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Single crystals of ZrSi@ (zircon with a (110) orientation were implanted with 300 keV Plat

room temperature to fluences ranging front“i® 10" ions/cnt. The damage accumulation and
microstructural evolution were analyzed by cross-sectional transmission electron microscopy
(TEM) and glancing-angle x-ray diffractiofKRD). The experimental damage profiles as observed

by TEM and XRD methods were compared to Monte Carlo simulations usingrive2000 code.

At the lowest ion fluence (f@ions/cnf), a buried amorphous layer formed in the zircon matrix.
The surface layer is highly damaged and consists of zircon nanocrystals. The critical amorphization
dose for zircon implanted with 300 keV Plwas in the range of 0.25-0.43 displacements per atom.
With increasing ion fluence, the thickness of the amorphous layer increased. When the Pb
concentration in the substrate exceede8.5 at.% (i.e., at 18”ions/cnt), Pb nanoparticles
precipitated at room temperature and formed a lay8® nm thick embedded within the amorphous
zircon matrix. Effects of the displacement energies employed irsina-2000 simulation on the
damage profiles and the critical amorphization dose were also analyze@00® American
Institute of Physics.[DOI: 10.1063/1.1618917

I. INTRODUCTION the radiation-induced displacive damagfeUsing He' ion
implantation, Babsait al° synthesized a low-loss optical
ZrSi0, or zircon (4,/amd, Z=4) is extensively uti- \yaveguide by creating a buried amorphous layer with a
lized in geological age dating and, because of its very highower refractive index within a crystalline zircon matrix.
chemical durability, has been proposed as a matrix for thenerefore, an understanding of the radiation-induced trans-
immobilization of plutonium from dismantled nuclear formation of zircon from a crystalline-to-amorphous state is
weapons. Natural zircon is commonly found to be in the important to the nanoscale manipulation of the properties of
aperiodic metamict state due to thelecay damage from the jrcon.
radionuclide impurities?*U, 23U, 2%Th, and their decay There are extensive studies of radiation effects induced
products’~° The alpha-decay damage causes a dramatic dgyy “self-radiation” damage from incorporated actinides in
crease in density17%) at saturation dose. The refractive naturally occurring zircortd= or 238Pu-doped zircor®~*’
indices of zirconn. andn,,, decrease with increasing radia- The techniques used to characterize the radiation damage and
tion dose to a value of 1.81, at which point the crystal ismjcrostructural  evolution include: X-ray diffraction
isotropic. Concurrently, the birefringence decreases from th?)(RD),ll‘15electron microscop{>®-?°Ramari?*??and in-
range of 0.042-0.065 in an undamaged zircon to zero in gared spectroscopy studi&:2® With increasing radiation
completely metamict zircofi! lon-beam irradiations have dose(a-decay eventsthe XRD or electron diffraction inten-
also been used to create buried damage layers of lower rgjy characteristic of crystalline zircon gradually diminishes,
fractive index in ZrSiQ for the purpose of creating optical ang amorphous features appear due to the increasing percent-
waveguide regions by either the implanted dopant ions or byge of aperiodic regions until the material reaches a fully
amorphous state. Short-range order remains even in the fully
aElectronic mail: rodewing@umich.edu amorphous state as shown, for example, by R&rfiat
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and infrared spectroscopy studf@s?® Although the level of
understanding of the nature of the radiation-induced
crystalline-to-amorphous transformation in zircon has in-
creased significantly, there are still many aspects that remai Buried amorphous layer
unclear. These include the dose dependence of the ama
phous fraction, the crystalline-to-amorphous transition
mechanism, the structure of amorphous zircon upon radi
tion damage, and the damage recovery processes over gqg
logical time?’

Numerous ion-beam irradiation studi&&®?®-34 have
been completed in order to simulate thedecay damage
occurring in actinide-bearing zircons, and the radiation dam
age and microstructural evolution have been characterize
using transmission electron microscoyEM). In these
studies, both heavy- and light-ion irradiations were per-
formed at controlled temperaturds. situ irradiations com- 100 nm
bined with TEM have been used to observe the microstruc
tural evolution due to ion-beam damage in real time. The:g. 1. cross-sectional TEM images of zircon single crystals implanted
critical amorphization dos® ., the irradiation dose required with 300 keV PG at room temperaturéa) 10, (b) 10%, (c) 10'%, and (d)
to fully amorphize a given material, was determined as &0 ions/cnt.
function of temperature. The damage process from ion-beam

irradiation is comparable to that in natural zircons subjected o )
to a-decay events, and the critical amorphization dose wad'ounted for the 300 keV Pbion implantation that was per-

found to be independent of the radiation sources andormed atroom temsperatéjre with t?e samples irradiated to
energied Although ion-beam irradiation reproduces the mi- fluences of 18, 10%, 10, and 16"Pbions/cr. During

crostructure ofa-decay damaged zircon under controlled /0N implantation, the ion-beam was aligned.5° normal to
temperature conditions, there are a number of experimentdi€ surface of th€110) face to avoid channeling effects. The

limitations. The high surface area to irradiated volume ratig@diation damage and implanted microstructures were exam-

in the electron-transparent region of the sample may affedf'€d Using cross-sectional and high-resolution TENR-

the damage accumulation process; that is, isolated defectEM) techniques with a JEOL JEM 2010F microscope op-

migrate and are annihilated at the surface. The electron beafating at 200 keV. Glancing-incidence )§<}RD was completed
may cause the radiation-enhanced migration of defects; thuySing an in-house-designed diffractometethat employed

increasing the dose required for amorphization. These limi&UK a1 radiation and a position-sensitive detector covering
tations can be overcome by bulk sample irradiations fol-120° in 20. The incident angle was typically between 0.2°~

lowed by cross-sectional TEM analysis. This provides a di>° - For comparison purposes, a highly damaged natural zir-

rect measurement of the damage distribution, and a detailégP? Was also studied. This sample incorporated 43D
microstructural characterization along the trajectory of thg?Pm of uranium and 13262004ppm of thorium and is esti-
implanted ions may be completed. However, a substantidhated to be~85% amorphous?

fraction of the amorphous domaifisp to 20% in the crys-

talline substrate, or residual atomic-scale ordering from emll. RESULTS

bedded nanoparticles in the amorphous matrix may not beé  1he cross-sectional bright-field TEM images of ZrgiO

evident in the high-resolution TEM ma@é.Thus, TEM implanted by 300keVPb at different ion fluences are
techniques cannot provide a reliable quantitative estimate af,o\wvn  in Fig. 1. At relatively low ion fluence
the amorphous fraction. More sensitive techniques, such 480ions/cn?), a buried amorphous layer was created, and
XRD, are needed to characterize the radiation damage ang, giffraction contrast was observed within this layer. Highly
determine the amorphous fraction. Accordingly, in theyamaged regions were found at the sample surface and be-
present study, we have performed bulk sample irradiations qf,; the buried amorphous layer, as shown by the dark con-

zircon single crystals at room temperature, and the resulting.,; region in the imaggFig. 1@]. This highly damaged

microstructural evolution was characterized by cross face layer becomes fully amorphous at higher fluences

sectional TEM methods combined with glancing-angle XRD.1¢i5jons/cn?). Further ion implantation thickens the amor-

The damage profiles observed by cross-sectional TEM anfl,qs |ayer. Based on the cross-sectional TEM images, the
XRD are comparedsto Monte Carlo simulations made usingpickness of the amorphous layer at ion fluences of’,10
the SRIM-2000 code’ 10'°, 10'®, and 167ions/cnf can be approximately deter-
mined to be~70, 120, 155, and 178 nm, respectively. Upon
ion irradiation at a dose of 10ions/cn?, a nanocomposite
layer was created, as shown by the strong dark contrast evi-
ZrSiO, single crystals were synthesized in MpO,  dent in Fig. 1d). The nanocomposite layer was found to be
flux that was heated to 1300 °C in a covered Pt crucible and-90 nm thick as seen in a higher magnification cross-
then cooled at 1 °C/h. Crystals with(&10) orientation were sectional TEM imagdFig. 2(@]. The size of the nanopar-

50 nm Substrate

Nanoparticles

100 nm

Il. EXPERIMENT
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FIG. 4. Diffractograms corresponding to an implanted ZrS$@mple and a
natural sample containing-85% of amorphous regions. For comparison
purposes, the diffractogram for a natural zircon sample has been normalized
by a factor of 3.

50 nm

FIG. 2. Higher magnification cross-sectional TEM imdgeof zircon after diffraction maXIma from, the pu”( ZrSiQ) The intensity in

10" Pb ions/cr implantation showing the formation of Pb nanocrystals the sample irradiated with ttions/cnt was too weak to be
(~90 nm thick layer. The nanoparticles were determined to be fcc Pb by extracted from the background. As shown in Fig. 4, the pat-
HRTEM images(b) and selected area diffraction pattefos tern found for the implanted samples is similar to that found
in highly damaged natural zircdfi.The intensity in natural

) ) zircon is approximately one order of magnitude stronger.
ticles ranged from several nm to10 nm with an average s s que to the fact that, although measurements were
value of ~6 nm. Energy dispersive spectroscofDS) of o rformed under exactly the same conditions, the damaged

the nanoparticles gives strong signals characteristic of Phegion in the jon-implanted sample is restricted to a thin
Both HRTEM imagegFig. 2b)] and selected-area electron |ver- \whereas, the natural sample is damaged throughout its

diffraction_patterniFig. 2(c)] can be indexed from the CIYS" entire volume. The slight asymmetry of the first peak in the
tallographic data of face-centered-culticc) Pb, indicating  atral zircon sample arises from the contribution of the
that nanosized Pb-particles precipitated in the amorphous Zif00) diffraction maximum coming from crystalline “is-

con matr_ix. . . _.._lands” remaining in the amorphous matrix.

The increasing thickness of the _damaged Iaye_r _W'th N""""In order to determine the thickness of the damaged layer
creasing ion fluence and the formation of Pb precipitates in, o implanted samples, we compared the signal obtained
the sample irradiated with $0ions/cnf were also observed o implanted and natural samples by the following
by glancing-angle XRD. Figure 3 shows the diffractogramsathod: Given the absorption coefficient of damaged zircon,
obtained for three of the implanted ZrSi@amples at an 376 117138 and the incident angle of 1.5°, the penetration

incident angle of 1.5° after having subtracted the backgroungepth of the coppeK a; radiation was found to be-1.39

caused by air-related scattering. In samples irradiated with 39 | . ; ; ;
10" and y1(36ions/crr? onl thg signal c?)min from the pm. = Using the !ntegrated mtensﬂy over the vvhole9 2

_ , only 9 ing range, we normalized the data obtained for the implanted
amorphous zircon layer was observed. During the XRD ED('samples with the data obtained in the natural sample. For the

amination, the sample orientation was chosen to minimize ;<o of the sample irradiated with Ins/cn?, the peak
intensity coming from Pb-nanoparticles was first subtracted
B [see Fig. Ba)]. Figure 6 compares the thickness of the amor-
phous layer obtained by XRD with the values obtained by

2 25 cross-sectional TEM. Despite the large error bars for the
£ 20 XRD results, the agreement is good.
-g s 10 Phjer? As the incident angley; , increases, the beam penetrates
= o further into the sample, and therefore, the contribution from
Z 10 ) the damaged region decreases. For the case of the sample
§ 5 m iradiated with 18”ions/cnf, this means that diffraction
N It gprstamst i v pinpod maxima coming from the embedded Pb-nanoparticles be-
0 . : .
20 30 40 50 60 70 80 90 100110 come weaker, see Fig(B. Figure 7 shows the behavior of
26 (deg) the integrated intensity of the doubl@t1)/(200) as a func-

FIG. 3. Diffractograms obtained under identical experimental conditionstIon of _the InCId?m anglej The peak profile Wa,s fltt,ed to three
(1.5° incident anglefor ZrSiO, samples implanted with increasing Pb ~ Gaussian functiongsee Fig. $3)], and the contribution from
fluence. Diffractograms have been offset for clarity. For samples irradiatedhe amorphous layer was subsequently subtracted. The full

with 10" and 10°Pb ions/crf, the surface is totally damaged and the char- width at half maximum for the peakd11)/(200) was found
acteristic pattern of amorphous zircon can be observed. The sharp Bra ° . . .
peak in sample irradiated at *f@Pb ions/cri comes from the undamaged  be 1.541)° (the instrumental resolution was 0.09Using

bulk zircon. For a sample irradiated at1@b ions/crd, diffraction maxima ~ SCherrer’s eQ_uatiOﬁ)v the mean Size of the Pb'partide_s was,
from precipitated Pb nanoparticles are found. therefore, estimated to be6 nm in good agreement with the
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FIG. 7. Intensity of the Pb doublet411)/(200 (after subtracting the con-
tribution from amorphous ZrSi§) as a function ok; . The continuous line
is the best fit to the data giving a thickness-e57 nm.

IV. DISCUSSION

A. Amorphization process

Intensity (arb. units)

2224 26 28 30 32 34 36 38 40 The amorphization process wdecay-damaged natural
26 (deg) zircon involves three different stages with increasing dose—
FIG. 5. (a) Intensity of the(111)/(200 Pb peaks in the sample irradiated at dependm_g on the age of the sample and the_ Conce_ntratlon of
107 Pb ions/crA for an incident angle of 0.5°. Note the contribution due to fadionuclides. At low damage levels, therecoil nuclei pro-
the amorphous zircon layetb) Intensity of the(111)/(200 Pb peaks as a duce a few isolated 2—5 nm amorphous regions that give a
function of the incident angley; . mottled diffraction contrast in the TEM images. Sharp dif-
fraction maxima are observed in the diffraction pattern, and
the material shows a well-defined atomic-scale periodicity.
With increasinga-decay dose, areas with a mottled diffrac-
TEM images. From the data depicted in Fig. 7, and usingion contrast become more numerous and interconnected,
well-known mathematical expressiotlspne can extract the and the microstructure consists of crystalline islands in an
thickness of the Pb-containing layer. The continuous line iraperiodic matrix. During the final stage of radiation damage,
Fig. 7 is the best fit to the data leading to a thickness ofircon appears to be fully aperiodic.
57+2 nm (an absorption coefficient of 2607 Crh was The microstructural evolution of synthetic zircons with
used.®® The thickness of the Pb layer found by XRB-57  increasing dose under various ion irradiations, including 700
nm) is smaller than that found by TEN90 nm. The dis- and 1500keV K, 1500keV X€', and 400keV Hg,?*® is
crepancy comes from the fact that in the XRD analysis, th&omparable in many respects to that of natural ziréohs.
pattern is heavily weighted toward the large grains. More-relatively complete picture of the microstructural evolution
over, the contribution of the small graifisresent below the With increasing radiation dose can be clearly seen from the
layer containing the large grains, see Fig)2to the XRD  ion irradiation of bulk samples and subsequent cross-
pattern is located in the tails of the diffraction maxima. In sectional TEM examinations. FiguresaB and 8b) show
this case, the contribution of small grains overlaps with thed1RTEM images of the surface layer and the interface be-
contribution from the amorphous layer, and therefore, is difiween the crystalline and amorphous layers, respectively, for
ficult to evaluate. the sample irradiated with i®Pbions/crd. The buried
amorphous layer is further evidenced by the complete loss of
lattice fringes when the damage level is above the critical
amorphization dosd) .. At the surface layer, the remaining
nanosized ZrSi@particles have an orientation similar to that

%‘2‘8 o Thickness from TEM of the crystalline substrate. This suggests that the damage
500t © Thickness from XRD level is belowD.. Strain fields and mottled zones that are

indicated by the dark contrast in Fig.(B exist at the
crystalline—amorphous interface and in the deeper crystalline
regions where the damage level may be less han HR-

TEM images of both the surface layer and the crystalline—
amorphous interface reveal the existence of amorphous re-
gions that are embedded in the crystalline matrix. This
suggests that the amorphization process induced by
300 keV PB in ZrSiO, occurs through a heterogeneous dis-
FIG. 6. Thickness of the amorphous Zri@yer as a function of P Placement process instead of a homogeneous process in
fluence. which a gradual increase of the point-defect concentration

Thickness of the amorphous

Ix10" 1101 1x10'%  1x10'7

Implantation dose (Pb* ions/cm?)
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TABLE I. Calculated threshold displacement energies in zifton.

Method Zr(eV) Si (eV) O (eV) Reference
Energy 80 20 45 Williford
minimization et al.

(Ref. 42
Energy 76 85 38 Meis
minimization (Ref. 43
Molecular 90 98 32 Crocombette
dynamics and Ghaleb

(Ref. 44
Molecular 60 48 23 Parlet al.
dynamics (Ref. 45
aSee Ref. 27.

for the damage calculation in zirc8nVarious theoretical
methods, such as static energy minimizatidiand molecu-

lar dynamic simulation*#° have been employed to deter-
mine the threshold displacement energies in zircon. These
results are summarized in Tablé’IA significant discrepancy
between these simulated threshold displacement energies can
be found, especially for Si and O. A critical issue for the
quantitative comparison of radiation damage among various
a-decay and ion-beam-irradiation studies is, therefore, to use
a consistent value for threshold displacement energies in the
TRIM simulations.

FIG. 8. High-resolution TEM images of the surface lay@y and the Room-temperature irradiations of single crystals of zir-
crystalline—amorphous interfa¢e) of ZrSiO, implanted with 300 keV Pb con with 1.5MeVXe, 0.7MeVKr", 15MeVKr,

to a fluence of 18 ions/cnt. 1.5MeVArt, 08MeVNe, 054MeVPB, and

0.6 MeV Bi" ions have been performed in order to investi-

. ate energy density effedtsV/nm/ion on the amorphization
leads to a sudden change from a perfectly crystaliine to aaose‘."46 C%):nplete Zlmorphization occurred for aIIFZ)f the ions

aperiodic material at a critical defect concentration. Thesgde energies. The critical amorphization dose for single-

resultls4 confirm previous XRD re;ults. Accordlng tooRI crystal ZrSiQ was determined to be-0.55 dpa! Also, for
et al,”" the amorphization process in natural zircon occurs a

. . . I talline Pu-doped zi , th hization d i
a consequence of the direct impact within cascades caustgoyggyS d?:) ;n((ethi Su doopsee chgffj ati 0?1 air:((:)lrupd (:ja I(()):]]Iy otsr:a els

by a-recoil nuclei, and even at low doses, isolated amory, o\ 5+ recoil-nucleus contributiorf These results show
phous zones exist that are the source of the observed diffu

. Hat the amorphization dose under high dose ratesQ * to
x-ray scattering. 10 3dpa/s) for heavy-ion irradiation is nearly identical to
that of Pu-doped zircon (810 ° dpa/s)’® suggesting that
the amorphization process in zircon is independent of the

For ion-beam irradiation studies, Monte Carlo calcula-damage source and dose rate. Wedteal *® recalculated the
tions using therrim (Transport of lons in Mattgrcode are  amorphization dose from various ion-beam irradiations in
widely used to simulate the damage profile, the distributiorsynthetic zircons, as well ag-decay damage in Pu-doped
of implanted ions, and to convert the damage level to disand natural zircons, using full-cascateimM-96 simulations
placements per atorfupa. The critical amorphization dose with displacement energies of 80, 20, and 45 eV for Zr, Si,
for 300 keV PB implanted in ZrSiQ crystals can, therefore, and O (by Williford et al,*? see Table ), respectively. For
be determined by comparing the experimental damage prdhis case, the amorphization dose increases with ion mass,
file with the simulated profile using th&RIM-2000 code. One more specifically, with increasing damage-energy density,
of the fundamental parameters affecting radiation damage iand different amorphization doses were obtained for different
a material is the threshold displacement enelfgy, which is  ion-beam irradiations—inconsistent with those calculated
the minimum kinetic energy necessary to displace an atorpreviously usingey=25eV. For example, for 1.5 MeV Kr
from its equilibrium lattice site. The parametgy is essen- ion irradiation, the critical amorphization dose can be as low
tial for quantifying an irradiation dose in terms of the num- as 0.30 dpa. For 540 keV Plrradiation in the bulk sample
ber of displaced atoms in the irradiated material, which al-at 77 K, the critical amorphization dose is close~t6.4 dpa
lows quantitative comparisons to be made efdecay as analyzed by the Rutherford backscatteriRBS tech-
damage versus ion-beam-irradiation damage. However, atique. Based on these results, a higher critical amorphization
the present time, no displacement energy for the zircon strudose was expected for the Plon irradiation at room tem-
ture has been determined experimentally.TRim simula-  perature in this study, as compared with that of 540 keV Pb
tions, a default value dE 4= 25 eV has been used previously irradiation at 77 K

B. TRIM calculations and critical amorphization dose
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sample irradiation avoids high-surface-area to irradiated vol-

<

'\'::8:3 o, & Williford-C ume ratio and electron-beam radiation-enhanced annealing
£ 06 ,ie;’;m x ggrgbc_c gﬁects that may lead to the migration and annlhllathn qf

5 8-2 i(;* % « Crocombette-C isolated defects at the surface. Therefore, the amorphization
a aﬁ%{& dose determined from bulk irradiations is expected to be

g g'; -4 ) more precise in describing the susceptibility of the material

So1fi K to ion-beam irradiation-induced amorphization than the pre-

& o vious studies that used ion irradiations of thin TEM samples

| 0 50 100 150 200 combined within situ TEM characterization.

Depth (nm)

FIG. 9. Full-cascade calculated damage profiles of zircon at a fluence of: |on-pombardment-enhanced growth
4 . . . . . .

10*Pb |ons/§:rﬁ using the§3|M-2000 code with different th_reshold dlgplace- of the amorphous layer

ment energies. The critical amorphous dose of zircon subjected to

300 k_eV PB implantgtion can be determined by comparing the experimen- As shown in Fig. 6, the thickness of the amorphous layer
tal mlcr_ostructure with the calcglated damage profll(_es, as shown_ by th‘?esulting from PB ion bombardment increases with increas-
dotted line at 10 nm depth at which complete amorphization occliFigd . . T
8(a)]. The theoretical density of crystalline zircon was used in gher NG 0N fluence. This ion-bombardment-enhanced growth of
simulations, as labeled by C. the amorphous layer has been reported in previous
studies’’ = Figure 10 shows the damage profile and im-
planted P -ion distributions in crystalline ZrSiQat various
We performed full-cascade calculations using simev- ion fluences using full-cascad&im-2000 calculations and
2000 code using the threshold displacement energies summ#illiford’s threshold displacement energi&sThe calculated
rized in Table | and the default value Bf=25eV. Figure 9 ion range and damage events corresponding to different dis-
shows the damage profiles for 300keV'Rimplanted placement energies are summarized in Table Il. For the
ZrSiO, at a fluence of 1¥Pbions/cr. The displacement 300keV PB implantation, the ion range is less sensitive to
energies employed in theriM simulations have a significant displacement energies than the amorphization dose. Also, the
effect on the calculated amorphization dose. As shown ircalculated approximate ion ran@gg3.4+14.7 nn) is deeper
Fig. 8@, complete amorphization of ZrSjOsubjected to than the damage peak-38 nm), but much less than the
10 Pbions/cm occurred 8—10 nm below the surface layer. observed damage depth at all ion fluences. This discrepancy
By comparing the experimental damage profifeg. 8a)] between calculated damage profile and experimental micro-
with the simulated profilegFig. 9), the amorphization dose structure can be explained by detailed calculations of ion and
can be precisely determined to be in the range of 0.25—0.4&coil distributions. The damage in the region below thé Pb
dpa (see Table I, by varying the threshold displacement range can be mainly attributed to the displacements caused
energies employed in theriM calculations. A significantly by O, Si, and Zr recoils, which can penetrate deeper into the
lower amorphization dosé@s compared with that fdn situ ~ ZrSiO, crystalline matrix than the Pbions because of their
ion-beam irradiation of ZrSi¢) has been observed in the smaller atomic masses and lower stopping powers. The inset
bulk sample irradiations followed by cross-sectional TEMin Fig. 11 shows the penetration depth for O, Si, and Zr
examination. For example, using 25 eV as the displacememecoils and Pb ions at the end of the ion range.
energy, the amorphization dose for 300 keV Pimplanta- The accumulated damage level increases with increasing
tion is 0.39-0.43 dpa, which is lower than that of syntheticion fluences at all depths across the cross-sectional damage
zircon subjected to various ion-beam sources viithsitu ~ profile, as evidenced in Fig. ). Using ~0.25 dpa as the
TEM observation(~0.55 dpa. Similarly, using the displace- critical amorphization dosdusing threshold displacement
ment energies of Williforcet al,*? the amorphization dose is energies by Willifordet al.*? see Table I), the thickness of
0.25-0.27 dpa, which is lower than that of the amorphous layer can be determined to be 50, 88, 118,
0.54 MeV Pb -implanted zircon at 77 K~0.4 dpa. Bulk and 156 nm, respectively, for 19 10% 10 and

TABLE Il. Damage profiles and ion ranges of zircon implanted with 300 keV Ppfull-cascade calculation using tlseimM-2000 cod@with the densities of
crystalline and amorphous zircon 4.7 g/cnt and~3.9 g/cnt, respectively.

Critical amorphization Amorphous layer thicknessm)

) o lon range(nm) doseD, (dpa) at 10410*10'/10" ions/cnt
Displacement energies in
zircon crystalline amorphous crystalline amorphous crystalline amorphous
Williford et al. 53.4+14.7 64.2:17.7 0.25-0.27 0.23-0.25 50/86/118/156 66/104/144/184
(Ref. 42
Crocombette and Ghaleb 53.4+14.7 64.3:17.7 0.235-0.257 0.216-0.235 52/86/116/154 66/104/146/188
(Ref. 49
Parket al. 53.4+14.7 64.3-17.7 0.34-0.37 0.31-0.338 52/86/118/154 66/104/142/182
(Ref. 45
25 eV 53.4£14.7 64.3:17.7 0.39-0.43 0.36-0.39 52/86/118/156 66/104/144/186
aSee Ref. 36.
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Z o5 that the overall density of Pu-doped synthetic zircon de-

% 04 T D 0.03% g creased by 16% before reaching a saturation value. We re-

£ 03 o P concentration C B calculated the damage profile usisgiM-2000 assuming a

£ 0.02% & density of 3.9 g/crifor amorphous zircon at all ion fluences.

g 02 0019 5 As shown in Fig. 108) and Table II, both the damage profile

§ 01 (@ 2 and PB -ion range in an amorphous zircon matrix shift to a

g 0 0.00% depth greater than those in the crystalline zircon matrix. The

g ¢ be thl?:m) 150 200 thickness of the amorphous layer can be determined to be
P approximately 66, 104, 144, and 184 nm for4a0', 10

E 1000 and 137ions/cnt, respectively. Considering the dimensional

% — = Damage-Pbl5 change caused by volume swelling of amorphous zircon due

2 100 = === Damage-Pbl6 to implanted Pb ions, the damage range predicted tRm

5 N\~ Damage-Pbl7 simulations is close to the experimental damage profiles as

2; 10 \ observed by cross-sectional TEM and by XRD.

P kil oA ® - _ j

= 0l D. Pb precipitation and nanoparticle formation

2 0 50 100 150 200

Depth (nm) lon-implantation techniques have been used extensively
HG. 10. @ D . J at *Piat in creating nanocomposite materials and nanostructtizes.
. . amage profiles and ion concentrations o al ; ; ;

10*Pbions/cm) in the crystalline zircon matrix determined by full- shown in Flg. Za)’ a nangcompqsﬂe layer was formed by
cascade calculations usiragriM-2000 with the threshold displacement en- 300 keV Pb -ion |mplantat|on In zircon at room temperature
ergy determined by Williforct al. (see Ref. 4p(see Table)l For compari-  at a fluence of 18 Pb ions/cri. Nanoparticles with the larg-
son, the calculated damage profile and thé fin distribution calculated  est sizes are distributed at a depth of 20—60 nm. This nano-
by SRIM-2000 using the density of amorphous ziroon3.9 g/cnd) are in- 4 ricle formation may be attributed to a solid-state super-
cluded in(A). (b) Damage profiles of 300 keV Pbin crystalline zircon . . . . .
(~4.7 glcnd) at 105 101, and 167 Pb ions/crA with the threshold dis-  Saturation c_aused by hlgh—|on—dose |.mplgntat|on at a depth
placement energy by Williforet al. (see Ref. 42 Using 0.25 dpa as the Where the implanted ion concentration is greater than its
critical amorphous dose, the thickness of the amorphous layer at differergolubility in the matrix. The Pb nanocrystal formation in a
ion fluences can be determined, as indicated by the intercept of the dotteerio4 matrix is further evidenced by acontrast image
line with the different curves. . . . . .

obtained with high-angle annual dark-field scanning TEM

(HAADF-STEM) [Fig. 12a@)]. At a lower ion fluence
107Pbions/cri [see Fig. 1()]. Therefore, the ion- (10**Pbions/cm), no evidence of nanocrystal formation

bombardment-induced increase in the amorphous zone c&fS foundFigs. Xc) and 12b)]. The brighter contrast in the
be explained by increasing damage levels with increasing iof/AADF images[Figs. 12a) and 12b)] is attributed to the
fluence. However, there are still significant discrepancies bl€avier atomic mass of Pb. STEM-energy dispersive x-ray
tween the calculated amorphous layer thickness and the of§€@nNing along the white line in Fig. @2 indicates a Gauss-
served microstructure. For ZrSj@rystals, there is a signifi- 1an distribution of PB ions[Fig. 12c)] with a peak concen-
cant density decrease with increasieglecay dose and ion- tration of ~3 at.% at a depth of-76 nm, close to the ion
beam radiation damad¥ due to the volume swelling of '@nge(~64.2-17.7 nm. Figure 13 compares the Pkion

. . . 6 7 . . .
amorphous zircon. Depending on the degree of damage, tifiistributions for 16° and 167Pb |402ns/cn% using the dis-
swelling of amorphous domains may vary from0% for placement energy of Williforat al*> For 10°Pb ions/cr,

lower doses(below 2x 1018 a-decays/g) to a maximum the peak ion concentration is estimated to-H& 1 at. %(Fig.
value of ~18% (above 8< 108 -decays/g):4 Correspond- 13), consistent with the ST_EM—energy dispersive spectros-
ingly, the density decreased by 17¢fom ~4.7 to 3.90 COPY (EDS measuremenfFig. 12c)]. However, although

glcn? at a dose of 18 a-decays/g). Webdf also reported  the maximum Pb level at 16"Pbions/cn is at ~64 nm
(Fig. 13, the largest Pb nanoparticles are at a depth-50

nm [Fig. 12a)]. This suggests that once a critical concentra-

g 30 XS tion of Pb" is reached, additional implanted Plloes not
£ 25 m 0'0107 penetrate deeply; thus, the Pb nanoparticles form at a shal-
E 2.0 0.005 lower depth. From the present results, a rough estimate indi-
%15 ¢ i o | cates that Pb nanoparticles are expected to precipitate in
< 0 I Pb}(?f;scalefi‘)’o amorphized zircon when the Pbconcentration exceeds
g f J 4 -e— Zr recoils ~3.5 at. %.
g 05 —s— Si recoils . . .
<, o~ 0 recoils There is some concern that the implanted Phight be

0 50 100 150 200 redistributed either by the subsequent incident ions or by

Depth (nm) diffusion to the surface. A very slow diffusivity of Pb in

o _ | distributions in th ine 71 crystalline zircon has been reported over the temperature
FIG. 11. Calcu atec_! ion and recoil distributions in t e crystalline zircon range of 1000—1500 °€2,Whi|e a faster transport of Pb was
matrix implanted with 300 keV Pb by full-cascadesrim simulation with . . . .
the threshold displacement energies of Willifcetial. (see Ref. 42 The  found in metamict zircon because the high defect concentra-

inset shows the end of the ion/recoil range at a larger scale. tion may enhance the diffusivif. A RBS spectroscopy
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@ FIG. 13. PB ion concentrations in amorphous zircon implanted at fluences

of 10 and 167 Pbions/cr using asrim-2000 full calculation with the

displacement energies of Williforek al. (see Ref. 42 The peak level of the

Pb" concentration (1% Pbions/cri) is ~3.1 at. %, consistent with the
STEM-EDS line scannin§Fig. 12c)]. No evidence of nanocrystallization
was found, suggesting that3.1 at. % P may be incorporated into the
amorphous domains of zircon.

radiogenic Ph(~2 ppb to 80 pprmcan exist in natural zir-
100 om cons as impurities’

Watsonet al>® studied the incorporation of Pb in the
crystalline zircon structure by synthesizing zircon crystals
using different approaches including: a high-temperature
growth of large crystals from Pb-silicate melts, hydrothermal
coating of thin epitaxial layers on natural zircon substrates,
and the growth of small homogeneously nucleated crystals
from aqueous fluids. In a,Ps-free system, zircon contained

(© <1 ppm Pb, despite 66 wt% PbO in the melt, and with the
0 . : , addition of 5 wt % BO5 to the melt,~1500 ppm Pb can be
0 S0 100 130 “H incorporated into zircon structure due to a specific charge-
Depth (nm) balance mechanisni2P "+ P ]=[2Si*" +zr**]1.55%8 A

FIG. 12. HAADF-STEM images showing the formation of Pb nanoparticleshigh concentration of nonradiogenic Rb3 at.% can be
(10'7 Pb ions/cn) (a), and the Pb elemental distribution in implanted zir- incorporated in fluid-grown low-temperature zircons pre-
con matrix (16%ions/cnf) (b). (c) Pb* profile in a ZrSiQ matrix obtained  pared by hydrothermal overcoating methods with the zircon/
by STEM-EDS scanning along the white line (). fluid partition coefficients of 4.2 and 2.6 for Pband PB*,
respectively. The charge balance is compensated ayB¢-
cause of the rapid, polythermal modes of zircon growth and

study of zircon single crystals implanted by 100 keV P extremely Pb-rich environments in the experimental systems,
a fluence of 1&ions/cn? at room temperature revealed no the high Pb compatibility under these growth circumstances
significant redistribution of the near-surface elements as §1ay not bt_e an eqUII_Ibrlum stat_e. Limited knowledge ex|s_ts
result of the ion implantatioff about the incorporation of Pb into amorphous or metamict

Thus, one important parameter related to the fcc Pl¥Ircon.
nanoparticle precipitation is the solubility of Phions in A higher Pb compatibility in amorphous zircon is ex-
amorphous ZrSiQ. Although pertinent experimental data Pected because of the damaged structure, which may en-
are not available, studigs>>have been completed in order to hance the Pb diffusivity. The degree of U-Pb isotopic dis-
understand the equilibrium and kinetic behavior of both thecordance(Pb losg correlated closely with the degree of
parent(U,Th) and daughtefPb) elements in the crystalline metamictization of single zircon graiﬁ%.Most Pb loss in
zircon structure because of the importance of zircon irgircon is likely a consequence of recrystallization or Pb
U-Th-Pb age dating. Generally, lead {P{9.174nm and transport in zircons with severe radiation damagsletam-
PEr*=0.129 nm) is not easily accommodated in the Zr-siteictization enhances the relative potential for the radiogenic
of the zircon structure due to its larger ionic radius and thdoss of Pb in zircort? In this study, we have shown that Pb
difference in charge (Zf =0.084nm). Only Ph" (0.094  with ion concentrations slightly above3.1 at. %(see Fig.
nm, eight coordinationhas an ionic radid§ and charge that 13) are quite compatible with the amorphous zircon struc-
is compatible with substitution for Zf (0.084nm). As a ture, comparable to the large amoum3 at.% of Pb in
result, natural zircon tends to reject Pb during the crystatrystalline  zircon synthesized under hydrothermal
growth process, and most Pb in natural zircon is prodilced conditions>®> No precipitation of Pb was observed in the
situ from U and Th decay. However, small amounts of non-sample implanted by Pbat a fluence of 1¥ions/cnt.
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