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ABSTRACT

The mechanical properties of Xe-implanted spinel and cubic zirconia surfaces, as
determined by nano-indentation measurements, are distinct and the differences can be
related to their microstructures. Upon Xe™ ion irradiation at cryogenic temperature
(120K), the Young’s modulus of irradiated spinel increases slightly (a few percent) then
falls dramatically until the modulus is only about 3/4 the unirradiated value. The maximum
modulus occurs concurrent with the formation of a metastable crystalline phase of spinel.
The subsequent elastic softening at higher Xe™ doses is an indication of the onset of
amorphization of the spinel. Xe-implanted zirconia surfaces behaves differently, in all
cases showing almost no change in elastic modulus with increasing Xe™ ion dose. This is
consistent with microstructural observations of Xe-implanted zirconia crystals which,
unlike spinel, show no change in crystal structure with increasing ion dose. The defected
layer in zirconia due to ion damage simply thickens with increasing Xe™ dose. This
thickening may be a consequence of compressive stresses that form in the ion-implanted
surface region. The hardness of both spinel and zirconia increases slightly for low Xe™
ion doses. At higher doses, zirconia shows little change in hardness, while the hardness of
the implanted spinel falls by more than a factor of two. The initial increase in hardness of
both spinel and zirconia is probably due to point defect accumulation and the precipitation
of small interstitial clusters, while the drop in hardness of spinel at high Xe™ ion doses is
due to the formation of an amorphous phase.
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Introduction

The oxides magnesio aluminate spinel (MgAl,O,) and cubic-stabilized zirconia (ZrO,-Y,0,)
have been demonstrated to exhibit exceptional radiation tolerance, both under fast neutron
irradiation [1, 2] and ion irradiation [3, 4]. Nevertheless, heavy 1on implanted spinel and
zirconia display complicated implantation microstructures and altered surface mechanical
properties [S5]. Thus, it is interesting to compare the vastly different damage evolution in

two ceramic oxides that are nominally radiation resistant.

Spinel implanted with 370-400 keV Xe ions resists amorphization at elevated temperature
(670K) to a peak damage level of 50 displacements per atom (dpa) [6]. At cryogenic
temperature (100K), an amorphous layer is formed at the sample surface at a peak damage
level of 25 dpa [7]. It has been established that this amorphization of spinel is not entirely a
chemical effect due to implanted Xe [8]. This was demonstrated by irradiating fragments
of spinel with highly penetrating 1.5 MeV Xe* ions. In this case, the edges of the spinel
crystallites were rendered amorphous at a dose of about 35 dpa for an irradiation
temperature of 30K. In all of these samples, transmission electron microscopy (TEM)
revealed that irradiated regions that remain crystalline are heavily defected and exhibit a
crystal structure different than ordinary spinel. The new crystal structure in these regions is
related to the disordering of cations and to displacement of cations into interstitial sites [9,
10]. Since the radiation damage response of spinel is strongly temperature-dependent,

point defect mobility in spinel is apparently dictated by thermal activation mechanisms.

Cubic zirconia implanted with 400 keV Xe ions at cryogenic and ambient temperatures
(180K and 300K, respectively) exhibits a very different irradiation damage response
compared to spinel. No amorphization is observed in zirconia to a peak damage level of
about 80 dpa [11]. Furthermore, the lattice disorder induced by implantation (determined
from ion channeling measurements) saturates to the same level, irrespective of irradiation
temperature [11]. TEM measurements indicate that several microstructural zones form
along the Xe irradiation direction, including a heavily-defected layer beneath a defect-
denuded zone at the surface [11]. With increasing dose, the heavily-defected layer
penetrates well beyond the projected range of the Xe ions (75 nm) to a depth of ~160 nm at
the maximum experimental fluence (3¢10”° Xe**/m?). These observations indicate that
radiation-induced point defects in zirconia are highly mobile, even under cryogenic

irradiation conditions.

In this paper, we investigate the mechanical properties of Xe-implanted spinel and cubic-

stabilized zirconia surfaces. We measure elastic (Young’s) modulus, E, and hardness, H,



using the nano-indentation technique. Mechanical property changes as a function of Xe™

ion dose are compared to microstructural observations on similarly implanted samples.

Experimental Procedure

Synthetic single crystals of ‘stoichiometric’ MgO°ALO, (MgAl,0,) spinel with (001)
orientations were used for this study (crystals were originally obtained from Linde
Division, Union Carbide Corp.). The zirconia crystals used in this study were (001)-
oriented cubic zirconium dioxide (ZrO,) substrates stabilized with 9.5 mole % Y,0, (the
equivalent composition is given by Zr; g Y 17350, 913). These crystals were obtained from
Zirmat Corp. (P.O. Box 365, N. Billerca, MA 01862). Both spinel and zirconia crystal
substrates were cut to dimensions of approximately 10mm x 10mm x 0.5mm and polished
on one side to a mirror finish.

Samples were irradiated with 370 keV Xe™ ions using a 200 KV ion implanter in the Ion
Beam Materials Laboratory (IBML) at Los Alamos National Laboratory (LANL). The
samples were tilted to about 15° with respect to the incident ion beam, in order to minimize
jon channeling effects during the irradiations. Ion doses ranged from 5+10'* - 1+10%
Xe/m>. The sample stage was cooled to a temperature of about 120K by liquid nitrogen
conduction cooling. Temperature excursions during irradiations were about *5K, as
measured using a thermocouple attached to the sample stage. The Xe*™ ion flux was
maintained at between 3 - 6 *10'7 Xe™/m’es, corresponding to a peak damage rate of about
0.1 dpa per second. Spinel and zirconia substrates were irradiated simultaneously in each
irradiation experiment. The specific Xe™ ion doses used in this experiment, in units of
Xe/m?, were: () 5¢10'%; (b) 1.0°10'%; (c) 1.5¢10'%; (d) 1.75°10"; (e) 2.5°10"; (f) 3¢10%;
(g)5°10"; (h) 1+10”. One unirradiated substrate of spinel and one of zirconia were used as
control samples.

Nano-indentation was used to investigate the mechanical properties of unirradiated and
irradiated spinel and zirconia samples. This technique uses indentation load-displacement
behavior to assess the near-surface mechanical properties of materials, such as elastic
modulus, E, and hardness, H. In these experiments, a Nano Indenter® II instrument
(Nano-indenter is a registered trademark of Nano Instruments, Inc., P.O. Box 14211
Knoxville, TN 37914) was used for the load-displacement measurements. For these
measurements, a Berkovich indenter (a three-sided pyramidal diamond with an area-to-
depth function equivalent to a Vickers indenter) was used. Also, the measurements of E

and H were made using the continuous stiffness method (CSM), a dynamic method



wherein load and displacement are continuously increased and monitored in each
indentation test [12]. This is accomplished by applying a small amplitude, high-frequency
(69.3 Hz) oscillation to the force signal. The corresponding displacement oscillation is
monitored using phase-sensitive detection (a lock-in amplifier) at the excitation frequency.
These were displacement-controlled experiments, in the sense that load-displacement
measurements were obtained at pre-programmed displacement intervals of about 5 nm and
the indentation process was terminated at a maximum displacement of about 100 nm. The
load range for these experiments was approximately 0 -4 mN. Each sample was subjected
to ten indentation (continuous stiffness, load-displacement) measurements. Indents were
placed approximately 15 pm apart in a 5x2 rectangle. A fused silica sample was used as a
control and tested at the outset of each experiment. The fused silica is also the calibration
standard for the determination of H, which is given by the load at a given indenter
displacement divided by the contact area of the indenter at that displacement. E is
determined from the slope of the force-displacement unloading curve. Though the samples
were all single crystals, the measured modulus is expressed simply as E, since the indenter
produces displacements and plastic flow in many directions. Under these conditions, the
measured modulus is best represented as an average of the elastic constants, e.g. a Voigt-
Reuss-Hill average [13]. A detailed discussion of the determination of H and E from load-

displacement curves for loading and unloading may be found in References [14] and [12].

Nano-indentation, formerly called ultramicrohardness, is particularly useful compared to
conventional micro-indentation for the measurement of mechanical properties of implanted
surfaces, because the sample is only deformed to depths of the order of several nanometers
(e.g., see [15]). A guiding rule is that indentation depths should not exceed 10-25% of the
thickness of the surface layer to be probed [14], so as to minimize the influence of the
substrate on the measured mechanical properties. In the ion-implanted samples used for
this study, the surface layer modified by irradiation is expected to be less than 200 nm
thick. So, for the smallest displacements available by the nano-indentation technique, the
mechanical properties of the irradiated layer may be probed without significant influence
from the unirradiated substrate, while at the maximum indentation depth (~100 nm)

substrate influence is expected to be observable.

The projected range of 370 keV Xe™ ions and the number of atomic displacements
produced per ion in spinel and zirconia were estimated from Monte Carlo simulations using
the TRIM binary collision code [16] (specifically, using SRIM, i.e., TRIM-96). Results of
these simulations are shown in Figure 1. For the calculations shown in Fig. 1, we used a
density of 3.58 g/cm® for stoichiometric spinel (JCPDS file 21-1152 [17}) and 5.959 g/cm’



for yttria-cubic-stabilized zirconia (from JCPDS file 30-1468 [17], for composition
Zry4Y, 15O, 43, close to the composition of our samples), and a threshold displacement
energy of 40 eV for all elements. In spinel, the range of 370 keV Xe™ ions is ~95 nm and
the longitudinal straggling of the ions is ~22 nm. In zirconia, the range of 370 keV Xe™
ions is ~77 nm and the longitudinal straggling of the ions is ~27 nm. The peak
concentration of Xe per 10% Xe/m?® dose, in the irradiated spinel and zirconia is about 1.7
at.% and 1.85 at.%, respectively. For the largest ion dose used in this study, 110°°
Xe/m?, TRIM simulations indicate that the peak damage level (averaged over cation and
anion sublattices) is about 28 dpa for spinel and 34 dpa for zirconia. The depths at which
we expect to observe the peak concentrations of Xe in our experiments should be about 4%
less than those indicated in these TRIM calculations, due to the 15° tilt of the substrate
relative to the ion beam (tilt employed to avoid ion channeling effects); likewise for the peak

displacement damage depths.

Results & Discussion

Figure 2 shows a plot of the elastic (Young’s) modulus, E, as a function of indenter
displacement for unirradiated spinel (Fig. 2a) and unirradiated zirconia (Fig. 2b). The error
bars represent the scatter in the data obtained for the modulus at each indenter displacement
interval for 10 separate indentations. For both spinel and zirconia, E is observed to rise
with increasing displacement, then saturate to a constant value, nearly independent of
displacement.! The modulus values for both spinel and zirconia saturate at about 280 GPa.
The spinel value of E is in good agreement with reported values of the room temperature,
elastic modulus of spinel [18]. The reported value of the Young’s modulus at 293K of

cubic-stabilized zirconia containing 11.1 mole % Y,0, (equivalent to Zr; 3,0, Y g 100sO 1 900> @

' For this study, we also prepared spinel and zirconia crystal substrates that we chemically etched in

boiling orthophosphoric acid for 20 - 30 minutes. We did this in an effort to remove the residual surface
damage associated with mechanical polishing. The load-displacement results obtained from these etched
samples of spinel and zirconia were not nearly so well-behaved as the unetched samples and in fact, could
not be used to interpret modulus and hardness changes due to ion implantation. We presume that the poor
indentation behavior of the etched substrates was due to excessive surface roughness induced by our
chemical etch treatment. However, in related experiments in which we used Rutherford backscattering and
ion channeling to measure radiation damage accumulation in these samples, we found that the etched
crystals were superior to polished crystals for ion channeling measurements. The etching process removes
some of the near-surface damage due to polishing and this improves the ion channeling behavior of the
crystals. Nevertheless, the only indentation data presented here will be results from polished, unetched
crystals.



slightly higher concentration of Y,0O, than in our crystals) is 228 GPa [19], about 18%

lower than our measured value. We do not have an explanation for this discrepancy.

Figure 3 shows Young’s modulus versus indenter displacement for spinel (Fig. 3a) and
zirconia (Fig. 3b) crystals, irradiated to a Xe*™ ion fluence of 2.5¢10" Xe™/m’. Again, the
moduli of both spinel and zirconia are observed to increase with increasing displacement.
For zirconia, E saturates rapidly to a value similar to the saturated value for the unirradiated
zirconia crystal. In irradiated spinel, E rises much more slowly with increasing indenter
displacement, compared to the unirradiated crystal (Fig. 2a) and at the maximum
displacement value of about 107 nm, E has not quite returned to the value of 280 GPa

obtained for unirradiated spinel.

Figures 4, 5, and 6 show the variation of Young’s modulus with Xe™ ion fluence at an
indenter displacements of approximately 20 nm, 40 nm, and 80 nm, respectively. These
plots are obtained using the measured E values at fixed indenter displacements, in load-
displacement curves (such as those shown in Figs. 2 and 3) from all of the irradiated
samples. The scatter in the data in Figs. 4-6 is greatest for the smallest indenter
displacement (20 nm) and improves with increasing displacement. There is little change
observed in E as a function of Xe*" ion fluence in the case of zirconia (Figs. 4b, 5b, and
6b). Spinel exhibits a small increase in E with increasing ion fluence (not apparent at 20
nm displacement, Fig. 4a; a 3% rise is observed at 80 nm displacement, Fig. 6a), followed
by a dramatic fall in E for Xe™ ion fluences greater than about 1.7510" Xe*/m? (the

decrease in E at 40 nm displacement is about 30%, Fig. 5a).

We have observed variations in E with Xe ion irradiation in spinel before [5, 20], and have
demonstrated that the slight increase in E at low ion dose (equivalent to 3-5 dpa peak
displacement damage) occurs commensurate with the formation of a metastable phase of
spinel, while the substantial decrease in E for doses in excess of about 6 dpa (peak
displacement damage) is indicative of an amorphization transformation. We observe here
that the elastic modulus of zirconia is almost unchanged over the same range of ion fluences
(to a maximum ion dose equivalent to about 34 dpa peak displacement damage). The
changes in E observed in spinel are due to structural transformations, i.e., specific changes
in the local and global arrangements of the atoms. In zirconia, we observed no such
changes in structure due to Xe™ ion irradiation [11] and so it is not surprising that here, we
find no evidence for changes in zirconia’s modulus, E. In zirconia, we observed a high
concentration of small (5-20 nm diameter) defect clusters in a crystal irradiated to a peak
displacement damage level of ~80 dpa at 180K, but the crystal structure of the ion irradiated

surface region was identical to the unirradiated substrate, as evidenced by electron



microdiffraction [11]. We conclude that since elastic modulus is an intrinsic property of a
material, we should only expect to observe modulus changes when structural
transformations are induced by irradiation. Two distinct transformations occur in spinel
with increasing ion fluence and variations in E are observed accordingly, while no
transformations are observed in zirconia; hence, in zirconia we observe a constant E versus
ion dose dependence. Our understanding of the nature of the metastable phase produced in
ion-irradiated spinel is detailed elsewhere [5, 20, 21]. We do not yet understand the reason
for an increase in modulus upon formation of the metastable phase. The decrease in E
upon amorphization is a lattice-softening effect, typical of amorphization transformations
(e.g., an elastic softening of about 50% has been reported in Zr;Al following radiation-
induced amorphization [22]). It is interesting to note that in a related ion irradiation damage
study of spinel in which we used much more highly penetrating 12 MeV Au** ions, we
observed no phase transformations to 33 dpa peak displacement damage and likewise, we
observed no change in Young’s modulus [23]. This result conforms to our proposition
here that E, as determined from nano-indentation measurements, is a good indicator for
irradiation induced phase transformations in ion-implanted surfaces.

Figure 7 shows the measured variations in hardness, H, versus Xe™ ion dose, for both
spinel and zirconia crystals. This data was obtained from load-displacement curves at an
indenter displacement of about 62 nm. H for zirconia increases by about 5% to an ion
fluence of 1¢10' Xe**/m?, then remains constant with increasing ion dose. H for spinel
increases initially by about 6% at a fluence of 5°10'® Xe**/m’, then decreases sharply to
less than half of its unirradiated value. In both spinel and zirconia, the increase in H at low
Xe* ion dose may be a hardening effect due to point defect accumulation, as well as to the
precipitation of small defect clusters. The sharp decrease in H for Xe™ ion fluences greater
than about 1.75¢10" Xe**/m? is due to the transformation to an amorphous phase and the
lattice softening that accompanies this transformation. The fact that hardness is an extrinsic
property, representing a material’s ability to resist plastic deformation, explains why we
observe changes in H in both spinel and zirconia. Though no radiation-induced crystal
structure transformation is observed in zirconia, the accumulation of defects in the lattice
can diminish its plasticity (due to mechanisms such as dislocation drag and dislocation
pinning), and so enhances its hardness.

Figure 8 summarizes our comparison between the Xe™" ion irradiation damage response of
spinel and zirconia single crystals. Fig. 8 shows schematic cross-sections of spinel and
zirconia crystals subjected to increasing fluences of 370 keV Xe"™ ions. Fluences of
5¢10'® Xe*/m?; 1.5¢10" Xe*™/m% and 1¢10% Xe**/m? are illustrated in Fig. 8. At the



lowest ion fluence, representing a peak displacement damage of about 1.4 dpa in spinel and
1.7 dpa in zirconia, both oxides retain their original crystal structure (C), their elastic
moduli are unchanged, and in each case, the hardness is increased slightly due to radiation-
induced defect accumulation . A gradient in shading is shown in some of the crystal cross-
sections in Fig. 8; this is intended to represent an increase in defect cluster concentrations
with increasing depth. In earlier studies of both spinel [20] and zirconia [11], we have
observed that the surface region is denuded of defect clusters, by comparison to the defect
cluster concentrations observed at depths closer to the projected Xe™ ion range. By the
intermediate ion fluence in Fig. 8, representing a peak displacement damage of about 4.2
dpa in spinel and 5.1 dpa in zirconia, spinel has transformed to a metastable crystalline
phase (M), while the zirconia structure remains unchanged (C). E has increased slightly in
spinel at this dose, but remains constant in zirconia, while H has saturated in zirconia and is
beginning to fall in spinel. The ion damaged layers in both spinel and zirconia crystals are
thicker than at the lower ion dose. We have evidence for this thickening both from ion
channeling and electron microscopy studies [11, 20]. At the highest ion fluence in Fig. 8,
representing a peak displacement damage of about 28 dpa in spinel and 34 dpa in zirconia,
the spinel crystal has been rendered fully amorphous (A) by irradiation, while the structure
of zirconia is identical to unirradiated zirconia (C). E and H are drastically reduced in the
spinel crystal at this ion dose, but unchanged in zirconia, with respect to the values of E
and H at the intermediate ion dose. In both spinel and zirconia, the irradiated layer
thickness has increased further at this dose, reaching depths beyond the penetration of the
Xe ions [11, 20], as well as beyond the depths associated with the displacement damage
predicted by the TRIM simulations (Fig. 1). We believe these thickening effects are due to
compressive stresses that arise in the implanted surfaces. These stresses encourage
radiation-induced point defects to migrate into deeper, unirradiated material. These stresses

can also influence other mechanical properties such as fracture toughness [11].

Conclusions

Surface mechanical properties of Xe™-ion irradiated spinel and zirconia crystals were
measured using the nano-indentation technique. The elastic (Young’s) modulus, E, was
found to be a sensitive indicator of radiation-induced phase transformations. In particular,
E was found to increase in spinel upon formation of a metastable crystal phase (at doses

equivalent to 3-5 dpa peak displacement damage) and then decrease sharply upon



transformation to an amorphous phase (at doses in excess of about 6 dpa peak displacement
damage). On the other hand, E showed no significant variation in zirconia, to an ion dose
equivalent to about 34 dpa peak displacement damage . Likewise, no structural phase
transformations are observed in zirconia to this dose. The hardness, H, was observed to
increase slightly (5-6%) in both spinel and zirconia at ion doses equivalent to about 1.5 and
3.5 dpa peak displacement damage, respectively. At higher doses, H is unchanged in
zirconia, but falls dramatically in spinel upon formation of an amorphous phase. The initial
rise in hardness in these oxides is probably due to the accumulation of radiation-induced
point defects and the precipitation of small point defect clusters, while the subsequent
decrease in H observed in spinel is due to the elastic softening that accompanies

amorphization.
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Figure Captions

Figure 1. Calculated range of 370 keV Xe™ ions and the number of atomic displacements
produced per Xe™ ion as a function of depth in (a) spinel and (b) zirconia, based on Monte
Carlo simulations using the TRIM binary collision code. A threshold displacement energy
of 40 eV was used for all elements.

Figure 2. Elastic (Young’s) modulus, E, as a function of indenter displacement for (a)

unirradiated spinel and (b) unirradiated zirconia.

Figure 3. Young’s modulus E versus indenter displacement for (a) spinel rradiated to a
Xe™ ion fluence of 2.5¢10" Xe**/m?, and (b) zirconia irradiated to a Xe™ ion fluence of
2.5¢10" Xe**/m’.

Figure 4. Young’s modulus E versus Xe"" ion fluence at an indenter displacement of
approximately 20 nm for (a) spinel crystals and (b) zirconia crystals.

Figure 5. Young’s modulus E versus Xe™ jon fluence at an indenter displacement of
approximately 40 nm for (a) spinel crystals and (b) zirconia crystals.

Figure 6. Young’s modulus E versus Xe™ ion fluence at an indenter displacement of
approximately 80 nm for (a) spinel crystals and (b) zirconia crystals.

Figure 7. Hardness, H, versus Xe™ ion dose for spinel and zirconia crystals. Data

obtained from load-displacement curves at an indenter displacement of about 62 nm.

Figure 8. Schematic diagram showing cross-sections of spinel and zirconia crystals
subjected to increasing fluences of 370 keV Xe' ions. C stands for crystalline spinel or
crystalline zirconia. M represents the metastable phase of spinel, and A represents the

amorphous phase of spinel.
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