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EFFECT OF IRRADIATION SPECTRUM ON THE MICROSTRUCTURAL EVOLUTION IN
CERAMIC INSULATORS - S.J. Zinkle (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this study is to determine examine the effect of variations in the ionizing and displacive
radiation environments on the microstructure of oxide ceramic insulators.

SUMMARY

Cross section transmission electron microscopy has been used to investigate the microstructure of
MgAlyO4 (spinel) and AlpO3 (alumina) following irradiation with ions of varying mass and energy at
room temperature and 650°C. Dislocation loop formation was suppressed in specimens irradiated with
light ions, particularly in the case of spinel, An evaluation of the data showed that dislocation loop
formation during irradiation at 650°C was suppressed when the ratio of the electronic- to nuclear-stopping
power was greater than ~10 and ~1000 for spinel and alumina, respectively. The effect of uniform
background levels of ionizing radiation on the microstructural evolution in spinel was investigated by
performing simultaneous dual-beam (Het and heavy ion) irradiations. The uniform ionizing radiation
source did not affect the microstructural evolution of spinel unless the ionization was very intense (average
electronic- to nuclear-stopping power ratio >100). These results clearly indicate that light ion and electron
irradiations produce microstructures which are not representative of the microstructure that would form in
these ceramics during fission or fusion neutron irradiation.

PROGRESS AND STATUS
1. Introduction

Ceramic insulators such as MgAl;04 (spinel) or AlpO3 (alumina) are required for several key applications
in fusion energy systems that are currently being developed. These applications include magnetic
diagnostic coils, insulating feedthroughs and windows for the radiofrequency heating components, and
blanket insulators (for systems that utilize liquid metal coolants).! The 14 MeV neutrons associated with
the DT fusion reaction will produce displacement damage and an intense ionizing radiation field in the
materials surrounding the confined plasma. At the present time, there are no available sources for bulk
irradiations that match the irradiation spectrum and intensity of proposed DT fusion reactors.

Ton irradiation is a convenient method for studying microstructural changes associated with energetic
irradiation. In particular, the effect of irradiation spectrum on the microstructural evolution can be
examined by changing the mass and energy of the bombarding ion. Recent ion irradiation studies have

shown that the microstructure? and macroscopic properties3-0 of insulators such as MgO, Al»O3 and
MgAl»O4 are sensitive to variations in the ionizing and displacive irradiation spectra. The published
studies indicate that irradiation with energetic light ions causes a large reduction in the density of
interstitial dislocation loops and produces less volumetric swelling than irradiation with heavy ions ata
comparable displacement damage rate and displacement dose. Several possible physical mechanisms have
been proposed for this sensitivity to irradiation spectrum, including enhanced point defect recombination
due to ionization-enhanced diffusion (IED), and nuclear stopping power effects.2:’ The purpose of the
present paper is to summarize recent microstructural data obtained on ion-irradiated alumina and spinel
which provide further evidence for a strong dependence on irradiation spectrum.

One potential disadvantage associated with ion irradiation is the strong effect of the implanted ions on the
microstructural development. As reviewed elsewhere,2 the implanted ion region of ceramic insulators
contains numerous microstructural features that are generally not found in irradiated regions that are
isolated from the implanted ions. In addition, defect cluster formation is generally enhanced in the
implanted ion regions. In the present study, ion energies >1 MeV have been employed to provide
sufficient isolation of the implanted ion region from the rest of the irradiated regions.
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2. Experimental Procedure

Polycrystalline blocks of AlpO3 (GE Lucalox or Wesgo AL995) and MgAl»O4 (Ceredyne) were sliced
into sheets of 0.5 mm thickness, and 3-mm-diameter transmission electron microscope (TEM) disks were
ultrasonically cut from the sheets. The grain size of both the alumina and spinel specimens was about 30
pm. The TEM disks were mechanically polished with 0.5 pm diamond paste, and then bombarded ina 3 x
3 target array at room temperature or 650°C in the triple ion beam accelerator facility at Oak Ridge
National Laboratory.8 The irradiation temperature was determined from a thermocouple spot-welded to
the face of a stainless steel TEM disk (which has a thermal conductivity comparable to the ceramic
specimens) that occupied one of the positions in the 9-specimen array. The temperature of the target
bholder substrate was also continuously measured during the irradiation. The specimen surface temperature
(monitored by the thermocouple on the stainless steel TEM disk) was within 20°C of the substrate
temperature for all of the irradiations.

The specimen arrays were exposed to ion beams ranging from 1 MeV H* to 4 MeV Zr* ions. The ion
beam fluxes and fluences on different sets of specimen arrays were systematically varied for a given ion
beam in order to gain some knowledge about the relative roles of damage rate and cumulative damage
level. In addition, several specimen arrays were exposed to simultaneous dual ion beams in order to study
the effect of intense uniform ionization on the microstructural evolution. Table 1 summarizes the range of
irradiation conditions that were examined. The TRIM-90 computer code? was used to calculate the depth-
dependent ionization and displacement damage dose in Al;03. The TRIM calculations were performed
using the measured 10 threshold displacement energies of 24 eV and 78 eV in Al,O3 for the aluminum and
oxygen sublattices, respectively. The damage level in displacements per atom (dpa) was determined from
the damage energy calculated by TRIM, using the modified Kinchin-Pease formula!l and assuming a
sublattice-averaged threshold displacement energy of 40 eV. The calculated dpa values for spinel (using
an average threshold displacement energy of 40 eV) were similar to those for alumina. The damage rates
varied between ~10-6 and 10-3 dpa/s (with corresponding ionizing dose rates of 0.1 to 30 MGy/s),
depending on the ion species and flux. As indicated in Table 1, the calculated ratio of electronic- to
nuclear-stopping power (ENSP) at a depth of 0.5 pm varied from about 2.4 for the heaviest ion (4 MeV Zr)
to about 2000 for the lightest ion (1 MeV H). A portion of the specimen array in some of the irradiations
was coated with a thin layer (~0.1 pm) of conductive carbon prior to irradiation in order to minimize
specimen charging. The microstructure of these carbon-coated specimens following irradiation was found
to be identical to that of uncoated specimens in the same target holder, which demonstrated that specimen
charging did not have a significant effect on the observed microstructure.

Table 1. Summary of ion irradiation conditions

Fluence levels Flux levels Damage parameters at .5um depth
Ion beam (1020/m2) (1016/m2-s) dpa MGy/s ENSP
1MeVH 3-170 6-60 0.0005-0.03 0.3-3 2000
1 MeV He 1-100 4-40 0.005-0.5 1-10 800
3MeVC 0.04-4 0.2-2 0.002-02 0.1-1 250
24MeV Mg 8-28 11-38 3-10 8-29 20
2MeV Al 5-40 11 3-23 7 13
3.6MeV Fe 02-12 0.5 0.3-2 0.5 6
4MeV Zr 0.02-2 0.2-0.3 0.08-8 0.2-03 24
4MeVFe& 0.2-1.2 (Fe) 0.5 (Fe) 0.3-2 (total) 2.5 (total) 28
1MeV He 3.5-21 (He) 8.5 (He)

1.8 MeV Cl 0.07-04 (ChH 0.17 (C1) 0.1-0.7 (total) 4 4 (total) 160
& 1 MeV He 8-40 (He) 18 (He)
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Cross-section TEM specimens were prepared by gluing a mechanically polished nonirradiated specimen to
the irradiated surface of each sample, sectioning perpendicular to the irradiation surface, mechanically
dimpling, and ion milling either at room temperature or in a liquid nitrogen cooled stage (6 keV Ar ions,
15° sputtering angle) until perforation occurred at the glued interface.12 The specimens were examined in
a Philips CM12 electron microscope operating at 120kV.

3. Results

Figure 1 shows the depth-dependent damage energy in alumina for the different ions used in this study, as
calculated with the TRIM® code. The damage energy is directly proportional to the amount of
displacement damage created in the ceramic, and is obtained by subtracting the recoil ionization from the
nuclear stopping power.!l For each ion, the damage energy reaches a maximum value at a depth
comparable to the ion range. The maximum damage energy increases with increasing ion mass, ranging
from ~0.70 eV/nm for 1-MeV H* (not shown in Fig. 1) to ~920 eV/nm for 4-MeV Zr* ions. The
maximum damage energy is 3 to 25 times the damage energy at the surface, with the largest depth
dependence occurring for the lightest ions.

Most of the energy lost by the MeV ion beams is due to interactions with the bound valence electrons in
the ceramic. These low-energy interactions produce ionization of the lattice atoms by exciting valence
electrons into the conduction band. The electronic stopping power of most ions steadily decreases with
increasing depth up to the region where the ions are deposited. In the case of energetic light ions such'as 1-
MeV H*, the electronic stopping power increases slightly with increasing depth up to the implanted ion
region. Figure 2 shows the calculated depth-dependent ratio of the electronic- to nuclear-stopping power
(ENSP) in alumina for the different ions used in this study. The ENSP ratio is approximately proportional
to the amount of ionization per displaced atom (it is not exactly proportional since displacement damage is
only due to the damage energy portion of the nuclear stopping power). Energetic light ions such as 1-MeV
H* and 1-MeV He* have particularly high ENSP ratios. In all cases, the ENSP ratio is greater than one
from the irradiation surface up to depths that are comparable to the ion range.
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3.1 Microstructure of irradiated MgAlyO4
ORNL-Photo 6722-93
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Figure 3 shows the cross-section microstructure

of spinel following irradiation with 4-MeV Zr+
ions at 650°C to a fluence of 2x1019 Zr+/m2.
The irradiation produced a moderate density
(8x102%/m3) of dislocation loops in the midrange
region (~0.5 um depth), and approximately an
order of magnitude higher density of loops in the
peak damage region that contained the implanted
Zr ions. The dislocation loop density was very
low (<1x10!%/m3) for regions located within 0.2
pum of the irradiated surface. The average loop
diameter was ~15 nm. All of the loops were
interstitial in character, with Burgers vectors
along <110> directions. Some of the loops were
observed to lie on {111} and {110} habit planes.
However, most of the loop habit planes were
intermediate between {111} and {110} planes.
Following the loop sequence outlined by
Kinoshita and coworkers,’+13 this suggests that
most of the loops in this specimen have
unfaulted and are in the process of rotating from

Fig. 3. Depth-dependent microstructure of
MgAl;Oy irradiated with 4-MeV Zrt ions to a

{111} habit planes to {110} habit planes. fluence of 2x101° Zr*/m2.

Examination of spinel specimens irradiated at lower fluences and with different ions allowed the threshold
dose for observable defect cluster formation to be determined.l4 The measured threshold dose for
observable defect cluster formation was ~0.1 dpa, which agrees with other ion!5 and neutron!9 irradiation
studies performed on spinel.

The microstructure of spinel irradiated with 4-MeV Zr* ions at room temperature consisted of a high
density (~5x1022/m3) of small defect clusters that were rather uniformly distributed throughout the
irradiated region. There was no evidence for a defect-free zone near the irradiated surface in specimens
irradiated near room temperature, in contrast to the 650°C results. The loop diameter at intermediate
depths (~0.7 pm) increased steadily with increasing fluence, with values of ~3 nm at 1.5 dpa and ~10 nm
after a damage level of 10 dpa. Most of the loops were observed to have {110} habit planes after high
dose irradiation.

The depth-dependent microstructure of spinel irradiated with 3.6-MeV Fe+ ions was qualitatively similar to
the 4-MeV Zr* results. There was no observable defect cluster formation in regions located within
~0.4 pm of the irradiated surface for specimens irradiated with Fet ions at 650°C. The Burgers vector was
a/4<110> for most of the dislocation loops analyzed in the specimen irradiated at 650°C to 2 dpa at a depth
of 0.5 pm (1.2x1020 Fe*/m2). The distribution of loops on the different habit planes varied with
irradiation depth. In the midrange region (~1 pm depth), about 75% of the loops were located on {110}
planes and the remainder were located on {111} planes. The fraction of loops with {111} habit planes
increased to ~70% near the peak damage region. The loop density increased and the loop size decreased
with increasing depth from the irradiated surface. The measured loop density and average diameter were
5x1020/m3 and ~50 nm at a depth of 0.6 pm, and 4x1021/m3 and ~20 nm at a depth of 1 pym. Irradiation
with Fe+ jons at room temperature produced a high density (~5x1022/m3) of small defect clusters with an
average diameter near 5 nm. The width of the defect-free zone near the irradiated surface was <40 nm in
the specimens irradiated at room temperature.
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Fig. 4. Depth-dependent microstructure of MgAl304 irradiated with 2.4-MeV Mg* ions at 650°C to a
fluence of 8x1020 Mg+/m2,

0] 0.5 1.0 1.5 2.0
DEPTH (um)

Fig..5. Depth-dependent microstructure of MgAl,O4 irradiated with 2.4-MeV Mgt ions at room
temperature to a fluence of 8x1020 Mg+/m?2.
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The microstructure of spinel irradiated with 2-MeV Al* ions was similar to that observed following Zr+
and Fe* ion irradiation. Details of the microstructural analysis have been previously reported.17-18 A
defect-free zone was observed in regions located within ~0.4 pm of the irradiated surface after irradiation
with AI* ions at 650°C. Defect-free zones of comparable width were also observed next to grain
boundaries.!”? Irradiation at room temperature reduced the width of this defect-free zone to <50 nm. The
fraction of loops with {110} habit planes increased with increasing dose. About 75% of the loops were
observed on {110} planes after 3 dpa, and ~90% after 10 dpa. The remaining loops were located on {111}
planes. The Burgers vector for almost all of the loops was a/4<1 10>. A small fraction of the loops on
{111} planes had a/6<111> Burgers vectors.

The depth-dependent microstructure of spinel irradiated with 2.4-MeV Mg* ions at 650°C and room
temperature is shown in Figs. 4 and 5, respectively. Microstructural data on spinel specimens irradiated
with Mg* ions at slightly higher fluxes have also been reported elsewhere.2:14:17,19 n contrast to the
heavier ion (Al, Fe and Zr) irradiations, the microstructure in specimens irradiated with Mg ions at room
temperature was similar to that in specimens irradiated at 650°C. The width of the defect-free region
adjacent to the irradiated surface varied between 0.5 and 0.9 pm for both irradiation temperatures. The
largest denuded zone width occurred in specimens irradiated at the highest particle flux. The loop density
in the midrange region increased with increasing depth. It was generally observed that the loop density
was higher in the 650°C specimens compared to the room temperature specimens following irradiation to
the same total fluence. As discussed later, this effect may be attributable to the ~50% higher particle flux
employed for the room temperature Mg+ irradiations.

Figure 6 shows the microstructure of spinel following irradiation with 3-MeV Ctionsat650°Cto a

fluence of 4.6x1019 C+/m2. There was no observable defect cluster formation outside of the implanted ion
region (2.1-2.4 um depth). The damage level at irradiation depths <1.5 pm in this specimen was less than
the experimentally-determined threshold level for producing observable defect clusters in spinel (~0.1 dpa)
and therefore cannot provide definitive information on possible spectrum effects. On the other hand, the
lack of observable dislocation loop formation at depths between 1.5 and 2.1 pm, where the damage level
exceeds 0.1 dpa, suggests that C* ions are not effective at producing defect clusters in spinel. A similar
large defect-free zone was observed in spinel irradiated with C* ions at room temperature to a fluence of
4x1020 C+/m2 (0.2 dpa at 0.5 pm).
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Fig. 6. Depth-dependent microstructure of MgAlyOy irradiated with 3-MeV C* ions to a fluence of
4.6x101° C*/m?2.
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Fig. 7. Depth-dependent microstructure of MgAloQOy irradiated with 1-MeV H* ions to a fluence of
1.7x1022 H*/m2.

Irradiation of spinel with 1-MeV He* or H* ions at 650°C did not produce any observable defect cluster
formation except in the implanted-ion region. Figure 7 shows an example of the microstructure of spinel
following 1-MeV H* ion irradiation to a fluence of 1.7x1022 H*/m2. The calculated damage level in this
specimen was >0.1 dpa over the latter half of the ion range (5-10 pum depths), but there was no evidence of
defect cluster formation in this region (except for the implanted ion region). Similarly, high fluence
1-MeV He? ion irradiations that produced midrange damage levels of 0.5 to 3 dpa did not result in any
observable defect cluster formation.2:14,20
ORNL Photo 9035-989
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3.2 Microstructure of irradiated AloO3

Alumina was found to be less sensitive than
spinel to variations in the irradiation spectrum.
Figure 8 shows the microstructure of alumina
following irradiation with 2-MeV Al* ions at
650°C to a fluence of 9x1020 Al*/m? (5 dpa at
0.5 um depth). A high density (~1x1023/m3) of
small defect clusters were observed in the
irradiated region, without any noticeable depth
dependence. An analysis of the dislocation
loops indicated that they occurred on both basal

(0001) and prism {1100} planes, with
predominant Burgers vectors of 1/3[0001] and
1/3<1100>, respectively.!7 The width of the
defect-free zones adjacent to the irradiated
surface and grain boundaries was <15 nm, which
is more than an order of magnitude smaller than
that observed in spinel irradiated under 3 = o5 = —1‘;——2‘ o
comparable conditions. ’ : ’ ’
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Fig. 8. Depth-dependent microstructure of
The microstructure of alumina irradiated with AlO3 irradiated with 2-MeV Al* ions to a
3-MeV C* ions was similar to that observed fluence of 9x1020 Al+/m2,
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following irradiation with heavier ions. Figure 9 shows the microstructure after irradiation to a relatively
low fluence of 3x1019 C+/m2 at 650°C (0.015 dpa at 0.5 pm depth). Small dislocation loops were
observable throughout the irradiated region in this specimen, indicating that the threshold dose for
observable defect cluster formation in alumina at 650°C is ~0.01 dpa. The loop size and density increased
with increasing depth for this low-fluence irradiation condition. Low-fluence irradiations of alumina
performed with different ions produced a similar threshold dose for observable defect cluster formation of
~0.01 dpa.14 This threshold dose is an order of magnitude smaller than the threshold dose obtained for
spinel at 650°C (Section 3.1).

Defect clusters were formed throughout the irradiated region in alumina irradiated with 1-MeV He* ions at
650°C.220 However, the loop density was reduced by about a factor of five and the loop size was
increased by about a factor of two compared to specimens irradiated with heavier ions to a similar dose.
Irradiation with 1-MeV H* produced very few dislocation loops compared to the He, C, Al and Fe
irradiations. Figure 10 shows the depth-dependent microstructure of alumina following irradiation with
1 MeV H+ ions to a fluence of 1.7x1022 H¥/m? at 650°C (0.03 dpa at 0.5 pm depth). Dislocation loops
were not observed in the midrange regions of this specimen despite the presence of damage levels that
were well above the threshold dose for observable defect cluster formation determined from irradiations
with heavier ions (0.01 dpa). A low density of dislocation loops (~3x1020/m3) was observed at
intermediate depths (~1 to 3 um) in another specimen irradiated with 1-MeV H* ions at an order of
magnitude lower flux and fluence.2
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Fig. 9. Depth-dependent microstructure of AlyO3 irradiated with 3-MeV C* ions to a fluence of 3x1019
C*/m2.
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Fig. 10. Depth-dependent microstructure of AlyO3 irradiated with 1-MeV H* ions at 650°C to a fluence of
1.7x1022 H*/m2. The particle flux was ~6x1017 H*/m2-s.
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3.3 Investigation of the roles of ionizing vs. displacive radiation

The results on ion-irradiated spinel and alumina specimens indicate that the depth-dependent
microstructural evolution in both materials is dependent on the mass and energy of the bombarding ion.
This sensitivity to irradiation spectrum does not appear to be directly correlated with simple radiation
parameters such as damage energy density, average primary knock-on atom recoil energy, displacement
damage rate, or ionizing dose rate.2 Another radiation parameter worth consideration is the electronic- to
nuclear-stopping power ratio. As noted in Fig. 2, the ENSP ratio decreases with increasing ion mass and
for a given ion is generally highest at the irradiated surface. Since the defect-free zones observed in spinel
and alumina are more prominent for the lightest ions and are located adjacent to the irradiated surface, this
suggests that the denuded zones may be associated with irradiation conditions which produce a high ENSP
ratio.

ORNL-DWG 94-11307
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The data summarized in Fig. 11 clearly indicate a strong irradiation-spectrum dependence for the
microstructure of spinel and alumina. However, these single ion irradiation results cannot easily be
extrapolated to fission and fusion reactor environments.. In particular, the ionization produced in reactors
has two distinct components, which are associated with the primary knock-on atoms (PKAs) and gamma
rays, respectively. The PKAs produce intense, spatially localized ionization in the immediate vicinity of
the PKA cascade, with most of the ionization in close proximity to the displaced atoms. On the other hand,
gamma rays produce a rather uniform background of ionization throughout the material with little or no
displacement damage. Table 2 compares the calculated ENSP ratios in a fusion reactor, fast fission
reactor, and mixed spectrum (water cooled) fission reactor.2! The ENSP ratio in each facility was

calculated both with and without the gamma ray ionization contribution.

The high flux of gamma rays present in a mixed-spectrum fission reactor has a significant impact on the
total (macroscopically averaged) ENSP ratio. On the other hand, gamma rays have a much smaller effect
on the calculated ENSP ratio in a fusion reactor due to the higher average PKA energy and the lower
gamma ray flux compared to a mixed-spectrum fission reactor. Fast fission reactors exhibit behavior that

is intermediate between the mixed-spectrum fission and fusion reactors
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Table 2. Calculated ENSP ratio for alumina in the STARFIRE conceptual fusion reactor
and the HFIR mixed spectrum and FFTF fast fission reactors21

electronic to nuclear mixed spectrum fast fusion reactor
ing pow i reactor reactor (1st wall)
total 100 4 13
PKA alone 4 2 11

Two scoping dual-ion beam irradiations were performed to experimentally investigate the importance of
uniform versus localized ionization effects. Figure 12 compares the depth-dependent microstructure of
spinel irradiated at 650°C with a single beam of 3.6-MeV Fe* ions and dual beams of 1-MeV He* and
3.6-MeV Fe* ions. The Fet ion flux was 5x1015 Fe*/m2-s in both specimens. The He*/Fet particle flux
ratio in the dual beam specimen was, 17 which increased the calculated ENSP ratio at a depth of 0.5 pm
from ~6 for the single Fe* ion beam to 28 for the dual beams (Table 1). The calculated displacement
damage from the He* ion beam at a depth of 0.5 pm was only 4% of the displacements associated with the
Fe* ion beam. Both the single- and dual-beam specimen exhibited an identical defect-free zone adjacent to
the irradiated surface that extended to a depth of ~0.4 pm. The density of the dislocation loops that were
present in the midrange region (0.5 to 1 um depth) of the two specimens was also similar. These results
suggest that moderate levels of uniform ionization (macroscopically averaged ENSP ~28) have only a
weak effect on the microstructural evolution in spinel when energetic displacement cascades (mean PKA
energy ~10 keV) are produced.

The second scoping dual-ion irradiation used 1.8-MeV CI* and 1-MeV He* ion beams, with a He*/CI*
particle flux ratio of 105. This produced a calculated ENSP ratio of ~160 at a depth of 0.5 pm (Table 1).
The calculated damage energy and ENSP ratio for 1.8-MeV CI* is similar to that for 3.6 MeV Fe* at
irradiation depths up o ~0.7 pm (Figs. 1 and 2), and the mean PKA energy for 1.8-MeV CI* ions in spinel
(~8 keV) is also comparable to that for 3.6 MeV Fe* ions. Figure 13 shows the depth-dependent
microstructure of spinel irradiated with dual beams of CI* and He* ions at room temperature and 650°C.
The calculated damage level at a depth of 0.5 pm was 0.7 dpa in both specimens, with 78% of the
displacements associated with the CI* jon beam. There were no observable defect clusters located within
~0.8 um of the irradiated surface in the specimen irradiated at 650°C. According to the empirical relation
established from the single ion irradiations (Fig. 11), the expected denuded zone width for spinel irradiated
at 650°C with 1.8-MeV CI* ions alone would have been only ~0.4 pm. Therefore, intense uniform
ionizing radiation (macroscopically averaged ENSP ~160) can apparently influence the microstructural
evolution in spinel during elevated temperature irradiation. The room temperature dual beam irradiation
produced a high density of small defect clusters that were uniformly distributed throughout the CI* ion
irradiation region (Fig. 13), which suggests that these levels of uniform ionizing radiation (ENSP~160) do
not have a significant impact on the microstructural evolution of spinel during room temperature
irradiation.

4. Discussion

The data summarized in Fig. 11 clearly demonstrate that oxide ceramics such as AlpO3 and MgAl,O4 are
sensitive to variations in the irradiation spectrum. This dependence on irradiation spectrum was observed
in several specimens irradiated with different ion beams at the same calculated displacement damage rate
or ionizing dose rate. Therefore, this phenomenon cannot be simply attributed to damage rate or ion beam
heating effects. Perhaps the most significant implication of the observed irradiation spectrum dependence
is that light ion (e.g. 1-MeV protons) and electron irradiations, which typically have ENSP ratios >1000,
cannot be used to "simulate” the behavior of ceramics under fission or fusion neutron irradiation
conditions, which have typical ENSP ratios of ~10. Recent electron and light ion irradiation studies
performed on oxide ceramics that were irradiated with an applied electric field have found evidence for a
permanent radiation-induced electrical degradation (RIED) in the electrical resistance after displacement
damage levels of <0.01 dpa.1-23:24 Extrapolation of these high-ENSP results to fusion reactor conditions
would not appear to be warranted, according to the microstructural observations summarized in Fig. 11.
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Fig. 12. Comparison of the depth-dependent Fig. 13. Depth-dependent microstructure of

microstructure of MgAl,Oy irradiated at 650°C MgAl; Q4 irradiated at 650°C with dual beams of
with 3.6-MeV Fe* ions (top) and dual beams of 1.8-MeV CIt and 1-MeV He* ions at a He*/Cl+
3.6-MeV Fet and 1-MeV He* ions (bottom). particle ratio of 105.

The dual beam Fe*/He* particle ratio was 17.

It is important to demonstrate that the defect-free regions in the near surface regions of the ion-irradiated
ceramics are not an artifact associated with localized ion beam heating effects, particularly since the defect-
free zone width for a given ion has been observed to be related to the ion flux. If beam heating effects
were significant, then the observed defect-free zone near the surface could be simply due to enhanced
thermal diffusion which would promote point defect recombination and the evaporation of point defects
from defect clusters. A simple one-dimensional heat transfer calculation shows that the temperature drop
in spinel across a 1 pm depth adjacent to the surface would be only ~0.01°C for the maximum beam
heating conditions employed in the present experiments (30 MGy/s), assuming a thermal conductivity for
irradiated spinel at 650°C of Kiy,=5 W/m-K. Furthermore, the specimen surface temperature during
irradiation (monitored by the thermocouple on the stainless steel specimen) was always within 20°C of the
heat-sinked substrate temperature for the target array. Additional evidence that the defect-free regions are
not due to ion beam heating effects is obtained from observations that the defect-free zone widths for

different ions could not be correlated with the beam heating.2 For example, a high density of small

dislocation loops was observed in the near-surface region of AlyOj irradiated at 650°C with 2-MeV Al*
ions at a beam power of 7 MGy/s (Fig. 8), whereas loops were not observed in alumina irradiated at 650°C
with 1-MeV H* ions at a lower beam power of 3 MGy/s (Fig. 10).

The suppression of dislocation loop formation in oxide ceramics irradiated with light ions (high ENSP
ratio) could in principle be due to two different effects; either a decrease in the defect production rate or an
increase in the point defect recombination rate (e.g., due to ionization-enhanced diffusion). However, there
is considerable evidence that the low loop density is not due to a low defect production rate. Optical
spectroscopy measurements on AlpOs3 indicate that the defect production rate (relative to the calculated
displacement damage rate) of light ions such as protons is equal to or greater than that for heavier ions or
neutrons.25-27 Buckley and Shaibani28 noted that defect clusters did not form in spinel irradiated with
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1 MeV electrons (ENSP ratio ~10,000), but preexisting dislocations climbed readily during the irradiation,
indicating the presence of significant concentrations of point defects. Large defect clusters were observed
in alumina irradiated with a low flux of protons after a dose of <0.01 dpa in the present study [2]. In
addition, the few dislocation loops in spinel that were nucleated in regions with high ENSP ratios grew
considerably during irradiation.2:14 These observations indicate that the suppressed dislocation loop
density after light ion irradiation is not associated with a reduction in defect production but is instead due
to difficulties in loop nucleation.

As mentioned in the introduction, several previous studies have reported that radiation effects in oxide
ceramics are sensitive to the irradiation spectrum. The volumetric swelling in Al;O3 and MgO was found
to be much lower in specimens irradiated at room temperature with light ions such as H* than in specimens
irradiated with heavier ions to the same calculated damage level.3:4 In addition, studies have shown that
the volume expansion in AlyO3, BeO or MgO induced by heavy ion or fission neutron irradiation may be

recovered by subsequent electron or H* ion irradiation. 3429 Dislocation loops have not been observed in
spinel following electron28.3031 or proton2-20.32 jrradiation (ENSP>1000) over a wide range of
temperatures and damage levels. Electron irradiation has been shown to cause the disappearance of small
dislocation loops produced in MgAl,O4 by Ar* ion or neutron irradiation.”3! In the present study, the
effect of irradiation spectrum on the microstructural evolution in alumina and spinel was more pronounced
at 650°C (~0.4 Typp) than at room temperature (~0.13 Tpg). This sensitivity to irradiation temperature
implies that the irradiation spectrum effect may be associated with point defect diffusion processes.

It is well established that the migration energy of a defect in semiconductors and insulators is strongly
affected by the defect charge state.33-37 Similarly, it has been demonstrated that the diffusion coefficient
(diffusivity) of hydrogen isotopes38-40 and vacancies#! in oxide insulators is greatly enhanced by ionizing
radiation. Optical absorption measurements performed on oxide insulators have demonstrated that light
ion irradiation spectra (high ionizing- to displacive-radiation ratio) preferentially produce a greater fraction
of F* centers, whereas heavy ions produce a larger proportion of F centers.#:6:42 In oxide insulators with
predominantly ionic bonding, it is expected that the diffusivity of F centers (oxygen vacancy with two
trapped electrons) should be significantly less than that of F* centers (oxygen vacancy with one trapped
electron).34-36 The precise physical mechanism responsible for ionization-enhanced diffusion in insulators
is not known, although several different mechanisms have been proposed.34 Regardless of the specific
mechanism responsible for ionization-enhanced diffusion, the net result is that irradiation sources which
produce large amounts of ionization compared to displacement damage are expected to be very effective in
enhancing the point defect diffusion in oxide ceramic insulators. According to chemical rate theory
calculations, a large increase in the diffusivity of point defects would enhance the amount of point defect
recombination and thereby cause a dramatic reduction in the nucleation rate of defect clusters.

An additional possible mechanism for the observed suppression of defect cluster formation in spinel and
alumina in highly ionizing irradiation environments may be an ionization-enhanced increase in the point
defect recombination volume. Atomistic calculations of F and F+ centers in Al;O3 indicate that F* centers
exert a strong perturbation on surrounding lattice atoms.?* It scems plausible that this lattice strain energy
could lead to a higher rate of recombination of oxygen interstitials at F* centers compared to F centers.
The higher concentration of F* centers in highly ionizing radiation environments [4,6,42] would therefore
result in increased point defect recombination rates.

Further work is needed to identify the most appropriate parameter(s) for characterizing the irradiation
spectrum. The electronic- to nuclear-stopping power appears to be a promising correlation parameter for
single ion irradiation conditions (Fig. 11). This correlation suggests that dislocation loop formation is
suppressed in spinel during irradiation at elevated temperatures (~650°C) at damage rates between 10-6
and 10-4 dpa/s if the ENSP ratio is greater than about 10. The corresponding critical ENSP ratio for
alumina is about two orders of magnitude higher, i.e., 1000. However, dual beam irradiations (e.g. Figs. 12
and 13) have shown that this simple parameter does not accurately predict the microstructural behavior of
oxide ceramics that are subjected to moderately intense uniform fields of ionizing radiation. The present

results, taken together with recent results obtained by Fukumoto et al,!3 indicate that homogeneous
ionizing radiation fields up to ENSP ratios of ~60 do not have a significant effect on the microstructural
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evolution in spinel during irradiation at 600 to 650°C when most of the displacement damage is produced
by energetic displacement cascades. As demonstrated in Fig. 13, homogeneous ionizing radiation fields
apparently can influence the microstructural development in spinel during elevated temperature irradiation
if the ionization field is very intense (ENSP~160).

As discussed elsewhere,? it is not surprising that the critical ENSP ratio derived from single ion irradiation
experiments does not hold for dual beam irradiation experiments. In the single beam experiments, most of
the ionization occurs along the bombarding ion path and is therefore in close proximity to the defects
produced by displacement damage. On the other hand, the ionization in the dual beam experiments was
more uniformly distributed throughout the specimen. Since most of the displacement damage in the dual
beam irradiations was produced in spatially discrete collision cascades associated with the heavy ions, the
localized ENSP ratio in the vicinity of the heavy ion collision cascades was less than the macroscopic
ENSP ratio.

Additional radiation parameters which may be important in the suppression of dislocation loop formation
are damage energy and irradiation flux. The nucleation of a stoichiometric dislocation loop in MgAl204
requires the presence of 7 interstitials.4> Therefore, light ions (which produce diffuse radiation damage
due to their low damage energy) might be expected to be less effective in producing dislocation loop nuclei
compared to heavy ions (which produce relatively dense displacement cascades). Dalal et al.42 have
concluded that the fraction of F* centers compared to F centers in alumina is enhanced as the defect
generatmn rate is increased, due to a suppression of F center formation at high damage rates. According to
the previous discussion, this would lead to enhanced defect mobilities (and point defect recombination) at
high radiation fluxes. Irradiation flux effects have been observed in several cases in the present set of
experiments. As noted in Section 3.1, the defect-free zone adjacent to the irradiated surface in Mg*-
irradiated spinel was found to increase with increasing particle flux. Similarly, the dislocation loop density
in proton-irradiated alumina was observed to decrease dramatically when the particle flux was increased by
an order of magnitude (Section 3.2 and ref. [2]). Both of these experimental results imply that the point
defect diffusivity (or point defect recombination rate) increased with increasing flux.

The present study shows that spinel becomes resistant to defect cluster formation at much lower ENSP
ratios compared to alumina (Fig. 11). Previous ion and neutron irradiation studies have found that spinel is
significantly more resistant than alumina to void swelling and dislocation loop formation.2.7-13,15,16,45
Since the ENSP ratio in all of these previous studies was equal to or greater than 4, this provides further
confirmation of the empirical correlation between irradiated microstructure and ENSP ratio summarized in
Fig. 11. The physical mechanism responsible for the higher sensitivity of spinel to ENSP ratio compared
to ceramics such as MgO and Al,Os is uncertain.2 According to Kinoshita et al.,16 the most likely
mechanisms are effective recombination of interstitials with the high concentration of structural vacancies
present in spinel, and the large critical nucleus (7 interstitials) for the formation of a stable dislocation loop.
I:radlauon-asswted dissolution of small interstitial clusters in spinel has also been suggested to be playing a
role.” Additional possible mechanisms that would require further study include a high sensitivity to
ionization-enhanced diffusion or a strong ionization-induced enhancement of the point defect
recombination rate in spinel.

CONCLUSIONS

The microstructural changes in oxide ceramics induced by particle irradiation are dependent on the
irradiation spectrum. Spinel is particularly resistant to defect cluster formation over a wide range of
irradiation conditions. However, the present study clearly shows that high densities of dislocation loops
can be produced in spinel in irradiation environments that produce relatively dense displacement cascades
(with an associated low ratio of electronic- to nuclear-stopping power). Data obtained from single ion
irradiations performed on spinel and alumina at 650°C at damage rates between 10-6 and 10-4 dpa/s have

been correlated with the electronic- to nuclear-stopping power ratio. Dislocation loop formation is

suppressed when the ENSP ratio exceeds ~10 and ~1000 for spinel and alumina, respectively. Due to the
sensitivity of spinel and alumina to irradiation spectrum, data obtained on these materials during electron
or light ion irradiation is most likely not representative of their behavior in a fission or fusion reactor

environment.



Whereas alumina and spinel are sensitive to the localized irradiation spectrum associated with the primary
knock-on atoms, they are not as strongly affected by homogencous ionizing radiation. Moderate
background levels of uniform ionizing radiation (averaged ENSP~30) do not significantly affect the
microstructural evolution in spinel if most of the displacement damage is produced by energetic
displacement cascades. However, high levels of uniform ionization (averaged ENSP~150) can modify the
microstructural evolution in spinel, at least at elevated temperatures near 650°C. Since the irradiation
spectrum in parts of a fusion reactor that are distant from the first wall are expected to have averaged
ENSP ratios >100, this implies that uniform ionizing radiation effects may need to be considered when
assessing the suitability of spinel for fusion energy applications.

The physical mechanism responsible for the sensitivity of alumina and spinel to irradiation spectrum is
uncertain. The most likely explanation is that ionization enhanced diffusion (associated with high ENSP
ratios) increases the amount of point defect recombination and thereby suppresses dislocation loop
nucleation. Other possible mechanisms include damage energy effects (subcritical number of interstitials
within a "cascade" region) and ionization-enhanced point defect recombination volumes.
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