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ALPNA DECAY SW-DAMAGE ItlCUBIC AND MKLINIC ZIRCONOLITE*

F. W. Clinard, Jr., C. C. wd, D. E. Peterson, D. L. Rohr, and F!.B. Ronf,
University or California, lms AlarausNational Uhratc.ry, Las Alamos, N}!E1754!,0
USA

Samples of primerily-rmnocllnic‘“%u-do~d zitconolitc
werr s;orod at ambient tomporature to allw accumulating of
alpha decay nrlf-damaqo to a dono of 6 u !0”

Bulk woll;n~’;;a&~iv-a]CIIt to a SYNACICago of ‘.lo’y).
2.3 volt with no tendency toward saturation, a damdqr re-

●pcnsc similar to that obsrrvad for cubir Pu-dopccf
zirconolltc. X-ray volumetric swcllinq at 4 x 1(1,”,/m””
was 1 volt, conriidcrablylest!than that for thr cid,ir
Material. Chanqrtiin CC1l dimcnfiionfidifforcd alqniflcantly
from thoac rcfmrtvd by rkhcrfifor a mono,:linlcnatural
mincrdl. Extcnm!vv microcrnckinq was observed, and i~
attribu~r.dat leant partially to Hwcslllnqdlffrrcmws
bctw:~n the matrix and mlnnr plIaHIII..

mrfu)mrrlw
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6tabilized by the presence of tetravalent actinidegl Keason and Ringmod [7]
found that Incorpraticm of 4,1 molt U% was sufficient to initiate formetim
of the cubic phaee. SmIE form6 of SYNi~ waste may contain zirconolite with a
cubic cr mixed cubic and monoclinic ●tructura as a reeult of compositional
Sffects.

In earlier work, the prew t inveetigatora replaced the 25 ml~ Or ZrO.
preacnt in zirconolite u Yllt 2:0PuO;, aridinvestigated aclf-darrmqcin tho
resultant cubic-mtructuro .urlal at high doses [0]. In that study, a higFly-
disordered metsmict etate was ultimately attained. In the mrk rmprted here,
we have waluated macroscopic swelling, x-ray lattice dilation, and rnicrocrack-
ing in primarily monoclinic but multipha~e 5 rm18 : “,l’puO -~1,~.d zirror)olitl~●t

lwer doam. ksultsi am cmparcd with those for thr cukic material mid find-
inqn of otherH on self-deatagcdnatural zirconolite.

EXPERI~AL PFOCEtURE AND RESULTS

l%wd{.r~ uf ‘ “-IWO. , Zr(l. , CaO, and TJIJ4 in ttw Mlar },rqmrti[.r;s ().2:1’.+:1 ::
vmro dry ball-milled together fm 24h, ther,cold-preescd wit!: an urual,lc.tlr,ckr
at 125 Mlrd into cyllnrlcrg rrf ‘.](! EMI di~et(,r anti }l~,lql,t. TI,,I TiP, urj,,rl was jr,
thu fom af anatasr,, md Cah was frmhly sad{, hy alr firln.1 Gf (,1(”-, . : sot.:.l 11.
purity of tht. ~lutunirm wa~ WKM, with t}w rsmmlndor b~lnq ma(lo uJ (,f isotult.~
of lcmqvr half-lifcm

SamqJloswmr(,filud for 24 h at lb:’, K il, fluw~n:J +Ir, arll fl;n,~c,: CU!JI,.,1.
6pectrochm~cal analyfi~h of thr fabricntrd wtcrlal almw(d t),,. rnajrJI r.-a! 1111.

~m~uritir.k prenrnt t(, l,v (in wt ppn): .72’1~ !“i,11(JJAl, 41 Fe,, 41::,.”1, all1
300 MU. 11-rny, mitirrq. inht,, ar,(lmrtulloqlallll. tinaly qt.:. rrvo. ilt I t!,.i* !t ( 1t.-

Ral - IUIJ m.



.
Plutonim wan primeri.y partitioned bmtwean the monoclinic and cubic phatscs,

but in unti+~alproporticnm. Cn the besia of four cations ~r mlccule, t}m PU
content of the mmoclinic phase wag ‘W.15 inmtead of the nominal value for the
material an a whole of 0,20. This corrcspond6 to a PuO: content of ~3.R molu,
in reasonable aqrecment with.the ■aturation limit Gf 4.1 molt observed [7] wit}l
UGj additive in the mon=llnic form. The Pu content of the cubic pharw was
●pproximately twice that of the -oclinic phaec.

A cylinder of zirconolite was placed in a dilatometer the ddy after firbricn-
tion and mecroaco},icdirrmnsionalchenqc as d function of time mcafiurt,dfor ?2’I
days at r- t~ratur~. The accumulated alpha decay dose of f, n 10.” ,,%
cxxrcspondu to ‘.lCr7yof SYNRW mtoraqe aqr [9]. Readinqk wru cor,vcrto:to
volwrm swelling aseminy axpal:;ion to be isotropic. Macroscopic EWC1lII,,.Id!,ti
functlrm Of ntnnbcr of al~?,u drcdy ●vents is s}~~ Jn Fi.{,2, alrw,.1wit!,r,.!;.ilt,,
for cubic ‘a}cuTl, !J- obtai!led •arllr.~[h].
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A small quantity of material was c~hed and packed into a capillary tube for
periodic Deb#e-Scherrer x-ray ●xamination, and data ob~ainml ~ar a period of
2C15 days for 13-15 reflections htween 2C valuea of 26 and 64 . Reaulta were
analyzed by a leaat-aquarea technique. Initial monoclinic unit cell dirnensiong
ara presented in Table I, along with those obtained for CeZ~i:O~ by Roaaell [5]
and for ● natural zirconollte mineral by Sinclair ●nd Ringwood [9]. As damage
progressed, both f~~rite-type a~d auperlattice reflections weakened, ar.dtwo
of the latter ((l13t and {335,B04)) disap~ared. X-ray VOilnne
doee calculated frca CC1l dimenalona IS ahown in Fig. 3, alonq
cubic CaPuTi:fr- [B].

change with denmqe
with that fur

TMLE x
Unit cell dimension~ for three forma of monoclinic zirconolite

Material a, nm b. run c, nm t, dcqrecs Reference

CaZrTi,~lI ~-~4~r,H G.7?734 1.13942 100.533 [’,1

Pu-dq.c,!la) 1,24{;’1 cl.~2rJ~~ 1.14042 100.53 this work

Naturml
t,) 1.2r,-’l 1. !,,,. ,1.q~~ lol~.bz [9;

——— . . -—-.
a)

Inlrlal valurl.
1.)
~:~L,tW,III,.l]lWI d! ]q”:! y

A L.,; :IIJcI(.I I.! 21 :(,( ,(.1 lt(, w,l, !.lluud Irnqfll-wls t,, Im,ur, rv.1, af,,l lx.ll:.ti~.! f.I
Iwrlfl,!:
ql@K!.t.rl,
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plantiful, these cracks were not observed to own, anti are therefore thought not
to have contributed significantly to macroscopic awellinq.

DISCUSSIW

X-ray reault~

Initial unit cell dinrensionafor the monoclinic zirconolite studied here,
with ita 0.03S cation fraction PU, are very C1OSC to those obtained fOr CaZril. ‘J-

by ~saell [5] (Table I). This indicates that the etructure of zirconolitr,is
not eanily ~rturbed by cation substitutions,aa waa ●lso obaer.lefl Yy Getehcusc
●t ?1. [10] in ■tudica of matalial OS varying Zr/’Tiratio. Agrwun,entwith cell
diaenslons of ● netural zirconolite [9] was not w close, probably reflecting
the h$gh impurity content of the natural material (e.g., 15.6 vtt NLtOr, 7.3 tit
FeO, and 2.9 utt ThO:).

In the prament -rk, scatter of sxperlmantal data was such that only x-ray
volmctric chanqes, rather than separate values of cell dimension a,b,c, and
the anqlc f could be quantitatively prosrnted as a function of damagu dosl: (FJI1.
3). Wver, it can be reported that all linear dimensions inrraaaed, with c
showing the greatest dilatwn, while 1’vsfiunc}.Jnged. In contrast, the zirc(,-
I’mllta❑iner~l examined by Sinclair and Ringwod [9] after a flucncc of .L x
10:” u decay@rl lnduccd by ltfi natural UO, and ~0, contant, exhibited de-
creasen iII a,b, and r ●nd a ●izeable incrmasc in c. The cwcrall incrcasc i:,
x-ray Volme during irradiation for 1 ,6 x 1(J y (n,aasu;cdby annealing ●r,drw-

.

●mmirrationl was 0.7 vol~, only abut half thr vaiuc obtained ht.re at. t}mt &a4.
\eJrtra}mlatcdl. Thus damaqc re.+pon~o for thr t- sraturial:, tihnw F ciqr,if~.:ar,!

diffcrcnce~, ame* likuly as a resuli of (1) curqm,sitinnal dlsslr.il~:ltio%,(:’!
the factol of ‘,10” dlfferencrs in demaqc rat-h, anjfol (!) .llffr,r(.n:(.:,ir, ::t,J, -
aqe contltion.t(P.q., variation:: in trenl.rrat(lr~and prcssur{.r,v,] lll...l?jljl.

tirwrifor tha mincrirlspmimcr,,)

X-ray vs. --marraacopic ●welllng
Hulk ewvlllnq r)f thg. )Irlmarlly ~noc]ir,l? I,),aw. zlrcor,~.]lt{, ~,r!l II.*,1 !,,.1, ,

clmlar w tl’mt obBervtwl for the cubI.. ❑atmrlal [M]. TIM. m:11tl14,aw r,n?:]t, :.!

Flu. 4. Mlrrocrarha art~r 20? daye 1 ●toratm. Har - )011 m.



the present ceramic raises questions as to whether its macroscopic ewelling is
representative of that for phaee-pure nmnoclinic zirconolite; however, recent
results by Wald [11] for mnocluric material doped with 3 wt% 2k’’CYtrshow a
swelling ree~nse similar to that repmted here.

X-ray and bulk swelling are :]ozmally in approximate agreement at low damage
‘qvels, where meet of tl,e irradiated material remains strain-free [12] . As

.ietort.ion increaeee at higher doses a discrepancy is expected, and this is
obeerved for cubic Pu-substituted zirconolite akve %7 x 10;& a/m”’ [8]. However,
in the +ork reported here x-ray swelling lags macroscopic swelling at the compar-

atively low fluences investigated (Figs. 2 and 3). Sune of thtidifference my
be attributable to a relatively ltirgecontribution to macroscopic swelling frcm
the cubic phase, but it does not seem likely that this could fully explain the

discrepancy. It should be pointed out that a difference ex.sts between the
darmge resp.nse of monoclinic and cubic zirconolite: the fomner material first
moves from the ordered to the disordered state 0,1 each sublattice (i.e., toward

the cubic structure) and then undergoes the metamictization process, while the
cubic material is in!tiallv dieordered on each sublattice. Such a difference

maY affect the x-raY/macroscopic swellinq relationship. Aleo, the theory which
predicts agreament of the two t,ypesof swelling at low dos.cs deals with materials
which form distinct damage aggregates [12] rather thar, those which transform to

the metamict state.

Sources of microcrackinq
Swelling in a sinqlc-crystal or cubic palycrystallinc ceramic should net

induc@ crackiny, unlcs:; in the latter case intc,rnal strain: arise frcm swclllr,[l
differences between intra- and near-grain k.munr!aryreqluns [1]. Gcnrrallzc.,i

microcracking was ,lot nbscrwd in cubic zirconollte [H], althouqh bulk .swelilnq
reached 4.7 VOIS. On the other hand, cracklnq was otm~rved ir, thr }rcscr,t wtk
even before 1 vol% swcllinq was attainud, Either or bvth of twc adc!iticm,,ll
strain sources may br responsible: anisotrrq ir swt,lling of the nun-rutlir mdtrlx
phase, or differential swcllinq within the multlphase assemLlag{. Anisotro~lr
q=owtb,has been observed to lead to microcrackil,q in ~]ycr-jstalllr,c ceraml(,:

such as A1;O, [13], which h&s a herraqonal structule. in tlIlsmat-lIal nr!ltrrm
irradiation-induccslgrrwrt!]is predominantly in the c-axis dlrc~.tlc,r,,wit),
resultant microfracturc alnnq qrain toundarles, Th~, dcqltt, of al)l+1’t.r~l,;]s+
large (c/a qrwth ratio =6) at an irradiation temperature of 10P!JK, L,.lt
decreaaea mtrrkcdly(t.uc/a 1.6) at 650 K [14”. Thus internal strains frnn,!)II:.
source can be strongly tomnperature-del,endrnt . Grain sizr irialso an im}wrtall!
paremetez, uith mnall qrr,insexhibiting the qreatcl reFistanc-r tt] crackln,l [11] ,
The qucation de to whether anisot-opjc swcllinq of tho mrwnoclillic zirconulltl,
matrix phase is alone responBiblc for microcrackinq in the l,re~ontRtudy mu~.t
await evaluation of a mare phane-pure form of this material.

Flicrocracking frcm differential qrowth emcrnqphases in a multil,harw,cerami,
haa been o~qerwed by Hatthew~ [l{!], who attritrutvd an apl,roximatoly\(Itstlrn,l~),
10ss in ne -on-irradiated reaction-bonded rrili(:unc-aibidw LU Ll,l+ mur~.,-.. Tl,,.
matarial cc.,Lainerfm-SiC (hexagonal),ti-SIC(cubic), ●nd f.r[.S1 (cubic), an~l
microcrackinq was attributed to differential qrowt)) b@twe@n Si{” and S1 . It wall
concluded that ■wellinq of rr-SiC ia rmariy inrrt.epic ●nd ●qual to that rrfti-SiL’.

in the work reported here, tileprtmenca of s=vpral phanpri in addition to thr
zirconolite matrix aanuren that differential nwellinu will havr occurred. Ttw
TIOJ phzrrc is thought not to be remponmlbl~ for th- obn~rved microcrachinu,
since ganeraiized cracking did not occur in cubic zirconolit- which contained n
similar distribution of thin phase [R). A ~xe likely ❑lln)-c-t in the CUbi,.
zirconolite phaae, which constituted a ●lqnificant fraction (rrnrqh]y 208) nf thr=
fabricated product. The cubic phaoe contained atwruttwlcm ●n much damaqe-
f.rrodueingplrrtoniwnas did th~ matrix, and mhuulrlthrrmfure have underqonw
●pproximately twic~ thv swelli:,I nr 4-S V018. (The cubic matcrlal ●xhibitn



aeturation in swelling ag metemictization occurs, but deviation from linearity
is still small at 1.2 x 1025 a/m3 [B].) The conae~ent maxinuun linear misfit
etrain (‘LO.B%) is roughly twice that thought to M respmsible for mi:rocrack-
ing in reaction-bonded silicon cark~de [16], and is probably euffici.nt to

-Plain the cracking obsened here. Swalling mismatches at least this great can
be expected in three-phase S!&RC12, where hollandite will not be a host for
significant concentrations of actinide ions and should exhibit low swellirig [4];

thus microcracking is a likely consequence of eelf-damege in this waste form.
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