Use of high-temperature oxide
melt solution calorimetry In
understanding long-term
behaviors of ceramic waste forms




Ceramics

An inorganic, nonmetallic solid material

Crystallinity: Glass =—————> Ceramic

Application:
pottery, tableware, cookware, building materials,

aerospace materials, to nhuclear materials (e.g., UO,
pellets, waste forms, etc.) .

The Ceramic Waste Form
Process at Idaho
National Laboratory
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AB.CO, vs. A,B,C.O,

Which one is better? Durability, Stability
Which one is more stable? Thermodynamics
Enthalpy, kJ/mol
2Sr0 + TiO, + 2Si0, — Sr,TiSi,0, (fresnoite) -246.8
2Sr0 + TiO, + 25i0, — Sr,TiSi,0, (glass) -178.3
Long-term behaviors? Thermochemistry
Enthalpy, kJ/mol
Sr,TiSi,0; (fresnoite) + TiO, — 2SrTiSiO; (glass) 70.6
Sr,TiSi,04 (glass) + TiO, — 2SrTiSiO; (glass) -7.9
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, DECAY EFFECT?
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Decay Product Stability

A.B,C.O,
(A =Cs) Decay Product

‘ B7Cs \-30.2 yr @
Cs- B,C.O, AN 1¥’Ba stable
(A = Sr)

~28.8 yr @ (Cs,Ba)- B,C.O,
90
Sr- B,C.O, N ¥ | 64h @

0Zr | stable
(SraY)' BchOx \
(Sr,Y,Zr)- B,C.O,
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Changes upon Decay in Ceramics l‘

In nature, charge is balanced

2Cs*=Ba*" + [ (O = vacancy)

CsB,C.O, 2 Csy5Bag 5501 5B, C O,

> Cs5Bay 375015 375BpCOf 22 ...

HOW DO THE STRUCTURE AND
ITS STABILITY RESPOND TO
THESE CHANGES?
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- gg= 5%dol= Al7|. Z22|0|F (Calorimeter)
- A calorimeter is a device used to measure the guantity of
heat transferred to or from an object.
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Thermochemical Cycles — Perovskites (ABO,)

ABO; (solid, 25°C) — ABO; (dissolved, 702°C) (1)

(ABO, (dissolved, 702°C) = AO (dissolved, 702°C) + BO, (dissolved, 702°C))
AO (solid, 25°C) — AO (dissolved, 702°C) (2)
BO, (solid, 25°C) — BO, (dissolved, 702°C) (3)

AO (solid, 25°C) + BO, (solid, 25°C) — ABO, (solid, 25°C) (4)

AH(4) = AHe,  (ABO,) = AH(2) + AH(3) = AH(1)

AH(1) = AHy(ABO,); AH(2) = AHy5(AO); AH(3) = AH,(BO,)
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Enthalpy, kJ/mol
Sr,;TiSi,0Op (fresnoite) + TiO, — 2SrTiSiO;5 (glass) 70.6
Sr,;TiSi,Og (glass) + TiO, — 2SrTiSiO; (glass) -7.9

US DOE NERI project (DE-FC07-071D14830): Development of New Fission Products

“Nuclear Fuel in a Reactor Accident,” “Taking the Measure of Molten Uranium Oxide,”
Science 335, 1184 (2012). Science 346, 916 (2014).
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US DOE NERI Project

US DOE Nuclear Energy Research Initiative (NERI):

New Fission Product Waste Forms: Development and
Characterization

Neosilicates
Orthosilicates
Isolated [SiO,]*

Titanite (sphene)
CaTiSiO;
SrTiSiO;
BaTiSiO;

Sorosilicates
Isolated double
tetrahedra [Si,0,]¢

Melilite group
Fresnoite
Ba,TiSi,04
Sr,TiSi,O4

Tectosilicates
3-D framework
SiO, tetrahedra

Feldspathoid group
Pollucite
CsTiSi,O 5
(CsAISi,Of)
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US DOE NERI Project

US DOE Nuclear Energy Research Initiative (NERI):
New Fission Product Waste Forms: Development and
Characterization

Neosilicates Sorosilicates Tectosilicates
Orthosilicates Isolated double 3-D framework
Isolated [SiO,]* tetrahedra [Si,0,]¢ SiO, tetrahedra

Melilite group Feldspathoid group

Titanite (sphene) Fresnoite Pollucite
CaTiSiO; Ba,TiSi,O4 CsTiSi,O 5
SrTiSiO; Sr,TiSi,Oq (CsAISI,Oq)
BaTiSiO;
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CsAlSi,0y =———>» CsTiSi,Of¢
(Titanosilicates)

named after Pollux Castor.and.Pollux

wikipedia.com

Attribution: Janos Korom Dir.
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(1) Charge-balanced route: 2Cs1* = Ba?* + vacancy

CsTiSi,0 5 (@) > Csy:Bay »c[p»TiSi, 0 5 (b) >
Pollucit .
(Pollucite) 22 Bay 5Ly sTiSi,04 5 (C)

,
a’

(b)
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Decay Scheme (2)

(2) 1:1 replacement of Cs by Ba

CsTiSi,04 5 (a) > Cs,4Ba, sTiSi,04 15 (b) >
->-> BaFi8i;0, 5 (This pollucite does not exist)
->-> BaTiSi,0, (c)

(b)
it
*0 g
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Thermochemical Data and Cycle e

AHg, (Jg) AHgy (kJ/mol) AH{ o (kKI'mol) AHY ¢ (kJ/mol)
(A) CsTiSirOg s 552.3+438 188.34+1.7 —1463+2.2 —3084.7+3.2
(B) CsooBag 05TiSi>Op s 500.1+7.9 166.9+2.6 —1204+3.0 —3068.9+3.7
(C) CspoBag 1 TiSi:Op 55 547.14+3.0 187.24+1.0 —1452+1.8 ~3121.14+29
(D) Cso sBag 2 TiSi-Og ¢ 521.2+43.8 179.0+1.3 —137.0+1.6 ~3150.4+2.0
Cs,0 —183.3+1.4" —346.0+1.2%"
BaO - —91.5+1.9" — —548.1+2.1%°
TiO- — 55.4+1.2" — —944.0+0.8%
SiO, 39.14+0.3'% —910.7+1.0%

Uncertainty is two standard deviations of the mean.

Reaction Enthalpy

I | CsTiSia0655 (solid. 25 °C) — CsTiSizOs.s (dissolved. 702 °C) AH1= AHgs (sample)

2 | Cs:0 (solid. 25 °C) — Cs20 (dissolved. 702 °C) AH>= AH 4 (Cs20)

31 TiOs (solid. 25 °C) — TiO: (dissolved. 702 °C) AH3= AHs (TiO2)

41 Si0, (solid. 25 °C) — SiOx (dissolved. 702 °C) AH4= AHags (Si02)

5 1 0.5Cs:0 (solid. 25 °C) + TiO2 (solid. 25 °C) + SiO (solid, 25 °C) — | 4Hs = AHiox (sample) =
CsTiSi2065 (solid. 25 °C) AH>+ AH3 + AHs— AH

. Park, T.-J. et al., J. Am. Ceram. Soc. 94[9], 3053 (2011).
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AH; . are exothermic and

1104 ce Ba TiSIO become less so with
~ 120. ’ Increasing Ba content.
:
S 1301 The effect of vacancies in the
e i pollucite structure is a more

o+ ~140- cs-Ba_ TiSi O - -

T i ; a0z Ptes | dominant factor in the

150{ cosio Cs, Ba, TiSiO_,, energetics than
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