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Abstract

Hydrogen diffusion and accumulation in oxidized Zr(ZrO,) and oxide-metal interfaces lead to hydrogen induced
cracking in Zr-based compounds that are extensively used in nuclear reactors. In this study, the interaction of hydrogen
with irradiation damage in (00 1) single crystals of yttria-stabilized zirconia (Y-ZrO,) has been investigated as a
function of damage accumulation and temperature. Samples were irradiated with 40 keV hydrogen ions at a temper-
ature of 120 K to ion fluences of 5 x 10'® and 1 x 10" ions/cm?, and isochronal experiments were performed in the
temperature range from 300 to 770 K in 100 K steps. Damage accumulation and hydrogen profile measurements in-
dicate unusual damage recovery behavior, pinning of hydrogen by damage, and surface deformation due to hydrogen
blisters and bubbles. © 2001 Published by Elsevier Science B.V.

PACS: 61.85 +p; 61.72 Ji; 61.80 Jh

1. Introduction

Zirconium alloys are widely used in core structural
components of water-cooled and water-moderated re-
actors due to zirconium’s low neutron absorption cross-
section. The oxidation of Zr alloys with steam, water, or
radiolysis products of water leads to the nucleation and
growth of hydride phases, which promote the stress
corrosion cracking of cladding and other core structural
components. Hydrogen embrittlement of Zr metals and
Zr alloys has been extensively studied in the past [1-5],
and it is believed that the hydrogen embrittlement in
zirconium and its alloys occurs by penetration of hy-
drogen through the oxide films into the zirconium [6]. As
such, it is important to understand hydrogen uptake
through the oxides. A detailed understanding of hy-
drogen transport processes through the oxide film is
required to clarify the mechanisms of hydrogen diffusion
into the metals. Surface preparation, heat treatment,
and oxide film thickness affect the hydrogen permeation
properties in zirconium oxides [1]. In addition, the hy-
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drogen transport through the oxide film depends on the
size distribution and density of the intermetallic pre-
cipitates, and irradiation has a significant influence on
the precipitates. Although the influence of intermetallic
precipitates on hydrogen uptake through the oxide film
has been addressed to some extent [5], systematic studies
of hydrogen uptake into Zr alloys as a function of alloy
composition, surface oxide thickness, and irradiation
damage have not been performed. It has been reported
that the hydrogen uptake is small for the fine precipi-
tates compared to coarse precipitates in the oxide film
[5]. Furthermore the ionization induced diffusion also a
play an important role in the transport of hydrogen
through oxides [7].

In another Zr-Nb 2.5% alloy and ZrO, study, about
40 keV deuterium was implanted into the material and
the deuterium depth distribution was investigated using
the D(*He, p)*He nuclear reaction analysis (NRA) [8].
The results show that the D(*He, p)*He NRA in con-
junction with SIMS provides a means for quantitative
depth profiling of deuterium. In general, a modest depth
resolution and high accuracy in quantification can be
achieved in NRA measurements, and these measure-
ments are insensitive to matrix effects. Although SIMS
measurements are sensitive to matrix effects, the spatial
resolution and the sensitivity for hydrogen is relatively
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high in SIMS measurements. In the present study, hy-
drogen NRA has been used to quantify the hydrogen in
the material.

Radiation effects on Zr alloys using high energy
protons and neutrons have been studied in the past
[9-12]. Neutron irradiation studies [2] suggest that there
is a significant change in hydrogen uptake in Zr alloys
due to the irradiation-induced microstructural change in
the material. Irradiation causes partial or full amorph-
ization of Zr(Fe,Cr), and Zr,(Fe,Ni) precipitates in the
protective oxide layer of zirconium alloys. Because ir-
radiation produces amorphous insulator particles [13],
the electron transport properties of the oxide will change
at some fluence. Since a potential gradient across the
oxide increases, H™ is expected to diffuse faster and
further into the material.

Recently, Thevuthasan and co-workers [14] have
demonstrated that hydrogen implantation followed by
subsequent annealing can cleave single crystal oxide thin
films with known thickness in SrTiO; (100) single
crystal substrates. It is not clear whether this process can
be utilized in many other oxide single crystals to gen-
erate thin oxide films, which can be effectively used in
many applications. Hence, understanding the cleavage
of thin films in yttria-stabilized zirconia single crystals is
an additional benefit of this study. The current study
investigates the effects of hydrogen implantation, im-
plantation damage, and subsequent annealing in yttria-
stabilized ZrO, (100) using Rutherford backscattering
spectrometry in channeling geometry (RBS/C), NRA,
and scanning electron microscopy (SEM).

2. Experimental procedure

Hydrogen implantation at 120 K to fluences of 40 keV
5.0 x 10 and 1.0 x 10" H/cm® was carried out on
yttria-stabilized ZrO, (100) single crystals at Implant
Science Corporation. After implantation, the samples
were shipped to Pacific Northwest National Laboratory
(PNNL) and stored in a desiccator for 3-4 months prior
to the annealing experiments. The sample dimensions
were 1.0 cmx 1.0 cmx 1.0 mm, and a conventional
alumel-chromel thermocouple was placed on a corner of
the sample surface and held by a Ta clip during the RBS/
C experiments. The damage recovery experiments were
carried out using the accelerator facility within the En-
vironmental Molecular Sciences Laboratory (EMSL) at
PNNL. The accelerator facility and the end stations are
described in detail elsewhere [15]. Isochronal annealing
of the hydrogen implanted Y-ZrO, single crystals was
performed for 20 min in high vacuum applying at each
temperature step. The annealing temperatures were
varied from 370 to 870 K at 100 K intervals with +£5 K
uncertainty in the temperature. After each annealing
step, the sample was cooled down, and the RBS/C and

hydrogen NRA measurements were carried out at a
sample temperature of 300 K using 2.0 MeV He™ and
6.40-8.04 MeV F3* ions. The RBS/C spectra were col-
lected using a silicon surface barrier detector at a scat-
tering angle of 150°. The hydrogen NRA measurements
were performed using the resonant 'H("*F,ay)'°O re-
action [16]. During the NRA measurements, the sample
was in kept in random orientation and a 50 mm x 100
mm bismuth germanium oxide (BGO) detector was used
to collect the gamma rays produced by the reaction. The
hydrogen quantification was calibrated against the hy-
drogen measurements from 1 x 107 H*/cm? implanted
SiC single crystal. Sample heating during these mea-
surements increased the temperature for some mea-
surements to 325-350 K. At the end of 770 K annealing,
the samples were removed from the ion scattering
chamber, and the SEM measurements were performed
using LEO 982 SEM instrument.

3. Results and discussion

The accumulation of damage and subsequent re-
covery in the hydrogen-implanted Y-ZrO, (100) single
crystals was studied primarily using the damage peak
profiles, the surface peak (SP) areas, and the minimum
yields (y,,;,) in the RBS/C measurements. By measuring
the hydrogen depth profile after every annealing step, it
is possible to correlate the hydrogen in some ways to
thermal recovery behavior of defects generated during
irradiation. Furthermore, the SEM measurements from
these samples can be used to study the morphology
changes in the surface as the consequent of hydrogen
interaction with the material and the defects in the
material.

In Fig 1 we present the channeling spectra measured
from the irradiated and virgin regions of the crystal
(implanted with 1.0 x 10'7 H*/cm?) for several anneal-
ing temperatures along with a random spectrum. The
arrows in the figure indicate the energy positions ex-
pected for backscattering from Zr and O atoms at the
surface as well as from the damage region. Only the
RBS/C spectra from the irradiated region for 300, 370,
470 and 770 K annealing are shown to minimize the
interference between different spectra. Although the ion
irradiation produced damage on both the Zr and O
sublattices, only the damage created on the Zr sublattice
is followed. The damage produced on the Zr sublattice
after the implantation is rather dilute, and the peak due
to the damage is broad, perhaps due to diffusion at the
implantation temperature (300 K RBS/C spectrum).
However, as shown in the figure, the damage peak ap-
pears to be narrow and well defined with increasing
annealing temperatures.

The hydrogen concentration profiles, determined
using the hydrogen NRA, are presented in Fig. 2 for
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Fig. 1. Ton scattering/channeling spectra for 2 MeV He™ ions
on virgin and 1 x 10'7 H*/cm? implanted Y-ZrO, (100) single
crystal sample, for selected isochronal annealing temperature as
indicated in the figure. The energies of the Zr, O surface peak as
well as the damage peak of the Zr are indicated by the arrows.
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Fig. 2. The hydrogen depth profiles measured by the resonant
TH("F, ay)'°O nuclear reaction for the 1 x 107 H*/ecm? im-
planted Y-ZrO, (1 00) single crystal sample are presented. The
profiles were taken after 300, 370, 470, 570, 670 and 770 K
isochronal annealing.

annealing up to 770 K. The as-implanted hydrogen
profile is peaked at a depth of 300 nm, and a small
shoulder is visible around 150 nm from the surface. The
integrated area under each individual curve will give the

total amount of hydrogen accumulated in the sample.
Before any heat treatments, the integrated hydrogen
dose appears to be 0.72 x 107 H*/cm?, which is signif-
icantly less than the implanted hydrogen ion dose of
1.0 x 10'7 H*/cm?. It appears that some hydrogen was
lost by diffusing out the surface of the sample and/or
into the bulk during the sample storage at EMSL. The
broad tails on both sides of hydrogen profiles confirm
the hydrogen diffusion from the implanted region. An-
nealing the sample to 370 K resulted in an increase in the
backscattering yield from the Zr sublattice near the
damage peak. This suggest that there is some increased
disordering of Zr atoms during annealing due to the
possible interaction of H with the structure or the for-
mation of defect clusters or bubble nuclei. The hydrogen
profile data shows a peak shifted towards larger depth
(350 nm) with almost the same hydrogen diffusion to-
wards the surface as the room temperature hydrogen
profile.

Although the damage generated in the Zr sublattice
was not significantly increased near the damaged peak
position at 470 K annealing, there was a significant in-
crease in the dechanneling from the near-surface region.
The channeling spectrum looks similar to the random
spectrum with the height near the surface region at ap-
proximately 50% of the random height. One possibility
for the unusual increase in the backscattering yield from
the near surface region is the strain and deformation
induced by the formation of hydrogen defect clusters or
hydrogen blisters in this region after annealing at 470 K.
However, there is no significant difference in the damage
peak compared to the damage peak after 370 K an-
nealing. This indicates that the damaged region is not
significantly altered due to the deformation of the sur-
face region. Further annealing at 570 and 670 K sig-
nificantly reduces the amount of hydrogen in the
analysis region. The aligned spectra after these anneal-
ing cycles (not shown in Fig. 1) show a slight decrease in
the backscattering yield from the deformed region.
However, no significant differences were observed in the
damage peak. Further annealing at 770 K reduced the
total amount of hydrogen to the background level. The
damage, including the deformation of the surface region,
appears to decrease as a result of this annealing. Al-
though virtually no hydrogen is present in the system,
within the detection limits, some deformation of the
surface region still remains after annealing at 770 K.

SEM measurements were carried out on the 770 K
annealed sample to understand the morphology and
microstructural changes in the material due to hydrogen
interaction with the material and defects during the
annealing. SEM images obtained from an unirradiated
region and an irradiated region after 770 K annealing
are shown in Figs. 3(a) and (b), respectively. The irra-
diated region shows blisters and bubbles of several mi-
cron diameters. It is also clear from the figure that some
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Fig. 3. SEM images from a virgin and 1 x 10" H*/cm? implanted Y-ZrO, (100) single crystal sample: (a) virgin; (b) irradiated and
anneal sample after 770 K annealing; (c) side view of the single blister cap and (d) side view of the bubbles and the blisters.

of the hydrogen blisters are ruptured during the an-
nealing. Fig. 3(c) shows the side view of an individual
ruptured blister cap. The average thickness of the blister
cap appears to be in the range 270-350 nm, which is
close to the range of the implanted hydrogen in Y-ZrO.
However, the size of the un-ruptured bubbles that are
still intact after 770 K annealing (Fig. 3(d)) seems to be
varying from 100 to 1000 nm. These blisters and bubbles
are responsible for the deformation of surface region. As
a result, an increase in the backscattering yield was ob-
served in the channeling spectra taken after annealing at
470, 570, 670 and 770 K.

It is possible that the tiny hydrogen particles gener-
ated during the initial annealing temperature (up to 370

K) might have combined together to form relatively
larger bubbles during annealing at 470 K. This is evident
from Fig. 1, where unusually high dechanneling was
observed after annealing the sample at 470 K. Even-
tually, due to the high H, gas pressure in the bubbles,
some of the bubbles ruptured and blisters formed during
the high temperature annealing. This is evident from
Fig. 2, where considerable amount of hydrogen (about
30 %) left the sample after 570 K of annealing. Since not
all the hydrogen has left the sample, it is possible that
some of the bubbles formed at 470 K are still intact (un-
ruptured) even after the high temperature annealing. In
addition, during the high temperature annealing (above
570 K), the residual hydrogen might have an additional
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diffusion path, through the ruptured blisters, to leave the
sample. Because of this additional diffusion path some
of the hydrogen bubbles are intact.

In order to understand the effect of implantation dose
on damage accumulation and subsequent thermal re-
covery, we have repeated similar measurements on
5.0 x 10'® H*/cm? implanted Y-ZrO, sample. The RBS/
C and hydrogen measurements from this sample are
shown in Figs. 4 and 5, respectively. The initial (as-im-
planted) damage on the Zr sublattice is slightly higher
than that of the high fluence (1 x 10'7 H/cm?) and the
hydrogen depth profile shows a broad peak (Fig. 5) with
the peak position around 350 nm from the surface. As in
the case of higher dose, the amount of hydrogen in the
sample was less compared to the implantation dose
possibly due to hydrogen loss from the implanted re-
gion. No significant difference was observed in the
channeling spectrum after 370 K annealing (Fig. 4).
After 470 K annealing, a slight decrease in the back-
scattering yield across the penetration depth of the im-
planted hydrogen was observed. Although dechanneling
in the surface region is still much higher compared to the
channeling spectrum from virgin sample, the damage
peak has been virtually removed during this annealing.
Similar appearance between the channeling spectra after
annealing at 470 and 770 K suggests that there is no
significant decrease in the dechanneling as a function of
temperature.

The relative disorder at the damage peak in both low
(open circles) and high dose (closed circles) irradiated
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Fig. 4. Ton scattering/channeling spectra for 2 MeV He™ ions
on virgin and 5 x 10'® H*/cm? implanted Y-ZrO, (10 0) single
crystal sample, for selected isochronal annealing temperature as
indicated in the figure. The energies of the Zr, O surface peak as
well as the damage peak of the Zr are indicated by the arrows.
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Fig. 5. The hydrogen depth profiles measured by the resonant
"H("F, ay)'°O nuclear reaction for the 5 x 10'® H*/cm? im-
planted Y-ZrO, (100) single crystal sample are presented. The
profiles were taken after 300, 370, 470, 570, 670 and 770 K
isochronal annealing.

samples as a function of annealing temperature is shown
in Fig. 6(a). The relative disorder was calculated as the
ratio between damage peak height after the background
subtraction for the dechanneling effects to the random
height at the damage peak position. The solid lines are
intended to guide the eye. It is clear from this figure that
the damage production and the subsequent recovery are
different for these two samples. Even though, the initial
damage is higher in the low dose sample, the high dose
sample shows a rapid damage increase as the annealing
temperature increases up to 470 K. In fact, the low dose
sample started to recover its damage right after the first
annealing. After annealing to 770 K, although the de-
channeling in the surface region is still high, the recovery
is virtually complete in the low dose sample. Although
the high dose sample shows some kind of damage re-
covery, the damage caused by the hydrogen interaction
is still very high even after annealing at 770 K.

Fig. 6(b) shows the surface disorder as a function of
annealing temperature for high and low dose samples,
respectively. We define the surface disorder as the ratio
of SP area to the integrated random yield within the
same energy window. In the low dose sample, no sig-
nificant variations in the surface disorder was observed
as a function of annealing temperature up to 770 K
within the experimental uncertainties (less than 5%). On
the other hand, the high dose sample shows significant
variations in the surface disorder as a function of an-
nealing temperature. After annealing at 370 K, there is
not much increase in surface disorder in the high dose
sample as in the case of low dose sample. However, after
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Fig. 6. Damage accumulation and the thermal recovery be-
havior of the hydrogen implanted Y-ZrO, (1 00) single crystal
sample for 5.0 x 10'® H/cm? and 1.0 x 10" H/cm? doses as a
function of annealing temperatures: (a) relative disorder at the
damage peak; (b) surface disorder and (c) dechanneling con-
tribution to the backscattering yield.

annealing at 470 K the high dose sample shows signifi-
cant increase in the surface disorder as seen in Fig. 6(b).
This sudden increase in the surface disorder has been
caused by the deformation of the surface region due to
formation of tiny hydrogen bubbles. The surface disor-
der appears to decrease as a result of further annealing.
However, the surface disorder after 770 K annealing is
still much higher than the virgin sample possibly because
of the remnants of the ruptured blisters in the surface
region. Similar trends were observed in the dechanneling
contribution to the backscattering yield as a function of
annealing temperature for both low and high dose
samples and the results are shown in Fig. 6(c). De-
channeling in the low dose sample appears to be de-
creasing as a function of annealing temperature. On the
other hand, the variations in the dechanneling in the high

dose sample are similar to the variations in the surface
disorder.

The total amount of hydrogen remaining in both the
low dose (closed circles) and high dose (open circles)
samples after each annealing step is shown in Fig. 7. The
solid lines are intended to guide the eye. Clearly, both
samples lost most of the hydrogen after annealing at 570
K. However, up to 470 K annealing, the hydrogen loss is
gradual in high dose sample while there is no significant
hydrogen loss in the low dose sample. Almost all the
hydrogen was removed during the annealing at 570 K in
the low dose sample. Although significant amount of
hydrogen was removed in the high dose sample during
the 570 K annealing, a considerable amount of hydrogen
still left in the sample after annealing at 670 K. It is
possible that some of the hydrogen atoms or molecules
are trapped in the bubbles for the high dose sample that
might have slow down the hydrogen diffusion. Even
though, the hydrogen depth profiles (in Fig. 5) are dif-
ferent from the low dose sample up to 470 K of an-
nealing, the total dose of the hydrogen atoms in these
three profiles are nearly identical. This suggests that the
hydrogen atoms or molecules are loosely bonded to the
damage regions in the low dose case. On the other hand,
the hydrogen atoms or molecules in the high dose
sample are tightly bonded to the damage region, as it is
evident from Figs. 5 and 7.

SEM images obtained from an unirradiated region
and an irradiated region in the low dose sample after 770
K annealing is shown in Fig. 8. Since there is no sig-
nificant difference between both of these SEM images, it
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Fig. 7. Total number of hydrogen remains in the sample after
the annealing as a function of annealing temperature for both
low (open circles) and high (closed circles) dose samples. Solid
lines are provided to guide the eye.
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Fig. 8. SEM images from a virgin and 5 x 10'® H*/cm? implanted Y-ZrO, (1 00) single crystal sample: (a) virgin and (b) irradiated

and anneal sample after 770 K annealing.

is clear that the surface morphology of the low dose
sample was not altered during the annealing process.
Contrary to the case of high dose sample, it appears that
the hydrogen left the sample without making any sig-
nificant damage in the surface region during the an-
nealing. In a previous study by Thevuthasan and co-
workers [14], it was shown that cleavage of thin film
occurs in a 5.0 x 10'® H*/cm? irradiated sample and
remnant of blisters appeared in the surface region of a
1.0 x 10'7 H*/cm? irradiated sample during the anneal-
ing. Although similar blisters and deformations were
observed for the high dose sample in the present work,
any indications of cleavage of thin films on yttria-
stabilized zirconia were not observed for the low dose.
Further studies are necessary to determine the range of
doses that can cause thin film cleaving in yttria-sta-
bilized zirconia.

4. Conclusions

Damage accumulation and thermal recovery pro-
cesses in 40 keV H implanted yttria-stabilized zirconia
single crystals were investigated using RBS/C measure-
ments for two different doses (0.5 x 10! and 10 x 10'7
atoms/cm?). The hydrogen quantification in the sample
was performed using the 'H("F,ay)'°O NRA. The
surface morphology and the microstructures were ana-
lyzed using SEM. In the case of high dose sample, an-
nealing at 470 K resulted in an increase of relative
disorder, surface disorder and dechanneling across the
penetration depth of the implanted region. Hydrogen
bubbles were formed after annealing at 470 K and some

of these bubbles were ruptured after further annealing.
The SEM results show that remnant damage and de-
formation of surface region is still visible after 770 K
annealing. On the other hand, the low dose sample
shows much smaller surface disorder and damage ac-
cumulation as a consequence of annealing. No evidence
of bubbles formation or ruptured blisters was observed
in this sample after the annealing. The hydrogen depth
profile measurements performed after 570 K annealing
suggests that both samples lost most of the hydrogen at
this temperature. The high dose sample appears to lose
hydrogen at a slower rate than the low dose sample
presumably due to the strong interaction with the
damage regions.
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