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Immobilisation of actinides

A High-purity Pu (weaponsrade, i.e. mostiy3%Pu with low
amounts of38 240Pu) can be used in new generation of power
plants in MOX (mixed oxide) fuel.

A Lower quality Pufiscram etc. isnot suitable economically for
MOX => must be safely immobilised (in U6 metric
tone + Russia, UK, France, Chiaa).

Composition of waste for immobilisation heavily depends
on initial fuel chemical and isotopic composition, cladding
type, burn-up degree.

No universal form (matrix) for all waste types can be
made!!
Waste separation for subsegquent separate immobilisation is
extremely important.




Amount of a radionuclide which dees"NOTrequire sspecial
permission to lhandle((Soviet:Radiation: safetyrules-froni 987)

230Th 0.1/(5)
232Th 100/(900 grams)
233U 1/(100)
235U 1/(50000)
238U 100/(300 grams)
237Np 0.1/(140)
238Pu 0.1/(0.006)
239Pu 0.1/(0.03)

244Cm 0.1/(0.001)



Pu-doped glasses
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Two fcomplementary mechanisms of Awloped

waste forms degradation:

1) Thermomechanicadtresses

2) Radiation damage (swelling,
amorphisatiofdisordering .)




Pu-doped single crystals

Zircon dopedwith 2.4 wt% >3%Pu (T ,=87.7 y),
grownin July 2001

~7x10'" decays/gram

(Eu,Pu)PQ monazitedopedwith 4.9 wt% 238Pu, grownin
Dec 2003 Now approx ~2x10'° decays/gram

At ~1.1x10"® decays/gram dispersed particles has
appearepat~5.2x10' decays/granfiipeeling hasstarted

Images: B.E. Burakov



Number/(Angstrom-lon)

Pu decay

Urange ~n-10 nm

He range On-10 pm

Cascade size 7.5 nm
2290 Frenkel pairs
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Cascade size 0.8 pm
265 Frenkel pairs
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Pu-loaded glasses

(Lanthanide borosilicate’ LaBS
and
borosilicate SON68-like)



Lanthanide-Borosilicate glass

AMaximum PuQO, concentration in conventional
borosilicate glasses iIs ~3-4 wt.%. Lanthanide
Borosilicate (LaBS) glassesare potentially capableto
dissolveup to ~10 wt.% PuQ,. They are much more
durablein water solutionsthanconventionaborosilicate
glass(Stracharetal., 19998.

A Behaviour of Pu and of some other constituentsin
LaBSglassess still poorlyconstrained



Glass preparation

A PuO, powdermixed with chemicalsheatedto 1500 C at
arateof 10 C/min, keptfor 30 min andquenched

A In contrastto Pufree glassesof the same composition
(PuUY Hf) it is verydifficult to obtainhomogeneouglassif
high PuQ, loads are used In some runs the sampleis
clearlysegregatednto crystatlike andglassyparts

Range of target chemical compositions (wt%)

B2O;

Gd,Os

HfO,

La,O4

PuO,

SiO,

SrO

8-20

10-22

8-12

4-14

11-18

11-14

0-9.5

18-28

2.5




The LaBS glassseemsto be homogeneous
on mmscale(RBS data), but is markedly

heterogeneouson subbmm scale if high
PuQ, loads(>5 mas$b) areused
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Phase .composition of the LaBS ‘glass
~ (9.5wt% PuO,)

| |dentified phases (XRD+SEM/EDX)

G e TR G AL PuO,: crystalliteswith sizesof >50 nm.
PUOZ' Ra iR . = Solid solution of (Pu,HNO, with a

| L\ fluorite structurglSEM/EDX/XRD)

! Britholite : (approx REE;;SigO,4(OH),) is

afreab powder

A Heterogeneously distributed britholite

Young (1 year storage)

Old (1.5 year storage) i A Non-stochiometric Pu@(?)
A The silicate network is depolimerisec
(mostly G units)

Intensity, arb. units
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2 Q, degrees Raman shift, cm™



ST SHR S

(PuG,,?)

XAS results: Pu LIII -edge

Puis mainly tetravalen{XANES andXPS)
First shell shows similarity to PuO,,

The main fraction of Pu is in the vitreous

phase

With increasingstoragetime the splitting of
thefirst spherébecomesnore pronouncedin

the fresh glassit comprisestwo subspheres,

whereador the 2 y.o. glassi three(similar to

Conradsoretal., JACS,126, 13443 2009).

FT Magnitude

Sample Atom Distance ¢ Occupation
2Yy.0. glass { 1.87-1.92 0.150.47
{ 2.092.12 ~1.2
{ 2.202.27 4N1
Pu 3.74 2ND.5
Fresh glass { 2.13 1.3
{ 2.252.28 5
Pu 3.663.69 2.5\0.5

—— 1 year storage
— 1.5 years storage

PuO1
glass

RDF, Arb.Units

Pu-O4

PuQ4 in PuOj
Pu-Pu

Pu-M in glass+
Pu-Pu in PuO2

1 1
4 6
R, A

FT peak of the first coordination
shell is asymmetric T superposition

of contributions

phases

from various



Evolution of Pu environment with glass: storage
time: Wavelet approach

1 year
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m== > A Sharpeningof the maxima in R-
spaceindicatesbetter separatiorof

contributions from glassy and
) A . B crystallinephases
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XAS results II: Hf L ,, -edge

A The nearestoxygenis at 1.8 A;
smallamountof a heavyelement
(possibly Pu) is presentaround
25 A; at 3.6 A minor oxygen
coexists with a heavy element
(mostlikely REE)

A The peaks due to the second
coordinationsphereare weak=>
Hf is mostly in the wvitreous
phasewith coordinationnumber
closeto 6.

A Some(minor) fraction entersthe
phasewith approximateformula

A No evolution of Hf
environmentwith time.

Hafnium L3




Hf In Pu-free glass

Raman scattering

Frit 1 high Hf, low Al and Si
Frit 3
Frit 4
Frit 5 low Hf, high Al and Si

Intensity, arb. units

4.0
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200 400 600 800 1000 1200 1400 1600 1800 2000 as

Raman shift, cm™ s

No spectraimanifestation®f HfO, asa separatphase
Hf is mostlyin vitreousenvironmentputweak
seconccoordinatiorspheras alsopresent
Strongdependencen glasscomposition e

1.5




The hheavy spot®

Glass piece aftei2 years of storage.
Many bright dots; look like some dusé

188 m




The nheavy spot®: a closer look

Silicates
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Precipitates of (Pu, H)O, solid solution and of REEAI phase!!
Dendritic morphology consistent with Cak-structural type dendrites
Exsolution (rapid?) of excess Pug»



LaBS glass with9.5wt% PuO.:
SEM of partly crystallized sample

_
T20um ' Hf T 20um ' Pu

Mrecipitation of britholite (AREE,;SisO,,OH),. The glass retains Al, Hf (supports XAS).
AREE, Srand Si partition to the precipitate.
Auconcentrations are roughly similar for the glass and the precipitate.



The Pu-rich LaBS sample is a
glasscrystalline ceramics.
Britholite Is resistant to radiation.

Buté .

What happens if hot water
contacts the glass?



Surface alteration:
Pu-free glass

AccY SpotMagn Det WD —— 20m
200kv 50 1000x BSE 15.0

Formation of altered layer, which may crack and detach from underlying bulk
Rather uniform process on the whole glass surface



Alteration of Pu-rich glass in water

A ‘ : : . :
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SONG68-like glasswith *3%Pu




SONG68 with +*%Pu

Changedan the photoluminescenct
spectraof Eu admixtureindicate
moreorderedenvironmentof Eu
In the alteration layer In
comparisonwith the bulk glass
Possiblythis Is relatedto higher
Al/SI ratio.

Luminesence intensity, arb. units

Alteration layer

550 600 650 700

600 650
Wavelength, nm



Just a scientific curiosity?




Cracking of the Chernobyl lava




UO.,.,, inclusions in Chernobyl llava

Variable morphology :
A Dendrites (quenched supersaturated solution?)
A Rounded fimolteno) pieces

Undissolved fuel pelle?

UQO, precipitated from the me
alwayscontains Zr admixture



27 28 2 0

E AN

Aerﬂsml«s

31 32 33 ;,, 5 '8 ?7 6 36 26 37
= . - .' i [ ¥ A
i |/ /
4 8
39
V1T T
= \ : =
im \ 1
N \\ S
\ \\ \
S
\ \ NN \
o6 ] \\\ \\3\\\\ &
81743 s \:’t&\
2 a4 \\ \\\\ S !
1 spleu |48 T RN 46
ey e — \. }:2500_
- SO
- 208110 - S
- g T
B
! o
:
T AR G R '\ |
0 Y | G YO 1 T 4 T W ) TN \ !48;.".00,1
[/ fw Ak \ o)\ \m\ ) H‘ \ A\ P c TY Y1
514 12 \12&11 10 9 Q 7'6'5'4'3 21

Aerosols(20112013G G

| 9s3
Pl
7 b i
%
40303
~ 't:‘;‘,u -




Spontaneouslyletached:glass particles

fSizes of the glass chips
reach150x200 e .
AJO.,,, inclusions are
between 1-2 and5-7 em.




Secondarymineralisation

Secondary minerals are easily los

Particle size:200x100sm! .
10 min
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Minerall-like ceramics



Zircon as a form for actinides immeobilisation

Absorption

11 vyears

after the synthesis:

Flux-grown zircon with
2,4wWt% of %3%Pu

A XANES confirms that Pu is tetravalent, i.e. most likely it

0,6
04
0.2
0,0

substitutes Zt in zircon lattice.
A SGXRD: S.G.| 4,/amd,a=6.52, ¢=5.94A
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Image by R.E.Willifor
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Principal problem: degradation due
to selkirmadiatiom
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Zircon amorphises under irradiation
(metamictisation). Still conflicting results on
amorphisation dose and chemical resistance o
metamict zircon.

Images: B.E. Burakov



XAFS of Pu In monazite

A Initially Pu(ll1) occupies REE
sites. Selrradiation may
convert to Pu(lV). °

A Complex ordered environment. s

FT magnitude




(Eu, Pu)PQ(12y after synthesis)

S.G. P21/n

a =6.386411) A U=2=90

b =6.866812) A b=104.0287)
C =6.665411) A V =283.5948) A3

Slow swelling with accumulated dase



What Is the fate of recoll uranium?

16 Recoil U might
14l -yl shoulder??? be hexavalent
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Single erystal of IEY 3P Uy 06O,

[ —— Bulk+"Blister" -
 — "Blister” EXxcitation
—— Bulk 532nm

| — Non-active EuPO

500 520 540 560 580 600 620 640 660 680 700
Wavelength, nm

i Bulk
— "Blister" B

— "Blister" burned
—— Non-active EuPO4 {
)

Bulk

"Blister" burned
"Blister"
Non-active EuPO,

C

A AN

200 300 400 500 600 700 800 900 1000 1100 1200 900 9é5 9é0 9%5 10'00 10'25 10'50
Raman shift. cm * Raman shift. cm *

Excitation 785nm




Single erystal of IEY, g5 PUy 060,
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Single erystal of IEY, g5 PUy 060,




Single erystal of IEY, g5 PUy 06O,
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Single erystal of IEY, g5 PUy 060,







Single erystalof Iy, g5PU, 0cdPO,: Nblisterso




Nanoparticlesunder impact



Actinides and colloids

Silica colloids may migrate
and transform to stable
SIO, phases

,,,,,,

o "‘

A Novikov A.P., et al., Colloid
Transport of Plutoniumin the Silica colloids may be

Far-Field of the Mayak . _
Production Association, Russia. exceptionally stable (time

Science2006 scale of 40" years!)
A Kersting et al.1999

Prokofiev V.Yu., et al., Fluid inclusions with colloid
solutions in chalcedony, TBG Xlll Proceeding8Q9
Prokofiev V.Yu., et al., Geolo@017




Fresh SIO, colloids with adsorbed Pu

TEM

No Internal
structure

SEM

No surface
features

observableaven In

low-energy mode




Control experiment (no Pu)i high
temperature

13 days at 150 AC



