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Abstract

In this paper, a new method that allows the study of the hydriding process of fuel claddings from the inner surfaces is
presented. The hydriding is performed by heating the cladding in an ultra-high vacuum chamber while hydrogen flows
inside the tube. The external H, partial pressure, the tube electrical resistance and the power dissipated by the reaction
are measured throughout the process. These measurements at different hydriding stages are complemented with an
optical microscopy analysis of the claddings give insight into the main physical processes. As a consequence a
description of the hydriding first stages is provided. The method allows the measurement of the incubation and failure
times and the total energy dissipated by the hydriding reaction.

© 2004 Elsevier B.V. All rights reserved.

PACS: 28.41.Bm; 28.90.+1

1. Introduction

The tube burst technique has been recently applied to
study the hydriding of fuel claddings inner surfaces [1],
the results obtained are complementary to those from
thermogravimetric methods [2,3]. This method, as well
as the use of heat interchangers [4] or miniboilers,
exhibits the advantage that experiments (study of
properties and testing) can be performed on industrial
components maintaining their geometry and structure.
The hydriding process on long industrial samples, with
the reaction starting from the tube inner surface, is
especially appropriate because it provides information
on both the inner surface and bulk properties as well as
on the reliability of the fabrication process.

Additionally, the cylindrical symmetry of the clad-
ding is suitable to obtain basic knowledge on the hydride
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layer structure, on the reaction propagation front and
on the hydride morphology in the remaining metallic
zone. This geometry, in fact, facilitates a way to control
the material exposed to hydrogen and to measure several
important reaction parameters.

In the new method presented in this paper [5,6], the
cladding is inserted in an ultra-high vacuum (UHYV)
chamber. This environment makes it possible to measure
different parameters, such as the external H, partial
pressure, the resistivity and the power dissipated by the
hydriding reaction, named from now on as the hydriding
dissipated power (HDP). The integration of the dissi-
pated power curve versus time will be named the hyd-
riding dissipated energy (HDE). These parameters are
dependent on the hydriding stages, allowing the deter-
mination of incubation and failure times. The tube
failure has been experimentally defined as the abrupt
loss of the H, sealing condition. This event is simulta-
neous with the occurrence of macroscopic deformations
or crack initiations at the outer surface. The method can
be used as a test of resistance to hydriding processes.
This allows to compare different compositional and
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structural cladding designs, such as bare surfaces, liners
or protective coatings. The H, partial pressure is pro-
portional to the square of hydrogen concentration at the
external surface of the tube, assuming a second order
desorption kinetics [7]. The resistance change makes it
possible to follow the dissolution of H in the a-Zr phase,
and the hydriding dissipated power allows the compar-
ison of the reaction speed and stoichiometry variations
during the process. In this regard, the purpose of this
work is two-fold: first, to describe the reliability and
performance of the developed testing method and sec-
ond, to increase the knowledge on the hydriding process
comparing the measured parameters with optical
microscopy analyses of different cross-sections of the
claddings at different stages.

2. Experimental

The scheme of the UHV chamber built for these
experiments is illustrated in Fig. 1. The tube cladding is
inserted in the chamber through two Swagelook ™ vac-
uum tube fittings (with Viton gaskets and welded on 33
mm CF flanges). The tube is electrically isolated from
the chamber using UHV tubular ceramic feed-troughs.
One of the flanges is mounted on a flexible below to
avoid mechanical stress during the thermal treatments.
The cladding is heated by an applied alternating current
to heat the cladding tube, requiring an intensity of 30 A
to achieve an experiment reference temperature of 360
°C, with a distance of 50 cm between the heating elec-
trodes. This configuration provides a temperature pla-
teau of 25 cm in the central region. Two nickel wire rings
are used to measure the electrical resistance. They are
located 1.5 cm from the tube center, therefore drop
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Fig. 1. Scheme of the experimental set up.

voltage values are referred to a length of 3 cm. Three
thermocouples are spot welded to the tube, one at the
center (controlling the heating power to maintain the
reference temperature at this point) and the other two
are welded to the extremes of the heated length to as-
sure, as much as possible, a symmetrical temperature
distribution. It is important to note that the welding of
thermocouples on the cladding is required to avoid er-
rors in the temperature measurement. The optical
micrographs show that this welding does not affect the
hydriding process.

The main chamber is pumped by a 200 I/s turbo
molecular pump (TMP). The H, line is built using high
vacuum (HV) and UHV components and it is connected
to the cladding tube. This line is pumped down to
2x 1077 Torr by an auxiliary 80 1/s TMP. This pressure
value implies a contaminant concentration lower than
10 ppm with a H, flux of 0.2 I/min. The experiments
have been performed without any addition of water
vapor. The hydrogen used is a commercial 6 N purity.
The hydrogen line is kept in the low 10~7 Torr range
during all the thermal processes prior to experiment it-
self. A quadruple mass spectrometer and a Bayard Al-
pert gauge are used to monitor partial and total
pressures in the UHV chamber.

A customary bake out, 24 h at 190 °C, is run after the
cladding tube mounting, reaching a pressure of 3x 1071
Torr or lower in the UHV chamber. Afterwards, the
cladding tube is out-gassed at 370 °C during 24 h. At the
end of the out-gassing process, a pressure of 1x10~°
Torr is reached with this temperature in the cladding.
During the bake out the line pumping is confined to the
cladding inner, and the pressure inside the tube rises
from 10~® to 1077 Torr. This value is four orders of
magnitude lower than the partial pressure of impurities
contained in the 6N H, used for the experiment.
Therefore, if an increase of the native oxide layer could
be produced, the effect will not be higher than the ex-
pected from H,O impurities (<0.4 ppm) contained in the
experiment gas. Before the hydriding experiment starts,
the cladding tube is cooled down to less than 50 °C.
Later, it is filled with H,, the pressure equilibrated to 1
atm. and the H, flux stabilized to 0.2 1/min. The tube
temperature is raised to the experiment reference value
at a rate of 10 °C/min. The parameters recorded during
the hydriding process are: heating current, voltage drop
in the cladding central region, temperatures, pressures,
H, flux and mass spectra. The control system cuts the
heating power at a pressure > 1 x 107 Torr. In normal
conditions this event occurs only when the tube sealing
condition is abruptly lost, giving the failure time.

Hydride morphology was observed on chemical
etched cross-sections with an acid solution (H,O,: HNOs:
HF =20 ml: 20 ml: 4 ml), using an optical microscope
(Leica, DMR model), after polishing down to 0.04 um
using a commercial suspension of colloidal silica.
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A X-ray diffractometer (Siemens, D-5001) was used
to identify the zirconium hydride phases formed at the
inner surface. The specimens were sectioned into several
pieces with dimensions about 5 mm in length and 2 mm
width to make a plate formed by tiles suitable for X-ray
analysis.

3. Results and discussion

Preliminary experiments were performed using a
small equipment that assured a 6 cm temperature pla-
teau in the central region of the samples, whose wall
thickness was reduced to 0.4 mm. The samples were
mainly used to study the morphology associated with
the cladding failure. In these experiments, tubes with
different inner surface finishing were tested and, in
general, two kinds of hydriding processes were observed
and related to the inner surface structure. The first type
of behavior was observed when the inner surface ends in
a smooth, near pure Zr liner, which consisted of rela-
tively flat and large grains. In this case, the tube external
surface suffers a deformation in the central region that
appears to be associated with the formation of a circular
hydride front. Fig. 2 illustrates the circular formation. In
more detail, this figure shows radial hydride precipitates
connecting the hydriding front with the external surface.
The external surface exhibits important deformations
and sometimes microcracks, but it does not show a clear
longitudinal crack initiation. However, these samples
were found to be very brittle and sometimes they crack
transversally while they are dismounted.

It is known that the hydriding failures of Zircaloy
frequently occur as ‘sunburst-type’ localized massive
hydriding, forming a non-circular front as it is shown in
the Fig. 9(a) of Ref. [2] for a Zircaloy-2 cladding. We
have detected this pattern when the failure of the tube is
produced outside of the temperature plateau, at a lower

200 um

Fig. 2. Chemically etched Zircaloy-2 sample with inner liner
showing the formation of a homogeneous hydride rim and the
hydride precipitates growing in the radial direction.

temperature than the reference temperature. This indi-
cates that hydrogen takes advantage of any small
inhomogeneity in the inner surface. Longitudinal mi-
crocracks are clearly seen in this configuration. Up until
now, we have not detected this behavior in the lined
samples.

Therefore, tubes with a liner present a more uniform
behavior that makes them appropriate to test the
capabilities of the system previously described and to
provide some insight in the hydriding process. Four 84
cm length samples of Zircaloy-2 with nominal 0.6 mm
wall thickness were used to study the reproducibility of
the method. They correspond to two different batches
and the experimental results show that all of them ex-
hibit the same qualitative behavior and nearly the same
values of failure times and total energy produced by the
hydriding reaction. In addition to this set of experiments
several partially hydrided tube claddings have been
analyzed to study different stages of the hydriding pro-
cess.

The heating power required to maintain the reference
temperature (360 °C) in the 3 cm central region during
the hydriding progress is plotted in Fig. 3. This figure
shows that after the power ramp needed to attain the
experiment reference temperature, the power stabilizes
for a short interval and then it drops drastically. In
absence of other phenomena, the power dissipation
should be constant and it is mainly due to thermal
emission from the outer surface. The nickel rings are
positioned in the central plateau without temperature
gradient and consequently the conduction losses along
the cladding are not relevant in this zone. Another heat
emission source corresponds to the inner surface radia-
tion that can be simulated as a long black body. The

0 5000 10000 15000 20000
secC.

Fig. 3. Power supplied to the 3 cm cladding center to maintain
a constant temperature of 360 °C during the hydriding.
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energy emitted by the inner surface per unit length is
estimated about 1/20th of the energy emitted from the
outer surface. Heat transported by the H, flow is esti-
mated to be two orders of magnitude lower than the
total emission. Therefore, in absence of other phenom-
ena the heating power equilibrates the power losses
mainly due to radiation from the outer surface. How-
ever, sometime after the temperature stabilizes, a drop in
the power needed to maintain the temperature is ob-
served. This drop is detailed in Fig. 4 and its time inte-
gral is shown in Fig. 5. It is interesting to compare the
results shown in Fig. 4 with the kinetic curve obtained in
an hydriding experiment of LaNis (on a single circular
surface) [8]. The HDE curve (Fig. 5) seems similar to the

0.2
0.18 |
0.16 |
0.14 |
0.12

0.1
0.08 |
0.06 |
0.04

0.02 - é
0

0 5000 10000 15000 20000
sec.

Wicm

LR RTT™] HM“HH

Fig. 4. Defect of supplied power during the hydriding. This
defect of power, is fulfilled by the hydriding reaction as con-
sequence of the dissipated reaction heat. It is named in the text
as hydriding dissipated power (HDP).
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Fig. 5. Hydriding dissipated energy (HDE) during the hydrid-
ing reaction.

weight increase observed in thermogravimetry for simi-
lar materials and temperature [2,9]. This similarity sug-
gests that the non-supplied energy is generated inside the
sample, as consequence of the hydride growth, and can
be expected to be produced by Zr+xH —ZrH, and
ZrH, + (2-x)H — ZrH, reactions.

Another parameter obtained directly from the dif-
ference of voltage in the center is the electrical resistance.
This parameter is plotted in Fig. 6. It is interesting to
note that the electrical resistance still grows once the
reference temperature is stabilized. The slope of the
curve begins to decrease when the power drop takes
place (see Fig. 4) and it saturates before the dissipated
power deficiency reaches its maximum. The general
behavior of the curve is similar to the resistivity curve
obtained for the phase change o-Zr — o-Zr+ 8-ZrH, s
when it is measured in a cylindrical geometry at 700 K
[10]. In the first increasing stage both results follow the
same behavior and similar values of the relative resis-
tance change attributed to the H dilution in the o-Zr
phase. Using this curve as a reference, the observed
resistance change corresponds to ~93 ppm in weight of
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Fig. 6. Electrical resistance in the cladding center during the
hydriding. The first increase corresponds to the resistance
change due to the temperature increase until the experiment
temperature of 360 °C is reached (a). The second positive lower
slope corresponds to the H dilution in the o-Zr phase (b). The
maximum indicates that the transition o-Zr — o-Zr+ 3-ZrH, 5
has been initiated.
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dissolved H. By taking into account the resistance
change per atomic fraction at 603 K, reported in the
pioneering work of Mishima et al. [11], a H concentra-
tion of 150 ppm can be estimated. In both cases this
point is close to the limit of terminal (or maximum) solid
solubility (TSS) ~110 ppm for hydrogen for different Zr
alloys measured at 633 K [12-14]. Following the con-
cepts of terminal solid solubility precipitation (TSSP)
and terminal solid solubility dissolution (TSSD) and
supposing in our case a similar ratio of the concentra-
tion values of both limits for different Zr alloys [12,15], a
super-saturating value < 1.5 of TSS must be expected
for 633 K in the cladding before the start of H precipi-
tation. In summary, it can be stated that the increase in
resistance up to the maximum is due to the hydrogen
dissolution, and that this maximum indicates when hy-
drides start to precipitate.

Fig. 7 shows the partial pressure of desorbed H, from
the external surface. The recent work of Sheleifman
et al. [7] reports that the thermal desorption curves fit
second order kinetics. This means that the desorption
value is proportional to [H]?* in the material near the
outer surface. The high value of the diffusion coefficient
of H in Zr and the formation of a massive hydrided rim
as we will show in Fig. 9 (and have been previously re-
ported as a hydride layer on flat samples by Meyer et al.
[16]) indicates that this hydrogen concentration corre-
sponds to the H dissolved in the metallic external area of
the cladding which is still not invaded by the bulk hy-
dride. From this point of view, the Fig. 7 curve can be
interpreted coherently. This desorption curve shows a
maximum, whose height ranges in different experiments
from nearly 0% up to 100% in relation to subsequent
pressure values. When the maximum is not observed, it
is substituted by a decrease of the pressure slope. In any
case, both alternative features appear at the same time
that the resistance maximum, indicating that the H
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Fig. 7. Partial H, pressure during the hydriding process. The
first maximum corresponds to a residual out-gassing, the fol-
lowing slope is due to the desorption, in H, form, of H dis-
solved in the cladding in the o-Zr phase. The maximum
indicates that the H precipitation has started. The latter quick
slope precedes the immediate tube failure.

Fig. 8. Optical micrograph of the microstructure resulting after
a catastrophic hydriding test. The brittle hydride rim (dark
zone), with a thickness of about 400 um, and the radial hydrides
can be observed. Note the circular crack produced by the
compressive residual stresses remaining in the hydride layer.

concentration in the metallic Zircaloy suffers a drop or
it is slowed down when the transition o-Zr— o-Zr+
8-ZrH, 5 takes place. At this stage the hydride rim has
been formed and the two phase components, hydride
and metallic alloy, appear separated by a clearly defined
interface, as Fig. 9(b) shows.

Two non-excluding interpretations of the maximum
can be proposed: (i) the maximum and its intensity is a
consequence of the H super-saturation, which is reached
before precipitation. This super-saturation value de-
pends locally on the material history and its structural
details [14,16] giving rise to an augmentation of the
intrinsic incoherence in time and position of the H
precipitation phenomenon. Therefore, the hydride pre-
cipitation can start with different time delays at different
zones of the temperature plateau, causing the scatter on
the maximum intensity values. (ii) Additionally the
maximum can be produced or enhanced by local tem-
perature overheating produced by the high rate of dis-
sipated power that the precipitation start generates, as it
is shown in Fig. 4. In any case, this increase of pressure
indicates a local instability introduced in the cladding
due to the quick start of the hydride precipitation at the
inner surface. After the maximum, or the slope change,
the H, partial pressure increases slowly before the last
quick slope up. This partial pressure rise corresponds to
about 90%, of the hydrogen concentration at the outer
surface. The causes of the H, pressure increase can be
explained by several compatible ways: the increase of
active centers at the surface for the H, desorption [7],
producing acceleration of the second order kinetics, or
an increase in the dissolved [H] due to a change of the
mechanical strains distribution. The desorption from a
relative small density of hydrides, precipitated at the
outer surface, cannot be excluded as an additional H,
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Fig. 9. Micrographs showing the microstructures obtained
after different controlled hydriding experiments. (a) Without
hydride rim showing circular hydride precipitates. (b) With a
hydride layer of ~45 pm in thickness. The orientation of the
hydride precipitates remains unchanged. (c) With a hydride rim
of ~115 pum in thickness, hydride precipitates with a radial
orientation can be observed. This fact indicates that the hydride
layer thickness can affect to the hydride precipitates orienta-
tion.

source. The last quick slope before the failure time
indicates a fast change on the surface and near surface
bulk properties of the cladding. The final point in the
pressure curve of Fig. 7 precedes the tube failure in less
than 60 s. The achieved ultimate morphology can be
seen in Fig. 8. The amount of precipitated hydrides de-
creases uniformly from the hydride layer front to the
outer surface of the tube, growing in the radial direction.
The brittle fracture observed in the samples is produced
by the induced internal stresses due to the volume
expansion that takes place around the Zr-hydrides
formed in Zircaloy, because the Zr-hydride molar vol-
ume is larger than that of Zircaloy. Hydride phases were
identified by means of X-ray diffraction. At this ad-
vanced hydriding stage, the Zr-hydride layer predomi-
nantly consists of &-ZrH, and 8-ZrH;s and no peaks
corresponding to zirconium were observed. Conversely,
in the sample’s outer surface only diffraction peaks for
zirconium metal were observed, showing that hydrides
are present in minimal amounts at the outer surface, in
agreement with the optical observations. The circum-
ferential crack propagated along the hydride layer sug-
gests that this brittle phase must be under compressive
stresses, due to the volume expansion, whilst the outer
region, hydrided in a lesser extent, should be probably
under tensile stresses, promoting the hydride precipita-
tion along the radial direction.

From these results, it can be inferred that the elec-
trical resistance, the power and the pressure curves de-
scribe a hydriding process. Considering that the time at
which the energy drop starts the incubation time, the
power deficiency corresponds to the hydriding dissipated
power (HDP), and the electrical resistance increase is
related to the hydrogen dissolved in the a-Zr phase until
the hydride rim is formed. These facts were confirmed by
the analysis of partially hydrided samples.

Therefore, several characteristic parameters of the
hydriding process can be measured: the maximum
change of resistivity that corresponds to the beginning of
the phase change, the incubation time, the failure time
and the HDE before the failure. Table 1 shows the re-
sults obtained for four samples with the same compo-
sition and structure coming from two different
fabrication batches. It is very interesting to observe in
Table 1 that the failure times and the HDEs are almost
the same values in all the cases. Some differences exist in
the resistance change, indicating a difference between the

Table 1
Incubation time (ti), failure time (tf), resistivity change (%ro) and HDE for four Zircaloy samples coming from two different batches
Sample Al A2 Bl B2
ti sec. 2200 1640 680 1080
tf sec. 14060 12880 14780 14960
Y%ro 0.025 0.028 0.025 0.023
Joules/cm 1040 1018 1040 1176.66667
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two batches in the solubility limit before precipitation. It
is well known that this value depends on subtle changes
in sample processing and history. The incubation time
appears reasonably reproduced for the reference tem-
perature (360 °C). This value is usually associated with
the surface structure and other composition details, like
native oxide layer thickness as well as small water vapor
contamination in the H, line. Several partially hydrided
claddings where obtained at 350 °C using the HDP and
resistance curves as a reference and assuming that the
HDE is mainly related with the hydride rim thickness.
The tube cladding sections at three different and signif-
icant hydriding stages are shown in Fig. 9. The hydrid-
ing dissipated power, the hydriding dissipated energy,
the resistance and H, partial pressure corresponding to
the hydriding stage of the thicker rim, Fig. 9(c), are
plotted in Figs. 10-13, respectively. The cross-section
micrographs shown in Fig. 9 correspond to: (a) a stage
before the a-Zr — o-Zr + 6-ZrH, 5 transition and close to
the beginning of the hydride precipitation that is deter-
mined by the resistance change ~1.7%; (b) a stage before
the maximum in the HDP curve on Fig. 10; and (c) a
stage after the maximum has been surpassed, this is the
last point of Fig. 10. The changes in hydriding front and
hydride morphologies are evident. The rim thickness of
the different samples and their HDE per unit of hydride
volume are included in Table 2.

Some worthy results can be straightforwardly de-
duced, being in progress an additional structural and
micromechanical study. Fig. 9(a) shows the state
immediately before the o-Zr— a-Zr+36-ZrH, s transi-
tion without rim formation, where circular hydrides are
homogeneously distributed and present in low density,
indicating that hydrides have precipitated during the
sample cooling. Fig. 9(b) represents a phase after the
beginning of the o-Zr — a-Zr + 3-ZrH, 5 transition and
shows the formation of the hydriding front at the liner.
It is interesting to note its wavy like shape which indi-
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Fig. 10. HDP produced by the hydriding reaction during the
growth of the 115 pm hydride rim of Fig. 9(c). The arrow
corresponds to the hydriding stage of Fig. 9(b). The time axis
starts when the experiment temperature of 350 °C is reached in
the center of the tube cladding.
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Fig. 11. HDE produced during the formation of the 115 pm
hydride rim of Fig. 9(c). The arrow corresponds to hydriding
stage of Fig. 9(b).
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Fig. 12. Electrical resistance in the cladding center during the
formation of the 115 pm hydride rim of Fig. 9(c). The increase
corresponds to the H dissolution in the a-Zr phase. The max-
imum indicates that the transition o-Zr — o-Zr+ 3-ZrH, 5 has
been initiated. The time axis starts when the experiment tem-
perature of 350 °C is reached in the center of the tube cladding.
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Fig. 13. External partial H, pressure during the hydriding
process corresponding to the rim of Fig. 9(c). The pressure curve
show a slope change or a smooth peak at a time close to the
maxima of power and resistance of Figs. 10 and 12, respectively.
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Table 2

HDE values corresponding to different hydrided rim thickness
Thickness mi 433 247 133 56
Joules/cm® 4107 3549 3372 2718

cates that the front has been initiated at different points
in the inner perimeter and that it has not stabilized yet.
The values of the equivalent reaction energy for this
sample are marked in Figs. 10 and 11. At this stage, Fig.
10 shows that the energy dissipated by the reaction in-
creases quickly with the time. In the more advanced
hydriding stage of Fig. 9(c), the hydride front appears in
a circular shape and radial hydrides begin to develop. At
this point important mechanical effects begin to take
place as the observed circular crack indicates.

Table 2 shows how the HDE per unit of volume in-
crease with the hydride thickness. This HDE increase
indicates that different ZrH, stoichiometries with
increasing hydrogen concentration are produced during
the hydriding progress. The X-ray analysis of the inner
surface of the Fig. 9(b) shows a cubic phase corre-
sponding to 0-ZrH, or 6-ZrH;s. Both compounds
present very close d-spacings and intensity ratios, mak-
ing it nearly impossible to discriminate between them.
However, the increase of energy per volume unit related
to the hydride thickness as shown in Table 2, allows us
to discard the phase with the maximum amount of H.
This is in agreement with the expected phase transition
for low H concentrations at the beginning of rim for-
mation. The high rate of HDP at the beginning of pre-
cipitation indicates that the analyzed phase is produced
in a relatively quick hydriding process.

After the maximum, the HDP decreases with the
thickness, in an opposite tendency to the HDE per
volume unit. This tendency indicates that the progres-
sion of the hydride front decreases during the cladding
hydriding. Probably this slow down effect is the conse-
quence of a continuous hydride layer formation with a
relatively low H diffusion coefficient. It is interesting to
note that the increase in HDP and the wave like front at
the onset of the hydride precipitation is in agreement
with the hydriding model of Inomata et al. [8].

The present discussion demonstrates that the
combination of different measurements during the
hydriding tests of Zircaloy tube claddings, similar to
those reported in this work, together with cross-sections
and structural analyses can give deep insight into the ki-
netic and structural processes of these nuclear materials.

4. Conclusions

An UHV method to study the hydriding of tube clad-
dings from their inner surface has been developed. The
method is useful to test the behavior and resistance under

this destructive process. The initial application shows that
the hydride precipitation takes place in the form of an
inner rim with an initial high speed front propagation
associated with a shape instability and a relatively low
stoichiometry. In a second stage the propagation slows
down and the H content of the rim increases.
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