room temperature after hydrogen

absorption
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