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Yttria-stabilized zirconia (YSZ) is irradiated with 2.0-MeV Au?" ions and 30-keV He ions. Three types of He, Au,
Au+ He (successively) ion irradiation are performed. The maximum damage level of a sequential dual ion beam implanted
sample is smaller than single Au ion implanted sample. A comparable volume swelling is found in a sequential dual ion
beam irradiated sample and it is also found in a single Au ion implanted sample. Both effects can be explained by the
partial reorganization of the dislocation network into weakly damaged regions in the dual ion beam implanted YSZ. A
vacancy-assisted helium trapping/diffusion mechanism in the dual ion beam irradiated condition is discussed. No phase

transformation or amorphization behavior happens in all types of ion irradiated YSZ.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is fabricated by doping
the zirconia with yttria. Yttria stabilizes the cubic phase zirco-
nia at room temperature. Due to its high radiation resistance
and high chemical stability, YSZ is a suitable model system for
investigating the irradiation effects of materials.!"»?! This sin-
gle crystalline material can be used for the intermatrix layer of
nuclear fuel! and also for the covering and storage of nuclear
waste.[4]

In nuclear reactors, materials are exposed to severe irradi-
ation environment of atomic displacement damage and a large
number of helium ions which are generated by neutron irra-
diation and nuclear transmutation, respectively. Ion beam ir-
radiation is a useful and important technology to simulate the
radiation damage or He ion accumulation in nuclear materials.
Most of the experimental work on zirconia was performed us-
ing heavy ion implantation to simulate the damage induced by
neutron radiation®>=°! or by implantation of He ions to simu-
late the damage caused by o particle.['%15] Recently the re-
lease of He ions from vacancy defects was found in simul-
taneous dual ion beam (Zr ions and a relatively low fluence
of He ions) irradiation.['9 As the actual nuclear material or a
part of the equipment, the He content in zirconia will be very
high. The He ion behavior is different in the high dose (above
2 x 10'%/cm?) from in low dose (below 6 x 10'%/cm?) single
He ion irradiation.!'!) In this paper, dual ion beam irradiation
(Au ions and a high fluence of He ions) is carried out to simu-
late the irradiation environment in a real nuclear reactor.
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2. Experimental details

The ZrO, [100] single crystal used in this investigation
was doped with 6.5-mol% yttria in order to stabilize the cubic
phase. Au ion implantation was carried out witha 2 x 1.7 MV
tandem accelerator at the Institute of Heavy Ion Physics in
Peking University. He ion implantation was carried out using
an anion implanter at Beijing Normal University. The samples
were implanted at room temperature (RT) in a random direc-
tion (by tilting the crystals with an angle of 7° relative to the
surface normal) with Au?t and Het ions of 2 MeV and 30 keV
and ion fluences of 5x 10" ¢cm~2 and 2x10'® cm~2, respec-
tively. The beam current densities of Au and He ions each are
1 nA-cm™2 to keep the specimen at room temperature (RT) as
far as possible. Au and He ions were irradiated singly or du-
ally on the YSZ specimens. For dual ion beam implantation,
Au ion irradiation was performed before He ion irradiation.
He ion energy was chosen in order to fit the helium profile to
the excess vacancy profile generated by the Au”>* ions. The
ion-induced damage in the YSZ crystal was determined by
Rutherford backscattering spectrometry/channeling (RBS/C)
measurements with a collimated 2.022-MeV Het beam. The
backscattered particles from the target were accepted by an
Au-Si surface barrier detector at a 165° laboratory angle.
The energy resolution was around 15 keV. The swelling of
the implanted specimen was measured using the step height
method by Agilent 5500 atomic force microscopy (AFM) with
a Si cantilever operated in the tapping mode. The obtained
images were treated with a second-order flattening routine.
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Cross-sectional transmission electron microscopy (TEM) mi-
crographs were taken to observe the crystal morphology using
a JEM-200CX transmission electron microscope, with an ac-
celerating voltage of 300 kV. Open volume defects in the sam-
ples were investigated using the positron annihilation spec-
troscopy (PAS). Using a continuous positron beam with inci-
dent energy (E) ranging from 0.5 keV to 20 keV, we perform
Doppler broadening depth profiling in the pristine and irradi-
ated samples. A microscopic Raman spectrometer (L2ZBRAM
ARAMIS) was used to characterize the irradiation effects of
the pristine and ion-irradiated specimens at room temperature.
The excitation source was a 532-nm laser with power below
5 mW to avoid heating.

3. Results and discussion

Figure 1 shows the implanted ion range and damage dis-
tributions calculated by the stopping and range of ions in
matter (SRIM) 2013.1'71 SRIM calculations indicate that the
Au’" implantation and the He" implantation result in maxi-
mum damages of 21 displacement per atom (dpa) and 0.7 dpa
in ZrO,, respectively, considering a displacement energy of
40 eV for both Zr and O atoms.!"®! Auion implantation can
cause excessive vacancy Vgx, which is nearer the surface of
YSZ than the excessive interstitial atom Rgy.
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Fig. 1. (color online) Damage and range distributions in YSZ irradi-
ated by 2-MeV Au and 30-keV He ions, calculated by the SRIM 2013
code. The left and right Y axes represent the vacancy and ion distribu-
tions caused by per injected Au or He ion at per unit depth (in unit A),
respectively. The distributions of Au and He ions are both in arbitrary
units.

Figure 2 shows the RBS/C spectra recorded on pristine,
Au, He, and Au+He ion irradiated specimens in order to
identify the structural damage and measure the lattice disor-
der. The random and aligned RBS/C spectrum of the unim-
planted specimen included in Fig. 2(a) are for comparison. At
the surface peak, the dechanneling yield Y, = 6% is mea-
sured for the pristine crystal. Such a low value features the
high crystalline quality of the original YSZ substrate. The
sample implanted with He ions shows an appreciable change
near the surface in the channeled spectrum compared with the

pristine specimen. That high dose He implantation can cause
evident damage was also found by Kuri et al.l'°! The aligned
spectra of Au and Au + He ion implantation both show an en-
hancement in backscattering yield. The bumps are clearly ob-
served respectively around 1450 keV and 1600 keV in the im-
planted samples, indicating that the damage is mostly located
at a depth corresponding to this energy. The local increase
of the dechanneling yield is a consequence of lattice disor-
der created by ions implantation. Assuming that the observed
RBS/C yield is proportional to the number of displaced atoms,
we evaluate the damage depth distributions. The measured
point defect distribution is shown in Fig. 2(b), which is de-
duced by a computer program DICADA?Y! (dechanneling in
crystals and defect analysis) from the channeling data. The
damage exhibits two peaks around 120 nm and 220 nm, which
correspond to damages created by He and Au ions, respec-

tively.
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Fig. 2. (color online) (a) Aligned backscattering spectra for the pristine,
Au, He, and Au+ He ion irradiated specimens. A random spectrum for
the unimplanted region is also shown in the figure. (b) The correspond-
ing depth distributions of defects calculated by RBS/C spectrum.

The maximum damage level of the Au+He ion-
implanted sample is smaller than that of the Au ion-implanted
sample at a depth of 220 nm. A model referred to as mul-
tistep damage accumulation (MSDA) was developed to re-
produce the damage buildup in many oxide systems.?!! The
main assumption of this model relies on the consideration that
the damage accumulation results from a series of successive
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atomic reorganization steps. Each new step occurs when the
current structure of the irradiated material is destabilized by
radiation damage. High fluence MeV Au ion implantation
also exhibits a surprising decrease in the maximum damage
yield, which is attributed to the interaction between previ-
ously formed dislocations leading to the disappearance of the

(221 The minimum free energy of

tangled dislocation network.
the system is a whole effect of the sample. The damages in
different depths will influence each other. The TEM micro-
graphs of Fig. 3 confirm this statement. Figure 3(a) shows the
image of He ion-implanted sample, where point defects and
small dislocations can be seen starting to appear. Figure 3(b)
shows a dislocation network of tangled dislocations after Au
ion implantation. Figure 3(c) reveals the partial reorganization
of dislocation network into a weakly damaged region, which
mainly consists of fine dislocation loops. This transformation
may lead to a decrease in system free energy. Moreover, this
microstructural transformation provides an explanation of the
surprising decrease in the disorder level observed by RBS/C.
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Fig. 3. Bright-field TEM micrographs on YSZ crystals. Panels (a), (b),
and (c) are irradiated with He, Au, and Au + He ions respectively.

The swelling of the irradiated YSZ is determined us-
ing a step-height method by AFM. The specimen is partially
masked by stainless steel with a knife edge during ion irradia-
tion, so that only the unmasked region is irradiated. After irra-
diation, the surface of the unmasked region becomes elevated
and a step forms at the interface between the masked and un-
masked regions. AFM three-dimensional (3D) images show
the differences in step-height between the areas implanted
with He, Au, and Au + He ions and the virgin area in Figs. 4(a),
4(b), and 4(c) respectively. Each of the images is taken over
an area of 25 square microns. Many AFM images for one
specimen show only small differences among these images.
Based on the analysis of several images, the following char-
acteristics are observed. The measurement of this step height
provides the total volumetric swelling that has occurred along
the path of the injected ions. The swelling in the lateral direc-
tion can be ignored because of the anisotropy of the implanted
ions. The step heights of He, Au, Au+He ion implanted
YSZ are 2.0+0.5 nm, 4.3+0.5 nm, and 4.0£0.5 nm. XRD

measurements also show that when Au ion fluence is above
5 x 1013/cm?, the stress will be released in the 4-MeV Au ion
implantation. >? This effect will reduce the distance of the lat-
tice atoms. Swelling saturation observed under high-dose ir-
radiation accounts for the radiation-induced vacancy emission
from extended defects, such as voids, dislocations, and grain
boundaries.?3! Macroscopic swelling is mainly related to the
densities of dislocations and voids created by interstitial ions
and vacancies, respectively.

Fig. 4. 3D AFM images of He, Au, Au+He implanted YSZ crystals.
A step appears between the irradiated and unirradiated regions. Area
coverage is 5 umx5 um.

The RBS-C and TEM measurements each show a lower
maximum damage level in Au + He ion-implanted sample than
that in Au ion-implanted sample. The dislocations created
by implanted Au ions absorb more interstitial ions, leading
to void growth through absorbing more vacancies, which will
result in large swelling. In fact, the difference in swelling be-
tween Au and Au + He ion irradiations is very small. The small
difference can be attributed to the error of measurement. This
means that the swelling degrees are comparable to each other
in these two cases.

The Doppler-broadened spectrum is characterized by the
S parameter that is defined as a ratio of the central region count
to the integrated count in the peak (511 keV) and W parameter
that is defined as a ratio of the peak wing count to the inte-
grated peak count. A high S parameter is due to annihilation
of the positrons inside the open volume, a high W parameter
is due to the annihilations of positrons and momentum elec-
trons in the substrate. A positron has a higher possibility to
be trapped and annihilated at open volume, because the lo-
cal electron density is lower due to the reduced atomic den-
sity. Figure 5(a) shows the S parameter as a function of the
positron energy. There is a whole increase in the S parame-
ter of the He ion-implanted sample compared with that of the
pristine one. The S parameter measured in the Au+ He ion-
implanted YSZ is a little smaller than in the Au ion-implanted
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YSZ. The S parameters each as a function of the W parame-
ter are also plotted in Fig. 5(b) in order to compare the open
volume defects of this type. All the S—W data points are lo-
cated on a straight line if there is only one type of open vol-
ume defect, which will not be influenced by the concentration

[2425] There is a sharp kink on

difference at different depths.
the S-W line for He ion implantation, as shown in Fig. 5(b).
This can be explained by two types of defects, each of which
is comprised of an empty vacancy and a vacancy with He
atoms trapped inside.!'®! In the Au+ He ion-implanted sam-
ple, the number of vacancies created by the Au ion is much
more than by the He ion. This means that the concentration of
He ions in the vacancy is significantly reduced in the Au+ He
ion-implanted sample. Therefore, the W—S curve of the dual
ion beam-implanted sample is closer to the W—S curve of the
Au ion-implanted sample, which has no He at all.

0.51
- E . .
—a— pristine a
0.49 w —— %e (®)
- o —s— Au
3 047} Au+He
5}
2 L
S 0.45}
[
g L
© 0.43F |
0.41 F
0-39 1 1 1 1 1
0 5 10 15 20
Positron energy/keV
0.090 “\‘%\;\}' (b)
0.080 F
= +  —— He impl.
—s— Au impl.
0.070 F Au+He impl.
0.060 1 1 1 1 ;

0.40 0.41 0.42 0.43 0.44 0.45

Fig. 5. (color online) (a) Curves of S parameter data versus incident
positron energy for pristine, He, Au, Au+ He implanted (impl.) YSZ
crystals. (b) W=S plot of YSZ crystals irradiated by He, Au, Au+He
ion implantation.

In the case of the 2 x 10'%/cm? He ion implantation, the
damage is created mainly by single vacancy and point defects.
The He ions will be trapped mostly in the single vacancy site.
The increase in S-parameter after He ion implantation can be
caused by single vacancies and vacancy—helium clusters. For
5 x 10%/cm? Au ion implantation, there will be more single
vavancies and vacancy clusters. So the S parameter of the
Au ion-implanted specimen is very high. In the condition of

Au+He ion implantation, the S parameter is similar to that
of Au ion implantation. So there is a diffusion phenomenon
of He ions. The vacancies can facilitate He ions jumping from
one interstitial position to another near-by one via the vacancy,
which is around 10% in a Zrp Y2019 crystallattice.[%] Fur-
ther, He ions are most likely to diffuse by hopping through
a single vacancy.'?”! The He nucleation and diffusion consti-
tute a competition mechanism. The nucleation and growth of
a helium bubble does not seem to happen in the Au+ He ion-
irradiated sample. The helium bubble does not appear in the
TEM image in Fig. 3(c) either. The recombination mecha-
nism has a much lower energy barrier than conventional va-
cancy diffusion and is efficient for annihilating immobile va-
cancies in the nearby bulk, resulting in the self-healing of the
radiation-induced damage.?®! The void and grain boundaries
can act as sinks to self-interstitial atoms formed from nearby
displacement cascades.!?’! Maybe under the Au+He ion ir-
radiation condition some vacancies and voids will be recom-
bined with interstitial atoms.

Table 1 summarizes the positions of damage peaks cre-
ated by He and Au ions from different methods. The damage
peak of He calculated by SRIM is close to the experimental
result. The damage range created by Au ions is about 20 nm
as predicted by SRIM, which is a little lower than the value
detected by other methods. This is due to the overestimation
of the heavy-ion electronic stopping power, which may lead
to error in local dose calculation and underestimation of the
projected range of slow heavy ions in targets that contain light
elements. 3”1 Generally speaking, the experimental results are
coincident with the SRIM calculations.

Table 1. Summary of the damage peak created by Au and He ions using
different methods.

Damage peak (He) Damage peak (Au)

SRIM~ 120 nm ~ 200 nm
RBS~120 nm ~ 220 nm
PAS ~ 80 nm ~ 300 nm
TEM ~ 100 nm ~ 320 nm
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Fig. 6. (color online) Raman spectra of pristine, He, Au, Au+He im-
planted YSZ crystals.
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The Raman spectrum, which is used to distinguish chem-
ical species, can provide valuable evidence for structural prop-
erties of materials. It is widely used to investigate the phase
transformation and amorphization behavior of ion-irradiated
Zr0,.1313%] Figure 6 shows the Raman spectra of pristine and
ion-irradiated YSZ. No new Raman peak or amorphous region
appears in the implanted YSZ compared with in the pristine
sample. This illustrates that YSZ is very stable under high
dose irradiation damage.

4. Conclusion

In this work, irradiation damage and swelling are de-
tected by RBS, TEM, and AFM. Open volume distribution
is detected by PAS. He ions can also create atom displace-
ment damage at high fluence. Dislocation networks of tan-
gled dislocations appear after Au ion implantation. High flu-
ence Au + He ion irradiation can reduce the maximum irradi-
ation damage and swelling. In the Au+ He ion implantation,
through partial reorganization, the dislocation network can be
converted into weakly damaged regions each of which mainly
consists of fine dislocation loops. This transformation is con-
trolled by reducing the system free energy. A comparable
volume swelling is found between sequential dual ion beam-
irradiated samples and single Au ion-implanted samples. In
the single He ion-irradiated sample, a helium ion can nucleate
with the vacancy. In the Au + He ion-irradiated sample, the He
ion nucleation seems not to have happened and some vacancy
and void may be recombined with interstitial atoms. The He
ion nucleation and diffusion constitute a competition mecha-
nism which is related to the number of vacancies. Damage
peak positions created by injected Au and He ions are char-
acterized by different experimental methods. The experimen-
Nei-
ther phase transformation nor amorphization appears in ion-
irradiated YSZ. This particularity of YSZ is suitable for mak-
ing strongly radiation-resistant materials in nuclear reactors

tal results are coincident with the SRIM calculations.

with a high fluence-irradiated environment.
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