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EFFECT OF STORAGETEMPERATUREON SELF-IRRADIATION DAUAGE.OF 238PU-SUBSTITUTED
ZIRCONOLITE*

●

F. !+. CLINARD, JR., D. E. PETEMOK, D. L. ROHR, AND R. B. ROOF, University of
California, Loa Alamoe National Laboratory, Loa Alamoa, NM 87545
L. W. HOBBS, Department of Materiala Science and Engineering, Ftaaaachuaett.m
Institute of Technology, Camb/idge, HA 02139

ABSTRACT

238pu-aubatituted
cubic zirconoljte (CaPuTi20 ) wae

stored at ambient temperature, 5~j ~ ●nd 875 K unti ~ alpha
decay doaea of 2.4 to 3.6 x 10 !m had been accumulated.
Tha ambi,nt temperature material evalled to a saturation
value of 5.5 vol%, ●nd the originally crystalline structure
waa trannfomed to one with an amorphoun matrix ●nd small
domaina that had retained their cryetallinity. At 575 K
leoaar amounta of swelling (4.1 vol%) and tranafomation ware
obeerved, reflJCtirI& concurrent partial recovery. The mate-
rial bald at B75 K remained cryatnlline, awalled only 0,4
vol%, and axhibitad fomation of Iaola-.-d defect cluetern.

INTRODUCTION

Zirconolit.a ie a ❑ajor phaee of caramic nuclear waete forms such an
SVNROC [1] and Sandia titanate waete [2]. Thie phane, which haa the nominal

composition cazrTi207 and a monoclinic cryptal structure. ●arvea aa a host
for ●ctinide iaotopaa which induce self-irradiation d-rnage by alpha decay.
Such damage cou!d have deleterious effect~ on waete stability by inducing
swelling (with consequent ❑icrocracking of multipha~e waate forma), meta-
mlctization, ●nd reduction of thermal conductivity [3,4]. It la therefore
adviaable CO ●valuate the irradiation reapnnae of zirconolite.

Alpha decay of tictlnidea involves ●mianion of an ‘5 t4eV alpha particlr
und recoil of the decaying nuclaun. The latter pnrticle, of lcmner ●nergy
(-100 keV) but more ❑anaive, ie reaponeible for -.94% of the dinplacamcnt
●nergy in ● typical radiolyaio-inaenaitive [5] w~at~ phnne [6],

Zt/y~;;~~i~a~;Y~~~ *puh~~,~;eZr%tiied at

Self-damnge
ambient temperature by doping

“Cm [7], or by Pb-i~l impl~ntation [8];
under theme conditjnnn damsge levrlg chrrartcrintic of 10 y of ●tnrage timr
fer SYNROCcontaining 10% high-lmvel waete can b~ duplicated in the labora-
tory in times of one year or lees. Natural ❑in@ral annlnguen with nufficiant
U or Th content to have inducad ●Jgnificant nmlf-dnmaRe hti e~ ~mo b-en
irvep$iRatmd [B-10]. Here irradiation timan are of order 10 -10 y, and
ntorage tcmperat~lree are those dictntd by Seologic condttionm.

It in important to charnrtrrir- the effect of rl~vated trrnperature on
the damage ranponue nf zircnnolita, in an ●ngine~rlng nrnae bocaune tempera-
ture I- an importnnt variahlc in the ●tornge ●nvirollm~nt ard al a more funda-
❑ental Jevrl to uhtain a better understanding of the nature of t!le damagr
proccnn itmelf. In thr work raport~d here,

“e2&p:-n:;;:;;,;;:d ::;::;:
tura-d~pendancc of self-damnR@ ●ffecta in a fully

. . ..—
Work parformmd und~~ the ●uapicea of tho U, S. Drpartzmnt l~f ~n@rRY.



tion (Ca.’uTi O ) with cubic symmetry by measuring ttwelling, changes in x-ray~lectro~ 7
and diffraction parameters, and microatruct.ural alterations.
Results are compared with those from other studies of damage in synthetic and
natural zirconolite.r

EXPERIMENTALPROCEDUREAND RESULTS

Powdera of PU02, CaO, and Ti02 in the molar ratio 1:1:2 were dry ball-
milled togather for 24 h and cold-pressed into cylinders at 12 MPa us~ng an
organic binder. The TiO

b

was in the form of ru ile, while the CaO wae
freshly mq~~ by &r-fir?ng of CaC03. Isotopic rity of the plutonium
waa -80% Pul)2 (half-life - 88 y), with the remainder being made up of
iaotopea of ’longer half-life.

The cylinders were calcined in air at 1275 K for 24 h, then cru6hed and
ball-milled agein. The resulting powder vw cold-pxesaed at 59 MPa into
cylinders of -10 am diameter and height; these we:e air-fired at 1675 K for
16 h and furnace-cooled. Spectrochemical analyaia of the fabricated material
identified major c~tion impurities to be (in wt ppm): 600 Zr, 300 Fe, and 150
eacn of Ni and Fig. X-ray, microprobe, and metallographic anal~ea showed
that the material consisted of a cubic* ❑atrix phase of nomina~ composition
CaPuTi207 and averaoa grain size .-2O ~m, along with 2-3 vol% PuO
amo.mt of an unidentified phase,

The a~2}a:r::::::
and -7 vol% porosity.

structure (Fig. 1) waa crack-free except for a few cracks aaaociatei with
widely-diape:sed ainte~~.ng flaws. Microcracking behavior during storage was
similar to that observed in an earlier study [3]; some pre-existing cracks
extended, but cracking never became generalized or severe as waa the caae for
multiphaae materipl [4].

Cylinders of Pu-substituted zirconolite were placed in dilatometcrs the
day after fabrication, end changeB in length monitored in air at ambient
:;~~erattjre,** 575 K, and 875 K5for 270 days. The accumulated dose of 3.6 x

a/m correaponda to-.4 x 10 y of SYNROCatorag~ time for the commercial
reactor waste form [!0], Length changea were convmrted to volume awelllng
asauming ●xpansion to be ieotropic. Bulk swelling results ● re ehown in Fig.
2.

A small quantity of material was crushed and packed into a capillary
tube for periodic Debyr-Schsrrer x-ray examination during room-temperature
storage, Meanurementa were begun 11 days a!ter fabr!crrtion, so that the
ntn:ting value of lattice parameter (0,5066 nm) was obtained hy extrapolation
to the first day of mtornge. Other cupillmriea wsre placed in 575 K and 875
K furnaces 11 days after fabrication. In thie cane the etartir.g value of

lattic? parameter wan taken to be that maanuzed after 11 days at amhirnt
temperatur~ (0.5977 rim). Capillaries were removed from the furnacen at -21-
day inta.valm for ]6 h x-rnv ●xpocureo at room temprrratura. No attempt was
mnde to take into account tllcue brief psriodm out of furnace.

X-ray diletionsl cwclljng wm determined by annlyuir of (initially) 12
reflection, ueing procecluren described earliet [3]. For eumplea strrrvd at
ambient tempernturw ●nd 575 K, IJne intensities wenkened an mlpha rlQcav diticn
actjymula\ad ,,ntil thm x-rcy anwrphoue condition was r-fiched at -.1.8 and 2,2 x
10 a/m’ r,~spactively. Dehye-Scherrer patterne from tha 875 K uampl? showed

...——- .—— —
*The fluorite ruhir o~ructure i- rlonoly relat~d to thr monoclinic form
[3,11], and in thp initial cryntslline product ol,tnined by hmnttn~ amorphoun
::;:;;:;;:: ::-$\$.

PJI ~a~[lltod in a tampnrature elevption of -50 K ntmve room
tempernrure [3],
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Fig. i. Photomicrograph of ●o-sintrred
238

Pu-substituted zirconolite (light-
ly etched). Minor phaeee ● re PU02 (widely diepermed), an unidentified phase
(clustered), and poronity (black). Bar - 50Ym.

only alight lose of line intensity during the ●xperiment. X-ray resulto ST-
ahotm in Fig, 2, along with t!loee for bulk -welling.

Trmtsmimcion electron microscopic (TEM) examinmtioa of material ~tored
at ●mbimt temperature was carrted out ●t 4, 50, 100, 154, ●nd 182 days.
Samples were prepared by ●xtracting thin ●hards with ●lectron-transpsrrnt
.Jgee from freehly-frmcturcd surfacee using replication techniques [3].
Examination of the shards, which vere suppt,rted by carbon subntratee, wan
carried out st 100 kV. After 4 dayo’ storage, the material exhibited m
●trongly-crystalline ●lectron cfiffrartion pattarn and s denoe ●rray of damage
cluotern (Fig. 3)0 At 50 dayfi tha damage cluataim wet~ mnre prominmnt but
the structure remained crya+alline. Evaluation ●t 100 day- ●howcd that moat
djffractfon spote had dinappeerado and the microstructure consisted of nn
●morphoue mntrix with ●mall crystalline domains, Dark-field inm~em tsken for
two specimen tiltn chosen to otrmngly axcite different Bragg diffracted beams
revealed that moot domains shared s commo,t orientation (Fig, 4). Tha inter-
face bctwaen cryataJline ●nd ●morphoum msterial could not be well defined;
smaller values of deviation parameter ● lad to a nmaller ●pparent domeifi ●izu,
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Fig. 2, Bulk awclling (solid ●ymboln) and lattice dilatfonal ●wQlling (open
cymbola) ● s s functim of stornga tim~ and alpha decay d.~ca at thr.e t@mp@ra-
turaa, Equivalent SYNROC●go ia also ●hOwn.



Fig. 3, Bright-field image and
substituted zircon elite ● tter 4
diffuee ringn tn the diffraction
- 0.3 NE.

corre~ponr!ing diffraction pattern from Pu-
days’ ●tora~e *C ●mbient temperature. The
pnttern ●re from the carbon submtrate. Bar

indicating coneidarable intzrnal strain al,d perhape gradiant of order,
Examination at 154 and 182 daya ●hewed continued weakening of Bragg dif-
frectad intnnuitiea with incratiming dt~ae to the point whara meaningful dark
field ■tudicm were not pos~ible. However, faint diffraction ❑axima ●nd ●

heterngeneoua mi. romtructurc verc ntill obs~rwed, indicating that ~~n:;v~ion
to the fu!ly-amorphoue ● tate had not occurrad ● t ● dome of 2,4 x 10 .

Tt,a x-ray capillary that had bean ntnrsd ● t 575 K wa~ coolod to room
tamparatura ●fter 18tl dsya, ●nd the powder particleo examined ● day latel by
TE14. ‘%e ●l~ctron diffraction patte.n and dark-field imaging ●how~d partial
emorphlzatlon (Fip. 5). b,lt considerably more cryat’al,linity than was observed
aftar 182 daye of smbltnt-temperature ●tormga. Diffraction patterna were
charact~riatic of ningl~-crystal material rather than of poly[ryctalline
domaina ●uch aa have b~en ●amn ●ftar b?am-heating the fully-amorphoum form
[9]. TF24 exatcJnatlon of ●n 875 K msmple ●ftar 224 dayn wan carried out in ●

eimilar manner, and ●hewed ● veil-ordared crystalline matrix (with ●ingls.
crymtal patternm) containin~ fine-ocmle mottled dmmqe.
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Fig. 4. Dark-field imagan and corresponding diffraction pattern, after 100
daya’ ntoraga at embient temperaLura. Bar - 0.1 xm.

DISCUSSION

x-ray reaulta
X-ray mcatturamento were carried out to detarmine the dose at which Pu-

euhatltutod zirconolita bocomeo x-ray amorphous, ●nd to compal”a x-rw dila-
tionel swelling with bulk owellit.g. The x-ray amorphoun cc,nditirm arieae
from ● combination of emall size of crystalline pnrticlra (apparant ●ice
●veraging 10-15 nm in both Figs. 4 ●nd 5) and their noncoherencj raeulting
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Fig. 5. Dark-field image and corresponding diffraction patte~m after 180 days at
575 K. Bar = 0.4 ~m.

from the change in density of the transformed material
The doses at which thi8 ‘cached were I s ~ ,o%~$ par’iclea.
temperature and2.2x 105yn~~Z30~c’%5K, “

at cimbient
Since ●ccompanying swelling va~ues

ware quite different (5.2 and 2.9 vol%, reepeccively), it appears that
concurrent recovery at the higher temperature reduced the fraction of emor-
phous material present at the point where the x-ray amorphoue state was
●tiained. (Alternatively, the disordered atatee could have d!ffarmtt densi-
ties.) Ratention of full crystallinity at 875 K shows that a aigniticant
concentration of damage-induced amorphoua ra6iona cannot ba auatained ● t this
temperature.

In the present vork ●a veil ●a in aarlier ●tudiaa of cubic [3] ●nd
monoclinic [4] Pu-dopad zirconolite, it waa found that bulk and x-ray dila-
tional svelling values disagrrad. Such ● diacrepa,lcy has been attributed
[12] to tha irradiation-induced replacement of Bragg paaks with diffuse pcaka
whose locationa baar no precise ralati~nBhip to campla volume. It is
appararit from the reaulte ●hovn in Fig. 2 that in zirconolita, lattice
parameter meaawrarnents ● ra an unreliable indicator of macroscopic swelling ● t
all three test temparaturaa.

TEM observation ●nd the nature of the cryatallinc-to-amorphoue trans-
formation

——
——

TEM raaulta ●how that transformation to the highly-diaordarad state
●chieved hara proceeded by the following ●tagaa:

I) formation of isolated damaga zones in ● crystalline matrix (Fig. 3)
II) gradual conversion of crystalline region- to an ●morphous ● tata

until only isolated crystalline domaina remain (Fig. 4).
This aequance vas ●lao ob~arved by Headlay ~t ●l. in natural ●nd Pb-ion
bombarded zirconolite [8], and it was suggested that amorphization is attri-
butable to gradual consumption of tha material by highly-dioordared damage
track-. In their work the does ● t which ~~acks3beg.n to overlap (i.e., the
onmct of Stage 11) vas found to ba -5 x 10 a/v (equivale.lt). in reasonable



agreament with the observation here. ~~adl~y et al. found that the folly-
amorphous atate was reached at ‘5 x 10 a/m ; the present etudies are being

r continued to allow further comparison @t higher doses. The observation that
most cryatallites ahare a common orientation (Fig. 4) implies that they
reprasent residuai untransformed material rather than a recrystallized
product.

The question of whether zirconolite transforms to the metemict state by
gradual disordering (leading to an intermediate cubic form if originally
monoclinic) or by dFcumuI.ation of amorphous microvolumes eeems for the most
part to hava been settlad in favor of the latter mechanism. This conclusion
is supported by r:sulta of a separate experiment [4,13] in which x-ray
crystallographic cnangea in monoclinic zirconolite were monitored by the
Debye-Scherrer method as alpha decay damage proceeded.

::r::”: ;:~i;;mycubic

It waa found that the
until tha x-ray-amorphous cone’ltlon was reached

However, x-ray precessio.~ photog~apha from nstural
zirconolites ‘Jy Sinclair and Ringwood [10] showed that near the fully-
emorphous cormition the remaining crystalline material ●xhibited a single--
crystsi fluor:te cubic rather than monoclinic pattern. This behavior may be
attributed to disordering within each sublattice by alpha particle damage of
the crystallite, leading to an average fluorite cubic symmetry, or to
recrystallization in eingle-crystal form during storage over geologic time.

The considerable cryetallinity found after storage at 575 K for 180 days
indicates ●ither that concurrent recrystallization (formation of new crystai-
lites) oc.currad or that track annealing restricted the encroachment of
emorphoua material. Since single-crystal diffraction patterns were obtained,
it can be concluded that the latter mechanism prevailed or that al,y racry-
atallized particlea asrnumed their original orientation as has been observed
in some natural zirconolites [10].

TE?4 observations of material held at 875 K for 2~~ day~ confirm the
x-ray data, showing good crystalline order at 3.0 x 1(J alm . It is ap-
parant that Pu-substituted zirconollte held at this temperature exhibits
behavior characteristic of a ❑ctamictization-resistant ceramic, i.e., dis-
plncementn result in the formation of localized defects or clusters rather
than generalized disorder. The amount of swelling observed to result from
such defects is not unexpected for this damage level (270 days’ storage time
la ●quivalent to -0.5 displacement~ per atom (61); under similar condi-
tions ~-SiC has been found to ●xhibit swelling of I vol% [14]. Saturation
of swelling (and therefore of concentration of the defects responsible) was
observed in SIC, and saturation alao appears to have occurred in the present
material.

CONCLUSIONS

Pu-substituted zirconolite ex I_&its saturation
self-irradiated to 2.4 to 3.6 x 10 alpha decaya/m?welling ‘f 5.5 vrl% whenat ambient temperature.
The accompanying transformation from a crystalline state to one cl.aracterized
by ●n amorphous matrix with remanent crystalline domains 10 consistent with a
m~del Involvlns accumul~tion of diauidered alpha recoil tracks. The con-
version procasa la inhibited by aging at 575 K; at this temperature amor-
phizntion ,! raduced by concurrent recovery. Storage at 875 K results in
only f? 4 VLJIX swelling resulting from formation of localized disorder in a
fully-crystalline structura. Th.sue renults show that damage effects such ●s
●v,’lling, microcracking of multiphane waate forms, reduction of thermal
c[nductivlty, and ❑etemictization-induced incr~aae of leach rate which can
r,ault from ●alf-irradiation ara strongly dcpen?ent on waste otorage tamper-
● cura.
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