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Abstract

The evolution of radiation damage in ceramics under highly ionizing conditions has been examined by irradiating a
number of oxides with high-energy heavy ions and electrons simultaneously. a-Al O , MgTiO , FeTiO and2 3 3 3

Ž . q qCa La SiO O were irradiated with 1 MeV Kr or 1.5 MeV Xe and 1 MeV electrons. The irradiations were performed2 8 4 6 2

in a high-voltage electron microscope interfaced to an ion accelerator that enabled the in situ observation of the structural
changes. The results indicate that simultaneous electron irradiation can retard or prevent amorphization by heavy ions.
Comparison with similar experiments in metals suggests that highly ionizing radiation can anneal damage to the crystal
lattice in ceramics by enhancing the mobility of point defects. q 1998 Elsevier Science B.V.

1. Introduction

Ceramics have potential applications as low-activation
structural and insulating materials in fusion reactors, elec-
tronic materials in radiation environments such as pro-
posed space stations and actinide host phases in nuclear
waste disposal. In all these applications, the material is
likely to undergo displacement damage as well as ioniza-
tion. Most of the previous studies of radiation damage in

w xceramics have focussed on displacement damage 1,2 .
w xHowever, recent studies 3–10 have shown that ionization

and energy transfers below the threshold for displacement
damage can play an important role in the microstructural
evolution of irradiated ceramics. It is, therefore, important
to systematically examine the effects of ionization and
sub-threshold events in a number of irradiated ceramics.

Some of the earliest studies of ionization effects in
w xceramics were performed by Krefft and co-workers 3,4

who found that ionizing radiation had an annealing effect
on lattice damage in a-Al O and MgO. The volumetric2 3

swelling induced by heavy-ion irradiation in these ionic
materials was relieved by subsequent irradiation with 100
keV protons at room temperature. Based on these results,
the authors have suggested that the charge state and mobil-
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ity of the defects produced in ionic materials may depend
on the fraction of the incident energy lost in electronic
processes.

w xBourgoin and Corbett 11 have reviewed mechanisms
for the enhancement of defect migration by a change in the
charge state of lattice defects. One of these, the Bourgoin
mechanism, proposes the existence of defects in several
charge states with the saddle point of one state coinciding
with the energy minimum of another state and vice versa.
An ionization-induced change in the charge state can cause
a defect to go from an energy minimum to a saddle point.
Relaxation to the minimum energy in the new state will
lead to defect migration. Repeated changes of charge state
can cause enhanced defect migration that can promote
damage annealing in ionic materials. It must be pointed out
that this mechanism is not efficient for long-range migra-
tion of defects. However, long-range migration might be

Ž .enabled by the normal ionization-enhanced diffusion IED
mechanism which proposes a large decrease in the migra-
tion energy of a point defect as a result of a change in
charge state brought about by ionizing radiation. Other
IED mechanisms, based on energy release from excited
electronic states and rearrangement of bonds, have also

w xbeen proposed 11 .
w xZinkle 5–7 has observed suppression of dislocation

Ž . Ž .loop formation in periclase MgO , spinel MgAl O and2 4
Ž . Ž qsapphire a-Al O following light-ion 1 MeV H or2 3

q.He irradiation at 923 K. The light ions produced larger
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loops with a much lower density compared to heavy ions.
In addition, simultaneous irradiation of spinel with heavy
Ž q q. Ž1.8 MeV Cl or 3.6 MeV Fe and light ions 1 MeV

q.He was found to suppress loop nucleation when the
light ion flux was sufficiently high. It was suggested that
these effects are most likely due to ionization enhanced
diffusion of point defects.

w xRecently, Devanathan et al. 8 have observed the sup-
pression of heavy-ion induced amorphization of spinel at
100 K when the electronic stopping power was consider-
ably higher than the nuclear stopping power. However,
beam heating and chemical effects due to the implant may
have played a role in these observations. It is, therefore,
important to minimize chemical and beam heating effects,
while studying the response of ceramics to highly ionizing
radiation.

Simultaneous electron and heavy ion irradiation in a
Ž .high-voltage electron microscope HVEM is one of the

most convenient methods to study ionization effects in
ceramics. The use of a HVEM enables the in situ observa-
tion of the state of damage in the material using electron
microscopy and diffraction. In addition, the electron-trans-
parent regions of the sample are too thin to retain a
significant concentration of the implanting species. Fur-
thermore, beam heating can be minimized by using a low

w xflux of electrons and ions. Kinoshita et al. 9 have studied
the effect of concurrent 30 keV Xeq and 1 MeV electron
irradiation on dislocation loop nucleation in spinel at 870
K. They did not observe the suppression of loop formation

w xdue to ionization seen by Zinkle 5–7 . This may be due to
the fact that the 1 MeV electrons used by Kinoshita et al.
produce homogeneous ionization as opposed to the highly
localized ionization produced by the light ions in Zinkle’s
study. In addition, the 30 keV ions in Kinoshita’s study
were implanted into the specimen and may have assisted
loop nucleation. The role of this homogeneous ionization
in ceramics warrants further study, especially, under condi-
tions where chemical effects are minimized.

Most of the previous studies of ionization effects in
ceramics have been performed at elevated temperatures
where radiation-induced phase transformations do not oc-

w xcur. Abe et al. 10 have examined the effect of concurrent
electron irradiation on the heavy-ion induced amorphiza-
tion of Si at room temperature. They found that electron
irradiation resulted in retardation of ion-induced amor-
phization of Si. The authors have attributed this effect to
athermal migration of point defects by energy transfers
below the threshold displacement energy and atomic rear-
rangement due to electronic excitation.

In the present work, a number of ionic materials have
been irradiated simultaneously with heavy-ions and elec-
trons in a HVEM at temperatures as low as 26 K. The
objective of the work is to examine the effect of simultane-
ous electron irradiation on the amorphization of ceramics
brought about by heavy ion irradiation at cryogenic tem-
peratures.

2. Experimental details

Ž .Single crystals of sapphire a-Al O , geikielite2 3
Ž . Ž .MgTiO and ilmenite FeTiO were irradiated with 13 3

MeV Krq and 900 keV electrons. In addition, single
Ž Ž . .crystals of apatite Ca La SiO O were irradiated with2 8 4 6 2

1.5 MeV Xeq and 300 keV electrons. The samples were
prepared by mechanical polishing using a tripod polisher
w x12 to achieve a thickness of less than 10 mm and ion
milling at room temperature with 5 keV Ar ions at 88 to
the sample surface. The samples were not annealed follow-
ing ion milling. The in situ irradiations were performed in
the HVEM-Tandem Facility at Argonne National Labora-
tory, in which a 1.2 MeV modified KratosrAEI EM7
electron microscope is interfaced to two National Electro-

w xstatics Corporation ion accelerators 13 .
Liquid helium was used to cool the double-tilt sample

holder to temperatures as low as 20 K during the irradia-
tion. The flux of ions was about 1=1012 ionrcm2 s,
which corresponds to a maximum power of 0.24 Wrcm2.
At this low power, ion-beam heating effects are not ex-
pected to be significant. The peak electron beam flux was
about 2=1019 eyrcm2 s, and the rates of peak electron

Ž .and ion beam displacements per atom dpa were about
5=10y4 dpars. Electron dosimetry was performed using
a Faraday cup located above the upper objective pole piece
and another located below the third projector lens. The

w xelectron dpa was estimated from Oen’s tables 14 , while
w xthe ion dpa was determined using TRIM 96 15 calcula-

tions. An average displacement threshold energy of 40 eV
was used.

The experimental setup used for dual-beam irradiation
of a-Al O , MgTiO and FeTiO is schematically illus-2 3 3 3

trated in Fig. 1. The ion beam irradiates the whole sample
with a uniform flux, while the focussed electron beam has

w xa Gaussian flux profile 13 with a half-width at half
w xmaximum of about 2 mm. According to TRIM 96 15

calculations, the ratio of electronic to nuclear stopping
power, S rS , for 1 MeV Krq irradiation of a 50 nm thicke n

sample of sapphire is about 1.15 at the top surface and 1 at
the exit surface. The corresponding values for 1.5 MeV
Xeq are about 0.68 and 0.6. For the electron beam, the
nuclear stopping power above and below the threshold for
displacement was calculated using the McKinley–Fesh-

w xbach approximation 16 . The integral was evaluated be-
tween 40 eV and the maximum transferred energy for
nuclear stopping above the threshold. For sub-threshold
nuclear stopping, the limits of integration were set at 0.1
and 40 eV. The electronic stopping power was determined

w xusing the Bethe–Bloch theory 17,18 for relativistic elec-
trons.

Due to the Gaussian shape of the electron beam, the
stopping power ratio varies as a function of radius of the
electron beam for dual-beam irradiations. S rS at thee n

center of the electron beam is about 1=104, four orders
of magnitude higher than that at a distance of 5 mm from
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Fig. 1. Schematic diagram of the dual beam irradiation experi-
ments.

the center where the sample is irradiated predominantly by
ions. The calculated stopping power ratio for dual-beam
irradiation of sapphire is shown in Fig. 2. The microstruc-
ture inside the electron beam was compared to that outside,
to study the influence of a homogeneously ionizing radia-
tion on the materials. For the apatite sample, a fully
focussed electron beam was not used. In this case, the dose
for amorphization by heavy ions was determined with the
electron beam focussed to a radius of about 10 mm, and

Fig. 2. The ratio of electronic to nuclear stopping power for
simultaneous 1 MeV Krq and 900 keV electron irradiation of
sapphire.

Fig. 3. The critical dose for amorphization of apatite by 1.5 MeV
Xeq with and without a 300 keV electron beam.

Žalso with the electron beam completely defocused effec-
.tively off .

3. Results

Fig. 3 shows the amorphization dose in dpa for apatite
Ž Ž . . qCa La SiO O irradiated with 1.5 MeV Xe as a2 8 4 6 2

function of temperature with and without a 300 keV
electron beam. In the presence of the electron beam fo-
cussed to a radius of about 10 mm, the amorphization dose
was found to be about 30% higher than with the electron
beam off. This effect is significant in light of the fact that
the electron beam was not fully focussed on a small area.
When a fully focussed, 900 keV electron beam was used to
irradiate three rhombohedral oxides, FeTiO , MgTiO and3 3

a-Al O , the retardation of amorphization was consider-2 3

able.
Table 1 lists the displacement dose in dpa for amor-

phization of FeTiO following irradiation by 1 MeV Krq,3

and a simultaneous irradiation using a focussed 900 keV
electron beam and 1 MeV Krq ions. The amorphization
dose for dual beam irradiation is more than twice that for
the ion irradiation. In addition, the critical temperature for
amorphization by dual beams is lower than that for amor-

Table 1
Critical dose for amorphization of FeTiO by 1 MeV Krq ions3

and dual beams of 1 MeV Krq and 900 keV electrons. C
indicates that the material remains crystalline

Ž . Ž . Ž .Temperature K Ion dose dpa Dual beam dose dpa

30 0.19 0.40
100 0.23 0.47
150 0.38 3.10
175 1.13 4.50
200 2.25 C
300 C C
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Table 2
Critical dose for amorphization of MgTiO by 1 MeV Krq ions3

and dual beams of 1 MeV Krq and 900 keV electrons

Ž . Ž . Ž .Temperature K Ion dose dpa Dual beam dose dpa

28 0.80 2.20
100 2.00 4.50
120 3.65 C
150 C C

phization by 1 MeV Krq. Irradiation of FeTiO with a3

focussed beam of 900 keV electrons at 30 K, without the
presence of ions, did not produce amorphization after 6

dpa. The dose for amorphization by heavy ions at this
temperature is about 0.2 dpa.

A similar retarding effect due to simultaneous 900 keV
electron irradiation was observed during 1 MeV Krq

irradiation of MgTiO and these results are listed in Table3

2. The areas inside the electron beam require much higher
doses to go amorphous and have a lower critical tempera-
ture for amorphization. In both Tables 1 and 2, a C is used
to denote that the material remained crystalline. At these
temperatures, point defect clusters were observed indicat-
ing considerable defect mobility.

Ž .Fig. 4 a–c are diffraction patterns and 4d is a bright-
Ž .field BF image from an area of a sapphire sample

q y Ž .Fig. 4. Sapphire irradiated with 1 MeV Kr and 900 keV e at 26 K. Diffraction patterns from the region a at the center of the focussed
y Ž . y Ž . q Ž .e beam; b at the edge of the e beam and c irradiated predominantly with Kr . d Bright-field image showing the dual-beam

irradiated region.
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Žirradiated with both 900 keV focused electrons 2.3 peak
. q Ž .dpa and 1 MeV Kr 3 dpa at about 26 K. The electron

diffraction pattern from the region at the center of the
Ž .focussed electron beam Fig. 4a shows a perfectly crys-

talline spot pattern. The area at the edge of the electron
Ž .beam shows a ‘spots and halo’ pattern Fig. 4b . A com-

Ž .pletely amorphous halo pattern Fig. 4c is obtained far
away from the electron irradiated region. The BF image
Ž .Fig. 4d shows that the center of the electron irradiated
region stays crystalline with uninterrupted bend contours
and a high concentration of point defect clusters. This
indicates that the region is crystalline and point defects are
mobile. Moving towards the areas irradiated predominantly
with Krq, the bend contours gradually disappear indicating
a transformation to the amorphous state.

Ž .The minimum ratio of electron to ion dpa rates D rDe i

needed to retard amorphization can be determined from the
flux profile of the electrons and the distance from the
center of the electron beam at which the bend contour
disappears. We have determined this ratio to be 0.05 in
a-Al O at 26 K. The thermal conductivity of unirradiated2 3

w xa-Al O is about 6000 WrmK at this temperature 19 .2 3

Point defects produced by radiation will cause a degrada-
tion in thermal conductivity. In spite of this degradation,
beam heating is likely to be negligible and cannot be
considered the cause for the observed suppression of ion

w xbeam induced amorphization 20 . The retention of crys-
tallinity in the electron irradiated region at 26 K up to a
dose of about 5 dpa is quite remarkable in light of the fact
that sapphire can be readily amorphized by heavy ions at

w xthis dose above 100 K 21 .

4. Discussion

The retardation or suppression of heavy-ion induced
amorphization by simultaneous electron irradiation ob-
served in sapphire, ilmenite, geikielite and apatite in the
present work is similar to that previously documented in

w xmetals. Koike 22 irradiated CuTi with 1 MeV electrons
and 1 MeV Krq at several temperatures. The critical

Ž e.temperatures for amorphization by 1 MeV electrons Tc
q Ž i.and 1 MeV Kr T were found to be 220 and 460 K,c

respectively. Below T e, the dual-beam irradiated regionc

went amorphous before the ion irradiated region. In con-
trast, above T e, the electron irradiation retarded ion beamc

induced amorphization.
w xKoike 22 has pointed out that the excess vacancies

created by electron irradiation are immobile below T e andc

augment the displacement damage. Above T e, they be-c

come mobile and anneal the damage created by the ion
beam. This type of diffusion is known as radiation-en-
hanced diffusion. The irradiation of sapphire by 900 keV
electrons will give rise to a non-equilibrium concentration
of point defects. However, this excess alone cannot explain
the present observations. For instance, the minimum D rDe i

needed to retard amorphization in CuTi was determined by

w xKoike 22 to be 6, which is much higher than the value of
0.05 for sapphire in the present work. At a value of 0.05,
the electron damage rate is too low to account for the
suppression of amorphization. Moreover, the irradiation of
sapphire was performed at a considerably lower tempera-

Ž . Ž .ture 26 K compared to that of CuTi 300 K . According
w xto the diffusion data available for Al O 23 , the point2 3

defects would not be expected to migrate thermally during
the experiment at 26 K. This suggests that the electron
beam is much more effective in retarding amorphization in
ceramics compared to metals and points to an athermal
mechanism.

There are two athermal mechanisms that can be in-
voked to explain the observed retardation of amorphiza-
tion, namely, sub-threshold energy transfer and
ionization-enhanced diffusion. According to the sub-
threshold model, pre-existing defects can migrate when an
electron transfers energy less than the threshold for atomic

w xdisplacement 10,24 . For instance, a transfer of about 2
eV to a point defect can cause it to make one diffusion
jump. While this mechanism can cause local atomic rear-
rangement within cascades, it cannot lead to long-range
diffusion.

Fig. 5 is a plot of the sub- and super-threshold nuclear
and electronic stopping powers for high-energy electrons
in sapphire. The general trends seen in this plot are true for
all the ceramics studied in the present work. The electronic
stopping power is nearly five orders of magnitude higher
than the sub-threshold stopping power for 900 keV elec-
trons. This arises from the fact that the cross-section, and
hence the probability that an electron will lose a certain
amount of energy, is orders of magnitude higher for elec-
tronic energy loss than for sub-threshold events. Thus, the
observed retardation of amorphization is much more likely
to arise from ionization-enhanced diffusion than from sub-
threshold energy transfer.

The above argument in favor of ionization is supported
w xby previous work. Ravi et al. 25 have shown that in situ

Fig. 5. The electronic, sub-threshold nuclear and above-threshold
nuclear stopping powers for electrons in sapphire.
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UV illumination during 150 keV self-ion implantation of
Si samples cooled with liquid nitrogen leads to a signifi-
cant suppression of radiation damage. The authors have
suggested that enhanced defect migration due to a change
in charge state of point defects could account for their

w xobservations. Jencic et al. 26 found that solid-phase
epitaxial regrowth of spatially isolated amorphous regions
in Si, Ge and GaP can be stimulated by 50 keV electron
irradiation at room temperature. Their results indicate that
electronic energy loss processes are responsible for the
formation and migration of point defects.

The present observations in sapphire along with those
in ilmenite, giekeilite and apatite are best explained by the
mechanism of ionization enhanced diffusion. Electron irra-
diation of ceramics not only produces an excess of point
defects, but also enhances their migration by ionization
w x27,28 . The resulting mobile defects help in annealing the
damage to the lattice even at cryogenic temperatures as
shown by the observation of point defect clusters in elec-
tron irradiated sapphire at 26 K. Retardation of amorphiza-
tion also occurs at cryogenic temperatures in ilmenite and
geikielite. In fact, ilmenite cannot be amorphized by elec-
tron irradiation at 30 K, even though it readily amorphizes
under ion irradiation. In apatite, electron irradiation retards
amorphization even under normal HVEM imaging condi-
tions. Since the electron beam was not fully focused, the
displacement rate was estimated to be of the order of 10y6

dpars. This rate is too low to retard amorphization by
radiation-enhanced diffusion.

The results from the present work are consistent with
w xthose of Zinkle 29 who found a strong correlation be-

tween point defect diffusion and large values of the elec-
tronic to nuclear stopping power ratio in irradiated ceram-
ics. Zinkle also observed that point defect diffusion was
enhanced in regions where the displacement damage rate
was low, such as, the near-surface and mid-range regions
in light-ion irradiated samples.

The present study has clearly demonstrated that elec-
tron irradiation can have a much more pronounced effect
in ceramics compared to metals. In ceramics, electron
irradiation at cryogenic temperatures does not simulate the
conditions expected in a fusion reactor environment. How-
ever, it may be representative of radiation damage sus-
tained by space stations and vehicles used for planetary
exploration. Due to the presence of electrically charged
defects in ionic materials, highly ionizing radiation can
have an effect on microstructural evolution that is different
from that in metallic materials. Therefore, damage accu-
mulation models developed for irradiated metals cannot be
directly extended to ceramics.

5. Summary

The effect of simultaneous electron and heavy-ion irra-
diation on the structure of a-Al O , MgTiO , FeTiO ,2 3 3 3

Ž .and Ca La SiO O has been examined in situ using a2 8 4 6 2

high voltage electron microscope. In all the compounds
studied, electron irradiation was able to suppress or retard
ion beam induced amorphization. In sapphire irradiated
with dual beams at 26 K, point defect clusters formed and
the material remained crystalline. The results indicate that
highly ionizing radiation can enhance the mobility of point
defects and anneal lattice damage even at cryogenic tem-
peratures. The magnitude of this enhanced diffusion is
significantly larger in ceramics compared to metals. Fur-
ther work is needed to fully understand the effects of
ionizing radiation in ceramics.
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