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General Abstract

Disposal of high-level radioactive (liquid) waste (HLW) is a challenging
task as it demands immobilization of its constituents for ~1 million years, so
that they cannot contaminate biosphere. In general, borosilicate glass matrices
are used for this purpose as natural analogue studies identify them as suitable
ones and the technological know-how for preparing radioactive waste loaded
glasses in plant scale using remote and robotic operations are well known. To
make HLW immobilization process more economical, it is essential to
understand materials behaviour under service conditions. As a part of this
study, few experiments have been carried out to understand how and to what
extent alloy chemistry of melter-process pots and adjacent borosilicate melt
get modified under different vitrification-process stages. As a case study,
vitrification process adopted at Waste Immobilization Plant (WIP), BARC,
Trombay, India, for conditioning of sulfate rich HLW within indigenously
developed sodium barium borosilicate glass is referred.

Technical Abstract

Durability assessment of melter pot materials used for
vitrification of HLW is an integral part for its life estimation studies.
Currently, hot walled induction melter pot is being used at WIP,
Trombay, to condition its sulfate rich HLW in indigenously developed
sodium barium borosilicate glass matrix. The melter pot design is
based on multiple containment concepts where the actual vitrification
process takes place in SUPERNI 690 (Ni ~60, Cr ~28, Fe ~10, Al ~0.1
others in trace) process pots, surrounded by SUPERNI 690 susceptor
and thermal insulator. To this process pot, nitric acid based (1-3M
HNO,) sulfate containing HLW and glass additive slurry are charged
through different channels. The entire vitrification process, including
multiple stages e.g. feed stage, evaporation, calcination, melt
formation and soaking at different temperatures, is done in the same
process pot. Each of these stages involve multiple chemical reactions
that make the environment within process pot extremely corrosive.

This presentation focuses on how and to what extent alloy
chemistry of SUPERNI 690 and adjacent borosilicate melt get modified
under feed and soaking stages. Beside this, for better comprehension
of the subject it also briefly introduces sulfate rich HLW and problems
associated with its immobilization in borosilicate glass.
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Chemistry of HLW — C-245

Concentrated nitric acid solution (1-5 M)
Radioactivity: 10-1000 curies/liter
Contains 99% of the radioactivity
Requires ~10*-10° years to bring down the
radioactivity to natural level

Generates intense heat

Complex composition: -
Fission products: ;5Cs'37, §SSr°°, %Ru“’ﬁ, 55Cel#
Actinides: o,Np*7, 5, Am?®, o Cm**, unused U, Th &
Pu

Corrosion products: ,,Cr!, ,,Mn**, ,(Fe¥, ,,Co®
Process chemical: TBP, Na, SO,> ...

Others: Xe, Kr, Rb, Sb, Sn, Tc, Pd, Zr, Mo ...

Fission yield%

HLW comp. = f (fuel, clad, cooling, reprocessing route, ..)

Why vitreous matrix is used for HLW immobilization?
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*Chemical durability,

*Compositional flexibility

* Well-known technology

*Processing benefits
Destroys organic compounds
& combustible materials,
provides high volume reduction,
no secondary waste,

Solubility limits for oxides (wt%) Disadvantages

<0.1 wt%: Ru, Rh, Pd, Ag, I, Xe, Pt, Au,
1-3 wt%: C, S, Cl, As, Se, Tc, Sn, Sb, Te
3-5 wt%: Mn, Cr, Ce, Ni, Mo

5-15 wt%: Ti, Cu, F, La, Ce, Pr, Nd, Gd, Th, Bi, Zr
15-25 wt%: Li, B, Na, Ca, Fe, Zn, Rb, Sr, Cs, Ba, U
> 25 wt%: Al, Si, P, Pb

*Thermodynamically unstable
form, devitrification deteriorates
physical & mechanical integrity.

Problems associated with sulfate rich HLW

In oxide glass S can occur in any valence state from -2 to +6
*In borosilicate glass prepared in air atmosphere S always occur as SO,
*Solubility of sulfate in borosilicate glass is ~1 wt%

«Vitrification of sulfate bearing HLW in borosilicate matrix commonly leads to crystalline
yellow phase formation

*Yellow phase is essentially Na,SO, rich assemblage with some other oxide &/or sulfates
containing Ca, Mo, Cr, Al etc.

*Yellow phase is less dense (~2-2.5 gm/cc) in comparison with waste glass (3-3.5 gm/cc) and
so floats up during vitrification and prevents escape of gas bubbles and thus causes
bumping

*Melter materials experience corrosion in contact with froth at high temperature
*At high temperature, yellow phase gets partially volatilized and clogs off-gas system
*Certain active fission products e.g. '*7Cs and %°Sr get partitioned in to yellow phase

*Yellow phase (Na,SO,) is easily water soluble and may provide easy release for active
fission products

A 9 Solubility Free energy
KU P ] 50 80 C 1 Me"'("',g)pmm in 100 (at 1000°C,
RO Mol %, B,0; parts kJ/mole)
(alkaline earth Rest PbSO, 1090 0.004 -459.54
oxide) X
Studied Na,SO, 884 19.5 -874.73
Waste glass compositions Ca,50, 995 790 “a8011
A
| 20-30 wt% | CasO, 1400 0.20 -950.74
Srs0, 1600 0.013 -973.69
i B
Si0, 203 BaSoO, 1580 0.0002 -976.29

Sodium Barium Borosilicate Waste Glass

Natural data

S in minerals occur in S? (sulfide), S (native), S** (sulfite)
& SO (sulfate state).

In waste glass S always occur as sulfate.

~370 sulfate minerals with ~140 structure types are known.

Among anhydrous sulfates Barite (BaSO,) structure is most
common.

~Barite deposits are known from ~3500 Myrs to recent.

324 mm
HLW Glass slurry
SUPERNI 690 process pot
Top dish
- Operation parameters:
TIG welded
region Susceptor (induction heating): ~1050°C
— ptor {Induction heating)
! _ Process pot (radiation heating):~1000°C
Induction g Melting pt. SUPERNI 690: ~1345°C
heating zones g Dead wt.: ~200 kg
) cell Glass poured in canister: 90 kg
Thermal I:> Activity immobilized: 1700 Ci
insulation it
Process
pot Stage/process Pot temperature (°C)
Feeding 100-105
Evaporation 105 - 120
Susceptor Calcination 300 - 700
Ll Fusion & melt 700 - 850
dish formation
E Y Soaking 900 - 950

Freeze
valve

Ry
zone > |

r/ Pouring 950 - 1000

_Compositional modification at Feed Stage

Experimental conditions:

Leachant: simulated HLW
(250 ml)

Coupons: SUPERNI 690

Temperature: 100°C

Aw=-7.05+0.05t

ewsarwt loss (mg)
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Time (hours)
Cr,0; — Ni2O3 — Fe203 mixed oxide surface layer with Na & Cs sulfates
Corrosion rate ( 2400 hours) is 3.66 mpy.

dNLN:i /dt (leach rate) = -0.09 + 0.027t.

dNLCr /dt (leach rate) = 0.241 + 0.027t — 1.33 x 104"/

Observations:

,| Time dependence of material oss:

Compositional modification at soaking stage
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Experimental conditions:

Simulated sodium barium borosilicate glass

Coupons: SUPERNI 690

Discussion

Future work

(i) Identification of better Ni-Cr-Fe alloy (as compared to SUPERNI 690) for
harsh service conditions.

(i) Cr depletion within matrix as well as along grain boundaries of Ni-Cr-Fe
based alloys (e.g. SUPERNI 690) are known to deteriorate its metallurgical
(corrosion, mechanical etc) properties. Development of intergranular attacks
further aggravate the situation.

(ii) Development of glassy layer on heating elements reduces its efficiencies.
Further crystallization within waste glass causes heterogeneous distributions
of radioactive elements as a result product durability (chemical, mechanical,
thermal ...) of waste glass goes below the acceptance criteria for its disposal
in ‘deep geological repository’.

(iii) On the whole, extensive interaction between SUPERNI 690 process pot and
borosilicate melt may lead to reduction in longevity of the pot, make
immobilization process less economic and production of unacceptable waste
glass

(ii) Development of borosilicate glass that can be melted at lower temperature

without sacrificing acceptance criteria

(iii) Identification of suitable chemical barriers to reduce borosilicate
melt/process pot interactions
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20 Temperature: 950°C, Time: 48-192 hours
184 Composition Ni Cr Fe Mn Al Si
B SUPERNI 690 6072 2879 978 016 0.12 041
1 ‘ 48 hours 6674 2163 1083 000 024  0.66
) ] 96 hours 7348 1500 1102 000 0.19 033
. 144 hours 7528 1411 1022 000 005 039
P w0 am s e om0 s 192 hours 7551 13.68 1027 0.06  0.07 041
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