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Damage evolution on Sm and O sublattices in Au-implanted samarium
titanate pyrochlore
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Damage evolution on the Sm and O sublattices i BpO; single crystals irradiated with 1 MeV

Au?" jons at 170, 300, and 700 K was studied by Rutherford backscattering spectroscopy and
160(d, p) 1’0 nuclear reaction analysis along #@1) direction. The damage accumulation behavior

at each irradiation temperature indicates that the relative disorder on the O sublattice is higher than
that on the Sm sublattice, and the relative disorder, determined by ion channeling, on each sublattice
follows a nonlinear dependence on dose that is well described by a disorder accumulation model.
While there is little difference in damage accumulation behavior on the Sm sublattice at 170 and 300
K irradiation, the rate of damage accumulation decreases dramatically at 700 K due to dynamic
recovery processes. The critical dose for amorphization at 170 and 300 K is 0.14 displacements per
atom(dpa, and a higher dose of 0.22 dpa is observed under irradiation at 700 K. During thermal
annealing in arf®O environment, a significant increase in #® exchange was observed between

800 and 900 K, which is just below the previously determined critical temperature, 950 K, for
amorphization in SgTi,O;, suggesting that the mobility of O vacancies may be important in
defining the critical temperature. @004 American Institute of Physics.

[DOI: 10.1063/1.1644891

I. INTRODUCTION at different temperatures, particularly in relevant pyrochlore
) phases. Quantitative characterization of damage accumula-
Pyrochlore materials, due to the remarkable elementgl -« o function of dose and temperature, using ion-
versattility in the A4B,0, crystal structure, are considereolllfor channeling methods in single crystals, should lead to a better
awide range of_z_ippl_lcanons, s_uph as fuel céﬂsatalyftsg; understanding of the amorphization and damage evolution
and the immobilization of actinide-rich nuclear wasteor processes. Using single crystals of samarium ftitanate
excess plutoniuft? Considerable self-radiation damage SmZTi207j the damage evolution on the Sm and O sublat-
from arl]pha.—decay in acum_de—bealllr_mg ph:;ses dcan fresult _'6ces is characterized in the present study. In general, alpha
amorphization, macroscopic SWG_{’;gv and order-ot magniyecay of the actinide elements produces alpha particles with
tude increases in dissolution raf8s'®and these changes in energies of 4.5 to 5.8 MeV and recoil nuclaipha recoils
structure and chemical durability affect long-term perfor-yii, ‘energies of 70 to 100 keV, and the more massive but
mance of tﬁizﬁ"“”'de Wa|5te forrr]TsFégStumes” oF Jower energy alpha recoil accounts for most of the damage
actinide-dope 196_md_ natural pyrochlores, as well as ,.,q,ced through elastic scattering collisions. Because the
related structure¥-*®indicate that pyrochlores with Ti, Nb, nuclear stopping of 1.0 MeV Au at the damage peak in
and Ta as the major B-site cations become amO_rphou_s_asse}nzTizo7 is similar to the nuclear stopping of alpha recaoils,
result of the gradual accumulation of alpha-recoil coII|S|on,[he damage evolution on the Sm and O sublattices under 1.0
cascades. However, such studies are time consuming, agly, Ay irradiation is characterized at the damage peak re-
only I|m|.ted data under_ a f?W sets of expenmezrg'EaZ\Lcondltlonsgion, which provides a reasonable simulation of the damage
are available. Heavy-ion |rra(j|at|on studfes, ) _Wh'Ch evolution behavior due to alpha recoils. The Au irradiations
have been used to more rapidly evaluate radiation eﬁeCt%vere carried out at 170. 300. and 700 K. and a disorder

have been completed on a.W|de range of pyrochlore COMPO3ccumulation model was employed to characterize the defect
sitions that generally confirm the results for the aCt'n'de'accumuIation and amorphization behavior

doped pyrochlores or natural minerals.

Considerable transmission electron microsc@peEM)
studies have been carried out to characterize the temperatdlleEXPERlMENTAL PROCEDURES
dependence of the critical dose for amorphizafié:?* The SmTi,O; single crystals were grown by a floating
however, few studies have quantitatively investigated the&one technique using an infrared image furnace at the Uni-
damage evolution behavior as a function of irradiation doseersity of Warwick, UK. The growth was conducted in air at
growth speeds of around 6—8 mnifiiThe pyrochlore crys-

dAuthor to whom correspondence should be addressed; electronic mait.al was sectioned along th@.OO) .plane and. the polished
Yanwen.Zhang@pnl.gov samples were characterized by high-resolution x-ray diffrac-
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tion (HRXRD) and a series of pole figure measurements.
Samples exhibiting large single crystal regions were then se-
lected for the irradiation experiments. Powder XRD results
revealed no evidence for the existence of secondary or minor
phases, thereby confirming the single-phase nature of the
crystals with a lattice parameter of 1.0233 nm.

The Au irradiations and subsequent investigation of
damage accumulation in the Sh,O; single crystals were
carried out using the 3.0 MV tandem accelerator facility ” =
within the Environmental Molecular Sciences Laboratory 0 50 100 150 200 250 300
(EMSL) at the Pacific Northwest National Laboratory Depth (nm)

(PNNL). Each sample was mechanically mounted to a mofIG. 1. Predicted recoil profiles of Sm, Ti, and(@ft Y axis) from SRIM
lybdenum plate using molybdenum spring-loaded clips, with2003 calculations for 1.0 MeV Auirradiated at a normal incident under
a chromel-alumel thermocouple clamped to the sample sufd!-cascade mode with a density of 6.305 gfeand threshold displacement

. energies of 50 eV for all Sm, Ti, and O sublattices, respectively. Also in-
face. The samples were implanted at 170, 300, and 700 Kjuded is the Au distributiorright Y axis).
with 1.0 MeV A" ions at near normal incident angle to
fluences ranging from % 10'?to 8x 10** Au™ cm™2, which
produced damage states that ranged from relatively minor In the current study, RBS and thé€O(d,P)*'O NRA
disorder to a fully amorphous buried layer. For each ion flu-were employed to investigate damage accumulation on the
ence, the local dose at the damage peak, in displacements pei and O sublattices along tHe01) direction using 2.0
atom(dpa, was determined using the Stopping and Range oMeV He" and 900 keV D with a scattering angle of 150°,
lons in Matter(SRIM) 2003 cod&® under full-cascade mode, fespectively. The measurements were performesitu un-
assuming a theoretical density of 6.305 glamnd threshold de_r high vacuum in the target chamber. For the 170 and 300
displacement energies of 50 eV for Sm, Ti, and O atdfns. K irradiated samples, the meag,urer_ne_nts were conducted_at
The conversion factor at the damage peak from ion fluenci'® Same temperature as the irradiation temperature, while
(10 Au* cm2) to dose(dpa is 0.45 under the irradiation analysis for the _700 K irradiations was performed at room
conditions of this study. A low constant ion flux of temperature. This procedure gnsured that.thermal recovery

processes were quenched prior to analysis. Backscattering

8x10°

6x10%

4x10?°

Au (Atoms/nvion )

2x10°

Displacements(Number/nm/lon)

0

3x 10" Aucm 2s ! was employed during each implanta-

tion to avoid beam heating Tpheybeam engrgy was fhosen elds from the same virgin spot were used to check the
' : amage sensitivity and stability of the crystal under exposure

produce shallow_damage that could be readily measured b theg analyzing ybeam Notigeable inc¥eases of thep back-

lon-beam analysis methods. . . . scattering yield were observed when the dose from ion-beam

The damage evolution was investigated from the relative . 6 ) Lo .

: . : analysis exceeded »510'® ioncm 2, which is about six

disorder that was determined using Rutherford backscatte{i-n,les more than the dose needed to collect a typical RBS/

ing spectroscopyRBS) and nuclear reaction analygidRA) NRA spectrum

along the(001) channel direction. The RBS interaction yield )

for h | | low-ind I hic di Thermal recovery anfO exchange were studied using
or heavy elements along a low-index crystallographic direc-, sample irradiated with 800 keV Auions at a normal in-

tion is sensitive to very small displacements of the atoms,ijent angle to ion fluences of 8.0 Aucm™2. Isochro-
from crystalline lattice sites, which makes the techniquena| annealing was carried out in R0 environment at a
unique for analysis of ion-implantation damage in singlepressure of 4107 Torr up to 970 K for 30 min. To inves-
crystals. As a complement to RBS, NRA in a channelingtigme the exchange dfO in the sample with80 in the
geometry can be utilized to profile atomic disorder of 'ightannealing environment, nuclear reaction analy@itRA)
isotopes in matrices of compound substrates with heavy elesg(p, «)15N with a 745 keV H beam was employed. Ther-
ments. The relative disorder measured by ion channelingya| recovery on Sm sublattice was studied by RBS using a

methods is the appropriately corrected ratio of the aligne® o Mev He" beam along th€001) channeling geometry.
backscattering/reaction yield along a channeling direction to

the random yield**which is described in more detail be- |;; RESULTS AND DISCUSSION
low. For ion-beam induced damage, the backscattering/ .
reaction yield is primarily due to interstitials within channels, A- Damage accumulation

unaligned atoms in amorphous domains, and unaligned at- The predicted profiles of damage and Au concentration
oms due to local strain from dislocations or bubbles. Then the SmTi,0; under 1.0 MeV Au irradiation at a normal
ion-channeling methods are not as sensitive to vacanciefcident angle are shown in Fig. 1. The predicted profiles are
antisite defects, or the cation and anion disorder studied bgased on full-cascade simulations using the SRIM 2003
others®* which are defect states on crystallographic sitesgode?® As shown in Fig. 1, the relative damage profiles of
however, the influence of such defects can be noted in thearget recoils Sm, Ti, and O are peaked~&5 nm, which
dechanneling fraction or in the width of the channel. Thehave a shallower distribution than the predicted Au profile,
disordering measured in the present study by ion channelingihich is peaked at-140 nm. According to the calculations,
is disorder associated with anions and cations on noncrystal.0 MeV Au" implantation produces significant damage
line sites. over its path, with over 5300 displacements per Au ion. Sig-
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3500 P T T ] trum. The depth profiles of relative Sm disorder and the cor-
3000 Random  Sm,Ti,0, @ responding disorder at the damage peak were determined
210” emi? from the RBS spectra using an iterative proceduré’

2500 DEpUHIEE which provides a more reliable determination than the linear
2 o000 b —— 700K ] dechanneling approximation often employed. The iterative
'5; procedure starts from the surface channel and successively
@ 1800 E moves forward in depth to determine the dechanneling frac-

1000 I ] tion in the next channel, which enables the direct back-

scattering contribution from the displaced atoms to be deter-
500 Virgin 1 mined at that deptf?° The continuous amorphous state is
0 ' . defined as achieving a relative disorder of 1.0, where the
200 00 e by 1000 aligned spectrum overlaps with the random spectrum.
10 : ' ' ' . 010 The relative Sm disorder profiles, derived from the RBS
g spectra in Fig. @), are given in Fig. t). The apparent

5 08 {008 & depth scale is determined from the energy differences asso-

§ = ciated with the channel numbers, the He stopping powers in

2 08 008 § Sm,Ti,O, from SRIM, and assuming a sample density of

@ 04 oo € 6.305 gcm®. The stopping powers of He in the aligned

-(-_% ’ gEg directions are assumed to be the same as in the random di-

¢ 02 ooz S rection due to the uncertainty in establishing the differences

" a for the various damage states. As shown in Figh),2the
00 b R ) 0,00 depth profile of the implantation-induced disorder has a
0 50 100 150 200 250 300

maximum at about 105 nm. Comparing the profiles for the
samples irradiated at different temperatures, a slight decrease
FIG. 2. () RBS spectra for samples irradiated with 1.0 MeV*Ato ion in disorder at the damage peak is observed with increasing
fluences of 2.08:10 at 17& 300, and ;00 K, fespecgve'y- Tze Shamp'fi,S arejrradiation temperature from 170 to 300 K, and a significant
e oo an, shamei" decrease in relative disorder within the whole inadiated re-
of relative Sm disorder at 170, 300, and 70Ql&ft Y axis) and the SRIM  gioN is evident at 700 K. Damage accumulation is a direct
predicted damage profilgight Y axis) for 1.0 MeV Au implantation to an  result from the competition between the damage production
ion fluence of 2.& 10" (solid ling), as well as a SRIM/2 profilédotted g dynamic annealing processes during irradiation. Because
line). the defect annihilation process is primarily thermally acti-
vated and there is a lack of thermal energy at and below
room temperature for significant dynamic defect annealing,

nificantly more O displacements, as compared with Sm anthe lower defect annihilation rate leads to a much higher
Ti displacements, are predicted by the simulations, which iselative Sm disordering rate at 170 and 300 K. During irra-
primarily attributed to the higher abundance of oxygen. diation at 700 K, dynamic recovery of point defects occurs at

The RBS spectra for samples implanted to an ion fluenc@ much higher rate, which suppresses the rate of disordering
of 2x 10" cm™2 at different temperatures are shown in Fig. during irradiation and leads to a significant decrease in accu-
2(a), which illustrates the general statistics for other mea-mulated disorder over the whole implanted region at 700 K,
surements. A random spectrum and a channeling spectruas shown qualitatively in Fig. (3) for the surface region
taken from a virgin area are also included. The ratio of thelaround channel 950and quantitatively in Fig. @) for the
backscattering yield in the virgin spectrum to the yield in thedeeper implanted region.
random spectrum just below the surface pgals, is 0.037, Also shown in Fig. ) is the SRIM predicted profile of
which indicates the high quality of the virgin crystal. The displacements in Syiti,O; implanted with Au ions to a flu-
emergence of the damage peaks in the channeling specteace of 2< 10" cm 2 at a normal incident angle, which is
indicates the presence of disorder that causes direct backpproximately the sum of the recoil distributions of the target
scattering of the channeled ions. For the same ion fluenc@toms Sm, Ti and O, as shown in Fig. 1. Comparing the
there is a significant reduction of the backscattering yield aprofiles in Fig. 2b), the experimental disorder profiles at 170
700 K, as compared with 170 and 300 K, which indicates aand 300 K have a deeper and boarder distribufipeak
much higher rate of dynamic recovery at 700 K. Because th&idth of ~180 nm than the SRIM predictiongpeak width
damage accumulation at the surface increases with ion fliesf ~148 nm, which might be due to significant error in the
ence, the surface peak cannot be resolved after irradiation ®RIM stopping powers for He and/or Au in $S,0;. It is
2x 10 Aut cm 2. worth noting that different Y-axis scales are used in Fig) 2

In order to obtain a quantitative damage profile, it isfor the experimental data and the SRIM results. This indi-
essential to determine the dechanneling component of theates that the average damage production rate is much higher
RBS spectra as a function of depth. Because the backscattemder the 170 and 300 K Au irradiation than the SRIM pre-
ing yield due to the ion-implantation-induced disordering isdiction, which is based solely on the production of displaced
much more evident from the Sm sublattice, all analyses ohtoms in a perfect crystal. The differences in damage produc-
cation disordering were performed on that part of the spection rates between the measurements and simulations are pri-

Depth (nm)
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AL L L L LI achieving a fully amorphous state. The solid lines in Fig. 3
10 (@) " are the fits to a disorder accumulation model. The total rela-

g 08'_ tive disorderS produced under ion-beam irradiation and
‘g “ measured by ion-channeling methods consists of contribu-
a 06 - tions from irradiation-amorphized and damaged-crystalline
;,5, ' £ ] regions according to the following expression:
L o4k Sm,Th0; | S=f.+S,+S 1
g | £ 1.0 MeV Au* Tlal ST e (1)
& o2t /£ / S ;gg’é i where f, is the amorphous fraction, ar}; is the relative

. A A 700K disorder from irradiation-induced interstitials and the small

0.0 interstitial clusters in the residual crystalline regions. The
1.0 third term S, accounts for the relative disorder from the
= growth of extended defect clusters, which may be a signifi-
S 08 cant contribution at irradiation temperatures close to the
2 critical temperature for amorphization, where point defects
8 06 are more mobile. Under the current study, the contribution of
@ S; to the total disorder is insignificant and will not be dis-

§ 04 cussed further.

c The amorphous fraction can be described using a direct-
0.2 o impact, defect-stimulated(DI/DS) model for amorphi-
0od ] zation®® In this model, amorphous nuclei are directly pro-

000 005 010 015 020 025 0.30 duced in the core of a cascade, and the irradiation-induced

Dose (dpa) point defects accumulate and stimulate further amorphization
at the crystalline-amorphous interfaces. The amorphous frac-

FIG. 3. Relative disorder at the damage peak@nSm and(b) O sublat-  tion is given by the following expressio?ﬂ:
tices as a function of local dose for $m,O; single crystals implanted with

1.0 MeV Au' at 170, 300, and 700 K. Solid lines are fits of Et) to the fa=1—(o,+ 0'5)/{0'5+ oaexfd(oat+ gS)D]}, (2)
data, using Eqg2) and(3). The O data at 700 K is shown {n) with the fits

of the total disorderS), the amorphous fractionf{), and the relative dis- Whereo, is the amorphization cross sectian, is the effec-
order from irradiation-induced interstitials and clustegg)( tive cross section for defect-stimulated amorphization,and
is the local dosédpa.

The relative disorde8; is primarily due to the accumu-
lation of interstitial defects. Irradiation leads to the formation
and accumulation of Frenkel pairs in the residual crystalline
material. Spontaneous recombination of interstitials and va-
cancies within a recombination volume leads to a steady
state defect concentration that is temperature dependent. This
process can be described using a simple defect accumulation

modefl*2 that is consistent with the observed behavior for
the accumulation of point defects in &d,0,% and other
related materials>3?The relative disorder contributio®, is
glven by this simple defect accumulation model multiplied
by the probability (1 f,) for a defect being produced in the
residual crystalline materi3

marily attributed to the contribution of defect-stimulated
amorphization to the relative disorder at different irradiation
temperatures. The SRIM profile divided by twequivalent

to a fluence of X 10" cm™2) is also plotted for convenient
comparison to the shape of the 700 K profile. In the near
surface regiorfa few tens of nanometgrsthe damage accu-
mulation at 700 K is suppressed, which may suggest in-
creased defect annihilation at the surface. The narrower di
order profile for irradiation at 700 Kpeak width of~145
nm), as compared with the lower temperature irradiations
(peak width of~180 nn), is likely due to a combination of
the nonlinear accumulation of relative disorder and signifi-
cant dynamic annealing, which results in different damage
production to recovery ratios at different depths that lead to  S;=Sj[1—exp—BD)](1—f,), (3
decreased local damage accumulation rate away from the . i ) ,
damage peak. The deeper damage peak for the 700 K Spe\@heresd is the saturation value for the defect-induced dis-
trum than the SRIM prediction may be attributed to discrep- order observed along a specified channel direction, which is

1
ancies in the electronic stopping powers, as discussed aboy¥0POrtional to the local displacement rate, @&dipa ) is
proportional to an effective recombination volume for the

specific defects giving rise 6.
The curves shown in Fig. 3 are fits of the above model to
The relative disorde§ in the SmTi,O; crystals on the the data, and the model parameters are summarized in Table
Sm and O sublattices at the damage peak is shown in Fig. I3 There is considerable uncertainty in these fit parameters at
as a function of local dose. The relative O disorder at thehis time due to the limited data for the pyrochlore system,
damage peak was determined from the NRA spectra usingut it is expected that the uncertainty will be reduced as more
the ratio of aligned spectra to random spectra and correctingxperimental data are obtained and analyzed. The signifi-
for the background-dechanneling fraction. The results in Figcantly larger values foo relative too, in Table | indicate
3 indicate that the atomic disorder on both the Sm and Qhe significant contribution of defect-stimulated processes to
sublattices increases nonlinearly with dose, eventuallamorphization in SpWi,O; pyrochlore. Previousn situ

B. Modeling behavior at the damage peak
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TABLE I. Model parameters from fits of Eq1) to data in Fig. 3. to the measured backscattering yield. The high density of
oxygen atoms in the structure may lead to more highly sepa-

Sm Sublattice 170 K 300 K 700 K . g
rated (and thus stableoxygen Frenkel pairs from collision
Ta (dpf{? 1.0 1.0 0.6 sequences. This could also account for a higher survivability
s (gfa ) 823;8 262'2 ;‘3‘621 of oxygen interstitials, which is supported somewhat by re-
d . . . : . )
B (dpah) 10 10 10 cent.cgmputer S|mulat|on_s of c_ascades ina pyroctﬁ‘i.)ﬁe'—
: termining the stable configurations of cation and anion inter-
O Sublattice stitial defects will be necessary to ascertain if the stable
o, (dpa™) 1.0 1.0 0.6 . . . .
o (dpad) 79.0 720 518 anion configurations are more readily measured a[@dg]
S 0.72 0.42 0.30 relative to the cation interstitials. Such work will require ex-
B (dpa? 50 50 50 haustive theoretical calculations that are beyond the scope of

the present article. The high&rvalues for the O sublattice
than the Sm sublattice indicate a larger effective recombina-
tion volume for O interstitials under the current irradiation
TEM studies of amorphization in Sfi,O, under Bi* and conditions, which suggests lower barrigrs for recpmpination.
Kr* irradiatiort®3® indicate that this material exhibits iso- Based on the model fits, the decrease in amorphization rate at
lated damage clusters with sizes of a few nanometers in dif00 K*'s associated with decreases in the valuesgfos,
ameter at low doses. Growth of the clusters results in th&"dSq for both the Sm and O sublattices.

appearance of diffuse rings in the electron diffraction pat- One of the striki.ng obser\{at.ions., in the irradiations at all
terns with increasing dose. In parallel with the amorphizatiorff€€ temperatures is the deviation in the dose dependence of

process, the crystalline structure undergoes an irradiatiorf’® O disorder at low doses from the simple sigmoidal de-
induced order-disorder structural transformation to thd®€ndence, as shown in Fig(k3. Based on the model, this
defect-fluorite structure due to defect accumulation in the’&havior is attributed to a significant accumulation of
residual crystalline material. The structural transformation id'radiation-induced O interstitials. Using the 700 K data as
due to the disordering of Sm and Ti on cation sites and O o®" €xa@mple, the contributions to the total disorder from
the occupied and vacant anion sité&” where the relaxation amorphous {;) and crystalline regionsSy) are shown in

of cation interstitials onto vacant sites of the opposite catiorf 19 3©)- Itis evident that at low doses, the relative disorder
leads to cation disordering and the relaxation of oxygen infrom irradiation-induced interstitials and interstitial clusters

terstitials onto the vacantsBsites leads to anion disorder. Pl2y @n important role. As the irradiation dose increases, the
This behavior is consistent with a small cross section forystalline fraction (1-f,) decreases due to the increasing
direct-impact amorphizationo(,), which describes the vol- a_lmorphous fraction, and the contrlbufuon_from the intersti-
ume of the amorphous cascade core, and the relatively lardis defects &) decreases. As shown in Figicy the amor-
cross section for defect-stimulated processas),( which ~ Phous contribution ;) to disorder becomes dominant at
contributes to both the structural transformation and thél0Ses higher thar-0.1 dpa at this temperature.

growth of amorphization domains. The value &gy suggests

an amorphous core of about 2 nm in diameter, which is coné Critical d q
sistent with the observed size of direct-impact amorphous™ ritical dose and temperature
cores in ion-irradiated natural pyrochlorslt is also evi- The temperature dependence of achieving a relative dis-
dent in Table | that the value @&} for the O sublattice is order level of 0.99, just below the critical dose for amor-
larger than for the Sm sublattice. Because the amorphoyshization, is shown in Fig. 4. As RBS with H€ ions

state should be stoichiometric, amorphization cannot accoumrovides more reliable data than the NRA results, the relative
for the higher O disorder. There are three possible explanadisorder level and the corresponding dose are based on the
tions for the higher relative disorder measured by ion-Sm data and the corresponding fits in Fi¢p)3The value of
channeling methodg?l) the displacement energies may be 0.99 was chosen to define the critical amorphization dose
much lower on the O sublattice relative to $an Ti); (2) the  because the exponential dependence of the disorder on dose
configuration of the O interstitial defects is such that they aréncreases the error in defining a dose for complete amor-
more readily observed along this channeling direction thamphization, as the disorder approaches 1.0. As shown in Fig.
the cation interstitial defects; @B) the O interstitial defects 3(a), the critical dose for amorphization is 0.14 dpa for 170
are more stabléless close-pair recombinatipthan the cat- and 300 K irradiation and 0.22 dpa for 700 K irradiation.
ion interstitial defects. While theoretical resdftpredict a  These critical dose values are plotted in Fig. 4, along with
lower minimum displacement energy for oxygen, a recenpreviousin situ TEM results for SmTi,O, irradiated with
experimental study at room temperature suggests a thresh-0.6 MeV Bi" ions'® and the amorphization dose due to alpha
old displacement energy of 47 eV for O in pyrochlores, decay in GdTi,O, doped with 3 wt %*/Cm.>® Considering
which is consistent with the value assumed in the preserthe uncertainties in the dose measurements and the differ-
study; thus, the displacement energy for @nd T) may be ences in defining amorphization by RBS and TEM tech-
larger than assumed, but more theoretical work would beaiques, the results indicate reasonable agreement between the
required to validate this. Significant anion disordering on thewo techniques. In general, the results in Fig. 4 show that
oxygen sublattice was reported as a result of ionamorphization under the heavy-ion irradiation conditions is
irradiation2* however, such disordering would not contribute relatively independent of the dose rate at temperatures sig-
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' 71120 the T, for the Au' irradiation conditions in the present study
3 08} o 8m,Ti,0, - 0.6 MeV Bi" v d 100 is expected to be defined by that for'Bions (Fig. 4). The
T T |4 SmMTi0,-1.0MeV AU D1 results from Fig. 4 suggest that irradiation-assisted recovery
$osp o (GaCM,TO I 9180 = processes are insignificant and that thermal recovery pro-
e 7 2 cesses play an important role in the damage evolution pro-
£ 04 3 cesses in SpTi,0; pyrochlore. Thus, the shift i for
N L lower dose rates associated with alpha decay in actinide-
£ 0.2 containing rare-earth titanates can be evaluated using avail-
£ able models?
00— s '
0 200 400 600 800 1000 D. Oxygen exchange
Temperature (K) The temperature dependence of the exchange between

16 . . . .
FIG. 4. Temperature dependence of the dose to achieve a relative disorderO I,n the S_ample antfO in th,e anneallng enVIronment_ Wa_s
level of 0.99 in SmTi,O, under 1.0 MeV Ad irradiation, along with pre- ~ Studied b}/ |soc_hroln.al anne_a“ng for 30 min. As shown in Fig.
vious results for amorphization dose under 0.6 MeV Bradiatiort® and 4, there is a significantly increaséfO exchange between
the dose for amorphization in G0, doped with 3 wt%**Cm.**Also 800 and 900 K due to an increase in the thermal mobility of
included is the'®0 uptake, the total NRA yield in the implanted region. v aen vacancies. Because this increase in thermal mobility
during isochronal annealing. . . "

of O vacancies occurs just below the critical temperature,
where higher defect mobilitiegecovery ratesare required
to balance the damage production rate,fi@ uptake results

n_||f|car\1/\tllr>1/iCbheliOVLGtgseg”\;'I‘;]a'rtemge;%tg:eh‘;g;t;rgOr;ﬂg'zeat'Oar; suggest a strong correlation betweBnand the mobility of
(To), s ere norp qu Soxygen vacancies. This is also consistent with the observa-
the damage recovery rate. For $iipO,; pyrochlore, the

AR ; tion of similar values ofT . for several ATi,O, pyrochlores
value of T, under Bi" irradiation'® has been previously de- ¢ ATI20; py

) ) L (A=Y, Sm, Gd, and Li*® which have similar activation
termé)nn(zd ;(f) t?wjriiqur,ezzélLusS:‘gart?r? Igs:':%t'?]. defect acc energies for migration of oxygen vacanctésWhile these
' investigating Ytesults suggest a role of oxygen vacancy mobility in defining

mulation and amorphization mechanisms under ion |rrad|a=|.c, a role for the mobility of cation interstitials or vacancies

tion is to establish and examine theoretical models that P'€2s not been ruled out. Eurther studies. which are planned
dict the behavior of materials for the immobilization of n oxygen and cation vlacancy mobilitie’s will provide more '

actln_ldes over long time periods. Since the experimental gitive data on the processes that defigen these mate-
studies accelerate the damage rates by orders of magnitu |

compared with the alpha-decay rate of actinide waste forms,

t_hg usefulness of ion-beam results_to predict b_eh_awor in _acl-v_ CONCLUSIONS

tinide waste forms may be questioned. Irradiation studies

indicate that the damage recovery processes affecting amor- Single crystals of SpTi,O; were irradiated with 1.0
phization may be associated with both irradiation-assistedleV Au* at 170, 300, and 700 K to study the accumulation
and thermal recovery process&sf irradiation-assisted pro- of atomic disorder on both the Sm and O sublattices using
cesses dominatd,. is independent of the damage rate and,situ RBS and NRA along théD01). The results show that the
consequently, cannot be used to predict the critical temperatomic disorder on both the Sm and O sublattices increases
ture under lower dose-rate conditions, where irradiationonlinearly with ion fluence, eventually achieving a fully
assisted processes are negligible. On the other hand, whamorphous state. The nonlinear damage evolution is consis-
thermal recovery processes dominakg,is strongly depen- tent with a disorder accumulation model, which indicates a
dent on damage rate and largely independent of ion mass, agnificant role of defect-stimulated amorphization pro-
has been shown for Gii,O,,%® and the dose for amor- cesses. The quantitative details on the damage accumulation
phization is relatively independent of dose rate at temperaprocesses provide a better understanding of the defects and
tures belowT,. Despite the six orders of magnitude differ- amorphization processes, which accumulation can be used to
ence in damage rates, the good agreement between thssess the impact of alpha-decay events on long-term perfor-
amorphization doses near room temperature inT$®; un-  mance. At low ion fluences, the disorder on the O sublattice
der ion irradiation0.6 MeV Bi* and 1.0 MeV A@") and in  is higher than that for Sm, which suggests differences in
Gd, Ti,0; due to?**Cm decay, as shown in Fig. 4, confirms threshold displacement energies, defect configurations, or de-
some degree of dose-rate independence beélgw which  fect stability between the O and Sm sublattices. As compared
provides some validation for using the results from ion irra-with the 170 and 300 K irradiations, the rate of damage
diation studies in rare-earth titanates to predict long-term beaccumulation at 700 K decreases dramatically due to signifi-
havior due to alpha decay. Furthermore, heavy-ion irradiaeant dynamic recovery. The critical dose for amorphization is
tion studies have generally shown no significant effect of~0.14 dpa for 170 and 300 K irradiation and 0.22 dpa for
A-site ion mass on the temperature dependence of the criticg00 K irradiation, which are in good agreement with addi-
dose for amorphization in rare-earth titanatf®8ecause of tionalin situ TEM results for polycrystalline STi,0O; irra-

the similarity in behavior for SgTi,O; and GgTi,0,,}° diated with 600 keV Bi ions and for?*Cm-containing

and the lack of a significant ion mass effect in,Gg0,,>*  Gd,Ti,O;. The increase in exchange betwe¥® in the
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