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lon-irradiation-induced amorphization of La ,Zr,0; pyrochlore
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The isometric pyrochlore structurd;B,0,, is generally susceptible to radiation damage, but certain com-
positions are remarkably resistant to radiation damage. In the binary systgimi$dZr,)O,, the radiation
resistance increases dramatically with the substitution of Zr for Ti, until the pure end memja&,Gdcannot
be amorphized, even at doses as high-480 dpa. Although zirconate pyrochlores are generally considered to
be radiation resistant, we report results for the amorphization of a zirconate pyrochj@mg@aby ion beam
irradiation (~5.5 dpa at room temperaturel he critical amorphization temperatufg is low, ~310 K. The
susceptibility to ion-beam-induced amorphization and structural disordering for zirconate pyrochlores is related
to the structural deviation from the ideal fluorite structure, as reflected by pa@ameter of the £ .
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Very recently!™® there has been considerable interest inion-beam-induced amorphization and remains crystalline at a
the response of the pyrochlore structure type to radiatiomlose of 5 dpa(1-MeV Kr™ at 25 K).!1®?* Similarly, the
effects. Pyrochlore has a remarkable range of composition&r,Zr,0,, which has a disordered defect fluorite structure, is
more than 500 distinct combinations @& and B-site  radiation resistant and remains crystalline to a high dose of
chemistries®-*2which display an unusual variety of physi- ~140 dpa (5x 10 ions/cnf by 350-KeV Xe  at room
cal, chemical, and electronic properti@sThe properties of temperature®® In contrast, the ordered pyrochlore,
pyrochlore, e.g., ionic conductivity, can be manipulated on &r,Ti,O;, becomes amorphous at a dose of orl.26 dpa.
nanometer scale by the use of ion-beam irradiation or im- A number of studi€S =2’ have focused on the theoretical
plantation techniques. The use of ion-beam technologies teimulation of defect formation in the pyrochlore structure
manipulate the ionic conductivity of titanante pyrochlore haseither by energy minimization or modern potential methods,
allowed the fabrication of nanocomposite ionic conductdrs. with the goal of understanding the greater radiation stability
However, the exploitation of the use of ion-beam irradiationsof zirconate pyrochlores. Simulations have focused on the
to manipulate the properties of the pyrochlore structure reenergetics ofA- and B-site cation disordering and its effect
quires an understanding of the effect of composition on then oxygen vacancy disordering. Chartéral >’ have shown
cation and anion disordering process. For most pyrochlorénhat La,Zr,0O; has a greater tendency toward cation disorder
compositions, the structure initially disorders to a defectthat decreases with increasing Ti content. From the pure end-
fluorite structure type and then becomes fully amorphous atnember zirconate up to the end-member titantate composi-
doses less than 0.5 dgRefs. 2, 6, 14, and 35however, tion, there is a calculateet26% increase in the cation anti-
zirconate pyrochlores retain the defect fluorite structure tsite formation energy. For the end-member,ZB0;, an
extremely high doses;15 dpa at room temperatut@. increase in the structural disordée.g., La-Zr exchange

Pyrochlore, ideallyA; _,B,05Y,_; (typically, AZ* o3+ causes the calculated cation antisite defect energy to be low-
are rare earths and actinideB®™ 4" =Ti, Zr, Hf, Sn, or  ered from 2 to 1.5 eV. Thus the disordered form is energeti-
Pb), is a derivative of the fluorite structure except there arecally favored. These theoretical simulations suggest that
two cation sites and one-eighth of the anions are absenka,Zr,0; should be more “resistant” to radiation damage by
ideally (A,B),O;. The cations at thé\ and B sites and the simply disordering to the defect fluorite structure rather than
oxygen vacancies may be ordered or disordered either blyecoming amorphous.
thermal treatment®!’ due to chemical substitutiéh*”*8or We have investigated the radiation response of zirconate
by irradiation®*31° The radiation “resistance” depends pyrochlores as a function of differeftsite cation composi-
critically on the ability of the structure to sustain cation dis-tions A,Zr,0; (A=La, Nd, Sm, and G under a 1.5-MeV
order on theA andB sites, as well as on a disordering of the Xe* irradiation usingn situ TEM observation. Furthermore,
oxygen vacancies. The radiation resistance of thea 200-KeV Tiion implantation on bulk Gdr,O; was con-
Gdy(Ti,_Zr,)O; binary systeri'® has attracted special at- ducted to an extremely high ion doseX10' ions/cnf),
tention because pyrochlore can incorporate(Refs. 19 and and the microstructural evolution was studied using cross-
20) and be used as a waste form for the immobilization of Pusectional TEM techniques.
from dismantled nuclear weapof$:?? In situ ion-beam Samples were prepared by a sol-gel method with an aque-
irradiatiort® has shown that Gdi,05 is readily amorphized ous mixture of zirconyl chloride solutions and the appropri-
at a low dosg~0.18 dpa by 1-MeV Kr" at room tempera- ate rare-earth nitrate. These solutions were mixed and treated
ture, consistent with the dose of &d,O; doped with  with equal volumes of semimolar aqueous solutions of citric
24Cm, an alpha emittéf However, zirconate pyrochlore, acid and ethylene glycol. The mixture was evaporated to
Gd,Zr,0,, has a dramatically higher radiation resistance todryness to form a porous resin mass. This precursor was
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FIG. 1. (A) An ordered pyrochlore structure
for unirradiated zirconate(B) Highly radiation
resistant disordered defect fluorite structure of ir-
radiated Ggzr,0O;, at a dose of-36 dpa at 25 K.
lon irradiation-induced disorder fluorite is evi-
denced by the loss of superstructure as compared
with the ordered pyrochloréd). (C) Completely
amorphous structure in Lar,0O, irradiated by
1.5-MeV Xe" at a dose of~5.5 dpa at room
temperature.

calcined at 700 °C for 15 min, and the final heat treatmentrder-disorder transformation occurred simultaneously with
was at 1400 °C in air for 10—30 h. For &#t,0,, the cal- the amorphization process; and with increasing ion dose, the
cine was sintered at 1600 °C for 50 h in air, and the materiatiefect fluorite structure amorphized. Above the critical amor-
tends to adopt a closely related anion deficient fluorite strucphization doseD. (~5.5 dpa at room temperatyrehe dif-
ture due to a thermally induced pyrochlore-to-fluorite transi-fraction maxima from the crystalline defect fluorite structure
tion. The pyrochlore superstructures of ,Fa0;, disappeared completely, and the fully amorphous state was
Gd,Zr,0;, SmZr,0;, and NGZr,O; were confirmed by achieved as confirmed by a HRTEM imadég. 1(C)]. The
transmission electron microscoflyig. 1(A)], and all zircon-  temperature dependence of the critical amorphization dose
ate samples were stable under 200- and 400-KeV electrorfer La,Zr,0; irradiated by 1.5-MeV X& is shown in Fig. 3.
beam irradiations. The 1.5-MeV Xeion irradiation andn  The critical amorphization dose increases at elevated irradia-
situ TEM observation were performed using the HVEM- tion temperatures, and eventually, complete amorphization
Tandem Facility at the Argonne National Laboratory over acannot be attained even at high ion doses above this critical
temperature range of 25—300 K, and the ion flux was 8.@emperature.
X 10!t ions/cnf/s. The structural damage upon irradiation  The temperature dependence of amorphization is a result
was monitored by the selected area electron diffraction patef the competition between amorphization and recovery pro-
terns (SAED) underin situ TEM observations. The critical cesses. Based on a cascade-quenching nidttes, main re-
amorphization dos® . was determined as the ion dose atcovery mechanism in the irradiation-induced amorphization
which complete amorphization occurs, as manifested by thprocess is epitaxial recrystallization at the interface of the
disappearance of all diffraction maxima in the SAED pat-crystalline/amorphous region around the cascade. Wang,
terns. Ti-ion implantation of the bulk GAr,O, sample was Wang, and Ewingf have presented a model to describe the
conducted using a Varian 200 ion implanter at room temperatemperature dependence of amorphization using the concept
ture. The microstructural evolution upon ion irradiation andof recrystallization efficiencyA, the volume fraction recrys-
implantation was studied bgx situhigh-resolution transmis- tallized within a single cascade. The experimental data are
sion electron microscopdHRTEM) and cross-sectional fitted using a temperature-dependent amorphization dose
TEM. function, and the critical amorphization temperatirefor

All of the zirconate pyrochlore compositions displayed anLa,Zr,0; was determined to be-310 K with an activation
ion irradiation-induced pyrochlore-to-defect fluorite struc-
tural transformation, as has been reported fop T, .*>1°
The diffraction maxima from the superstructure of the or-
dered pyrochlore lattice disappeared gradually with increas- DO
ing ion dose as observed from situ TEM. For GGZr,0,, [
Sm,Zr,0,, and NgZr,0,, the defect fluorite structure was Damage layer N
radiation resistant, and complete amorphization could not be
achieved under Xe irradiation at 25 K[Fig. 1(B)]. The
Gd,Zr,0;, was also irradiated to a dose of 1
X 10" ions/cnt at room temperature with 200-keV Ti A
highly damaged layer was created by ion implantation with a
thickness of~150 nm. The SAED insetfFig. 2(B)] and
HRTEM image[Fig. 2D)] indicate the occurrence of ion
implanted-induced pyrochlore-to-fluorite structural transi-
tion, as evid_enced by the disappearanc.e of superstructure in g5 5 (A) Cross-sectional TEM image of Gar,0, implanted
both d|ffract|o_n patterns and the HREM image. Ba;ed on th%y 200-keV Ti ions at room temperature to a dose of 1
damage profile calculated by SRIM-2080employing 50 1017 jons/cn? (~100 dpa. A highly damaged layer is created
eV as the displacement enerdy ), a peak damage level of yith a thickness of-150 nm. Insets are SAED diffraction patterns
~100 dpa was obtained. The disordered defect fluorite strugrom the damaged layeB) and the substratéC). The loss of su-
ture of G@Zr,0; is thus extremely stable under very high perstructure in both the diffraction pattefB) and the HRTEM
dose irradiations. image (D) of highly damaged layer suggests a disordered fluorite

In contrast, for LaZr,0,, the ion-irradiation-induced structure formed upon ion implantation.
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Gd,Zr,0,, disordered fluorite, ~36 dpa

fluorite structure type. Typical radius ratios for ordered py-
rochlores are between 1.46 (&d,0;) and 1.78
(Sm,Ti,O;). Disordered, defect fluorite structures can form
when the cation radius ratio is below 1.46.9., GdZr,0O,
and EpZr,0;). The x parameter of thel8f oxygen can be
used to describe the deviation of the pyrochlore structure
from an ideal fluorite structur@or which theA-site cation is
in perfect cubic coordination For a perfectly ordered pyro-
chlore, thex parameter is 0.3128he B-site cation is in per-
fect octahedral coordination whereas, forx=0.375, the
structure becomes an ideal fluorite structtft&rom the irra-
diation results and the correspondirgparameter, a close
correlation exists between the resistance to ion-irradiation-
FIG. 3. Temperature dependence of critical amorphization dosé?duced amorphization and the deviation from the ideal fluo-
of La,Zr,0, irradiated by 1.5-MeV X&. The temperature depen- 'it€ structure and the related tendency toward an order-
dence curve of LgZr,0, is obtained by fitting the experimental disorder transition. L#r,0; has an ordered pyrochlore
data based on the model presented in Ref. 30. The critical amostructure §=0.333) and the largest deviation from an ideal
phization temperatur@&, is determined to be-310 K, and above fluorite structure X=0.375), as evidenced by the fact that it
this temperature complete amorphization cannot occur. The irradidias the smallest parameter for the 48oxygen(Table ). As
tion results for Gdzr,0;, SmZr,0O;, and NgZr,0; are included  a result, LaZr,0; has the greatest susceptibility to radiation
for comparison, although none of these compositions is amordamage among the rare-earth zirconate pyrochlores. In con-
phized. trast, GgZr,0O, has a structure that is essentially the same as
that of stabilized cubic zirconia, which remains crystalline
energy of 0.05 eV. From the temperature dependence curwender Xé* irradiation up to 680 dp& Thus, Ggzr,0-,
of La,Zr,05, the critical amorphization dose increases withadopts a disordered defect fluorite structure that does not
temperature, and, above the critical amorphization temperamorphiz&®~2” and has a high resistance to ion irradiation-
ture, complete amorphization cannot occur. Depending omduced amorphization.
the models employed, one may obtain quite different values Using both classical potential andb initio methods,
for the activation energy. Thu, is a more useful parameter Chartieret al?” have modeled the influence of structural dis-
for comparing the radiation resistant of phases to ion-beamerdering and the order-disorder transition on the radiation
induced amorphization. response of the Lar,; ) Ti, O; system. They concluded
The substitution of L3 for GE* at theA site of pyro-  that under irradiation, cation antisite defects occur, consistent
chlore has a significant effect on the irradiation behavior ofwith previous theoretical result€>? The cation antisite is
rare-earth zirconate pyrochloréSig. 3). Gd,Zr,O is highly ~ enhanced with the increasing degree of structural disordering
radiation resistant; in contrast, 42r,0; is the only zircon- by lowering the cation antisite formation energg/g., 2 eV
ate pyrochlore that has been amorphized by ion beam irrdor ordered LaZr,0; and 1.5 eV with coupled switching of
diation. Table | summarizes the radiation response of lanta and Zj, and the vacant® oxygen site becomes increas-
thanide zirconate pyrochlores as a function of #heand ingly occupied. Their results indicate that JJZa,0; has a
B-cation radius ratios, which can be used to define the staendency toward cation disordering, but with the addition of
bility field of the pyrochlore superstructut®and thex pa-  Ti, the tendency toward cation disordering is less energeti-
rameter of 48 oxygen, which can be used to describe thecally favorable in the LgZr,(; ) Ti,,O; system. This is con-
shapes of the coordination polyhedra in the pyrochlore strucfirmed by a systematic irradiation study of compositions in
ture. With the systematic decrease in the averdgeto  the G@Zr,Ti;_,O, system:® where materials show a gradu-
B-cation radius ratio there is a tendency to cation disorderinglly increasing resistance to ion-irradiation-induced amor-
of the pyrochlore that leads to a disordered defect fluoritgphization with the increasing Zr contents. This reflects a re-
structure, A,B),0,.*1%Y7 Gd,zr,0, is near the boundary duction in the energetic barrier to the order-disorder
between the ordered pyrochlore vs the disordered defedtansition.

24 }
La,Zr,0,

N

) ﬂ] Sm,Zr,0;, disordered fluorite, ~ 7.3 dpa

Nd,Zr,0,, disordered fluorite, ~ 7 dpa o

— -~ .
0 50 100 150 200 250 300 350
Temperature (K)

Displacement per atoms (dpa)
EN

TABLE |. The structural parametefsation radius ratios and parameters for the 4Boxygen and the
radiation response of zirconate pyrochlores to a 1.5-MeV Keadiation.

Phase Structure ralrg X parameter T. (K)
for 48 f oxygen
La,Zr,0; pyrochlore 1.61 0.333 310
Nd,Zr,0; pyrochlore 1.54 0.335 defect fluorite
SmyZr,0, pyrochlore 1.50 0.342 defect fluorite
Gd,Zr,0, pyrochlore/fluorite 1.46 0.345 defect fluorite
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Our results confirm the theoretical calculations. We havehe structure is to ideal fluorite, the greater the tendency to-
shown the extremely high resistance of &3O, to ion-  ward structural disordering, and the more stable the defect
beam-induced amorphizatiofio a dose of approximately fluorites is with respect to the ordered pyrochlore state.

100 dpa. While, for LaZr,0;, there is an initial stage of  In summary, the resistance @,Zr,0; pyrochlores(A
cation disordering under irradiation as predicted by Chartiee=.a, Nd, Sm, and Gdto radiation damage varies with
etal;*" however, this ion-iradiation-induced disordered A sjte cation composition. The high radiation resistance for
state is unstable with respect to the amorphous state thgfy,zr,0, is further confirmed by a 1.5-MeV Xeirradiation
forms at higher doses. The increasing resistance to ions; o5 k and 200-keV Ti-ion implantation at room tempera-
irradigtion—inQUced amorphization for zirconate pyrochloreture; while LaZr,0, is the only zirconate pyrochlore that
as A-site cations become smallée.g., La" to G’') em-  pag'heen amorphized by ion-beam irradiation. The suscepti-
pha3|ze§ the |mportancg of structqral controls. The greatqgi”ty to ion-beam damage for pyrochlore compounds is
the deviation from the ideal fluorite structure typRsd  closely related to the deviation from the ideal fluorite struc-

=0.375), the more susceptible the pyrochlore is to radiationre a5 represented by tieparameter for the 48oxygen.
damageand the greater the energetic barrier to disordering pyrochiores that are structurally close to the fluorite structure
The relationship between the resistance to |on-|rrad|at|on(e_g_ x=0.375 have a greater tendency toward order-

induced amorphizatioiithe stability of defect fluoriteand  gisorder transition and are more resistant to ion-beam-
the energetics of the order-disorder transition is analogous t@,qyced amorphization.

that of thermally induced order-disorder structural transfor-
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