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ALPHA DECAY SELF-DAMAGE IN CUBIC AND MONOCLINIC ZIRCONOLITE*

F. W. Clinard, Jr., €. C. land, D. E. Peterson, D. L. Rohr, and F. B. Ronf,
University ot California, Los Alamus National Laboratcry, Los Alamos, NN 87545,
USA

ABSTRACT

Samples of primarily-monoclinic "'"Pu-dopud zirconolite
werc s-orcd at ambient tompeorature to allow accumulation of
alpha decay sclf-damage to a dosc of 6 x 10 " n/m’ (equiv-
alent to a SYNROC age of ~10'y). Bulk swelling reachc:t
2.1 vols with no tendency toward saturation, a damaye re-
aponsce similar to that abservaed for cubic Pu-doped .
zirconoclite. X-ray volumetric swelling at 4 x lu-" /m’
was 1 volt, considerably less than that for the culidc
waterial. Chanyges in cell dimencions differed siqnificantly
from those reported by others for a monou:linic natural
mincral. Extens!ve microcracking was obscrved, and is
attributed at least partially to awellina differences
between the matrix and minor phasen.

INTRODUCT TON

High=level nuclear warte should exhibit structural stabil iy over gqeologs -
times, in order that fragmentation and a conkequent increase in dispersirn 1ate
not occur. A major potential mource of ingtability ik Relf-irradiation anl
motamictization. Sweiliny in itsclf is not harmful, ard in RUmMe cerlamics o
accompanicd by strengthening [1]1.  However, anismotropic qrowth of non-oubic
material or differential swelling of a multiphase arseml lare can result an
microcrackling amnd struc-tural degradation.

SYNKY' in a promiring ceramic waste form proposerd by fingwecrl and cos=wopker:
[+). SYNRx® K, the comporition intended for immobilizat on of wante fron o =
mercial power jlantn, ik made up primartly of the phares zircon "0 (Calrt, 0 ),
perovekite (CaTi('.), am! barium hollandice (HaAl Ti, 03,). There rupply a vartety
of cation siten for fucorporation of metallic ifons in warte caleine., Helf-
damage will primarily result from alpha decay of actinide 10ong, which renults in
an emitted alpha particle (helfum fon) of energy N MoV and an 100 ke percoil
nucleun. Reeve and Woolfdey [1] have calculated that in SYNRX' ) haresn "4y o!f
damaqer eneryy is induced by the 1ecoil event. Actinide fonk in SYNR  will 1
the mont part be incorporated ipto the girconolite and perovakite phanen, I'val
uation of mineral analuguen which have suffered alpha decay welf-damage f10m
their natural uranium and thorfum content show that the forme: phase ir the
mnre damadge-prone (4],

Z2irconolite with the classical compousitinon CaZrTi 0~ har a monoclinie gupe: -
lattice structure cloarly related to a defect fluorite structure,  Ronnell (4]
has shown the unit cell dimensionn of the monuclinic Jattice ta he a=1. 44 nm,
b=0.72714 nm, c=),11942 nm, and F=100. 58V . Thin structure can be 1ather acen
tately simulated by ejyht pusudo- cubifce fluorite celln each with nr-n.'.n-. nm aml
n=%} [6t]. The principal difference in the two atructurse is the rcation and
anion disorder of the fluorite form which allowr the atomic ayrangemer:t 1o b
representod by the smaller unit cell. The cubic form of rirconolite in
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stabilized by the prescnce of tetravalent actinides; Keason and Ringwood (7]
found that incorporation of 4.1 mol% U0, was sufficient to initiate formaticn
of thc cubic phase. Some forms of SYNiwWC waste may contain zirconolite with a
cubic ¢r mixed cubic and monoclinic structure as a result of compositional
ef fects. '

1n earlier work, the prere t investigatore replaced the 25 molt of 2r0.
present in zirconolite w ~ols ?'FPuO'-, and investigated sclf-damagc in the
resultant cubic-atructure ..crial at high doses [8). In that astudy, a highly-
disordered metamict state was ultimatecly attained. In the work reported here,
we have evaluated macroscopic swelling, x-ray lattice dilation, and microcrack-
ing in primarily monoclinic but multiphake 5 mol\s * '“vuo, ~doj.cd zirconolite at
lower dosea. Resulte are compared with those for the cubkic material and find-
inga of others nn sel f-damaged natural zirconolite.

EXPERIMENTAL PROCEDURE AND RESULTS

Powdere of * "TPu0, , 2r0,, ca0, and Ti), in the molar projporticns 0,2:00. k110
were dry ball-milled together fuxr 24h, then cold=-pressed wit): an ordanic binder
at 125 MPa into cylinders of »10 mm diameter and height.  The Tie, used was in
the form of anatase, and Cat war freshly made by air firing of (at™n . Isotopac
purity of the plutonium was WO, with the remainder bhning nade uj of isotujer
of longer haltf-life.

Samp:los were fiied for 24 h at 10620 K in flowing air, and furnace cocled.
Spectrochemical analyrin of the fabricated material showed the maira cation
imruritien present to bLe (in wt ppm): 2297 i, 1100 AY, 4C Fe, 4105 1, ani
109 My. X-ray, microprohe, and metallograjlae analyde:r reveale t that the re-
sulting produst war characterized by a monoclinie matrix, but ~ontazned roughley
2¢ vols cubic phase.  Alse present were 7 voly T30 (rutilel), a lesser am-ar?
of ar umidentified plutonium=-bLearing, low-calcium jhare, and ' solve Jorenaty.
Averaie size nf both graing and miner phases war in the ranae =17 w8, The
ak-falbricated atructure, which was ersentially crack-fred, am wlown o Faa, o
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Fig. 1. Optical photomicroqraph of as-sintered * '"Fu-doped zirconolite
(unetched). Minor phaser vinible are Ti0n (white) and porosity (black).
Rar = 100 um,



Plutoniun was primari.y partitioned batween the monoclinic and cubic phases,
but in unugual proportions. On the basis of four cations per mulecule, the Pu
content of the monoclinic phase was "0.15 instead of the nominal value for the
material as a whole of 0.20. This corresponds to a Pu0, content of 3.8 molvw,
in reasonable agreement with-the saturation limit cf 4.1 mol% observed [7] with
U0, additive in the monoclinic form. The Pu content of the cukic phase was
approximately twice that of the monoclinic phase.

A cylindsr of zirconulite was placed in a dilatometer the day after fabrica-
tion and macroscojic dimensional change as a function of time measured for 204
days at room temperaturr. The accumulated alpha decay dosc of 6 x 10" /n
corresponds to -l0 'y of SYNRX storage age [9]. Readinys were cornverted to
volume swelling assuming expansior to be imotropic. Macrescopic swelling ar a
function of number of alrha drcay events is showr in Fig. 2, along wit!, resalt:,
for cubic TakuTi - obtained earlicr [k].
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Fly. 2. Macroscupic awelling of the bulk (p!_'llnlll)y monoclinie) wmaterial an a

function of damaye done. Ewelling of cublice © ''Pu-mubntituted zirconolite (8] s
also shown.



A small quantity of material was crushed and packed into a capillary tube for
periodic Debye-Scherrer x-ray examination, and data obslined over a period of
205 days for 13-15 reflectiona between 27 values of 26 and 64 . Resulte were
analyzed by a least-aquares technique. 1Initial monoclinic unit cell dimensions
are pregented in Table I, along with those obtained for CaZrTi-0; by Rossell [5]
and for a natural 2irconolite mineral by Sinclair and Ringwood (9]. As damage
progressed, both fluorite-type and superlattice reflections weakened, ard two
of the latter ({113} and /335,804)) disappeared. X-ray voiume change with damage
dose calculated from cell dimensions is shown in Fig. 3, along with that for
cubic CaPuTi-n- (8]).

E:Ttacill dimensions for three forms of monoclinic zirconolite

Material a, nm b, nm c, nm E, deyrecs Reference
CaZrTi 0. 1.244%H 0.72734 1.13942 100.533 [
Pu~doj-etl a 1,291 0.72691 1.1404y 100.53 this work
Natural L 1.2071 LN 11,521 100,62 [9]
a)

initial valuce:.
k)

atter anncaling at 147: F

A cylinder of zitec o late war sliced lepgth=wise, mounted, and polishe ! £
period: - examination of Lthe surface as a fqan-tion of time. A swelling jr -
gressed, the material ancreasindiy exlabited moroecrackinag (Fig. 400 Al ug,
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Fig. J. X-yay mwrlling of the monuclinic matrix phane as a function of damaw
dore.  Swelling of cubte * '"Pu-rubstituted zirconolite 0] in 2lmo mhown.
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Plantiful, these cracks were not observed to open, and are therefore thought not
to have contributed significantly to macroscopic swelling.

DISCUSSION

X-ray rasults

Initial unit cell dimensions for the monoclinic zirconolite studied here,
with its 0.038 cation fraction Fu, are very close to those obtained for CaZrii_7-
by Rossell (5] (Table I). This indicates that the structure of zirconoclite is
not easlly perturbed by cation substitutions, as was algo obgerve® ‘v Gatehcusc
et 21. [10) in studies of matoiial of varying Zr/Ti ratio. Agreenent with cell
dimensions of a natural zirconolite (9] wae not mo close, protably reflecting
the high impurity content of the natural material (e.g., 15.6 wt$ NL Or, 7.4 wts
FeQ, and 2.9 wt\ ThO:).

In the present work, scatter of experimental data was such that onl; X-ray
volumetric changes, rather than separate values of cell dimension a,bL,c, and
the angle ¢ could be quantitatively prosented as a function of damagce duse (Fioa.
3). However, it can be reported that all linear dimensions incrcased, with c
showing the greatest dilation, while I was uncltianged. In contrast, thc z.roo-
nolite mineral examined by Sinclair and Ringwood [9) after a fluence of "4 x
10" n decays/m' induced by its natural UO, and ThO content, exhibited de-
creases in a,b, and r and a sizeable increase in c. The overall incrcase i
x-ray volume during irradiation for 1.€ x 10 y (measured by annealing and re-
exanination) was 0.7 vol%, only about half the vaiuc obtained here at that Jdose
\extrapolated) . Thus damage responge for the two material: showe signifi-arnt
differences, most likcly as a result of (1) compmsitional dissirmilaritieos, )
the factor of 10 differences in damaae rates, and/or (V) aifferenies in stor-
aqe concitiont (e.g., variation: in temperatur: and pressure over uedogre
times for the mineral specimen.)

d-ray Vs. macroscopic swelling
Bulk swelling of the primarily monoclinis phase zircon-lite ptuliosd Leys
slailar to that ohgerved for the cubic material [H]. The multiphase natare :.!
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the present ceramic raises questions as to whether its macroscopic swelling is
representative of that for phase-pure monoclinic zirconolite; however, recent
results by Wald [11] for monoclinic material doped with 3 wt% -“"Cm show a
swelling response similar to that reported here.

X-ray and bulk swelling are :jormally in approximate agreement at low damage
“avels, where most of the irradiated material remains strain-free [12]). As
.1stortion increases at higher doses a discrepancy is expected, and this is
observed for cubic Pu-substituted zirconolite above 7 x 10°Y“ a/m' (8]. However,
in the vork veported here x-ray swelling lags macroscopic swelling at the compar-
atively low fluences investigated (Figs. 2 and 3). Some of the difference may
be attributable to a relatively lurge contribution 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
damage response of monoclinic and cubic zirconoclite: the former material first
moves from the ordered to the disordered state oa edch sublattice (i.e., toward
the cubic structure) and then undergoes the metamictization process, while the
cubic material is initiallv disordered on each sublattice. Such a difference
may affect the x-ray/macroscoric swelling relationship. Also, the theory which
predicts agreement of the two types of swelling at low doses deals with materials
which form distinct damage aggregates [12) rather tharn thosc which transform to
the metamict state.

Sources of microcracking

Swelling ir a single-crystal or cubic polycrystalline ceramic should not
induce cracking, unless in the latter case internal strains arise frem swelling
differences between intra- and near-grain boundary regqions [1]. Generalized
microcracking was .10t observed in cubic zirconolite [8}, although bulk swe.iing
reached 4.7 vols. On the other hand, cracking was observed irn the jresent work
even hefore 1 vol% swelling was attained. Either or both of twe additional
Btrain sources may be responsible: anisotrojic swelling of the nun-cubic matrix
pPhasc, or differential swelling within the multiphase assembladc. Anisotrojic
g-owth has been observed to lead to microcracking in polycrystalline ceramice
such as Al .0, {13], which has a hexagonal structure. In this material neutron
irradiation-induced growth if predominantly in the c-axis direction, with
resultant microfracturc along grain boundaries. The deqree of anisctroly s
large (c/a growth ratjo =6) at an irradiation temperature of 100¢ K, Lut

decreases markedly (tu c/a :1.6) at 650 K [14°. Thus irternal strains from this
source can be strongly temperature-dependent. Grain size is also an important
parameter, with small greains exhibiting the greate:r reristance to cracking [17],

The question as to whether anisotropic swelling of the monoclinic zirconolite
matrix phase is alone responsible for microcracking in the prerent rtudy must
awalt evaluation of a more phase-pure form of this material.

Microcracking from ditfferential qrowth anong phases in a multiphare cerami.
has been o*served by Matthews [1G], who attributed an approximately S0% strength
loss in ne ~-on-irradiated reaction-bonded milicun calbide tu this BRource. The
material ccu..cained a=-5iC (hexaqonal), H-SiC (cubic), and frec Si {(cubic), and
microcracking was attributed to Jdifferential growth between Si( and S1. ]t wan
concluded that mwelling of a=SiC is neariy isotvopic and equal to that of H=S{(.

In the work reported here, tie presence of several phases in addition to the
zirconolite matrix assures that differential mwelling will have occurred. The
Ti0, phese is thought not to be responsible for the observed microcrachking,
since generaiized cracking did not accur in cubic zirconolite which contained a
similar distribution of this phame {A]). A more likely muspect ir the cubic
zirconolite phase, which constituted a mignificant fraction (roughly 20%) of the
fabricated product. The cubic phase contained about twice am much damage-
producing plutonium as did the matrix, and should therefoure have undergone
approximately twice the swelli:! nr 4-5 volSs. (The cubic material exhibitm



saturation in swelling as metamictization occurs, but deviation from linearity
is still small at 1.2 x 10%° u/m3 [8].) The consequent maximum linear misfit
strain (~0.8%) is roughly twice that thought to be responsible for mi:rocrack-
ing in reaction-bonded silicon cark.de [16], and is probably sufficirnt to
explain the cracking observed here. Swalling mismatches at least this great can
be expected in three-phase SYNROC, where hollandite will not be a host for
significant concentrations of actinide ions and should exhibit low swelling (4];
thus microcracking is a likely consequence of self-damage in this waste form.
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