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ABSTRACT. Hydrogen content is a very important parameter for mechanical properties of fuel cladding,
especially after LOCA transients. Therefore, it is necessary to take into account the amount of hydrogen
absorbed in the fuel cladding during normal operation (before a hypothetical LOCA). The required
value of hydrogen content is possible to reach by a long-term pre-oxidation test or a much shorter
hydrogen charging experiment. The methodology of hydrogen charging developed in UJP is described
in this contribution. Results of experiments aiming to prepare samples with uniform hydrides and
samples with a rim-layer and other hydrides are shown.
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1. INTRODUCTION

Thanks to a low absorption of neutrons and corrosion
resistance zirconium alloys are an indispensable ma-
terial for nuclear fuel cladding tubes. However, their
mechanical properties deteriorate during operation
in the reactor conditions, where corrosion reactions
take place leading to the formation of oxide layers and
also to dissolution and precipitation of hydrogen, and
the formation of hydrides [I]. Zirconium hydrides are
brittle, and can initiate crack and fissure formation
in the alloy. Hydrogen also has a considerable effect
on the ductility of the cladding, after a hypothetical
LOCA (Loss of Coolant Accident). Much attention
has been focused on this topic worldwide [2, [3].

The requirement of sufficient fuel rod strength upon
quench taking into account an additional mechanical
load is used regarding to the brittle mode, which is
associated with cladding oxidation in the presence
of steam at high temperature. This requirement led
to a new equivalent cladding reacted (ECR) design
limit based on LOCA semi-integral tests developed by
JAEA (Japan Atomic Energy Agency). This criterion
is expressed as a function of in-reactor hydrogen pick-
up [3,[4]. Alternative K-criterion and O-beta criterion
for E110 alloys were developed in UJP [56] also. Both
are applicable for specimens with hydrogen content.

The presented study shows the methodology of
hydrogen charging developed in UJP. Samples with
uniform hydrides and specimens with rim-layer and
other hydrides are shown. Double-sided and single-
sided hydrogen charging is presented.
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2. EXPERIMENTAL AND
METHODOLOGY

2.1. SPECIMENT PREPARATION

All samples examined in this study were fabricated of
the E110 alloy. The chemical composition is presented
in Table I

wt. Nb H 0 of 7r
[(%/ppm]  [%] [ppm]| [ppm]| [ppm]
ZriNb 1.0 3 <400 400

balanced

TABLE 1. The chemical composition of studied alloy.

The tested tubular specimens had the following di-
mensions: outside diameter ~9.1 mm and wall thick-
ness ~686pm. For double-sided hydrogen charg-
ing 30mm or 90 mm long non-irradiated segments
were used, which were cleaned, degreased, and then
weighted, and measured (length, diameter).

For single-sided hydrogen charging 90 mm long non-
irradiated segments and end-plugs made of a rod from
the same material were used. The tube-part and end-
plugs were welded together using the electron beam
welding method. These specimens were cleaned, de-
greased, and then weighted and measured (length, di-
ameter). After that, the samples were filled with inert
gas (argon) at required inner pressure (0-12.5 MPa),
and welded in a pressure chamber. The procedure of
welding was developed in UJP, and the device can be
seen in Fig.

The samples were weighted after welding, and based
on the mass gain of inner gas the inner pressure was
recalculated.
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FIGURE 1. Device used for-welding samples.

2.2. HYDROGEN CHARGING USING
GRAVIMETRIC SORPTION ANALYZER

Double-sided hydrogen charging was performed in
cooperation with The Institute of Rock Structure and
Mechanics of the Czech Academy of Sciences, and it
was published in 2015 [2]. The hydrogen charging
was carried out using a microscale of an IGA 002
gravimetric sorption analyzer (Hiden).

A sample was placed into the reactor chamber of the
instrument by hanging it vertically on the microscale
beam, and the entire system was evacuated at a tem-
perature of 200 °C. Hydrogen charging was carried out
by hydrogen of 99.9999 vol. % purity at a temperature
of 405 °C and pressure of 0.1 MPa. The mass changes
of the sample and the thermodynamic conditions of
the process were observed during hydrogen charging.
An example of the course of the hydrogen charging
process is presented in Fig.[2] After the required mass
gain was reached, a hydride layer was observed on
the surface of the samples with the higher hydride
concentration.

FIGURE 2. Sample packed in aluminum foil.

2.3. AUTOCLAVE CHARGING

An alternative method for hydrogen charging was
developed in UJP. The autoclave method provides
the possibility to charging bigger amount of samples
together. Target amount of hydrogen content is up to
600 ppm for PWR conditions (ZIRLO ~70 GWd/t [3]),
and up to 120 ppm for E110 in VVER environment
(~5 years in reactor conditions).

Specimens were packed in an aluminum foil, which
was used as a protection against oxidation, see in
Fig. 2

The prepared samples were placed in the autoclave
with an inner volume of about 4.5 dm?®. The hydrogen
charging was carried out by hydrogen of 99.9999 vol. %
purity at a temperature of 350°C, and pressure of
about 0.1 MPa. The temperature and the pressure in
the autoclave during the hydrogen charging process
are shown in Fig. [3

FIGURE 3. Temperature and pressure during hydrida-
tion process.

After the hydrogen charging process as the alu-
minum foil was removed, a hydride layer and oxide
layer was observed on the surface of the samples, see

in Fig. [

FIGURE 4. The typical outlook of specimen after
hydrogen charging process.

Samples were weighted after, and based on the
mass gain the hydrogen pick-up was calculated. The
following form is used for calculation. It presumes,
that the whole mass gain corresponds to hydrogen
pick-up

Am 1
Vo 6 6
=% =———x10% (1)
- e

where H is hydrogen content in ppm, Am is mass
gain during hydridation, myg is initial weight and V,
is sample volume.

39



J. Krejci, J. Kabatova, J. Koci et al.

ActA POLYTECHNICA CTU PROCEEDINGS

2.4. VACUUM ANNEALING

The dissolving of hydride-layer was processed in a vac-
uum furnace (CLASIC). At a pressure about 10~ bar,
and temperatures of about 575 °C were used for an-
nealing. The length of the exposure time was chosen
up to 6 hours of duration.

An influence of the temperature and the exposure
time on the hydride-layer dissolution was observed.
The surface of the samples after annealing was the
same as before the charging process, as can be seen

in Fig.

FIGURE 5. The typical outlook of specimen before
and after vacuum annealing process.

The samples were weighted after the vacuum an-
nealing, and based on the mass loss the hydrogen
pick-up was recalculated. For calculation of hydrogen
content is used the equation , where Am is mass
gain after annealing.

2.5. METALLOGRAPHIC OBSERVATIONS

Parts of the samples intended for a metallographic
evaluation of the hydrides were fixed in epoxy resin,
were prepared using a standard polishing procedure,
and were etched after. On the prepared metallo-
graphic sections, the hydrides were observed and evalu-
ated using a NIKON EPHIPHOT 300 light microscope
and a LUCIE image analyzer.

2.6. HYDROGEN CONTENT MEASUREMENTS

Parts of the samples intended for hydrogen content
measurements were analyzed using the Analyzer G8
GALILEO (Bruker), which works on the inert gas
fusion (IGF) principle.

3. RESULTS

3.1. UNIFORM DISTRIBUTION OF HYDRIDES

Preparation of specimens with uniform distribution
of hydrides was one of the objectives of the presented
work. The methodology consisting of autoclave charg-
ing and vacuum annealing was applied on the sample
CH21. A predicted hydrogen content value — based
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on weight gain and calculation — was evaluated at
123 wppm. It was in a good agreement with the
experimental value gained using the G8 GALILEO,
which was 135 wppm. A satisfactory dissolution of
the hydride-layer was observed after 90 minutes of
annealing in the vacuum furnace at a temperature of
575°C.

FIGURE 6. Sample CH21 was prepared using method-
ology for uniform distribution of hydrides.

3.2. INFLUENCE OF VACUUM ANNEALING

The gravimetric sorption method was used for double-
sided hydrogen of the sample 1H001. This sample
was cut into 7 segments which were used for hydrogen
content measurements and for experiments focused on
the influence of the annealing parameters. The pre-
dicted hydrogen content value — based on the weight
gain during the hydrogen charging — was evaluated at
540 wppm. It was in a very good agreement with the
experimental value gained using the G8 GALILEO,
which was 544 wppm. Vacuum annealing conditions
for several segments of the sample were described in
Table 21

Segment Temperature Exposure time Figure

[°C] [min]
1H001-6 No annealing No annealing
1H001-4 350 20 8]
1HO001-3 575 20 9
1H001-1 575 60 and

TABLE 2. The sample 1H001, annealing conditions.

The sample 1H001-6 was processed for hydrides eval-
uation after the hydrogen charging process. Hydride
layers and a uniform distribution of hydrides in the
sample were found (Fig.|7). The detail of sample num-
bered 1H001-4 did not show any observable hydride-
layer dissolution (Fig. . An observable beginning
of the hydride-layer dissolution was seen for detail
the sample numbered 1H001-3 (Fig. E[) The met-
allographic evaluation of sample numbered 1H001-1
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showed the hydride-layer in an advanced state of disso-
lution (Fig. , or the whole hydride-layer dissolved

(Fig. [11)).

FIGURE 7. Sample 1H001, section 6. Prepared after
hydrogen charging (without annealing).

FIGURE 8. Sample 1H001, section 4. After hydrogen
charging was used annealing at temperature 350 °C
and 20 minutes of time duration.

FIGURE 9. Sample 1H001, section 3. After hydrogen
charging was used annealing at temperature 575 °C
and 20 minutes of time duration.

FI1GURE 10. Sample 1H001, section 1, detail B. After
hydrogen charging was used annealing at temperature
575°C and 60 minutes of time duration.

FI1GURE 11. Sample 1H001, section 1, detail A. After
hydrogen charging was used annealing at temperature
575°C and 60 minutes of time duration.

3.3. INFLUENCE OF INNER PRESSURE

The mechanical properties of the fuel cladding de-
pend not only on the hydrogen content, but as well
on the orientation of the hydrides. Radial hydrides
can appear in some specific cases of operation, which
can initiate a crack and failure of the fuel cladding.
Precipitation of radial hydrides was observed during
slow cooling of heated samples with inner gas pressure
under the temperature of hydrogen dissolution.

After hydrogen charging were samples cut into seg-
ments. Two were used for hydrogen content evaluation
and one for metallography. The experimental values
of hydrogen content gained using G8 GALILEOQO, were
328 wppm (829447), and 393 wppm (829463).

The number of radial hydrides is directly connected
with the value of applied stress, which is caused by
the inner gas pressure. Figures and |13| show hy-
drides distributions for several values of inner pressure.
An outer hydride-layer was observed in all cases and
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for samples with inner pressure, especially sample
numbered 829 463, radial hydrides were observed. Ra-
dial hydrides for inner pressure of 0.05 MPa were not
observed. The number of radial hydrides was eval-
uated as 34 % for 829447 (inner pressure at 20°C —
3MPa), and 70 % for 829 463 (inner pressure at 20 °C
— 9MPa).

FIGURE 12. Sample 829447. After hydrogen charging
with inner pressure 3 MPa.

FIGURE 13. Sample 829 463. After hydrogen charging
with inner pressure 9 MPa.

4. CONCLUSIONS

The experiments have shown that a requested hydro-
gen content and a uniform distribution of hydrides
can be reached using hydrogen charging, and a further
vacuum annealing procedure.

Influence of temperature and time exposure of vac-
uum annealing was observed. The experiments have
shown the level of hydride-layer dissolution under
several conditions.
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Radial hydrides were observed during experiments
with inner pressure. A large amount of radial hydrides,
about 70 %, were observed for an inner pressure value
which can be possibly reached in reactor conditions
also.

This contribution presented the methodology used
for hydrogen charging in UJP. Prepared samples is
possible to use for LOCA experiments focused on
testing material deteriorated during operation in the
reactor conditions.

Future works will be focused on a more detailed
elaboration of several topics. A quantitative evalua-
tion of hydride-layer dissolution and radial hydrides
precipitation will be provided.
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